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Athena: Mission and Spanish participation.

Francisco J. Carrera

Instituto de F́ısica de Cantabria (CSIC-U. Cantabria), Santander, Spain

Abstract

Athena (Advanced Telescope for High ENergy Astrophysics) is the X-ray observatory mis-
sion selected by ESA to address the Hot and Energetic Universe theme, due for launch in
the early 2030s. Athena addresses three key scientific objectives: 1) Determine how and
when large-scale hot gas structures formed in the Universe and track their evolution from
the formation epoch to the present day. 2) Perform a complete census of black hole growth
in the Universe, determine the physical processes responsible for that growth and its influ-
ence on larger scales, and trace these and other energetic and transient phenomena to the
earliest cosmic epochs. 3) Provide a unique contribution to astrophysics in the 2030s by
exploring high energy phenomena in all astrophysical contexts, including those yet to be
discovered.
From the unique perspective endowed to Athena by its unprecedented spectroscopic and
imaging capabilities in the 0.5-12 keV range, this mission will lead the quest into solving
these questions from its launch.
The Athena mission concept is that of a single large-aperture grazing-incidence X-ray tele-
scope, utilising a novel technology (Si pore optics) developed in Europe, with 12 m focal
length and 5 arcsec HEW angular resolution. The focal plane contains two instruments.
One is the Wide Field Imager (WFI) providing sensitive wide field of view imaging and low
resolution spectroscopy, as well as bright source observation capability. The other one is
the X-ray Integral Field Unit (X-IFU) delivering spatially resolved high-resolution X-ray
spectroscopy over a limited field of view. Synergies with other facilities (ESO, SKA, CTA,
LISA, etc.) are being identified and developed.
Spain has an important role in Athena, with a significant contribution to the X-IFU instru-
ment, including the dewar for the detector cooling system, the algorithms for the on-board
pulse detection software, and a leading scientific contribution. Spain also leads the Athena
Community Office, set up to help optimising the participation of the more than 800 scientists
which are helping to shape up the mission through its working groups.
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2 Athena: Mission and Spanish participation

1 Introduction

Thanks to its unprecedented spectroscopic and imaging capabilities in the 0.5-12 keV range,
Athena1 [18] will lead the quest to solve several key questions of modern astrophysics, relevant
to the Hot and Energetic Universe science theme.

Our current understanding is that most of the ordinary (baryons) matter in the Universe
is today locked in Mpc-scale filamentary structures of gas at million degree temperatures,
both inside the potential wells of groups and clusters of galaxies [21, 9] and in the so-called
Warm Hot Intergalactic Medium (WHIM) [15]. Investigating how such hot gas structures
formed and evolved, and how and when the material trapped in them was energised and
chemically enriched, is possible only through observations in the X-ray band, combining wide-
field imaging with high resolution spectroscopy, both of high sensitivity. Such capabilities
will also reveal the physical properties of the WHIM, both via its emission, and in absorption
against bright background targets.

Performing a complete census of black hole growth in the Universe has become a most
pressing issue since the realisation that all nearby massive galaxies harbour a Super-Massive
Black Hole (SMBH), with a mass intriguingly proportional to that of the galaxy bulge. Fur-
thermore, the cosmic evolution of galaxy growth through star formation and SMBH growth
via accretion (shining as Active Galactic Nuclei or AGN) follow parallel tracks, increasing
back in time from the present time to its heyday at redshifts z ∼ 1− 3. Do these fascinating
clues imply that AGN actually shape their host galaxies? How does this happen? How far
back does this start? Wide field X-ray observations have the ability to pinpoint AGN among
the myriad sources in the sky, even if they are heavily obscured. This capability will enable
the detection of even the most elusive specimens of this population, such as the most heavily
obscured [13] or those at higher redshift [1]. X-ray spectroscopy and time variability will
reveal the workings of the inner parts of the AGN engine [12] (and those of other stellar-
mass accreting engines in our Galaxy) as well as the outflows of ionised gas that may carry
sufficient momentum and kinetic energy to regulate star formation in the host galaxy[8, 5].
Finally, the fast Target of Opportunity capabilities of Athena will enable studies of Gamma
Ray Bursts and other transient phenomena to the earliest cosmic epochs [14].

Aside from these topics, the singular and outstanding capabilities of Athena as an
observatory are expected to make a profound impact in essentially all fields of Astrophysics.
For instance they will allow understanding the structure and energetics of stellar winds and
their interplay with atmospheres and magnetospheres of planets [4, 24]. They will also permit
exploring the behaviour of matter under extreme conditions of density and magnetic fields
in stellar binaries and neutron stars [17]. As a final example Athena will probe the physics
of the enrichment and heating of our Galaxy's Interstellar Medium by supernova explosions
[10].

This will not happen in isolation, but taking full advantage of Athena's synergies with
the set of multi-wavelength and multi-messenger astronomical facilities in operation in the
early 2030s (e.g. LOFAR, SKA [6], ALMA, ELT[19], LSST, CTA, LISA, to name but a few),

1https://www.the-athena-x-ray-observatory.eu/
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see also contributions by M. Dı́az-Trigo [11], M. Ribó [23] and M.A. Pérez-Torres [20] in this
volume.

2 An observatory for the whole astronomical community

Athena will be a large X-ray observatory offering spatially resolved X-ray spectroscopy and
deep wide-field X-ray spectral imaging with performance greatly exceeding that offered by
current X-ray observatories like XMM-Newton and Chandra, or by missions to be launched
shortly like XRISM and SRG/eROSITA.

Athena will be launched by an Ariane 6 vehicle, with equivalent or larger lift capability
and fairing size to that of the Ariane 5. It will operate at the second Sun-Earth Lagrangian
point (L2) in a large halo orbit, although the possibility of an L1 halo orbit is also being
assessed. Such orbits offer a very stable thermal environment as well as good instantaneous
sky visibility and high observing efficiency.

Athena has a baseline mission lifetime of 4 years, although it will be designed and have
consumables for a longer time. Operations will be performed as in standard ESA science
missions, with the Mission Operations Centre (MOC) at ESOC (Darmstadt, Germany) and
the Science Operations Centre (SOC) at ESAC (Villafranca del Castillo, Spain). Two In-
strument Science Centres (one each for the X-IFU and WFI) will complement the SOC in
performing scientific ground segment activities.

Athena will be operated as an observatory, in a similar fashion to prior missions such
as XMM-Newton and Herschel. Users will access the observatory via open proposal calls.

3 A state of the art payload

The Athena observatory consists of a single X-ray telescope [25] with a fixed 12 m focal length,
with an effective area of 1.4 m2 (at 1 keV) and a spatial resolution of 5′′ on axis. The mirror
is based on ESA's Silicon Pore Optics (SPO) technology. SPO provides an excellent ratio of
collecting area to mass, while still offering good angular resolution. It also benefits from a
high Technology Readiness Level and a modular design highly amenable to mass production,
necessary to achieve the unprecedented telescope collecting area. A movable mirror assembly
can focus X-rays onto either one of Athena's two instruments at any given time.

The Wide Field Imager (WFI2) [22, 16], is a Silicon-based detector using DEPFET
Active Pixel Sensor technology with a field of view of 40′ × 40′, offering 150 eV spectral
resolution, with a pixel size of 2.2′′. The large field of view of the instrument is provided by a
Large Detector Array (LDA) consisting of four DEPFET chips. A further, smaller DEPFET
detector is optimised for fast readout to accommodate measurement of the brightest X-ray
sources in the sky, at a time resolution of 80 µs.

The X-ray Integral Field Unit (X-IFU3) [2, 3], provides spatially-resolved high resolu-

2http://www.mpe.mpg.de/ATHENA-WFI/
3http://x-ifu.irap.omp.eu/
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tion spectroscopy. The instrument is a cryogenic X-ray micro-calorimeter, based on a large
array of Transition Edge Sensors, offering 2.5 eV spectral resolution, with < 5′′ pixels, over
a field of view of 5′ in equivalent diameter and a timing resolution of 10 µs. An active anti-
coincidence detector placed underneath the main TES array aims at reducing the non X-ray
background. The focal plane assembly holding the detectors is cooled at 50 mK by a series
of mechanical coolers.

4 The Athena Community and the Athena Community Office

The remit of the Athena Science Study Team (ASST) involves multiple tasks, which include
acting as a focus for the involvement of the broad scientific community. With the agreement
of ESA, the ASST has established a Working Group structure populated by members of the
community4. These Working Groups and Topical Panels are intended to bring the expertise
and effort of that community to bear in support of Athena. The mission is currently supported
by about 800 researchers.

At the moment there are 5 Working Groups (SGW1 The Hot Universe, SWG2 The
Energetic Universe, SWG3 Observatory Science, TWG4 Telescope and MWG5 Mission Per-
formance). Most of them are organised in Topical Panels (TP e.g. SWG1.3, MPG5.2, etc).

The ASST appointed the Athena Community Office (ACO)5 to obtain assistance in
organisational aspects and optimisation of community efforts, keeping the Athena Community
informed and developing communication and outreach activities around Athena. The ACO is
led by IFCA (CSIC-UC) in Spain, with contributions from IRAP (France), MPE (Germany)
and the Université de Genève (Switzerland). For more details see contribution by M.T.
Ceballos [7] in this volume.

5 Spanish participation in Athena

At mission level a total of 48 researchers from Spanish institutions serve in the TP, including
2 TP chairs (G. Miniutti and F.J. Carrera) and 2 members in SWG1, 30 in SWG2, 20 in
SWG3, 2 in TWG4 and 7 in MWG5.

As mentioned just above, the Athena Community Office is led by IFCA (CSIC-UC).

At instrument level there is some small-scale involvement in the scientific definition of
the WFI through the survey and TP 2.1 (Understanding the build-up of SMBH and their
host galaxies, led by F.J. Carrera, S. Mateos and A. Corral).

However, the main participation is focussed on X-IFU in whose consortium board M.
Mas Hesse represents Spain. M. Mas and M.T. Ceballos are Instrument co-Investigators.
The Detector Cooling System cryostat (dewar) is being developed by INTA and CAB (Phase
A) under the leadership of J. Gómez, with A. Balado as Project Manager, with the partici-
pation of: M.A. Alcacera, J. Azcue, A. Balado, L. Bastide, F. Cabrerizo, J.M. Encinas, M.

4https://www.the-athena-x-ray-observatory.eu/community.html
5See the ACO leaflet under https://www.the-athena-x-ray-observatory.eu/resources/athena-brand.html
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Fernández, A. Garćıa, C. Moravec, M. Pajas, J.M. Pintado, M. Reina, J. Sanmillan and I.
Vera. Additionally, IFCA is developing the Event Processor algorithms, led by M.T. Ceballos
and with the participation of B. Cobo.

Spain is also participating in the science support for X-IFU J.M. Torrejón being a
member of the X-IFU Science Team and X. Barcons being science co-I of that instrument.

Finally, IFCA and the U. de Alicante are members of the X-IFU Instrument Science
Centre.
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Abstract

The Atacama Large Millimeter/submillimeter Array (ALMA) is an outstanding facility for

millimeter and submillimeter-wave Astronomy with transformational capabilities to study

the origin of galaxies, stars, and planets. ALMA consists of sixty six antennas located on the

Chajnantor plateau at five thousand meters altitude in northern Chile, and equipped with

receivers covering atmospheric windows between 30 and 950 GHz. ALMA is an international

partnership of Europe, North America and East Asia in cooperation with the Republic of

Chile. Since its third Call for Proposals ALMA received more submissions than any other

telescope in history, surpassing 1800 proposal in the latest Call for Cycle 6.

1 Introduction

The Atacama Large Millimeter/submillimeter Array consists of sixty-six high precision an-
tennas working in interferometric mode at millimeter/submillimeter wavelengths at 5000 m
height close to San Pedro de Atacama, in the north of Chile.

It is composed by a big array of fifty antennas with twelve meter diameter (called 12-m
array), and a smaller one (called Morita Array) with twelve antennas of seven meter plus four
antennas of twelve meters diameter to recover extended emission from astronomical sources.
The 12-m array is movable from compact to very extended configurations (baselines from
' 150 m up to ' 16 km) to achive different spatial resolutions, ranging from ' 5′′ to ' 0.04′′

at 110 GHz and to ' 0.5′′ to ' 0.0044′′ at 950 GHz. Thanks to the interferometry technique
we can see detailed images in field of views of ' 70′′ at 3.5 mm to ' 7′′ at 315 µm. ALMA
operates in eight different bands (band 3 to band 10) from frequencies between 84 to 950
GHz respectively.

Signals from different antennas are combined in a very powerful supercomputer, the

7



8 ALMA: Science with exceptional submillimeter capabilities

ALMA correlator, characterized for being a very flexible machine that allows simultaneous
high and low spectral resolution observations (Fig. 1). ALMA has a bandwidth of 8 GHz and
up to 7680 frequency channels, providing a very high sensitivity in the continuum and very
high velocity resolution.

Figure 1: ALMA signal combination. Courtesy: ALMA(ESO/NAOJ/NRAO)

1.1 Submillimeter Astronomy

ALMA is capable to study the part of the electromagnetic spectrum in between the far in-
frared and the radio waves, observing the light comming from very cold objects. At submil-
limeter wavelengths we mainly see thermal continuum emission from cold dust, and spectral
lines from molecular gas that yield information on the physical conditions, chemistry and
kinematics.

Many objects produce emission in the millimeter/submillimeter regime: from Solar
System objects, molecular clouds, star forming regions, protoplanetary disks, and evolved
stars, to nearby and very distant galaxies. ALMA allows us for the first time to study at
high angular resolution and high sensitivity the properties of dust and gas in a wide range of
sources from the local to the very distant Universe.

1.2 The ALMA site: 5000 m height in the Atacama Desert

The Atacama Large Millimeter Array is located at five thousand meters height in Llano
Chajnanator, a plain in the middle of the Atacama desert very close to San Pedro de Atacama,
in Northern Chile (see Fig. 2). This place was selected to host the ALMA antennas because
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Figure 2: ALMA site in 1994. Courtesy: S. Radford

it possesses very good conditions to carry out sucessfully interferometric observations in the
submillimeter/millimeter regime in terms of atmospheric transparency and stability.

Inhomogeneities in the distribution of the water vapor in the atmosphere cause varia-
tions in the electrical path length of the incoming signal, which induces larger phase errors
degrading the sensitivity and the spatial resolution of interferometric images. The high al-
titude of Llano Chajnantor reduces the thickness of the atmosphere above the observatory,
and the very dry air of the desert helps to decrease the absorption of the incoming radiation
by the trophosferic water molecules.

2 ALMA science operations

ALMA is an international partnership of Europe, North America and East Asia in cooperation
with the Republic of Chile. There are more than twenty countries contributing to ALMA.
Chile is the host country and Chilean astronomers can access to the 10% of total observing
time to carry out their own research.

ALMA science operations is led by the Joint ALMA Observatory in Chile, and the
ALMA Regional Centers (ARCs) from Europe (led by the European Southern Observatory),
North America (led by the National Radioastronomy Observatory), and from East Asia (led
by the National Astronomical Observatory of Japan), see Fig. 3.

The Joint ALMA Observatory provides array operations, scheduling of projects, execu-
tion of observations, data quality assurance and trend analysis, calibration plan maintenance,
delivery of data to the archives, archive operations, pipeline operations, and software sub-
system scientists. The ARCs are the interfaces to the user community and as core tasks
they provide user support (via helpdesk and face to face), delivery of data to the principal
investigators of scientific projects, mirror archive operations, astronomers on duty, subsystem
scientists, and data quality assurance.
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Figure 3: ALMA Science Operations Centers. Courtesy: ALMA(ESO/NAOJ/NRAO)

The Joint ALMA Observatory is composed by three different places: The Operations
Support Facility (OSF; where the technical building and the Residencia are located), the
Array Operations Site (AOS; with the antennas, correlator, local oscilator and fiber optics
network), and the Santiago central Offices (SCO; where the main archive, data transmission
to the ARCs, and the offices for Science, Computing, Administration and Management are
located).

2.1 From the Call for Proposals to the observations

ALMA Call for proposals is announced once per year through the ALMA Regional Centers.
All information and documentation is presented at the ALMA Science Portal. Every year
Europe and North America access to 33.75% of the total observing time each, East Asia to
22.5%, and Chile as host country receives 10% of the available time. Users can send their
proposals through the ALMA Observing Tool (Phase 1).

Afterwards all proposals go through the ALMA Proposals Review Process, where sev-
eral ALMA Review Panels of different scientific areas provide the science assessment. The
technical feasibility of projects are checked by scientific personnel at the Joint ALMA Ob-
servatory. Proposals are ranked and graded in the review panels meeting. A merge of all
panels outputs is made by a committee composed by the panels chairs, where the final rank
is produced.

In a second step the Joint ALMA Observatory evaluates the scheduling feasibility of
the proposals, fine tune the configurations periods, and adjusts grades of proposals to have an
homogenous distribution of proposals pressure per LST and per configuration. The approved
proposals will be admitted to produce observing files (Phase 2).

https://almascience.org
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2.2 High-level concepts for ALMA Science Operations

Observations at ALMA are done in service mode at the Operations Support Facily. Scientific
ALMA staff from the JAO and from the ARCs carry out those observations using a dynamic
scheduling. All science observations are executed in the form of scheduling blocks, each
of which contains all information necessary to schedule and execute the observations. The
Scheduling Blocks are repeated until the rms requested by the Principal Inverstigator of a
proposal is reached. All science and calibration raw data are captured and archived and, by
default, calibrations are done with a dynamic query. The default output to the astronomers
are processed images, calibrated by the ALMA pipeline in the case of standard observing
modes or by ALMA staff in the case of non standard observing modes.

The JAO in Chile is responsible for the data product quality and the Users Support is
done at Regional Centers level, face to face or through the ALMA helpdesk system.

2.3 ALMA capabilities offered in Cycle 6

Along the six years that ALMA has been operating, commissioning activities and science
observations of accepted projects ran in parallel. In Cycle 6 ALMA offered at least fourty
three antennas in the 12-m Array movable into ten different configurations with maximum
baselines from 160 m to 16 km. In the Morita Array ten seven meter antennas are ready for
recovering extended emission, and three twelve meter antennas for making single-dish maps.
Eight different receivers are offered from band 3 to band 10. Bands 8, 9 and 10 can be used
with maximum baselines up to 3.6 km, band 7 up to 8.5 km , and bands 3, 4, & 6 up to 16
km.

Spectral line and continuum observations with the 12-m Array and the Morita Array
are possible in all bands, as well as single field interferometry. Mosaics can be done in Bands
3 to 9 with the 12-m Array and the Morita Array. Single dish spectral line observations can
be done in Bands 3 to 8.

In Cycle 6 on-axis and single-pointing polarization capabilities are offered. Full (linear
and circular) polarization observations for continuum are possible with full spectral resolution
observations in Band 3 to 7 on the 12-m Array. In this Cycle Solar observations and VLBI
proposals are offered in continuum mode for Bands 3 and 6.

In relation to the proposals types, principal investigators can submit regular proposals,
Large programs, Target of Opportunity (ToO), and time constrains projects.

3 Science with ALMA

The Fundamental Science Drivers that inspired the construction of ALMA, as detailed here,
are:

• The ability to detect spectral line emission from CO or C+ in a normal galaxy like the
Milky Way at a redshift of z = 3, in less than 24 hours of observation.

https://almascience.nrao.edu/about-alma/alma-basics
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• The ability to image the gas kinematics in a solar-mass protoplanetary disk at a distance
of 150 pc, enabling one to study the physical, chemical, and magnetic field structure of
the disk and to detect the tidal gaps created by planets undergoing formation.

• The ability to provide precise images at an angular resolution of 0.1′′.

Given the current status of the array we can say that all the scientific goals that
provoked the construction of ALMA have been now achieved.

Since the very first observations ALMA has contributed to the advance of knowledge
in many different fields, providing high impact publications and excellent data for doing
transformational science (see Fig. 4).

Figure 4: The first ALMA press releases. Courtesy: ALMA(ESO/NAOJ/NRAO)

In the field of Extragalactic Astronomy (see Fig. 5) ALMA was able to measure the
mass of a black hole with extreme precision in NGC 1332 using the CO(J=2-1) spectral
line transition [3], as well as to yield the sharpest view ever of star formation in the distant
Universe through the high spatial resolution image of the gravitationally lensed galaxy SDP.81
[8].

In the evolved stars framework ALMA showed spectacular images of a Gaseous spiral-
shell pattern characteristic of elliptical binaries in LL Pegasi [5] (see Fig. 6), and it shed light
into the formation of multiple systems by caughting in act of forming close multiple young
stellar objects via disk fragmentation in L1448 IRS3B [12].

ALMA, for the first time is providing high spatial resolution and sentivity to observe So-
lar System objects in millimeter/submillimeter wavelegths confirming the complex chemistry
in Titan’s atmosphere by detecting vinyl cyanide molecule [7].

One of the science topics where ALMA has provided transformational science is in the
field of protoplanetary disks and planet formation, where studies of the dust temperature
distribution and nature of dust particles, as well as high angular resolution observations of
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Figure 5: Left: Kinematics surrounding a black hole in NGC 1332 [3]. Right:
continuum emission from the gravitationally lensed galaxy SDP.81 [8] . Courtesy:
ALMA(ESO/NAOJ/NRAO)

the gas dynamics are now possible with unprecedented detail. As a few examples, ALMA
was capable to show planet formation in Earth-like Orbit around the young Sun-like star TW
Hydrae [1], cavities and spiral arms in MWC 758 [4] (see Fig. 6), and the discovery of a trio
of infant planets around newborn stars [9], [11].

Figure 6: Left: Spiral shell pattern seen in molecular in LL Pegasi. Right: detailed dust
structures in the disk surrounding MWC 758 [5]. Courtesy: ALMA(ESO/NAOJ/NRAO)

Recently ALMA discovered cold dust around the nearest star Proxima Centauri [2].
And in the Astrochemistry and Astrobiology fields ALMA is also giving new insights, like
the detection of the first extragalactic hot molecular core in the Large Magellanic Cloud [10],
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or the first detection of the prebiotic complex organic molecule Methyl Isocyanate, involved
in the synthesis of peptide and amino acids, in a solar-type Protostar [6].

Observations of the Sun are now possible with ALMA and since Cycle 4 ALMA has
become part of the global VLBI networks operating in the millimeter and submillimeter,
working at 3 mm in conjunction with the Global Millimeter VLBI Array (GMVA), and at
1.3 mm in conjunction with the Event Horizon Telescope (EHT) network (to observe nearby
supermassive black holes).

4 Future of ALMA

While ALMA is achieving its Full Operations state, the commissioning of some observing
modes still needs some work to be finished, like:

• High frequencies observations for long baselines, Solar, single-dish, Compact Array
standalone, and polarization.

• Phased Array (VLBI) mode to support observations in spectral lines and pulsars.

• Single-dish observations in continuum and at high frequencies.

• Wide field polarization mode.

• Improved observing efficiency.

Figure 7: Fundamental science drivers for ALMA developments over the next decade. Cour-
tesy: ALMA(ESO/NAOJ/NRAO)

There is a development plan to improve ALMA future capabilities, which is a three-
years cycle of studies that can be software or hardware oriented. First calls went out in 2010,
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2013, and 2016. Thanks to these programs the Band 5 was offered in Cycle 5 and ALMA
VLBI observations could be offered from Cycle 4. Development programs will also provide
improved receivers: a Band 2 + Band 3 prototype is on-going, a Band 7/Band 9 upgrade
will come soon, and the Band 1 is expected to be ready for Cycle 8.

Very recently the ALMA development working group set new science drivers that will
lead new development of ALMA until 2030 for the next decade (Fig. 7) The main drivers will
focus into the study of the origins of galaxies, origin of chemical complexity, and the origin
of planets. For that the receivers, the digital systems, and the correlator must be upgraded.
The ALMA archive will be further developed using data mining tools to exploit it.

References

[1] Andrews, S. M., Wilner, D. J., Zhu, Z., et al. 2016, ApJL, 820, L40

[2] Anglada, G., Amado, P. J., Ortiz, J. L., et al. 2017, ApJL, 850, L6

[3] Barth, A. J., Boizelle, B. D., Darling, J., et al. 2016, ApJL, 822, L28

[4] Dong, R., Liu, S.-y., Eisner, J., et al. 2018, ApJL, 860, 124

[5] Kim, H., Trejo, A., Liu, S.-Y., et al. 2017, Nature Astronomy, 1, 0060
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Abstract

The second data release of ESA’s Gaia mission (Gaia DR2) was published in April 2018. It
is just another step in the Gaia release scenario, to be followed by other more complete and
precise releases in the coming years, but already represents a huge step ahead. Gaia DR2
contains data positions and G magnitudes for more than 1.7 billion objects, and provides
five-parameter astrometry for more than 1.3 billion of them, the biggest astrometric cata-
logue ever by several orders of magnitude. The release contains also additional photometric,
radial velocity and physical parameters data for different subsets and specialized datasets
for variability and solar system objects.
In this paper we review the properties of Gaia DR2 and discuss some of the shortcomings
and limitations that have to be taken into account to properly use its data. We also review
the archive systems where the data can be accessed and the expected contents of future
Gaia data releases.

1 Introduction: the Gaia mission

The European Space Agency’s (ESA) astrometric mission Gaia was launched in September
2013. Its main aim was to generate an astrometric catalogue with highly accurate positions,
parallaxes and proper motions for more than 1 billion sources brighter than magnitude 20. A
description of the mission, its principles and scientific case can be found in [7], while a more
extensive scientific motivation for the mission is presented in [6].

The data processing required to transform the spacecraft’s telemetry into a scientifically
useful dataset was entrusted by ESA to an european-wide consortium, the Gaia Data Pro-
cessing and Analysis Consortium (DPAC, also described in [7]). This consortium is currently
formed by more than 450 scientists and engineers from all around Europe, with a significant
presence of Spanish teams. At the time of its creation, and as part of its agreements with
ESA, a plan for a staged publication of the mission results was defined. This so-called “data

16
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release scenario” includes several intermediate data releases based on preliminary calibra-
tions and the subset the measurements available at a given time, and a final release with
the complete satellite telemetry. The current details of this data release scenario (which is
periodically revised) can be found in ESA’s Gaia web site.

As part of this release scenario ESA and DPAC have published in April 2018 the Gaia
Second Data Release (Gaia DR2). The properties of this release are reviewed in the coming
sections, and we encourage the reader to consult two key sources of information for it: the
Astronomy & Astrophysics special edition devoted to Gaia DR2 and the Gaia DR2 on-line
documentation at the Gaia archive.

The Gaia data can be accessed through the main Gaia archive or through one of the
Gaia partner data centers. There are also replicas of the archive in other sites around the
world and in addition the Gaia data can be downloaded for local use through the Gaia
download site.

2 Gaia DR2 contents

A full review of the Gaia DR2 contents can be found in [2]. Here we present a brief summary
of its characteristics.

First of all, the Gaia DR2 main content is the overall catalogue. This table, named Ga-
iaSource in the main archive, contains 1,692,919,135 sources for which at least a sky position
and a G magnitude (see [8] for a review of the Gaia photometry) are available. Besides this
basic information, additional data is available for subsets of this main dataset as described
in Table 1.

Subset number of objects

Full catalogue 1,692,919,135
Objects with 5-parameter astrometry 1,331,909,727
Objects with 2-parameter astrometry 361,009,408
Objects with GBP magnitude 1,381,964,755
Objects with GRP magnitude 1,383,551,713
Objects with radial velocity 7,224,631
Objects with estimated Teff 161,497,595
Objects with estimated AG and E(GBP −GRP ) 87,733,672
Objects with estimated radius and luminosity 76,956,778

Table 1: Number of sources for which a given data product is available in Gaia DR2. Ex-
tracted from Table 1 in [2]

In addition to this main dataset, DR2 contains other specialised datasets:

• A dataset for 550,737 identified variable stars, including light curves and classification
into variability type for most of them

https://www.cosmos.esa.int/web/gaia/release
https://www.aanda.org/component/toc/?task=topic&id=922
https://gea.esac.esa.int/archive/documentation/index.html
https://gea.esac.esa.int/archive/documentation/index.html
https://gea.esac.esa.int/archive/
https://www.cosmos.esa.int/web/gaia/data-access#PartnerDataCentres
http://cdn.gea.esac.esa.int/Gaia/
http://cdn.gea.esac.esa.int/Gaia/
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• A dataset for 14,099 Solar System Objects, including epoch photometry and astrometry

• Pre-computed cross-match catalogues against DR2 for a dozen of external catalogues
(2mass, HIP, AllWise, and others)

• Cross-Id table for AllWiseAgn and ICRF sources (QSOs) used to define the celestial
reference frame of Gaia DR2 (Gaia-CRF2)

3 Gaia DR2 properties

The sky distribution of the global DR2 dataset is presented in Figure 1. Notice that one
can still faintly appreciate the distribution of the different sets and subsets as a function of
the G magnitude is presented in Figure 2. Notice that the main dataset contains sources
well beyond the nominal limit of Gaia observations of G = 20.7, but as discussed in the next
section it is complete only around magnitude G ' 19.

Figure 1: Sky distribution of all Gaia DR2 sources in Galactic coordinates. The figure has
been extracted from [2].

3.1 Astrometric data

The astrometric processing and the properties of the Gaia DR2 astrometry are described in
detail in [5]. The formal uncertainties for the Gaia astronomy are individually provided for
each object in the catalogue but in general vary with the G magnitude, being more precise
for bright objects and progressively less precise for fainter ones, as illustrated in Figure 3. A
summary of these formal uncertainties is presented in Table 2 and a detailed list of values as
a function of the magnitude can be found in Table B.1 of [5].

As seen in the figures these uncertainties are dominated by photon noise above G ' 15,
but show a plateau at brighter magnitudes, where the limitation is the present knowledge
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Figure 2: Distribution of the mean values of G magnitude for the different sets and subsets
of Gaia DR2 sources shown as histograms with 0.1 mag wide bins. It also includes the
distribution for Gaia DR1 sources. The figure has been extracted from [2].

of the instrument calibrations. We expect to improve these limitations in the instrument
calibrations and, together with an increase in precision due to the accumulation of additional
data, reach precisions in the bright end around 10− 20µas.

When using the astrometric data it is important to take into account that, due to
the characteristics of the processing, the uncertainties of the five astrometric parameters
are correlated. A correlation matrix is included as part of the Gaia data to allow a proper
treatment of the joint uncertainity distribution.

The astrometric data processing has been designed to minimize as much as possible any
systematic error present in the data. However, at this stage of the mission, still working with
just a part of the total expected observations and with a partial knowledge of the instrument
calibrations, there are still uncontrolled effects that can creep into the astrometry. Some of
these are already known (and its magnitude estimated) after the validation process carried
out by DPAC on the astrometric solution, including a global zero point on the parallaxes
(−30µas in the sense Gaia minus external data), a residual rotation on the proper motions
and some regional effects. Also, unlike for Gaia DR1, the parallax uncertainties have not
been calibrated externally, i.e., they are known, as an ensemble, to be underestimated by
8–12 percent for faint sources (G > 16 mag) outside the Galactic plane and by up to 30
percent for bright stars (G < 12 mag).
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G position (mas) parallax (mas) proper motion (mas yr−1)

15 0.03 0.04 0.06
17 0.08 0.09 0.15
20 0.5 0.7 1.1
21 1.5 2.1 3.2

Table 2: Astrometric formal uncertainities as a function of the G magnitude. Extracted
from Table B.1 in [5]

Figure 3: Formal uncertainties for parallax (left), proper motion in right ascension (middle)
and declination (right) of the objects in Gaia DR2 as a function of the G magnitude. The
cyan curve is the median uncertainty and the blue curves are the 10th and 90th percentiles.
The yellow points correspond to a representative subset added as background. The figure
has been extracted from [5].

A review of these and other known issues in the data are collected in Gaia’s know issues
page, and specifically for astrometry a document from Lennart Lindegren linked in this same
page provides a useful summary of the known systematics. See also Section 6.3.1 in [2].

3.2 Photometric data

The photometric processing Gaia DR2 is described in detail in [8] and the properties of the
DR2 photometry are discussed in [4]. As discussed in the previous section all the 1.7 billion
published objects have at least a G magnitude, and about 1.3 billion of them also have a
GBP (blue) and/or GRP (red) magnitude. Thus, in many cases the Gaia objects have three-
band photometry; from these values a figure of the average color in each sky region has been
composed (Figure 4).

The passbands definining the G, GBP and GRP filters are published as a numerical table
in the Gaia archive. However, these passbands have been revised after the publication of DR2
using a larger library of standard stars, providing updated estimations. We recommend to
use the passbands published in [1].

The photometric data processing considered three types of sources, “Gold”, “Silver”,
and “Bronze”, which represent decreasing quality levels of the photometric calibration achieved;

https://www.cosmos.esa.int/web/gaia/dr2-known-issues
https://www.cosmos.esa.int/web/gaia/dr2-known-issues
https://www.cosmos.esa.int/documents/29201/1770596/Lindegren_GaiaDR2_Astrometry_extended.pdf/1ebddb25-f010-6437-cb14-0e360e2d9f09
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Figure 4: Colour distribution as a function of sky position in Galactic coordinates. Each
pixel represents the median colour (GBP −GRP ) of all sourceswith G < 19 in that pixel. The
figure has been extracted from [4].

in particular, in the case of the Bronze sources no colour information is available. This is
indicated in the released catalogue by a numeric field (phot proc mode) assuming values 0, 1
and 2 for gold, silver, and bronze sources respectively. Similarly to the astrometric data the
uncertainties are strongly dependent on the G magnitude; at the bright end the photometric
uncertainties are dominated by calibration effects and flatten around a few millimagnitudes,
except for the very bright stars where they are substantially higher due to saturation effects.
At the faint end the uncertainties are dominated by the photon noise and reach 0.1 mag
around G = 20. The distribution of uncertainties as a function of G magnitude is depicted
in Figure 5.

Figure 5: Distribution of uncertainty on the weighted mean magnitude for the three Gaia
bands as a function of the G magnitude. The figures have been extracted from [4].

Please refer to section 6.3.2 of [2] for a discussion of the limitations of the photometric
Gaia data at this stage of the mission, including a discussion about the so-called “flux excess”,
the photometric zero points and the calibrations. See also [1] for a discussion of a magnitude
trend in G for objects brigther than G ' 16.
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3.3 Radial velocities

As described in previous sections, besides the astrometric and photometric data Gaia DR2
also provides radial velocity data for a subset of the objects. These data are acquired using the
Radial Velocity Spectrometer (RVS) instrument described in [3]. The processing of the RVS
data is described in detail in [9]. The processing pipeline delivered median radial velocities
for Gaia stars with narrow-band near-IR magnitude GRV S ≤ 12 (approximately brighter
than V ' 13). Stars identified as double-lined spectroscopic binaries were removed from
the pipeline, while variable stars, single-lined, and non-detected double-lined spectroscopic
binaries were treated as single stars. Furthermore, for the hottest (Teff ≥ 7000 K) and coolest
(Teff ≤ 3500 K) starts the accuracy and precision of the stellar parameter estimates were
not sufficient to allow selection of appropriate templates and the radial velocities obtained for
these stars are not published in DR2. The overall accuracy of radial velocity measurements
is around 200-300 m s−1, and the overall precision is 1 km s−1, reaching 200 m s−1 for the
brightest stars. The overall distribution of uncertainties of radial velocities as a function of
the G magnitude is depicted in Figure 6.

Figure 6: Distribution of uncertainty on the mean radial velocity as a function of the G
magnitude.

Please refer to section 6.3.3 of [2] for a discussion of the limitations of the Gaia ra-
dial velocities at this stage of the mission, including a discussion about the treatment of
spectroscopic binaries.
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4 Conclusions

The publication of the Gaia DR2 has been an outstanding success. After a huge peak in
publication of papers in the months immediately after the release (about 120 papers from
non-DPAC authors in two months, about 17% of them including Spanish authors) we are
now seeing about 2 papers per day based on Gaia data. The science with Gaia is becoming a
reality and in many areas the Gaia data is allowing significant breakthroughs. We also direct
the reader to the Astronomy & Astrophysics special issue on Gaia DR2 where a collection of
science demonstration papers by DPAC can be found along the release papers.

Furthermore, in the not too far future, around mid-2021, the next Gaia data release
(DR3) will arrive, with even more precise and more varied data. The expected contents of
this new release include:

• Covering 34 months of data (22 months in DR2)

• Better precision and accuracy in astrometry and photometry

• Accelerated/orbital solutions in astrometry: binary systems

• More RVs: fainter magnitude, wider surface temperature range, more precise

• Mean spectra in the BP/RP and RVS bands

• Stellar parameters from spectra (BP/RP, RVS): more precise, fainter magnitude, surface
gravity (log g), age, [Fe/H] and various element abundances

• Source classifications (e.g. quasars, binaries, galaxies)

• More solar system objects, reflectance spectra, colours

• More light curves, new variable source classifications

And more to come with other future releases. Updated information about the upcoming
publications of Gaia data can be found in the Gaia data release scenario web page.
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Abstract

The rapid suppression of star formation is thought to be an important process in the evolu-

tion of the most massive galaxies, but the mechanisms involved are still subject to debate.

In this PhD thesis, we consider two agents that can control star formation: AGN feedback

and galaxy mergers. First, we focus on the interplay between stellar structures, nuclear

activity, and molecular gas. We start presenting our public catalogue of stellar mass maps

for more than 1500 nearby galaxies. Based on the baryonic mass distribution of the spiral

galaxy M51, we show that there is sufficient molecular gas inflow to feed the AGN, as well

as feedback effects which include a molecular outflow and a radio plasma jet interacting

with the surrounding ISM. In a second part, we address the role of galaxy mergers in the

buildup of a passive population of lenticular galaxies (or S0s), the most common early-type

galaxies in the local Universe. Using numerical simulations, we show that major mergers

of spiral galaxies can result in lenticulars, with a bulge-disc coupling and specific angular

momentum in agreement with observations. Globally, our results show that both internal

processes (transport of gas and AGN feedback) and external mechanisms (mergers) have

the ability to regulate and eventually suppress star formation in galaxies.

1 Foreword

This is a summary of the PhD thesis that I conducted at the Max Planck Institute for
Astronomy in Heidelberg, Germany, under the supervision of Eva Schinnerer. The thesis was
developed in the framework of the European project DAGAL (Marie Curie ITN, PI: Johan
Knapen), including extended stays at the Instituto de Astrof́ısica de Canarias, Universidad
Complutense de Madrid, and the University of Groningen.
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2 Introduction

It is remarkable how much our understanding of galaxies and the structure of the Universe has
evolved in the last century; after all, it was less than 100 years ago that galaxies were proven
to be external to our own Milky Way. At fixed stellar mass, galaxies are known to show a
bimodality in terms of colour [1, 2]; in a colour-magnitude diagram, the relative scarcity of
galaxies between the so-called blue cloud and red sequence has been recognised as evidence of
the short timescales over which star formation is suppressed [5]. At the same time, a strong
correlation exists between colour and morphology, suggesting an evolutionary link: ellipticals
and lenticulars tend to be passive and red, implying low degrees of star formation, as opposed
to actively star-forming blue spirals and irregulars.

One of the most fundamental challenges of modern astrophysics is indeed understanding
the process by which gas transforms into stars, and how this process is orchestrated in the
context of galaxies and as a function of environment. Star formation regulates the interchange
of energy between stars, gas, and dust, explains the chemical enrichment of the interstellar
medium (ISM), and, overall, it can determine the structure and ultimate fate of a given
galaxy. In this thesis, we consider two specific mechanisms that have the ability to control
and suppress star formation in galaxies: feedback from an active galactic nucleus (AGN) and
galaxy mergers. However, rather than trying to learn about them by studying large samples
of distant sources, our goal is to exploit the power of the high spatial resolution available for
the nearest galaxies, establishing synergies between observations and simulations.

3 An important observational tool: Stellar mass maps

While light is the most direct observable in astrophysics, the evolution of galaxies is largely
constrained by their mass distribution. However, measuring stellar mass distributions in
practice is challenging: at optical wavelengths, light is biased by luminous young stars and can
suffer from intense dust extinction; additionally, the large uncertainties associated with late
evolutionary phases in stellar population synthesis models make it difficult to unambiguously
connect light and mass. Near-infrared observations constitute a promising alternative to
circumvent these problems: the stellar mass-to-light ratio is much more uniform than at
optical wavelengths and extinction problems are minimised.

In this thesis, we use near-infrared imaging, together with an algorithm to correct those
images for dust emission (3.3µm PAH feature and dust continuum) to calculate stellar masses
with high accuracy. Specifically, we rely on uniform imaging at 3.6 and 4.5µm for more than
2000 galaxies from the Spitzer Survey of Stellar Structure in Galaxies (S4G), and exploit the
fact that the spectral energy distribution of old stars and dust at these wavelengths have an
intrinsically different shape. We have implemented a pipeline based on Independent Com-
ponent Analysis (ICA) to separate both components, allowing to identify the true stellar
mass distribution. This has resulted in an increase by an order of magnitude in the amount
of resolved stellar mass maps available so far, which we have made publicly available. In
conjunction with dynamical masses, these stellar mass maps can help constraining the dis-
tribution of baryonic to nonbaryonic matter in galaxies; the stellar mass distribution is also
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Figure 1: Left: Flow chart summarising the steps of the Pipeline. Right top: ICA separation
of the 3.6µm image of NGC 4254 into stars (left) and dust (right). Right bottom: New
calibration for effective M/L as a function of [3.6]-[4.5] colour, based on more than 1500
galaxies, and comparison to previous calibrations.

instrumental to any calculations of specific star formation rates (SFR/M�), and it is critical
when it comes to calculating gravitational torques, which can trigger flows of gas towards an
active nucleus. We will examine this last possibility in the next section.

4 AGN and their relation to quenching: Feeding and feedback
in M51

Active galactic nuclei are recognised as some of the most energetic sources of the Universe,
with the potential to dramatically influence the evolution of their host galaxy: their bolomet-
ric luminosities of 105 − 1013 L� can sometimes outshine their host [12]. Active nuclei also
play a pivotal role in reconciling cosmological simulations with observations; indeed, AGN
feedback is invoked to explain the lower stellar-to-total mass ratio in the halo of the most
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Figure 2: Top left: stellar mass map of M51. Top right: plot demonstrating that gravitational
torques imply gas inflow for the central kiloparsec of the galaxy (dashed : uncorrected 3.6µm).
Bottom left: VLA 20 cm continuum map revealing the radio plasma jet through synchrotron
emission. Bottom right: summary of AGN feedback effects found in M51, with the proposed
geometry.

massive galaxies [11], but it remains to be confirmed whether the strong feedback effects
introduced ad hoc by simulators are realistic.

Here, we quantify the transport of gas to the nucleus as the result of gravitational
torques in the spiral galaxy M51. We derive the torques from the stellar mass map obtained
as part of the previous project, and assess their effect on the molecular gas distribution
mapped by the PAWS survey [13]. We show that there is evidence for molecular gas inflow in
the central ∼kpc due to the asymmetry introduced by a nuclear bar, and we carefully analyse
the uncertainties and limitations involved in such calculations.

Another critical piece in the puzzle of AGN and their potential relation to the regulation
of star formation is the so-called AGN feedback process. The ability of gas to flow towards
the nucleus can indirectly control any feedback effects, which could in turn contribute to
explaining the tight scaling relations observed between the properties of the nuclear black
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hole and the surrounding stellar bulge [9, 7]. We have also revisited this important topic in
the context of new observations for M51, one of the few galaxies that affords the possibility
to study the distribution and kinematics of the circumnuclear gas at high spatial resolution
as a consequence of its proximity. We analysed both the bulk molecular gas traced by PAWS
(through the CO line) and new NOEMA observations of dense gas tracers (e.g. HCN); these
show an intimate connection with the kpc-scale radio plasma jet detected in radio continuum
(clearly visible in archival VLA imaging). We find evidence for a massive molecular outflow
(traced both by CO and HCN), as well as shocks and increased turbulence which are probably
the result of the interaction of the expanding radio plasma structures and the surrounding
molecular gas. We also find a large region where CO emission is significantly under-abundant,
and which coincides with the position and extent of a radio plasma bubble (connected to the
end of the collimated radio jet). We also find that the HCN line profiles have higher velocity
dispersions and are more skewed than the CO line for positions in the vicinity of the radio
plasma structures, which is suggestive of shocks. Overall, we interpret these features as the
result of the radio jet propagating across the disc plane and pushing the molecular gas as it
expands. Such effects could alter the phase balance of the interstellar medium and eventually
affect the fraction of gas which can be converted into stars. Thus, AGN feedback can be
regarded as a mechanism which is capable of indirectly regulating star formation.

5 Passive discs: Creating lenticular galaxies with mergers

Disc-dominated lenticular galaxies represent the majority of early-type galaxies in the local
Universe [4]; therefore, far from being exceptional examples, they constitute one of the most
important end-products of galaxy evolution. They have some transversal properties, in the
sense that they share with elliptical galaxies low levels of star formation (relative to their
stellar mass), while they contain large-scale galactic discs, in analogy to spiral galaxies. How-
ever, in spite of their cosmological relevance, the evolutionary tracks that lead to lenticular
galaxies are still poorly characterised. Arguably, the most popular process to explain the
emergence of lenticular galaxies is ram-pressure stripping, the expulsion of gas from a spiral
galaxy by the pressure exerted by the intergalactic medium, which is expected to be espe-
cially relevant in clusters [8]; deprived of fuel to form new stars, the stellar populations will
gradually age. However, this and similar mechanisms (e.g. harassment, strangulation), which
operate preferentially in high-density environments, are not expected to significantly modify
the stellar kinematics of the progenitor galaxy.

We explore whether mergers of spiral galaxies can explain the origin of lenticular galax-
ies in groups rather than clusters, where they are at least as common [14]. Comparing N -body
numerical simulation from the GalMer project [3] with observations, we show how, after ini-
tially destroying the pre-existing discs, the debris from major mergers of spirals can settle
down into a new stellar disc under favourable orbital conditions. The remnant would be
visually classified as an S0, and the disc and bulge of the resulting galaxy obey the tight pho-
tometric scaling relations observed in real lenticulars, and even the presence of pseudo-bulges
[10]. In addition, we have also analysed the kinematics of the resulting lenticular systems
in these simulations, and found that they can explain the recent finding from the CALIFA
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Figure 3: Left: the S0-like remnants (black diamonds) of major mergers of spirals simulated
by GalMer (progenitors: colour diamonds). They have scaling relations compatible with
observational S0s (orange circles); here, disc scale-length vs bulge effective radius. Right :
the simultaneous change in angular momentum and concentration triggered by those major
mergers explains the discrepancy in λRe – R90/R50 between spirals (blue cloud) and S0s
(orange cloud) found by CALIFA.

survey pointing to a systematic offset between spirals and S0s when the specific angular mo-
mentum (λRe) and light concentration (R90/R50) are simultaneously taken into account [6].
Since simple fading is not expected to substantially change the angular momentum of the
galaxy, this constitutes an important challenge to that paradigm, and suggests that mergers
could play a relevant role in quenching spiral galaxies into lenticular systems.

6 Towards an integral picture of star formation suppression
in galaxies

The main conclusion from our work is that both internal processes (gas transport and AGN
feedback) and external mechanisms (mergers) have the potential to control star formation
in galaxies. Many of these processes are interdependent: our results suggest an intimate
connection between gas inflow and AGN feedback; nuclear activity is indirectly controlled
by the transport of gas to the centre of the galaxy, and, at the same time, the feedback
from the nucleus regulates the amount of gas that can reach the AGN. On the other hand,
the main lesson learned from this thesis could well be that it is important to be aware of
the uncertainties and limitations intrinsic to a certain method, and that it can be extremely
fruitful to explore synergies between observations and numerical simulations. We live in
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exciting times for the study of galaxy evolution, with ALMA and NOEMA eventually reaching
their full power; in that sense, this thesis has presented some results which can be easily built
upon in the near future, and which could be useful in guiding the exploitation of the datasets
that these new instruments are just starting to deliver.
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Abstract

This talk presents an overview of the recent results derived from the observations of the

ESA’s Planck mission and the QUIJOTE experiment. The Planck 2018 cosmological results

correspond to the third (and final) data release from the Planck collaboration. Several

improvements in the calibration, the treatment of the polarization data and systematic

effects lead to more robust constraints on many parameters. As in previous releases, the

base six-parameter ΛCDM model provides an excellent description to the data. I briefly

discuss some parameter extensions and the remaining tensions in the data. I also review

the current status and first results of the QUIJOTE (Q-U-I JOint TEnerife) experiment, a

project with the aim of characterizing the CMB polarization and other Galactic or extra-

galactic physical processes that emit in microwaves in the frequency range 10–42 GHz, and

at large angular scales (around one degree resolution).

1 Introduction

The study of the anisotropies of the Cosmic Microwave Background (CMB) is one of the most
powerful tools in modern cosmology, and has played a crucial role in building our current
understanding of the Universe. Here I will review the latest results of two experiments in
which the Spanish CMB community has been involved: the ESA’s Planck1 satellite and the
QUIJOTE experiment2.

1Planck is a project of the European Space Agency (ESA) with instruments provided by two scientific
consortia funded by ESA member states (in particular the lead countries France and Italy), with contribu-
tions from NASA (USA), and telescope reflectors provided by a collaboration between ESA and a scientific
consortium led and funded by Denmark.

2QUIJOTE web page: http://www.iac.es/proyecto/cmb/quijote
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Planck [31, 12] was a third generation space mission dedicated to measure the CMB
temperature and polarization anisotropies over the whole sky with a sensitivity limited by
cosmic variance and the ability to remove the astrophysical foregrounds. The satellite was
launched in May 2009, and operated without interruptions over three times the initially
planned mission duration until October 2013, with a performance exceeding expectations.
It observed the microwave sky in 9 frequency bands from 30 to 857 GHz, and with angular
resolutions from 5’ to 30’. Sect. 2 summarizes the main results of the Planck 2018 data
release.

The QUIJOTE (Q-U-I JOint TEnerife) Experiment is a collaboration between the
Instituto de Astrof́ısica de Canarias, the Instituto de F́ısica de Cantabria, the universities of
Cantabria, Manchester and Cambridge (UK), and the IDOM company (Spain). It started
operations in November 2012, and consists of two telescopes and three instruments [29, 30]
dedicated to measure the polarization of the microwave sky in the frequency range 10–40 GHz,
and with angular resolutions from 55’ to 16’. Sect. 3 reviews the project status, including
the low-frequency maps (10–20 GHz) that will be released in the coming months.

2 Overview of Planck 2018 cosmology results

The Planck mission had two instruments, with technological performances never achieved in
space before. The Low Frequency Instrument (LFI) [10, 1, 11] covered three bands at 30, 44
and 70 GHz using low-noise heterodyne amplifiers cooled down to 20 K. The High Frequency
Instrument (HFI) [8, 13] covered six bands at 100, 143, 217, 353, 545 and 857 GHz with
bolometers cooled to 0.1 K. Polarization measurements were obtained in all but the highest
two frequency bands [9, 28]. Two data processing centers (DPCs) analyzed and calibrated
the data, and made the nine frequency maps of the sky [32, 14].

The scientific results of the mission were presented in various sets of papers and three
data releases. The nominal mission data release (PR1) took place in 2013, and the associated
results were part of the A&A special issue Vol. 517 [15]. The extended mission data release
(PR2) occurred in 2015, and the associated set of papers are part of the A&A special issue
Vol. 594 [18]. The third legacy data release (PR3) took place in July 17th, 2018. It contained
the series of papers corresponding to the final analysis of the full mission done by the Planck
collaboration. Here, I summarize the main results presented in those papers [20, 21, 22, 23,
24, 25, 26, 27]. All the Planck Collaboration papers can be downloaded from here. All the
Planck data can be downloaded via the Planck Legacy Archive.

An overview of the main 2018 results, as well as the cosmological legacy of Planck
is given in [20]. The data processing pipelines and calibration procedures used for both
instruments LFI and HFI are described in [21] and [22], respectively. For the LFI, several
improvements have been made with respect to previous releases, especially in the calibration
process and in the correction of instrumental features such as the effects of nonlinearities
in the response of the analogue-to-digital converters. For the HFI, major improvements in
the map-making, the calibration process and in the treatment of the polarization data and
systematic effects have been achieved since the previous 2015 release. An extensive series of

http://www.cosmos.esa.int/web/planck/publications
http://pla.esac.esa.int/pla
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Figure 1: Total intensity emission in each of the nine Planck 2018 frequency bands, after
removal of a common dipole component. The first seven maps are expressed in equivalent
CMB temperature units, while the two highest frequencies, monitoring the dust emission, are
expressed in brightness units. Courtesy of ESA and the Planck Collaboration, taken from
[20].

null tests dedicated to check the consistency of the maps is also provided [21, 22].

Fig. 1 and 2 show the sky as seen by Planck in intensity and polarization, respectively.
Each panel in Fig. 1 represents one of the nine Planck’s frequency channels, displayed in
Galactic coordinates. Similarly, Fig. 2 shows the linear polarization maps (Stokes Q and U
parameters) measured by Planck at its lowest seven frequency channels.

2.1 CMB maps and power spectra

As in previous Planck data releases, four different component separation methods were used
and optimized to produce CMB maps based on Planck data alone (Commander, NILC,
SEVEM, and SMICA). Those CMB maps and accompanying simulations are the basic input
for all analyses of homogeneity, stationarity, and Gaussianity of the CMB fields [25]. Figure 3
shows the intensity map obtained with the SMICA method (left panel), and also the polar-
ization field smoothed on scales of 5◦. In addition to the CMB component separation, three
methods (Commander, GNILC, and SMICA) were used to extract astrophysical components,
i.e. foregrounds. The component separation methodology is described in detail in [23].

The foreground-subtracted, frequency-averaged, cross-half-mission intensity (TT) and



Rubiño-Mart́ın, J. A. 35

Figure 2: The seven sky polarization maps of Planck 2018. The first two columns show the
Q and U Stokes parameters measuring linear polarization, and the last column presents the
polarized intensity, P =

√
Q2 + U2. Courtesy of ESA and the Planck Collaboration, taken

from [20].
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-160 160 µK0.41 µK

Figure 3: CMB maps obtained with the Planck 2018 data release. Left panel: reconstructed
SMICA temperature map. Right panel: linear polarization field represented as rods of varying
length, superimposed on the temperature map, when both are smoothed at 5◦ scales. Both
CMB maps have been masked and inpainted in regions where residuals from foreground
emission are significant. That mask is delineated by a grey line in the left figure, and covers
mostly the Galactic plane. Courtesy of ESA and the Planck Collaboration, taken from [20].

polarization (TE and EE) spectra are plotted in Fig. 4, together with the Commander power
spectrum at multipoles ` < 30. The blue-line in the figure shows the best-fit base-ΛCDM
theoretical spectrum fitted to the combination of temperature, polarization and lensing data.
The intensity TT spectrum (top panel) constitutes an extremely precise measurement over
three decades in multipole range, allowing to characterize seven acoustic peaks in detail. The
uncertainties of that plot are dominated by sampling variance, rather than by instrumental
noise or foreground residuals, at all scales below multipole ` = 1800. The polarization power
spectra (TE and EE) have improved significantly with respect to previous releases at low
multipoles, thanks to the inclusion of the HFI low-` data. The measured TE spectrum
has about the same constraining power (in terms of final error bars on the cosmological
parameters) as the TT one, while the EE spectrum still has a sizeable contribution from
noise. Moreover, the excellent agreement of the TE and EE polarization spectra with the
prediction of the ΛCDM theoretical spectrum fitted to the temperature data only constitutes
one of the most important consistency tests for the cosmological model.

The bottom-right panel in Fig. 4 shows the power spectrum of the lensing potential. On
small angular scales, the primordial CMB anisotropies are distorted by gravitational lensing,
primarily sourced by the large-scale structure of the Universe at relatively high redshifts
(peaking at z ∼ 2). The 2018 result represents the highest signal-to-noise ratio detection
of CMB lensing to date, exceeding 40σ [25] using intensity and polarization, and with a
polarization lensing detection at 9σ. The inclusion of this information in the cosmological
analyses breaks some parameter degeneracies inherent to the CMB anisotropies alone.

2.2 Planck 2018 Cosmological Parameters

As in the two previous data releases, the Planck 2018 measurements of the CMB anisotropies
and lensing-potential power spectra are very well described by a standard spatially-flat six
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Figure 4: Planck 2018 CMB power spectra. These are foreground-subtracted, frequency-
averaged, cross-half-mission angular power spectra for temperature (top), the temperature-
polarization cross-spectrum (middle), the E mode of polarization (bottom left) and the lensing
potential (bottom right). The blue lines show the best-fitting ΛCDM model. Courtesy of
ESA and the Planck Collaboration, taken from [20].
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Table 1: Parameter confidence limits derived from the Planck CMB temperature, polarization
and lensing power spectra, and with the inclusion of BAO data. Error bars in all cases
correspond to 68 % confidence limits. The first set of values corresponds to the six base
ΛCDM parameters. The remaining parameters shown below the line are derived from those
six. More details can be found in [24].

Parameter Planck alone Planck + BAO

Ωbh
2 0.02237 ± 0.00015 0.02242 ± 0.00014

Ωch
2 0.1200 ± 0.0012 0.11933 ± 0.00091

100θMC 1.04092 ± 0.00031 1.04101 ± 0.00029
τ 0.0544 ± 0.0073 0.0561 ± 0.0071

ln(1010AS) 3.044 ± 0.014 3.047 ± 0.014
nS 0.9649 ± 0.0042 0.9665 ± 0.0038

H0 (km s−1 Mpc−1) 67.36 ± 0.54 67.66 ± 0.42
ΩΛ 0.6847 ± 0.0073 0.6889 ± 0.0056
ΩM 0.3153 ± 0.0073 0.3111 ± 0.0056
σ8 0.8111 ± 0.0060 0.8102 ± 0.0060

parameter ΛCDM model with adiabatic scalar perturbations [24]. This consistency helds
either fitting all the power spectra separately or in combination. The derived values for the
six parameters of this base model, together with some derived parameters, are summarized
in Table 1. Except for the reionization optical depth, the other five base parameters are
measured with sub-percent accuracy. In particular, the CDM component is measured at
100σ, the angular acoustic scale to 0.03 % precision, and nS is found to be 8σ away from scale
invariance (nS = 1).

All parameters remained quite consistent across the different analyses (2013, 2015,
2018) [16, 19, 24]. Compared to the 2015 results [19], the improved measurements of the large-
scale polarization allow the reionization optical depth to be measured with higher precision,
which in turn leads to a better precision for other correlated parameters. Moreover, the
improved modeling of the small-scale polarization also leads to more robust constraints on
many parameters, with residual modeling uncertainties estimated to affect them only at the
0.5σ level.

2.3 Cosmological parameters: beyond the base model

As in previous releases, several one-parameter extensions to the base (six-parameter) model
have been explored [24]. However, the main conclusion of those analyses is that we do
not find any compelling evidence for any of the considered extensions. For example, when
considering spatial curvature, the joint constraints with baryon acoustic oscillation (BAO)
measurements provides consistency with a flat universe, finding ΩK = 0.0007±0.0019. There
is no evidence for additional relativistic degrees of freedom, beyond the Standard Model
prediction (Neff = 3.046). When combining Planck 2018 with BAO, we find Neff = 2.99±0.17.
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In the neutrino sector, we find that sum of the neutrino masses is tightly constrained
to Σmν < 0.12 eV, again in combination with BAO measurements. In addition, we find no
evidence for dynamical dark energy; combining with Type Ia supernovae (SNe), the dark-
energy equation of state parameter is measured to be w0 = −1.03 ± 0.03, consistent with a
cosmological constant. Finally, we find no evidence for deviations from a purely power-law
primordial spectrum, and combining with data from BAO, BICEP2, and Keck Array data,
we place a limit on the tensor-to-scalar ratio of r0.002 < 0.07.

2.4 Tensions

The Planck base-ΛCDM parameters shown in Table 1 are in good agreement with BAO, SNe,
standard big-bang nucleosynthesis predictions for the helium and deuterium abundances, and
with some galaxy lensing observations. However, they are in slight tension with the Dark
Energy Survey’s combined-probe results including galaxy clustering (which prefers lower fluc-
tuation amplitudes or matter density parameters), with the cluster number counts and the
Sunyaev-Zeldovich Comptonization maps (although the lower value of τ slightly alleviates
the tension) [17], and in significant tension with local measurements of the Hubble constant
(which prefer a higher value) [24]. Simple model extensions that could in principle partially
resolve those tensions are not favored by the data. As in previous releases, the CMB spec-
tra continue to prefer higher lensing amplitudes than predicted in base ΛCDM at over 2σ.
However, this is not supported by the lensing reconstruction or the BAO data.

2.5 The legacy of Planck

Planck has measured the properties of our Universe to percent-level fidelity, and has been
used to test our understanding of the cosmological model to high precision. Here there is a
list of topics in which the mission has provided an important legacy: it gave the most precise
picture of the universe (6-parameter ΛCDM model); the best characterization of the isotropy
and statistics of the CMB anisotropies; the most stringent constraints on inflation physics and
primordial non-Gaussianity; constraints on fundamental physics (including neutrino physics,
dark energy, modified gravity and primordial magnetic fields); a map of the lensing potential;
very rich SZ science (including two catalogs of galaxy clusters with 1653 detections, a full
sky SZ map, and the detection of peculiar velocities); a measurement of the ISW effect; maps
of the CIB; important studies of extra-galactic sources, both in radio (quasars and radio
galaxies) and infrared (dusty star-forming galaxies); a detailed information on the space-
frequency distribution of the diffuse Galactic components (synchrotron, free-free, thermal
dust, spinning dust emission, magnetic field,. . . ); galactic sources (cold cores, HII regions
and young star-forming regions); and the best determination of the Solar Dipole.

3 The QUIJOTE experiment

The theoretical framework where we can accommodate all these cosmological results is the
ΛCDM cosmology together with inflation, a period of accelerated expansion at the early in-
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Figure 5: Estimated frequency dependence of the different astrophysical foregrounds in the
microwave domain, both in intensity (left) and polarization (right panel). The figure on the
right assumes no polarization for the AME. The locations of the Planck and QUIJOTE-MFI
frequency bands are indicated using grey and blue bands, respectively. Adapted from [18].

stants after the Big-Bang. All basic inflationary predictions have been confirmed by Planck
(i.e. a spatially flat Universe, with nearly scale-invariant spectrum of density perturbations,
which is almost a power-law, dominated by adiabatic Gaussian scalar perturbations). How-
ever, there is still an inflationary prediction not yet verified. According to the inflationary
paradigm, quantum fluctuations in the space-time metric created a background of gravita-
tional waves that imprinted a unique signature on the polarization maps of the CMB: B-modes
at large angular scales.

The main scientific driver of QUIJOTE is to carry out observations of the CMB polar-
ization, to constrain the primordial B-mode signal down to the level of r = 0.05. In addition,
another important goal is to characterize the low-frequency polarized foregrounds. One of the
main legacy results of Planck is the demonstration that foreground signals, and in particular,
the polarized emission from our galaxy, will be a major limiting factor of the possible con-
straints on the existence of B-modes. In this context, the QUIJOTE maps in the 10–20 GHz
band provide a complementary window to the Planck data, bringing valuable information in
an almost unexplored frequency domain (see Fig. 5), and providing the essential information
to properly correct for the Galactic synchrotron and the anomalous microwave emissions
(AME). This legacy information from QUIJOTE will be essential for future sub-orbital or
satellite experiments.

The QUIJOTE project has two phases. In the first phase, we installed the first QUI-
JOTE telescope unit (QT1) together with the multi-frequency instrument (MFI) [6] at the
Teide Observatory. The MFI covers four frequency bands at 11, 13, 17 and 19 GHz, and
started operations in November 2012. The second phase includes a second QUIJOTE tele-
scope (QT2) installed in July 2014, and two additional instruments. The thirty-gigahertz
instrument (TGI) consists of 31 receivers at 30 GHz [7], while the forty-gigahertz instrument
(FGI) has also 31 receivers at 42 GHz. At this moment, we are in the commissioning phase of
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a hybrid-instrument covering 30 and 42 GHz simultaneously, with half TGI receivers and the
other half with FGI ones, but sharing the same cryostat. More information on the QUIJOTE
instruments and telescopes can be found in [30] and references therein.

3.1 QUIJOTE-MFI preliminary results: the wide survey

The QUIJOTE-MFI instrument has been operating for almost six years. After this period,
we have accumulated ∼ 24, 000 h of data, corresponding to approximately 50 % observing
efficiency. As described in [30], the observations carried out with the MFI are of two types:
either deep integrations using a raster scan mode at constant elevation in selected sky ar-
eas (e.g. Galactic regions, calibrators or cosmological fields), or a wide survey mode using
continuous 360◦ azimuth scans at constant elevation.

Scientific results have been presented for some of the deep observations in a few Galactic
regions, as the Perseus molecular complex [4], the W43, W44 and W47 area [5], or the Taurus
molecular complex. Here, I discuss the status of the MFI wide Galactic survey, that will be
published soon. This wide survey covers around 20,000 deg2 every day, aiming for a final
aggregated sensitivity of ∼ 30µK/deg in polarization (Stokes Q and U maps) in the four
MFI bands. To date, we have accumulated around 10,000 h of data in this so-called “nominal
mode”. The preliminary maps have sensitivities around 40–55µK/deg.

Figure 6 shows the status of the maps for the two lowest MFI frequency bands (11
and 13 GHz). The polarization maps have sensitivities of around 50–55µK/deg, and provide
a high signal-to-noise detection of the polarized synchrotron emission at these frequencies,
including the diffuse emission in North-Polar Spur or the Fan regions. The QUIJOTE maps
are now being used to constrain the spectral behavior of the polarized synchrotron emission, in
combination with the WMAP and Planck frequency bands. Our preliminary results provide
a synchrotron spectral index with an average value of βs = −3.00±0.05, and with an average
synchrotron-dust correlation of ∼ 20 % at large scales, but with significant spatial variations
in those properties. Other studies based on these QUIJOTE maps, as component separation
analyses, the study of multiple AME regions, the characterization of radio-sources in the
maps, or the diffuse emission in the north polar spur and the Fan region are in preparation,
and will be presented in the coming months.

These analyses are partially funded by the RADIOFOREGROUNDS3 project (2016-
2018), a H2020-COMPET-2015 program aiming to provide the best possible description of
the synchrotron emission and AME in our Galaxy in the Northern sky, by adding the in-
formation contained in the QUIJOTE-MFI frequencies to the Planck maps. The associated
data products will be made publicly available at the end of the project.

3.2 Future plans

The commissioning phase of the combined TGI/FGI instruments is now taking place. The
observing plan is to conduct a cosmological survey during 3 effective years, and to combine

3RADIOFOREGROUNDS web: http://www.radioforegrounds.eu.

http://www.radioforegrounds.eu
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Figure 6: Preliminary maps of the QUIJOTE-MFI wide survey, displayed in equatorial
coordinates. We show the 11 GHz (first row) and 13 GHz (second row) maps for Stokes I
(left), Q (center) and U (right) parameters. The horizontal lines define the declination band
between δ = 5◦ and δ = 80◦. We note that the Stokes Q and U parameters are referred to
the Galactic coordinate system, although they are displayed in equatorial coordinates.

these data with the MFI maps. In addition to QUIJOTE, two new CMB polarization exper-
iments will be installed soon at the Teide Observatory (Tenerife): Groundbird and STRIP.
GroundBird [2] is a MKIDs array to study the CMB polarization in two bands centered at
145 and 220 GHz. It is a collaboration formed by RIKEN, KEK, NAOJ, and Saitama, Kyoto
and Tohoku universities in Japan, the Korea University and the IAC. The installation is
planned for early 2019. STRIP [3] is part of LSPE, a combined program of ground-based and
balloon-borne polarization observations. STRIP will operate in the 42 and 90 GHz bands,
and will be installed at the Teide Observatory in mid 2019. Altogether, QUIJOTE, STRIP
and Groundbird will constitute an unique microwave polarization observatory in the Northern
hemisphere, with ten frequency bands covering from 10 to 240 GHz.
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4 Dpto. de F́ısica Teórica y del Cosmos, Universidad de Granada, Granada, Spain

Abstract

In this contribution we review some of the most relevant results of the PhD thesis awarded

with the XIV SEA PhD prize in 2018. The thesis is aimed at characterising the ionised

gas abundance distribution in spiral galaxies by using two sets of high-quality integral field

spectroscopic data from the CALIFA and AMUSING surveys. We observe that, together

with the well-known radial negative gradient, a significant number of galaxies also display

a drop in the abundances towards the inner parts of the discs and a flattening in the

outermost regions. This suggests that the widely accepted scenario in which the oxygen

abundance distribution of spiral galaxies is well described by a single radial negative gradient

might be incomplete and deviations from it are needed for a proper characterisation of the

distribution. In addition, in the particular case of the galaxy NGC 6754, we perform an

analysis of its azimuthal abundance and velocity-residual distributions. This galaxy shows,

for the first time, clear signatures of ongoing gas radial migration affecting the abundance

distribution. The results obtained in this thesis provide strong constraints to chemical

evolution models aimed at explaining the formation and evolution of spiral galaxies, trying

to do our bit in the comprehension of the Universe around us.

1 Introduction

The thesis, entitled “The shape of the ionised gas abundance distribution in spiral galaxies”,
was conducted by Laura Sánchez Menguiano in the Instituto de Astrof́ısica de Andalućıa
(IAA-CSIC) under the supervision of Sebastián Sánchez and Isabel Pérez. In the context of
the formation and evolution of spiral galaxies, the study of their gas-phase chemical compo-
sition has proven to be a powerful tool to improve our knowledge on the evolution of these
complex systems. In particular, the analysis of H ii regions (regions of ionised gas associated
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with star formation) is of great importance, as it is through the birth and death of stars that
the galaxies chemically evolve.

In this thesis we use two sets of high-quality integral field spectroscopic (IFS) data from
two different surveys, CALIFA [28] and AMUSING [9], to characterise the oxygen abundance
distribution of the ionised gas in star-forming (SF) regions of spiral galaxies. The first survey
provides a sample of 122 disc galaxies extracted from a well-defined, statistically significant
mother sample, representative of galaxies in the Local Universe. The latter provides a sample
of 102 galaxies that allows us to complement the study based on CALIFA data using a higher
spatial resolution dataset.

The abundance distribution of the analysed galaxies is determined based on the cali-
bration proposed by [16] for the O3N2 strong-line indicator (although others are also tested
showing that all the qualitative results derived from this study are not contingent upon the
choice of the used calibrator). To measure the emission lines involved we apply FIT3D-
Pipe3D [30], an extensively tested code designed to deal with spatially resolved IFS data
(see [32, 33]).

The study of the 2-dimensional (2D) ionised gas abundance distribution is addressed
by analysing separately the radial and azimuthal trends. The large number of SF regions
provided by both analysed samples, together with the good coverage of the galaxy discs with
high spatial resolution, allow us to undertake this study as never done before. In the following
sections we will present the main results of each of these analyses and the conclusions resulting
from our work.

2 Radial oxygen abundance distribution

The radial distribution of the chemical abundances in disc galaxies has been studied for
decades, being nowadays unquestionable that spiral galaxies exhibit in general a negative
trend in metallicity. This was firstly proposed in the 1970s [38, 39, 40, 25], and since then,
an extensive body of literature has been amassed on the subject of abundance gradients in
nearby galaxies supporting these negative trends [42, 41, 24, 31, 29, 12, 2].

However, gas metallicity studies have also presented some hints of the existence of
some behaviours in the oxygen abundance profiles that deviate from the pure radial decline:
A decrease or a nearly flat distribution of the abundance in the innermost region of discs (e.g.
[3, 27, 29]); and a flattening in the gradient in the outer regions measured in several works
([18, 43, 41, 27, 31, 46], among others). Despite the wide variety of mechanisms proposed to
explain the presence of these features (such as radial migration, [21, 22]; or satellite accretion,
[26, 4]), its origin is still unclear.

However, most of the previously mentioned studies were limited by statistics, either
in the number of observed H ii regions, their coverage across the galaxy surface or the size
of the analysed sample of galaxies. The study of the radial oxygen abundance distribution
carried out in this thesis is first performed in a spaxel-by-spaxel basis using the CALIFA
sample (122 galaxies), taking advantage of the full 2D information to properly map the
abundance distribution. This type of analysis is feasible because the spaxel size of CALIFA
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Figure 1: Left: Normalised radial density distribution of the oxygen abundance in the
CALIFA sample, where the presence of a common gradient between 0.5 and 2.0 re and an
outer flattening beyond 2.0 re are observed. Right: Average oxygen abundance radial profiles
for galaxies divided in four different mass bins, where it is visible the existence of an inner
abundance drop and its dependency with the galaxy mass.

datacubes is of the order of the size of an H ii region and prevents us to resolve its ionised
structure. With this premise, we also analyse the oxygen abundances derived for individual
H ii regions for comparison purposes, obtaining equivalent results with both procedures. In
addition to the general negative gradient displayed by the galaxies, an inner drop and/or
outer flattening are observed in the oxygen abundance radial profile (see Fig. 1). Concerning
the negative trend, we find that there is a common abundance gradient between 0.5 and
2.0 re of αO/H = − 0.075 ± 0.016 dex/re when normalising the distances to the disc effective
radius. By performing a set of KS tests, we determined that this slope is independent of other
galaxy properties, such as morphology, absolute magnitude, and the presence or absence of
bars. In particular, barred galaxies do not seem to display shallower gradients, as predicted
by numerical simulations and reported by early studies (e.g. [45]). Interestingly, we find that
a high number of galaxies with reliable oxygen abundance values beyond two effective radii
(57) present a flattening of the abundance gradient in these outer regions. This flattening is
not associated with any morphological feature, which suggests that it is a common property
of disc galaxies. Finally, we detect a drop or truncation of the abundance in the inner regions
of 27 galaxies in the sample; this is only visible for the most massive galaxies. For more
details of this analysis performed with CALIFA data we refer the reader to [35].

The high spatial resolution provided by AMUSING data allows us to improve the study
on the radial oxygen abundance distribution. This dataset helps us to increase the number
of H ii regions detected in individual galaxies with respect to previous studies. In addition,
we can avoid the dilution effects and reduce the contamination of the diffuse emission in the
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Figure 2: Examples of the different shapes found in the oxygen abundance radial distribution
of the H ii regions. The solid black line represents the fit to the distribution and the dashed
vertical lines correspond to the radial position of the inner drop and/or outer flattening.

detected regions, effects that affected the spaxel-by-spaxel analysis with CALIFA. In this
analysis we develop a new methodology to automatically fit the abundance radial profiles
(see Fig. 2), finding that 55 galaxies of the sample exhibit a single negative gradient. The
remaining 47 galaxies also display, as well as this negative trend, either an inner drop in the
abundances (21), an outer flattening (10), or both (16), which suggests that these features
are a common property of disc galaxies. We confirm the results found with CALIFA: the
presence and depth of the inner drop depends on the stellar mass of the galaxies with the most
massive systems presenting the deepest abundance drops, while there is no such dependence
in the case of the outer flattening (see Fig. 3). As opposite to the previous study, where
the radial position of these features was deduced based on visual inspections of the general
shape of the gradient, in this analysis the developed methodology allowed us to determine
automatically their actual location. We find that the inner drop appears always around
0.5 re, while the position of the outer flattening varies over a wide range of galactocentric
distances. Regarding the main negative gradient, we find a characteristic slope in the sample
of αO/H = − 0.10 ± 0.03 dex/re (compatible with the value recovered from the CALIFA
data, see Fig. 3). This slope is independent of the presence of bars and the density of the
environment. However, when inner drops or outer flattenings are detected, slightly steeper
gradients are observed. This suggests that radial motions might play an important role in
shaping the abundance profiles. Besides, we define a new normalisation scale (‘the abundance
scalelength’, rO/H) for the radial profiles based on the characteristic abundance gradient, with
which all the galaxies show a similar position for the inner drop (∼ 0.5 rO/H) and the outer
flattening (∼ 1.5 rO/H). Finally, an analysis of the dispersion around the negative gradient
arises no significant dependence with any property of the galaxies, with values compatible
with the uncertainties associated with the derivation of the abundances. A more detailed
explanation of this analysis with AMUSING data can be found in [37].

3 Arm and interarm abundance gradients

Spiral arms are one of the most distinctive features in disc galaxies. These structures can ex-
hibit different patterns, namely grand design and flocculent arms, with easily distinguishable
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Figure 3: Same as Fig. 1 but for the AMUSING sample and normalising the galactocentric
distances to the new defined normalisation scale rO/H (‘the abundance scalelength’). See text
for more details.

characteristics (long, symmetric, and continuous arms in the former case, small and patchy
in the latter). However, their origin and the mechanisms shaping them are unclear. The
overall role of spirals in the chemical evolution of disc galaxies is another unsolved question.
In particular, it has not been fully explored if the H ii regions of spiral arms present different
properties from those located in the interarm regions. Very few works have focused on this
study, all of them based on small sample of galaxies and not finding evidences of chemical
differences between arm and interarm regions [19, 7].

In this thesis we also study the radial oxygen abundance gradient of the arm and
interarm SF regions of a subsample of 63 galaxies using CALIFA data. We focus the analysis
on three characteristic parameters of the profile: slope, zero-point, and scatter. The sample
was morphologically separated into flocculent versus grand design spirals and barred versus
unbarred galaxies. We find subtle but statistically significant differences between the arm
and interarm distributions for flocculent galaxies, while no significant differences are found
for grand design systems. In addition, we find an increase in the scatter when moving away
from the spiral arms for flocculent galaxies, whereas grand designs present a similar scatter
within the interarm region (see Fig. 4). All this suggests that the mechanisms generating the
spiral structure in both type of galaxies may be different. Grand design arms would be linked
to quasi-stationary density waves, which move across the disc affecting the gas content of the
entire galaxy and diluting possible differences between the arm and interarm regions. On
the other hand, flocculent arms would be associated with transient local density instabilities,
that affect always the same material (SF regions in the arms), increasing the differences
between the arm and the interarm regions. Another possibility is that these differences may
be due to a higher star formation outside the spiral arms for the flocculent galaxies and a
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Figure 4: Distribution of the scatter of the oxygen abundances in the interarm regions
according to the angular distance to the spiral arms (labeled as region 0) for flocculent (left
panel) and grand design (right panel) galaxies. Each point represents the scatter of the SF
spaxels within the corresponding interarm region for a particular galaxy. The black diamonds
represent the mean values within each region; the error bars indicate the standard deviations.
The distribution of values for each region are also shown in the right auxiliary panels.

more concentrated star formation in the arms for the grand design ones. We also find small
differences in barred galaxies, not observed in unbarred systems, hinting that bars may affect
the chemical distribution of these galaxies but not strongly enough as to be reflected in the
overall abundance distribution. This entire analysis of arm and interarm abundance gradients
performed with CALIFA data is described in [36].

4 Azimuthal abundance variations

Recently, with the advent of instruments that provide data covering large FoVs with high
spatial resolution, systematic azimuthal variations of the gas oxygen abundance distribution
have started to be measured, always focused on the study of individual galaxies [13, 44].

From a theoretical point of view, the presence of azimuthal variations induced by radial
migration was recently proposed in simulations of spiral galaxies [8, 11]. Although these
predictions were focused on the stellar component, it is known that both gas and stars are
affected by these movements (e.g. [23, 10]). Indeed, streaming motions of gas along the
spiral arms have been proposed [10, 1], which could produce azimuthal variations of the gas
abundance.

In this thesis we take advantage again of the high spatial resolution of AMUSING data
to analyse the presence of possible azimuthal abundance variations in one galaxy of the sam-
ple, NGC 6754, in order to better investigate the subtle differences found in the arm/interarm
analysis performed with CALIFA data. This way, in order to measure azimuthal variations
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Figure 5: 2D deprojected distributions of the gas abundance (left), and Hα LOS velocity
(right) residuals. Dashed white circles indicate the three radial positions R = 4.5, 6.3 and
8.1 kpc of the azimuthal profiles shown in Fig. 6.

in the abundance distribution of NGC 6754 we need to derive the abundance residuals (see
left panel of Fig. 5) by removing the characteristic radial profile displayed by this galaxy
to the observed 2D distribution. In addition to the abundance distribution, we also analyse
for this galaxy the line-of-sight (LOS) Hα velocity distribution to find some possible links
between kinematics and the observed pattern in the azimuthal abundance variations (as sug-
gested by theoretical works). Similarly, the residual velocities (see right panel of Fig. 5) are
obtained after subtracting the LOS projection of the derived rotation model to the observed
distribution.

Analysing the azimuthal profiles of both residuals at three different galactocentric dis-
tances represented as dashed white circles in Fig. 5 (see Fig. 6), we find that the velocity
profiles show a peak located just after the peak in the light distribution (leading side of the
arm1), with an amplitude between ∼ 28−38 km/s, and a minimum just before the light peak
(trailing side). Remarkably, these maxima (minima) in the velocity profile appear together
with a decrement (increment) in the abundance profile at all the radii, with a total amplitude
(peak-to-peak) up to ∼ 0.1 dex.

Considering the galaxy orientation and assuming trailing spiral arms [14], positive
(negative) residual velocities indicate radially inward (outward) motions of the gas and tan-
gentially faster (slower) motions of the gas for the eastern spiral arm. Thus, the positive
velocity residuals displayed by NGC 6754 in a wide extension of the leading part of the
eastern arm can be interpreted either as gas moving radially inward, gas moving tangentially
faster, or a combination of both. Following a similar reasoning, the negative velocity residuals
in the trailing part can be the result of gas moving radially outward, gas moving tangentially

1The leading side of a spiral arm is the edge of the arm that points towards the direction of disc rotation,
that is, the front of the arm. The trailing side is, on the other hand, the edge of the arm that points towards
the opposite direction of disc rotation, that is, the back of the arm.
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slower, or both. The asymmetries found in the metallicity residuals are in agreement with a
transport of metal-rich gas from the inner disc toward the outer regions at the trailing side
of the spiral arm and more metal-poor gas from the outer disc toward the inner ones at the
leading side, which is strikingly consistent with the velocity asymmetries mentioned above.
These trends are observed at all three radii, which indicates strong evidence of the radial
migration happening in a large radial range.

In other to interpret these results we also analyse the gas content of a simulated galaxy
(N-body+SPH), which allows us to analyse separately the radial and tangential components
of the LOS velocity. In light of the comparison between the observations and the simulations
we conclude that the trailing (leading) edge of the NGC 6754 spiral arms show signatures of
tangentially slower, radially outward (tangentially faster, radially inward) streaming motions
of metal-rich (poor) gas over a large range of radii. These results show direct evidence of
gas radial migration for the first time. In addition, the simulated galaxy displays spiral
morphological features rotating with a similar speed as the gas at every radius. Although it
is not guaranteed that the nature of the spiral arms in the observed galaxy is the same as
in the simulations, the consistency found indicates that the spiral arm features in NGC 6754
may be transient, with a pattern speed decreasing with radius. A more detailed explanation
of this analysis of NGC 6754 with AMUSING data can be found in [34].

5 Conclusions

The existence of a radial decrease in the gas chemical abundances of spiral galaxies was well
established by observations decades ago (e.g. [38, 25, 17, 15, 27, 6]), supporting the inside-out
scenario for disc evolution [20, 5]. With the advent of IFS surveys like CALIFA, abundance
studies using larger samples of H ii regions have become feasible [31, 29], with the same results
as in previous studies.

In this thesis we go a step further and analyse for the first time the oxygen abundance
distribution for a large sample of galaxies taking advantage of the full 2D information provided
by the CALIFA and AMUSING surveys, improving the statistics over previous studies in the
field. This way, it comprises the most complete 2D characterisation of the oxygen abundance
distribution of the ionised gas in a large and statistically significant sample of spiral galaxies
up to date. We show that, besides the negative gradient, this distribution displays a wide
range of features such as inner drops, outer flattenings, and azimuthal variations, as opposed
to the simplistic view of a single radial decline. These features display clear trends with galaxy
properties such as spiral structure, mass, or bar presence. All these results provide strong
constraints to chemical evolution models aimed at explaining the formation and evolution of
spiral galaxies, contributing to improve our understanding of the Universe around us.
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Spain joins the SKA.

Lourdes Verdes-Montenegro1, Julián Garrido1, and Marina Fernández-Peña
Mollá1

1 IAA-CSIC

Abstract

The Square Kilometre Array (SKA) is an international project, qualified as ESFRI (Euro-

pean Strategy Forum on Research Infrastructures) Landmark, to build the largest and most

sensitive radio telescope ever conceived, with the potential to achieve fundamental advances

in Astrophysics, Fundamental Physics and Astrobiology. Since 2011, the IAA-CSIC coordi-

nates the Spanish participation in the SKA. On last 1st June 2018 Spain became the

eleventh member of the SKA Organisation. In the following sections, we summarize

the process that has been followed in Spain to achieve it.

1 Introduction

SKA is being built in order to address open key questions in several areas, such as Astro-
physics, Astrobiology and Fundamental Physics. Some examples of them are: the formation
of the 1st galaxies in a dark Universe dominated by atomic gas, the evolution of the atomic
gas and the star formation till the current epoch, strong field tests of gravity using pulsars
and black holes, understanding the acceleration in the expansion of the Universe, or the study
of extrasolar planets and their formation through proto-planetary disks, or the presence of
biomarkers.

All of these questions have several aspects in common, which may be translated, from
an instrumental point of view, on requirements such as the capability of detecting ultrafaint
radio signals in a large bandwidth (MHz to GHz, e.g. 21cm HI line), high angular resolution
and high survey speed.

All these requirements led to the development of an instrument like the Square Kilo-
metre Array, an interferometer with a total collecting area equivalent to 1 square kilometre.
This is achieved by combining thousands of antennas with different technologies that cover
a wide frequency range. The antennas are separated by thousands of kilometres, located in
up to 9 countries in Africa (starting in South Africa) and Australia (starting in the West of
the country). Technically, it may be considered as a sensors network at a continental scale.
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The SKA Observatory will be a single observatory organised in three sites i.e. the
headquarters (located in United Kingdom) and two telescopes in different continents.

1.1 SKA1

SKA is an interferometer, hence it allows for a phased development. The first phase of SKA
(SKA1) is currently at the end of its design phase. SKA-low will consist of 131.000 dipoles in
Australia covering ranges from 50 to 350 MHz (low frequencies), reaching baselines of 65 km.
SKA1-mid will consist of almost 200 dishes in South Africa (including 64 MeerKAT dishes),
covering ranges from 350 MHz to 14GHz and with baselines of 150 km.

The cost cap for the deployment baseline of SKA1 is e674 M (financial value of 2016)
and it will enter into the procurement phase in 2020-2021, with construction expected in the
period 2021-2027. Early Science is planned to start by 2026.

1.2 SKA2

SKA2 (to be developed in the period 2024-2030) will increase the number of dipoles and
dishes (approximately 500.000 dipoles + 2500 dishes) of SKA1, that will extend to baselines
of up to 3500 kms, as well as improve other capacities based on what is called an Advanced
instrumentation program. It will include achieving lower frequencies (200 - 500 MHz) and
larger fields of view with approx. 250 dense aperture array stations, as well as by adding
Phased Array Feeds (PAF) to the dishes, and aiming to reach extremely wide bandwidths.

1.3 International (and European) Context and Organization

The SKA Organisation (SKAO) is currently composed of 12 member countries: Australia,
Canada, China, France, India, Italy, New Zealand, South-Africa, Spain, Sweden, the Nether-
lands and UK, being Spain and France the last 2 to join the project, in June and July
respectively. But this project goes much further, counting with the involvement of many
other countries: Brazil, Japan, Malta, South Korea, Poland, Portugal, Russia, USA, Ger-
many, Switzerland, Mexico, Ireland, Russia. In short, it involves more than 1000 scientists
and engineers from more than 270 institutions and 20 countries.

2 SKA in Spain

The Spanish participation in the SKA started with the participation of the U. Alcalá-IGN
and U. Valencia in the FP6 Project SKADS (SKA Design Studies, 2005-2009). In 2010, the
MICINN qualified the project as high-priority in its roadmap. After that, in 2011, the RIA
meeting Science and technical opportunities in the SKA era showed a broad and strong sci-
entific interest of Spanish researchers in the SKA. This interest kept growing making possible
that the MICINN applied for Spain to become an SKA Observer country in September 2011.
Since then, other SKA-related projects/scientific networks have been carried out: from 2011

http://www.skads-eu.org/
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to 2014, the Spanish Scientific Network of SKA (FIS2011-14593-E, PI. J. C. Guirado, U.
Valencia) funded by the MICINN, counted with 6 research institutions and 5 universities.

In December 2011, the project VIA-SKA: Feasibility study of the Spanish participation
in the SKA started, led by IAA-CSIC, and gathering 7 research institutions plus 8 Universities
that worked together in the elaboration of a feasibility study and promoted the participation
of Spanish companies and academic centres in the SKA design.

Several activities beyond the original scope of the VIA-SKA project have been per-
formed during these years, such as: a) Diffusion and organisation of SKA activities in co-
ordination with the SKA Communication and Outreach Network (SKACON), including the
support to the organization of meetings and conferences, conferences in research centres,
outreach talks, maintenance of the SKA Spanish website, called minisite, or diffusion in me-
dia; b) Support to academic groups, industry and the Ministry, including interaction with
design consortia, the SKA Office, support to apply at funding calls and coordination of pro-
posals, or support to the incorporation to SKA committees/Science Working Groups/Key
Science Projects/design Working Packages; c) Creation of the capacity map of Spanish in-
dustry, preparation for the procurement phase (in collaboration with CDTI), and d) Joint
discussions with international SKA related stakeholders.

2.1 SKA Science in Spain

In terms of Science, we highlight the effort made in the preparation of the Spanish SKA
White Book [1] in 2015, where 120 researchers from 40 centres participated in 29 chap-
ters, covering most of the areas mentioned in the SKA Science Book [2]). This last book
counted with the participation of Spanish researchers in more than 14 chapters, representing
approximately a 10% of the book.

2.2 Preparatory work: precursors and pathfinders

Spanish researchers also participate in preparatory works with SKA precursors and pathfind-
ers. Precursors are those radio telescopes that are located in the sites where SKA will be
established, while pathfinders are those that are testing some of the technologies that will be
used in SKA. This will allow our community to get prepared for the scientific data analysis
when SKA will be fully operational. Since SKA will not be only an instrument for radioas-
tronomers, it is of relevance to consider the synergies with instruments working at different
wavelengths, like those performing optical 3D spectroscopy.

2.3 Workshops, Conferences and Meetings

In the last years, several workshops, conferences and SKA related meetings have been orga-
nized. In 2012, the SKAO visited Abengoa facilities, and in 2016, the Plataforma Solar de
Almeŕıa (PSA-CIEMAT) with the aim of making the SKAO aware of the Spanish expertise
in renewable energies. In November 2012, the workshop SKA: Strategic Position & Future
Opportunities for Spanish Industry took place, with more than 50 companies and academic

https://www.skatelescope.org/skacon/
https://spain.skatelescope.org/
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centres involved. In October 2014, a Spanish SKA Day was held at the IAA-CSIC,
with 18 institutions and 17 companies participating. In February 2016, an SKA Indus-
try Day was organised by CDTI, the SKAO and IAA-CSIC. It counted with 80
participants, including the attendance of the SKA Director General and SKA design consor-
tia leaders. In November 2017, the meeting Physics opportunities with a new universes view:
the SKA radio telescope was held in Valencia and, last May, the VI Meeting on Fundamental
Cosmology counted with 4 talks related to SKA.

2.4 Membership in SKA Committees

Spanish researchers participate in several SKA committees and in positions and
representation in boards of the SKA Organisation or SKA Consortia, such as the following:

• SKA Power Supply Option Working Group

• Spanish Liaison Industry Officer (ILO)

• Boards of SKA design consortia (Dish, SaDT, SDP)

• Dish consortia

• SKA Regional Centre Coordination Group (SRCCG)

• SKA Communications Steering Committee (SKACOSC) and SKACON

• SKA Office (SKAO)

• Science Working Groups (SWGs). currently 28 researchers from 11 Spanish institutions
participate in 9 out of the 11 SKA SWGs, with 2 of them acting as co-chairs

2.5 Technological developments for SKA Design

In March-June 2013 a Request for Proposals was issued by the SKA Office corresponding
to the work packages to be established for the design of SKA. As a result, 12 Spanish re-
search centres and 12 companies participate in 8 SKA international Preconstruction Consortia
(contribution estimated at approximately e2M in Feb 2014). More recently, Spanish research
centres have been invited to join the PAF consortium whose activities will continue during
the SKA1 Construction.

2.6 Industry capacity map

In the context of the VIA-SKA project, the IAA-CSIC elaborated in 2013 the capacity map
of Spanish industry for the SKA design and construction. This was the beginning of several
activities related to industry:
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• In April 2013, a report called VIA-SKA: Feasibility study of the Spanish technological
participation in the SKA was presented to MINECO and the RIA, based on the above
mentioned capacity map.

• From January to October 2017 a revision of potential contracts for the Spanish Industry
was done in collaboration with CDTI, when the SKA ILO from CDTI made a survey
to the Spanish industry for construction contribution.

• In May 2018, a response to an SKA Construction Request for Information was
prepared by CDTI in collaboration with IAA-CSIC.

2.7 Milestones

We can summarize the performed activities in the last years with the following milestones:

• In January 2012, 9 VIA-SKA members entered in the Work Breakdown Structure Work-
ing Groups.

• Since October 2013, a MINECO representative has been regularly invited to the SKA
Board meetings.

• In January 2014, the RIA Board endorsed the recommendation issued by the G1 RIA
committee in November 2013 on the interest of joining the SKA before SKA construction

• In February 2014, the Spanish participation in SKA design was valued in 2Me by SKA.

• In December 2015, a letter from the Secretary of State to SKA DG started
a dialog to explore scenarios for Spain to join the SKA.

• In 2016, SKA was included in the Spanish National budget.

• In June-July 2016, a report was produced for the Evaluation of the participation
of Spain in the SKA and submitted to the Secretary of State; the outcome was
positive. This action was followed by on-going negotiations with the SKA DG and
Board.

• July 2017 - June 2019. RED-SKA: Excellence network for the scientific and techno-
logical participation of Spain in the SKA -AYA2016-82017-REDT. Coordination: IAA-
CSIC. Participants: CAB-CSIC, ICE-CSIC, IFCA/DICOM, Universidad de Valencia,
BSC, UPM, UGR, IAC, CIEMAT-PSA.

• From July 2017 to June 2019, the RED-SKA project is being developed: Excellence
network for the scientific and technological participation of Spain in the SKA -AYA2016-
82017-REDT. Coordinated by IAA-CSIC, it counts with the participation of CAB-
CSIC, ICE- CSIC, IFCA/DICOM, Universidad de Valencia, BSC, UPM, UGR, IAC
and CIEMAT-PSA.
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• In May 2018, the Secretary of State sent to the SKA Organisation the official request
for Spain to become Member of the SKA Organization.

• Since 1st June 2018, Spain is the 11th Member country of the SKA Orga-
nization.

3 Conclusions

Spain has developed a solid scientific community, strategically positioned within
the SKA project, working in close collaboration with engineers and industry,
ready to play a major role in SKA1 Key Science Projects, and also performing key contribu-
tions to the SKA design phase and construction, with an impact in society. As a consequence
of these efforts, Spain has become a Member of the SKA Organization. This is of special
relevance since SKA is an ESFRI Landmark project with the potential for transformational
science that will lead to a scientific revolution beyond radio astronomy. This will imply I+D+i
in cutting edge technologies, and will attract the best scientists, engineers and managers.
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Abstract

We present the first data release of the Javalambre Local Universe Photometric Survey
(J-PLUS), an ongoing photometric survey with 12 optical bands observing thousands of
square degrees of the sky from the JAST/T80 telescope at the Observatorio Astrof́ısico de
Javalambre (OAJ). T80Cam is a 2 deg2 field-of-view (FoV) camera mounted on JAST/T80,
and is equipped with a unique system of filters spanning the entire optical range (3500 −
10000 Å), optimally designed to extract the rest-frame spectral features that are key to both
characterize stellar types and to deliver a low-resolution photo-spectrum for each observed
object. With a typical depth (5σ in 3 arcsec aperture) of AB ∼ 20.7 mag per band, we
release the first 1022 deg2 of J-PLUS data, containing about 4.3 million stars and 3.0 million
galaxies at r < 21 mag.

1 Introduction

J-PLUS [5] is being conducted from the OAJ, using a unique set of 12 broad, medium and
narrow-band filters (Fig. 1 and Table 1; [15]). This filter set has been particularly defined to
be sensitive to key stellar spectral features in the rest frame, thus being optimal for Milky
Way science and studies of galaxies in the local Universe. In addition, the survey strategy
has been fine-tuned to optimize the scientific return in a wide range of applications in many
other areas of Astrophysics.

The OAJ is an astronomical facility located at the Pico del Buitre (1957 m) of the
Sierra de Javalambre, in Teruel, Spain. The site has excellent astronomical characteristics in
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terms of median seeing (0.71 arcsec in V band), fraction of clear nights (53 % totally clear,
74% with at least a 30% of the night clear) and darkness, with a typical sky surface brightness
of V ∼ 22 mag arcsec−1 at zenith during dark nights [18].

The OAJ was defined, designed and constructed to carry out large sky surveys with
dedicated telescopes. The two main telescopes at the OAJ are the Javalambre Survey Tele-
scope (JST/T250), a 2.55 m telescope with 3 deg diameter FoV, and the Javalambre Auxiliary
Survey Telescope (JAST/T80), a 83 cm telescope with a FoV diameter of 2 deg. JAST/T80
is the telescope dedicated to the development of J-PLUS, whereas J-PAS (Javalambre Physics
of the accelerating universe Astrophysical Survey, [2]) will be carried out at the JST/T250.

JAST/T80 is mounted with T80Cam, a sigle CCD 9.2k x 9.2k pixel camera with an
effective FoV of 2 deg2, and equipped with the twelve J-PLUS filters. Full technical details
on T80Cam can be found in [14] and [16].

The management, reduction, validation, calibration, and public dissemination of the
J-PLUS images have been done by the Unidad de Procesado y Archivo de Datos (UPAD) at
CEFCA [6].

The J-PLUS, including extra technical details, survey strategy and science cases, is
fully detailed on its presentation paper [5], so there is significant overlap between the present
contribution and the content in that publication.

Table 1: The J-PLUS filter system and the goal limiting magnitudes of J-PLUS (5σ in 3
arcsec aperture), presented together with the averaged limiting magnitudes obtained for the
DR1. The zero point calibrations and their uncertainties are also indicated. Comments: (a)
In common with J-PAS; (b) SDSS.

Central

Filter Wavelength FWHM Comments mJ−PLUS
lim mDR1

lim 〈ZP〉 σDR1
ZP

[Å] [Å]

u 3485 508 (a) 20.5 20.8 21.13 0.02
J0378 3785 168 [OII] 20.5 20.7 20.54 0.03
J0395 3950 100 Ca H+K 20.5 20.7 20.32 0.02
J0410 4100 200 Hδ 20.7 20.9 21.30 0.02
J0430 4300 200 G-band 20.7 20.9 21.37 0.02
g 4803 1409 (b) 21.5 21.7 23.58 0.02

J0515 5150 200 Mgb Triplet 20.7 20.9 21.52 0.01
r 6254 1388 (b) 21.5 21.6 23.52 0.01

J0660 6600 138 Hα; (a) 20.7 20.9 21.04 0.01
i 7668 1535 (b) 21.2 21.1 23.25 0.01

J0861 8610 400 Ca Triplet 20.0 20.2 21.54 0.02
z 9114 1409 (b) 20.2 20.3 22.63 0.02
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Figure 1: Transmission curves for the set of 12 J-PLUS filters.

2 J-PLUS DR1

J-PLUS DR1 comprises the J-PLUS tiles observed from the start of the survey up to the
beginning of 2018, that is, 511 tiles amounting to 1022 deg2 (∼900 deg2 after masking, Fig. 2),
with more than 13 million objects in the catalogue and ∼8.3 million sources at r < 21. The
DR1 is available at the J-PLUS web portal since this contribution, on July 2018.

The FWHM and ellipticity distributions of the J-PLUS DR1 r−band reference images
are shown in Fig. 3. We note that DR1 includes all J-PLUS tiles irrespective of their final
image qualities, explaining the tails with > 1.5 arcsec and < 0.98 in the FWHM and ellipticity
distributions, respectively. These however have little impact on the average quality of the
DR1 data.

The DR1 limiting magnitude (5σ in 3 arcsec aperture) distributions in the 12 J-PLUS
bands are presented in Table 1 and in Fig. 4, where the expected J-PLUS limits are indicated
by vertical dotted lines. The limiting magnitudes fulfil, on average, the targeted depths.
The DR1 includes all tiles of the survey acquired so far, incorporating a few ones that were
observed deeper in some bands at the beginning of the survey, when testing the system
performance. They appear as a secondary, fainter peak in the depth distribution.The typical
scatter in the survey depths is ∼ 0.2− 0.3 mag, depending on the band. This scatter reflects
the variations in observing conditions from night to night, mainly in transparency and seeing.

The photometric calibration of J-PLUS faces two main challenges: the variety of obser-
vational conditions in which J-PLUS images are taken and the use of a unique set of filters.
However, the difficulty of these tasks is alleviated by the large amount of reference external
data from projects like SDSS [25], PanSTARRS [11], and Gaia [8]. We explored different cal-
ibration procedures, i.e. spectro-photometric standard stars, synthetic photometry of SDSS
spectra, and direct comparison with SDSS and PanSTARRS photometry. Currently, the de-
fault calibration method is based on the stellar locus technique. This procedure profits from
the way stars with different stellar parameters populate colour-colour diagrams, defining a
well limited region (stellar locus). A specific stellar locus approach for the calibration of J-

https://www.j-plus.es/datareleases/data_release_dr1
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Figure 2: Footprint of the J-PLUS DR1. Red squares represent the 511 pointings of 2 deg2

provided by T80Cam at JAST/T80. The DR1 amounts effectively to ∼ 900 deg2 after mask-
ing low exposure regions, the surroundings of bright stars, observational reflections or arte-
facts, and overlapping areas. Figure from [5].
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López-Sanjuan, C. et al. 65

0.5

1.0

1.5

2.0

2.5

3.0

P
ro

b
ab

il
it

y

mDR1
lim = 20.8

σ = 0.3

u

mDR1
lim = 20.7

σ = 0.3

J0378

mDR1
lim = 20.7

σ = 0.3

J0395

mDR1
lim = 20.9

σ = 0.2

J0410

0.5

1.0

1.5

2.0

2.5

3.0

P
ro

b
ab

il
it

y

mDR1
lim = 20.9

σ = 0.2

J0430

mDR1
lim = 21.7

σ = 0.3

g

mDR1
lim = 20.9

σ = 0.2

J0515

mDR1
lim = 21.6

σ = 0.3

r

20 21 22 23
mlim [AB]

0.5

1.0

1.5

2.0

2.5

3.0

P
ro

b
ab

il
it

y

mDR1
lim = 20.9

σ = 0.2

J0660

20 21 22 23
mlim [AB]

mDR1
lim = 21.1

σ = 0.3

i

20 21 22 23
mlim [AB]

mDR1
lim = 20.2

σ = 0.2

J0861

20 21 22 23
mlim [AB]

mDR1
lim = 20.3

σ = 0.3

z

Figure 4: Normalised distribution of the limiting magnitudes (5σ, 3′′ aperture) of the
J-PLUS DR1 (511 tiles). The black dashed vertical lines mark the targeted J-PLUS limiting
magnitudes as reported in Table 1.



66 J-PLUS Data Release 1

PLUS has been developed, obtaining consistent zero point calibrations over the full J-PLUS
area and spectral range with σZP ∼ 0.02 (Table 1).

In addition to several calibrated magnitudes for each source, the J-PLUS DR1 also
comprises a set of value-added properties: a Bayesian star/galaxy classification, with a prior
based on Gaia data for those sources having a parallax measured with SNR> 3 classified as
stars [13], effective temperatures estimates for Milky Way stars, and photometric redshift for
galaxies.

The J-PLUS star and galaxy number counts are studied in [13], providing results in
agreement with the literature up to r = 21. We report 4.3 million stars and 3 million galaxies
in DR1. We present a representative example of a J-PLUS pointing in Fig. 5, with the J-
PLUS SEDs of several astrophysical objects (stars, galaxies, and QSOs) in Figs. 6, 7, and 8,
respectively.

Photometric redshifts for J-PLUS DR1 galaxies have been computed using BPZ2 [1, 19],
LePhare [9], and TPZ [4] . These three estimations are providedin the DR1 catalogues. A
quantitative comparison between J-PLUS DR1 photometric redshifts from BPZ2 and SDSS
spectroscopic values is provided in Fig. 9. We find that the spectroscopic values are retrieved
with no significant bias (|∆z| ≡ |zphot − zspec| < 0.005 for r−band magnitude < 20), and
a typical error δz/(1 + z) in the range 0.005 − 0.03 for r ∈ [16, 20]. In particular, we find
δz/(1 + z) < 0.02, 0.03 and 0.05 precision for z < 0.1, 0.3 and 0.5 galaxies, respectively.

The access to J-PLUS DR1 data can be done in several ways, from a sky navigator
(Fig. 10) to an ADQL query service, including cone and list search. The data is also accessible
with Virtual Observatory tools.

3 J-PLUS science

The J-PLUS data have already provided a set of scientific papers, some of them in press at
Astronomy & Astrophysics, including among others:

• Multiple stellar population in the M15 globular cluster [3]. This cluster has
been observed well beyond the tidal radius with uniform photometry thanks to the
large Fov of T80Cam. We show that the colour-magnitude diagram (CMD) J0378
versus (J0378− J0861) yields the detection of a clear split into two distinct sequences,
suggesting a link to light elements abundances, because the J0378 and J0861 filters are
sensitive to N and Ca.

• Study of the nearby galaxy clusters A2589 (z= 0.0414) and A2593 (z= 0.044)
[20]. The indiscriminate photo-z estimation for galaxies in these clusters opens the way
to statistical study cluster membership, while providing valuable data for optimal target
selection in spectroscopic follow-ups. In particular, photo-zs produced by J-PLUS are
going to be used by the WEAVE cluster surveys in the process of target selection. It is
expected that this will increase the spectroscopic success rate by a factor 2–3. Also the
intracluster light of nearby surveys can be studied, providing clues about their origin
[10].
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Figure 5: Colour composite of the J-PLUS pointing 1488. Several astrophysical objects are
labelled in the figure: four MW stars of different spectral types (A0, G2, K3, M2, see Fig. 6);
one white dwarf (WD), a minor body (MB) of the Solar System, four galaxies belonging to a
z = 0.068 nearby cluster (Gal1, Gal2, Gal3, Gal4, see Fig. 7), and two high-z quasars (QSOs,
see Fig. 8). Figure from [5].
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Figure 6: J-PLUS photo-spectra of the four Milky Way stars marked in Fig. 5. The grey
lines show the SDSS spectra of these stars. Figure from [5].

• Estimation of the Hα flux in nearby galaxies [12]. We trace the Hα emission
at z < 0.017 thanks to the J0660 filter and the continuum with the other eleven J-
PLUS filters. The comparison with spectroscopically derived fluxes in common HII
regions with SDSS and CALIFA [21] provides a ratio R = 1.05 ± 0.25, confirming the
expectations from [24]. The local star formation rate density derived from J-PLUS DR1
is presented in these proceedings by Vilella-Rojo et al.

• 2D Stellar Populations in the nearby galaxies NGC 5473 and NGC 5485
[23]. A technique for studying 2D stellar populations in multi-narrow band photometric
surveys has been presented in [22], where resolved galaxies in the ALHAMBRA [17]
survey are analysed via a Centroid Voronoi Tessellation and characterized by multi-
color photometry SED fitting with MUFFIT [7]. This technique has been applied to
the galaxies NGC 5473 and NGC 5485, observed by J-PLUS and CALIFA.

• Lyα emitters ar z∼ 2.2. The J-PLUS filter configuration allows to select samples of
emission-line galaxies and QSOs at z∼ 2.2, when the Lyα emission can be isolated and
characterized with the J0395 filter (Fig. 8). We have more than 600 candidates selected
in J-PLUS DR1, some of them already followed up with OSIRIS/GTC spectroscopy.
That confirmed 85% of the candidates at high-z QSOs. More details are presented in
these proceedings by Spinoso et al.
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Figure 7: J-PLUS photo-spectra of the four galaxies marked in Fig. 5. The grey lines show
the SDSS spectra of these galaxies and their spectroscopic redshift. Figure from [5].

4 Summary and Conclusions

This contribution aims to release the first 1022 deg2 of J-PLUS data, amounting to 4.3
million stars and 3 million galaxies at r < 21 mag observed in 12 broad, intermediate and
narrow optical bands. This dataset is used to illustrate some of the science cases that will be
addressed by J-PLUS. At the time of writing this manuscript, J-PLUS has already mapped
more than 1400 deg2, providing unprecedented information of the SED for millions of stars
and galaxies.

To conclude, J-PLUS may thus be opening an exciting and interesting new phase
in optical, large scale, astrophysical surveys. Ultimately, J-PLUS will become a powerful
multicolour view of the nearby Universe that will observe and characterize tens of millions of
galaxies and stars of the Milky Way halo, with a wide range of astrophysical applications and
a striking potential for bringing unexpected discoveries to our knowledge of the Universe. The
J-PLUS data will be made public progressively in subsequent data releases, an expression of
its commitment to become a major legacy project for the astronomy and astrophysics of the
next decades.
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Figure 8: J-PLUS photo-spectrum of two QSOs with SDSS spectra (marked in Fig. 5). The
Lyα broad-line emission is clear in both sources and is captured by the J0395 filter. Figure
from [5].
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Abstract

The evolution of galaxies across the cosmic time are observationally studied by means of

extragalactic surveys that cover significant volumes of Universe, with a wealth of multi-

wavelength ancillary data. OTELO survey provides the deepest narrow band survey to

date, in terms of minimum detectable flux, and emission line equivalent width, that has al-

lowed detecting the faintest extragalactic emission line systems. In this way, OTELO data

complements other broad band, narrow band, and spectroscopic surveys. The data has been

obtained using the red Tunable Filter of the OSIRIS instrument at the 10.4 m telescope

GTC, pointing at the most deeply explored EGS region. This catalogue is complemented

with public data ranging from deep X-ray to FIR, including high resolution HST images,

that allowed deriving precise photometric redshifts, and obtaining the morphological classi-

fication of the extragalactic objects detected. In the present contribution the final catalogue

and other value-added products, that will be publicly available by mid 2019, are presented.

The improved reduction techniques, the high astrometric and photometric quality achieved,

and the main survey demographics are also presented. A total of 11 237 raw sources have

been detected in a sky area of 56 sq.-arcmin. Within them, about 1 800 are fair candidates

to the strongest emission lines in the UV-optical domain, 81 are candidates to stars, while

other 483 are candidates to be absorption line systems. The 50% completeness of OTELO

catalogue is obtained at an AB magnitude of 26.38. Photometric redshifts have been derived

with an accuracy better than |∆z|/(1+z) ≤ 0.2 for 6 600 sources.

1 Introduction

Tracing the star formation rate (SFR) in the Universe along the cosmic eras, as well as the
detailed study of the large diversity of activity modes in galaxies, are fundamental science
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drivers of the modern extragalactic astronomy. For these purposes, the systematic discovering
of emission-line sources (ELS) with increasingly fainter luminosities becomes an essential task.
Modern narrow-band and spectroscopic surveys with large aperture telescopes provide large
collections of these sources, which facilitate both the follow-up of individual ones as the
statistical study of their fundamental properties. In particular, they allow the construction
of accurate SFR-line indicator functions, which contribute to a better knowledge of the star
formation history of the Universe, and provide valuable constraints to the current models of
galaxy evolution.

OTELO (OSIRIS Tunable filter Emission-line Object1) is a very deep, 2D spectroscopic
survey designed primarily for the search of galaxies with emission lines and the measurement
of their fluxes and equivalent widths (EW), through the exploitation of the red tunable
filter (TF) of the OSIRIS instrument [7]. OTELO obtains spectra of all sources in the field
only limited by flux and spectral range, searching for emission lines at different cosmological
volumes between redshifts 0.4 and 6, and thereby providing valuable data for tackling a wide
variety of science projects, which include the evolution of star formation density up to redshift
∼1.5, an approach to the demographics of low-luminosity emission-line galaxies and detailed
studies of emission-line ellipticals in the field, high-z QSO, Lyman-α emitters, and Galactic
emission-line stars [8].

OTELO shares characteristics of those surveys for the search of emission-line sources,
based on spectral scans that use narrow band filters of fixed cavity, such as COMBO-17 [34],
ALHAMBRA [22], SHARDS [25], or J-PAS [1], or those that use filters with variable cavity
such as TTF [2], CADIS [19] and more recently GLACE [31], or the slit-less spectroscopic
surveys limited by the PSF of the system as KISS [33], UCM [15], CUYS [3], and PEARS
[32]. However, the data products of OTELO also can be used for a classical narrow-band ELS
selection approach [6] from color-magnitude diagrams, such as the described in [24], HiZELS
[16], or the surveys compiled in the framework of the HSC-SSP [18]. This possibilities makes
OTELO a versatile ELS-finding machine. As most of the mentioned explorations for the
search of faint ELS, OTELO will also provide useful predictions for the planning of future
surveys (e.g.) DESI [13], PFS [30] or 4MOST-WAVES [12], and space missions like Euclid2

or WFIRST-ATLAS [10] that will use these sources as tracers of the large-scale structure.

2 Survey description

OTELO targets a region of the Extended Groth Strip (EGS) embedded in the Deep field 3 of
the Canada–France–Hawaii Telescope Legacy Survey3 (CFHTLS) and the deepest pointing
of GALEX in imaging and spectroscopy, among other ancillary data which include public
images from WIRDS4, source catalogues from Chandra [26], Spitzer-IRAC and MIPS 24µm,
Herschel-PACS 100, 160µm and -SPIRE 250, 300, 500µm, as well as spectroscopic redshifts
up to rAB=24.1 from DEEP2 [23]. The relative position of the OTELO field in the framework

1http://www.iac.es/proyecto/otelo
2http://sci.esa.int/euclid/
3http://www.cfht.hawaii.edu/Science/CFHTLS
4http://terapix.iap.fr/rubrique.php?id rubrique=261
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GALEX
CFHTLS
DEEP2
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PACS
SPIRE
OTELO OTELO field: 7.4 x 7.5 arcmin2

(OTELO-Deep; r’; g’)

Figure 1: Relative position of the OTELO field together with the UV, optical, IR, and
spectroscopic data imprints in the Extended Groth Strip region (left). The RBG composition
at right expands the surveyed area represented (7.5× 7.4 arcmin2) and it is a coadding of the
OTELO TF scans (i.e. OTELO-Deep image) combined with the resampled CFHTLS r’- and
g’-band images.

of complementary surveys in the EGS is shown in Figure 1.

OTELO was conceived as a narrow band spectral scan (resolution R ' 700), defined
in a window of 230 Å, centred at 9 175 Å, between two airglow Meinel bands. Hence, the
scan is embedded in the SDSS z-band response. The main part of the survey consisted of
a tomography of 36 slices evenly distributed in the the wavelength range defined above. A
TF width (FWHM) of 12 Å was adopted, scanning every 6 Å. This sampling is close to the
best equilibrium between a reasonable observing time and the deblending of the Hα from the
[NII]6548,6584 emission lines ([20]). A total of 108 dark hours (net integration time: 6 600
s/slice), under a guaranteed gime (GT) agreement5, distributed over four campaigns between
2010 and 2014, were used for gathering the TF raw data.

The physics behind the TF is the same as the interference filters that are commonly
used in astronomy, but with the versatility given by the possibility to control the width of the
resonant cavity and, therefore, the wavelength of filter response for a given interference order.
The particular characteristics and calibration details of the OSIRIS TF are well studied and
can be looked up in [17] and additional references given in the GTC URL6.

The TF data was properly reduced using both standard and ad-hoc procedures designed
for removing sky rings and image fringing. After flux and wavelength calibrations of TF data,
two products emerged: (i) a raw catalogue of 11 237 sources detected in the synthesis of the
TF individual images (i.e. the OTELO-Deep image), and (ii) an equal number of pseudo-

5Defined between the OSIRIS Instrument Team and the Instituto de Astrof́ısica de Canarias.
6http://www.gtc.iac.es/instruments/osiris/osiris.php
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Figure 2: Left: example of a pseudo-spectrum corresponding to a [OIII] ELS at z=0.8316
(black dots). The convolution of the best model spectrum is the best fit of the observed data.
The blue curve is the TF transmission of the slice corresponding to the blue dot. Right:
photometric redshift distribution of the OTELO sources up to z=4.

spectra. Unlike the spectra obtained by diffraction devices, in a pseudo-spectrum the SED
of a given source is convolved in the wavelegth space by the TF instrumental response.
An example of a real pseudo-spectrum from OTELO data is given in Figure 2 (left panel).
Sources that show two or more consecutive slices with a flux excess ≥ 2σ above the measured
background in the OTELO pseudo-spectra are defined as preliminary ELS candidate. Under
this criterium, and taking into account the basic parameter space (i.e. line flux, line profile
width, flux density at the continuum) of the survey, as well as the measurements of real noise
in the TF scan images, we carried out educated simulations ([27, 5]) for modeling the ELS
detection probability function. The results of these simulations are useful to predict (e.g.)
the emission-line limiting flux and the completeness profiles for specific ELS subsamples.

3 The OTELO database

In order to obtain reliable photometric redshifts for labelling the spectral feature(s) in pseudo-
spectra, the availability of the observed SED distributions of the OTELO sources is manda-
tory. This is also true for the spectral classification of these sources and the estimation
of the stellar mass and gas metallicity, among other parameters. The OTELO-Deep image
was used not only for obtaining an integrated flux (limiting magnitude AB=26.4 at 50%
completeness), but also as a detection image to measure broad-band fluxes of the sources
(via PSF-matched photometry) in the registered/resampled optical and near-infrared (NIR)
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ancillary images from the CFHTLS and WIRDS. The base catalogue obtained in this way
was carefully cross-correlated with complementary data mentioned above, giving rise to the
OTELO multi-wavelength catalogue.

The OTELO photometric redshifts were determined using libraries for Hubble-sequence
and starburst galaxies, Seyferts, QSOs, and star templates, including M, L and T dwarfs. The
accuracy of the photometric compared to high quality spectroscopic redshifts from DEEP2
is better than |∆z|/(1+z) ≤ 0.2. Hence, the OTELO catalogue has 9 709 sources with non-
null photo-z solutions, and 6 600 of them have an uncertainty δ z < 0.2 (1+z). From the
latter subset, the right panel of Fig. 2 shows the photo-z distribution of all preliminary ELG
candidates up to z=4. As expected, most prominent features in this histogram correspond
to the strongest emission lines in the optical, summing up about 1 500 candidates. On the
other hand, the high-redshift raw subsample is composed by more than 300 candidates. The
detailed analysis of these sources is a part of the on-going and forthcoming works.

The OTELO multi-wavelength catalogue, including the best photometric redshifts, the
pseudo-spectra, and the cross-references with other catalogs, constitute the database of the
survey. Further details about the survey planning, the TF data reduction and calibration,
as well as the construction of the OTELO database, can be found in the survey description
article [4]. The essential OTELO products and a Web-based tool for data visualization will
be publicly released on mid 2019.

4 First results

Apart from the survey presentation, several contributions account for the first scientific ex-
ploitation of the OTELO survey. Some of these works start from the general census of the
ELS candidates. For instance, the first analysis of the [OIII]4959,5007 ELS at z∼0.9 [5] yields
that OTELO reaches line flux limits ≈ 10−19 erg s−1 cm−2, and observed EW in the order of
the TF scan sampling (Fig. 3, left panel). We have adopted these values as the characteristic
ones of the whole survey and they are consistent with the predictions obtained from the
simulations described above. This sensitivity translates to the faint-end of the LF[OIII] (Fig.
3, right panel). Even though OTELO have nothing to say about the bright side, mainly be-
cause the effects of the cosmic variance (which force to adopt a mean L∗ value), the faint-end
can be sampled up to a luminosity of log L[OIII] [erg s−1] ∼ 38, in a region of the diagram
about 10 to 100 times fainter than the lowest luminosity observed through the most recent
narrow-band surveys, at the same redshift [21, 11, 18]. Accordingly, OTELO is sampling a
population of star-forming galaxies with stellar masses between 107 and ∼ 1011 M�, most of
them compact and disk-like sources.

The results described above are qualitatively consistent with those obtained by [28] from
the analysis of the Hα+[NII] ELS subset at redshift z∼0.4. In this case, the SFR function
obtained extends the faint-end in ∼1 dex the ensemble of the most recent data given in
literature. This work also includes a prescription about the increasing AGN-host contribution
with the Hα luminosity at this redshift. About the latter sources, a first inventory of AGN
hosts identified in OTELO at redshift z<3, through different diagnostics, is given in [29].
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Figure 3: Left: line flux and equivalent width distribution of the OTELO [OIII] ELS sample.
Dashed lines are the corresponding limits obtained from ad-hoc simulations of detection
probability. Right: luminosity function (LF) of the OTELO [OIII] ELS as given in [5].
Dashed segments are Schechter LF extrapolations from fitted data.

On the other hand, the morphological analysis of the galaxy population in OTELO up
to redshift ∼2 is being currently developed. This analysis is providing clues for additional
interpretations of the stellar mass-gas metallicity relation (MZR) for the Hα+[NII] ELS
subsample, using the EWαn2 optical diagnostic diagram given in [9] (see the contribution of
J. Nadolny in these Proceedings).

Finally, it is worth pointing out that the OTELO survey is also a very deep probe of
the Milky Way halo. The analysis of its stellar component is being carried out. In particular,
a cross-correlation with GAIA-DR1 [14] and CFHTLS data has yielded 16 possible emission
line stars from a collection of 81 low-mass star candidates (see the contribution of E. Alfaro
in these Proceedings).

5 Summary

The OSIRIS tunable filter emission-line survey (OTELO) was designed for the search of
ELS by pushing the Gran Telescopio Canarias and this instrument at the limit of their
technical capabilities. In this sense, OTELO is detecting ELS with line fluxes as low as
≈ 10−19 erg s−1 cm−2 and observed EW > 5 Å. Therefore, OTELO goes one step beyond
the conventional spectroscopic surveys and without their selection biases, despite the small
sky area (50 arcmin2) and spectral range (230 Å) explored. These facts confirm the initial
expectations of the project, demonstrating the success of the TF tomography technique for
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this kind of surveys.

First science exploitation of OTELO was focused on the analysis of the Hα+[NII]6584
and [OIII]4959,5007 ELS at z∼0.4 and 0.9, respectively, as well as the first inventory of AGN
hosts. Ongoing efforts are being devoted to the analysis of other ELS subsets, as well as in
the morphology classification of all sources detected at z<2, and the analysis of Galactic halo
stars in the field explored.

The OTELO survey is the first large program of GTC whose products will be publicly
released on mid 2019.
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Abstract

We present the detection of a sample of galaxies which are extremely faint in the optical
and near-infrared but bright at mid-infrared wavelengths. This population of galaxies,
missed by the deepest HST surveys such as CANDELS or Hubble Frontier Fields, are
considerably bright in IRAC. The bulk of the sample (65%) is located in a 2σ region around
the main sequence. Approximately 20% of the Balmer Break Galaxies (BBGs) are very dusty
starbursts with strong mid-to-far infrared detections and extreme star formation rates. The
remaining, 15%, are located more than 2σ below the main sequence and might be either
regular star-forming galaxies or quiescent systems. Nearly one third of them are MIPS
emitters, most probably revealing the presence of an obscured AGN co-existing with the
intense star formation, as measured by Herchel. Only 2 sources are detected in X-rays and
3 at sub-millimiter or radio wavelengths. Our results point out that BBGs significantly
contribute (35%) to the general population of massive red galaxies at z= 4−6 and that one
of every ten massive log(M/M�) > 11 galaxies in the local Universe was assembled in the
first 1.5 Gyr after the Big Bang.

1 Introduction

Understanding when the first massive galaxies appeared in the Universe is essential for mod-
els of galaxy evolution. While the ΛCDM paradigm predicts that most massive halos assem-
bled at lower redhshifts, observational studies suggest that the most massive local galaxies
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(log(M/M�) > 11) formed early in the universe [6, 5, 2]. Recently, many surveys have identi-
fied a substantial population of massive galaxies at redshifts up to z ∼ 4, when the universe
was only 1.5 Gyr old [10, 1] some of them showing evidences of evolved stellar populations [8].
Characterizing the star formation activity and the number density of massive high redshift
is particularly important to improve our picture of galaxy evolution and to constrain galaxy
formation models. A major complication to address these questions is gathering a complete,
robust and un-biased census of massive galaxies up to the highest redshifts possible. Most
studies up to date are based in UV-selected samples, which are particularly sensitive to de-
tect young and/or blue system but are strongly biased against red, dusty or evolved galaxies.
Thus, rest-frame UV-selected samples at high-redshift are likely incomplete, missing massive
red galaxies which could potentially be identified with observations at longer wavelengths.

2 Selection process

Our selection technique is based on two conditions. BBG candidates are required to be bright
in the first two channels of IRAC, [3.6] and [4.5] ≤ 24.5 mag, and undetected (dropouts) in
the HST/F160W (H&27) publicly available catalogues published by the CANDELS and 3D-
HST teams —[3], [7], Barro et al. 2018, in prep.—). We have used TFIT residual frames to
search for potential H-band dropouts with bright IRAC magnitudes. Briefly, TFIT is used to
generate a model of the IRAC image by convolving the high spatial resolution HST/F160W
mosaic with the appropriate PSF transformation kernel. Then, the fluxes on the resulting
“template” image are scaled to those of the galaxies in the IRAC frame on a galaxy-by-galaxy
basis. Lastly, TFIT subtracts the scaled “template” image from the original IRAC mosaic
creating a residual frame which is used to verify the quality of the source extraction and flux
measurements. Before searching for BBG candidates in the residual IRAC image, we applied
three different cleaning masks for the bright H-band sources, brightest stars and artifacts.
We also applied a mathematical morphology method to the regions around H-band bright
sources to avoid extra flux arising from their wings.

3 Observed IR colors, photometric redshifts and masses of
BBGs

In this Section we analyze the distribution of observed colors, photometric redshifts and
stellar mass of the 33 BBGs using the results from the UV-to-FIR SED fitting techniques.
We also compare BBGs with two samples constructed with the CANDELS GOODS H-band
selected catalogs. The mass-selected sample is composed by massive (M > 1010 M�) galaxies
at z > 3. The color-selected sample, aimed to reproduce our BBG selection, is composed by
red (H − [3.6] > 2.5) faint (H > 25) galaxies.

The H− [3.6] red colors of most of our sources are compatible with evolved populations
or heavily extincted starbursts. However, our sample includes a distinct population of blue
(both in their observed H − [3.6] and their UV J rest-frame colors) galaxies. This population
have similar SEDs to galaxies from the mass-selected sample. They indeed present uncommon



Alcalde Pampliega, B. et al. 83

Figure 1: Left panel: Observed-frame H− [3.6] color plotted versus the observed [3.6] magni-
tude for our sample of BBGs, color-coded by their photometric redshift and scaled in size as
a function of their stellar mass (legend shown in right panel). Right panel: Rest-frame U −V
vs. V − J color-color plot, where BBGs are color-coded by SFR and scaled by stellar mass.

blue [3.6]-[4.5] colors that might be caused by the presence of an emission line in the [3.6]
band (converting them in red sources in our selection color H − [3.6]). We also note that
they correspond to some of the less massive (M < 1010.5M�) BBGs in our sample. Therefore,
their detection might be a consequence of our improved photometric technique to recover
faint sources and reliable upper limits. In addition, we compare our sample of BBGs with
the samples of galaxies of similar nature presented in [4, 1], and [9] (see. left panel legend in
Fig. 1).

Subdividing BBGs by their rest-frame UV J colors (see right panel in Fig. 1), we find
a mix of blue SFGs and dusty SFGs. Although no clearly quiescent galaxies are found, 3 of
our BBGs (located close to the quiescent boundary) have mass-weighted ages that are large
enough (tm > 0.9 Gyr) to be consistent with evolved or quiescent galaxies.

We have also proved that a H − [3.6] color and IRAC magnitude cuts imply a redshift
selection as shown in the the left panel of Fig. 2. The redshift distributions, of both the BBGs
and the color-selected sample peak at z = 4 − 5, while the mass-selected sample presents an
exponentially decreasing redshift distribution (typical of flux limited samples). Our selection
criterion is also adequate to probe the high mass end of the stellar mass function (M &
1010M�). The BBG stellar mass distribution peaks at M ∼ 1010.5M�. The color-selected
sample presents a comparable histogram with a longer tail at higher masses due to their
brighter IRAC magnitudes. The mass-selected sample, in contrast, presents a distribution
that decreases with increasing masses.
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Figure 2: Photometric redshift (left panel) and stellar mass (right panel) distributions of
our sample of BBGs compared to those of the color-selected and mass-selected CANDELS
samples. Given the substantially higher number of galaxies among the mass-selected sample,
a different axis has been used for it, as indicated by the orange labels.

4 BBGs and the star formation main sequence

From the SED modelling, we find a strong evidence that massive red galaxies at z = 3 − 6
span a diverse range in stellar population properties. In order to understand the nature of the
heterogeneous sample of BBGs, we have divided the sources in three star formation regimes
according their position with respect to the main sequence (MS) from GOODS: starbursts,
MS and sub-MS galaxies (Fig. 3). Analyzing the average SEDs of BBGs, we confirm that,
in general, mass-selected galaxies present bluer SEDs than those from the BBG and the
color-selected samples. However we identify a subsample of BBGs in the MS which are blue
and harder to separate from the general population probed by a mass-selected sample. In
addition, we find a small number of sub-MS galaxies (16%), most of them with M < 1010.5M�,
characterized by low extinctions and larger mass-weighted ages (tm). On the other hand,
starbursts are found in the most massive (M > 1010.5M�) galaxies from the BBGs (20% of
the total number of BBGs are starburst) and color-selected (15%) sources. Starbursts are
characterized by very high extinctions and young tm. It is remarkable that 5 BBGs out of
the 6 starbursts have FIR emission, all are at least detected at 24µm, 3 emit at submillimeter
wavelengths and one is an X-Ray source as well. This suggests that a significant fraction
of the BBGs (∼25 and up to ∼75%) might host an obscured AGN. MS galaxies represent a
constant proportion of BBGs (∼65%) and color-selected (∼60%) up to the highest masses
M ∼ 1011.5M�. However, an important fraction (25%) of the MS galaxies have been assigned
with a SFR lower limit (given their detection by MIPS, but their high redshift (z> 5) prevents
from obtaining a robust SFR estimation) and may correspond to starburst galaxies. BBGs in
the MS present a larger scatter in their extinctions, mass-weighted ages and and UV J colors.



Alcalde Pampliega, B. et al. 85

Figure 3: SFR vs stellar mass plane for the CANDELS comparison samples (color-selected —
filled symbols— and mass-selected —open symbols—) and the BBGs (filled symbols enclosed
by a black circle) reported in this work, color coded according to their position with respect
to the main sequence: starburst, MS and sub-MS galaxies are shown in deep-red, green,
and orange respectively. The MS from the literature at z = 4 are shown with different grey
lines (see the legend in the panel). The MS inferred for the CANDELS mass-selected sample
is shown with a black solid line. The grey-shaded region delimits the 2σ area around the
MS. MIR/FIR emitters are marked with an enclosed black/grey circle. The galaxies with
MIPS detections but no IR-derived SFRs are shown as lower limits. X-rays emitters are also
highlighted with a star symbol.
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5 The role of BBGs in galaxy evolution

We have found that the red BBGs presented in this work account for 7% of the total number
density of log(M/M�) > 10 galaxies at z > 3 found by public catalogues such as CANDELS’
or 3D-HST’s. Our BBGs are, however, a major contributor (30%) to the general (adding
catalogue galaxies and our BBGs) population of log(M/M�) > 11 galaxies at 4 < z < 6 and,
more remarkably, to the population of red massive galaxies (i.e., evolved or dusty systems) in
the same redshift interval, accounting for 35% of this population. Adding the BBGs presented
in this work to the known population of 4 < z < 6 and M > 1011 M� we have found a total
number density of 1.1×10−5galaxies/Mpc3. This represents 8% of the the number density of
local M> 1011 M� meaning that nearly 1 in 10 massive galaxies in the local Universe must
have assembled more than 1011 M� in the first 1.5 Gyr of the Universe.

6 Summary and conclusions

Combining ultra-deep data taken in the WFC3 F160W and IRAC 3.6 and 4.5 µm bands, we
have identified a sample of 33 IRAC bright/optically faint Balmer Break Galaxies (BBGs)
at high redshift within the two GOODS fields. We have also proved the effectiveness of a
H − [3.6] color and IRAC magnitude cuts in selecting red massive galaxies at z > 3.

Most of our sources are compatible with heavily extincted starbursts and 30% of them
being compatible with evolved populations. This population of BBGs is major contributor
(30%) to the general (adding catalogued galaxies and our BBGs) population of log(M/M�) >
11 galaxies at 4 < z < 6 and, more remarkably (35%), to the population of red massive
galaxies in the same redshift interval.

Accounting for this kind of objects is key to understand the population of massive
galaxies at high redshift and their number density is specially important among red massive
galaxies at z = 4 − 6. Moreover, BBGs represents 8% of the the number density of local
M> 1011 M� meaning that nearly 1 in 10 massive galaxies in the local Universe must have
assembled more than 1011 M� in the first 1.5 Gyr of the Universe.
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Abstract

Are the stellar-mass merging binary black holes, recently detected by their gravitational

wave signal, of stellar or primordial origin? Answering this question will have profound

implications for our understanding of the Universe, including the nature of dark matter,

the early Universe and stellar evolution. We develop the idea that the clustering properties

of merging binary black holes can provide information about binary formation mechanisms

and origin, in particular the cross-correlation of galaxy with gravitational wave catalogues

carries information about whether black hole mergers trace more closely the distribution of

dark matter – indicative of primordial origin – or that of stars harboured in luminous and

massive galaxies – indicative of a stellar origin. We forecast the detectability of such signal

for several forthcoming and future gravitational wave interferometers and galaxy surveys.

Our results show that forthcoming experiments could allow us to test most of the parameter

space of the still viable models investigated, and shed more light on the issue of binary black

hole origin and evolution.
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1 Introduction

The first detection of gravitational waves (GWs) emitted by the coalescence of two black holes
(BHs) of approximately 30 M� [2] opened the era of gravitational waves astronomy, not only
by confirming General Relativity predictions, but also establishing a new way to observe
and analyse the cosmos. Even if some authors expected such massive progenitors to be the
first sources to be detected [6], this fact was hailed by part of the community as unexpected
and led some researchers to suggest that such events may not be uncommon. Indeed other
GWs events followed and confirmed that apparently a significant fraction of the detected
progenitors has masses between 20 and 40 M�. Such large masses of the progenitors are not
incompatible with classical stellar/binary evolution [5]. Nevertheless the possibility that BHs
with an origin different from the standard end-point of stellar evolution and constituting a
significant fraction of the dark matter regained interest [9].

Primordial Black Holes (PBHs) formed during radiation-dominated era because of the
collapse of large density fluctuations in the primordial cosmic fluid that overcame pressure
forces [15]. These results were later confirmed by the authors of Ref. [20], who were the
first to provide general relativistic numerical computations of PBHs formation during the
radiation-dominated era.

Given the high interest in PBHs as dark matter candidates, a remarkable amount of
different observational constraints have been obtained, including constraints coming from
gravitational lensing effects, dynamical effects and accretion effects (see e.g., Ref. [26] for a
recent review). Even if these constraints cover the whole mass range and seem to disfavour
PBHs as a significant fraction of the dark matter, these results are far from being conclusive
due to the variety of assumptions involved, see e.g., Ref. [7]. Some mass “windows” still exist,
for instance one around 10−12 M� and another 10 M�, where the latter one can be probed
by future GWs observatories as Advanced LIGO (aLIGO) [1], KAGRA [29], LIGO-India [31]
or Einstein Telescope (ET) [27].

Despite the fact PBHs may not constitute the totality of the dark matter, it is valuable
to explore different ways to determine if mergers progenitors’ origin is stellar or primordial.
In this work we focus on developing further the cross-correlation approach suggested by the
authors of Ref. [24], who show that the statistical properties of the type of galaxy (or halo)
hosting a GWs event can provide information about the system origin (stellar or primor-
dial). In fact, in more massive halos the typical velocities are higher than those in the less
massive ones. As a consequence, it is much more probable that two PBHs form a gravita-
tionally bound binary through GWs emission in low-mass halos, since the cross section of
such process is inversely proportional to some power of the relative velocity of the progeni-
tors. The higher velocity dispersion of high-mass halos make this process for PBHs less likely
to happen. In addition, low-mass halos tend to be less luminous than high-mass ones and
trace more closely the dark matter distribution than high-mass halos. On the other hand the
merger probability for stellar black holes is more likely to correlate with galaxies’ (or halos’)
stellar mass, hence stellar black holes mergers tend to happen in more luminous and massive
halos. Recall that star formation efficiency increases with halo mass for halo of masses below
1012M�. It decrease for higher mass-halos but these are very rare and more closely associ-
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ated to galaxy clusters rather than galaxies [14]. The clustering properties of these two halos
populations are different, in particular low-mass halos are less strongly clustered than high
(stellar) mass galaxies: they have different bias parameters. The bias parameter governs the
ratio of clustering amplitude of the selected tracer to that of the dark matter.

At the moment too few GWs events have been detected to measure the auto and cross
correlation of maps of GWs events and galaxies, but during next LIGO’s runs, thousands of
events are likely to be detected due to the improved sensitivity. On the other hand, during
the next decade a large volume of the Universe at high redshift will be surveyed thanks to
several surveys, as EMU [22], DESI [4] or SKA [18], which we consider in the rest of the
paper.

In this brief communication we report just a small fraction of the framework we have
developed and analysed. The interested reader can find more details and a broader discussion
in the complete work in Ref. [28].

2 Methodology

Since BH-BH mergers do not have an electromagnetic counterpart, the identification of their
host object is impossible even if the event is measured by more than three detectors. Because
of the poor localisation in the sky of the GWs events, the GWs maps are typically very
“low resolution”. For this reason we approach the problem in a statistical way, by using
measurements and statistical properties of their number counts. In particular, we work in
harmonic space and we consider the number counts angular power spectrum, C`, where only
low multipoles ` are considered because of the maps’ low angular resolution. The maximum
multipole `max is determined by the angular resolution θ that can be achieved: `max ∼ 180o/θ.
For the aLIGO+Virgo network `max = 20, once also LIGO-India and KAGRA are included,
we improve the spatial resolution up to `max = 50 and finally with the futuristic Einstein
Telescope, `max = 100 will be reached [21].

In the following we assume to have (tomographic) maps of GWs events and of galaxies
(i.e., the tracers). The observed harmonic coefficients used to compute the angular power
spectra are given by aX`m(zi) = sX`m(zi) + nX`m(zi), where sX`m and nX`m are the partial wave
coefficients of the signal and of the noise for tracer X. We consider the noise angular power
spectrum to be given only by a shot noise term NX

` (zi) and we assume that the noise terms
from different experiments and different redshift bins are uncorrelated. The expectation
value of the signal gives the CXY` (zi, zj) [23], while the signal-cross-noise expectation value
is zero since we assume signal and noise to be statistically independent. In general the
observed number count fluctuation receives contributions from density, velocity, lensing and
gravity effects [12]. Even if the bias parameter bX of the tracer X enters only in the density
contribution, we cannot overlook the effect of the other terms on the signal-to-noise, as
sometimes done in the literature. The reader interested in a more in general discussion on
the importance of a correct modelling of an observable can check Ref. [8]. We extend the
public code CLASS [10, 13] to include the possibility to have different tracers (X 6= Y ). We
present this new version of CLASS, called Multi CLASS, in Ref. [8].
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We estimate the capability of future GWs observatories and large scale structure surveys
to determine BHs mergers progenitors’ origin in a way close to an actual data analysis. We
assume that we can model well enough some properties of the tracers that are currently still
uncertain and that cosmological parameters are known. We perform what can be seen as a
null hypothesis testing, comparing two models, one in which progenitors origin is stellar, the
other in which is primordial. We assume one model as fiducial and we check if the alternative
model can be differentiated from the fiducial one by computing a Signal-to-Noise ratio S/N .
The null hypothesis is that the model is indistinguishable from the fiducial, which happens for
low values of the Signal-to-Noise ratio (S/N . 1). We quantify the distance of an alternative
model from the fiducial using a ∆χ2 statistics. In our case the ∆χ2 is given by the logarithm
of a likelihood, in particular we assume a likelihood quadratic in the angular power spectra.
The resulting ∆χ2 statistics reads as(
S

N

)2

√
∆χ2

∼ ∆χ2 := fsky

`max∑
2

(2`+1)(CAlternative
` −CFiducial

` )TCov−1
` (CAlternative

` −CFiducial
` ),

(1)

where CT
` =

(
Cgg
` (z1, z1), · · · , CgGW

` (z1, z1), · · · , CGWGW
` (z1, z1), · · ·

)
, fsky is the observed

fraction of the sky and Cov` is a covariance matrix, computed from angular power spectra
of the fiducial model as explained in Ref. [8]. Notice that the ability to distinguish between
two scenarios can differ according to which model is the alternative model and which one is
the fiducial, since the covariance matrix and thus the errors depend (sometimes strongly) on
the fiducial model adopted.

3 Tracers

In this section we describe the two tracers we consider in this work, galaxies and GWs.
For cosmological purposes, each of these tracers is characterised by a source number density
per redshift bin and square degree d2NX/dzdΩ, bias bX(z) and magnification bias sX(z)
parameters. Even if some of these quantities are uncertain at the moment, we exploit their
evolution in redshift to maximize the differences between the two models.

3.1 Galaxies

Depending on the experimental set up under consideration, we choose as luminous tracers
emission-line galaxies in the redshift range [0.6 − 1.7], targeted by DESI, or star-forming
galaxies, targeted by EMU and SKA in the redshift range [0.0 − 5.0]. For DESI galaxies
we use data in Ref. [4], while for EMU and SKA we use the Tiered Radio Extragalactic
Continuum Simulation (T-RECS) [11] catalogue with different detection threshold (100 µJy
for EMU and 5 µJy for SKA). We report in the top left panel of figure 1 the three normalized
number densities d2Ng/dzdΩ.

The bias bg(z) for emission-line galaxies is taken from Ref. [4], while the bias for EMU
and SKA star-forming galaxies is modelled as in Ref. [25]. We show the bias redshift depen-
dence in the bottom left panel of figure 1.
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Figure 1: Top panels: normalized number density distribution per redshift bin per square de-
gree d2NX/dzdΩ for galaxies (top left) and GWs (top right). Bottom panels: bias bX(z) (bot-
tom left) and magnification bias parameter sX(z) (bottom right) for galaxies and GWs. We
report the GWs magnification bias parameter associated to a BHs population with monochro-
matic mass distribution detected by an interferometer with characteristics similar to those of
ET.

Gravitational lensing changes the sources surface density on the sky in two competing
ways [30], by increasing the area, which in turn decreases the projected number density,
but also by magnifying individual sources and promoting faint objects above the magnitude
limit. The change in the number of observed sources depends on the magnification bias
sg(z), the value of the slope of the faint-end of the luminosity function [16]. For DESI we
use the magnification bias reported in Ref. [4], while for EMU and SKA we use the T-RECS
catalogue [11] to compute it. We report the magnification bias parameter sg(z) in the bottom
right panel of figure 1.

3.2 Gravitational Waves

The number density of detected GWs events per redshift bin per square degree d2NGW/dzdΩ
is proportional to the total comoving merger rate Rtot(z), which in turn depends on the pro-
genitors origin. The uncertainty in the total merger rate is of orders of magnitude, however
what enters in the calculation of the angular power spectra CXY` (i.e., the signal) is the shape
of d2NGW/dzdΩ, not the global amplitude. On the other hand, the merger rate (and its nor-
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malisation) affects the signal-to-noise ratio (i.e., the error-bars): a larger number density will
decrease the shot noise, improving the constraints on the cosmological parameters of interest.
We report in the top right panel of figure 1 the normalized number densities corresponding
to the stellar and primordial scenarios.

If the progenitors have primordial origin and merge according to the scenario proposed
in Ref. [9], then the merger events trace low-velocity dispersion low-mass halos (Mhalo <
106M�). The bias of these halos is given by blmh(z) ' 0.5 [19], independently on redshift. On
the other hand, when progenitors of a merging event have stellar origin, they are more likely
correlated with higher-mass halos that had a higher star-formation rate, therefore their bias
will be the same of the galaxies under consideration, i.e. bGW(z) = bg(z). We show the bias
redshift dependence in the bottom left panel of figure 1.

We calculate for the first time the magnification bias for GWs [28], finding that for
common BHs mass distribution and for future GWs observatories it stays close to zero at
every redshift considered. We show the magnification bias for GWs in the bottom right panel
of figure 1.

4 Results

In this section we provide forecasts for specific combinations of GWs observatories and large
scale structure surveys.

Merger rates are poorly known, both on the observational and theoretical side, spanning
several orders of magnitude and affecting the overall expected number of GWs events. After
the first run of LIGO, the observational merger rate today is estimated to be RLIGO

today '
9 − 240 Gpc−3yr−1 [3], while the theoretically predicted merger rates for the stellar and
primordial scenario are RStellar

today ' 150 Gpc−3yr−1 [17] and RPrimordial
today ' 4 Gpc−3yr−1 [9]. We

parametrize the uncertainty on the number of GWs events by introducing a new parameter
r constant in redshift, in which we include every uncertainty in the modelling. The values
rStellar, Primordial = 1 correspond to the merger rates reported above. To account for several
theoretical uncertainties that can influence the merger rates, we provide results for a range
rStellar, Primordial ∈ [10−1, 10].

We report the Signal-to-Noise forecasts in figure 2 (stellar as fiducial model) and figure 3
(primordial as fiducial model). In each of these figures we show two panels: in the left
panels we show bar charts obtained for different values of the parameter r at fixed maximum
multipole `max (50 for aLIGO and 100 for ET), while in the right panels we report the
scaling of the Signal-to-Noise for different values of the maximum angular resolution when
rStellar, Primordial = 1.

We explicitly show that surveys covering a bigger volume (or redshift range) can dis-
criminate better between different models, i.e. have higher Signal-to-Noise ratios, as expected
from surveys with smaller shot noise. Notice that in the cases of stellar as fiducial, we have
better Signal-to-Noise ratio than in the primordial scenario, due to higher merger rates, thus
higher number of detected sources and lower shot noise. Achieving high angular resolutions is
fundamental to discriminate between the two models. In general we can conclude that future
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surveys will enable us to address questions about binary BHs mergers given enough obser-
vation time (here assumed to be 10 years) and angular resolution. One caveat is that this
does not always happen for the aLIGO×EMU combination, which will have a Signal-to-Noise
lower or very close to unity in some cases (especially if mergers come from the primordial
formation mechanism). This is due to the fact that this combination of GWs observatory
and large scale structure survey can only cover a low redshift range, where the biases are very
similar (see e.g., the bottom left panel of Figure 1) and we have an higher shot noise due to
the scarce number of detected objects.

5 Conclusions

The renewed interest in primordial black holes has highlighted their importance not only as a
possible constituent of the dark matter but also because their existence (if confirmed) would
have profound implications about the physics of the early Universe. It is therefore essential
to explore new ways to discriminate between primordial or stellar origin of the black holes
which mergers have been observed with laser interferometers. Beyond the standard ways to
constrain the existence of stellar mass primordial black holes through lensing or the effect on
cosmic backgrounds, a complementary approach is to assess whether the GWs signal from
merging binary BHs we detect are produced by objects of primordial origin or not.

Here we build on the idea that the cross-correlation of galaxy catalogues with GWs
(from the merger of binary BHs) maps is a powerful tool to statistically study the origin of
the progenitors of BHs mergers [24]. This will be possible once the next generation of GWs
detectors will provide localization of enough events to make low resolution maps. Galaxy
catalogues covering a significant fraction of the sky and an overlapping redshift range are also
under construction or at an advanced planning stage. Then, by measuring the bias of the halos
hosting the binary BHs mergers we can infer the clustering properties of the progenitors of
the binary BHs. Clustering properties matching those of luminous, high velocity-dispersion,
high stellar-mass galaxies, would indicate a stellar origin, while clustering properties more
similar to those of low-mass galaxies preferentially populating the filamentary structure of
large-scale structures indicate a primordial origin.

In complete work in Ref. [28] we have also considered different models for the binary
BHs formation, accretion mechanism, merger rate, mass distribution and clustering proper-
ties, both for the stellar and primordial nature of the BHs. We generalized similar studies
on the cross-correlation between galaxy and gravitational wave maps by performing a full
multi-tracer analysis that accounts for different redshift distributions, galaxy bias evolution,
magnification bias of luminous sources as well as GWs, and relativistic projection effects.
Even including all these uncertainties we found quite general results that can be still used
once some of such quantities will be better understood. Our results show that forthcoming
experiments could allow us to test most of the parameter space of the still viable models
investigated, and shed more light on the issue of binary black hole origin and evolution. We
firmly believe that the present work can contribute to further develop the new avenue of
GW-LSS synergies, and that the vast range of parameters and models explored here make
our results general enough to provide a realistic forecast of what this can teach us on the
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nature of binary BHs progenitors in the next decade.
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by grant from the “Maria de Maeztu de Ciències del Cosmos” project mentioned above. AR has
received funding from the People Programme (Marie Curie Actions) of the European Union H2020
Programme under REA grant agreement number 706896 (COSMOFLAGS). SM acknowledges partial
financial support by ASI Grant No. 2016-24-H.0. LV acknowledges support by European Union’s
Horizon 2020 research and innovation programme ERC (BePreSySe, grant agreement 725327). LV
acknowledges the Radcliffe Institute for Advanced Study of Harvard University for hospitality during
the latest stages of this work.

References

[1] Aasi, J., Abbott, B.P., Abbott, R., et al. 2015, CQG, 32, 074001

[2] Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2016, PRL, 116, 241103

[3] Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2016, PRX, 6, 041015

[4] Aghamousa, A., Aguilar, J., Ahlen, S., et al. 2016

[5] Belczynski, K., Bulik, T., Fryer, L., et al. 2010, ApJ, 714, 1217

[6] Belczynski, K., Dominik, M., Bulik, T., et al. 2010, ApJ, 715, L138

[7] Bellomo, N., Bernal, J. L., Raccanelli, A. et al. 2018, JCAP, 01, 004

[8] Bellomo, N., Bernal, J. L., Scelfo, G., et al. 2018, in prep.
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Abstract

It is broadly accepted that Supermassive Black Holes (SMBHs) are located in the cen-
ters of most massive galaxies, although there is still no convincing scenario for the ori-
gin of their massive seeds. It has been suggested that primordial black holes (PBHs) of
masses & 102 M� may provide such seeds, which would grow to become SMBHs. We sug-
gest an observational test to constrain this hypothesis: gas accretion around PBHs during
the cosmic dark ages powers the emission of high energy photons which would modify the
spin temperature as measured by 21cm Intensity Mapping (IM) observations. We model
and compute their contribution to the standard sky-averaged signal and power spectrum of
21cm IM, accounting for its substructure and angular dependence for the first time. While
SKA could provide a detection, only a more ambitious experiment would provide accurate
measurements.

1 Introduction

We know that Supermassive Black Holes (SMBHs) inhabit the centers of most galaxies:
observations of quasars at z ∼ 6−7 indicate that, even at these early times, there were SMBHs
with masses of several 109M� (e.g., [2]). The existence of a population of intermediate mass
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black holes of masses around 102−106M� at z ∼ 20−15 would suffice to seed them. However,
the origin and formation mechanism of the massive seeds are still uncertain. There are two
main scenarios proposed to explain their origin.

According to the first hypothesis, the seeds of SMBHs are remnants of Population III
stars, formed with masses of tens of solar masses at z & 20, which grow due to gas accretion
and mergers. However, in order to reach masses such as those observed at z ∼ 6 − 7,
supercritical accretion over extended periods of time is needed [7]. However, cosmic X-
ray background observations impose constraints on the growth of SMBHs, constraining the
abundance of quasars with supercritical accretion and miniquasars at high redshift [9].

On the other hand, SMBH seeds might also be formed due to the collapse of gas
clouds which do not fragment or form ordinary stars, but directly form a massive black hole
(M ∼ 105−106M�) at lower redshifts (z . 15) [6]. This kind of seed is called a Direct Collapse
Black Hole (DCBH). Moreover, DCBHs are a good candidate for explaining the large-scale
power spectrum of the Near Infrared Background and its cross correlation with the cosmic X-
ray background [10], and there are candidates of possible detections. Nonetheless, the exact
conditions and the probability of obtaining DCBHs are still uncertain; recent theoretical
studies suggest that this mechanism might explain the abundance of the most luminous
quasars at z ∼ 6− 7, but not the general population of SMBHs.

In summary, neither of these two scenarios individually provide an entirely convincing
explanation for the origin of the seeds of SMBHs. However, Primordial Black Holes (PBHs)
might be the seeds which will grow to become SMBHs. The mass range required for PBHs
to be the seeds of SMBHs without requiring supercritical accretion is & 102M�. In this mass
range, the PBH abundance, fPBH = ΩPBH/ΩCDM, is strongly constrained by e.g., CMB
observations [1, 4]. However, if PBHs of these masses are only required to be the seeds of
SMBHs and not a substantial part of the dark matter, fPBH ∼ 10−8 − 10−6 (which satisfies
all observational constraints) is enough.

In this work, we focus on the imprints of PBHs as seeds of SMBHs on 21 cm Intensity
Mapping (IM). Observations of spin temperature maps in the dark ages provide a direct
window into the matter density fluctuations free of complications such as galaxy bias and
most astrophysical processes. Therefore, in order to avoid astrophysical uncertainties, we
concentrate on the dark ages (z & 30). Besides, if massive seeds are to be found in these red-
shifts, they must be primordial. We model the signature of massive PBHs, with abundances
required to explain the current SMBH population in the 21 cm IM signal. We compute 2-
point statistics of the fluctuations accounting explicitly for the brightness temperature (T21)
profiles around the PBHs in a comprehensive way, for the first time. The work and results
reported on this Proceeding are collected more complete and with further discussion in [5].

2 Effects of PBHs on the 21cm IM signal

The presence of PBHs affects the gas spin temperature: the PBH accretion triggers the
emission of high-energy photons which heat and ionize the gas around. We assume that all
processes are in equilibrium, given that their timescales are much smaller than the Hubble
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Figure 1: Differential brightness temperature profile for a PBH with M = 100 at various
redshifts (left) and for a PBH with various values of M at z = 30 (right).

timescale. The steady-state approximation is very precise for masses M . 3 × 104M� [8],
so we limit our exploration to M ≤ 104M�. Given the slow growth of the PBHs at z & 30,
we assume that the PBH mass at different redshifts is the same. Finally, we consider for
simplicity that all PBHs have the same mass. This is an unrealistic scenario, but constraints
for monochromatic mass distributions can be translated to any extended mass distribution
using e.g., the methods proposed in [3].

We assume that gas accretion around the PBH powers a spherically symmetric X-
ray emission, F (E) = A(Mλ) E−1s−1, where A is a normalization factor chosen to have a
luminosity L = λLEdd, where λ is the Eddington ratio and LEdd is the Eddington luminosity.
Relevant quantities, as the neutral fraction, xH , or T21, only depend on the redshift and the
intensity of the emission. Therefore, in order to illustrate how these quantities depend on
both λ and M , we will show them in terms of M = Mλ.

The ionized and heated region around the PBH changes with redshift and M. With
increasing redshift, the hydrogen density increases; in a given volume at fixed photon flux,
there are more atoms to ionize, hence the size of the ionized region decreases. On the other
hand, for larger M, as the PBH emission is more intense, the ionized region becomes larger.
In the inner regions, the heating due to the emission of the PBH is coupled only to the neutral
hydrogen, but, as the number of photons decays exponentially with the distance, this heating
is more efficient close to the PBH. At intermediate distances, PBH heating loses efficiency
and Tk drops even below the CMB temperature.

Due to the modified neutral fraction and kinetic temperature of the gas, a bubble with
spin temperature, hence T21, different from the background value is formed around the PBH.
The T21(r) profile shown in 1 can be explained as follows. In the inner part, T21 = 0 because
all of the gas is ionized. The region with T21 > 0 corresponds to the region where Tk > TCMB

and xH starts to grow; then, where Tk drops because the PBH heating is less efficient, T21
drops to negative values. Finally, T21 rises again due to the collisional and Lyman-α coupling
of the photons to the source with the gas becomes totally inefficient. Given that we consider
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the isolated PBH signal, at these distances, T21 = 0.

3 PBH contribution to the power spectrum

We use the halo model to characterize the total T21 angular power spectrum during the dark

ages in the presence of PBHs: CPBH
` = C

PBH(1h)
` + C

PBH(2h)
` . We compute the observed

fluctuations on T21 produced by a population of PBHs with number density nPBH. As the
standard contribution in the linear regime without the PBHs comes from a continuum where
there are no haloes, we consider that the one-halo term of the standard contribution vanishes.
Therefore, the total angular power spectrum is the sum of:

C
PBH(1h)
` =

2

π
nPBH

∫ ∞
0

dkk2
(
T PBH
`

)2
; C

PBH(2h)
` =

2

π

∫ ∞
0

dkk2
(
T` + nPBHbT PBH

`

)2
Pm(k),

(1)

where T` and T PBH
` are the transfer function for the 21 cm IM fluctuations due to the

standard contribution and the PBHs, respectively, Pm(k) is the matter power spectrum, b
is a scale-independent bias, and we assume that PBHs are completely correlated with the
dark matter distribution. Given that the formation of a PBH is a rare event and PBHs
spatial distribution is discrete, there is a Poissonian fluctuation in the number density of
PBHs. Therefore, in addition to the standard matter power spectrum, there is an extra

contribution, PPoisson(z) = 9
4(1 + zeq)2D2(z)

f2
PBH

nPBH
, where D(z) is the growth factor.

It is easy to notice that the PBH contribution depends only on two quantities besides
the redshift: nPBH and T PBH

` . Therefore, although we do consider three parameters regarding
PBHs (M , λ and ΩPBH), the relevant quantities are combinations of them: M = Mλ and
nPBH ∝ ΩPBH/M . Essentially, varying M shifts the features related with PBHs to different
multipole ranges (via T PBH

` ). The latter is a rescaling of the amplitude of such contributions.
These two effects are relevant to determine at which scale the PBH contribution starts to
dominate. We show how the total angular power spectrum changes with respect to the PBH
parameters and the redshift in Figure 2. As can be seen, the PBH-induced deviation from
the standard signal decreases with redshift because the size of the bubble also does it (see
Figure 1), so the scale at which the deviation is appreciable increases.

4 Conclusions

The origin and formation mechanism of SMBHs remains largely unknown. There are three
candidates to be the seeds of SMBHs: remnants of Population III stars, DCBHs or PBHs. In
this work, we address the observational signatures that intermediate mass PBHs would have
on 21 cm IM during the dark ages. We model this signal starting from the characterization
of the radial profiles of T21 around a single PBH to compute the contribution to the angular
power spectrum, using the halo model. This is the first time that the signature of PBHs
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Figure 2: Angular power spectrum of the total signal in 21 cm IM at z = 30 varying the the
density parameter of PBH (top left), the mass (top right) and the Eddington ratio (bottom
left), and varying redshift for M = 103M�, ΩPBH = 10−8, λ = 0.1 (bottom right).

accounting for its full scale dependence is modeled in the 21 cm IM power spectrum. We
consider several configurations of the PBH parameters, since they are largely unconstrained.

The presence of PBHs increases the amplitude of the 21 cm IM angular power spec-
trum for ` & 102 − 103, which decays with redshift. We forecast the detectability of the
PBH contribution and the potential to measure the PBH parameters by future experiments,
ranging from SKA to more ambitious futuristic ground experiment, as well as radio array in
the far side of the Moon. Given that the atmosphere is opaque for frequencies . 45 MHz, a
ground experiment will not be able to observe much further than z ≈ 30; however, with the
lunar radio arrays, tomography for 30 . z . 200 is possible. The PBH signal will be barely
detected by SKA, since only for extreme cases in which nPBH is very large, the signal-to-noise
ratio, S/N , for ΩPBH and λ is larger than unity. As the amplitude of the power spectrum
increases greatly at small scales, being able to resolve very small scales (i.e., large interferom-
eter baseline, which implies large `cover) will be key to detect the PBH signal and constrain
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the parameters. On the other hand, the contribution of PBHs to the power spectrum decays
with redshift (see Figure 2), hence the S/N between the case with PBHs and the standard
one decreases fast with redshift. As tomography does not add much information, `cover has
more impact in the final S/N

To summarize, although a detection of the PBH contribution in the dark ages might be
achieved by SKA, in order to measure ΩPBH and λ accurately, a more ambitious experiment
with a larger baseline is needed. Such measurements will be more precise if tomography is
possible, for which experiments such as a lunar radio array are needed.

The advent of new experiments and corresponding observations will shed light on how
SMBHs reached such huge masses and on the nature of the massive seeds needed to explain
their existence. It is also possible that the three kinds of seeds discussed above coexist and
give different signatures. We eagerly await observations that will open the window toward
higher redshifts and will give us the opportunity to improve our understanding of some of
the most extreme structures in the Universe.
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Abstract

The origin of thick discs in galaxies remains shrouded in mystery. A variety of formation

scenarios has been proposed. Here we aim to test one such scenario where the thick disc

stars are proposed to be accreted from satellite galaxies. In this scenario, in at least some

galaxies a fraction of thick disc stars would rotate in a retrograde way, which would cause

a large thick disc velocity lag. Here, we compare the rotation curves of the thin and the

thick discs of eight edge-on galaxies observed with MUSE at the VLT. We find that the

velocity lags of the thick discs are compatible with those expected from asymmetric drift. If

we consider the galaxies with thick disc rotation curves in the literature, only one in about

fifteen shows clear signs of an accreted thick disc. Based on simulations in the literature

we estimate that if thick discs were accreted, at least one in six would show clear signs

of retrograde material. Thus, there is a growing tension between the observations and the

hypothesis that thick discs are made of accreted stars.

1 Introduction

The formation and early evolution epoch of galaxies is hard to study due to observational
issues such as cosmological dimming and the lack of means to properly resolve objects at
large angular diametre distance. An alternative approach to unveil how galaxies evolved is to
study with an exquisite level of detail the oldest stars in local objects and deduce their origin
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(this approach is called galactic archæology). The oldest stars of a galaxy are typically found
in the halo and in the thick disc. In this paper we will focus on the thick discs to advance in
our understanding of galaxy evolution.

In edge-on galaxies thick discs are seen as roughly exponential excesses of light that
become apparent a few thin disc scale-heights above the mid-plane. They contain a significant
fraction of the baryons in a galaxy and, in low-mass galaxies, can be as massive as the thin
discs[30, 6, 7, 10].

The origin of thick discs has been a source of debate. Some authors have argued for
an internal origin of the thick disc stars. Either a pre-existing thin disc would have been
thickened by dynamical heating[28, 23, 24, 19], or the thick disc would have been born thick
in an early phase of the galaxy evolution when the interstellar medium was very turbulent and
the specific star formation rate was much larger than it is nowadays[12, 2, 8]. Alternatively,
the thick discs could have been accreted through minor mergers[1].

The stars of the Milky Way thick disc are now known to be mostly of internal origin[22,
18, 15]. However, it is known that at least one external thick disc – that in FGC 227 – has
stellar rotation velocities close to zero[29], which implies that about half of the light is emitted
by retrograde stars. This strongly suggests an external origin for a large fraction of its thick
disc stars. Unfortunately, the number of thick disc rotation curves in the literature is small
– about ten[29, 30, 9, 11, 14, 16] –, so it is not possible to say whether the case of FGC 227
is unique or not.

Here we aim to obtain additional thick disc rotation curves to determine whether ac-
cretion is a plausible origin for the majority of stars in thick discs.

2 Sample, observations, and data processing

We observed eight nearby edge-on galaxies with MUSE at the VLT. MUSE is an integral
field unit with a 1′× 1′ field of view and a simultaneous wavelength coverage between 4750 Å
and 9300 Å. All the observed galaxies had previously been observed within the Spitzer Survey
of Stellar Structure in Galaxies (S4G)[25] and have photometric decompositions available in
3.6µm[10]. The selected galaxies are relatively small with circular velocities below 180 km s−1.
All but one are bulgeless.

The galaxies were exposed for almost three hours. They were reduced using the stan-
dard ESO pipelines. We used ZAP[26] to remove the sky residuals. The datacubes where
Voronoi-binned[3] to a signal-to-noise ratio of S/N ∼ 25 in the wavelength range between
5490 Å and 5510 Å. Then PPXF[4] was applied to the spectra obtained for each Voronoi bin.
PPXF fits the spectra with a linear combination of spectral energy distribution templates and
obtains the line of sight velocity distribution. We used the templates from the MIUSCAT
library[27]. The templates and the spectra where Gauss-convolved to match their spectral
full width at half maximum at every wavelength.
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Figure 1: Top-left: Image of ESO 157-49. Middle-left: Velocity map of ESO 157-49. Bottom-
left: Velocity dispersion map of ESO 157-49. The values in the axes are in arcseconds. North
is up and East is left (shown by the reverse-L symbol). The lines parallel to the mid-plane
denote the heights for which the rotation curves (top-right panels) were computed. The thin
continuous line indicates the mid-plane and the thick continuous lines indicate the height
where the thick disc starts to dominate the surface brightness[10]. The middle-right panels
show the difference between the velocity at a given height and that at the mid-plane. The
dashed vertical lines indicate where the rotation curve becomes flat. The bottom-right panel
shows the velocity as a function of height for the flat part of the rotation curve for the blue-
shifted and red-shifted sides of the galaxy (indicated by “B” and “R”, respectively). The
vertical lines indicate the height above which the thick disc dominates the surface brightness.

3 Results

We produced velocity and velocity dispersion maps for the eight galaxies in our sample. We
used the velocity maps to compute rotation curves at different heights above and below the
mid-planes. In Fig. 1 we show the maps and the rotation curves extracted for ESO 157-49.

In Fig. 2 we show, for the eight galaxies in our sample, the circular velocity as a
function of height for the regions where the rotation curve of the galaxies is flat. We find
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Figure 2: Velocity as a function of height for the flat part of the rotation curve for the
galaxies in our sample. The horizontal axes are scaled so all the plots cover the same height
range. The grey bands indicate the dispersion in the velocity for the Voronoi bins used to
compute each data point. The maximum velocity at the mid-plane is denoted by vc.

that the maximum velocity is lower at increasing distances from the mid-plane, with a lag
at large heights of a few tens of kilometres per second for all the galaxies in the sample.
This is compatible with the combined effects of asymmetric drift and a not perfectly edge-on
orientation. Indeed, in the past we have shown that retrograde thick disc fractions larger
than 10−20% would result in lags larger than those that we detect[9]. Also, large retrograde
material fractions would result in a velocity dispersion comparable to the circular velocity of
the galaxy, vc. Therefore, our data indicate a very small fraction – compatible with zero –
of retrograde stars in the thick discs. We shall however note that only five out of our eight
galaxies have massive thick discs that dominate the luminosity at some of the observed height
range[10].

4 Discussion and conclusions

Our observations increase the number of available thick disc rotation curves to about fifteen.
Only one of them (FGC 227[29]) shows clear evidence for retrograde stars. One may thus
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naively conclude that accreted thick discs are rare. This is, however, not necessarily true
because accretion is more efficient for prograde encounters than it is for retrograde ones. The
reason for that is how dynamical friction works. Dynamical friction in its linear regime acts
over an infalling satellite as described by the Chandrasekhar formula[5]

F ∝M2ρ/V 2, (1)

where M is the mass of the satellite, ρ the density of the main galaxy, and V the relative
velocity between the satellite and the particles of the main galaxy. When the satellite is far
away from the disc of the main galaxy, V does not depend on whether the merger is prograde
or retrograde because the dark matter halo is pressure-supported and, hence, has a mean
velocity of zero. However, as the satellite falls and becomes influenced by the disc, prograde
objects feel a larger force than retrograde ones. The detailed calculation on the decay times
of satellites requires numerical simulations, and it can be estimated that a retrograde satellite
takes at most two times longer than a prograde one to be accreted[20]. Given a halo merger
rate proportional to ∝ (1 + z)2[13], isotropic accretion, and a galaxy age of 10 Gyr, we obtain
that about a third of the satellites accreted by now had retrograde orbits.

Another effect to be taken into account is in-plane dragging. Prograde satellites with
orbital inclinations smaller than i = 20o are dragged into the plane of the main galaxy
by dynamical friction and dissolve into the thick disc[21]. Satellites with larger incoming
inclinations dissolve into the inner halo. The effect of in-plane dragging is diminished for
retrograde satellites and we estimate that only those with inclinations smaller than i = 10o

are accreted into the thick disc. Hence, an accreted retrograde satellite is two times less likely
to end in a thick disc than a prograde satellite.

In summary: 1) one third of the satellites accreted by now by disc galaxies were retro-
grade and 2) a retrograde merger is two times less likely to contribute to a thick disc than a
prograde one. This implies that in the limit where all thick discs have been created in single
merger events, we expect ∼ 1/6 of the thick discs to be retrograde. However, the observed
figure is ∼ 1/15. Hence, our results point to a tension between the observations and the
hypothesis of accreted thick discs. If thick discs were created in a small number of mergers
(two or three), the tension would worsen. We can therefore conclude that an accretion origin
for thick discs is not favoured by the observations.
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Abstract

We aim to state new constraints on the mechanisms that can drive the growth in size
of massive galaxies through the stellar population properties of quiescent galaxies within
the stellar mass–size plane. Our sample is composed of ∼ 830 quiescent galaxies down to
I ≤ 23 from the ALHAMBRA survey with reliable size measurements up to redshift z ∼ 1.
The stellar content (age, metallicity, and extinction) of galaxies is retrieved via SED-fitting
and composite stellar population models using the multi-band photometry of ALHAMBRA
and the code MUFFIT. At fixed stellar mass, our results point out that more compact
quiescent galaxies are older, more rich in metals, and slightly less reddened by dust than
their more extended counterparts since z ∼ 1. We state that the regions of constant stellar
population parameters in the stellar mass–size plane are well reproduced by lines of the
form M? ∝ r0.5−0.6

c , which are also compatible with constant values of velocity dispersion
using spectroscopic quiescent galaxies from SDSS. This result points out that the driver of
stellar populations would be partly related to dynamical properties of galaxies, as well as
to stellar mass. Scenarios including mergers or the “progenitor” bias also agree with these
results to explain the growth in size of quiescent galaxies.

1 Introduction

As revelead in previous studies, there are tight correlations between the stellar mass of galaxies
and their stellar population properties (see e. g. [15, 25, 8] and references in these works).
In general, more massive galaxies exhibit older stellar populations (usually referred as the
”downsizing” scenario, e. g. [7]), that are also more rich in metals (stellar mass metallicity
correlation or MZR, e. g. [15]) than their less massive counterparts. Nevertheless, other
parameters such as the stellar surface density or velocity dispersions also present remarkable
correlations with the stellar content of galaxies (e. g. [26, 18, 14, 4]). Consequently, it is still
matter of debate which is the driver of the stellar content of galaxies.

110
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Recently, many studies have revealed that massive spheroids/quiescent galaxies has
grown in size a factor of 4 since redshift z ∼ 2, whereas since z ∼ 1 has doubled in size
(e. g. [27, 31, 29]). Although this fact has been widely studied, there is no consensus about
which is the mechanism responsible for this strong growth in size. Among the mechanisms
proposed in the literature, the more promising ones are: i) Mergers (e. g. [21]), the accretion
of less massive galaxies at lower redshifts via mergers would produce an increase in size. ii)
The “puffing-up” scenario (e. g. [12]) or a redistribution of the stellar content of galaxies via
AGN or quasar feedbacks. iii) The “progenitor” bias (e. g. [30, 28]) or the arrival of new and
larger members to the red population.

A detailed study of the distribution of stellar population parameters of quiescent within
the stellar mass–size plane (MSP) at different redshifts may constrain the mechanism respon-
sible for the growth in size, as well as to shed light on the mechanisms driving the evolution
and assembly of galaxies. For this reason, we explore the stellar content of the quiescent
galaxies from the ALHAMBRA survey1 ([19]) as a function of their sizes. Throughtout the
present study, we assume a ΛCDM cosmology with H0 = 71 km s−1 , ΩM = 0.27, and
ΩΛ = 0.73. Stellar masses are given in solar mass units [M�] and magnitudes in AB-system
[22].

2 Sample of quiescent galaxies from the ALHAMBRA survey

Our reference catalogue is the sample of quiescent galaxies published by [9], which was ob-
tained by an optimized rest-frame colour-mass diagram corrected for extinction. This cata-
logue is complete in stellar mass and provides mass-weighted formation epochs, ages, metallic-
ities, extinctions, stellar masses, and redshifts for ∼ 8 500 quiescent galaxies at 0.1 ≤ z ≤ 1.1
from the ALHAMBRA survey. This survey was acquired at the 3.5 m telescope of the Calar
Alto Observatory2 (CAHA) and comprises 20 top-hat medium bands in the optical range
(λλ3500–9700 Å, FWHM ∼ 300 Å) and 3 in the NIR (J , H, and Ks). The effective area
of this surveys is ∼ 2.8 deg2 along the northen hemisphere. The stellar population proper-
ties were obtained via SED-fitting techniques using the code MUFFIT ([10]) including the
removal of strong emission lines and the photometry and photo-z constraints of the ALHAM-
BRA Gold catalogue3 ([20], I ≤ 23). For the analysis, the sets of single stellar population
(SSP) models of [2] and [32] (hereafter BC03 and EMILES, respectively) were used to build
two independent sets of composite stellar population models (mixtures of two SSPs, more
details in [10, 9]). Extinctions were added as a foreground screen to the composite stellar
population models with values in the range AV = 0.0–3.1 using the extinction law of [13].

As the ALHAMBRA survey partly overlaps with some Hubble fields, we build a sub-
sample of shared quiescent galaxies with reliable size measurements, circularized radius rc,
from the Advanced Camera for Surveys (ACS) general catalogue of structural parameters
[16]. Finally, there are 830 quiescent galaxies in common at 0.1 ≤ z ≤ 0.9 with reliable size
measurements to study the distribution of stellar population parameters within the MSP.

1http://www.alhambrasurvey.com
2http://www.caha.es
3http://cosmo.iaa.es/content/alhambra-gold-catalog

http://www.alhambrasurvey.com
http://www.caha.es
http://cosmo.iaa.es/content/alhambra-gold-catalog
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Figure 1: From left to right distribution of mass-weighted formation epochs, ages, metallic-
ities, and extinctions of quiescent galaxies (panels a, b, c, and d, respectively) in the stellar
mass–size plane at 0.3 ≤ z < 0.5 using EMILES models. Solid black line show the curve of
constant formation epoch, whereas the grey area is the 1 σ uncertainty. Dashed black line
illustrates the stellar mass–size relation of quiescent galaxies at this redshift.

3 Stellar population parameters in the stellar mass–size plane

Before studying the mass-weighted formation epochs, ages, metallicities, and extinctions as
a function of size, we carried out a bidimensional and locally weighted regression method
or LOESS ([6, 5]) in the MSP. This allows us to average the values in the MSP without
assuming any predefined function or model. As a result, we obtain clear correlations between
the stellar populations of quiescent galaxies and their sizes at 0.1 ≤ z ≤ 0.9 (see Fig. 1). At
fixed stellar mass, more compact quiescent galaxies are older and more rich in metals. These
differences can amount to ∆AgeM = 2–3 Gyr and ∆[M/H]M ∼ 0.2 dex (see panels a, b, and
c in Fig. 1). There are also hints pointing out that more compact quiescent galaxies show
lower extinctions with differences of ∆AV . 0.1 (panel d in Fig. 1).

These correlations with the size strongly reflect that the stellar mass is not the only
parameter driving the evolution of the stellar population of galaxies. To constrain the real
driver, we empirically determine the regions of constant stellar population parameters within
the MSP. At 0.1 ≤ z ≤ 0.9 and for log10M? ≥ 9.6, we find that the values of mass-weighted
formation epoch, AgeM+tLB, are properly fitted by a plane of the form: AgeM+tLB(z)/Gyr =
a · log10M?/M� + b · log10 rc/kpc + c(z). The regions of constant formation epoch are those
that M? ∝ rαc , where α = −b/a. As a result, we retrieve that α = 0.5–0.6 ± 0.1 (see
black line in Fig. 1). Note that α slightly depends on the models. We repeat this process
for the rest of stellar population parameters (ages, metallicities, and extinctions) getting
also a compatible result with α = 0.5–0.6. In addition, we checked whether the slope of
the stellar mass–size relation matches the empirical α obtained above for stellar population
parameters. After fitting our distribution of quiescent galaxies to a function of the form
rc/kpc = A(z) · (M?/5 · 1010M�)1/β, we obtain a slope of β = 1.39± 0.04, i. e. incompatible
with the empirical value obtained for stellar population parameters (see dashed line in Fig. 1).
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Figure 2: Velocity dispersions of SDSS quiescent galaxies in the stellar mass–size plane at
0.02 ≤ z ≤ 0.08 for the i-band. Colours illustrate the average velocity dispersion in each bin,
while the marker size illustrates the number of galaxies. Black lines exhibit the empirical
curves of constant formation epoch for BC03 and EMILES. Green line shows the curve of
constant velocity dispersion from SDSS data. Red dashed line shows the relation obtained
by [23] at z ∼ 1. Shaded areas delimit the 1 σ uncertainties for each case.

Furthermore, the average growth in size of our sample of quiescent galaxies is around 2.3±0.1
since z ∼ 1 in good agreement with previous results such as [27, 29].

Motivated by previous studies as [26, 18, 14, 4], we explored the distribution of surface
densities and velocity dispersions within the MSP. By definition, constant curves of mass
surface density imply that M? ∝ r2

c , which largely differs to the value of α obtained before.
As ALHAMBRA is a photometric survey, we explore the distribution of velocity dispersions
of quiescent galaxies making use of the he NYU Value Added Galaxy Catalogue DR7 of the
Sloan Digital Sky Survey (SDSS, [1]). We selected all the quiescent galaxies using a ugJ
colour-colour diagram ([24]) at 0.02 ≤ z ≤ 0.08 and log10M? ≥ 10.8. A set of quality criteria
is applied to remove unreliable velocity dispersions and sizes using the SDSS i-band as in
[23] (70 ≤ σ ≤ 320 km s−1 , 0.3 ≤ rc ≤ 30 kpc, and rc ≥ 1′′). To avoid aperture effects,
all the velocity dispersions were corrected to one effective radius, σe, following [3]. Values
of σe are averaged in equally-sized bins of stellar mass and circularized effective radius (see
Fig. 2). Our results strongly agree with a correlation between average values of σe and rc at
fixed stellar mass. The more compact the quiescent galaxy, the larger the velocity dispersion
at fixed stellar mass. As above, to determine the curves of constant σe, the distribution of
average σe values are fitted to a plane. As a result, the curves of constant σe for the quiescent
galaxies from SDSS are properly expressed as M? ∝ r0.56±0.05

c (see green solid line in Fig. 2).
In a similar way, [23] retrieved that M? ∝ r0.57±0.18

c for massive spheroid-like galaxies at z ∼ 1
(see red solid line in Fig. 2). Both results being compatible with our empirical relation for
stellar population parameters since z ∼ 1 (see black lines in Fig. 2).
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4 Implications on the evolution and formation of galaxies

As revealed in Section 3, there are tight correlations between the stellar population parameters
and its position in the MSP, meaning, the stellar mass is not the only parameter driving the
stellar content of galaxies. This allows to empirically constrain its driver as M? ∝ rαc with
α ∼ 0.5–0.6 ± 0.1. Moreover, constant values of σe are also compatible with this value
(α ∼ 0.56). This suggests that the driver of stellar populations would be partly related to
dynamical properties of galaxies, as well as to stellar mass.

The distributions of mass-weighted formation epochs, ages, metallicities, and extinc-
tions within the MSP may constrain the mechanisms responsible of the growth in size of
galaxies. Under the “puffing-up” scenario assumption, AGN and quasar feedbacks would
produce a redistribution of the stellar content in the inner parts of galaxies yielding an in-
crease in size of a galaxy. Therefore, the most extended galaxies would show older ages than
their more compact counterparts at fixed stellar, that is, the opposite distribution than the
one revealed here (see Section 3). In view of these results, the “puffing-up” scenario can be
discarded as a responsible mechanism of the growth in size of galaxies.

Regarding the “progenitor” bias, an arrival of recently quenched galaxies to the pop-
ulation of quiescent galaxies with larger effective radius would show that more extended
quiescent galaxies exhibit younger stellar populations. Previous works such as [27, 17, 29, 8]
reveal that star-forming galaxies are typically larger than quiescent ones, as well as there
is an increasing number of quiescent galaxies at lower redshifts. Both results support that
part of the growth in size of galaxies may be due to the “progenitor” bias. On the other
hand, mergers acting on the MSP can also yield a growth in size of the relation (e. g. [21]).
When the merger history of galaxies is independent of the size, as showed by [11], this would
not alter the distribution of stellar populations in the MSP, but increasing the average size.
Consequently, mergers and the “progenitor” bias acting in parallel would explain in part the
evolution in size of quiescent galaxies.
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Abstract

A large number of Ultra-Diffuse Galaxies (UDGs) has been detected over the past few years,

both in clusters and in isolation. UDGs have stellar masses typical of dwarf galaxies but

effective radii of Milky Way-sized objects, and their origin remains puzzling. Using hydro-

dynamical zoom-in simulations from the NIHAO project we show that UDGs form naturally

in dwarf-mass haloes, as a result of episodic gas outflows associated with star formation.

The simulated UDGs live in isolated haloes of masses 1010−11M�, have stellar masses of

107−8.5M�, effective radii larger than 1 kpc and dark matter cores. Remarkably, they have a

non-negligible HI gas mass of 107−9M�, which correlates with the extent of the galaxy. Gas

availability is crucial to the internal processes that form UDGs: feedback driven gas out-

flows, and subsequent dark matter and stellar expansion, are the key to reproduce faint, yet

unusually extended, galaxies. This scenario implies that UDGs represent a dwarf population

of low surface brightness galaxies and that they should exist in the field. Several predictions

and comparisons with stat-of-the-art observational data will be presented. Amongst other,

we will show that the largest isolated UDGs sistematically contain more HI gas than less

extended dwarfs of similar M?, corroborating our proposed formation scenario.

1 Introduction

Recently, a substantial number of faint - yet extended - galaxies have been discovered in deep
imaging surveys of several clusters of galaxies, including Coma [20, 9], Virgo [11], Fornax
and eight low redshift clusters [19], as well as in the field and groups [18, 10]. These objects
have the stellar mass and magnitudes typical of dwarf galaxies (M?∼107−8.5M�) but the
extent of Milky Way-like spirals. A small number of stars and a large effective radius of
re>1 kpc implies that these objects have a very low surface brightness, between 24 and
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28 mag/arcsec2: they have been named Ultra-Diffuse Galaxies (UDGs). UDGs differ from
regular low surface brightness galaxies (LSBs) mostly in color, being redder than LSBs, and in
the stellar content which is typical of dwarf galaxies, unlike LSBs that also include large spiral
galaxies. More recently, however, it appeared clear that blue UDGs exist in the field. UDGs
could either be giant Milky Way galaxies that stopped forming stars (‘failed L∗’ galaxies)
or genuine dwarf galaxies with an unusually extended size. Understanding the properties
and formation of UDGs is challenging: a key question is whether such diffuse galaxies can
arise within the current ΛCDM model of galaxy formation. An appealing possibility is that
the formation of UDGs is not connected to the cluster environment, but rather to internal
processes. Simulation work extensively showed that feedback driven gas outflows are able to
cause expansion not only of the central DM distribution in galaxies, but also of the stellar one
[8, 7]: the mass range where we expect maximum efficiency in core formation overlaps nicely
with that of UDGs, i.e. galaxies with M?∼107−9M� should form large DM and stellar cores,
while at higher and lower masses energy from stellar feedback alone becomes less efficient
at creating cores [5, 17]. We explore feedback driven expansion as viable mechanism for the
formation of UDGs, by using numerical simulations from the NIHAO project. We refer the
interested reader to the main manuscript in which a detail analysis is presented [6].

2 Hydrodynamical simulations

The simulated galaxies are taken from the Numerical Investigation of a Hundred Astrophysi-
cal Objects (NIHAO) project [22], evolved using the SPH code Gasoline [21]. Star formation
and feedback follows the model used in the MaGICC simulations, that for the first time re-
produced several galaxy scaling relations over a wide mass range, adopting a threshold for
star formation of nth>10.3cm−3 [3]. Stars feed energy back into the ISM via blast-wave su-
pernova feedback and early stellar feedback from massive stars [16]. Particle masses and force
softenings are chosen to resolve the mass profile to below 1% of the virial radius at all masses,
ensuring that galaxy half-light radii are well resolved. The NIHAO galaxies cover a broad
mass range, from dwarfs to Milky Way mass. The galaxies are all centrals and isolated, and
lie on abundance matching predictions, having the expected M? for each Mhalo. Within the
NIHAO simulations, we identified those galaxies that match the UDG definition, by following
the criteria: i) their 2D effective radius, re, is larger than 1 kpc, ii) their absolute magni-
tude in R band is −16.5∼<MR∼<−12, corresponding to a stellar mass of 107∼<M?/M�∼<108.5,
iii) their effective surface brightness is low, with µe>23.5 mag/arcsec2. We found a total of
21 simulated galaxies that meet these requirements. We then explore how these UDG-like
objects arise in our simulations.

3 UDG formation scenario

In the left panel of Fig. 1 we summarize the properties of simulated UDGs: from top to
bottom we specify stellar mass, halo mass, HI gas mass (MHI), 2D effective radius, effective
surface brightness, R-band absolute magnitude, B-R color, Sérsic index, DM halo inner slope,
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spin parameter and concentration. Specifically, the Sérsic index nSersic is computed by fitting
the 2D surface brightness profile in R-band out to 2×re with a Sérsic profile, the inner
slope γ of the DM halo is found by fitting its density profile with a power law between 1
and 2% of the virial radius, in a region where all our galaxies are well resolved. All the
currently observed structural properties of UDGs (MHI, M?, nSersic, color, MR, re and µe) are
in excellent agreement with the ones of the simulated sample. The mean value of the spin
parameter is close to the peak of the distribution of spin parameters for DM haloes (log(λ ∼-
1.45), indicating that our simulated UDGs do not live in particularly high-spin objects as
suggested by [1]. The range of DM inner slopes, -0.78<γ<-0.01, shows that UDGs live in
expanded DM haloes, whose logarithmic inner slope is shallower than the universal NFW
value of γ=-1. This is closely linked to the formation of UDGs. Indeed, the formation of DM
density cores is related to rapid oscillations of the central potential driven by gas outflows
following bursty star formation [12]: this purely gravitational mechanism affects as well the
stellar distribution [7, 4]. In the right panel of Fig. 1 we show the evolution of the 3D stellar
density as a function of redshift for all stars (solid lines) and old stars (tform<5 Gyrs, dashed
lines). As the DM halo expands and forms a central core due to episodic and powerful gas
outflows driven by star formation, the stellar distribution expands as well: re increases and
µe decreases bringing the dwarf onto the UDG regime. We confirm that re increases due to
expansion of the stellar distribution, by separating the contribution of all stars and old stars:
we observe that even the oldest stellar population expands as a response to core creation.

Figure 1: Left panel: Average properties of simulated UDG sample. Concentrations and spin
parameters were computed in the original DM-only run. Right panel: formation of UDGs,
the contribution of all stars and old stars formed within the first 5 Gyrs of the galaxy’s life
is indicated as solid and dashed line, respectively, with the µe evolution also shown.

4 Observational prediction

In Fig. 2 we show the SFH of galaxies whose effective radii are the largest (right column) and
smallest (left column) in their respective mass bin. From top to bottom, we pair galaxies with
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Figure 2: SFHs of galaxies with the largest (right column) and smallest (left column) effective
radius in their mass bin. From top to bottom, each row shows galaxies with similar halo mass
and magnitude, log10(Mhalo/M�)∼10.45,10.50 and MR∼-14.0,-14.5. In each panel re, MR,
MHI, M?, fb and HI radius are indicated. The largest isolated UDGs contain more HI gas,
have a larger baryon fraction and a more extended and bursty SFH than less extended dwarfs
of similar M?.

similar halo and stellar masses, quoting in each panel the re, MR, MHI, M?, HI radius (the
radius at which the HI surface density reaches 1 M/pc2) and baryon fraction relative to the
cosmic one, fb . The difference in properties between the most extreme UDGs (right panels)
and the less extreme, more compact dwarfs (left panels) are striking: galaxies with large re
also have a larger MHI, baryon fraction and HI radius, and more prolonged and persistently
bursty SFH, including a larger fraction of young stellar population, compared to galaxies
with a smaller re. This is because when most of star formation happens in the first 3-4 Gyrs,
feedback can eject significant amounts of gas from relatively shallow potential wells at early
times, resulting in low baryon fractions by z=0. Since gas is expelled at early stages, there
is less gas for ongoing star formation and crucially there is less gas to be expelled from the
inner regions when star formation occurs, being this the key aspect of the mechanism for core
creation. Conversely, galaxies with star bursts occurring after the rapid halo growth phase
has finished are the ones that can keep their gas, which can not escape the deeper potential
well: they have enough gas available at all time to drive DM cores and a spatially extended
stellar distribution, retaining about 50%fb and up to 109M� in HI gas by z=0. This prediction
has been recently confirmed. Using the ALFALFA survey, ∼ 115 isolated HI sources bearing
UDGs have been identified: they are bluer than in clusters, supporting the scenario in which
UDGs form in isolation and then accrete into clusters, and, most importantly, they all have
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large HI radii and are HI-rich relative to their stellar masses [10].

5 Conclusions

State-of-the-art cosmological simulations of isolated galaxies from the NIHAO project, which
include feedback from SNe and massive stars, reproduce a population of Ultra-Diffuse Galax-
ies (UDGs): feedback driven gas outflows give rise to a spatially extended stellar component,
while simultaneously expanding the dark matter halo, leading to the emergence of low surface
brightness dwarf galaxies, or UDGs. Our findings imply that UDGs: i) are dwarf galaxies,
with Mhalo∼1010−11M�, in agreement with recent estimates in clusters and field [2, 15], ii)
are expected to be found in the field, where they should be extremely gas rich, with HI
gas mass ∼107−9M�, as later on demonstrated using the HI ALFALFA survey [10] iii) have
typical distributions of halo spin and concentration, an average Sérsic index of less than one
and dark-matter cores, and iv) the largest UDGs should retain the highest baryon fraction,
largest amount and extent of HI gas, and, interestingly, they should have an high fraction of
young stars. The latter point has recently been demonstrated to be valid for Local Group
dwarfs [13], such that galaxies that stopped forming stars over 6 Gyrs ago favour high central
densities (and small, <1kpc, re), while those with more extended star formation favour dark
matter cores and larger, >1 kpc, re. Nevertheless, the field of deriving reliable SFHs for
UDGs is still in its initial stage. Significant progress has been recently made, using deep op-
tical spectroscopic data from the OSIRIS instrument, in characterising the stellar component
of a sample of UDGs [14]: the recovered SFHs are compatible with both bursty star forming
episodes declining with time as well as with a more gradual decrease in the SFH, making
impossible, at the present stage, to further validate our prediction. In the future, better data
and sophisticated analysis will be necessary to verify the correlation between sizes and extent
of HI gas, SFHs and retained baryon fraction, further supporting our proposed formation
scenario.

Acknowledgments

ADC acknowledges financial support from a Marie-Sk lodowska-Curie Individual Fellowship grant,
H2020-MSCA-IF-2016, Grant agreement 748213 DIGESTIVO. Computational resources were pro-
vided by the High Performance Computing at NYUAD, the THEO cluster at MPIA and the HYDRA
clusters at Rechenzentrum in Garching.

References

[1] Amorisco N. C., Loeb A., 2016, MNRAS, 459, L51

[2] Beasley M. A., Trujillo I., 2016, ApJ, 830, 23

[3] Brook C. B., Stinson G., Gibson B. K., Wadsley J., Quinn T., 2012, MNRAS,424, 1275

[4] Chan T. K., Kere D., Wetzel A., Hopkins P. F., Faucher-Giguere C.-A., El-Badry K., Garrison-
Kimmel S., Boylan-Kolchin M., 2018, MNRAS,478, 906
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Abstract

In order to shed new light on how Milky Way-like galaxies are formed, we analyze the

star formation histories (SFHs) and mass surface density profiles of massive galaxies

(log(M∗/M�) > 10) at 2 < z < 3 in the GOODS-N and GOODS-S fields observed by

the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS). Stel-

lar population parameters are obtained in two-dimensions (2D) by first performing multi-

wavelength photometry using optical and near-infrared broad-band data from HST. Subse-

quently, the observed SEDs are fit to stellar population models attenuated by dust. The

galaxy sample has been divided according to its activity (star-forming vs. quiescent) and

compactness (compact vs. extended). We will discuss the differences in SFH and mass

distribution for each subsample and propose an evolutionary connection among them.

1 Introduction

In general, galaxies increase their mass by gas accretion, travelling within the Main Sequence
[10] until stellar formation ceases because of some feedback mechanism or by gas depletion. At
that moment, they reach a quiescent state, in which their mass might continue increasing by
dry mergers. Nevertheless, we know there is a significant number of massive quiescent galaxies
already in place at high redshift, without any stellar formation [5], [6], and whose number
densities are a challenge to galaxy formation models [11], [9]. Understanding the evolution
between star-forming and quiescent galaxies is essential to improve our comprehension of
feedback processes in massive star-forming galaxies and the evolution of galaxies in general.

In this contribution we will introduce the first preliminary results of our study, intended
to establish an evolutionary connection between massive star-forming and quiescent galaxies
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at high redshift. To do so, we will analyse the stellar populations in 2D of massive galaxies
at 2 < z < 3 using multi-wavelength photometry. We will also briefly introduce our on-
going work focused on improving our analysis by taking into account photometric data with
different spatial resolution.

1.1 Massive galaxy formation and analysis plan

Massive quiescent galaxies are supposed to be formed by two different mechanisms: a fast
track, through which massive Star-Forming (SF) Galaxies at z & 2 first evolve to a compact
starbursting remnant (or blue nugget) by usually very fast, violent, dissipative processes.
Then, the subsequent star-formation quenching in these compact star-forming galaxies trans-
forms them into compact quiescent galaxies (or red nuggets), which increase their size after-
wards by dry mergers and abandon the compact region by z ∼ 1. Alternatively, there is also
a slow track at z . 2, through which normal-sized SF galaxies populate the red sequence by
secular evolution. Fig. 1 shows an schematic view of these two mechanisms [1].

Figure 1: Figure adapted from Barro et al. [1] that shows an schematic view of the two
different ways through which massive quiescent galaxies are formed: early and fast tracks.
The black contour shows the galaxy distribution at low redshift. The four quadrants in the
figure correspond to the galaxy types in our classification: ESF (extended star-forming), CSF
(compact star-forming), EQ (extended quiescent) and CQ (compact quiescent) galaxies.

Our work focuses on studying whether there is a link among galaxy types in the fast
track by analysing their stellar population and morphological properties. In particular, we
will do that by analysing stellar masses and densities to understand the assembly of structures
and the recent star formation locally on star-forming galaxies. Our approach to the problem
includes the study of the global Star Formation Histories (SFHs) of different types of galaxies
(according to their morphology and star formation activity), the analysis of their averaged
surface stellar density profiles and the study of the spatially resolved stellar populations
properties. Directly related to this goal, we will also try to understand the intrinsic and
typical degeneracies of stellar populations synthesis studies.
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2 2D stellar population analysis

The initial galaxy sample was built using the CANDELS/F160W catalog in the GOODS-S
field only considering massive galaxies (M > 1010 M�) at 2 < z < 3. These galaxies were clas-
sified into the three subsamples of interest according to their activity (star-forming vs. quies-
cent) and compactness (compact vs. extended): ESF (extended star-forming), CSF (compact
star-forming) and CQ (compact quiescent) galaxies. Quiescent and star-forming galaxies are
differentiated by a cut in specific SFR (sSFR) in 10−0.5 Gyr−1. Compact galaxies are defined
like [1] as those with Σ1.5 ≡ M/reff

1.5 > 1010.3 M� kpc−1.5. Fig. 2 shows this classification.

Figure 2: Left: selection of our sample and classification. The black lines define the selection
criteria for star-forming (blue) and quiescent (red) galaxies, and for compact and extended
(shaded area). Right: example of a Spectral Energy Distribution (SED) that has two possible
clusters of solutions in the age-τ plane. The red fit corresponds to the median values of the
most significant cluster of the elliptical aperture in the inset (92% of the simulated solutions
belong to this cluster).

Photometry was measured using nine broad-band visible and near-infrared HST filters:
F435W, F606W, F775W, F814W and F850LP in the ACS/WFC [8], and F105W, F120W,
F140W and F160W in the WFC3 [7]. Photometry was measured on each galaxy inside an
aperture defined by its Kron radius and using a grid with size equal to 0.2′′.

The SEDs were compared with the stellar population models of Bruzual & Charlot
(2003) [2], assuming a Chabrier (2003) IMF [4] and a Calzetti (2000) attenuation law [3].
For the SFH, we assumed a time-delayed exponential with a τ star formation timescale,
SFR(t) ∝ t · e−t/τ . Our modelling assumed solar metallicity. We set as free parameters the
masses, ages, τ and A(V ). To study degeneracies, Montecarlo simulations were performed
for each galaxy by allowing the photometric data to randomly vary within their photometric
error and then refitting. The clustering of the solutions in the age-τ plane provided us with
information about what degeneracies we had and about the uncertainty of our solutions.
Fig. 2 right shows an example of a SED-fit with two different clusters in this plane.
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3 Surface stellar density profiles of CQ, CSF and ESF galaxies

Once stellar masses were calculated for different regions in each galaxy, azimutally averaged
surface stellar density profiles were built. Then, we produced average profiles for the different
types of galaxy. Fig. 3 shows the median profiles for the three subsamples. The shaded areas
include 68% of the values. Median surface density values as a function of radius for each
galaxy are also depicted. At the bottom, we show the median profiles normalized by their
maximum value and fit to a Sérsic law [12]. CQ and CSF galaxies show very similar profiles
and are more concentrated than those of ESF galaxies. Additionally, the mass density profiles
for compact galaxies (either quiescent or star-forming) are well described by only one Sérsic
law. This can be interpreted as both types of galaxies having only one mass component,
probably a bulge.

Concerning ESF galaxies, only one Sérsic component is not enough to describe the
mass profile. It can be noticed that while the outer part of the curve could be explained by
an exponential disc, the inner part is better described by the combination of this exponential
component and a second Sérsic component. A possible explanation for that is the presence
of a bulge which is being formed.

Figure 3: Top: surface stellar density profiles for CQ (left), CSF (middle) and ESF (right)
galaxies. Shaded areas include 68% of the values. Median profiles for each galaxy are shown
as coloured circles. Bottom left: median profiles normalized by their maximum value and fit
to a Sérsic law. Bottom right: Median profile for ESF galaxies fit with two Sérsic components.

4 Star Formation Histories of CQ, CSF and ESF galaxies

For each galaxy, the SFH within the global elliptical aperture was built from the age, τ and
mass values corresponding to the best cluster of solutions (Fig. 4 left). The median SFH of
each galaxy type (Fig. 4 right) was calculated from the SFHs of the galaxies in each subsample.
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According to this, CQ galaxies were the first to start their star formation (∼ 1 Gyr ago).
They would have had a very fast and violent star formation peak ∼ 0.7 Gyr ago with a SFR of
∼ 300 M�/yr, being practically dead at present. CSF galaxies would have begun their SFH
∼ 0.7 Gyr ago and their SFR would have been decreasing since then, except for some minor
star formation burst in the last 200 Myr. In contrast, the ESF galaxies would have formed
their stars more recently (in the last ∼ 500 Myr) and their SFR would be approximately
constant (∼ 100 M�/yr) since 200 Myr ago (or slightly decreasing at the moment).

Figure 4: Left: Methodology: SFHs were built from the age, τ and mass values corresponding
to the best cluster of solutions in the age−τ plane for the elliptical aperture of each galaxy.
Right: Median SFH for each galaxy type: CSF (blue), CQ (orange) and ESF (red) galaxies.

5 Discussion: linking blue and red nuggets

Taking into account both the azimutally averaged surface stellar density profiles and the
SFHs of each galaxy type, we could establish a possible evolutionary link among the three
galaxy types. In the first place, the fact that CQ and CSF galaxies show very similar mass
profiles could be explained assuming that CSF galaxies slowly die (or are already dying)
keeping their structure until they become CQ galaxies. This would explain why CQ galaxies
show the oldest mass-weighted ages.

Secondly, ESF galaxies, with a younger stellar population, could be the progenitors of
CSF and CQ galaxies. In order to become a CSF galaxy, ESF systems must have lost their
outer discs and become compact spheroids with intense star formation: CSF galaxies. These
latter systems would reach a quiescent state with an old stellar population: CQ galaxies.

6 Self-consistent spatially resolved stellar populations

We are currently improving our 2D stellar population analysis by using data at lower spatial
resolution, but better spectral resolution, such as photometric data from the SHARDS survey
(OSIRIS@GTC) or spectrocopic data from HST grism. The left panel of Fig. 5 shows a zoom
in the SHARDS zone for the sum of the spectra of each box in the photometric grid (cyan),
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aperture-corrected using the integrated photometry values for our HST bands (blue circles).
The stars are photometric data we have measured for that galaxy in the SHARDS bands.

Our current work is focused on making this sum of the spectra of the boxes in the grid
consistent, not only with the photometric values of SHARDS, but also with the spectrum
measured for the whole galaxy using the HST grism shown in the right panel of Fig. 5, or,
in the future, with ALMA data. Therefore, we would have access to, for example, both
absorption and emission lines to constrain our SED-fits.

Figure 5: Left: zoom in the SHARDS filters spectral range. Sum of the spectra of the boxes in
the grid (cyan) for galaxy GDN-25066, aperture-corrected with integrated photometry values
of HST bands (blue circles). Red stars are photometric data in the SHARDS bands. Right:
spectrum of the whole galaxy from the HST grism. Emission-lines are clearly detected. These
lines could be used to constrain the properties of the most recent star formation in our SFHs.
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Abstract

We calculate the mass-to-light versus color relations (MLCRs) derived from the spatially-

resolved star formation history (SFH) of a sample of galaxies from the integral field spec-

troscopy CALIFA survey. Using full spectral fitting methods we derive the stellar mass

(M?) and combine these results with observed and synthetic colors in optical broad bands.

We obtain the radial structure of the mass-to-light ratio (M/L) at several bands and study

the MLCRs. Our sample covers a wide range of Hubble types, with stellar masses ranging

from M? ∼ 108.4 to 1012 M�.

1 Introduction

Large surveys have shown that stellar mass (M?) is a useful parameter to classify galaxies [22,
9], which in turn is correlated with other global galaxy properties like the stellar mass surface
density (Σ?) [15]. Spatially resolved data has shown that Σ? is a fundamental parameter
that drives the star formation history (SFH) of galaxies [2], while integral field spectroscopic
surveys have found local relations between Σ? and other local parameters such as gas and
stellar metallicity, age or star formation rate [20, 12, 13].

M? and Σ? are key properties of galaxies that cannot be measured directly. Deriving
these quantities from observed data involves stellar populations synthesis (SPS) models. The
most common methods to obtain the relation between light and mass involve: a) modeling
the galaxy spectrum via full spectral fitting [17, 11] or using spectral indices with a library
of parametric star formation histories [16], b) model the spectral energy distribution from
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optical-NIR broadband photometry [23], or c) obtaining the relation between colors and the
mass-to-light ratio at some wavelength:

logM/Lλi = aλi + bλi × (mλj −mλk), (1)

where the bands λi, λj , and λk may be independent, or λi = λj or λi = λk.

Certainly, the M/Lλ-color relation (MLCR) is the simplest method to derive M?, as it
relies on photometry in only two bands.

Most previous works obtain MLCRs based on the integrated M/Lλ [3, 10, 14, 18].
However, galaxies have M/Lλ and color gradients, and the MLCRs can be affected by the
spatial variations. In this work, we use the full spectral synthesis technique, fitting the
spatially resolved optical spectroscopy provided by the CALIFA survey, to obtain the spatially
resolved M/L. Optical colors are measured on observed and on synthetic spectra to explore
the effect from the emission lines on the colors in the MLCR. Because the CALIFA sample
covers all Hubble types, we are able to explore the radial profiles of M/Lλ and their gradient
with galaxy morphology, and their effect on the MLCR.

The sample is selected from the final CALIFA data release [21], with a total of 446
galaxies with the COMB setup, the one used in this work. We group the galaxies into seven
morphology bins: E (65 galaxies), S0 (54, including S0 and S0a), Sa (70, including Sa and
Sab), Sb (75), Sbc (76), Sc (77, including Sc and Scd), and Sd (35, including Sd, Sm, and
Irr).

2 Methodology

We obtain the spatially-resolved SFH of each galaxy to derive the stellar mass surface density
(Σ?) and M?. We follow the same methodology as in previous works (e.g. [12, 13, 11]). In
short, we use starlight [7] to fit the spectrum of each individual spaxel (pixelwise) within
the isophote level where the average signal-to-noise ratio (S/N) ≥ 3, decomposing the spectra
in terms of stellar populations with different ages and metallicities.

We used base CBe, a set of 246 SSPs from [4] models (Charlot & Bruzual 2007; private
communication). The metallicity logZ?/Z� covers from −2.3 to +0.4, while ages run from
1 Myr to 14 Gyr. The IMF is that of [6]. Dust effects are modeled as a foreground screen
with a [5] reddening law with RV = 3.1. The results are then processed through pycasso
(the Python CALIFA starlight Synthesis Organizer; [8, 1]) to produce a multi-dimensional
dataset of spatially resolved stellar population properties. From them, 2D maps of M?, stellar
extinction (AV ), and luminosity, are obtained to derive 2D maps and radial profiles of M/L.

Colors are computed in two alternative ways: a) convolving the CALIFA data cubes
with the SDSS g and r and the Johnson B and V filter responses, and b) convolving the
synthetic data cubes obtained from the (pixelwise) full spectral fitting with filters SDSS
u, g, r, i, z bands and the B, V , R Johnson bands (Syn label).
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Figure 1: Radial profile of M/L for g band (upper panels) and r band (lower panels) stacked
by Hubble type for the observed (left panels) and synthetic restframe spectra (right panels),
with intrinsic (continuous lines) and dereddened luminosities (dashed lines).

3 M/L radial profiles

For each galaxy the radial variation of M/Lλ is obtained by compressing each individual 2D
map in azimuthally averaged radial profiles. The radial distance is expressed in units of the
galaxy’s half-light-radius, a convenient metric.

Figure 1 displays azimuthally averaged radial profiles of M/Lg and M/Lr. They have
been stacked by Hubble type in seven morphological classes. On the left panels, the pro-
files are obtained from the observed spectrum, both not dereddened (continuous lines) and
dereddened (dashed lines). On the right panels we use the M/L images obtained from the
synthetic spectra.

All profiles decrease outwards, with inner regions having larger M/L. The profiles scale
with the Hubble type. At any given distance, M/L is larger for early type galaxies than for
late type spirals. The effect of the extinction is more significant in the central regions of
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Figure 2: Comparison of the relation between restframe color and M/L for different bands for
all galaxies to relations from the literature. The contours represent the density distribution
encompassing 90% and 20% of the points.

intermediate type spirals, in particular in Sb/Sbc.

The effect of emission lines is very small, as can be seen from the comparison between
observed (left) and synthetic profiles (right). For M/Lg (M/Lr) the maximum difference is
around 0.01 dex (0.02 dex) for late type spirals.

4 Spatially-resolved MLCRs

Figure 2 compares a few examples of our empirically calibrated color-log(M/L) relation for
different representative bands to other works found in the literature. The (black) contours
represent the density distribution of the whole sample encompassing the 90% and 20% of the
points. Our spatially resolved MLCRs fits are plotted in solid black lines. All relations have
been scaled to our Chabrier IMF.

One of the first linear color-log(M/L) methods was developed by [3], based on on [4]
SPS models using dust-free single exponential SFH libraries. As already noticed by later
works, the [3] relations present large discrepancies. They strongly deviate towards lower
values of M/L, with differences of a few dex in some filters (e.g. g − i).
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Later works have compiled new MLCRs using different ingredients and methods. For
example, [14] disc galaxy models runs very close to ours, except for g− i, which overestimates
M/L by ∼ 0.15 dex as compared to our results.

Relations by [18] and [24] also run close to our values, although the later has some
discrepancies in the M/Li − (g − i), particularly in the M/Li − (g − i) combination for low
M/L ratios.

Finally, the [23] relation, calibrated using SDSS ugriz multi-band photometry of a large
sample of galaxies, diverges from our relation in the M/Li− (g− i) plane for medium to large
M/L values, i.e. intermediate and early type galaxies.

5 Conclusions

Our results are in agreement with previous results based on integrated M/L and colors of
galaxies, with M/Lg and M/Lr being remarkably similar to the results from [24], [14], and
[18]. In the plane M/Li − (g − i) there is more dispersion, but our results are similar to [18]
and they are in between [24] and [14] for (g-i) < 1, and [23] and [14] for redder colors. In
the plane M/Lr − (u − i) our relation is in between [3] and [24]. In the M/LV − (B − V )
plane, our results are in perfect agreement with [18], and very close to [24]. The relation
M/LB − (B − V ) is very tight and all the results, ours included, agree very well, with the
exception of [3].

The values of the slope and intercept of the MLCRs for all bands, for the whole sample
and with different morphological bins, can be found in our webpage http://pycasso.iaa.

es/ML.
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[12] González Delgado, R. M., Pérez, E., Cid Fernandes, R., et al. 2014, A&A, 562, A47
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Abstract

We study the angular statistical properties of maps of galaxy redshifts as computed as the
average weighted redshift of all galaxies falling in the same sky pixel. The choice for this
weights is a Gaussian centered upon some input redshift zobs and with a typical width σz in
the range 10−2–10−1. At each position of the sky n̂, this defines an angular map of redshifts
given by z(n̂) = z̄+ δz(n̂). We predict the angular power spectrum of such angular redshift
fluctuations (ARF), for every generic choice of zobs and σz, under cosmological linear per-
turbation theory. We find that ARF are sensitive to the underlying cosmological density
and radial peculiar velocity fields, providing a tomographic description of those fields which
does not rely upon any fiducial cosmological model converting redshifts into distances. The
ARF are also found to provide additional cosmological information on top of that provided
by angular galaxy density fluctuations (ADF), while behaving much more robustly in the
presence of systematics biasing the observed number of galaxies. These theoretical predic-
tions are confirmed when comparing to the outcome of 100 COLA numerical simulations,
which also quantify the impact of non-linear evolution at different angular scales and cos-
mological epochs. When applying our formalism on the BOSS DR12 spectroscopic galaxy
sample, we obtain unprecedented tomographic and very competitive measurements on the
galaxy bias and growth rate for the LOWZ and CMASS galaxy samples.

1 Introduction

For the last twenty years different efforts have been scanning the universe wider and deeper,
attempting to gain insight on the processes of the expansion of the universe and the growth of
structure therein [2, 11, 1, 5]. These processes encode precious information of the (arguably)
largest enigmas in current fundamental physics: the nature of dark matter and dark energy.
According to the standard cosmological model, the former is the dominant form of matter
in the universe (about 5 times more abundance than standard, baryonic matter), while the
latter constitutes a repulsive form of energy amounting to roughly 70 % of the total energy
budget in the universe [9].
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These two problems are, at the same time, coupled to other open questions in physics:
is Einstein’s theory of gravity correct on the largest cosmological scales? How much room
is there left for alternative theories of gravity? What is the weight and hierarchy of the
neutrinos? Are there other light particle species in the universe? Can we test extensions of
the particle physics standard model with astrophysical and/or cosmological observations?

In this very exciting context, it becomes essential to develop techniques that assure
an unbiased and quasi-optimal extraction of cosmological information out of the data. Cur-
rently, standard techniques compute the 2- and 3-point statistics of the spatial and/or angular
density of galaxies, which are seen as biased samplers of the underlying matter density field.
Since the only proxy for the distance to those galaxies is the observed redshift, it is custom-
ary to map the galaxies’ angular and redshift coordinates into the tridimensional space. This
process, however, requires the assumption of an underlying cosmological (fiducial) model that
enables the mapping between the (observed) redshift and the corresponding distance to the
galaxies. In this mapping, the contribution of the galaxies’ radial peculiar motion becomes
visible through the so-called redshift space distortions (RSD). These peculiar velocities are
triggered by gravity, and thus provide information on the growth of structure at each cos-
mological epoch. Measuring these velocities accurately has implications not only for gravity,
but also for dark energy studies and investigations towards the presence of additional light
particle species in the universe.

Here we introduce a novel method to probe the cosmological density and radial peculiar
velocity fields that (i) works in a tomographic way, providing a measurement for each choice
of cosmological redshift, (ii) does not rely upon the assumption of any fiducial cosmological
model, and (iii) is particularly robust with respect to systematics biasing the observed number
density of matter tracers (galaxies, QSOs, etc).

2 The Angular Redshift Fluctuations (ARF)

The ARF are based upon the estimation of the average redshift, within a given sky pixel, of all
galaxies falling in that pixel after assigning them a Gaussian weight. Such Gaussian weights
are adopted to be of the form Wj ≡ exp−(zj − zobs)2/(2σ2z), where zj is the observed redshift
of the j-th galaxy, and zobs and σz are the observer’s choices for the central redshift and
redshift width with which conducting the analyses. In this way, for a given sky position/sky
pixel n̂, the ARF would be computed as

δz(n̂) =

∑
j∈n̂Wj(zj − z̄)
〈
∑

j∈n̂Wj〉n̂
. (1)

The sum in the numerator goes through all galaxies falling within a pixel centred upon n̂,
and z̄ stands for the average redshift of the sample under the same Gaussian width in the
entire footprint of the survey, z̄ = (

∑
j Wjzj)/(

∑
j Wj). Finally, the brackets 〈...〉n̂ denote

angular averages over the same footprint of the galaxy survey.

As shown in [6], it is easy to show that, at first order, the ARF field is sensitive to
both the matter density and the radial peculiar velocity fields under the Gaussian redshift
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windows:

z̄+δz(n̂) = F [zH ]+F [bgδm (zH−F [zH ])]+F
[
v · n̂
c

(1+zH)

(
1−d logW

dz
(zH−F [zH ])

)]
+ O(2nd),

(2)
where F [g] denotes the (normalized) integral of function g under the Gaussian redshift win-
dow, bg refers to the galaxy bias, zH is the Hubble flow redshift, and v is the proper peculiar
velocity vector.

The kernels are such if either the matter density δm or the line-of-sight velocity are
constant under the Gaussian window, then they do not contribute to the ARF: for δm, the
kernel is very close to a line-of-sight dipole/gradient, while for the line-of-sight velocity the
kernel is sensitive to smaller scale radial variations. Interestingly, for small values of σz
(σz 10−2), these kernels are practically orthogonal to the corresponding kernels of the galaxy
number angular density fluctuations (hereafter ADF), that are given by

δg(n̂) = F [bgδm ] + F
[
v · n̂
c

(1 + zH)
d logW

dz

]
+ O(2nd). (3)

This means that the ARF provide complementary information to that provided by
ADF. Furthermore, it is also worth mentioning that, due to the peculiar gradient-like form
of the kernel for the δm term, the ARF are highly correlated to the line-of-sight projected
peculiar velocities under the Gaussian redshift shell, making the ARF an ideal proxy for radial
peculiar velocities at any redshift. This permits cross-correlating ARF maps with other
maps containing information about radial peculiar velocities, like CMB maps containing
contribution from the kinetic Sunyaev-Zeldovich effect (see [4] for first application of this
methodology on CMB data from the Planck experiment).

Finally, if at the time of conducting any given galaxy survey the observed number of
galaxies in a given region of the sky is biased due to either multiplicative (γ) or additive
(ε) systematics, ng,obs = γ(ng + ε), then it is easy to prove that the resulting ARF will
be biased only by the additive systematics if these change significantly under the (usually
narrow) redshift Gaussian window shell, δzobs = δz + F [ε(z − z̄)]. Otherwise, the impact of
systematics biasing the ADF cancels at leading order for the ARF.

3 Comparison to numerical simulations

In order to asses the correctness of the equations outlined in the previous section, we compare
those equations with the output of 100 quick numerical simulations computed with the COLA

algorithm [8]. These simulations were run on a 3 Gpc box, with 10243 particles under a set
of cosmological parameters compatible to Planck observations [9], see [3] for further details.
For each of these simulations, a lightcone providing the position and peculiar velocity for
each particle was computed, and the resulting comparison is shown in Fig. 1. In the left
set of panels in Fig. 1 we provide the raw comparison of the average of the angular power
spectra (Cls) from the COLA simulations (solid lines in top panels) with the linear theory
expectations (dashed lines). This comparison is conducted at zobs = 0.5 and σz = 0.01.
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Figure 1: Left set of panels: Comparison of measured angular power spectra Cls from
theory and COLA simulations. The left panels refer to ARF, while the right panels to
ADF. Bottom panels display relative errors. Black and red colors refer to real and redshift
space, respectively. This comparison is conducted for a Gaussian redshift shell centered upon
zobs = 0.5 and width σz = 0.01. Right set of panels: Comparison of measured angular
power spectra Cls as in the left set of panels, but after introducing a correction for non-linear
velocities as a thermal, Gaussian PDF of σth = 1 500 km s−1.

The dotted lines display the linear theory expectations suppressed by 5 %. Red color denote
results obtained in redshift space (i.e., the selection of the particles under the Gaussian
redshift window takes into account the particles’ peculiar velocities), while the black lines
are obtained in real space, after nulling the particles’ peculiar velocities. In both plots, the
left panels refer to ARF angular power spectra, while the right panels to the angular power
spectra of ADF. We can see that, in the left two panels of Fig. 1, the comparison of the
angular power spectra in real space (black color) is very good: the bottom panels (providing
the relative error) show that differences between the theory and the average output of the
simulations is at the level of a few percent, as expected from the number of COLA simulations.
In redshift space, however, the situation is different: the velocities seem to drive the Cls for
ARF systematically below the linear theory expectation by ∼ 5 %. This low bias is not so
evident for ADF, and is absent for wider choices of σz, σz > 0.02, and higher values of zobs.

It turns out that this low bias is due to non-linear, thermal peculiar velocities of the
particles in the simulations, caused by non-linear gravitational growth of structures, affecting
preferentially small spatial scales and later epochs/lower redshifts. This can be easily mod-
eled by a Gaussian distribution function of the type P ∝ exp−v2los/(2σ2th), with the value of
the thermal broadening in the radial velocity distribution function being a fit from numerical
simulations. In the right set of panels in Fig. 1 we show that adopting σth = 1 500 km s−1

provides a satisfactory fit in all multipoles up to l ∼ 150, where the impact of other non-
linearities become dominant. The value of σth = 1 500 km s−1 is indeed higher than expected
for typical thermal motions of particles at zobs = 0.5. This effective value of thermal broad-
ening also includes the smearing of anisotropy due to the fact that galaxies/particles are
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Figure 2: Preliminary measurements of the bias and growth rate for the LOWZ and CMASS
galaxy samples of Data Release 12.

selected in redshift space: for a finite particle number density, the selection of particles under
the Gaussian redshift modifies the anisotropy pattern, and this (un-modeled) effect is more
important for narrow redshift shells.

4 First application to real data and conclusions

We use the Data Release 12 of the BOSS collaboration for testing the proposed methodology.
In particular, we focus on both the LOWZ and CMASS galaxy samples, which contain more
than 1.2 million galaxies in a footprint covering almost a quarter of the sky (fsky ≈ 0.23).
We compute both the ADF and the ARF, but find that the former, on the large angular
scales, are dominated by spurious power that is known to be caused predominantly by the
blinding induced by stars at the moment of target definition (see, e.g., [10], for one of the
first works addressing systematics in BOSS data). We see that the ARF are, instead, pretty
immune to these systematics, and find no clear evidence for excess power. These confirms
our expectations that ARF are more robust against systematics, as outlined above.

We conduct ARF tomography throughout the redshift range sampled by the LOWZ and
CMASS samples, providing measurements of the galaxy bias bgσ8 and the velocity growth
factor fσ8 after combining our measurements with those of the Planck experiment. We
display our results in Fig. 2, which is obtained after combining the information for ARF
measurements with σz = 0.01 and 0.05. Our bias and velocity measurements are compatible
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with previous estimates of the BOSS collaboration, although ours constitute the first tomo-
graphic estimations with unprecedented redshift resolution. We are currently polishing these
measurements, and exploring the possibility of constraining dark energy and the nature of
gravity with these data (see [7] for further details).

The ARF constitute a new cosmological observable which is sensitive to both the den-
sity and radial velocity fields. It works in a tomographic way, its phases are correlated to
those of the projected radial velocities, and is particularly robust against systematics biasing
the observed number density of galaxies. Its application on real data is currently providing
competitive measurements of the growth rate of the universe. Future prospects for this ob-
servable include (but are not limited to) measurements of fNL, the parameter accounting for
local-type non-Gaussianity during inflation, the presence of light particle species, relativistic
corrections (including gravitational potential shifts), or its application in Lyman-α or in HI
21 cm surveys.
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2018, Physical Review Letters, (in preparation).

[8] Koda, J., Blake, C., Beutler, F., Kazin, E., & Marin, F. 2016, MNRAS, 459, 2118

[9] Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2016, A&A, 594, A13

[10] Ross, A. J., Ho, S., Cuesta, A. J., et al. 2011, MNRAS, 417, 1350

[11] Wakamatsu, K., Colless, M., Jarrett, T., et al. 2003, The Proceedings of the IAU 8th Asian-Pacific
Regional Meeting, Volume 1, 289, 97



Highlights on Spanish Astrophysics X, Proceedings of the XIII Scientific Meeting of the Spanish 
Astronomical Society held on July 16 – 20, 2018, in Salamanca, Spain. B. Montesinos,  A. Asensio Ramos, 
F. Buitrago, R. Schödel, E. Villaver, S. Pérez-Hoyos, I. Ordóñez-Etxeberria (eds.), 2019 
 

Lightening up Dark Galaxy candidates beyond
redshift 3 with MUSE.

Raffaella Anna Marino1, Sebastiano Cantalupo1, Simon Lilly1 and the MUSE
collaboration.
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Abstract

Theoretical models suggest that each galaxy pass through a ’dark galaxy’ phase of formation

that involves an epoch when galaxies are gas-rich but inefficient at forming stars. Here, I

present the new results published in Marino et al. 2018 on the search for dark galaxies at high

redshift (z > 3) from the analysis of six MUSE (Multi Unit Spectroscopic Explorer) deep

fields. In particular, we take advantage of the quasar-induced fluorescent Lyman α emission

to detect and study these otherwise invisible objects to our optical telescopes. In addition,

contrary to previous studies based on deep narrow-band (NB) imaging, our integral field

survey has several advantages including a nearly uniform sensitivity coverage over a large

volume in redshift space as well as full spectral information at each location. Specifically,

in Marino et al. 2018, we study the rest-frame equivalent width (EW0) distributions of the

Lyα sources detected in proximity to the quasars and in control samples. We find a clear

correlation between the locations of high EW0 objects and the quasars. This correlation is

not seen in other properties such as Lyα luminosities or volume overdensities, suggesting

their possible fluorescent nature. Our main result is the discovery of 8 Lyα sources without

continuum counterparts and EW0 limits larger than 240 Å that, so far, are the best and

only candidates for dark galaxies at z > 3.

1 Introduction

A substantial effort, both observationally and theoretically, has been done in the past decade
with the aim to characterize the fuel for the formation of the first stars, i.e. the cold gas
(T∼ 104 K) surrounding the galaxies. However, due to small sample sizes and technical
limitations of the current facilities [9], our knowledge about the nature of the Intergalactic
Medium (IGM) and Circumgalactic Medium (CGM) at high redshift (z > 3) is still limited.

Theoretical models have suggested the existence of a primordial phase (which is almost
optically dark) in galaxy formation where gas-rich galaxies reside in low-mass halos (e. g.,

140
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Figure 1: Composite pseudo−color images of the MUSE fields. The RGB colors correspond
to the V-, R-, and I-band images obtained from the MUSE datacubes. Each image is 60”×60”
and the red cross indicates the AGN/QSO location. North is up and East is left.
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Figure 2: MUSE high−z EW0(Lyα) distribution versus the spectral distance (velocity)
from the QSO. Blue and red symbols represent those LAEs detected in the control samples,
while green symbols indicate the LAEs closer to the QSO. Diamonds symbolize those LAEs
with continuum counterparts, and with the arrows the lower limit (at 1σ) EW0 values for
continuum undetected LAEs are plotted. The QSO velocity position (plus the 1σ error) is
shown with the shaded yellow area. The horizontal dashed line denotes the EW0 threshold
(240 Å) for the Dark Galaxy candidates.

[8, 12, 13]) with very low star formation efficiencies (SFEs=SFR/Mgas< 10−11 yr−1). This
less efficient star formation phase of the IGM gas at high redshift could depend on several
factors, including the metal-free gas present in the environment at that epoch, the H2 self-
regulation effect or the reduced CGM cooling rate [5].

Different approaches have been taken to further investigate this dark phase of galaxy
formation in the literature, but in most of the studies conducted so far, the proto-galactic
phase preceding the first spark of star formation (SF) has been poorly constrained. The
different methods that have been used in the past to try to detect the “starless” IGM gas,
are summarized in [15]. In our case, we make use of the QSO-induced fluorescent Lyα
emission that can locally boost the signal from dense and otherwise optically-dark gas clouds
by orders of magnitude [10, 3, 6, 11, 16] acting as a flashlight on its surroundings. Moreover,
we use an alternative approach to narrow band imaging to search for the fluorescent Lyα
emission, by using the MUSE instrument [1]. MUSE has several advantages over previous
instrumental techniques: (1) homogeneous data quality, (2) large wavelength range (which
means a large cosmological volume) and (3) provides 2D information for robust analysis,
enabling us to investigate how the IGM gas is converted into stars. More importantly, the
use of Integral Field Spectroscopy (IFS) provides the ability to build control samples under
the same instrumental and observational conditions, as well as data reduction and analysis
techniques, with respect to the main dataset.

2 Data and Analisis

In Marino et al. 2018, we study six QSO medium-deep (∼ 10 hr each) fields at z > 3 part
of MUSE Guaranteed Time Observation (GTO) program. The observations comprise 270
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exposures (≈ 65 hours) in total. Each MUSE datacube is made of 321× 328 spaxels with
a sampling grid of 0.2”× 0.2”× 1.25 Å yielding ∼ 90,000 spectra per frame. The composite
pseudo-color images computed from the MUSE datacube combining the broad V-, R- and
I-band images are shown in Figure 1.

The reduction of all 65 hrs of the MUSE data was performed using both the latest
version of the ESO MUSE Data Reduction Software (DRS, pipeline version 1.6, [18]), com-
plemented with the CubExtractor package (CubEx hereafter; Cantalupo, in prep.). We use
the DRS routine MUSE scibasic for the master-bias, the master-flat, the twilight and illumi-
nation corrections, and wavelength calibration. The individual datacubes are created with
the MUSE scipost routine after performing the flux calibration, together with the geometry
and astrometry corrections. Next, we performed the post-processing using several routines
of the CubEx package in order to improve the automatic flat-fielding correction, the pipeline
sky subtraction and to combine the different exposures into the final datacubes (see [15] for
further details). The analysis of the six fields comprises the Point Spread Function (PSF)
subtraction, to ensure minimum contamination from the QSO PSF in our LAEs detection as
well as the subtraction of the brightest foreground continuum sources, again using the CubEx

tools. Subsequentaly, we build three different sub-cubes from each datacube with the same
spectral width 200 Å (or 160 spectral pixels). The on-source datacube is centered on the QSO
Lyα wavelength. Two control sample adjacent to the on-source datacube were extracted on
the blue and red sides. We blindly implemented 3D source detection on the 18 reduced and
post-processed datacubes using CubEx with the same threshold parameters ((i) a minimum
of 40 connected voxels above a (ii) signal-to-noise ratio (SNR) threshold of 3.5 and (iii) a
SNR measured on the Lyα emission line from the 1D extracted spectrum above 4.5). Finally,
we obtained a full catalog of ∼ 200 line emitters automatically detected in the on-source and
control sample datacubes over the six MUSE fields. Specifically, in a total volume of ∼ 90
physical Mpc3, we found 186 LAEs, 25 [O ii], 13 [O iii] emitters and 8 AGN candidates.

3 Lyα equivalent width distribution

Here we only present the equivalent width (EW) results because of space limitation and the
reader is referred to the original paper for a complete overview of the dark galaxies results
[15]. In order to compute the rest-frame equivalent width, EW0(Lyα), of our targets, we
decide to follow two different approaches depending on the detection (or not) of our LAE in
the continuum image. A LAE is defined as continuum detected (CD) if its continuum flux
measured within the PSF size aperture is higher than 3 times the standard deviation, i.e. the
local noise std, of the continuum image otherwise the LAE is considered continuum undetected
(CU). Of the 186 LAEs selected in our sample, 54% were undetected in the continuum. In the
case of the continuum detected LAEs, we used the matched-aperture approach as in [6] while
for those LAEs undetected in the continuum image, we used the PSF−aperture approach
(see [15] for a detailed description of the EW0(Lyα) measurements).

In Figure 2, we present the measured EW0(Lyα) values and limits as a function of the
distance (velocity) from the QSO of the high redshift sample (i. e. Q1317, Q0055, Q1621,
Q2000 fields at z > 3.2). The vertical yellow shaded area marks the position of the QSO.
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Figure 3: Dark Galaxy candidates detected in the MUSE high−z fields. For each DG, a
zoom in of the MUSE spectrum around the observed Lyα emission wavelength, the MUSE
Lyα pseudo narrow−band images and the continuum broad−band image obtained from the
MUSE datacube are shown. The position of the candidate is marked by the red circle. In
each panel North is up and East is left. Plate scale is 0.2”/pix.

The CD LAEs are shown with diamond symbols while the arrows represent the lower limit
EW0(Lyα) estimations for the CU LAEs. Green colors indicate the LAEs detected in the
on-source (QSO) samples, while the blue and the red ones represent the control samples. The
horizontal dashed line at 240 Å denotes the EW0(Lyα) limit expected for galaxies with PopII
stellar population ([7, 14]). In all MUSE high−z fields we clearly see a higher occurrence of
objects with EW0(Lyα)> 240Å closer to the QSOs rather than in the control samples.

In particular, for the MUSE high−z fields we found that 8 LAEs present a lower limit
on their EW0(Lyα) larger than 240 Å, and 6 of them are observed in proximity of the quasars.
In Figure 3, we show the spectra and postage stamps of these 6 high EW0 objects, a.k.a Dark
Galaxies, detected in the high redshift samples.

4 Conclusions

Making use of medium-deep (∼ 10 hr) MUSE GTO observations around five bright QSOs
and one Type-II AGN, we have searched for fluorescently illuminated Dark Galaxies at z >
3.2 among Lyα emitters in proximity of the quasars. Within a volume of 90 physical Mpc3,
we have detected ∼ 200 line emitters. We estimated their EW0(Lyα) in a homogenous way
among the main and the control samples using two different approaches depending on the
detection in the continuum of each source. In particular, we found 11 objects with EW0(Lyα)
lower limits larger than 240 Å. The analysis of the EW0(Lyα) distribution revealed that
these high EW0 LAEs tend to preferentially reside within ∼ 104 km/s from the quasar
systemic redshift. This excess of high EW0 sources correlated with distance from the quasar
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is completely consistent with the expectations of quasar fluorescent illumination (e.g., [2, 6, 4,
17]). Therefore, the 8 LAEs with EW0(Lyα)> 240 Å and without the continuum counterpart
located in close proximity of the QSOs represent the best and only candidates up to date for
Dark Galaxies at z > 3 (see Marino et al. 2018 for more details).
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Abstract

Mergers and tidal interactions between massive galaxies and their dwarf satellites are a

fundamental prediction of the Lambda-Cold Dark Matter cosmology. These events are

thought to influence galaxy evolution throughout cosmic history and to provide important

observational diagnostics of structure formation. Stellar streams in the Local Group are

spectacular evidence for satellite disruption at the present day. However, constructing a

significant sample of tidal streams beyond our immediate cosmic neighborhood has proven

a daunting observational challenge and their potential for deepening our understanding of

galaxy formation has yet to be realized. Over the last decade, the Stellar Tidal Stream

Survey has obtained deep, wide-field images of nearby Milky-Way analog galaxies with a

network of robotic amateur telescopes, revealing for the first time an assortment of large-

scale tidal structures in their halos. I discuss the main results of this project and future

plans for performing dynamical studies of the discovered streams.

1 Stellar Tidal Streams as Galaxy Formation Diagnostic

Within the hierarchical framework for galaxy formation, the stellar bodies of massive galaxies
are expected to form and evolve not only through the inflow of cold gas, but also the infall and
successive mergers of low-mass, initially bound systems. Commonly referred to as satellites,
they span a wide mass range and consist of dark matter, gas, and, in most cases, stars. While
the interaction rate is expected to drop to the present-day epoch, numerical cosmological
models, built within the Λ-Cold Dark Matter (LCDM) paradigm (e.g. [3]; [4]), predict that
such satellite disruption still occurs around all massive galaxies. As a consequence, the stellar
halos of these galaxies should contain a wide variety of diffuse structural features, such as
stellar streams or shells, that result from interactions and mergers with dwarf satellites.
The most spectacular cases of tidal debris are long, dynamically cold stellar streams, formed
from a disrupted dwarf satellite, that wrap around the host galaxy’s disk and roughly trace
the orbit of the progenitor satellite. Although these fossil records disperse into amorphous

146
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Figure 1: Expected ‘halo streams’ around a Milky Way - like galaxy from the Auriga cos-
mological simulations ([9]). The panels show an external perspective of several realizations
of a simulated galaxy within the hierarchical framework, with streams resulting from tidally
disrupted satellites. They illustrate a variety of typical accretion histories for Milky Way-type
galaxies. Each panel is 300 kpc on a side. The different rows show theoretical predictions
for detectable tidal features in each halo model, assuming three different surface brightness
(SB) limit detection limits (A: µlim = 31, B:µlim = 25 and C: µlim = 28 mag/arcsec2).
This suggests that the number of tidal features visible in the outskirts of spirals varies
dramatically with the SB limit of the data, with no discernible sub-structure expected for
surveys with SB limits brighter than ∼ 25 mag/arcsec2 (e.g. POSS-II and SDSS).

clouds of debris (through phase-mixing) in a few Giga-years, LCDM simulations predict that
stellar streams may be detected nowadays, with sufficiently deep observations, in the outskirts
of almost all nearby galaxies.

The detection of these faint tidal remnants is a ubiquitous aspect of galaxy forma-
tion that has not yet been fully exploited, mainly because they are challenging to observe.
Although the most luminous examples of diffuse stellar streams and shells around massive
elliptical galaxies have been known for many decades, recent studies have showed that fainter
analogues of these structures are common around spiral galaxies in the local universe, includ-
ing the Milky Way and Andromeda ([2]; [10]). These observations provide sound empirical
support for the ΛCDM prediction that tidally disrupted dwarf galaxies could be important
contributors to the stellar halo formation in the Local Group spirals.

While stellar streams in the Milky Way and Andromeda can be studied in detail,
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Figure 2: Luminance filter images of nearby galaxies from the Stellar Tidal Stream Survey
showing large, diffuse light structures in their outskirts. A color inset of the disk of each galaxy
has been overplotted for reference. An illustrative comparison of some of these features to
the surviving structures visible in cosmological simulations is given in [14] (their Fig. 2). The
typical surface brightness (r-band) of these streams is as faint as 26 mag/arcsec2. All these
images were taken with robotic amateur telescopes with an aperture range of 0.1–0.5-meter.

comparison with cosmological models is limited by ‘cosmic variance’, the differences in the
individual dynamical pre-histories of overall similar galaxies. A search for analogues to these
galactic fossils in a larger sample of nearby galaxies is required to understand if the recent
merging histories of the Local Group spirals are ‘typical’, an issue that remains unclear.
However, in contrast to detailed predictions from simulations, the observational portrait of
minor accretion events is far from complete, owing primarily to the inherent difficulty of
detecting low surface brightness features. The current LCMD numerical simulations can
guide this quest for star-stream observational signatures (e.g. [12]; [4]). Recent simulations
have demonstrated that the characteristics of sub-structure currently visible in the stellar
halos are sensitive to recent (0-8 Gyr ago) merger histories of galaxies, over a timescale that
corresponds to between the last few tens of percent of mass accretion for a spiral galaxy
like the Milky Way. These models predict that a survey of ∼100 parent galaxies reaching
a surface brightness of ∼29 mag/arcsec2 would reveal many tens of tidal features, perhaps
nearly one detectable stream per galaxy. However, a direct comparison of these simulations
with actual observations is not yet possible because no suitably deep data sets exist.
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Figure 3: (Panel A): The complex tidal structures of the halo of NGC 5866 (together with
a tidal disrupted satellite), detected for the first time in our pilot survey in 2010, revisited
with a modern commercial CCD camera in 2018. Image taken by Adam Block with the
Mount Lemmon 0.8-m telescope. (Panel B): An example of very faint diffuse light detected
around NGC 4569 (top panel) associated to the presence of ionized gas emission in its halo,
as revealed in our follow-up deep Hα imaging (red color in the image displayed in the bottom
panel). Both images were taken with a 0.5-m telescope by Mark Hanson.

2 The Stellar Stream Survey: the first decade

Stellar tidal streams around nearby galaxies cannot be resolved into stars with our modest
telescopes and thus appear as elongated diffuse light regions that extend over several arc
minutes as projected on the sky. Our survey has established a search strategy that can
successfully map such tidal streams to extremely faint surface brightness limits. Their typical
surface brightness is 26 mag/arcsec2 or fainter, depending on the luminosity of the progenitor
and the time they were accreted ([11]). Detecting these faint features requires very dark sky
conditions and wide-field, deep images taken with exquisite flat-field quality over a wide
region (> 30 arcmin) around the targets.

The observations of the Stellar Tidal Stream Survey (STSS) are conducted with ten
privately owned observatories equipped with modest-sized telescopes (0.1-0.8-meter) equipped
with a latest generation astronomical commercial CCD camera and located in Europe, the
United States and Chile. Each observing location features spectacularly dark, clear skies
with seeing below 1.5”. The survey strategy strives for multiple deep exposures of each
target using high throughput clear filters with near-IR cut-off, known as luminance (L) filters
(4000 Å< λ <7000 Å) and a typical exposure times of 7-8 hours. Our typical 3-σ SB detection
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limit (measured in random 2” diameter apertures) is ∼ 28 and 27.5 mag/arcsec2 in g and
r respectively, which is approximately two magnitudes deeper than the Sloan Digital Sky
Survey (SDSS) DR8 images.

We have devised a set of straightforward sample selection criteria similar to that used
in the SAGA survey ([7]): isolated Milky Way analog galaxies within 40 Mpc that have an
K-band absolute magnitude MK < -19.6 and lying more than 20 degrees above the Galactic
plane (avoiding cirrus dust and high stellar density fields). The luminosity range was selected
to ensure that our sample included a significant number of Milky-Way analogue systems.
Several targets that satisfied this criteria were not included, such as galaxies lying less than
20 degrees from the Galactic plane or galaxies with clear signatures of current major mergers.

Our observational effort has also revealed previously undetected stellar streams thus
making it the largest sample of tidal structures outside the Local Group. The most conspic-
uous examples are displayed in Figure 2. Our collection of galaxies presents an assortment
of tidal phenomena exhibiting striking morphological characteristics consistent with those
predicted by cosmological models. For example, in addition to identifying great-circles fea-
tures that resemble the Sagittarius stream surrounding our Galaxy (e.g NGC 5907, [13]), our
observations uncovered enormous structures resembling an open umbrella that extends tens
of kilo-parsecs into the halos of the spiral. These structures are often located on both sides of
the host galaxy, and display long narrow shafts that terminate in a giant shell of debris (e.g.
NGC 4651; [6]). We have also found isolated shells, giant clouds of debris floating within
galactic halos, jet-like features emerging from galactic disks and large-scale diffuse structures
that are possibly related to the remnants of ancient, already thoroughly disrupted satellites.
Together with these remains of possibly long-defunct companions, our data also captured
surviving satellites caught in the act of tidal disruption, displaying long tails departing from
the progenitor satellite. We also detected a stellar tidal stream in the halo of NGC 4449, an
isolated dwarf irregular galaxy analogue to the Large Magellanic Cloud ([15]). This appears
to be the lowest-mass primary galaxy with a verified stellar stream so far. This discovery
suggests that satellite accretion can play a significant role in building up the stellar halos of
low-mass galaxies, and possibly triggering their starburst.

Our current sample so far comprises ∼ 50 confirmed stellar streams with a large variety
of morphological types.1 The promising results of this foray advocate a comprehensive study
of tidal streams in the nearby universe and a more insistent attention to this brand new way
of understanding galaxy formation.

3 Future Plans

The Stellar Tidal Stream Survey has yielded so far an unprecedented sample of bright stellar
streams in nearby spiral galaxies, including the discovery of observational analogues to the
canonical morphologies found in cosmological simulations of stellar halos. This offers a unique

1Only three external tidal streams were known when the pilot survey started in 2007. We also found a
large number of negative detections, in agreement with the estimated low frequency of streams at this low
surface brightness regime ([16]).
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Figure 4: (Top panel): N-body simulations of the multiple wraps of the NGC 5907 tidal stream
([13]). Different colors correspond to the escape time of the particles. All the visible structure
is explained by the destruction of a single satellite accreted ∼ 3.5 Gyr ago. (Bottom panel):
A spray-particle model fitting to our luminance-filter image of the NGC 1097 tidal stream [1].
The stellar material shedded by the progenitor is modelled using a purposely tailored modifi-
cation of the particle-spray method ([8]). This technique faithfully reproduces the debris of an
N -body disruption by ejecting particles from the Lagrange points of the progenitor, allowing
to model the disruption in a few CPU-seconds.The best-fitting model quantitatively repro-
duces the remnant location and the X-shape of the four ‘plumes’. The normalized residuals
of that model to the surface brightness data shows that the peculiar perpendicular (‘dog-leg’)
stream morphology can only be reproduced if rotation of the dwarf progenitor is included.
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opportunity to study in detail the apparently still dramatic last stages of galaxy assembly in
the local Universe and to probe the anticipated estimates of frequency of tidal stellar features
from the LCDM paradigm for MW-sized galaxies.

These discoveries have also enabled first qualitative tests with predictions from N-body
models of galaxy disruption/accretion (see Figure 4) based only on the fitting of the sky-
projected features available from the imaging. Dynamical analysis of these tidal structures
can provide unique views of the dark matter halos (and asymmetries) of their host galaxies.
The main degeneracy of modelling streams with imaging data alone is between the orbit
and the inclination. Even just a handful of individual kinematic line-of-sight velocities in
different parts of the streams can break that degeneracy, especially if the streams has more
than a single wrap and if the velocities are on opposite sides of the host galaxy. In fact,
the properties of the host galaxy that we can constrain depend on the morphology of the
streams. Assuming some kinematics is available, radial streams (’umbrellas’) are useful to
probe the dark matter density profile and slope on very extended radial intervals, from the
centre to almost the virial radius of the host galaxy. This is shown in the analysis of the
NGC 1097 tidal stream ([1]; see Figure 4 upper panel), whose stream is sufficiently unique
that one kinematic point alone (the progenitor) was enough. Great circle streams (like NGC
5907; see Figure 4 top panel) with kinematics can probe the shape of the dark matter halo.
Dark matter halos are expected to be triaxial and a large stream sample will allow to test this
with a statistical measurement of the shapes of the dark matter halos in the local Universe.

To obtain radial velocities of individual tidal debris stars around nearby galaxies is
not yet feasible with the current ground-based facilities. The current state-of-the-art for
spectroscopic follow-up of these features is given by the recent study of the NGC 4449 stream
(situated at 4 Mpc) by [17]. These authors used the Keck-DEIMOS spectrograph to do a
first kinematic study of a stellar stream outside the Local Group based on blends of red giant
branch stars, including a first spectroscopic metallicity estimate of this stream. However,
more robust results using velocities of hundreds of streams stars with better signal-to-noise
(S/N ≥20) demands observations with the European Extremely Large Telescope (ELT) and
the future MOSAIC instrument ([5]) early in the next decade. The GLAO2 High Multiplex
mode will allow Calcium-Triple line observations of up to 200 objects, providing an exciting
new dataset to probe the dark matter halos of at least 10 galaxies of interest beyond the
Local Group.

During the upcoming years, the main objective of the STSS will be to identify those
stellar streams in our cosmic neighborhood that, based on their properties (surface brightness,
morphology, orbital orientation, etc), are the most promising targets to undertake a dynamical
study with the MOSAIC instrument. Besides this primary objective, the results of this survey
have the potential to tackle a significant number of other topics that are the focus of current
astrophysical research (e.g. stellar populations of halos, the resilience of the disks involved
in minor mergers, accretion of globular clusters, intra-halo light, induced star formation
in streams, near-field cosmology, satellite dynamics, dark matter halo shapes, etc). This
research will also provide an essential framework for exploring whether the Milky Way is a
template for the archetypal spiral galaxy. In this regard, our survey will be complementary

2Ground Layer Adaptive Optics
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in interpreting the local Galactic archaeological data from the next generation of Galactic
surveys (e.g. LSST) and the astrometry mission Gaia in the context of galaxy formation
and evolution, providing unique data in order to quantify how typical the Milky Way is with
respect to other nearby galaxies of its type.
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Abstract

OTELO (OSIRIS Tunable filter Emission Line Objects) is an emission-line object survey

covering a spectral range between 9070 and 9280Å in a window of reduced airglow emission.

The first pointing of OTELO, in the Extented Groth Strip, consists of 36 tomographic slices

sampled at 6Å, obtained with the red tunable filter of OSIRIS at the Gran Telescopio de

Canarias. The limiting flux detecte of ∼5×10−20 erg s−1 cm2 makes it the deepest survey

in its category to date. Taking advantage of OTELO survey characteristics in selection of

Emission Line Systems (ELS) we aim to present qualitative and quantitative morphological

analysis of ELS and non-ELS in a specific redshift ranges (given by specific emission line,

e.g Hα at z∼0.4 or [OIII] at z∼0.8) up to z=2 using HST -ACS high resolution images.

The source selection process, Sérsic profile fitting, the visual morphology classification and

a preliminary results are presented.

1 Introduction

OTELO is a blind low-resolution (∼700) 2D-spectroscopic survey defined in the spectral
window centered at 9175Å and with width of 210Å. Using tomographic spectra scans of red
tunable filter images we construct Pseudo-Spectra (PS). PS are then browsed in order to find
sources which shows emission lines (Emission Line System or ELS) at specific redshift for
given chemical spices. For details on the survey design, data reduction, etc. we refer to the
OTELO presentation article [3], hereafter OTELO-I.

In this work we aim to provide morphological classification of all the OTELO sources
up to z=2 regardless if these show emission or not in PS. Possibility to distinguish between
ELS and non-ELS give us an opportunity to compare both samples down to low-end lumi-
nosity/mass regime (e.g. Hα sample at z∼0.4 have stellar masses in the range of 107 and
1011 M�, for details see Nadolny et al., in prep.).
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2 Data

This work make a use of the OTELO data-products: OTELO catalogue, OTELO-deep image
and Pseudo-spectra (PS). Shortly, OTELO catalogue contain multi-wavelength PSF-matched
photometric data from X-rays to far-infrared recompiled by OTELO team. OTELO photo-
metric redshift (z BEST deepQ, where Q is Y or N, see following sections) is estimated using
LePhare code ([1], [6]) employing three different object libraries: galaxy, QSO and star. For
details on OTELO data-products we refer to the OTELO-I where OTELO photometry, pho-
tometric redshifts, PS as well as auxiliary PSF-matched photometry, spectroscopic redshifts
together with methods used are described. See also Bongiovanni Á. et al. contribution in
this Proceedings.

The high-resolution HST -ACS F606W and F814W (hereafter V- and I-band, respec-
tively) publicly available images were used to provide quantitative and visual morphological
analysis. Images were retrieved from All-sky Extended Groth Strip International Survey
(AEGIS) data base1. Both sets of images in V- and I-band (4 tiles per filter) were aligned to
the same reference catalogue (i.e. the Canada-France-Hawaii Telescope Legacy Survey D3-25
i-band sources catalogue2) and in the same manner (using ccxymatch and ccmap IRAF tasks)
as the OTELO data (see OTELO-I sec. 3.3).

3 Methods

In the morphological classification we decided to use solely aligned high-resolution images
with average resolution of ∼0.15 arcsec (and native pixel scale of 0.03 arcsec/px). The
OTELO-deep image is used only to get the OTELO detection radius in order to discriminate
the contamination by unresolved in OTELO-deep image nearby sources which are detected
in the HST -ACS data.

3.1 Sample selection

The sample selection process is based on the OTELO photometric redshift solutions. As
described in OTELO-I, there are two sets of redshifts: with (z BEST deepY) and without
(z BEST deepN) OTELO-deep photometry with estimated error σ(z BEST deepQ) defined as
given in OTELO-I, sec. 5.6, equation 16. We decided to select sources with best redshift
solution firstly with OTELO-deep photometry for sources with σ(z BEST deepY) < 0.2 ×
(1+z BEST deepY) and lower than σ(z BEST deepN). If these requirements are not met we
select z BEST deepN solution, always if σ(z BEST deepN) <0.2 × (1+z BEST deepN). If neither
solution is selected (due to σ(z BEST deepQ)), and the sources have redshift solution using
QSO templates, we select firstly z QSO deepY and secondly z QSO deepN. In total we selected
∼6900 sources up to z=2 for the morphological analysis.

1http://aegis.ucolick.org/mosaic_page.htm
2See ”T0007 : The Final CFHTLS Release” documentation at http://terapix.calet.org/cplt/T0007/

doc/T0007-doc.pdf

http://aegis.ucolick.org/mosaic_page.htm
http://terapix.calet.org/cplt/T0007/doc/T0007-doc.pdf
http://terapix.calet.org/cplt/T0007/doc/T0007-doc.pdf
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Figure 1: Redshift distribution of selected ELS (orange) and non-ELS (blue) up to z=2.
The peak distributions at discrete redshifts (at ∼0.3, 0.4, 0.8, 1.4 and 1.75) shows sources
with emission lines of specific chemical species which are redshifted to the spectral window
of OTELO which is 210Å width and centered at 9175Å.

3.1.1 Emission Line Systems selection

ELS selection is done in a basis of automatic and visual inspection of PS and colour excess
in the colour-magnitude diagram. Both methods are complementary and they are described
in OTELO-I, sec 6.2 and Fig. 23. In total we have ∼3600 ELS and 3200 non-ELS. Resulting
difference between sum of ELS and non-ELS and with the total selected described in previous
section is due to star candidates in the field. Figure 1 shows redshift distribution of selected
sources up z=2. Orange histogram shows objects selected as ELS, while blue shows non-ELS
(orange and blue dashed lines show visually classified ELS and non-ELS, respectively).

3.2 Parametric classification

In order to provide parametric classification we use IDL-based GALAPAGOS-2 software devel-
oped by MegaMorph group3 [5]. We perform simultaneous fit (in V- and I-band) of single-
Sérsic [9] profile of objects detected in I-band images. Together with Sérsic index we obtain
other morphological parameters of the fitted model from GALAPAGOS-2 (magnitude, effective
radius, ellipticity, etc.). We perform also source extraction using SExtractor [2] software in
dual, high-dynamical range mode with the same input parameters as given in GALAPAGOS-

3https://www.nottingham.ac.uk/astronomy/megamorph/

https://www.nottingham.ac.uk/astronomy/megamorph/
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2 in order to get further information about detected sources (eg. flux radius at 20, 30, 50, 70
and 90% of the flux, magnitudes, etc.).

3.3 Visual classification

Visual classification is performed using MorphGUI [7], software developed originally for
CANDELS. We modified the interface by extending basic morphological classes (Point-like,
Spheroid and Disk) with Tadpole, Chain, Clumpy Cluster and Double following [4]. We de-
cided to use this classification in order to take into account object diversity which is seen at
higher redshifts.

4 Preliminary results

Figure 2 we resume both classifications: parametric and visual. We can notice that median
Sérsic index n for early-type classes (Point-Like, Spheroid and mixed class Spheroid+Disk)
is around and above n = 2.5. Sources classified as late-type objects (Disk, Tadpole, Chain,
Clumpy Cluster, Double) are described with median n in range of ∼1 up to ∼1.6. This
is expected behavior and observed in previous works (see e.g. [10]). In Figure 3 we show
redshift distribution of sources in each morphological class. As we can notice the median
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redshift (vertical dashed line) for peculiar morphological classes (T, C, CC and DD) are
higher than z=1. This behavior was observed also by [4] (see their Fig. 2).

5 Summary

In this work we provide qualitative and quantitative morphological classification for ∼ 7000
sources from OTELO catalogue up to z=2, regardless if these show or not emission line in
PS. Automatic classification is done using GALAPAGOS-2 software providing morphological
parameters of analiytic model fitted to the sample sources. The dual, high-dynamical range
model of SExtractor provide us with morphological parameters measured directly on the
scientific image. Visual classification is carried out in order to disentangle the true nature
of the sources (if possible due to the source size and brightness) taking advantage of high-
resolution HST -ASC images. We decided to follow morphological classes given by [4] due
to the fact that classical Hubble classification began to be not sufficient at higher redshifts
where we can find sources which do not fit non of the Hubble sequence classes.

The main focus of the work – the comparison of ELS and non-ELS morphologies at
specific redshifts where OTELO sees emission lines of different chemical spices – is in progress
and we refer to Nadolny et al. (in prep.) for further analysis.
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Abstract

Taking advantage of deep photometric data from HST, we analyze the z < 0.5 massive

galaxies obtained in the H- and I-bands, in order to disentangle the several components

that might constitute most massive galaxies in our Universe. We perform single and double-

Sérsic analysis for our sample of 17 galaxies. From our photometric analysis, we notice that

Sérsic index values are not a good representation of a galaxy’ morphological type and find no

trend between B/T and redshift. We detect within our sample two late-type galaxies with

sizes smaller than expected. Additionally, our set of simulations shows that the apparent

magnitudes and Sérsic index are the key parameters to a good recovery of the structural

parameters.

1 Introduction

The most massive (Mstellar ≥ 1011M�) galaxies in the Universe undergo a dramatic trans-
formation in their observational properties across cosmic time, from compact star-forming
disks to huge red and dead spheroidal galaxies [3]. However, how galaxies acquire their mass
and how they evolve morphologically are still open questions. One important finding from
the work by [3] is that late-type galaxies (LTGs) and irregular objects are the dominant
morphologies among massive galaxies at z ∼ 2.5, whereas since z ∼ 1 they are dominated
generally by early-type galaxies (ETGs).

The current most favored galaxy formation model for massive galaxies is a two-phase
formation scenario that predicts a rapid formation phase at 2 < z < 6 dominated by in-situ
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star formation [12], and a second phase in which they are predicted to suffer intense minor
mergers [8, 9, 11, 2, 10, 5, 4] that may transform them into the spheroids that we see today.

The availability of deep photometric data from the Hubble Space Telescope (HST) with
combination of 3D-spectroscopy surveys allows a detailed analysis of these massive systems
to investigate their structure and evolution. The part dedicated to the deep photometric
data is presented here, and it is by means of multi-band surface photometry and bulge-disk
profile decompositions of 17 nearby (z < 0.5) massive galaxies from the Cosmic Assembly
Near-infrared Deep Extragalactic Legacy Survey (CANDELS)1 [6, 7].

2 Analysis

For our analysis we used two filters: F160W (WFC3 H-band) which is the reddest HST filter,
and F814W (ACS I-band) corresponding to the closest to the optical rest-frame.

We used SExtractor [1] to identify the neighboring objects to be masked or chosen to
be fit simultaneously with the galaxy target. The values of apparent magnitude, size, axis
ratio and position angle retrieved from SExtractor were then used as initial guesses in fitting
the galaxies’ structural parameters with GALFIT [13]. We performed single Sérsic fits and
bulge-disk decompositions with the aim to describe each galaxy’s surface brightness profile
as accurately as possible, and to disentangle between a bulge and a disk in the case of a LTG,
or to check if an ETG is purely elliptical or contains other components (e.g., a disk or bar).

After a detailed analysis trying to retrieve the best possible fit to our galaxy sample,
we derived their sizes. Following the definition of effective radius (re), we computed curves
of growth for the best-fitting two-component GALFIT models by integrating the flux within
concentric elliptical apertures until we reach half of the galaxy total flux. These multi-
component re are expected to yield a more accurate measure of size since the two-component
fits generally provide a better match to the 2D surface brightness distribution of our sample
galaxies than a single Sérsic model.

We further derived the surface brightness profiles for each galaxy and construct a mass-
size relation for the sake of comparison with standard references in the literature.

Additionally, we conducted a set of simulations to test the robustness of our measured
structural parameters, both for the H- and I-bands. This was achieved by creating ∼2500
mock galaxies uniformly distributed along the entire parameter space value ranges of the
structural parameters from our analysis, placing each galaxy randomly on the correspondent
band image and convolving with the respective PSF. We analyzed each artificial galaxy with
the same methodology used in our real sample for the single Sérsic fits.

3 Results

Figure 1 shows the histograms obtained for the two bands’ single Sérsic fits. Following [14]
who use n = 2.5 as a division line between ETGs and LTGs, our sample would result in two

1http://candels.ucolick.org/data_access/Latest_Release.html

http://candels.ucolick.org/data_access/Latest_Release.html
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Figure 1: Sérsic index histograms for single-Sérsic fits values, both for the H-band (left) and
the I-band (right). It is remarkable that in the H-band our sample contains nine visually
classified LTGs, yet accordingly with Sérsic index fits only two would be classified as disk-like
objects (n < 2.5).

galaxies classified as disk-like (n < 2.5) in the H-band, and four in the I-band, but by visual
inspection in the H-band we classified nine galaxies as being LTGs. Our results imply that
the Sérsic index provides a poor means for the quantification of the visual morphology of our
galaxy population.

We construct the mass-size relation for our H-band data in Fig. 2 and compare with
the results from [14] and from [16] for the lowest redshift bin centered at z = 0.25. ETGs
are represented with red dotted points and the LTGs with spiral points (blue or purple in
the case of a galaxy with a bar). We show in the y-axis the computed multi-component
effective radii. The results from [16] for each galaxy in our sample, which were inferred from
fitting single Sérsic functions, are represented by a triangle and connected with a line to our
data. The colored dashed lines correspond to [16] at z = 0.25 (red for ETGs and blue for
LTGs), while the red and blue shaded regions correspond to [14] local relation. Our results
are consistent with those found by [14], having almost the entire sample falling inside their
scatter. There are however two LTGs with sizes ∼2σ under the relation, being then much
smaller than expected. These objects are worth a further investigation in the future.

In Fig. 3 we present surface brightness profiles for two representative galaxies from our
sample that were visually classified as being ETG (top panels) and LTG with a bar (bottom
panels). The left panels show the profiles in the H-band whereas the right panels in the
I-band. Inside each profile we display the corresponding galaxy stamp in units of surface
brightness (mag arcsec−2) with shadowed areas matching the masks used to recover the
observed light profile. All galaxies in our sample are more luminous in the H-band. For most
of the objects in our sample we obtain an over-prediction of the light in the outskirts when
performing a single-Sérsic fit (solid purple line). By using more Sérsic functions we recover
a better description of the total light distribution, thus having a better match between the
observed profile (black points) and the multi-component fit (solid green line). Nevertheless,
for most of the cases, the light is under-estimated in the outskirts of our multi-component
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Figure 2: Size-stellar mass distribution of our H-band data, linked to [16] results represented
by a triangle. The colored dashed lines correspond to [16] at z = 0.25. [14] local relation
for ETGs and LTGs is represented by the solid red and blue lines, respectively, with the
corresponded scatter being the shaded red and blue regions. Our results are in agreement
with [14], having most of our sample matching the local relation. However, there are two
LTGs smaller than expected (by ∼2σ), thus being interesting to further investigate.

Sérsic fits.

Our set of simulations on mock galaxy images demonstrates that, on the statistical
average, GALFIT can retrieve Sérsic model parameters with a satisfactory accuracy. However
individual fits can yield substantial systematic deviations from observed profiles, in particular
in their low-surface brightness periphery. Uncertainties in non-linear fitting and also the
mathematical nature of the Sérsic law itself can be the ones to blame for such deviations.

The strong dependence of the fit on the central data points urges for a precise correc-
tion for PSF convolution effects and offers an explanation for systematic deviations between
the best-fitting Sérsic model and the observed SBP in the low-surface brightness periphery of
galaxies. From several GALFIT models from our sample, both single and multi-component
fits, such deviations are apparent at the level of ∼1, requesting for a careful judgment of
solutions from GALFIT and parametric image decomposition tools in general. A conclusive
investigation of the buildup history of the extended stellar envelope of massive galaxies ap-
peals for a test in whether the color profiles implied by subtraction of GALFIT models in
two different bands are replicatable by evolutionary synthesis models and consistent with a
two-phase galaxy formation scenario.
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Figure 3: Surface brightness profiles in the H-band (left panels) and in the I-band (right
panels) for two different morphological galaxies in our sample: ETG (top panels) and barred
LTG (bottom panels). The violet and green colors correspond, respectively, to the results
from single Sérsic fit and multi-component Sérsic fit. Black points represent the observed
luminosity profile, solid lines show the models convolved with the PSF, dashed lines stand
for the decomposition of the multi-component model into bulge (red), disk (blue) and bar
(orange), dotted vertical lines represent the effective radius and the dotted grey vertical line
is the [15] effective radius. We display the galaxy stamp in units of surface brightness (mag
arcsec−2) with shadowed areas matching the masks used to obtain the observed light profile,
the galaxy ID on top left and a scale bar on top right corresponding to 10 kpc. The respective
color bar is shown below the stamp.
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Abstract

In this contribution we introduce a novel numerical approach, based on a full-radiative
transfer code, which is able to generate multi-wavelength synthetic observations of the gas
component in cosmological simulations by integrating the transfer equation along the null-
geodesic of photons. In order to test the capabilities of this numerical tool, we have applied
the code on a large galaxy cluster developed in a full cosmological simulation and we have
compared the emission associated to the whole inter-galactic medium (IGM) and to the
warm-hot intergalactic medium (WHIM) gas components in three different energy bands:
in soft X-rays, through the thermal Sunyaev-Zel’dovich (SZ) effect and in radio.

1 Introduction

As suggested by hydrodynamical simulations [10], most of the “missing” baryons are supposed
to be located in a mildly overdense, warm-hot intergalactic medium (WHIM). The WHIM,
which is thought to contain ∼50% of the local cosmic baryons, is expected to be mainly in
filaments but also around large clusters and between pairs of interacting systems. Therefore,
the WHIM plays a central role in the solution of the “missing baryons problem”. Moreover,
despite its relatively low densities (from ∼ 4×10−6 to ∼ 10−4 cm−3) and temperatures (107−
108 K), the WHIM also represents a perfect scenario for multi-wavelength observations. In
this sense, the forthcoming generation of telescopes will certainly improve our understanding
of the WHIM in several wavelength bands.

Within this context, our goal is to use a well-resolved simulated galaxy cluster to gen-
erate multi-wavelength synthetic images (of the IGM and of the WHIM) directly comparable
with observations. In order to compute the emission, we introduce a novel numerical ap-
proach, based on a relativistic full-radiative transfer code, to post-process the simulation
data. To compute the change in the intensity along each line of sight, the code integrates the
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null-geodesic of photons. Although in our case the absorption is negligible, the code is also
able to compute the self-absorption. Therefore, in this contribution we briefly compare the
emission associated to the IGM and to the WHIM gas components in soft X-rays, through
the thermal SZ (tSZ) effect, and in radio at a frequency of 1.4 GHz. We wish to emphasize
that all bands are treated consistently, without tuning of parameters, by the same code.

While this is just a short contribution, we refer the interested readers to [11], where
an extended and more detailed description of the employed numerical approach and of the
obtained results is presented.

2 Numerical details

Below we only provide a brief description of the present study, while we refer the reader to
[11] for further details.

2.1 The cosmological simulation

We analyse a simulation performed with the cosmological code MASCLET [12]. The sim-
ulation, which accounts for a flat ΛCDM universe, consists in a computational box with
a comoving side length of 40 Mpc, with a peak physical spatial resolution of ∼ 610 pc at
z = 0 (see [13] for further details). The best mass resolution for the dark matter particles is
∼ 2 × 106M�. The simulation is set up to develop a big galaxy cluster at the centre of the
computational domain.

Besides gravity and hydrodynamics, the simulation includes inverse Compton and free-
free cooling, UV heating, atomic and molecular cooling for a primordial gas, cooling rates
dependent on metallicity, star formation and feedback from SN-II. However, feedback from
SN-Ia, stellar winds, or AGN are not included.

Using the halo finder ASOHF ([8, 4]) we have identified the central and largest halo
(Mvir ∼ 3.2× 1014M� and Rvir ∼ 1.7 Mpc) in the simulation at z = 0.33. In the following,
we will analyse the X-ray, SZ or radio signals coming from inside and from an extended
region of 5×Rvir around this main central halo. Within this region we will consider two gas
components: the IGM (formed by all the gas elements) and the WHIM (formed by those gas
elements with a temperature within 105K < T < 107K).

2.2 Computing the emission

To compute the thermal and non-thermal emission in different observational bands we employ
the full-radiative transfer code SPEV [6, 7, 1]. SPEV can produce consistent multi-band
and multi-epoch synthetic observations by following the emission along the null-geodesics.
Therefore, in order compute the emission from MASCLET outputs, we apply SPEV in post-
processing (see [11] for further details on the code). In particular, we have implemented in
SPEV the computation of three different signals:
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Figure 1: Evolution with redshift of the fraction in volume (left) and in mass (right) occupied
by different gas components within the whole simulated domain. Figure from [11].

• Thermal emission. In order to account for the contribution from both free-free thermal
Bremsstrahlung and metal line emission, we built a large interpolation table of the
X-ray emission in different energy bands using the publicly available code Cloudy [3].

• Non-thermal emission. To compute the synchrotron emission at different frequencies,
we accounted for several simplifications: we assumed that the magnetic field satisfies
flux conservation, we did not include any transport scheme for the non-thermal (NT)
electrons, and we used a simplified formalism to estimate the NT electron distribution.

• The SZ effect. We took advantage of the way in which SPEV sorts the data along
different lines of sight to compute the thermal (tSZ) and kinematic (kSZ) SZ effects in
the non-relativistic approximation.

3 Results

As a consistency check, Fig. 1 shows the redshift evolution of the fractions in mass and
in volume occupied by the warm (T < 105K), the WHIM (105K < T < 107K), and the
hot (T > 107K) gas components within the whole simulated box. As expected, most of the
volume is occupied by the warm and the WHIM gas components. In agreement with previous
studies, the WHIM represents up to ∼ 55% of the mass content at z = 0.

Figure 2 shows the density maps, projected along the line of sight, of the IGM and of
the WHIM gas phases within our volume of interest. As expected, while the central cluster
dominates the IGM map, in the case of the WHIM the map is mainly connected to the
smallest objects and shows a much more filamentary and volume-filling distribution.

In Fig. 3 we show a sample of some of the mock images we presented in [11]. In
particular, we show, for IGM and WHIM (top and bottom rows, respectively), the soft X-
ray emission (left column), the signal associated to the tSZ effect at ν = 128 GHz (middle
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Figure 2: Surface density maps of the IGM and the WHIM gas components within a region
of ∼ 0.6◦ × 0.6◦ around the main cluster in the simulation. The cluster virial radius is
represented by the white circle. Figure from [11].

Figure 3: Left column: X-ray thermal emission maps associated to the IGM and to the WHIM
gas components (top and bottom rows, respectively) at the soft (0.5 − 2 keV) energy band.
Middle column: Intensity maps, ∆I/Iν , of the thermal SZ effect at ν = 128 GHz for the
IGM and the WHIM. Right column: Mock radio observations of the IGM and the WHIM gas
components at 1.4 GHz for a beam size of 1× 1 arcsec2. Composited image from [11].
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column), and the radio emission at 1.4 GHz (right column).

The synthetic X-ray emission maps shown in the left column of Fig. 3 have a pixel size
of ∼ 0.68′′. Although this resolution is in line with that of XMM-Newton and Chandra, we did
not account for the response function of any specific observational instrument. Qualitatively,
as already shown in previous studies, most of the IGM thermal emission is detected in the soft
regime, where the emission from small structures is highlighted. Instead, the WHIM emission
is mainly found in outer cluster regions around the main cluster with a more filamentary and
extended distribution. Quantitatively, we obtain a broad agreement between the IGM soft
X-ray emission associated to our simulated cluster and recent observations of massive galaxy
clusters (e.g. [2]).

As shown in the middle column of Fig. 3, the tSZ signal at ν = 128 GHz shows
always negative values and is dominated by the main galaxy cluster, which can reach central
intensities as high as |∆Iν,th/Iν | ∼ 3× 10−5. Regarding the WHIM, most part of the central
tSZ signal is removed, leaving a much fainter and outer distribution around the cluster. On
average, most part of the tSZ signal is contributed by hot and/or massive structures. Despite
the weakness of the WHIM tSZ effect, its observational detection, especially at high redshift,
represents a valuable complementary approach to X-ray observations.

Analyzing the radio maps shown in the right column of Fig. 3, we can draw several
general conclusions: (i) only a small fraction of the cluster volume emits in radio, (ii) the
IGM radio emission is correlated with dense and hot IGM regions and, (iii) there is a minor
radio signal at the very outer cluster regions (r ≥ 4 × Rvir). Overall, IGM and WHIM
have a maximum radio signal of around half mJy arcmin−2 at 1.4 GHz. In our case, the
comparison of these radio maps with the distribution of shock waves (see [9, 5] for details
on the detection of shocks) suggests that most of the cluster radio emission is connected to
weak internal shocks within the cluster, whereas there is only a tiny contribution from strong
external accretion shocks.

4 Summary and conclusions

In view of the next generation of improved observational facilities (e.g. ATHENA+, SKA
or CCAT-prime), it is important to produce and analyse proper multi-band synthetic ob-
servations derived from full cosmological simulations. The combination of observational and
synthetic images of the cosmic web in different bands is crucial to deepen our knowledge of
the IGM physics in a number of aspects.

In this short contribution (an extended analysis is presented in [11]), we analyse a
massive galaxy cluster, formed in a full cosmological simulation, through the comparison of
the spatial distributions and the emissions associated to the IGM and to the WHIM gas
components in different wavebands. In order to generate proper synthetic observations of
the IGM and of the WHIM gas components, we present a novel numerical approach, based
on the full-radiative transfer code SPEV [6], that integrates the transfer equation along the
null-geodesic of photons in order to compute the intensity along each line of sight. We have
modified SPEV in order to estimate, using exactly the same numerical scheme, the emission
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in X-rays, through the thermal SZ effect, and in radio at different frequencies. In general,
as discussed in [11], we obtain at all three bands a broad agreement with previous numerical
and observational estimates.

We would like to emphasize that this analysis represents our first attempt in the design
of a complex numerical approach able to treat, consistently, the IGM emission at any obser-
vational frequency. Despite the optimistic results we have obtained, the employed simulation
and the presented numerical procedure show some limitations that we will certainly improve
in the near future. In this regard, now that the method has been tested, we are working on
a new set of larger and improved simulations (in terms of physics and statistics) that will
produce a larger sample of clusters. Moreover, we are already improving the estimation of
the different observational signals in SPEV in order to produce improved and more realistic
mock observations.

Acknowledgments

We acknowledge support by the Spanish Ministerio de Economı́a y Competitividad (MINECO, grant
AYA2016-77237-C3-3-P). SP is “Juan de la Cierva” fellow (ref. IJCI-2015-26656) of the Spanish
MINECO. PM acknowledges the support from the European Research Council (grant CAMAP-
259276). CC-M acknowledges the support of ACIF/2013/278 fellowship.

References

[1] Cuesta-Mart́ınez, C., Aloy, M. A. & Mimica, P. 2015, MNRAS, 446, 1716

[2] Eckert, D. et al. 2015, Nature, 528, 105

[3] Ferland, G. J. et al. 2017, MNRAS, 53, 385

[4] Knebe, A. et al. 2011, MNRAS, 415, 2293

[5] Martin-Alvarez, S., Planelles, S. & Quilis, V. 2017, ApSS, 362, 91

[6] Mimica, P. et al. 2009, ApJ, 696, 1142

[7] Mimica, P. et al. 2016, Journal of Physics Conference Series, 719, 012008

[8] Planelles, S. & Quilis, V. 2010, A&A, 519, A94

[9] Planelles, S., Quilis, V., 2013, MNRAS, 428, 1643

[10] Planelles, S., Schleicher, D. R. G. & Bykov, A. M. 2015, SSR, 188, 93

[11] Planelles, S., Mimica, P., Quilis, V. & Cuesta-Mart́ınez, C. 2018, MNRAS, 476, 4629

[12] Quilis, V. 2004, MNRAS, 352, 1426

[13] Quilis, V., Planelles, S. & Ricciardelli, E. 2017, MNRAS, 369, 80



Highlights on Spanish Astrophysics X, Proceedings of the XIII Scientific Meeting of the Spanish 
Astronomical Society held on July 16 – 20, 2018, in Salamanca, Spain. B. Montesinos,  A. Asensio Ramos, 
F. Buitrago, R. Schödel, E. Villaver, S. Pérez-Hoyos, I. Ordóñez-Etxeberria (eds.), 2019 
 

Understanding planes of satellites.

I. Santos-Santos1, R. Domı́nguez-Tenreiro1, H. Artal1,2, A. Serna3, M.A.
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Abstract

Planes of satellites are observed in the Milky Way and Andromeda, and recent observations
claim their presence as well in other nearby galactic systems. Moreover, recent proper
motion data of MW satellites allege an important fraction of satellites are co-orbiting within
the plane they define.
However, the quality and degree of co-orbitation of the planes of satellites reported so far
from simulations within a ΛCDM context have been insufficient to explain the observational
data.
In order to further understand the origin of planes of satellites we have carried out a detailed
study of planes of satellites in zoom-in cosmological hydro-simulations of disc galaxies, fo-
cusing on plane-finding methods and plane quality analyses. We report on a method to
identify kinematically-coherent satellites based on their orbital angular momentum vectors.
We find a group of co-orbiting satellites in the PDEVA-5004 simulation that forms a persis-
tent planar structure across cosmic time, with characteristics compatible with those of the
observed planes in the MW and M31.

1 Introduction

The satellite galaxies of the Milky Way (MW) show a very anisotropical distribution. Their
positions trace a plane that is approximately perpendicular to the Galactic disc [14, “VPOS”],
and in addition, a high fraction of satellites present a common orbitation within the plane
[4]. Planar configurations of satellites have also been found in Andromeda (M31) [7], and
recently claimed for in other nearby galactic systems like Centaurus A, though still with high

173



174 Understanding planes of satellites

uncertainties [13]. Theoretical studies within the ΛCDM cosmological context have tried to
link these observations with the large scale structure in which the system is embedded. In
particular, dark matter-only simulations have shown that an anisotropical spatial distribution
of satellites is indeed expected: satellite accretion occurs along preferential directions given
by the velocity field shear tensor, following the filamentary structure of the cosmic web
[8]. Hydrodynamical simulations have recently also studied this issue showing the important
influence of baryons on the final number and distribution of the satellite sample [1, 10].
Despite these findings, the quality of the planes and the degree of co-orbitation found in
previously reported simulations has been insufficient to explain observational data. Therefore
this topic has been considered as one of the most challenging small-scale problems in ΛCDM.

The ultimate motivation of this study is to further understand the origin of planes
of satellites within a ΛCDM context with baryons, addressing whether the observed planes
of satellites in the MW and M31 are a unique occurrence in nature or if there are certain
fundamental physical and evolutionary conditions that may favour their emergence. To this
end, first a detailed analysis of planes in simulations and their evolution is needed. Here
we report on one such detailed study, focusing on plane-finding methods and plane-quality
analyses.

2 The simulation

We have analyzed a set of zoom-in cosmological hydrodynamical simulation of disc galaxies.
We present here the results for PDEVA-5004 [17]. This simulation has been run with an
entropy conserving AP3M-SPH code whose primary concern is that conservation laws (like
angular momentum) hold accurately. It includes an inefficient star formation scheme work-
ing at sub-grid scales to mimick the regulation effects of stellar feedback, as well as detailed
chemical enrichment and feedback methods implemented by [11]. As a result, the simulation
gives a defined stellar and gaseous disc at all redshifts, with properties that match observa-
tional constraints (see [3] and references therein). The mass resolution of baryonic and dark
matter particles is mbar = 3.94× 105 M�, and mdm = 1.98× 106 M�, respectively.

Satellite galaxies have been selected at redshifts z = 0 and also z = 0.5 to include
objects that may end up accreted by the central disc galaxy later on. All selected objects
are above a resolution limit of at least ∼ 50 baryonic particles and have been checked to be
bound to the host galaxy by following the orbit during the analysis period (z = 1.4 − 0, ≡
Tuni = 4.7 − 13.7 Gyr). The tool used for the selection of satellites has been IRHYS (by H.
Artal). In order to accurately compare our results to the observational data of the MW, in
the analysis that follows we have taken into account the effects of Galactic obscuration (which
prevents us from observing satellites orbiting in the plane of the Galactic disc). We apply a
bias that hinders objects at latitudes |b| < 12◦ when projected on the sphere [16]. A total
number of 35 satellites have been identified, 30 surviving until z = 0. When the obscuration
bias is applied the numbers range from 32-20.

The satellites of the sample present very different evolutionary histories that reflect
in a variety of orbits. Some lose angular momentum and are eventually accreted by the
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Figure 1: Quality analysis of the planar structures found in PDEVA-5004 with the 4-galaxy-normal density

plot method at certain timesteps: Variation of the short-to-long axis ratio (c/a) with the fraction of satellites

included in the plane. Gray solid and dashed lines show the result for the MW and M31 at z = 0. Points

show the specific values for observed planes of satellites mentioned in the literature [15].

disc, some follow regular orbits, and some have just been captured by the halo and orbit
at long distances, sometimes even outside the virial radius. The distribution of satellite
radial distances at different timesteps reveals that the system contracts and expands as it
evolves. In fact, when the orbits of all satellites are plotted together, it is clear that there are
certain moments where many satellite pericenters coincide (i.e., resonances). Interestingly,
PDEVA-5004’s satellite radial distribution is very similar to that of the MW at z = 0.

3 Finding planes of satellites from a positional analysis

We have started searching for planes of satellites by following the 4-galaxy-normal density
plot method [15]. In short, this method consists in fitting a plane (through the Tensor of
Inertia, ToI, technique [12]) to every combination of 4 satellites and drawing a density map
with the projection of the resultant normal vectors on the sphere. An over-density signals
the normal direction to a predominant planar arrangement of satellites. When applied to
PDEVA-5004 at each timestep, we obtain different density plots that reflect an anisotropic
distribution. We have developed an extension to this method that consists in an iterative
plane-fitting process, starting with the 7 satellites that contribute most to each over-density
(at each timestep) and then continuously adding one more satellite at a time by contribution
order. This allows for a study of the quality of the prominent planar arrangements found,
through, for example, the variation of the c/a parameter (short-to-long axis ratio of the ToI)
with the number of satellites included in the plane. Results for PDEVA-5004 at representa-
tive timesteps are shown in Fig. 1. Note the gray solid and dashed lines, which show the same
analysis for the MW and M31 galaxies, respectively. The two galaxies have very different
satellite distributions: while the MW satellites form a regular structure that remains a fairly
thin plane (c/a < 0.3) even when including all of them, only approximately half of M31’s
satellites form a thin plane, the structure breaking down when including more objects in the
plane. PDEVA-5004 presents at every timestep planes of satellites that are both thin and
populated, compatible with the observed structures.
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Figure 2: Fraction of co-orbiting satellites in the best planar structure with 70% of satellites found at

Tuni = 10.8 Gyr in PDEVA-5004 using the 4-galaxy-normals and 3-Jorb-barycenters methods. The dashed

line shows the result for the MW and the dotted line an isotropic distribution. A yellow vertical line marks

an angle of 36.78◦ which represents 10% the area of the sphere [4].

We now study if the very thin and populated planes of satellites found with the 4-galay-normal
method are kinematically-coherent structures that contain a relevant fraction of co-orbiting
satellites. To this aim we compute the orbital angular momentum vectors ~Jorb of satellites
and check the fraction of them that are aligned with the normal vector to the plane they
define1. In [4] the MW satellites with ~Jorb vectors within 36.78◦ (area of 10% of the sphere)
around the VPOS are defined as co-orbiting. We therefore compute the angle θ( ~Jorb, ~nplane)

between each satellite’s ~Jorb and the normal ~nplane to the best plane found at that timestep
including 70% of satellites. This is shown in the left panel of Fig. 2 at a given timestep as
an example, where only ∼ 23% of the total number of satellites co-orbit. We find that in
general the very high quality planes found at all timesteps with the 4-galaxy-normal method
do not contain a high fraction of co-orbiting satellites. This is indicating that satellites align
by chance and the planes they form are therefore transient (see also [5, 2]).

4 Finding kinematically-coherent structures

In view of the previous results we have developed a new method that makes use of the
full 6D-space-phase information of satellites: the 3- ~Jorb-barycenter method. It consists in
calculating the barycenter of the minimal spherical triangle formed by the projections of
every combination of 3 ~Jorb vectors. As before, we project the resultant barycenters on the
sphere and draw density maps. In this case, over-densities or accumulation areas indicate the
presence of a kinematically-coherent group of satellites. When measuring now the angular
distance between the center of the main over-density at a given timestep and each satellite’s
~Jorb vector, we find at all timesteps that at least 40% of satellites are co-orbiting about the
direction given by the 3- ~Jorb-barycenter over-density, matching the MW value at z = 0 [4,

1Note that we do not differentiate between co-rotation and counter-rotation with the disc of the central
galaxy.
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Figure 3: Left: Evolution with time of the properties (i.e., short-to-long axis ratio c/a, intermediate-to-

long axis ratio b/a, root-mean-square thickness RMS-height, and fraction of satellites involved) of the plane

of kinematically-coherent satellites. Right: Edge-on view of the plane of kinematically-coherent satellites at

Tuni=12.5 Gyr. Blue arrows represent the orbital angular momentum vectors of satellites.

∼40%]. An example is shown in the right panel of Fig. 2. Note it is at the same timestep as
the results on the left panel obtained with the 4-galaxy-normal method.

A group of co-orbiting satellites across time In order to identify a group of satellites
with aligned ~Jorb during a long period of time, at each timestep we iteratively fit planes to
groups of satellites as ordered by smaller angular distance between their ~Jorb and the peak of
each over-density. Specifically, to delimit such a persistent group of kinematically-coherent
satellites, we have followed a criteria of choosing those that contribute most to the best planes
with 40% of the satellites at each timestep. A group of 14 satellites has been singled out in
PDEVA-5004.

We fit a plane to the positions of these satellites at each timestep, finding that they
form a persistent planar structure that remains fairly thin across cosmic time (see Fig. 3 for
the evolution of some plane properties). Moreover, these satellites represent the 48% of the
total number of satellites at z = 0, proving this as the best plane+kinematics structure found
with hydro-simulations so far (see Fig. 3 for an edge-on view of the plane at a given moment).
Finally, the projection of the normal vectors on the sphere are shown in Fig. 4, color-coded
by redshift. The reference frame is such that the central disc galaxy lies at latitud=0◦. They
appear very much clustered at latitud ∼ 0◦, which indicates that the plane of kinematically-
coherent satellites is approximately perpendicular to the galactic disk, as occurs with the
VPOS in the MW.

Possible origin? Previous studies have suggested a common large scale structure origin
for persistent planes of co-orbiting satellites. We therefore trace the baryonic particles of
the kinematically-coherent satellites back in time until redshift z ∼ 2.80. We observe that
co-orbiting satellites originate at different locations of the local cosmic web at high redshift
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Figure 4: Projection on the sphere of the normal vectors to the plane of kinematically-coherent satellites.

The colorbar indicates the corresponding age of the Universe.

but are accreted onto the central main halo through common entrace channels. Although
more statistics and a proper numerical quantification of these effects is needed, results seem
to support that found in [9] obtained by measuring the velocity field shear tensor: the bulk of
the mass (i.e, a higher fraction of satellites) will follow the main direction of local collapse at
high redshift (as expected from the Adhesion Model [6]). After, substructure will be accreted
to virialized halos following the direction of weakest collapse depending on the given local
cosmic web structure in which it is embedded, gaining in the process a common dynamics.
In addition, an overall quiet merger history at late times prevents the destabilization of the
system and allows angular momentum conservation, what possibly favors these kinematically-
coherent groups to persist in time (Santos-Santos et al. in prep.).
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Abstract

The Dark Energy Survey is a major international effort to pin down the nature of dark

energy by performing a photometric survey of the southern sky, covering 5000 square degrees

up to magnitude i = 23.7 and doing a repeat, deep scan of 27 square degrees to identify

and accumulate type Ia supernovae. In this contribution, we summarize the most relevant

cosmological results to date from this project. The first data release of the project DR1,

encompassing the first three years of the project, is also presented for the community to

explore and exploit.

1 The Dark Energy Survey project

The Dark Energy Survey (DES, [5]) is a photometric survey using the grizY filters of the
DECam camera ([11]). Its main goal is to create a deep and wide map of galaxies to probe
the nature of cosmic acceleration, using the observational channels proposed by the Dark
Energy Task Force ([4]) within a single project and using the same instrument. It has been
operating since 2013 and is scheduled to finish operations in early 2019. By the end of it,
the camera will have surveyed approximately 5000 square degrees, reaching depths in flux of
i = 23.7 and redshifts of z ∼ 1.2.

In addition to providing tight constraints to cosmological parameters, including those
related to the dark energy equation of state, the richness of this dataset allows for a very
varied array of research lines both for astrophysics and fundamental cosmology, including the
measurement of the optical counterparts of gravitational wave events ([17]), the discovery of
new Milky Way companions ([1]), accurate measurements of tidal streams around our own
Galaxy ([16]), or the discovery of new Solar System objects ([2]).

In this contribution, we briefly summarize the main cosmological results obtained from
the detailed analysis of the first year dataset and present the first Data Release, which includes
three years of observations and is available publicly.
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2 Year 1 cosmology results

2.1 Constraints from galaxy clustering and weak lensing

One of the most constraining sources of information from this type of dataset comes from
the information provided by the statistical correlations of shapes and positions of galaxies
at different redshifts, specially for the Ωm, S8 parameters. With DES data, we obtained a
constraining power comparable to Cosmic Microwave Background experiments, and jointly
with them, it is possible to obtain the most precise ones to date (Figure 1) in the context of
the ΛCDM model [7]: S8 = 0.802 ± 0.012 and Ωm = 0.298 ± 0.007.

The galaxy samples used are of two types: the lens sample, which is characterized by
Luminous Red Galaxies defined with a uniform comoving space density (redMaGiC,[15]); and
the source sample, on which we will infer the weak lensing shears produced by foreground
matter density. The correlation function of the positions of galaxies in the former category
is estimated within a redshift bin and between bins (five redshift bins in total, spanning
the range z = 0.15 − 0.9, [10]) whereas the correlation of shapes with respect to positions
in the sky using the source samples is measured in four redshift bins as well (in the range
z = 0.2 − 1.3), that is, the shear-shear correlation function ([18]). The combination of both
types of measurements is also included (galaxy-galaxy lensing) ([14]).

Each of them provides a data vector which is combined in a Markov Chain MonteCarlo
estimation of the most probable contours for the cosmological parameters, using as nuisance
parameters different astrophysical and methodological biases. Besides the precise constraints
on the current cosmological standard model, galaxy biases have been determined with a
precision of 10% and intrinsic alignments have been determined as a necessary feature to
include in any current or future modeling of shear measurements.

The data and MCMC chains are available at http://des.ncsa.illinois.edu/y1a1 for fellow
scientists to use and check our results as well as to combine with different datasets.

2.2 Constraints from supernovae

Using the spectroscopically confirmed supernovae from the first three years of the project, plus
a collection of supernovae from low redshift surveys (totalling 329 type Ia supernovae), we are
able to provide constraints on the equation of state value for dark energy under the wCDM
model, which is compatible with −1 as predicted by the cosmological constant hypothesis,
when combining with CMB information, reaching a 6% error. See Figure 2. These results
are summarized in [8].

In addition, using a distance calibration method based on the baryon acoustic oscillation
(BAO) scale from the BOSS ‘consensus’ measurement from DR12 instead of the commonly
used direct approach building up from Cepheid variables, it was possible to measure the
Hubble constant as 67.77 ± 1.30 km s−1 Mpc−1 therefore providing additional insight into
the current discrepancies for measuring this parameter using different methodologies ([12]).

http://des.ncsa.illinois.edu/y1a1
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Figure 1: DES clustering constraints combined with external datasets (from [7]).

Figure 2: DES SN constraints on Ωm − w for a flat wCDM model (from [8]).
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2.3 Combined constraints from several probes

Finally for the first time we are able to make multiple probe constraints combining clustering,
weak lensing shear, baryon acoustic oscillation scale and the Hubble-Lemâıtre diagram from
type Ia supernova using DES data exclusively ([9]). These measurements rule out a Universe
with no dark energy with 4σ significance, without requiring a flat Universe in our model. It
also provides, with a probe independent of the CMB, a constraint on Ωb being different than
Ωm at a very high significance. See Figure 3.

Figure 3: Multiple probe constraints on the equation of state for dark energy w and the
density of matter parameter using DES data only, compared to the constraints of the combina-
tion from Planck’s CMB measurements, BOSS BAO and the Pantheon supernova compilation
(from [9]).

3 Data Release 1

The DES Data Release 1 (DR1, [6]) includes nearly 400 million objects detected over the
complete DES footprint, using coadd detections from combinations of ∼ 39, 000 distinct
single-epoch exposures. These have been collected over 345 nights of observations corre-
sponding to DES operations from August 2013 to February 2016. See Figure 4 for a diagram
of the footprint in celestial coordinates. Some of the characteristics of this dataset are listed
below:

• The median PSF Full-Width-Half-Maximum is below 1 arcsecond in most bands except
for g.

• The depth for signal-to-noise 10 objects is 24.33, 24.08, 23.44, 22.69, 21.44 for grizY .
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• The astrometric precision is ∼ 150 milliarcseconds vs Gaia’s DR1 measurements.

• The photometric precision is ∼ 0.5% (the statistical precision of the zero points).

The release itself is available at http://des.ncsa.illinois.edu/dr1 and is composed of
both calibrated single-epoch images and coadd images, and a coadd catalog including mor-
phological and photometric information obtained from the DESDM ([13]) pipelines based on
SExtractor ([3]). The data can be accessed through different toolsets provided by NOAO,
LineA and NCSA, including an SQL web client, cutout servers, sky/image viewers, Python
and command-line query clients, and a Jupyter notebook server.

Figure 4: The DES survey area in celestial coordinates. The 5000 square degree DR1
footprint is shown in red. The 8 shallow supernova fields are shown as blue circles, and the 2
deep supernova fields are shown as red circles. The Milky Way plane is shown as a solid line,
with dashed lines in a band 20 degrees wide in galactic latitude. The Galactic center (’x’)
and south Galactic Pole (’+’) are also marked. The Large and Small Magellanic Clouds are
indicated in gray (from [6]).
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Abstract

On December 2015, Hubble Space Telescope (HST) observations detected the expected fifth

counter image of SN Refsdal at z = 1.49. In [33], we compare the time delay predictions

from numerous models with the measured value derived by [16] from very early data in the

light curve of the SN Refsdal, and find a best value for H0 = 64+9
−11 km s−1 Mpc−1 (68%

CL), in excellent agreement with predictions from CMB and recent weak lensing data +

BAO + BBN (from the DES Collaboration). This is the first constraint on H0 derived from

time delays between multiple lensed SN images, and the first with a galaxy cluster lens, so

subject to systematic effects different from other time delay H0 estimates. Additional time

delay measurements from new multiply-imaged SNe will allow derivation of competitive

constraints on H0.

1 Introduction

Galaxy clusters bend the path of photons emitted by distant objects, creating multiple images
of the same background source, each with different magnification and arrival times. Time
delays between multiple images of the same source depend on the cosmological model, and
most notably on the Hubble constant, H0. The potential to constrain H0 with multiple
supernova (SN) images was first suggested by [26] more than half a century ago. However,
no multiply imaged (and resolved) SN has ever been observed until just recently. In 2014
four counter-images of the same supernova, SN Refsdal [15, 28, 16, 17], located at redshift
z = 1.49, were found around a member galaxy in the cluster MACSJ1149.5+2223 (hereafter
MACS1149, [7]) at redshift z = 0.544. The predicted time delay between these four images
is relatively small (a few days) making them impractical to derive useful constraints on
H0. Approximately a year after the initial detection of the four supernova images, a fifth
counter-image appeared, this one having a considerably longer time delay (see Figure 1). The
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Figure 1: Left-hand panel extracted from [15]: Color-composite image of the galaxy cluster
MACSJ1149. The white contours correspond to the critical curves for sources at the z = 1.49
(i.e., the redshift of the SN Refsdal’s host galaxy). Three images of the host galaxy formed
by the cluster are marked with white labels (1.1, 1.2, and 1.3) in the left panel and enlarged
in the right panel. The four current images of SN Refsdal that we detected (labeled S1 to
S4 in red) appear as red point sources in image 1.1. Right-hand panel extracted from [16]:
images of the MACS J1149 galaxy cluster field taken with HST WFC3-IR. The top panel
shows images acquired in 2011 before the SN appeared in S1–S4 or SX. The middle panel
displays images taken on 2015 April 20 when the four images forming the Einstein cross are
close to maximum brightness, but no flux is evident at the position of SX. The bottom panel
shows images taken on 2015 December 11 which reveal the new image SX of SN Refsdal.

position and the time of reappearance were predicted by different lens models with remarkable
precision [24, 30, 6, 32, 12]. This accuracy is possible since MACS1149 has been observed
with unprecedented detail as part of the Hubble Frontier Fields program (hereafter, HFF,
[21]).

The predictions for the SN time delay were based on a set of assumptions, including the
value H0 = 70 km s−1 Mpc−1, which was adopted by all teams in their model predictions.
Since time delays are inversely proportional to H0, it is possible to constrain the value of H0

directly, as originally suggested by Refsdal in 1964.

In [33], we derived an estimate ofH0 based on the observed time delay for the SN Refsdal
system and an ensemble of lens models derived by different teams that use independent
reconstruction methods. Our results provide a separate geometrical inference for H0 at
intermediate redshift [18, 29, 34, 3]. Hereafter, we adopt a fiducial cosmological model with
Ωm = 0.3 and ΩΛ = 0.7, which is the cosmology used to infer the lens models. When re-
scaling the value of the predicted time delay, the only cosmological parameter being changed
is H0 (see section 2 for details).



Vega-Ferrero, J. et al. 187

2 Hubble constant estimate from SN Refsdal time delays

The time delay ∆t with respect to an unperturbed null geodesic depends on the angular
separation between the image and the source, on the lensing potential at the position of the
image, and on the cosmological model through the angular diameter distances. Distances, in
turn, depends on the cosmic expansion history of the universe, which is proportional to the
Hubble rate,

∆t(θ̄) =
1 + zd
c

DdDs

Dds

[
1

2
(θ̄ − β̄)2 − ψ(θ̄)

]
, (1)

where β̄ is the unlensed source position and ψ(θ̄) is the lens potential at the position of the
observed counter-image θ̄. The quantities Dd, Ds and Dds are the angular diameter distance
to the lens, to the source and between the lens and the source, respectively. These three
distances are inversely proportional to H0, and therefore the time delay is also inversely
proportional to H0. The factor DdDs/Dds encodes the cosmological dependency that, as
shown by [3], is mostly sensitive to H0 and depends weakly on other cosmological parameters.
For instance, a change of 10% in the cosmological parameter Ωm translates into a change of
only ≈ 0.1% in ∆t. Because of this weak dependence on other cosmological parameters, we
consider the cosmological model fixed and vary only H0. The difference in the predicted time
delay between two positions in the lens plane depends on a delicate balance between the
lensing potential and the relative separations. Nevertheless, the uncertainties in the lensing
potential are the primary source of systematic errors in the prediction of the time delays,
followed by the unknown value of H0.

Luckily, lensing models for clusters like MACS1149 are constrained by tens of multiply-
imaged lensed background galaxies with a wide range of known redshifts [9, 10, 11, 19, 35,
4, 5, 6, 14, 20, 22], reducing the uncertainties in the lens models [13, 1]. Model predictions
for time delays are less prone to errors in regions where the number of lensing constraints are
more abundant. In the case of MACS1149, the highest density of lensing constraints is found
in the vicinity of the multiple supernova images. One should then expect systematics to be
relatively small in the case of the SN Refsdal.

2.1 The case of SN Refsdal

The SN Refsdal [15, 28, 16, 17] was the first example of a resolved multiply imaged lensed SN.
The first estimation of the relative time delay and magnification ratio of S1 (position of knot 1
in the original quadruplet image) and SX (the position at which SN Refsdal reappeared) based
on the early light curve of SX was presented by [16] . The lensing constraints from the HFF
program allowed for a variety of predictions of the time delay and relative magnification of
a fifth image. These predictions where made assuming a fiducial cosmological model, needed
for computing the distances in equation 1. If the fiducial model assumed the wrong H0 this
would translate into a predicted time delay that is biased with respect to the measured one.
Table 1 in [33] summarizes the predicted time delays ∆tX1 between SX and S1, and the
magnification ratios, µX1 ≡ µ(X)/µ(1), as derived by the different models presented in [32]
and by the model presented in [6]. The predictions ranged from ≈ 8 months [30] to ≈ 1 year
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[6]. Similar predictions extending from ≈ 7.2 months to ≈ 12.3 months were later published
in [32] by different teams. SN Refsdal reappeared promptly approximately one year after its
first appearance. Overall, the lens models predict reasonably well the time of reappearance
of SN Refsdal [16].

Although the uncertainties in the lens models are difficult to quantify, they are generally
small in regions on the lens plane where lensing constraints are abundant, as shown by [23].
In this work, as proposed by [31], we adopt a conservative level of 6% for systematic errors
in the time delay predictions (see also [8] for a similar discussion). We refer the reader to
section 2.1 in [33] for a detailed discussion on the model uncertainties.

The lens models assumed a fiducial Hubble constant of Hfid
0 = 70 km s−1 Mpc−1, and

using the lens geometry data G each modeler m derived a probability pm(∆tX1, µX1|Hfid
0 ,G).

Since the time delay is inversely proportional to H0 as given by equation 1, we can rescale
this to any alternative value of H0 via

pm(∆tX1, µX1|H0,G) = pm

(
Hfid

0

H0
∆tX1, µX1|Hfid

0 ,G

)
. (2)

3 Bayesian analysis

The time delays ∆tX1 and magnifications µX1 predicted by the different lens models can
be compared with those inferred by [16] from the observed light curve data (LC) of both
SN images. The probability pd(∆tX1, µX1|LC) derived by [16] shows substantial correlation
between ∆tX1 and µX1 as a consequence of the incompleteness in the light curve data they
analyze. By re-scaling the predictions as described in equation 2, we can infer the most likely
value of H0 that best matches the model predictions with the observations. For this purpose,
we adopt a standard Bayesian approach, but keeping in mind that our observational data D
are the union of lens geometry (G) and SN light curve data (LS), and both are interpreted
in terms of time delay and magnification ratio. The probability of H0 given the data D is
expressed as

P(H0|D) ∝ P(H0) P(D|H0)

= P(H0)

∫
d∆tX1 dµX1 P(∆tX1, µX1|D, H0)P(D)

∝ P(H0)

∫
d∆tX1 dµX1 pm(∆tX1, µX1|H0,G)× pd(∆tX1, µX1|LC),

(3)

where the prior, P(H0), is the credibility of the H0 values without the data D, and the like-
lihood, P(D|H0), is the probability that the data could be generated by the models with
parameter value H0. Equation 3 is basically the product of the observed probability distri-
bution of the observed time delay and magnification (pd) times the probability distribution
from the individual models (pm). For a particular model, the maximum of the probability is
obtained for a value of H0 that maximizes the overlap of the SN light curve data and model
probabilities.
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For each individual lens model, we assume a bivariate but separable normal distribution
for pm,i(µX1,∆tX1|H0). The mean values of µX1 and ∆tX1 for each model are given in table
1 in [33] along with their statistical uncertainties. In the computation of pm,i(µX1,∆tX1|H0),
we also take into account that the statistical uncertainties are non-symmetric for three of the
listed lens models. For the observational data, we associate a bivariate normal distribution
to pd(µX1,∆tX1) based on the best-fit ellipse to the 68% CL in Figure 3 of [16] (for brevity,
we drop the dependences on G and LC from our notation). Both pm,i(µX1,∆tX1|H0) and
pd(µX1,∆tX1) are normalized to unity. Note that pm(µX1,∆tX1|H0) depends on H0 as
defined in equation 2. On the contrary, the probability distribution of the observational
data, pd(µX1,∆tX1), does not depend on H0.

We adopt two strategies for combining the probabilities pm derived by different lens
models, which we can label by i = 1 . . .M . A very optimistic view is that each model has
errors that are independent and are drawn from an ensemble with zero mean. In this case,
we can set

pm(∆tX1, µX1|H0) ∝
M∏
i=1

pi(∆tX1, µX1|H0), (4)

and we will label the resultant posterior derived from equation 3 as P×(H0|D). A more
conservative (and more realistic) assumption is that only one of the models is correct, with
prior probability qi that model i is the one. In this case, we have

pm(∆tX1, µX1|H0) =
M∑
i=1

qipi(∆tX1, µX1|H0). (5)

We will assign equal priors qi = 1/M to each model, such that we effectively average the
probabilities of the models, and denote the resultant posterior distribution as P+(H0|D).
Note that the models do not contribute equally to the posterior: those whose predictions of
µX1 disagree with the measurements of [16] will be downweighted in the integral of equation 3.

4 Results and conclusions

In the left-hand panel in figure 2, we show the contribution from each model to the total
posterior P+(H0|D) using a flat prior for H0 between H0 = 30 and 100 km s−1 Mpc−1. The
right-hand panel in figure 2 summarizes our main result for the posterior P×(H0|D) and
P+(H0|D). We have assumed that all model predictions are equal prior validity (but see
[23] for a comparison of the performance of the different lensing reconstruction techniques).
The median value and 68% CL for H0 are: H0 = 62+4

−4 km s−1 Mpc−1 for the P×(H0|D)

posterior; and H0 = 64+9
−11 km s−1 Mpc−1 for the P+(H0|D) posterior. These values of H0

already include a systematic uncertainty at the 6% level which has been added at the end in
quadrature to the statistical uncertainty.

We constrain, for the first time, the Hubble constant following Refsdal’s original idea to
use a multiple-lensed SN with measured time delays and precise lens model predictions. By
combining the results of multiple lens models, we account for statistical and some systematic
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Figure 2: Left-hand panel extracted from [33]: Contribution of each lens model prediction
(in different colors) to the posterior P+(H0|D) obtained by equation 3. Right-hand panel
extracted from [33]: Total posterior P×(H0|D) (dashed line) and P+(H0|D) (solid line). Both
curves include a systematic uncertainty at the 6% level added at the end in quadrature to the
statistical uncertainty. We explicitly show the median, 68% CL (black error bars) and 95%
CL (grey error bars) on the top of the figure for both posteriors. The vertical line corresponds
to the fiducial Hfid

0 = 70 km s−1 Mpc−1 assumed in all the lens models.

errors due to assumptions made during the lens reconstruction. These results are in good
agreement with recent constraints from CMB, LSS, and local distance ladders [25, 27, 2]. We
use a very weak prior to better show the sensitivity of the Refsdal data to the parameter H0.
Future improved constraints on the observed time delay and magnification will reduce the
uncertainty in the Hubble parameter using this technique, and additional estimates derived
from different clusters will provide a competitive test for H0.
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Abstract

The First Data release of the J-PLUS photometric survey is already public and available for

the scientific community. It includes millions of sources in a usable area of 897 deg2. With it,

we analyse nearby star-forming galaxies (z < 0.017) to obtain the Hα Luminosity Function

of the Local Universe, the Star Formation Main Sequence, and the Star Formation Rate

Density of the Local Universe. Our results are the most local values for these properties,

using a large and homogeneous sample of sources with no target pre-selection.

1 Introduction

The Javalambre Photometric Local Universe Survey (J-PLUS, hereafter) is a photometric
survey conducted from the Observatorio Astrof́ısico de Javalambre, in Teruel, Spain. It is
carried out using an 83 cm diameter telescope (JAST/T80) and a large camera (T80Cam)
that provide an effective Field of View of 2 square degrees. The filter system includes a set of
5 broadband filters (almost identical to the SDSS photometric system), and 7 medium and
narrow bands, placed in key stellar features. All the details of the J-PLUS survey can be
found in [2].

In this contribution we present the first determination of the Hα Luminosity Function
at z = 0 with the homogeneous sample of sources present in the first J-PLUS Data Release.
In Section 1, we present the properties of the data sample. In Section 2, we describe the
process to select sources with an emission line inside the J0660 filter. Section 3 summarizes
the criteria to discern objects at low redshift from contaminants at higher redshift. The
Luminosity Function, Star Formation Main Sequence, and Star Formation Rate Density are
presented in Section 4. Finally, we discuss the results and summarize the main points of this
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contribution in Section 5.

2 Data

In this Section we present the main characteristics of the J-PLUS first Data Release (DR1
hereafter). J-PLUS DR1 includes high-quality multiband information of 897 deg2 (1022 deg2

before masking), around 8.4 million objects with r < 21 detected in dual mode, including
stars, galaxies, or QSO. Aside from the photometry, value-added catalogs are provided with
extra information, that includes photometric redshifts, object classification, or cross-matches
with pre-existing catalogs, among others. It is publicly accessible via ADQL queries in the
J-PLUS website1. Custom queries can be performed to retrieve data according to different
criteria. J-PLUS DR1 is described in these proceedings by López-Sanjuan et al.

For this study, we select all objects with r ≤ 18. We apply this cut to ensure that we
are complete in detection. We do not expect this to significantly bias our selection due to
the nature of our sources. Star-forming galaxies in the nearby Universe should not be much
fainter than this cut, and it helps to filter contaminants at higher redshift, which will be
mainly [OIII] emitters at z ∼ 0.3.

3 Emitter Selection

In this Section we explain the method that we use to select sources with an emission inside
the J0660 filter, and how we discern between low-z and high-z emitters. We recall here that
the [OIII] emission is within the J0660 wavelength range at z ∼ 0.3.

To select emitters at low-z, we retrieve all J0660, r, and i fluxes from the database.
We infer a linear continuum that spans from the central wavelength of r, to the central
wavelength of i, thus inferring a local continuum for J0660 at the wavelength range of Hα.
All the equations and details about this method can be found in Vilella-Rojo et al., 2015 [12].

We do this in a Monte-Carlo approach. We perform many iterations of this routine,
varying each time the value of the flux inside each filter within its error bar, assigning each
time a component of noise that is drawn from a Gaussian distribution with σ that is the
photometric error of each flux. Each time we do this, we store the obtained value. In the
end, each source has a N values of excess inside J0660, where N is the number of iterations
that we repeated this process. In the end we consider as emitters all sources that fulfill the
condition

〈F 〉
NMAD (F )

≥ 3 (1)

where 〈F 〉 is the median of all the N excess measurements for each source, and NMAD (F )
is the normalized median absolute deviation, as given by 1.48×median ( |Fi − 〈F 〉 | ).

1http://www.j-plus.es/
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Figure 1: Color-color plot used to separate sources. Dots are color-coded according to the
area of the SExtractor ellipse that encloses the source. Three regions are drawn according
to the nature of the sources. The upper region is a stellar locus. Lower right region contains
galaxies at a redshift higher than our redshift of interest. Low redshift galaxies are clustered
in the lower left region.

All the emitting sources are then plotted in a J0515 − r vs g − i color-color diagram.
In Figure 1 we plot this diagram. Dots are color coded according to the area of the ellipse of
the detection in SExtractor MAG AUTO mode using the r filter as the detection band.

We cross-match all the sources with preexisting catalogs that include spectroscopic
redshifts. We find that low-z objects are populating a sequence in the lower left corner.
Sources with a redshift higher than our redshift of interest are clustered around g − i ∼ 1.5.
We select all the sources that are candidates to be low redshift, and we check them by eye to
classify them as low redshift emitters. The numbers that describe this sample are summarised
in Table 1

Table 1: Summary of redshift distribution of the candidates that lie within the region of low-z
candidates inside the color-color diagram.

With spec-z Without spec-z

Low z High z Low z candidates High z candidates Total

466 485 166 431 1548

The final sample of low z galaxies contains 632 galaxies. The purity of this sample
should be around 100%; we might not be complete, but given the cuts that we apply in the
color-color diagram, and the visual inspection, we do not expect completeness to significantly
bias our results.
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Figure 2: Left panel: Comparison between the clean Hα flux as measured with J-PLUS,
and SDSS or CALIFA, for a sample of galaxies that are observed in the three surveys. Right
panel: Histogram of the Ratio R between the Hα flux measured with J-PLUS and the
spectroscopic values.

3.1 Performing the photometry

Once we identify our sources of interest, we repeat the photometry using only the emitting
regions of each galaxy. This routine is described in detail in the work by Logroño-Garćıa
et al. [6]. With it, we retrieve the photometry in the 12 J-PLUS filters, and with these we
measure the Hα+[NII] excess. The Hα flux is then obtained using the SED-fitting method
and corrections described in Vilella-Rojo et al., 2015 [12]. The reliability of this method is
tested against spectroscopic data, using galaxies in common with the SDSS and CALIFA
surveys. Results can be found in [6] and in Figure 2 in this contribution.

4 Results

In this Section we present the main results of this study. These include the Hα Luminosity
Function (Hα LF), the Galaxy Star Formation Main Sequence, and the Star Formation Rate
Density ρ∗ in the local volume.

4.1 The Hα Luminosity Function

To compute the distance to our galaxies, we use the spectroscopic redshift when these are
available. Sources without spectroscopic redshift are assigned a random distance according to
a volume prior. We do this with all the sources 5000 times. Each round we assign a different
distance, hence a different luminosity. In each iteration, we stack the resulting luminosities,
and in the end we normalize the number counts.

To correct for completeness in volume, we apply the classical V/Vmax technique de-
scribed in Schmidt, 1968 [11]. Errors are estimated assuming a Poissonian distribution for
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Figure 3: Left panel: Histogram of the Hα fluxes, and the flux cuts that we apply.
Right panel: Probability distribution for each parameter of the fitting. Values in the titles
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the number counts. Finally, we fit the resulting distribution of number counts to a Schechter
1976 function:

n (L) dL = φ∗
(
L

L∗

)α
e

L
L∗

dL

dL∗ . (2)

To perform the fitting and explore the parameter space, we use a MCMC approach.
We use the code emcee [3]. We sample the 3-dimensional parameter space (i.e. L∗, α, and
φ∗ ) for different 11 different values of limiting flux equally spaced between 3.35 × 10−14

and 5.58 × 10−14 erg s−1. These cuts can be found in Figure 3. We do this to include the
uncertainty in the emission-line completeness in the final error of our parameters. We stack
all the sampler chains and perform the statistical analysis in the resulting stacking. This is
shown in Figure 4.

For each of the 11 values of limiting flux, we perform a fitting to a Schechter distribution
(see [10]). We present the individual LFs, and the average one, in Figure 4

The values that we obtain for the fitting are: log10 (L∗) = 41.47 ±0.13
0.09

[ erg
s

]
, α =

−1.22±0.08
0.09, log10 (φ∗) = −2.55±0.1

0.13

[
Mpc−3

]
.

The integral of this distribution is analytical under the condition α ≤ −2,

L =

∫
φ∗

L

L∗ exp

(
− L

L∗

)
dL

L∗ = φ∗L∗Γ (α+ 2) . (3)

4.2 The Star Formation Rate Density at z = 0

To estimate the Star Formation Rate Density ρ∗ of the local volume (up to ∼ 73 Mpc distance
in radius) we use the the Kennicutt (1998) relation (see [5]). This relation assumes a Salpeter
[9] Initial Mass Function, and case B recombination.
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Figure 4: Left panel: Hα Luminosity Function. Grey dots represent the frequencies for
each of the 11 realizations with different limiting flux. Black dashed lines are the individual
fittings that are obtained with each limiting flux cut. Solid brown curve is the curve that has
the median values for each of the three parameters. Right panel: Galaxy Star Formation
Main Sequence obtained with J-PLUS DR1 data. Dashed vertical lines are 5th and 95th

percentiles of the masses in the Cano-Dı́az et al., 2016, CALIFA sample

SFR = 7.9× 10−42L M�
year

, (4)

where L is the total luminosity of Hα, as computed from Equation 3. If we divide by the
total volume up to z = 0.017, we obtain a SFRD log (ρ∗) = −2.10±0.04

0.05. This is in good
agreement with previous values in the literature (see, for instance [4] ).

4.3 The Galaxy Star Formation Main Sequence

Finally, we plot the so called as Galaxy Star Formation Main Sequence [8], which relates the
SFR of galaxies with their total stellar mass, M∗. This is shown in Figure 4. We overplot
the fitting for the relation M∗ (SFR) obtained with spectroscopic data from the CALIFA
Survey, as found in Cano-Dı́az et al., 2016.[1]. We find an excellent agreement between our
measurements and CALIFA ones, giving us strong confidence in our findings.

5 Summary and conclusions

In this work we have presented three main results that are derived from the J-PLUS first
Data Release, publicly available to the community in the J-PLUS website. These are the
Hα Luminosity Function, the Star Formation Rate Density of the local Universe, and the
Galaxy Main Sequence of Star Formation of a sample of 632 Hα emitters. To do that, we
first selected all our sources from the catalogs, and to make sure that our sample was pure,
we visually checked more than 1500 candidates.
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After this visual inspection, our sample of emitters includes 632 galaxies, of which 166
had not been previously assigned a redshift. These galaxies present compact morphologies
and blue colors, being an interesting population for further analysis.

The Hα LF shows consistency with previous values in the literature. It is in good
agreement with a Schechter distribution, which allows us to perform an analytical integral to
compute the total Hα luminosity and the star formation rate density. This value is also in
agreement with previous studies.

Finally, we compute the Galaxy Star Formation Main Sequence, which relates the star
formation rate of a galaxy with its mass, and shows a correlation that spans for 3 orders of
magnitude. We compare our result with the one obtained using spectroscopic measurements
from the CALIFA survey, showing not only an excellent agreement, but a wider mass range.
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Abstract

True Seyfert 2 candidates are those Seyferts galaxies whose optical spectral do not show
broad lines, nevertheless in the X-ray domain, they exhibit some characteristic behavior
of Seyferts 1 such as lack of X-ray obscuration and/or short timescale variability. A true
2 candidate will be confirmed as a true Seyfert 2 if the lack of its broad line region (BLR)
is not only observational but physical. These kind of objects are thought to accrete at
low Eddington rates, in agreement with theoretical models that predict that the BLR
disappears below a certain critical value of accretion rate and/or luminosity. In the last
decade, a significant number of true Seyfert 2s with low accretion rates has been claimed
in the literature. However, some exceptions as GNS 069 or 2XMM J1231+1106 show high
accretion rates, which seem to contradict the generally accepted explanation.

A limit on the detection of hidden broad line regions (HBLRs) must be established in order

to make sure that BLRs are not present intrinsically. Since true Seyfert 2 candidates are

selected by the absence of X-ray obscuration, the most plausible explanation to cause the

non-detection of a physically present HBLR would be the absence of an adequate scattering

medium. Polarimetry can play a key role to answer this question. The presence of an

efficient scattering region would imply a high continuum of polarization. We propose to

assess what degrees of polarization are high enough to indicate the presence of a scattering

medium able to act as a mirror and thus providing us with the indirect view of the HBLRs.
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We got new imaging polarimetry data from ISIS@WHT of 10 true 2 candidates which had
not been checked in polarized light. If scattering regions are present, undeniable degrees
of polarization around 1?3% should be measured. Comparing the measured continuum of
polarization with simulations we will be able to estimate a decidability limit on HBLRs.
Specifically, we will apply STOKES, a Monte Carlo radiative transfer code which can be
used to model, predict, fit and interpret the polarization of AGN. (See poster).
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Optical follow-up of galaxy cluster candidates
detected by Planck satellite in the PSZ catalogue.
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J.A. Rubino-Martin1,2
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Abstract

The Legacy PLANCK all-sky Sunyaev-Zeldovich (SZ) galaxy cluster catalogues PSZ1 and

PSZ2 (Planck Collaboration XXIX 2013; Planck Collaboration XXVII 2015) provide for

the first time the possibility to detect galaxy clusters using the SZ effect signature in a full

sky survey. However, in order to constrain cosmological parameters from these catalogues,

the clusters must be characterized in their physical properties, mainly redshift and mass.

Here, we describe our optical follow-up programme, which has been developed with the

aim of validating SZ Planck sources with no known optical counterparts. Thanks to a

4-year observational programme, using the 4.2m WHT and 2.5m INT telescopes at the

Observatorio Roque de los Muchachos (La Palma), we identify the optical counterparts of

the SZ candidates and estimate their photo-z’s. After this, we study spectroscopically a

significant sample of the confirmed clusters. We perform multi-object spectroscopy (MOS)

with the 3.5m TNG and 10.4m GTC telescopes, in order to retrieve redshifts, velocity

dispersions and dynamical masses. This allows us to compare SZ masses with dynamical

ones and calibrate the uncertainties in this scaling laws understanding possible biases. This

poster presents the status of the imaging observations (more than 400 objects observed),

the spectroscopic observations (more than 120 MOS masks), and the first scientific results

of this programme. (See poster).
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Phase-referencing measurements of positional
frequency-dependent shifts in ultra-compact AGN
cores.
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Abstract

Accurate alignment of the optical reference frame with the VLBI based International Celes-

tial Reference Frame (ICRF) requires good understanding of the positional discrepancies of

the reference objects used for the alignment. The compactness of the ICRF objects requires

relative astrometry for measuring the frequency-dependent core shifts, however, there are

no established methods and approaches for such measurements. We have designed a project

aimed at testing several potential methods for core shift measurements using relative as-

trometry. For that purpose, we have used phase-referencing VLBA observations at 5 and

15 GHz in a sample of 10 compact, high declination radio sources. These observations will

provide crucial input for devising an optimal approach for the radio-optical reference frame

aligment. (See poster).
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Characterization of ionized outflows in optically
obscured quasars (QSO2) at z ∼ 0.3 – 0.5.
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1 Centro de Astrobioloǵıa (CAB, CSIC–INTA), Departamento de Astrof́ısica, Cra. de
Ajalvir Km. 4, 28850 - Torrejón de Ardoz, Madrid, Spain
2 Instituto de Astrof́ısica de Canarias (IAC), Vı́a Láctea s/n, E–38200 La Laguna (Tenerife,
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Abstract

Feedback induced by the activity of supermassive black holes (SMBH) in massive galaxies
is thought to play a critical role in their evolution. In particular, the most powerful outflows
with the most extreme effects on the environment are expected in quasars (QSOs). Type 2
QSOs (QSO2) are the best objects to study the way feedback works since the active nucleus
is obscured allowing one to better study the properties of the surrounding medium. Ionized
outflow are ubiquitous in this kind of systems at different redshift (z), whose kinematics is
identified by the presence of a broad component characterized by FWHM > 1000 km s−1

and velocity shift vs. ∼several × 100 km s−1 with respect to the narrow (systemic) one.
The ‘radio–induced’ mechanism is another way to feed the AGN, not been sufficiently ex-
plored in radio quiet QSOs: it is known that ionized outflows are also ubiquitous in non
radio–loud QSO2s at different z. The actual size of the outflows and their efficiency for
gas ejection and star formation truncation are controversial. We have recently proposed
that large scale (≥ several kpc) extended radio structures might be necessary to identify
(even to trigger) outflow signatures across such large spatial scales (Villar-Mart́ın, 2017).
Based on this, we investigated the properties and sizes of the ionized outflows in a sample 6
SDSS QSO2 at z ∼ 0.3 – 0.5 with known extended radio structures with the goal of search-
ing for spatially extended outflow signatures. The study is based on long slit Osiris/GTC
spectroscopy and complemented by FORS2/VLT data (Villar-Mart́ın, 2011). (See poster).
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compact and relic massive galaxies.
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Abstract

The quest to find relic galaxies is ongoing, i.e. galaxies that seem to remain untouched

from the primeval Universe. These galaxies are usually massive (> 8×1010 M�), with

very small sizes (effective radius < 2 Kpc) and with old (> 10 Gyr) stellar populations.

Observationally, it is not well tested whether these objects live in galaxy overdensities, as

simulations predict. Additionally, their number densities in the nearby Universe (z< 0.3)

are also under debate, due to the lack of large area spectroscopic surveys. To top it up, their

sizes and structural parameters are not very reliable due to the shallow ancillary imaging

of previous works, typically SDSS. I take advantage of the GAMA spectroscopic survey, in

the KiDS and VIKING fiels (∼150 deg2, 2 mag deeper) to create a complete census of this

elusive galaxy population. Each of the galaxies in my sample, surprisingly being many of

them satellites of bigger objects, are a treasure trove to understand the properties of the

high redshift Universe. (See poster).
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Abstract

The study of high redshift galaxies is crucial for understanding the reionization process,
the formation and evolution of galaxies, and the large-scale structure in the Universe. The
main goal of this project was to obtain an ultra-deep image taken with a narrow-band filter
(FWHM = 11nm and central wavelength λc = 1.254 µm), designed by the ALBA team, and
installed in the CIRCE nIR camera for GTC, with the aim of detecting LAEs (Luminous
Lyman-α Emitters) at z = 9.3 by the flux excess due to their Lyα emission. In this sense,
this project would allow to support or reject the double reionization scenario predicted by
the AMIGA model (Salvador-Solè 2015). The ultra-deep image has been obtained within
the Extended Groth Strip (EGS) field, reaching a limiting AB magnitude ∼ 22 in the ALBA
narrow-band filter. With this depth we could not detect any candidate for LAE at high
redshift. In addition, we have performed a scientific analysis of some properties of the
identified galaxies, gathering the available ancillary information of these objects from the
3D-HST and CANDELS surveys. (See poster).
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Testing Cosmological Structure formation in
Unified Dark Matter-Energy models.
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Abstract

Unified Dark Matter-Energy models (UDM) are a class of models where dark matter and
dark energy exist as a single essence and have been proposed as an alternative approach
to ΛCDM. In this work we focus on a specific UDM model that contains a fast transition
between dark matter-like and dark energy-like behaviours. The rapidity and redshift of the
transition are important features of the model. We compute structure formation in this
model, using a modified version of CLASS, and study its viability against a combination
of SNe Ia, BAO, CMB and weak lensing data, performing MCMC and Nested Sampling
analyses. We find that the inclusion of current weak lensing data, from the KiDS survey,
allows us to strongly constrain the redshift of the transition and find a viable range of
parameter values for which structure formation is similar to the one predicted by ΛCDM.
(See poster).
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populations in nearby galaxies.
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Abstract

Our objective is to target a well-defined sample of 150 nearby disks from the S4G survey to
measure their light-weighted (1) stellar velocity ellipsoids, (2) stellar population ages and
(3) abundances along the galaxies’ major and minor axes using MEGARA spectroscopy
in the CaT region at R=20000 and in multiple Low-resolution (R=6000) setups. In a
first step we have obtained HR-I data on a subsample of S4G objects plus nearby galaxies
(NGC7025, UGC10205, M32). In this poster different showcase examples are presented
for the central (12.5 arcsec x 11.3 arcsec) stellar properties. MEGARA allows us to study
the radial variation of the effective star formation history of the galactic disks and of its
stellar abundances by means of comparing R=6k-20k data with the predictions of the galaxy
evolution (backward) modeling of the effective (in-situ plus ex-situ) star formation history
and chemical abundances. The deviations of our observations from the smooth inside-out
growth predicted by the models would reflect the presence of ex-situ processes, such as
radial migration and/or satellite accretion. (See poster).
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Abstract

Galactic winds are widely recognized as essential components in the evolution of galaxies.
In order to study the multi-phase structure of winds, we are analyzing high-quality IFS
MEGARA IFU [1] data taken during the Commissioning Period (June 2017). We present
the first results obtained from the mapping of the central regions of a small sample of
nearby galaxies. On one hand, the neutral gas outflows are traced by the interstellar Na I
λλ 5890,5896 doublet excess using a low-resolution set-up (5143−6164 Å at R=6K). On the
other hand, the ionized gas phase and its connection to nuclear star formation is analyzed
thanks to the high-resolution set-up (6445−6837 Å at R=20K). This study will shed light
on the role that AGN activity [2] and galactic outflows [3] play on the evolution of galaxies
and measure the balance between negative and positive feedback in the center of galaxies.
Authors acknowledge financial support by the MINECO project AYA2016-75808-R. C.C.-T.
gratefully acknowledges the support of the European Youth Employment Initiative (YEI)
by means of the Postdoctoral Fellowship Program. (See poster).
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Abstract

We present the capabilities of the MEGARA instrument at GTC for studying stellar dy-

namics in external galaxies. The analysis carried out so far in this regard is based on data

taken with MEGARA during the commissioning period with the LCB IFU between June

and August 2017. We show results on stellar kinematics in the central regions of a number of

nearby galaxies such as velocity, velocity dispersion, skewness (h3) and kurtosis (h4) maps,

obtained with the pPXF code, including NGC 7025, M 32, etc. These results are helping to

reveal the role of dynamical processes in the formation and evolution of galaxies, thanks to

the unprecedented capabilities of MEGARA@GTC, mainly its combination of spaxel size

(0.62 arcsec), FoV (12.5 arcsec x 11.3 arcsec), efficiency and spectral resolution (R=6,000-

20,000). (See poster).
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Abstract

In recent years, integral field spectroscopy techniques (IFS) have become a powerful
tool to observe Ultra/Luminous Infrared Galaxies (U/LIRGS), allowing us to carry out
spatially and spectrally resolved studies. These studies are aim to wide or understanding
of galaxy evolution since these systems are thought to be the dominant component
to the energy density of the Universe beyond z∼2. Most of the effort has been fo-
cused on a wide variety of physical processes by studying the different phases of the
gas. However, stars are a key component that governs the dynamics of these complex
systems, and is key to understand how U/LIRGs builds up their mass during their evolution.

In this work, we present a IFS near-IR stellar kinematic study of a local sample of 10
LIRGs observed with SINFONI at the VLT. We have extracted the line-of-sight velocity
distribution (LOSVD) using the CO stellar absorption bands in the K-band and obtained
the two-dimensional velocity and velocity dispersion maps of the stellar component. By
combining our kinematic maps and light profiles with a Navarro-Frenk-White dark matter
halo profile we have obtained the dynamical masses of these galaxies.Here we introduce this
procedure as well as the main kinematic and dynamical results. (See poster).
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Abstract

We report an ultra-bright lensed submillimeter galaxy (SMG) at z = 2.0439, WISE
J132934.18+224327.3, identified as a result of a full-sky cross-correlation of the AllWISE
and Planck compact source catalogs aimed to search for bright analogs of the submillimeter
galaxy SMMJ2135, the Cosmic Eyelash. Inspection of archival SCUBA-2 observations of
the candidates revealed a source with fluxes (S850µm= 130 mJy) consistent with the Planck
measurements. The centroid of the SCUBA-2 source coincides within 1 arcsec with the
position of the AllWISE mid-IR source, and, remarkably, with an arc shaped lensed galaxy
in HST images at visible wavelengths. Low-resolution rest-frame UV-optical spectroscopy
of this lensed galaxy obtained with 10.4 m GTC reveals the typical absorption lines of a
starburst galaxy. Gemini-N near-IR spectroscopy provided a clear detection of Hα emission.
The lensed source appears to be gravitationally magnified by a massive foreground galaxy
cluster lens at z = 0.44, modeling with Lenstool indicates a lensing amplification factor of
11±2. We determine an intrinsic rest-frame 8-1000-µm luminosity, LIR, of (1.3±0.1)×1013

L�, and a likely star-formation rate (SFR) of ∼ 500−2000 M�yr
−1 . The SED shows a re-

markable similarity with the Cosmic Eyelash from optical-mid/IR to sub-millimeter/radio,
albeit at higher fluxes. (See poster).
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Abstract

One of the most challenging open questions in Astrophysics is how Active Galactic Nuclei

(AGNs) are fueled. For this to happen, gas has to be driven from the outskirts of the

galaxy to the nuclear regions. Different mechanisms such as bars (large-scale and nuclear),

lopsided disks, m=1, 2 instabilities or warps have been suggested to remove the gas angular

momentum at different spatial scales of galaxy disks. On the other hand, stellar and AGN

feedback in the form of outflows prevents galaxies from becoming overmassive. In this work

we present the results of interferometric observations of the cold CO(2-1) molecular gas and

1.3 mm continuum obtained with NOEMA of five nearby (mean luminosity distance of 34

Mpc) Seyfert galaxies. The superb angular resolution of the NOEMA data (∼0.6”∼100

pc) enables us to study the CO(2-1) morphology and kinematics as well as to measure the

molecular gas content of the nuclear regions. Although all galaxies in our sample show

evidence of non-circular motions in their nuclear regions, these are detected more clearly in

the interacting systems. Our goal is to find out if these motions are related to molecular

gas flows.



Highlights on Spanish Astrophysics X, Proceedings of the XIII Scientific Meeting of the Spanish 
Astronomical Society held on July 16 – 20, 2018, in Salamanca, Spain. B. Montesinos,  A. Asensio Ramos, 
F. Buitrago, R. Schödel, E. Villaver, S. Pérez-Hoyos, I. Ordóñez-Etxeberria (eds.), 2019 
 

Deep Learning for morphological classification of
galaxies.
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Abstract

Galaxies exhibit a wide variety of morphologies which are strongly related to their star for-

mation histories. Having large samples of morphologically classified galaxies is fundamental

to understand their formation and evolution. Morphological classification of galaxies based

on visual inspection is extremely time consuming: an impossible task when dealing with

the immense number of galaxy images (billions!) that future Big Data surveys such as

LSST or EUCLID will release. Deep Learning algorithms (DL), which automatically ex-

tract high-level features at the pixel level, have been proven very successful in the last years

for many different image recognition purposes. Here we show the excellent performance of

DL algorithms to reproduce (or even improve) visual classification of galaxies for SDSS-DR7

images.The main results of this poster and the morphological catalogue with classifications

for 670,000 SDSS-DR7 galaxies are presented in Domı́nguez Sánchez et al. (2018a). (See

poster).
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Abstract

In this work, we investigate the impact of large-scale environment on the IMF in quiescent

galaxies. For this purpose, we compare the trend of IMF-sensitive spectral features with

respect to galaxy mass in three samples of intermediate-mass galaxies that reside in low,

intermediate and high-density environments. Using SDSS DR7 spectra stacked by veloc-

ity dispersion and redshift, in a purely observational approach, we find that the IMF of

intermediate-mass galaxies does not significantly depend on the galactic environment. (See

poster).
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The MUSE Atlas of Disks (MAD): Ionized gas
properties in local galaxies.

Santiago Erroz-Ferrer1, and the MUSE collaboration

1 Department of Physics, ETH Zurich, CH-8093 Zurich, Switzerland

Abstract

We study the physical properties of the ionized gas in local disks using the sample of 38

nearby ∼108.5−11.2M� Star-Forming Main Sequence (SFMS) galaxies observed so far as

part of the MUSE Atlas of Disks (MAD). Specifically, we use all strong emission lines in

the MUSE wavelength range 4650-9300 Å to investigate the resolved ionized gas properties

on ∼100 pc scales. This spatial resolution enables us to disentangle HII regions from the

Diffuse Ionized Gas (DIG) in the computation of gas metallicities and Star Formation Rates

(SFRs) of star forming regions. The gas metallicities generally decrease with radius. The

metallicity of the HII regions is on average ∼0.1 dex higher than that of the DIG, but the

metallicity radial gradient in both components is similar. The mean metallicities within

the inner galaxy cores correlate with the total stellar mass of the galaxies. On our <100

pc scales, we find two correlations previously reported at kpc scales: a spatially resolved

Mass-Metallicity Relation (RMZR) and a spatially resolved SFMS (RSFMS). We find no

secondary dependency of the resolved RMZR with the SFR density. We find that both

resolved relations have a local origin, as they do not depend on the total stellar mass. (See

poster).
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What do we find when nothing is found? A deep
search for planetary nebulae at the outskirts of
M33.

R. Galera-Rosillo1,2, R.L.M. Corradi3 and A. Mampaso1
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3 GRANTECAN, Cuesta de San José s/n, E-38712 , Breña Baja, La Palma, Spain

Abstract

Planetary nebulae (PNe) are excellent tracers of stellar populations with low surface bright-
ness, and therefore provide a powerful method to detect and explore the rich system of
substructures discovered around the main spiral galaxies of the Local Group.
A search of PNe at the outskirts of the spiral galaxy M33 has been performed over a set of
wide-field images in the [OIII]λ5007Å and Hα + [NII] nebular lines and continuum broad-
band filters (g’, r’), within a completeness limit of 26 mag in the narrowband filters. The
images from the INT telescope cover a 4.5 square degree area and reach a projected distance
of 40 Kpc from the center of the galaxy towards M31.
An exhaustive study of the photometric data, combined with a visual search, shows the
absence of bright PNe outside the limits of the disc of the galaxy on the sampled region.
Inside the bright optical disc of M33, eight new PN candidates were identified, three of
which were spectroscopically confirmed. Fourteen additional sources, showing [OIII] excess,
were also discovered.
The results set an upper limit of ∼ 1.6 · 107L� to the luminosity of the underlying popu-
lation in the region covered by this survey, suggesting the lack of a massive classical halo.
This is in agreement with the results obtained using the RGB population and it questions
the claimed interaction between M31 and M33. (See poster).
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JWST-MIRI Integral Field Spectroscopy of high-z
galaxies.
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1 Centro de Astrobioloǵıa (CSIC-INTA), Madrid, Spain
2 Mullard Space Science Laboratory, Surrey, UK
3 European Space Agency, c/o STScI, Baltimore, MD, USA
4 Kapteyn Astronomical Institute, Groningen, The Netherlands
5 1st Institute of Physics, Cologne, Germany
6 Laboratoire d’Astrophysique de Marseille, Marseille, France
7 National Space Institute, Lyngby, Denmark
8 Stockholm University, Stockholm, Sweden
9 Universidad Complutense de Madrid, Madrid, Spain
10 University of Leicester, Leicester, UK
11 Leiden University, Leiden, The Netherlands
12 Max Planck Institut für Astronomie, Heidelberg, Germany
13 Durham University, Durham United Kingdom
14 The UK Astronomy Technology Centre, Edinburgh, UK

Abstract

Due to its sensitivity and spectral coverage, the James Webb Space Telescope (JWST)

Mid-Infrared Instrument (MIRI) is optimum to detect the Hα emission line on sources at

redshifts beyond 6.7. The European MIRI Guaranteed Time Observations (GTO, PI: G.

Wright) will dedicate 65 hours to observe three Lyα emitters (LAEs) and two quasars in

the Epoch of Reionization (EoR), plus two dusty star-forming galaxies (DSFG) at z∼4-7.

We present the realistic simulations we created in preparation for the MRS data expected

for the High- z GTO program.
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2D Star Formation Rate Properties of Nearby
Galaxies with J-PLUS DR1.

R. Logroño-Garćıa1, G. Vilella-Rojo1, C. López-Sanjuan1, J. Varela1, K.
Viironen and the J-PLUS team

1 Centro de Estudios de F́ısica del Cosmos de Aragón (CEFCA)

Abstract

The Javalambre Photometric Local Universe Survey (J-PLUS; Cenarro et al. 2018), is

observing thousands of square degrees of the northern sky from the Observatorio Astrof́ısico

de Javalambre (OAJ) in Teruel, Spain. The survey is being carried out with the 0.83 meter

JAST/T80 telescope and the panoramic camera T80Cam with a 2 deg2 FoV. A set of twelve

broad, intermediate, and narrow band optical filters is used. The large FoV, the position

of the filters, and the survey strategy; are suitable to perform science that will expand our

knowledge in many fields of astrophysics. More concretely, the J0660 narrow-band filter

covers the Hα emission-line flux of nearby galaxies up to z ≤ 0.017, making J-PLUS a

powerful tool to study the 2D star formation rate (SFR) properties of these galaxies. (See

poster).
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AGN demography with JWST broad-band imaging
to the rescue.

Hugo Messias1, Mark Lacy2, and CAST team3
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Abstract

With a 5 to 10 year life-span and being a 6 m-class telescope in space, the James Webb Space

Telescope (JWST ) will be a highly competitive relatively short-lived tool toward knowledge

revolution, with considerable operation overheads. As a result, it is both of interest to the

community and facility to conduct observations as efficiently as possible. This abstract

highlights a colour criterion prposed by Messias et al. 2014 to select active galactic nuclei

(AGN) from the local Universe as far back as the end of the epoch of reionization (0 < z < 6).

Depending on the targetted Universe cosmic time, one is able to conduct a demographic

study of dusty AGN with only up to four broad-band filters required (F200W, F440W,

F770W, F1800W), three of which can be observed at the same time. This allows MIRI

surveys wider than the ones by JADES and CEERS teams. The fine spatial resolution

enabled by JWST will allow one to deblend host and AGN light, hence selecting less-

luminous AGN, a phase where AGN pass most of their life-cycle. Such observations will

also allow for the community to assess stellar assembly in galaxies or to identify very high-

redshift sources.
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Role of dust in galactic chemical evolution.

Iker Millan-Irigoyen1, Yago Ascasibar2, and Mercedes Mollá1

1 Centro de Investigaciones Energéticas Medioambientales y Tecnológicas(CIEMAT),
Madrid, Spain
2 Universidad Autónoma de Madrid, Madrid, Spain

Abstract

Abstract : Even though dust grains contribution to the mass of a galaxy is tiny, they play
a huge role in its chemical evolution because they are the main mechanism of molecular
hydrogen formation. Furthermore, dust grains shield the H2 that constitutes star formation
regions. Thus, its very critical to include the evolution of the dust in the models of chemical
evolution. Therefore, we have created a one zone model of galactic chemical evolution of the
Milky Way that includes the life cycle of the dust grains. In this life cycle we have included
the creation in the AGB phase of low mass stars and SNe, their destruction via SN shock
waves and their growth via accretion in the ISM. We have found that our model reproduces
the observed dust to gas ratio, it overestimates it by just 0.08 dex. However, the model
underestimates the metallicity of the ISM. We have found out that this underestimation
occurs due to the high depletion of the metals inside the dust grains, the dust to metals
ratio is 1 since early ages in the galaxy. This work has been partially supported by MINECO-
FEDER-grants AYA2013-47742-C4-4-P, AYA2016-79724-C4-1-P and AYA2016-79724-C4-3-
P. YA is supported by contract RyC-2011-09461 of the Ramón y Cajal programme.
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2D-Chemical Evolution Models: The spiral wave
over-density role.
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5 University of Hull, Hull, United Kingdom
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7 INAOE, Puebla, México
8 Universidad Nacional Autónoma de México, México

Abstract

Chemical evolution models are a powerful tool to interpret and explain the possible scenarios

of galaxies formation and evolution. They infer how the chemical elements, formed inside

the stars, are redistributed into the interstellar medium. Until recently, due to the lack of 2D

information, these models assumed azimuthally symmetric abundances distributions, and

the important issue of the possible dispersion of abundance values at a given galactocentric

distance was not addressed. A spiral disk, however, requires a full 2D description so that

arms, bars and other structures, as those produced by mergers or interactions, may be also

included. Our objective is to develop the most comprehensive and sophisticated 2D chem-

ical evolution models for spiral and irregular galaxies, constrained by observed abundance

distributions using the state of the art IFS data of nearby galaxies, which have improved

extraordinarily the spatial resolution. In the present preliminary work we start by including

the spiral wave as a first step. The spiral wave produce an over-density in comparison with

the average mass density on the disk (with its radial exponential decrease).We have modified

our classical chemical evolution model in 1D and performed a first 2D-model applied to a

Milky Way like galaxy. We analyze the resulting elemental abundances and star formation

rate (SFR) 2D-distributions. (See poster).
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Dust-to-gas ratio in a complete sample of type-1
AGN.

I. Ordovás-Pascual1, S. Mateos1, F. J. Carrera1, A. Caccianiga2, R. Della Ceca2,
P. Severgnini2, A. Moretti2, L. Ballo3 and A. Corral1
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2 INAF-Osservatorio Astronomico di Brera, Via Brera 28, I-20121, Milan, Italy
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de la Cañada, Madrid, Spain

Abstract

According to the Unified Model of Active Galactic Nuclei (AGN), unobscured AGN based

on its optical spectrum (detection of rest-frame UV-optical broad emission lines, type-1

AGN) should appear as X-ray unabsorbed AGN. However, there is an important fraction

(10-30%) of AGN whose optical and X-ray classifications do not match, and the origin of the

discrepancy is not clear. To provide insight into this topic, we have conducted a statistical

analysis of the optical obscuration and X-ray absorption properties of the optically type-

1 AGN from the Bright Ultra-hard XMM-Newton Survey (BUXS) with L2−10keV >1042

erg s−1 and z=0.05-1. We have high-quality spectra from XMM-Newton and either SDSS

spectra or proprietary observations for the selected sample. In order to provide the most

complete sample as possible, we have conducted a detailed analysis of the emission lines to

provide a reliable classification of the AGNs. We derive the X-ray absorption by fitting their

XMM-Newton spectra and the optical extinction using UV/optical spectral continuum fits.

As BUXS is a flux limited X-ray selected sample at hard energies (f4.510keV ≤6×10−14 erg

s−1 cm−2), it is complete for NH column densities up to the Compton-thick limit (∼1024

cm−2). Our preliminary results show that most type-1 AGN in our sample show consistent

optical and X-ray classification, but there is a large fraction ( 20%) of objects with large

NH column densities (NH >4×1021 cm−2). (See poster).
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Can we use the dust luminosity of galaxies to
estimate their star formation rate?

Ciro Pappalardo1, Maarten Baes2, Sebastien Viaene2,3, George J. Bendo4,
Simone Bianchi5, Jacopo Fritz6, and Mederic Boquien7
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Abstract

The huge growth of data available for the scientific community in the last decade allowed,
for the first time in astronomy, a truly panchromatic approach. These data shed light on
fundamental correlations, linking the dust component of a galaxy with its star formation
rate (SFR). However, the relation between the SFR and dust emission is complex, and still
it is not clear what mechanism drives it, motivating a further investigation. This poster
will re-examine these correlations considering the intrinsic properties of the galaxies dust,
and relating them to the SFR. We selected a sample of ∼800 normal star forming galaxies
with photometric data between 0.15 < λ < 500 µm, and analyzed them with different
spectral energy distribution fitting methods.
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The dust luminosities and the SFR show a strong correlation, but for low values of
both parameters, the scatter in the correlation increases. We show that introducing a
selection based on the fraction of ultraviolet emission absorbed by dust, we can reduce
drastically the data scatter. Galaxies with similar absorption coefficients, despite a
different SFR, have a similar balance between the fraction of dust heated by the star
formation and the interstellar radiation field (IRF). Dust masses and SFR also show
a correlation, but weaker with respect to the dust luminosities. Our results indicate
that this scatter is due to a different intensity of the IRF produced by stars during late
evolutionary stages, and this shifts the galaxies position in the dust mass-SFR plane.
The differences in the intensity of the IRF is the origin of the observed scatter, and the
correlation becomes stronger once selected galaxies following an IRF based selection criteria.

In the SFR versus stellar mass (M∗) plane these galaxies occupy a region included between
local spirals and higher redshift star forming galaxies. These galaxies represent the popu-
lation that at z < 0.5 quenches their star formation activity and reduces their contribution
to the cosmic Star formation rate density. The galaxies subsample with the higher masses
(M∗ > 3×1010 M�) does not lie on the main sequence, but shows a small offset, as a con-
sequence of the decreased star formation. Low mass galaxies (M∗ < 1×1010 M�) settle in
the main sequence with SFR and M∗ consistent with local spirals. The multi-wavelength
approach allows the identification of a mixed galaxy population, with galaxies still in an
assembly phase, or galaxies at the beginning of their passive evolution. We show that if
we include in the analysis the internal properties of the dust, the scatter between SFR and
dust mass and/or luminosities can be removed. (See poster).
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The Portuguese Alma Center of Expertise: ALMA
research in Portugal after 3 years.

Ciro Pappalardo1, José Afonso1, Israel Matute1, Stergios Amarantidis1, and
Sandra Homem1

1 Instituto de Astrof́ısica e Ciencias do Espaço, Universidade de Lisboa, OAL, Tapada da
Ajuda, 1349-018 Lisboa, Portugal

Abstract

In the past years, the Institute of Astronomy and Space Sciences of Lisbon has seen

its capabilities for ALMA research internationally recognized, being named by ESO

as an ALMA Centre of Expertise. This is a result of an objective effort over the last

few years to increase the national capability in the exploration of this revolutionary

observatory. The Portuguese ALMA Centre of Expertise (PACE) provided along these

years face-to-face support to the Portuguese community regarding all stages of ALMA

observations: pre-Cycle ALMA promotion, proposal preparation and submission, data

reduction and archival research. PACE is also already actively supporting the ALMA

project by participating in the task of ALMA data validation and quality assurance. The

Atacama Large (sub-)Millimetre Array consortium is composed by three partners (Europe,

North-America, and East-Asia) and the host country (Chile). Each of the partners has an

ALMA Regional Centre (ARC), which works as a means of closer contact between the local

community and the facility. The European ARC is organized distinctively, where “nodes”

and “Centres of Expertise” have been created in specific research centres in Europe in

addition to the central ARC node, at ESO.

PACE will continue the task of organizing the ALMA National Community Days in

preparation for upcoming ALMA Calls for Proposals and international meetings to

promote ALMA and increase its use by the scientific community. As a support facility,

it welcomes visitors at the Astronomical Observatory of Lisbon, where it is located, and

where the community will find dedicated personnel and computer hardware. PACE plans

to develop unique expertise among the EU ARC network, thus further improving the

ALMA user support capability in Europe. (See poster).
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MEGARA Data Reduction Pipeline.

Sergio Pascual1, Nicolás Cardiel1, Armando Gil de Paz1, Esperanza Carasco2,
Jesús Gallego1, Jorge Iglesias-Páramo3, and Raquel Cedazo4

1 Universidad Complutense de Madrid, Spain
2 Instituto Nacional de Astrof́ısica, Óptica y Electrónica, Mexico
3 Instituto Astrof́ısica de Andalućıa, Spain
4 Universidad Politécnica de Madrid, Spain

Abstract

The data reduction software for MEGARA, megaradrp, is an open source (GPLv3) Python
package.

• Devel: https://github.com/guaix-ucm/megaradrp

• Issues: https://github.com/guaix-ucm/megaradrp/issues

• Docs: https://megara-drp.readthedocs.io/

• PyPI: https://pypi.org/project/megaradrp/

The megaradrp package can be used both as a standalone program or as a component
of the GTC control system. The same pipeline processes MEGARA images during the
observation and offline, although using different reduction strategies.
megaradrp provides two methods for extraction:

• TraceMap is fast, well suited for online extraction at the telescope. The peak of the
spectra are detected in halogen lamp images and then a fixed extraction window is
applied to images with the same instrumental configuration. The window is half the
distance between peaks.

• ModelMap is slow, as it models the PSF as a bivariate Gaussian along the spectral
and spatial direction of halogen map images. At different positions along the disper-
sion axis, the algorithm fits iteratively the 600 peaks. Then, a spline is fitted to the
parameters to recover the model for all the original image.

SP acknowledges financial support from the Spanish Ministry of Economy and Competi-

tiveness (MINECO) under grant number AYA2016-75808-R, which is partly funded by the

European Regional Development Fund (ERDF). (See poster).
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O VI in the CGM: Dependence on z and galaxy
mass.

Roca-Fabrega, S.1, and Dekel, A.2

1 Departamento de Fisica de la Tierra y Astrofisica, Universidad Complutense de Madrid
2 Racah Institute of Physics, The Hebrew University of Jerusalem

Abstract

We study the components of cool and warm/hot gas in the circumgalactic medium (CGM)

of simulated galaxies and address the relative production of OVI by photoionization versus

collisional ionization, as a function of halo mass, redshift, and distance from the galaxy

halo center. We find that collisional ionization by thermal electrons dominates at high

redshift, while photoionization of cool or warm gas by the metagalactic radiation takes

over near z=2. In massive halos collisions become important again at low redshift while

photoionization remains dominant for less massive halos down to z=0.
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Inner and outer HII regions over the discs of spiral
galaxies. Physical properties and evolutionary
stages.

M. Rodŕıguez-Baras1, A. I. Dı́az1, F.F. Rosales-Ortega2, and S.F. Sánchez3

1 Departamento de F́ısica Teórica, Universidad Autónoma de Madrid, 28049 Madrid, Spain.
2 Instituto Nacional de Astrof́ısica, Óptica y Electrónica, Luis E. Erro 1, 72840
Tonantzintla, Puebla, México.
3 Instituto de Astronomı́a, Universidad Nacional Autónoma de México, A.P. 70-264, 04510
México D.F., México.

Abstract

The knowledge of abundance distributions is central to understanding the formation and

evolution of galaxies. So far most of the relations employed for the derivation of gas abun-

dances have been derived from observations of intermediate disk HII regions and are assumed

to be valid for all the ionized regions, despite the known differences betwen inner and outer

regions. The objective of this work is exploring the existence of intrinsic differences in

the star formation processes of inner and outer HII regions and their influence in derived

properties of the regions, such as elemental abundances, ionization structure, evolutionary

state, etc. Using integral field spectroscopy observations from the CALIFA survey and pho-

toionization models, we perform a systematic study and comparison of two inner and outer

HII regions samples, obtaining information about their physical properties and evolutionary

stages. (See poster).
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Exploring Galaxy Clustering with the Dark Energy
Survey Dataset.

Martin Rodriguez-Monroy1, Jack Elvin-Poole2, Ignacio Sevilla-Noarbe1,
Eusebio Sanchez1, Aurelio Carnero1, and Juan De Vicente1, on behalf of the
DES Collaboration.

1 Centro de Investigaciones Energeneticas Medioambientales y Tecnologicas (CIEMAT),
Madrid, Spain
2 Jodrell Bank Center for Astrophysics, School of Physics and Astronomy, University of
Manchester, Manchester, UK

Abstract

The Dark Energy Survey is an international collaboration whose main goal is to un-
derstand the nature of the dark energy. To achieve this, it is performing a 5-year
photometric survey from Cerro Tololo (Chile), covering around 5000 square degrees of the
southern sky up to magnitude i =23.7 or redshifts of about 1.2. One of the main cos-
mological probes used by DES is the angular galaxy clustering in photometric redshift shells.

When studying galaxy clustering, the impact of systematics and observing conditions must
be taken into account, since they can introduce an artificial clustering. In order to mitigate
the influence of these conditions, Survey Property maps (SPs) are created, allowing to
characterize their magnitude. The aim of this contribution is to showcase how the influence
of these SPs on the clustering is identified and to explain the procedure that is followed to
reduce their impact. (See poster).
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Overview of the study of radio-AGN in the local
Universe with LOFAR. The most massive galaxies
are always switched on.

J. Sabater1, P. N. Best1, and the LOFAR collaboration

1 SUPA, Institute for Astronomy, Royal Observatory, Blackford Hill, Edinburgh, EH9 3HJ,
UK

Abstract

The LOFAR Two-metre Sky Survey (LoTSS) is an ongoing radio-continuum survey of the
northern sky at 150 MHz. With a resolution of 6 arcseconds and a median sensitivity of 71
microJy per beam it provides a source density that is about 10 times higher than the most
sensitive existing very wide-area radio-continuum surveys. The first public data release
covering 20% of the final area is soon to be published (early 2019) in an special issue of
Astronomy & Astrophysics.
We studied the radio-AGN sources of the Sloan Digital Sky Survey (SDSS) 7th Data Release
covered by LoTSS. A method to separate radio-AGN is presented. Its robustnest was
checked by producing and comparing the luminosity functions with previous studies. The
prevalence of radio-AGN activity is confirmed to show a strong dependence on stellar mass
and black hole masses. At the higher stellar masses (> 1011M�) the rate of radio-AGN
activity reaches a 100 %; thus, the most massive galaxies are always switched on at some
level. The full Eddington-scaled accretion rate distribution (a proxy for the duty cycle) was
probed for massive galaxies finding that more than 50 per cent of the energy is released
during the ≤ 2 per cent of the time spent at the highest accretion rates, Lmech/LEdd >
10−2.5. These results will be also published in the special issue of Astronomy & Astrophysics.

Additional updated information can be found in https://www.jsabater.info/sea2018/
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The host galaxies of luminous type 2 AGN at
z 0.3-0.4.

Juan José Urbano-Mayorgas1, Montserrat Villar-Mart́ın1, and Fernando
Buitrago2

1 Centro de Astrobioloǵıa (CSIC-INTA), Carretera de Ajalvir, km 4, 28850 Torrejón de
Ardoz, Madrid, Spain
2 Instituto de Astrof́ısica e Ciências do Espaço, Universidade do Lisboa, Tapada da Ajuda -
Edificio Leste 2 Piso, 1349-018, Lisboa, Portugal

Abstract

We study the morphological and structural properties of the host galaxies associated with
57 optically-selected luminous type 2 AGN at z ∼0.3-0.4: 16 high-luminosity Seyfert 2
(HLSy2, 8.0≤log(L[OIII]/L�) <8.3) and 41 obscured quasars (QSO2, log(L[OIII]/L�) ≥8.3).
With this work, the total number of QSO2 at z < 1 with parametrized galaxies increases
from ∼35 to 76. Our analysis is based on HST WFPC2 and ACS images that we fit with
GALFIT. HLSy2 and QSO2 show a wide diversity of galaxy hosts. The main difference
lies in the higher incidence of highly-disturbed systems among QSO2. This is consistent
with a scenario in which galaxy interactions are the dominant mechanism triggering nuclear
activity at the highest AGN power. There is a strong dependence of galaxy properties
with AGN power (assuming L[OIII] is an adequate proxy). The relative contribution of the
spheroidal component to the total galaxy light (B/T) increases with L[OIII]. While systems
dominated by the spheoridal component spread across the total range of L[OIII], most disk-
dominated galaxies concentrate at log(L[OIII]/L�) <8.6. This is expected if more powerful
AGN are powered by more massive black holes which are hosted by more massive bulges or
spheroids. The average galaxy sizes (〈re〉) are 5.0±1.5 kpc for HLSy2 and 3.9±0.6 kpc for
HLSy2 and QSO2 respectively. These are significantly smaller than those found for QSO1
and narrow line radio galaxies at similar z. We put the results of our work in context of
related studies of AGN with quasar-like luminosities. (See poster).
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High-resolution imaging of the multiphase
AGN-driven outflow of NGC1068.

Héctor Vives-Arias1,2, Santiago Garćıa-Burillo3, and Cristina Ramos Almeida1,2

1 Instituto de Astrof́ısica de Canarias, Vı́a Láctea, s/n, E-38205 La Laguna, Tenerife, Spain
2 Departmento de Astrof́ısica, Universidad de La Laguna, E-38205, La Laguna, Tenerife,
Spain
3 Observatorio de Madrid, OAN-IGN, Alfonso XII, 3, E-28014, Madrid, Spain

Abstract

We analyze Atacama Large Millimeter Array (ALMA) observations of the CO(6–5) molec-

ular line and the 432 µm continuum emission from the circumnuclear disk (CND) and the

putative torus of the Seyfert 2 galaxy NGC 1068. The kinematics of both the CND and

the torus show non-circular motions that are caused by outflows from the AGN. We com-

pare the ALMA data with high-resolution near-infrared integral field spectroscopy of the

molecular H2 1–0S(1) line and some ionized species obtained with the VLT, and investigate

the multiphase nature of the different ISM components of this prototypical AGN-driven

outflow. (See poster).
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Fullerene and graphene molecular nanostructures
in evolved stars.

D. A. Garćıa-Hernández1,2

1 Instituto de Astrof́ısica de Canarias, C/ Via Láctea s/n, 38205 La Laguna, Spain
2 Departamento de Astrof́ısica, Universidad de La Laguna, 38206 La Laguna, Spain

Abstract

The detections of fullerenes and (possibly) planar C24 (a small fragment of a graphene sheet)

in the H-rich circumstellar environments of evolved stars show that formation of these com-

plex species does not require an H-poor environment contrary to general expectation. This

together with the very recent identification of the fullerene cation C60
+ as a diffuse inter-

stellar band (DIB) carrier (the only DIB carrier known to date) reinforce the idea that

these molecular nanostructures are ubiquitous in space. The understanding of the forma-

tion route of these complex organic species requires an interdisciplinary research, crossing

the boundaries between astronomers, chemists, and physicists, with potential applications

in nanotechnology and industry. Here, I review the main results of the interdisciplinary ap-

proach carried out at the Instituto de Astrof́ısica de Canarias (IAC) in order to learn about

complex molecular nanostructures in evolved stars. Finally, I underline the main open

questions and future directions like the expected observations on these complex organics in

evolved stars from future facilities such as the James Webb Space Telescope.

1 Fullerenes in space: a brief history

Fullerenes such as C60 and C70 are very stable molecules very important for interstellar and
circumstellar chemistry because they may explain many astrophysical phenomena like the
diffuse interstellar bands (DIBs) or the ultraviolet bump. Fullerenes were discovered in the
laboratory by [31] and they are also found on Earth and meteorites. The fullerene cation
C60

+ was also tentatively detected in the interstellar medium in the nineties ([15]) and this
has been recently confirmed ([2], [3]). At laboratory, fullerenes are efficiently produced under
H-poor conditions ([31], [11]) and fullerenes were expected to be detected in the extremely
H-poor and so-called R Cor Bor (RCB) stars (e.g., [28]).

All previous searches of fullerenes in space have not detected them. This included
searches in RCB stars ([10], [34]), post-AGB stars ([33]), and reflection nebulae ([36], [40]).
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V854 Cen ISO

V854 Cen Spitzer

HAC

Figure 1: Left panel: Spitzer/IRS residual spectra in the wavelength range ∼5−20 µm of
the RCB stars DY Cen (in red) and V854 Cen (in blue). The average residual spectrum of
nine extremely H-deficient RCBs with little reddening (in black) is also shown. The expected
temperature-dependent positions of the neutral C60 features are marked with black dashed
vertical lines. Right panel: Residual ISO 1996 September 9 (in blue) and Spitzer/IRS 2007
September 7 (in red) spectra in the wavelength range ∼2-25 µm for the RCB star V854 Cen.
A blackbody of ∼1000 K was subtracted from both spectra. The ISO spectrum (R∼1000)
has been smoothed with a 13 box car in order to be compared with the Spitzer spectrum.
The laboratory emission spectrum of HAC at 773 K (in green; [39]) is shown for comparison.
The main laboratory HAC emission features ([39]) are marked with black dashed vertical
lines (both figures adapted from [17]).
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I started to be interested in fullerenes in space about ten years ago when I was doing
a postdoc with Prof. David Lambert in Austin. He observed the three brightest RCB stars
with the “Infrared Space Observatory” (ISO) ([34]) and I had experience with Spitzer, so
we submitted a Spitzer proposal to get mid-IR spectra for a complete sample of 30 RCBs.
One of the goals was to look for fullerenes in these fascinating stars. Once I was back to the
Instituto de Astrof́ısica de Canarias (IAC) and after data reduction, we looked for C60 in the
full sample of RCBs and we got the unexpected result that C60-like features were detected
only in the two least H-deficient stars ([17]). This is shown in Fig. 1 (left panel) where we
compare the average RCB spectrum with those of the two C60-detected stars. Interestingly,
for one of these stars, the infrared spectrum dramatically changed in a timescale of about
ten years (Fig.1, right panel). The spectrum evolved from hydrogenated amorphous carbon
(HAC)-like (with ISO) to policyclic aromatic hydrocarbons (PAH)- and C60-like features
with Spitzer.

Due to the unexpected result in RCB stars, we then looked for fullerenes in about 240
Planetary Nebulae (PNe) and we got 5 clear fullerene detections. Meanwhile, [1] reported the
first IR detection of C60 and C70 in the young PN Tc 1. In [16], we show that all PNe with
fullerenes (including Tc 1) are low-mass C-rich sources with normal hydrogen abundances.
The Spitzer spectra of some of these PNe dispaly both the C60 and C70 features and some
of them also display PAH-like features in their spectra (see e.g., [18], [20]).

Thus, we now know that fullerenes can be detected together with PAHs and that they
are efficiently formed in H-rich circumstellar envelopes only. Fullerenes are detected in PNe
with normal H abundances ([16]). This is confirmed by the independent detection of C60 in
only those RCB stars with some H ([17]) and mentioned above. Fullerene PNe display broad
dust features at ∼9−13 and 25−35 µm, suggesting that both fullerenes and PAHs probably
evolve from the photochemical processing of mixed aromatic/aliphatic nanoparticles similar to
that of HAC-like dust ([16]), as suggested by some laboratory experiments ([39]). Fullerenes
have also been detected in a proto-PN ([43]), reflection nebulae ([41]), and young stellar
objects ([38]), and none of these space environments is H-poor.

Fullerenes have been detected in PNe of the Magellanic Clouds (MCPNe) and the first
extragalactic detection of C70 was reported ([18]). The combination of the Spitzer information
with laboratory data ([29]) permitted the determination of accurate abundances of C60 and
C70. The great variety of molecular species (HACs/PAHs clusters, fullerenes, etc.) observed
in MCPNe seems to support the HACs scenario, where fullerenes may evolve from the UV-
induced HACs decomposition ([20], [35]).

2 Fullerenes vs. metallicity and other C molecular nanostruc-
tures

Interestingly, the detection rate of fullerenes in C-rich PNe increases with decreasing metallic-
ity, 5% of fullerene PNe are found in our Milky way, while it is 20% in the Large Magenallic
Cloud and 44% in the Small Magellanic Cloud ([20]). This suggests a more limited dust
processing (or the general presence of small dust grains) at low metallicity. Indeed, [37] have
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Figure 2: Left panel: Spectra of Tc 1 (in black) and HR 6334 (in red) around the 4428 Å
DIB. This DIB is found to be unusually strong in Tc 1 while HR 6334 - with a higher E(B-V)
of 0.42 - does not show evidence of its presence (adapted from [12]). Right panel: The spectra
of DY Cen (in red) and HD 115842 (in blue) around and 4000 Å where the eHe star BD −9◦

4395 is also displayed (in green). The expected position and FWHM of the C60 feature at
3980 Å are marked on top of the spectra; there is no evidence (additional absorption) in DY
Cen for the presence of this neutral C60 feature. However, there is an additional absorption
band at 4000 Å in DY Cen, which is not present in HD 115842 neither in BD −9◦ 4395
(adapted from [19]).

shown that all Galactic fullerene PNe are subsolar metallicity low-mass PNe, which demon-
strate that low-metallicity environments favours fullerene production and detection. Also, it
is curious that the still unidentified 21 µm feature is more common in the MCs than in the
Galaxy ([42]) and the carrier could be related with the formation of fullerenes.

[42] reported an anti-correlation between the 30 µm feature and the unidentified infrared
(UIR) features for the Magellanic Cloud 21 µm sources. Such an anti-correlation could result
from radiation-induced decomposition of HAC-like grains into PAHs and fullerenes. Note
that in the HACs scenario, the 21µm feature is also related with the formation of fullerenes
and its carrier may be a fragile intermediate product from the decomposition of HACs or a
similar material.

Unusual emission features at ∼6.6, 9.8, and 20 µm have been also detected in PNe ([18]).
These features are coincident with the theoretical transitions of the planar C24 molecule (just
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a piece of graphene; [32]). However, a confirmation has to wait for laboratory spectroscopy,
which is extremely difficult because of the high reactivity of C24. The most interesting
point here is that the possible detection of graphene precursors (C24) opens the possibility of
detecting other carbon molecular nanostructures such as nanotubes in space.

Sadjadi et al. (in preparation) have recently carried out density functional theory
(DFT)-based couple-cluster calculations of the four C24 isomers (graphene, fullerene, ring,
and bowl). They find the fullerene and graphene forms to be more stable but their simulated
spectra show that only planar C24 displays features close to the astronomical bands. So,
this new work also reinforces the idea of planar C24 being the most likely carrier of these IR
features seen in space.

3 DIBs and fulleranes in fullerene environments

We have also done the first studies of DIBs in fullerene sources like PNe and RCB stars ([19],
[21], [12]). The strongest electronic transitions of C60 are not detected in the optical and the
DIBs are different for both types of stars (see Fig. 2). In particular, the 4428 Å DIB, shown
in Fig.2 (left panel) for Tc 1, is found to be unusually strong in fullerene PNe, while a new
DIB at 4000 Å was detected in the RCB star DY Cen (Fig. 2, right panel).

Regarding fulleranes (or hydrogenated fullerenes), the lab spectra of highly hydro-
genated fullerenes like C60H18 and C70H38 show that the most intense transitions are found
in the 3−4 µm range. We looked for these species in two fullerene PNe but no features were
found ([13]), likely indicating that if present in these objects, then they are by far less abun-
dant than C60 and C70. However, [44] have reported a tentative detection of hydrogenated
fullerenes in a proto-PN, that would be consistent with C60H18 and C60H36. Both works
suggest that hydrogenated fullerenes may be formed in the post-AGB phase but they are
quickly destroyed by the ultraviolet radiation from the central star.

More recently, [45] have done DFT simulations of 5 isomers for a full set of hydrogenated
fullerenes with very different hydrogen content (see Fig. 3). Interestingly, they find that
hydrogenated fullerenes with very low H-content do not display IR features at 3−4 µm but
still contribute to longer wavelengths. Thus, we cannot discard the presence of hydrogenated
fullerenes with low H-content in space and they indeed could contribute to the 17.4 and 18.9
µm features seen in fullerene sources.

4 Fullerenes with GranTeCan

For the study of fullerenes, we have also used the mid-IR instrument Canaricam at the
Spanish ten meter telescope GranteCan on the island of La Palma. In particular, we got
mid-IR images (in the N and Q bands, covering several spectral features and their adjacent
continua) of the brightest fullerene PN IC 418 ([14]).

The mid-IR images covered the dust continuum at 9.8 microns, the broad ∼9−13 µm
feature, the C60 feature at 17.4 µm, and the dust continuum around 20 µm. The emission



Garćıa-Hernández, D. A. 239

 

 

m=2                                                                                   

 

m=4                                                           

                                                                                                             

m=6 

 

 

m=8 

 

 

Figure 3: Local minimum geometries of C60Hm (m = 2, 4, 6, 8) isomers from
model calculations. A total of 55 structures, 5 isomers for each of C60Hm, m =
2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 36, were included in [45]. The numbers of the isomers are as-
signed as 1 to 5 from left to right. The carbon cage is shown in grey and the C−H bonds are
shown in blue. We can clearly see the geometric distortion of the C60 cage when hydrogen
atoms are attached (adapted from [45]).
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Figure 4: Contour maps of the mid-IR GTC/CanariCam PAH2−Si3, SiC−Si3, PAH2−SiC,
and Q1−Q4 images of IC 418 when calibrating with the standard stars (case i in [14]). Note
that only two contours at 0.4 and 0.6 are displayed in the Q1−Q4 image, which also displays
the Spitzer slit in red (adapted from [14]).

seen in these images is mainly coming from a ring-like structure that is seen in all filters,
with the exception of the dust continuum emission at 9.8 µm, which peaks near the central
star (see [14]). The very similar spatial distribution seen in the Q1 and Q4 filters covering
the C60 feature and the dust continuum already suggests that both filters are dominated by
the dust continuum emission. This is not strange if we take into account that IC 418 has a
very low C60 to continuum ratio.

We have subtracted the dust continuum emission from our images (see Fig. 4), recov-
ering a nice ring-like structure for the broad ∼9−13 µm emission. We have tried to recover
the spatial distribution of the weak PAH-like feature at 11.3 µm and it seems to be less well
defined than for the broad ∼9−13 µm feature. However, only a residual C60 emission (at
about 5-σ from the sky background) is seen when subtracting the dust continuum emission at
20 µm. If real, this could explain why Spitzer clearly detected fullerenes in this PN, because
Spitzer just observed this region.

The observed spatial distribution of C60 may have several interpretations and the data
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Figure 5: Scheme of the addition reaction of anthracene to C60 fullerene. It is schematized
the fact that initially anthracene forms a mono-adduct (#5) but in an excess of anthracene,
a bis-adduct (#6) is obtained ([30]) (adapted from [30], [22]).

are not conclusive about fullerene formation and excitation. So, higher sensitivity observa-
tions (especially in the Q-band where water vapour severely limits the ground-based observa-
tions) are needed; for example by using the future James Webb Telescope (see [14] for more
details).

5 Other fullerene compounds in the lab

Independently of the relevance of the laboratory induced reactions (e.g., Diels-Alder, the
Scholl reaction) in circumstellar environments, the organic chemistry techniques are useful
to synthesize/characterize some specific molecular nanostructures of our interest.

For example, we know that fullerenes and PAHs may coexist in fullerene PNe. C60 can
react with a small PAH like anthracene via Diels-Alder reactions to form fullerene/anthracene
mono-adducts or bis-adducts (see Fig. 5). Such fullerene/PAHs adducts display the same
mid-IR features of isolated C60 molecules and we could not distinguish them via mid-IR
spectroscopy only ([22]). Indeed, as for the case of hydrogenated fullerenes with low H-
content, such fullerene adducts may contribute to the observed fullerene-like features observed
in space.

Until now, we have synthesized and characterized adducts of C60 and C70 with small
PAHs like anthracene, tetracene, and pentacene as well as adducts of fullerenes with iron
penta-carbonyl ([22], [23], [24], [4], [5],[6]).

More recently, we have studied charge-transfer interactions between fullerenes and a
series of alkylnapthnalenes, pinenes, and dienes like those shown in Fig. 6 ([25], [26]). We
basically found that these interactions are rather weak.

In addition, we have recently obtained IR laboratory spectroscopy of several carbonized
PAHs ([27]). The scheme displays the carbonization pathway for napthalene. Interestingly,
such carbonized PAHs display infrared features coincident with the set of unidentified infrared
bands (UIRs). The PAHs, if present in space, could experience carbonization under the action
of shock waves, which are know to be very common in circumstellar and interstellar media.

It is to be noted here that in the lab, we have studied a new route towards graphene
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Figure 6: Chemical structures of a series of alkylnapthnalenes, pinenes, and dienes used to
study the C60,70 charge-transfer interactions (adapted from [26]).
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starting from heavily ozonided fullerenes (or C60 and C70 ozopolymers; [7], [8], [9]). This
approach is found to be easier and more consistent preparation than the one for graphene
oxide (GO).

6 Fullerenes with the James Webb Space telescope

Finally, the future James Webb Space telescope will be much more sensitive than Spitzer,
with access to the near-IR range. This mission will permit near- and mid-IR spectroscopic
and imaging studies of individual fullerene-containing sources. The James Webb will permit
us to know the relative sub-arcsecond spatial distribution of the fullerenes, and other dust
features and much higher spectral resolution to cleanly resolve the fullerene-like features.
With such observations we will learn about fullerene formation and excitation, and we could
detect other fullerene-based compounds in space.

7 Summary - open questions

In short, the knowledge of the chemical route to form fullerenes in space remains as the
main open question. The astronomical observations suggest a top-down fullerene formation.
Two main chemical routes starting from the photochemical processing of PAHs or HAC-like
nanoparticles have been proposed to explain the detection of fullerenes in the interstellar
medium and in evolved stars, respectively.

Another open questions are the following: i) What is the excitation mechanism of the
fullerene emission? Thermal or fluorescence emission? Can the photo-switching give an extra-
stability to fullerene compounds ? ; ii) Why DIBs are so different in the fullerene-containing
environments around RCB stars and PNe?

What it seems to be clear is that a complex family of fullerene- and graphene-based
molecules is very likely to be present in space but more laboratory, theoretical, and observa-
tional efforts are needed.
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Abstract

As the field of extrasolar planets evolves with numerous discoveries of new and diverse

planets, we can start thinking in more challenging (observationally speaking) scientific cases

that can bring up new, hidden pieces of the exoplanetary science puzzle. This is the case

of the TROY project, a multi-technique effort to look for the first co-orbital planets and

to provide estimates of the occurrence rate of these bodies down to the Earth-mass regime.

Despite being missed in our Solar System, where only kilometer-size (or smaller) bodies

co-rotate with most of the planets, theory allows even equal-mass planets to co-exist in the

same orbit. In this invited talk I will present the news on the TROY project including the

last ground-based observations, the results from the first radial velocity search involving 46

planetary systems and the first results from our Kepler/K2 search.

1 Introduction

After millennia of wondering, we now know that extrasolar planets abound [30, 27, 2, 25]. We
have also proven several instances of exocomets (β Pic, [16]) and since 1984, with IRAS, we
are also aware of Kuiper belt structures around other stars (see [29] and references therein).
These discoveries imply that the non-planetary components of our Solar System are not an
exception but instead the rule, being also present in extrasolar systems as a result of the
planet formation process. Thus, it becomes clear that other existing bodies in our planetary
system that have not yet been found abroad should (or at least can) also exist. Two examples
are natural satellites (or moons) and trojans. Both types of objects abound in our Solar
System, with the gas giants hosting tens of moons and Jupiter having thousands of trojans
at both Lagrangian points. The hunt for exomoons is being carried out by several groups,
including the HEK project (see [17] and the recent result of this project in [32]) and other
different works (see, e.g., [33, 12]). In this project, we deal with the challenge of detecting
and characterizing trojans co-orbiting to extrasolar planets (hereafter exotrojans).

The gravitational forces exerted by two massive bodies create a gravitational field with
a distinct peculiarity: five locations of this field (called Lagrangian points) happen to be of
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Figure 1: Stable co-orbital configurations. The left panel shows the tadpole (thick solid
lines around L4 and L5) and horseshoe (thick dashed line) orbits. The right panel shows
the location of the quasi-satellite stability point surrounding the planet (QS) and the two
anti-Lagrangian stable points (AL) surrounding the Lagrangian points in the co-rotating
frame.

equilibrium. Among them, three (L1, L2, and L3) are unstable to small perturbations (i.e.,
hills of gravitational potential) and two (L4 and L5) are stable to small perturbations (i.e.,
valleys of gravitational potential). The stable regions form an equilateral triangle with the
planet and the star, being at ±60◦ leading and trailing the planet on the exact same orbit (see
Fig. 1, left). This implies that these are stability regions for wandering objects co-orbiting
with the planet. Indeed, the analysis of orbital dynamics offers a whole buffet of co-orbital
stable configurations: In tadpole orbits, the trojan inhabits one of the Lagrangian points,
surrounding it with libration periods that scale with the mass ratio of the three objects. The
Jupiter trojans describe this type of orbits. In horseshoe, the co-orbital moves from L4 to L5
describing a horseshoe-shape. The only example of this in the solar system are the Saturnian
moons Epimetheus and Janus. In eccentric planets, new configurations become possible: in
quasi-satellite orbits (QS, [28]) the co-orbital surrounds the planet in a very wide orbit in
the co-rotation frame, like if it were a natural satellite (see Fig. 1, right); in anti-Lagrangian
configurations (AL4 and AL5, [11]) the stability point (and hence the co-orbital) surrounds
each of the Lagrangian points in the co-rotation frame. In total, in a star-planet system,
there are six known islands of stability that allow other objects to co-orbit with the planet:
L4, L5, horseshoe, QS, AL4, and AL5.

There are two main mechanisms for the formation of co-orbital planets. [5] presented
the in situ scenario where these bodies are allowed to grow through accretion at the La-
grangian regions. [4] went a step further and demonstrated that in both gas-free and gas-rich
evolutionary stages of the protoplanetary disk this accretion process is efficient in forming co-
orbitals in situ of up to 6 MMars ( 0.6 MEarth) that will remain stable in tadpole orbits. This
process is supported by different hydrodynamical simulations of planet formation showing
that gas and dust accumulates already in the Lagrangian points of the forming planets (e.g.,
[18]; [10]). A second possible mechanism is the capture of the co-orbitals during the early
stages of the planetary system through dynamical interactions. Indeed, co-orbital bodies are
common outcomes of the planet formation and early evolution studies. [6] demonstrated that
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more than 30% of the simulated multi-planetary systems end up with long-lived co-orbital
configurations of the proto-planets being formed. The conditions for capture strongly de-
pend on the disk surface density profile and the number of planets in the system. Even
more, the resonant capture of co-orbitals prevented the ejection or fate of the other planets
in the system, thus acting as anchors of the multi-planetary system, with strong impact in
the architecture of planetary systems. Regardless of their formation scenario, once trapped,
the co-orbital configuration can remain stable during the inward migration of the planet,
with the only caveat of an increase in the libration amplitude that eventually can lead to the
co-orbital disruption. Very close-in co-orbital configurations are thus disfavored, although
they can survive under certain conditions ( [7])

The implications of their presence in a planetary system (or even of short-term co-
orbital phases) has key implications in many aspects of the formation and evolution of plane-
tary systems. For instance, [7] demonstrated that the capture of planet-size co-orbitals during
the first stages strongly depends on the properties of the disk; and in particular on its surface
density. Additionally, the dynamical properties of the co-orbital bodies strongly depend on
the migration history of the system, with large librations indicating large journeys of the
planet inward into the system. The Lagrangian regions are also a reservoir of bullets for
the so-called giant-impacts that have been proposed as mechanisms to form moons of rocky
planets and that strongly influence the atmospheric composition of planets. Indeed, this is
one of the proposed mechanisms for the formation of our own Moon. [3] proposed a trojan
origin for Theia, the Mars-size body that could have hit the proto-Earth to form the present
(unique) Earth-Moon system.

Hence, co-orbital planets can be formed and remain stable in planetary systems un-
der certain (very much relaxed) conditions. And their mere formation can have relevant
implications for our understanding of the history of planetary systems. The past, current,
and forthcoming instrumentation (Kepler, TESS, CHEOPS, PALTO, etc.) and the detection
techniques developed over several decades allow us to start a homogeneous search and study
of these bodies that might be one of the few missing pieces of planetary systems [23]. The
TROY project is leading this effort through an exhaustive study and search of co-orbital
planets.

2 The combined radial velocity - transit technique

In [8] the authors demostrate that if the radial velocity (RV) of a star is induced by a pair of
co-orbital planets, the predicted time of transit from the RV data is shifted with respect to
the actual time of transit of either of the two co-orbitals. Indeed, even though the Keplerian
signal in the RV of the star is induced by the barycenter of the two co-orbitals, the time
of transit predicted from the RV is hence the time of transit of that barycenter, while the
actual planets transit before and after, if at all. This detection technique was applied by
[8] to a handful number of known planets at the time, while assuming circular orbits, to set
upper limits to the masses of possible trojan bodies in those systems. Also, [26] applied this
technique to 25 known planets and found no evidence for a trojan up to their upper mass
limits.
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Figure 2: Results for the α parameter from the radial velocity analysis. Color error bars
indicate the 68.7 confidence intervals (i.e., 1σ) while the dotted error bars indicate the 99.7%
confidence intervals (3σ). We show in blue symbols the 9 systems where the null value for α
(α = 0) lies outside of the 1σ limits.

A downside of this method is that it is strongly dependent on the eccentricity of the
transiting planet. Any error in the determination of the eccentricity would also produce a
shift between the predicted transit time from the RV of a single planet and its actual time
of transit. We tackled this problem in [19], where we generalized the equations presented in
[8] for the case of eccentric orbits in order to extract as much information as possible from
the RV signal. This is achieved through the determination of the α parameter, which is
proportional to the trojan-to-planet mass ratio (α ≈ mt/mp sin ζ, with ζ being the deviation
from the Lagrangian point). A value of α that deviates significantly from zero is thus a hint
for the presence of a co-orbital planet, with α < 0 indicating an L4 co-orbital and α > 0
an L5 co-orbital. The constraint on the mass of the co-orbital companion to the transiting
planet are in any case greatly improved if the secondary eclipse of the transiting planet can
be observed, thanks to the precise determination of the parameter e cosω.

In [21], we applied this technique to 46 planetary systems with only one (giant) planet
known in the system and having an orbital period shorter than 5 days. We constrained the
presence of co-orbital planets in both Lagrangian regions by just using public radial velocity
data and determining the α parameter. In Fig. 2, we show the α values for the 46 systems.
We found nine cases where α was at least 1σ away from the null value (in blue in this figure),
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although some of the posteriors are too broad to extract clear conclusions. Furthermore, in
two cases (GJ 3470 and WASP-36), the median value for the α parameter is > 2σ away from
the null hypothesis.

Despite the low number statistics, these results allow us to start estimating occurrence
rates of exotrojans in the particular sample studied here (i.e., short-period -P < 5 day- single
planets). Since we only detect upper mass limits, we can estimate the upper limits for the
occurrence rate of trojans up to a certain mass, which is defined as the 95.4% confidence level
for the α parameter assuming that the trojan is located exactly at the Lagrangian point.
We can say in general terms that at least 12% of planets with periods shorter than five
days do not have co-orbital planets more massive than Neptune. Equivalently, at least 50%
lack trojans more massive than Saturn. Also, we can discard Jupiter-mass trojans in this
particular sample at a ∼ 90% level. The reasons for this absence of massive trojans can be
numerous (e.g., difficulties in forming such large bodies in situ at the Lagrangian points or
keeping them stable during planetary lifetimes, difficulties in capturing such massive planets
in stable orbits around the Lagrangian points, etc.). But in any case, the evidence presented
for each individual system already provides empirical feedback to formation and migration
theories.

3 The multi-technique approach

The above-described analysis (detailed in [21]) yielded nine potential candidates with values
of the α parameters slightly different from zero (although not statistically significant), sug-
gesting the possible presence of co-orbital planets. We used these systems for a more in-depth
study using and combining the results from different observing techniques, presented in [22].
In particular, for the nine planetary systems we compiled observations from several observ-
ing techniques, including i) new radial velocity data obtained through dedicated observing
programs with HARPS, HARPS-N, and CARMENES, ii) archive transit timing variations of
the planet (TTVs), which might be explained by the libration of a co-orbital planet (see [9]),
and iii) new high-precision photometric observations (with WiFSIP, CAFOS and FORS2) of
the transit of the Lagrangian points of the nine systems where the co-orbitals were suspected
to lie from the α parameter analysis.

We analyzed each dataset independently to constrain the existence of any co-orbital at
the Lagrangian regions in the trojan mass versus libration amplitude parameter space. In
particular, the new radial velocity data were used to update the α values; the TTVs were
fitted to search for periodic variations and their scatter was used to constrain the trojan
parameters (see Eq. 1 in [9] and [1] for a detailed analysis of Kepler data); and the serval
photometric observation of the Lagrangian point passages were used to search for the trojan
transit and to perform a dynamical analysis to also constrain the libration amplitude based on
the non detections. All these allowed us to set important constraints on the presence of these
bodies in the system by combining the independent analysis from the different techniques. In
Fig. 3 (left panel), we show how the different techniques can constrain the relevant parameter
space of trojan mass versus libration amplitude. As shown, each particular technique covers
a different region of the parameter space, thus complementing each other. This makes clearer
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the need for a multi-technique approach to appropriately rule out (and search for) trojans of
any kind.

4 Space-based long term photometric monitoring

The obvious question when discussing about the possible presence of planet-size co-orbital
companions is: why have they not been detected by long-term high-precision photometric
space-based missions like Kepler? The question is indeed very pertinent. The fact that no
clear evidence of these bodies was found in the data from these missions (although note
that some candidates have already been proposed, see [20, 31, 24]) already provides relevant
information.

First of all, it is worth to mention that some works have already dug into these data
looking for these bodies. In [15], the authors performed a dedicated search for small librating
trojans around 2244 Kepler candidates with no success down to 1 REarth. The reasons for this
unsuccessful search can be multiple but one main conclusion can be drawn: trojans larger
than Earth seem to not exist lying exactly at the Lagrangian points of their planets. However,
the search by [15] suffered from several limitations. First of all, they used KOIs instead of
confirmed planets so a large part of their sample was contaminated by false positive planets
(note that less than one third of Kepler KOIs have been confirmed/validated). Also, they
used the first 12 quarters of the mission (among the 17 available at the end of the mission).
Regarding the equations used to search for these bodies, they assumed very small librations
around the Lagrangian points. We now know that inward migration excite the libration in
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Figure 4: Occurrence rate of co-orbital planets to short-period (P < 5 days) giant planets
([21]). These occurrence rates were computed from a sample of 46 planetary systems with
only one planet known.

the co-orbital regions and so we expect trojans to librate with relatively large amlpitudes for
the kind of planets found by Kepler (i.e., in orbits inner to 1 au).

By contrast, [14] combined all light curves from Kepler candidates to get an average
phase-folded light curve of all systems. The results showed dimmings at both L4 and L5
locations, suggesting the presence of an average population of trojans of 970 km in size
(Pluto-like) in one third of the systems. This result demonstrates that co-orbital bodies exist
with a high probability. Detecting individual co-orbitals is, hence, the challenge.

Consequently, a more dedicated and general search is needed. We have started this
search by deriving new equations of motion for the trojan on its co-orbital configuration
including several aspects missed by previous works. The preliminary results are promising
and a paper is in preparation to describe the methodology and show the outcomes of this
search.

5 Conclusions

During the last two years, the TROY project have started to pave the road towards a more
comprehensive and homogeneous search and study of co-orbital planets in extrasolar systems.
These bodies contain crucial information about the history of a planetary system, including
clues on the planet formation and migration mechanisms, the shaping of the different compo-
nents and architectures, and their potential habitability (see, e.g., [13]). The determination
of the occurrence rate of co-orbital planets is thus a missing piece in the jigsaw puzzle of
planetary systems that the community has been building up during the past few decades.
Although theories of planet formation show that these configurations are common outcomes
of the planet formation process, either in situ or captured, no planet-size trojan has yet been
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found. However, so far all efforts to detect these bodies, although very relevant and inspir-
ing, have either focused on small samples and/or relied on simple assumptions that could
have hidden the presence of these bodies. The new computational capabilities and the large
amount of data from either space-based observatories or GTO programs from state-of-the-art
ground-based instrumentation (like ESPRESSO or HARPS) offer a unique opportunity to
push this field forward and provide and empirical feedback to theoretical works developed
along decades.

TROY is a dedicated effort in this direction. We have started a search for co-orbital
planets in known extrasolar systems by using different techniques and focusing on a main
goal of constraining these co-orbitals at any possible configuration and down to the Earth-like
domain. The first results presented in [21] and [22] proof that we digging into the correct
direction. The use of multiple techniques was proven essential to really constrain the whole
parameter space of possible co-orbital bodies. The future is bright for this flourishing field
with the many planet-detection-driven facilities that are already working or that will be ready
in the forthcoming years.
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Abstract

We present a multiwavelength analysis of the simultaneous optical and X-ray light curves

of the microquasar V404 Cyg during the June 2015 outburst. We have performed a com-

prehensive analysis of all the INTEGRAL/IBIS, JEM-X, and OMC observations during the

brightest epoch of the outburst, along with complementary NuSTAR, AAVSO, and VSNET

data, to examine the timing relationship between the simultaneous optical and X-ray light

curves, in order to understand the emission mechanisms and physical locations. We identi-

fied all optical flares with simultaneous X-ray observations, and performed cross-correlation

analysis to estimate the time delays between the optical and soft and hard X-ray emis-

sion. We have also compared the evolution of the optical and X-ray emission with the

hardness-ratios. From this analysis, we identified several types of behaviour during the out-

burst, including simultaneous optical/X-ray flares, optical flares lagging the X-ray flares,

and optical emission preceding the X-ray emission.

255
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1 Introduction

V404 Cygni (hereafter V404 Cyg) is a transient low-mass X-ray binary (LMXB) consisting
of a black hole (BH) that accretes mass from a low-mass optical companion. The distance
to the system is 2.39±0.14 kpc (15). The orbital period is 6.47 d and the mass function is
f(M)=6.08±0.04 M� (4). The inclination of the orbit is in the range 56–67◦ (17; 16; 10).
The donor star is a K0 III–K2 IV (10; 7), and the mass of the black hole is MBH = 9–12 M�.

The X-ray counterpart GS 2023+338 was discovered in X-rays by the Ginga satellite
during an X-ray outburst in May 1989 (13). On 15 June 2015 18:32 UTC (MJD 57188.772),
after 26 years of quiescence, the Burst Alert Telescope (BAT, Barthelmy et al. 2) on board the
Swift satellite (6) detected renewed X-ray activity from V404 Cyg (3). This outburst reached
its peak on 26 June 2015 and then rapidly decayed, returning to quiescence in mid-August
(18). The outburst was intensively observed by most of the available space telescopes and
ground-based facilities worldwide.

In this work, we analyse all the available INTEGRAL data during the brightest period
of the June 2015 outburst, that is, from 18 June 2015 to the fast decay of the optical and
X-ray emission in 27 June 2015.

2 Observations

The INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL, (21)) observed V404 Cyg
in the period MJD 57191.5 to 57216. We analyse here the data obtained during the interval
MJD 57191.75 to 57200.25, when intense flaring activity was detected from the system. We
study the optical light curves in the V band provided by the Optical Monitoring Camera
(OMC, (14)), and the X-ray light curves provided by the Joint European X-Ray Monitor
(JEM-X, (12); 3–10 keV), and by the Imager on Board the INTEGRAL Satellite (IBIS, (19);
20–80 keV and 80–200 keV). We complemented our data with the X-ray light curves provided
by the Nuclear Spectroscopic Telescope Array (NuSTAR, (8)) in the 3–10 and 10–79 keV
band (see (20) for details on these observations), and with public optical observations pro-
vided by the American Association of Variable Star Observers (AAVSO, (9)) and with optical
data from the Variable Star Network (VSNET) Collaboration (see (11) for a description of
this dataset).

3 Data analysis

We have identified all the optical flares that have simultaneous X-ray observations in our data.
These flares are flagged with identifying numbers in Fig. 1. For all of them, we performed
a cross-correlation analysis with the X-ray light curves of the system in order to identify
possible time lags between the optical and X-ray emission.

For this analysis, we used the discrete cross-correlation function (DCF, (5)), a method
that avoids interpolating in the temporal domain when the temporal binning is not regular
(this is the case for some of the optical observations in this work). In the results from the
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Figure 1: Optical and X-ray light curves of V404 Cyg during the June 2015 outburst from
MJD 57191.75 to MJD 57200.25. The optical observations are plotted in red, the soft X-ray
emission in the 3–10 keV band is plotted in orange, and the hard X-ray emission in the 20–
80 keV band for INTEGRAL/IBIS and in the 10–79 keV band for the NuSTAR observations
are plotted both in green. The numbers in black refer to the optical flare identifications.
Brown and blue boxes mark flares with positive and negative lags, respectively. Light green
boxes represent double symmetric optical flares with simultaneous X-ray emission. Purple
boxes represent epochs where heartbeat-type oscillations are observed (see text).
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DCF analysis, a positive lag means that the optical follows the X-rays, a negative lag means
that the optical precedes the X-rays, and zero lag means that the optical and the X-rays are
simultaneous. Some flares displaying the different observed behaviours are shown in Fig. 2.
For each subplot, the optical and X-ray light curves (top), the hardness-ratios (middle), and
the DCF (bottom) are shown.

4 Discussion

We studied the optical and X-ray light curves of V404 Cyg during the June 2015 outburst,
and identified those flares observed in both energy ranges. We have used the DCF technique
to search for time lags between the flare emission detected at both wavelengths.

For one third of the flares, we do not find any lags between the optical and X-ray flares
(taking the uncertainties in the determination of the lags into account). In this case, we
interpret that the optical and X-ray emission is coming from the same, or at least physically
very close regions within the system, which can include emission from the inner hot flow and
from the base of the jet.

In other cases, we measured short positive lags (<2 min). We have observed these lags
in single flares and in intervals with flickering (heartbeat-type) oscillations. In this case, the
optical lags could be due to reprocessing of the X-ray emission on the companion star, and/or
the external parts of the accretion disc.

For other flares, we measured optical lags longer than 2 minutes, and the optical emis-
sion cannot be due to reprocessing inside the binary system. These long lags could be
explained by irradiation of surrounding material around the system or by interaction of jet
ejections blobs with this surrounding material or with other ejected blobs. We observed a
large variety of measured lags, shape and brightness of the optical flares. It seems that in the
case of long lags, different mechanisms should be taking place along the outburst, including
interaction of ejections from the jet with the surrounding material or with previous ejected
blobs, irradiation of distant surrounding material by the central source, or synchrotron emis-
sion from discrete ejections.

A complete analysis of all the flares identified during these observations, and a more
detailed discussion can be found in (1).
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Figure 2: Zoomed-in optical and X-ray light curves where optical/X-ray flares lags display
different behaviours: zero lags (top), short positive lags (second row), long positive lags (third
row), negative lags (bottom). Optical observations are shown in red, soft X-ray (3-10keV) in
orange, hard X-ray (20-80keV for ISGRI, or 10-79keV for NuSTAR) in green, and very hard
X-ray (80-200keV) in dark blue). For each subplot, HR1 (the ratio between the soft and the
hard X-ray bands) is plotted in orange; and HR2 (the ratio between the hard and very hard
bands) is plotted in dark blue. The DCFs (optical autocorrelation function is shown in red,
optical/soft X-ray DCF in orange, optical/hard X-ray DCF in green, and optical/very hard
X-ray in dark blue) are shown below the light curves.
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[7] González Hernández, J. I., Casares, J., Rebolo, R., et al. 2011, The Astrophysical Journal, 738, 95

[8] Harrison, F. A., Craig, W. W., Christensen, F. E., et al. 2013, The Astrophysical Journal, 770

[9] Kafka, S. 2018, Observations from the AAVSO International Database, https://www.aavso.org

[10] Khargharia, J., Froning, C. S., & Robinson, E. L. 2010, The Astrophysical Journal, 716, 1105

[11] Kimura, M., Isogai, K., Kato, T., et al. 2016, Nature, 529, 54

[12] Lund, N., Budtz-Jørgensen, C., Westergaard, N. J., et al. 2003, Astronomy and Astrophysics,
411, L231

[13] Makino, F., Wagner, R. M., Starrfield, S., et al. 1989, International Astronomical Union Circular,
4786
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Abstract

Young open clusters are the natural laboratories to constrain stellar evolution models. Dur-
ing my PhD thesis we studied the red (super)giants hosted in six open clusters with the
aim of exploring the boundary between AGB stars and RSGs. These clusters (NGC 2345,
NGC 3105, NGC 6067, NGC 6649, NGC 6664 and Trumpler 35) were selected taking into
account that their evolved stars, K (super)giants, covered the mass transition (5.5–9.5 M�)
around the minimum mass which produces a supernova explosion.
By combining photometry and low/moderate-resolution spectroscopy, we studied the clus-
ters in order to obtain accurate ages (and masses) for their evolved stars. From FEROS
spectra of the FGK (super)giants contained in the clusters we derived their stellar atmo-
spheric parameters as well as their chemical abundances.
Besides the characterization of each cluster, the most complete to date, two remarkable
results are found: i) the over-abundance of Ba found in young clusters (30-90 Ma), which
supports the enhanced s-process and the role of i-process and ii) the relationship between
spectral type and evolutionary stage of stars in open clusters: the AGB/RSG boundary
could be related to the presence or lack in the cluster of K/M supergiants at solar metallicity.

1 Introduction

The initial mass with which a star is born is the fundamental parameter that will determine
the evolution and properties of the star. According to their mass, stars follow two different
evolutionary branches: either the red giant or the red supergiant phase (RSG). In the first
case, the red giant evolves into an AGB star and ends its life expelling its outer layers in
the form of a planetary nebula, leaving as a remnant a white dwarf. In the second, the RSG
suffers a core collapse which releases a large amount of energy, exploding as a supernova (SN);
the residual object is very compact (a neutron star or a black hole). The boundary between
both scenarios would be approximately around 8–9 M�, depending on models.

In recent years, several programmes for the search of SNe progenitors have been carried
out ([21]). Their results are questioning the classical paradigm which explains the origin of
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these objects. The minimum mass to produce a SN explosion might be up to two solar
masses below the limit traditionally accepted: stars of only 6–7 M� could become a SN in
low-metallicity environments and binary systems [20], [12], [19]).

With the aim of exploring the border between stars that explode as a SN and those
that do not, we resorted to the best laboratories to study stellar evolution: stellar clusters.
In this work our goal is to provide for the first time a series of observational evidences that
may serve to constrain theoretical models ([17]). To do this, we have studied a sample of
evolved stars contained in young open clusters.

2 Sample, observations and analysis

We performed a literature search ([15]) for young open clusters with ages between 30–100 Ma,
which cover the AGB/RGB mass transition according to recent works (6–9 M�). We found
that clusters in this age range have on average only two red (super)giants. Nevertheless, for
our sample we selected the clusters statistically more significant, those containing at least five
evolved stars, listed in Table 1. In total, they host half a hundred of (super)giants, comprising
blue (A-type), yellow (F to early-G, including some Cepheids) and red ones (late-G to M).
Most of them have K spectral types.

Table 1: Sample of bright giants and supergiants, i.e. (super)giants, contained in the target
clusters.

Cluster Age (Ma)
(Super)giants

Blue Yellow Red

NGC 2345 60 2 0 6
NGC 3105 30 2 1 5
NGC 6067 90 2 2 12
NGC 6649 60 0 2 3
NGC 6664 50 0 1 5
Trumpler 35 40 0 1 4

On the one hand, we carried out a classical photometric analysis study of every cluster
in a consistent way by strengthening the photometry (our own or archival) with low- or
moderate-resolution spectroscopy. In this manner, besides the characterisation of the cluster
itself, we obtain the age and mass of its evolved stars. On the other hand, from high-resolution
spectroscopy (R = 48 000) taken with FEROS ([13]), an échelle spectrograph mounted on the
2.2-m telescope at the La Silla Observatory (Chile), we characterised these stars by calculating
both their atmospheric stellar parameters and chemical abundances.

In every cluster we performed the spectral analysis, when possible, for both blue (i.e.
B-type giants and A supergiants) and FGKM stars. In the first case we used the technique
described by [5] with a grid of fastwind synthetic spectra for deriving the atmospheric
stellar parameters and, only for the earliest stars, some chemical abundances (C, N, O, Si,
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and Mg). For the FGK stars, the bulk forming our sample, we employed a tailored version
of the stepar code [22] based on equivalent widths with the iron linelist of [10] an a grid of
MARCS synthetic spectra. For these stars we obtained the abundances for Li, O, Na, Mg,
Si, Ca, Ti, Ni, Rb, Y, and Ba. Finally, for the M-type stars we only could roughly estimate
their stellar parameters by using the method described by [8] with the same grid used for the
FGK stars.

3 Results

In this work we have performed the most complete study to date of the clusters contained
in our sample. The in-depth analysis of NGC 3105 (see [2]) and NGC 6067 ([3]) are already
available. For the remaining clusters the studies are going on and final results will still take
some time.

For the first time, a detailed spectroscopic analysis has been carried out on stars of
NGC 3105, NGC 6649, NGC 6664 and Trumpler 35. For the other two clusters, NGC 2345
and NGC 6067, the number of objects studied here is higher than that reported in the only
paper previously published in each case. In this age range, our sample represents half the
clusters observed spectroscopically and 87% of the evolved stars analysed.

We have worked in a very consistent way and our results show a great reliability.
Stars according to their log g and logTeff (derived spectroscopically) occupy positions on
HR diagrams in good agreement with their expected evolutionary stage for the cluster age,
inferred photometrically from the best-fitting isochrone (see Fig. 1).

For all clusters, using iron abundance as a proxy, we obtained metallicities compatible
with the Galactic gradient derived from Cepheids ([9]), although our values are systematically
somewhat lower (see Fig. 2). Chemical abundances are also compatible with the Galactic
trend observed in the thin disc ([6], [1]) as well as the theoretical scenario which describes the
chemical evolution of the Milky Way ([14]). Particularly noteworthy is the overabundance
of [Ba/Fe] found in our sample, which probably supports the enhanced s-process and the
additional contribution of the i-process suggested to explain the enrichment of Ba in young
open clusters (see e.g. [7] and [16]).

Some of our obsevations conflict with current stellar evolution models. By the one hand,
PARSEC models ([4]) fail when predicting the existence of Cepheids at supersolar metallicity
in the age range in which we have worked. At metallicity higher than the solar value the
blue loop decreases rapidly and moves away from the instability strip, where Cepheids spend
almost their entire life. By the other hand, the observed ratios of evolved supergiants do not
agree with those predicted by Geneva models ([11]), in which stars of 7–9 M� pass a significant
fraction of their lifetime as blue supergiants in the blue loop, whereas these objects are usually
observed leaving the main sequence.

Finally, we have covered a range of masses between 5.5–9.5 M�. We have not found
any significant trend in the chemical composition from red luminous giants to supergiants.
We have not spotted any super-AGB star either. From an observational point of view, the
transition of the spectral types observed in our sample, from medium- or late-K II/Ib to
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Figure 1: An example of the reliability of our results in the analysis of NGC 6649. Left:
Dereddened MV/(B − V )0 diagram. Right: log g / logTeff Kiel diagram. Symbols are the
same in both diagrams: the black line is the best-fitting isochrone (the same in both panels),
the magenta diamond represents an extreme Be star, blue circles represent B stars (dwarfs
and giants), whereas yellow and red circles are for F and K supergiants, respectively. Because
of its binary nature star 42 occupies a wrong position on both diagrams. It has only been
included in the figure to show all the cluster supergiants.
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Figure 2: Iron abundance gradient in the Milky Way (black line) found by Genovali et al.
2014 ([9]) from Cepheids studied by them (green crosses) or taken from the literature (black
dots). Pink triangles represent young open clusters (<500 Ma) compiled by [18]. Finally,
coloured circles are the clusters studied by us.
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early-M Ib, might be related to the AGB/RSG mass boundary at solar metallicity.
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Zaira M. Berdiñas 1, Eloy Rodŕıguez 2, Pedro J. Amado 2, Cristina
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Abstract

Only a few decades have been necessary to change our picture of a lonely Universe. Nowa-

days, red stars have become one of the most exciting hosts of exoplanets (e.g. Proxima Cen

[1], Trappist-1 [8], Barnard’s star [12]). However, the most popular techniques used to detect

exoplanets, i.e. the radial velocities and transit methods, are indirect. As a consequence,

the exoplanet parameters obtained are always relative to the stellar parameters. The study

of stellar pulsations has demonstrated to be able to give some of the stellar parameters

at an unprecedented level of accuracy, thus accordingly decreasing the uncertainties of the

mass and radii parameters estimated for their exoplanets. Theoretical studies predict that

M dwarfs can pulsate, i.e. they can drive and maintain stellar oscillations, however, no

observational confirmation has been reported yet. The Beating Red Dots project uses the

HARPS and HARPS-N high-resolution spectrographs with the aim of detecting pulsations

in M dwarfs for the first time. Here, we summarise the project details as well as presenting

the first results and future prospects.

1 Introduction

Stars are not static spheres of plasma in an immutable state. Magnetic cycles, granulation, or
plasma ejections are just examples of their variable nature. These are mechanisms the stars
undergo to come back to its equilibrium. Similarly, stars can also show oscillations on their
stellar surfaces. These oscillations can be explained as periodic contractions and expansions
of the star’s outer layers driven by energetic processes that occur in the inner layers of the
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GJ 588

GJ 699

GJ 887

GJ 687

Fig  2:  Instability  region  (pink-shaded  area)  of  main-
sequence  M dwarfs  predicted  by  RL14.  The  red  and 
blue stars are the targets of this proposal, i.e. GJ 825 
and GJ 588. The green square is GJ 382 scheduled for 
P102. The dark diamonds are observed targets with at 
least four consecutive nights at high-cadence. The light 
diamonds  comprise  the  rest  of  the  sample.  The 
evolutionary tracks (solar metallicity and mixing length 
parameter α = 1) at 0.6 and 0.2M⦿ delimit the instability 
region. Adapted from B17.

Fig  4:  Limiting  RV amplitudes  (K)  achievable  with 
HARPS within the frequency range predicted for stellar 
pulsations (8-73 c/d). The black dashed line indicates 
simulations resulting with a 90% completeness. We use 
as input for the simulations a time baseline equivalent 
to  that  expected  from  this  proposal.  White  noise  is 
included in our simulations. Only small signals below 
~0.5m/s  (blue,  horizontal  shaded  area  area)  are 
inaccessible with four (or less) high-cadence nights of 
continuous  observations.  This  result  motivates  our 
minimum  requirement  of  four  nights  for  GJ  825. 
Adapted from B17.

Fig 4: RV periodograms of GJ 588 (top) and GJ 887 (bottom) 
corresponding  to  8  (P91+P101)  and  4  nights  (P101)  of  high-
cadence observations respectively. A 2 c/d peak was detected in 
GJ588  (grey  periodogram)  possible  caused  by  AM  changes 
affecting only the P91. The ~20h signal detected in GJ887 (grey 
periodogram) could be related with a longer period exoplanet. 
Within the predicted pulsation regime (grey area) none shows 
signals above the false-alarm-probability threshold. However, the 
black periodograms show clear increasing probability areas that 
could be related with real signals no detectable with. GJ588 is 
the target proposed for ESPRESSO in P103. GJ887 is a GTO 
target.

Fig  1:  HR  diagram  of  pulsations.  Main-sequence  M  dwarfs 
would be located at the lower right part. The different types of 
pulsating  stars  are  highlighted  with  stripped  areas.  The  wide 
spread of these areas indicate that stars of different masses, radii, 
ages and spectral types can drive and maintain stellar pulsations. 
No pulsation areas appear at the main-sequence M dwarfs zone. 
Source: SOHO14/GONG workshop (2004).

Figure 1: (Right) Pulsations HR diagram. Stripped areas highlight different pulsating
regimes. Stars of different masses, radii, ages and spectral types can drive and maintain
stellar pulsations. However, no pulsation areas appear for M dwarfs, located at the lower right
part of the main-sequence. Source: SOHO14/GONG workshop (2004). (Left) Instability
region (pink-shaded area) of main-sequence M dwarfs predicted by Rodŕıguez-López et al. [14]
over the sample (grey diamonds). The dark and light pink diamonds correspond to targets
observed with at least four consecutive nights at high-cadence and to scheduled targets,
respectively. The dark lines are the evolutionary tracks at 0.6 and 0.2 M� that delimit the
instability region. Adapted from Berdiñas et al. [6].

star such as nuclear reactions or energy stacking at certain energy transitions layers (e.g. the
radiative-to-convective transition zone). The theory of asteroseismology makes use of these
stellar oscillations to permeate throughout the stellar atmosphere. This allows to measure
the physical parameters of the star at an unprecedented level of accuracy. Characterising the
star parameters very precisely not only has a great impact in stellar physics but also in the
field of exoplanets. Most techniques used to detect exoplanets are indirect methods, meaning
that exoplanet candidates are confirmed by the changes they induce in the starlight. As a
consequence of that, the exoplanet parameters and their uncertainties are defined relative
to the host star. The study of the stellar pulsations of the stars hosting exoplanets has
demonstrated to provide parameters such as the planet mass and radius –essential to know
if the planet density supports a rocky surface– with precisions down to 5% [9], and 2-4%[7],
respectively. Among the roughly four thousand exoplanets discovered, only fourteen are
considered as potentially habitable1, twelve of them orbiting M-type red dwarf stars. Thus,

1Exoplanets are considered as potentially habitable if they are likely to have: i) a rocky composition, i.e.
Rp[R⊕]∼(0.5,1.5) and Mp[M⊕]∼(0.1,5), and ii) surface liquid water, i.e. is they orbit in temperate orbits
within the conservative habitable zone [10].
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the use of the asteroseismology should in theory help in characterising some of most exciting
exoplanetary systems. Stellar pulsations appear all across the HR diagram (Fig.1, left panel),
where different oscillation mechanisms dominate the different instability regions. However,
no stellar oscillations have been detected for this spectral type yet. Thus, the question is: do
M dwarfs pulsate?

Theoretical studies carried out by our team indicate that M dwarfs should be able
of driving and maintaining stellar pulsations. In particular, Rodŕıguez-López et al. [15, 14]
predict two main instability regions for M dwarfs, one dominated by young stars and the
other by partially-convective M dwarfs in the main-sequence. Our model predicts for the
stars in the main-sequence region oscillations with periods ranging from 20 min up to 3 h.
However, the detectability of these oscillations would directly depend on their amplitudes.
However, the current existing linear oscillation codes cannot predict the amplitude of these
oscillations. Previous observational attempts to detect these oscillations using photometric
data from the the Kepler spacecraft have established upper limits for the amplitudes of a
few µmag [13]. Although this is a very low photometric limit, it does not imply that stellar
pulsations cannot be detected using other technique such as the radial velocity (RV) method.
This statement is based on previous studies performed for other spectral types in which a
combination of photometric and spectroscopic observations demonstrated that amplitudes
can be up to 100 times larger in RVs (e.g. δ Scuti and γ Dor oscillators such as FG Vir, RZ
Cas, HR 8799; [17; 11; 16]). This would mean that a 10 µmag signal could have a counterpart
of 1 m/s in RVs; a signal that should be detectable with current most precise spectrographs.
This is the main goal of our “Beating Red Dots” programme, that would open a new field of
study for this spectral type.

2 Previous work on the field

“Beating Red Dots” (BRD) was born in 2013 under the name of “Cool Tiny Beats” (CTB).
This precursor campaign joined efforts from several exoplanet and asteroseismology teams to
detect, using a single observational strategy, close-in orbit exoplanets hosted by M dwarfs as
well as the first observational confirmation of a stellar pulsation signal for this spectral type.
CTB used the high-precision spectrographs HARPS and HARPS-N to observe a sample of
main-sequence M dwarfs with a strategy based on getting short time spans between exposures
(i.e. high-cadence). This should have ensured the monitoring of exoplanets in the innermost
circumstellar regions, as well as the predicted 20 min to 3 h periods of the stellar pulsations.
However, even when the observing cadence was adequate for the exoplanet science case (e.g.
Proxima b [1], Kapteyn b and c [2], Luyten b and c [3; 4]), only a few targets were finally
observed with the extremely high-cadence that is essential to monitor the predicted stellar
pulsations of M dwarfs: GJ 725A and B as well as GJ 588 and GJ 699 (Barnard’s star).
The first two stars were monitored from HARPS-N, where we detected a source of sub-night
instabilities in the RVs that made it difficult to study the stars behaviour in the same time
regime. Nevertheless, the analysis of these high-cadence CTB observations gave us a large
experience that resulted in a detailed characterisation study of the instrument [5]. On the
contrary, GJ 588 and Barnard’s star were observed from HARPS. In that case, even when
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GJ 588 Barnard’ star (GJ 699)

Figure 2: Likelihood periodogram of the GJ 588 (left) and Barnard’s star (right) RV time-
series observed with CTB during 2013. GJ 588 was modelled with two sinusoids (“SOL2”).
The grey area highlights frequencies outside the predicted pulsation regime. Horizontal
dashed and solid lines account for 10% and 1% FAPs. No significant signals compatible with
pulsations were found above these thresholds, however, the noise seems not being purely
white. The vertical red line highlights a putative signal at 12 c/d that resulted to be com-
patible with an exited pulsation mode in GJ 588.

no signals compatible with pulsations were detected above the classical confidence thresholds
of periodograms (false-alarm probability, or FAP=1%), we detected some excess of power
in the periodograms of both stars (see Fig.2). Such excess could correspond to real non-
resolved, low-amplitude oscillation signals that cannot be detected with the precision of our
observations. In fact, the highest peak of the periodogram of GJ 588, that corresponds to a
sinusoid with a frequency of 12 c/d (P∼2 h, A=0.36 m/s), was found to be compatible with
excited low-radial, low degree l=1 and l=2 g-modes produced in stellar theoretical models
with the physical parameters of GJ 588. However, higher precision data were needed to
confirm/refute this putative 12 c/d signal.

3 The Beating Red Dots programme: First results

Motivated by the detection of a putative stellar pulsation signal on GJ 588, we decided
to push the search with a new dedicated programme: “Beating Red Dots” (BRD). This
programme is focused on gathering observations with the adequate cadence needed to detect
stellar pulsations in M dwarfs (i.e. continuos monitoring of each target during at least four
consecutive nights). Our observational strategy includes photometric campaigns from the
ASH2 and LCOGT telescopes to help us distinguishing between actual stellar pulsations and
ultra-short period planets.

Currently, eight nights have been allocated during P101 in HARPS to observe the BRD
sample (see diamonds in Fig.1, right panel) and a second run is scheduled for P102. Besides,
another four nights have been awarded in HARPS-N. The P101 observations from HARPS
were performed between May and September this year. The targets selected were GJ 588 and
GJ 887. Simulations perform based on previous observations indicated that four extra nights
of GJ 588 data should be enough to detect the 12 c/d putative candidate. However, the
four nights obtained in 2018, together with the previously data obtained in 2013, revealed no
significant signals above the detection threshold within the predicted pulsation regime (see
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— RVs (2013+2018)

— RVs (2013)
— RVs (2013)+simulations

GJ 588 4.73 h

— RVs

GJ 687

Figure 3: (Right) The top figure compares the 2013 periodogram of GJ588 (red line), with
our predicted result after adding four extra nights of high-cadence observations in 2018 (blue
line). The bottom panel corresponds to real 2013+2018 observations. The lack of detections
ruled out the putative 12 c/d signal obtained in 2013. (Left) Periodogram of the first M
dwarf observed from HARPS-N. A peak at 4.73 h was detected above the 1%-FAP. Its origin
is under study.

Fig 3, left panels). A similar case occurred with GJ 887, observed during 4 nights in Sep 2018.
However, the RV periodogram of GJ 687, the only target observed from HARPS-N, showed
a 4.73 h periodic signal. Although this signal is outside the predicted pulsation period range,
it is not very far away (see Fig 3, right panel). However, a more detailed analysis is required
to rule out a spurious detection especially because this star is the host of an exoplanet.

4 Conclusions and future work

Consequently, the fact that no strong detections were made can be attributed to: i) the
sample not being statistically significant (only a few targets have been analysed), ii) the
instability strip is not pure and we analysed non-pulsators, iii) the detection limits reached
were not enough and pulsating amplitudes were buried in the noise, iv) oscillations are not
spectroscopically detectable, and/or v) shortcomings in the theoretical models lead us to
wrongly predict the excitation of M-dwarf modes, although we do not think this is the case (see
[13]). At least, points i) and ii), are very plausible and both can be addressed by increasing the
size of the analysed sample and pushing down the detection thresholds. Regarding point iii),
we plan to make use of the better sensitivity and radial velocity precision (goal of 10 cm/s) of
ESPRESSO/VLT (0103.D-0005 proposal submitted, PI: Berdiñas). Additionally, we also plan
to extend the search towards the near infrared using instruments such as CRIRES+/VLT,
NIRPS/VLT or CARMENES/CAHA. This wavelength coverage extension is motivated by
the fact that stellar pulsation signatures for other spectral types show amplitudes and phases
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varying systematically with wavelength.

In summary, regardless of the current negative results, the BRD survey is taking us one
step closer to the observational detection of M star pulsations and illustrating the challenges
of high precision experiments even with current state-of-the-art spectrographs.

Acknowledgments

Z.M.B. acknowledges funds from CONICYT/FONDECYT POSTDOCTORADO 3180405. P.J.A.,
C.R-L. and E.R. acknowledge funding from AYA2016-79425-C3-3-P by MICINN/Spain. This study is
based on observations made with the 3.6 m ESO Telescope at la Silla and with the Italian Telescopio
Nazionale Galileo (TNG) operated on the island of La Palma by the Fundación Galileo Galilei of the
INAF (Istituto Nazionale di Astrofisica) at the Spanish Observatorio del Roque de los Muchachos of
the Instituto de Astrof́ısica de Canarias under programmes ID 191.C-0505, 0101.D-0494 and CAT 83,
CAT13B 136, CAT14A 43, and CAT17A 95, respectively.

References
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P.2, Blanco-Cuaresma, S.3, and Heiter, U.4

1 Laboratoire d’Astrophysique de Bordeaux, Univ. Bordeaux, CNRS, France
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Abstract

Evolved Open Clusters (OCs) are excellent tracers of the formation and evolution of the

galaxy, as well as an ideal laboratory to test theories of star formation and evolution. In

particular, nearby OCs are commonly used as benchmark objects to assess the determination

of physical properties of field stars. We have designed a project to perform an in-depth study

of the physical properties of a sample of benchmark evolved clusters inside a radius of 500

pc around the Sun. We aim to determine shape, radii, extinction, galactic velocity, age and

chemical composition, using recent data from Gaia DR2, and complementary ground-based

high resolution spectroscopic data. Here we present the first results of this project after

the release of Gaia DR2 concerning the Hyades, the most nearby open cluster. We do a

membership selection around a large region from the cluster center. And we perform a

spectroscopic analysis of the cluster using HARPS spectra of main sequence stars and red

giants. We obtain chemical abundances for 11 species with a typical precision of 0.01 dex.

1 Introduction

Open Clusters (OCs) are widely used to trace the history of the Galactic disk. Also, since their
stellar populations cover a wide range of masses and evolutionary phases, their HR diagrams
represent snapshot in stellar evolution. That is why they are ideal to test theories of stellar
evolution. In particular, nearby OCs spanning different ages and chemical compositions are
perfect targets to calibrate and validate astrometric, photometric and spectroscopic surveys.

The majority of them dissolve during the first 100 Myr of evolution. Internal interaction
between members, encounters with giant molecular clouds and gravitational harrassment by
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the galactic potential are the processes which contribute to the disruption of an OC. For this
reason, OCs which have survived these effects are valuable targets to understand them.

We have designed a project devoted to determine physical properties of the most nearby
and evolved OCs in the light of Gaia data and combined with high precision spectroscopy.
This will allow to investigate a handful of things: explore the outskirts of the clusters looking
for tidal tails and escapees, which provide information about disruption processes, and relate
this to the chemical signature; explore how do the kinematical properties correlate with age
and environment; among others. We also aim to provide a comprehensive investigation of
benchmark OCs to be used to validate and calibrate future studies and large surveys. So far,
we are also in process of revisiting the old nearby OC Ruprecht 147 [9]

In the presented context the Hyades play a significant role being the nearest OC to
the Sun, and among the best studied stellar groups. Recently, [1] used the Tycho-Gaia
astrometric solution (TGAS) results from Gaia DR1 ([2]) to build a membership list in a
large area up to 30 pc from the center of the cluster. This makes a good opportunity to test
with good statistics the typical dispersion of abundances, or whether there are variation of
abundances depending on the distance from the center of the cluster. We do a preliminary
analysis with a membership selection using cartesian heliocentric velocities calculated from
Gaia DR2 results ([3]). We retrieve several spectra of main sequence and giant stars to do a
chemical abundance analysis and test the chemical homogeniety of this cluster.

2 Membership selection

After the Gaia DR2 ([3]) we have performed our own membership selection to recover mem-
bers up to 30 pc from the center. We have queried the catalog 40◦ around the center of the
cluster (RA,DEC) = (67◦, 16◦), restricting to stars having vr, and parallaxes ω > 10 mas.
We have constrained the sample using stars with low errors in parallax and proper motions:
δω < 0.3 mas, δpm < 0.3 mas yr−1. Because of its large extension in the sky we have changed
to cartesian heliocentric coordinates using the package pygaia to avoid the projection effects
in proper motions. After all thi, we obtain 8119 stars in the selected region.

We have used the most central stars (60 < RA < 75◦, 10 < DEC < 25◦) to intially
pinpoint the motion of the cluster. Then we do a selection of the whole sample of stars
cutting at 2σ in the cartesian velocities. Finally we recalculate the center of the cluster with
these stars and we restrict the final selection to 30 pc.

We obtain 167 members with median values of: (X,Y, Z)= (−43± 8,1± 7,−17± 4) pc,
(U, V,W )= (−42.3±0.6,−19.2±0.3,−1.2±0.4) km s−1. Their distribution in the 6D space, and
the resulting color-magnitude diagram (CMD) are shown in Figure 1. The resulting sample
is incomplete because only the brighter stars with a RV in Gaia DR2 have been considered.
This selection is well adapted for our study of chemical composition of the cluster but not
to derive its physical parameters.We obtain a very consistent HR diagram, which ensures us
that the recovered stars are true members. There are four known K giants in the cluster
which we do not recover for being out of the bright limit of Gaia DR2.

https://github.com/agabrown/PyGaia
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Figure 1: Left: Distribution in velocity (top panels) and physical (bottom panels) space of
the selected stars as members of the Hyades (blue), and the whole analyzed sample (grey).
Right: CMD diagram in apparent and absolute magnitudes from Gaia DR2 of the selected
stars, they are colour-coded according to the distance to the center of the cluster.

3 Spectroscopic analysis

With this selection we have queried the HARPS (R=115,000) archive looking for high-
resolution and high SNR (> 100) spectra. We have retrieved spectra for 21 main sequence
(MS) stars and of the 2 giants1 with 7 and 12 spectra each.

We have used iSpec [4] to derive atmospheric parameters and abundances from spectral
synthesis fitting using a grid of precomputed synthetic spectra available in the new version
of iSpec (Blanco-Cuaresma et al., in prep). The derived Teff − log g diagram is shown in
Figure 2. In general, stars with Teff > 6500 K show wider correlation peak in the cross-
correlation function. This has an impact in the derived abundances adding more line-by-line
dispersion. So, for our purpose, we have focused in the range 6300-5300 K, which are solar-
type stars, colored in blue in the left panel of Figure 2. This effect has direct consequences
in the expected precision of Galactic archaeology surveys which usually tag giants or turnoff
stars because of their brightness.

3.1 Chemical abundances

Chemical abundances are obtained from spectral synthesis fitting using iSpec. In brief, it
compares regions of the observed spectrum with synthetic ones generated on-the-fly. The line
selection was done based on the automatic detection of absorption lines in a solar spectrum
from the Gaia Benchmark Stars library ([5]). Each line was cross-matched with the atomic

1In fact, we found spectra for 3 giants. However, one of them gave inconsistent results of abundances,
probably because it is an spectroscopic binary. Therefore, we have not included its analysis.
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Figure 2: Teff − log g diagram of the stars in the Hyades observed with HARPS. In the right
panel the stars are coloured SNR of the spectrum, and in the left panel we show the two
groups of stars made to derive the differential abundances (orange-red giants, and blue-solar
type) and the reference star chosen.

line list and we derived solar line-by-line chemical abundances using the reference atmospheric
parameters for the Sun. Good lines lead to abundances similar to the solar ones ([7]), thus
we selected all lines with an abundance that falls in the range ±0.05 dex. Atomic data is
taken from the v5 of the Gaia-ESO survey master line list ([8]).

We have used a strictly line-by-line differential abundance strategy to obtain abun-
dances of 11 different species including Fe-peak and α elements. This technique consists in
using a reference star within the cluster which is in the same evolutionary state as the other
stars. This allows to reach a very high precision in abundances (∼ 0.01 dex) because it erases
the differences that arise from slightly wrong atomic parameters in the lines and other effects.
The purpose is to show how different are the stars among them. We have made this in two
groups: solar type stars using as reference HIP19793, and giants with reference HIP20885.
References are indicated in Figure 2. Typical errors in the obtained abundances are of the
order of 0.01 dex. This can be checked using the different spectra that we have for HIP20889,
which are analysed as if they were different stars. As shown in Figure 3, indeed the 12 spectra
of the star give dispersions of the order of 0.01 dex.

We have not found any significant trend of the derived abundances with Teff or log g.
However, if we plot the abundance of each element with respect to all the others, very sig-
nificant correlations show up (see Figure 4). Also, almost all elements show an amplitude in
abundance of 0.1 dex, one order of magnitude larger than the typical error. It is improbable
that these trends are caused by random errors. Furthermore, most of the stars are physically
very similar and doing a differential analysis, the difference in abundance could not be ex-
plained by difference in diffusion. This leads to think that in the cluster some of the stars
have different abundances, as already reported [6].
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Abstract

The publication of the Gaia Data Release 2 (Gaia DR2) includes precise astrometric data
(positions, proper motions and parallaxes) for more than 1.3 bilion sources, mostly stars.
This such a vast amount of new data requires the use of machine-learning and data-mining
techniques to handle large scale analysis. In particular, the search for open clusters (OCs),
groups of stars that were born and move together, located in the disc, is a great example
for the application of these techniques.
We explore the performance of a density based clustering algorithm, DBSCAN, to find
clusters in the data together with a supervised learning method such as an Artificial Neural
Network (ANN) to automatically distinguish between real OCs and statistical clusters.

The development and implementation of this method in a five-dimensional space

(α, δ,$, µα∗ , µδ) of the Tycho-Gaia Astrometric Solution (TGAS) lead to the proposal of a

list of new nearby OCs candidates. This contribution shows the validation of the candidates

with Gaia DR2 data and a framework designed to be applied to the full Gaia DR2 archive.

1 Introduction

The analysis of astronomical catalogues is becoming more complex as the data volume of
these catalogues is increasing. For instance, the Gaia mission [1] in its first data release
(Gaia DR1 [2]) contains positions for more than one bilion sources. Even though this large
amount of sources, full five-parameter astrometric data is available only for a small subset:
the Tycho-Gaia Astrometric Solution (TGAS [3, 4]). The TGAS subset represents a perfect
scenario to develop and test scientific applications, based on data-mining techniques and
machine-learning algorithms, in preparation for larger releases. The use of these techniques
is mandatory from the second Gaia data release (Gaia DR2 [5]) onwards, which contains
precise five-parameter astrometric data for more than 1.3 bilion sources, together with three-
band photometry.
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Figure 1: Application of the method represented by a flow chart diagram. Figure taken
from Fig. 1 in [6].

We have developed a method [6] to automatically search for overdensities in the five-
dimensional astrometric data, i.e. positions, parallax and proper motions (α, δ,$, µα∗ , µδ),
and decide if they are open clusters (OCs) based on the photometry (G,GBP , GRP ). The
method is developed and tested on the TGAS subset, with the final goal of its application to
the full Gaia DR2 archive.

2 Method

Figure 1 shows a diagram of the methodology used to identify possible new OCs. Using TGAS
as our initial database, we apply an unsupervised learning algorithm such as DBSCAN [7]
to detect groups of stars showing an overdensity in the five-parameter space. Then, these
overdensities are classified into statistical clusters or physical OCs using an Artificial Neural
Network (ANN [8]), which identifies an isochrone on a Color Magnitude Diagram (CMD). In
this case, because the TGAS subset is purely astrometrical data, the CMD is built using the
photometric data from the Two Micron All Sky Survey catalogue (2MASS [9]).

2.1 Preprocessing

Before the application of the method, we select a region of the sky where we expect to find
most of the clusters. According to existing OCs catalogues such as the DAML [10] and MWSC
[11], most of the clusters are found at |b| < 20deg (96% and 94% respectively). In addition,
we reject stars with high or negative parallaxes (selecting only stars with 0mas≤ $ ≤ 7mas)
or with high proper motions (|µα∗ |, |µδ| > 30mas·yr−1); this facilitates the determination of
the DBSCAN parameters with no loss of generality since these conditions would make an OC
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easily detectable.

The region of study is further divided into smaller rectangles of size L deg. This second
division is done to reduce the volume of data in each region in order to reduce computational
time; and to define a more representative density of field stars, so the algorithm can search
for a significant overdensity in that region. As a last step, because the algorithm computes
the distance between pairs of stars in the five-dimensional parameter space, and decides if
they are clustered or not based on these distances, we standarise the star parameters (to have
mean zero and variance one) so their weights in the process are the same.

2.2 DBSCAN

DBSCAN is a density-based clustering algorithm that identifies overdensities in the parameter
space as clusters. The definition of what DBSCAN considers a cluster depends on two
parameters: ε and minPts. The parameter minPts refers to the minimum number of members
of a cluster, while ε refers to the radius of the hypersphere (in the parameter space) centred
in each star where this minPts members have to be located (see Fig. 2 of [6]).

The determination of the minPts parameter, together with L, is left to be optimised
using simulations (see Sect. 3 of [6] for details). The values for these parameters found to be
optimal in this case are: L = {12, 13, 14, 15, 16} and minPts= {5, 6, 7, 8, 9}.

For the determination of ε, we take advantage of the fact that the distance from a star
to its kth nearest neighbour from stars belonging to the cluster is smaller than from stars
belonging to the field. Figure 2 shows an example of the determination of ε in a region around
a known cluster, the red line (ε) separates the stars belonging to the cluster (green) from the
stars belonging to the field (orange).

2.3 Identification of OCs

DBSCAN finds clusters in an statistical sense, they can be real OCs or just statistical clusters.
To distinguish between these two posibilities, we use an ANN with a multilayer perceptron
arquitecture with one hidden layer. The ANN is able to recognise the isochrone pattern in
the CMD, and therefore identify real OCs among all the candidates. This is achieved by
training the ANN with examples of CMDs of real OCs. Since we work with TGAS data,
the OCs examples are those from the Gaia DR1 [12]. The test CMDs are classified with a
precision of a 97.05% to the right class, OC or statistical cluster.

Because the ANN is trained with clusters from [12], we expect to find clusters with the
same characteristics. The OCs used to train the ANN are nearby clusters with ages from 40
to 850 Myr and no significant differential extinction.

3 Results

The whole method is applied to the TGAS data, and after the removal of coincident clusters
with [11], we end with a list of 31 probable OC candidates (see Table 1 in [6], cluster candidates
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orange). Figure taken from Fig. 3 in [6].

are sorted by number of detections through the explored parameters). Each of the OC
candidates is then analysed using Gaia DR2 data, which provides more precise astrometric
data, photometry more precise than that of 2MASS catalogue and the availability of those
parameters down to magnitude G ∼ 21.

In order to confirm or discard each OC candidate, the DBSCAN algorithm is executed
on a Gaia DR2 region around the expected centre of the candidate. With this last step,
we are able to confirm 23 OC candidates with members down to magnitude G ≤ 17. These
23 confirmed OCs represent a 70% of the proposed candidates; 100% of the initial OCs
candidates found with Nfound ≥ 5 among the explored parameters are confirmed, while for
Nfound < 5 we are able to confirm 59% of the initial candidates. Mean values for position,
parallax and proper motion, as well as for radial velocity when available, can be found in
Table 2 of [6]. General comments and comments on individual proposed new OCs can be
also found in [6].

4 Conclusions

We describe an automated data-mining method for the detection of OCs. The method is based
on the use of machine learning techniques such as a clustering algorithm, DBSCAN, to detect
overdensities in astrometric data; and a classification algorithm, an ANN, to distinguish
between statistical clusters and real OCs.

The application of the method to TGAS data allows the proposal of 31 new OCs
candidates, of which 23 (around 70%) are validated using Gaia DR2 data.
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Looking forward to the application of the method to the all-sky Gaia DR2, we have to
optimize the parameters L and minPts to account for the larger stellar densities. As well,
the better characterization of known OCs [13] with DR2, provides a wider training set for
the ANN step.
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Abstract

We have performed a search for substellar objects as common proper motion companions

to young nearby stars (including members of the Young Moving Groups AB Doradus, TW

Hydrae, Tucana-Horologium and Beta Pictoris, and the Upper Scorpius young association)

up to separations of 50,000 AU, using the VISTA Hemisphere Survey and 2MASS astro-

metric and photometric data. We have found tens of candidates with spectral types from M

to L, and estimated masses from low-mass stars to the deuterium-burning limit mass. For

some of these candidates, we have also obtained optical and/or near-infrared spectroscopy

confirming them as true companions. We present the preliminary results of our searches

and discuss the most outstanding cases. Our studies show that the frequency of young

companions is higher than of the field-age ones.

1 Introduction

Substellar objects (brown dwarfs and planetary-mass objects) have masses below the min-
imum mass required to stably burn hydrogen in their interiors. This limit is theoretically
established around 0.072–0.080 solar masses [2], depending on factors such as metallicity.
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Because of the lack of a stable hydrogen burning phase, substellar objects keep on
cooling down with time, and their effective temperature and spectral type strongly depend
on their age (see Fig. 10 in [8]). This makes it difficult to characterize the properties of
substellar objects, such as the mass, when the age is unknown. Also, they become fainter
with time, making it more difficult to find and observe them when they are old.

Searching for wide companions to young nearby stars have advantages to find, analyze
and characterize new substellar objects. We can derive important properties, such as the age,
the metallicity and the distance, from their brighter primaries. Moreover, substellar objects
orbiting at very wide distances give us the opportunity to carry out a complete photometric
and spectroscopic characterization, which is very challenging to obtain in the case of objects
orbiting at very close distances from their primaries.

Theoretical evolutionary and atmospheric models in the substellar regime can be tested
against these new benchmark objects. The known population of ultra-cool companions is still
very limited, for example only a dozen of young planetary-mass objects have been found by
direct imaging at distances higher than >100 AU (see [1] and references therein). Most of
them have been found using adaptive optics, and are too close to their primaries to permit a
thorough spectral characterization.

2 Looking for wide substellar companions: Search method

We have used direct imaging to search for common proper motion companions orbiting young
nearby stars at separations up to 50,000 AU in the Upper Scorpius OB association (USco)
and four Young Moving Groups (YMGs): AB Doradus, Beta Pictoris, Tucana-Horologium
and TW Hydrae. To identify these companions, we have used proprietary data of the Vista
Hemisphere Survey (VHS)[12] in combination with other public surveys.

VHS is a near infrared survey that will cover the whole southern celestial hemisphere to
a depth around ∼4 magnitudes deeper than 2MASS and DENIS (up to J < 20, Ks < 18, Vega
mag). It is carried out by the VISTA Telescope, a 4.1m modified Ritchey-Chrétien telescope
operated by ESO in Cerro Paranal Observatory, Chile. This survey is almost complete at the
moment.

To build the sample, we have made a compilation of ∼1,300 and ∼1,500 known members
and candidates of USco and YMGs from the literature, respectively.

Then, we have cross-correlated the VHS catalog with near-infrared catalogs from public
surveys to measure proper motions. For the YMGs search, we use the Two Micron All Sky
Survey (2MASS) catalog [3], since the members of the YMGs are widely spread in the sky,
and 2MASS covers the whole sky surface, although it is not as deep as VHS. For the search
in USco, we use the UKIRT Infrared Deep Sky Survey Galactic Clusters Survey (UKIDSS
GCS) [9], which covers the USco region in JHK to a similar depth as VHS.

We have also collected all the available photometric data from other catalogs such
as 2MASS, DENIS, USNO, AllWise, PanSTARRS and SDSS to complete our study of the
candidates. Gaia DR2 has also provided accurate proper motions and parallaxes for most
of the primaries and the brightest candidate companions. This allowed us to discard casual
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Figure 1: (Left panel) Proper motion selection of the USco candidates. Known members
of USco are indicated as black dots, selected proper motion candidates within the circle as
yellow dots, objects discarded as contaminants as green dots. (Middle and right panels) J vs
Z-J color-magnitude diagrams with VHS+UKIDSS, and VHS+PanSTARRS photometry, in
the middle and right panel respectively. USco known members are marked in black, objects
selected by proper motion are marked in red. We used the lower envelope of the USco sequence
in each diagram to select photometric candidates. We limit the selection to J > 12.5 mag to
avoid saturated targets.

alignments and confirm the companionship of some of these systems.

3 Upper Scorpius

Upper Scorpius is a nearby young association, with an age of 5–10 Myr and placed at a
distance of around ∼145 pc [13] [15].

For this search, we have cross-correlated VHS and UKIDSS GCS in a region of 60 arcsec
around every known USco member or candidate member. This corresponds to separations
up to ∼9,000 AU around each member at the mean distance of the association.

Figure 1 (left) shows the proper motion diagram for the selection of the candidates.
Using VHS and UKIDSS GCS, we find a proper motion of (−7.1,−18.3)±(6.9, 8.6) mas/yr for
USco members. Candidates were selected with proper motions consistent with USco within
a radius of 14.4 mas/yr, which is the RMS of the background objects with null motion. Since
the proper motion is relatively low, and our selection criteria are generous, the results of this
first selection step contain a high number of contaminants.

To filter out the contaminants, we have performed a photometric selection using J
vs. J-Z color-magnitude diagrams. We determined the lower envelope of the distribution
of known members in the color-magnitude diagram, and selected as good candidates those
located above this envelope. We obtained Z -band photometry from UKIDSS GCS only for
a fraction of the candidates, since this survey does not cover all the region in the Z -band,
so for the candidates without Z -band information in GCS, we used PanSTARRS to perform
a similar selection. Only targets with J > 12.5 mag were selected, as objects brighter than
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Figure 2: (Left panel) J vs J-Ks color-magnitude diagram for the USco M2.5+L0 system.
USco known members are shown as gray dots. Field sequence from [14] (squares), [11] (orange
triangles) and [4] (blue and pink triangles). Primary and companion are shown as red circles.
(Right panel) Near Infrared spectrum of the wide L0 companion from NTT/SOFI (black).
Spectrum of the USco known L0 member J160606-233513 from [10] (red) for comparison.

this may be affected by saturation in VHS. The middle and right panels of Figure 1 show the
resulting color-magnitude diagrams.

We also used Gaia DR2 parallax and proper motion data for the brightest candidates,
to discard foreground or background contaminants located at different distances than the
association and distinguish true companions from chance alignments of USco members located
at close positions in the sky but at different distances within the association. From Gaia DR2,
we obtained a mean proper motion for Upper Scorpius of (−11.7,−23.6)± (3.8, 3.3) mas/yr,
which is more accurate than the previously reported value.

As a result of our searches, we found 35 wide companion candidates, 16 of which are
new discoveries. Their expected spectral types range from M to L. The separation range ex-
plored for this search is 400–9,000 AU. These candidates have been already spectroscopically
observed, and are under analysis and pending of confirmation at the moment. If confirmed,
the rate of wide companions is ∼3%.

3.1 Example: A L0 companion to a M2.5 member of Upper Scorpius

One of the most interesting systems found in this search is a J = 15.9 mag brown dwarf
companion, classified in the near-infrared as an L0 dwarf, orbiting at 3,000 AU of an M2.5
USco low-mass star. The estimated mass is around 15–20 Jupiter masses, which is slightly
above the deuterium burning mass limit.

Fig 2 (left) shows the J vs J-Ks color-magnitude diagram for this system. Fig 2 (right)
shows the infrared spectrum of the L0 companion obtained using SOFI spectrograph at NTT
telescope in La Silla Observatory, in Chile.
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4 Young Moving Groups: AB Doradus, Beta Pictoris, Tucana-
Horologium and TW Hydrae.

For this search, we have cross-correlated VHS and 2MASS in the regions corresponding to
physical separations up to 50,000 AU around each member, using their parallaxes from Gaia
DR2, or their spectrophotometric distance for those primaries with no parallax.

We have included only YMG members belonging to the southern hemisphere (with
available data from VHS), and proper motions higher than 60 mas/yr, to avoid contaminants.
Around 650 primaries satisfied these criteria.

In this case, we have also performed a proper motion selection for the candidates, and
we have used J vs. J-Ks color-magnitude diagrams to identify candidates compatible with
being located at the same distance. For the brightest targets, we have also used Gaia DR2
parallaxes and proper motions to discard chance alignments or confirm companionship. For
the candidates with no parallax, we have also used optical photometry from PanSTARRS,
SDSS, DENIS and USNO when available to discard contaminants.

Table 1 shows the number of candidates found and expected companion rate. The
results show a frequency of companion candidates higher than the frequency for field age [6],
and also a possible tendence to a higher companion rate for the youngest moving groups.
These results are preliminary and should be taken with caution since the newly identified
candidates require spectroscopical confirmation and characterization.

Table 1: Companion candidates found

YMG Age Primaries Systems Comp. cand. Comp. cand.
searched founda rate rate (>M5)

AB Doradus ∼150 Myr 197 12 6.1±1.8% 3.6±1.3%
Tuc-Hor ∼45 Myr 320 19 5.9±1.4% 2.5±0.9%
β Pictoris ∼25 Myr 159 13 8.2±2.3% 3.1±1.4%

TW Hydrae ∼10 Myr 69 6 8.7±3.5% 7.2±3.2%

aCandidates need to be spectroscopically confirmed.

4.1 Example: An L-type companion to an M6 brown dwarf in Beta Pictoris

In these searches we have found a very interesting substellar object orbiting at 1,200 AU from
the Beta Pictoris M6 brown dwarf 2MASS J0249-0557. The system is located at 30 pc from
our Solar System. Using optical spectroscopy, we classified this object as a young L3 ± 1
dwarf. The estimated mass of the companion is around the deuterium burning mass limit.

The discovery of this companion has been recently reported by [5], who also find that
the primary of the system is itself a binary.

Fig. 3 (left panel) shows the proper motion diagram for the 2MASS J0249-0557 system.
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Figure 3: (Left) Proper motion diagram for the 2MASS J0249-0557 system. Primary is
plotted in light pink, companion in red. (Right) Optical spectrum of 2MASS J0249-0557 c
(black) from eBOSS, overplotted for comparison with an L3 standard (red) from [7].

Fig. 3 (right panel) shows the eBOSS optical spectrum of the L companion.

5 Summary and final remarks

• We have performed a search for common proper motion companions to young nearby
stars in Upper Scorpius (∼5–10 Myr) and four Young Moving Groups: AB Doradus
(∼150 Myr), Tucana-Horologium (∼45 Myr), Beta Pictoris (∼25 Myr) and TW Hydrae
(∼10 Myr).

• We find an estimated companion rate for Upper Scorpius (mid-M to L) of around 3%.

• The preliminary companion rates for Young Moving Groups and USco are higher than
the ones found for the field age and might depend on age.

• The candidate companions require spectroscopic confirmation.
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What can VLBI do for your research? The EVN
and JIVE.

F. Colomer1

1 Joint Institute for VLBI ERIC (JIVE)

Abstract

Very Long Baseline Interferometry (VLBI) is providing key information to the study of
processes in the Universe, from star formation regions and circumstellar envelopes around
evolved stars, to galactic structure and cosmology. The European VLBI Network (EVN) of-
fers superb observational capabilities and, most importantly, expert support to users through
the Joint Institute for VLBI ERIC (JIVE), ensuring that the EVN research infrastructure
is fully accessible for the best science to emerge.

1 Introduction

Very Long Baseline Interferometry (VLBI) is a radio astronomy technique in which an ar-
ray of telescopes, distributed many hundreds and thousands of kilometres apart, provide
milliarcsecond resolution images of bright radio sources on the sky. VLBI is sensitive to spe-
cial conditions in many astrophysical objects, from AGN to Galactic masers. Among other
applications, this technique allows for kinematic studies of objects, even when they are at
cosmological distances and astrometry delivering parallax distances. The sub-arcsecond res-
olution is also attractive for studying transient phenomena, which has become very relevant
recently and is associated with the development of real-time VLBI.

The European VLBI Network (EVN, Fig. 1) is an interferometric array of up to 21 radio
telescopes spread throughout Europe (and beyond) that conducts unique, high resolution,
radio astronomical observations of cosmic radio sources. It is the most sensitive VLBI array
in the world, thanks to the collection of extremely large telescopes that contribute to the
network. The EVN is a large scale astronomical facility that is open to all astronomers. It
operates for 3 periods per year, known as “VLBI sessions”, each of which are approximately
3-4 weeks long and typically involve 3-4 different observing frequencies. In addition, there
are about ten 24-hour runs per year in real time (e-EVN), approximately once per month
outside the main EVN sessions, and out-of-session (OoS) observations to accommodate special
projects.
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Figure 1: Map of the EVN telescopes and JIVE.

The central organisation of the EVN is the Joint Institute for VLBI – European Re-
search Infrastructure Consortium (JIV-ERIC, JIVE), which at present unifies as its member-
countries France, Latvia, The Netherlands (host), Spain, Sweden, United Kingdom as well
as associated research organisations in China, Germany, Italy and South Africa.

As the EVN telescopes observe the same cosmic radio source simultaneously, the data
are recorded and later combined at a special purpose data processor, often referred to as the
“correlator”. The EVN software correlator (SFXC) at JIVE processes since 2012 essentially
all of the EVN observations.

In addition to these “EVN-only” observations, the EVN array often links-up with
(e-)MERLIN, an interferometer network of telescopes distributed around the UK. In this
extended mode, the coverage of the EVN-MERLIN array ranges from a few tens to many
thousands of kilometers. The EVN-MERLIN array is thus sensitive to a wide range of ra-
dio structures from the arcsecond scale to the milliarcsecond scale. The EVN also observes
simultaneously with other VLBI arrays such as the USA VLBA in a “global VLBI” configu-
ration, obtaining sub-milliarcsecond resolution at frequencies higher than 5 GHz. The EVN
also participates in Space VLBI observations as part of a ground array of radio telescopes
observing simultaneously with the Russian RadioAstron satellite.

In Spain, the National Geographic Institute (IGN, Ministerio de Fomento) operates
a 40m radio telescope at Yebes Observatory (Guadalajara) which is member of EVN. The
NASA DSN MDSCC (Robledo de Chavela, near Madrid) are also associated EVN telescopes.

http://astronomia.ign.es/
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Figure 2: Recent examples of EVN science: (Left) Gravitational lens helps understanding
dark matter [8]. (Right) The detected pulses related to FRB121102, near a persistent radio
source as detected by the EVN. The location of the transient source was narrowed down to
a star forming region within a dwarf galaxy at a redhsift of z=0.193 [4].

2 EVN recent science highlights

As recent examples, it is worth mentioning the production of one of the sharpest astronomical
images ever [8], using a global VLBI array: a gravitational lens demonstrating that dark mat-
ter is distributed unevenly across a distant galaxy, which distorts the image of the background
source (a black hole with radio jets) into extended arcs (Fig. 2).

Another outstanding result is in the field of fast transient research, and pioneering work
in millisecond-duration transient signal detection with the VLBI technique has resulted in the
detection of single pulses observed in Rotating Radio Transients (RRATS). The first known
repeating fast radio burst, FRB121102, following the initial localization with the JVLA, was
successfully detected with the EVN and its location refined. These observations provide the
ultimate evidence that FRBs are indeed extragalactic [1] [4]. This work was the outcome
of several years of research in the area of short transient localization, which itself was made
possible by the advanced features added to the EVN Software Correlator (SFXC) at JIVE,
and are now available to the whole astronomical community.

The first direct evidence for jet-induced AGN feedback has been obtained through
spectral line global VLBI imaging of 4C12.50 [6]. The observations revealed a compact
region of atomic hydrogen at high velocity at the terminating point (and its surroundings)
of the jet, providing a direct connection to the large scale molecular outflow seen on larger
scales. The result showcase the unique power of the EVN and global VLBI, thanks to the
large collecting area needed to detect the weak spectral feature related to the high-velocity
outflows.
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Figure 3: (Left) The powerful gravity of a SMBH rips apart a star that has wandered too
close [5]. (Right) Simulation of how VLBI observations of methanol masers can identify spiral
arms in our galaxy [7].

The discovery with the EVN of the double compact nature of the inner core of an
already confirmed dual AGN identifies a system as an excellent candidate to represent a
triple active supermassive black hole. While this result needs confirmation, similar systems
have received a lot of attention because close pairs of binary supermassive black holes are the
parent population for SMBH mergers to be discovered by the LISA mission in the future [3].

A tidal disruption event, or TDE, occurs when a star is being pulled apart by a super-
massive black hole. Following the evolution of Arp299B during several years with the EVN
and VLBA, it could track the radio emission of jets of material launched outwards from the
poles of a rotating disk that had formed of material around the black hole [5] (Fig. 3).

There are also some very good examples of the application of VLBI to the study of
astrophysical masers in the Universe, from star formation regions or circumstellar envelopes
around evolved stars, to Galactic structure and cosmology, through precise astrometry (see
[2] and references therein).

Late–type stars on the Asympthotic Giant Branch (AGB) have circumstellar envelopes
(CSEs) rich in molecules, in different layers. VLBI maps the maser emission, which is compact
and very intense, of SiO, H2O and OH, providing extremely valuable information on the
spatial structure and dynamics of the circumstellar shells around AGB stars. These masers
can provide accurate distances to significant numbers of variable stars, and a critical check
on Gaia parallaxes. Moreover, methanol class II masers at 6.7 GHz are well known tracers of
high-mass star-forming regions, but their origin is still not clearly understood. Studies with
the EVN have provided high sensitivity images with milliarcsecond angular resolution.
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Figure 4: (Left) EVN SFXC correlator at JIVE. (Right) JIVE support scientists in action.

Hundreds of trigonometric parallaxes and proper motions for masers associated with
young, high-mass stars have been measured with VLBI arrays, including the EVN, some
with accuracies of ±10 microarseconds. These measurements provide strong evidence for the
existence of spiral arms in the Milky Way, accurately locating many arm segments, with the
widths of spiral arms increasing with distance from the Galactic center (Fig. 3).

Water megamasers can be used to test the unified model for AGNs, the need for a torus,
and the physics of the central engine; actually, they currently provide the only way to map
the structure of circumnuclear accretion disks within a parsec of AGN supermassive black
holes. Maser distance estimations can also be used to measure H0 accurately and constrain
cosmological parameters.

Many astronomical areas of research benefit from complementary VLBI observations.
An updated science vision for VLBI in the next decade is being produced by EC H2020
project JUMPING JIVE.

3 User access to the EVN and JIVE

The EVN is a research infrastructure open to all astronomers. Observing proposals will be
assessed based exclusively on scientific merit and technical feasibility by the EVN Programme
Committee.

A EVN User Guide can be consulted for help with proposing, scheduling, observing
and reducing EVN data. Additionally, EVN users can obtain assistance and support from
JIVE via its support scientists on many different aspects of EVN observations, including
proposal preparation (to be submitted using the tool NorthStar) and best technical feasibility,
scheduling, quality assurance for correlator data products, and/or data analysis. In this way,
usage of the EVN becomes easier for astronomers not specialised in the VLBI technique.

Financial support may be available to EVN users who wish to visit JIVE in order to
analyze correlated EVN data under the Trans-National Access program of EC H2020 project
RadioNet.

http://jumping.jive.eu
http://proposal.jive.eu
http://www.radionet-org.eu/
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Abstract

The nearest massive star-forming complex, Cygnus-X, is widely used as a laboratory for

star cluster formation and feedback processes, under the implicit assumption that all its

components are located roughly at the same distance. We present a multi-wavelength study

of a 15′×15′ field in southern Cygnus-X, where different components involving clustered star

formation are overlapped. Preliminary results indicate that the Berkeley 87 and [DB2001]

CL05 clusters are actually located at very different distances, invalidating previous claims

of physical interaction between them. This shows the importance of a careful treatment of

extinction and distance calculations for cluster formation studies, particularly in Cygnus-X.

1 Introduction

The Cygnus-X star-forming complex is usually regarded as an ideal workbench for under-
standing massive star formation as a whole, thanks to its proximity and richness in young
star clusters and cluster-forming clouds ([11, 18]). This unique combination helps to connect
the small- and large-scale processes that are involved in massive star formation, and allows
to test the effects of feedback from recently formed massive clusters in detail. However, these
studies have been often performed under the assumption that all the Cygnus-X components
are located roughly at the same distance (e.g. [10, 15, 16]), despite multiple evidence against
it (e.g. [17, 21, 13]). Furthermore, [21] claimed that interstellar clouds and OB associations
are actually arranged in several layers at different distances, following the direction of the
Local Galactic Arm, which is nearly perpendicular to the sky plane at Cygnus.

Unfortunately, distance estimation is particularly problematic for Cygnus-X. Due to
the fact that the line of sight is roughly tangent to the Galactic rotation curve, kinematic
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Figure 1: Infrared (left) and X-ray (right) RGB images covering the [DB2001] CL05 region
and the overlapping part of Berkeley 87. Colors are R = [5.8], G = K, B = J for the infrared
image, and R = 0.5 − 1.2 keV, G = 1.2 − 2 keV, B = 2 − 7 keV for the X-rays. Both images
cover the same coordinate ranges; north is up and east is left.

distances (as measured by either radial velocities or proper motions) are ill-defined at l ∼ 80◦,
up to several kiloparsecs ([5]). Morever, Gaia [8] parallaxes are usable only to the extent that
the target is unextinguished enough to be optically detected, which happens at d . 2 kpc in
the Cygnus-X direction.

This work is focused on a small region at the southern tip of Cygnus-X, where distinct
components related to recent or ongoing star formation are overlapped, namely: the well-
studied young massive cluster Berkeley 87 ([19]); the ON2 star-forming cloud hosting several
masers and compact Hii regions ([3]); and an embedded cluster, [DB2001] CL05, discovered
independently by [2] and [4]. The latter seems coincident with a clump of hard X-ray emitters
that was detected by [16]. By assuming that all the components belong to a single star-forming
complex, [16] interpreted these X-ray features in terms of interaction between winds from
Berkeley 87 massive stars and the ON2 cloud. This scenario was subsequently challenged by
the trigonometric parallax measurement of a ON2 water maser located at northern [DB2001]
CL05, yielding d = (3.83 ± 0.13) kpc [1], three times farther than Berkeley 87 (Cf. [20]).

2 Multi-wavelength observations and extinction maps

A 15′ × 15′ field covering Berkeley 87 and [DB2001] CL05 was observed through the 3.5-
meter telescope of the Calar Alto Observatory, Spain. The resulting near-infrared images and
photometry are merged with those from the Cygnus-X Spitzer Legacy Survey. We also make
use of archival data from the Chandra X-ray Observatory. Fig. 1 displays the corresponding
RGB compositions in a subfield covering [DB2001] CL05, where several spectroscopically
confirmed massive members of Berkeley 87 show clearly distinct colors. Specifically, the

http://irsa.ipac.caltech.edu/data/SPITZER/Cygnus-X/
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Figure 2: (a) Color-color diagram of point sources within the 15′ × 15′ OMEGA2000 field,
showing the low-reddening population in blue, highly extinguished stars with no intrinsic
reddening in green, and highly extinguished objects with extra mid-infrared excess in red.
(b) NICEST extinction map for all sources in the OMEGA2000 field. (c) Same as pannel
b, but using only sources with high extinction and no intrinsic reddening (i.e. green dots in
pannel a). These extinction maps are drawn in a common linear scale where black is set at
AV = 3, and white at AV = 25. The colored squares enclose the region displayed in Fig. 1.

latter appear bluish in the infrared image, and orange/red (i.e. soft) in X-rays, in contrast
to the souces that seem to be part of the [DB2001] CL05 overdensity. This color distinction,
also seen as bimodal distributions in near-infrared colors (e.g. the two groups of data points
above/below J −K ≈ 2.0 in Fig. 2a), hints at a line-of-sight superposition of young stellar
populations that are affected by very different amounts of foreground extinction.

Using color cuts that will be explained in detail in our forthcoming paper (de la Fuente
et al., in prep.), we separate highly reddened sources with/without intrinsic reddening from
the low-reddening population (Fig. 2a). Then, we use the NICEST method ([12]) to create
an extinction map using the whole near-infrared dataset. The resulting map (Fig. 2b) shows
an extinction “hole” whose position and size is consistent with the Berkeley 87 cluster, but
clearly contradicts the existence of interstellar clouds. On the other hand, we create another
NICEST map taking into account only sources from the high-reddening group that do not
show extra mid-infrared excess. The new map (Fig. 2c) reveals a high-extinction clumpy
structure whose geometry is consistent with the ON2 star-forming clouds.

Additionally, we employ parallaxes from Gaia DR2 [7] to calculate distances for op-
tically detectable stars (which do not include the [DB2001] CL05 cluster). A new distance
for Berkeley 87, (1669 ± 12) pc, is obtained as the median of spectroscopically confirmed
cluster members (taking spectral types from the literature). Although somewhat higher than
previous distance estimates (e.g. [19, 20]), this revised value is still much lower than the
aforementioned water maser distance measured by [1].
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Figure 3: Declination vs. visual extinction for infrared counterparts of Chandra detections
within the 15′ × 15′ OMEGA2000 field, shown as open circles whose radii are scaled with
K-band magnitude. Pink and green crosses represent spectroscopically confirmed Berkeley
87 members, and further candidates listed by [19], respectively.

Figure 4: Berkeley 87 confirmed members (squares), primary (circles) and secondary (dia-
monds) YSO candidates, and X-ray sources (crosses) over the OMEGA2000 K-band image
(excluding the less relevant southern part). Color symbols are objects assigned to the Berke-
ley 87 layer (blue) or the ON2 layer (red).
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3 Layer separation

Observational evidence presented in previous sections may indicate that the overlapping
young star clusters are part of at least two physically unrelated regions, being located at very
different distances. Unfortunately, distances cannot be accurately determined beyond the
Berkeley 87 layer, and evidence for [DB2001] CL05 and the 3.83 kpc maser belonging to the
same star-forming complex is inconclusive. Consequently, we aim at separating the Berkeley
87 and ON2 populations through extinction estimates to individual objects displaying signs
of young age – in a chronological sense. Such category includes Young Stellar Objects (YSOs)
but also evolved massive stars whose ages are limited to a few Myr. In this regard, X-ray
emission, which is expected to be displayed by both YSOs and hot massive stars ([6]), becomes
an ideal diagnostic for inhomogeneous young populations.

Primary YSO candidates are found using the classical criteria from [9], and a larger
amount of secondary candidates are selected through our own method for measuring intrinsic
reddening (de la Fuente et al., in prep.). X-ray sources whose infrared counterparts show no
intrinsic color excess are considered to be class III pre-main sequence stars, or Berkeley 87
members (note that these two options are not mutually excluding).

To provide optimal extinction estimates for as many sources as possible, several methods
are combined. First, direct measurement of color excess is performed for stars of known
spectral type. Second, the Rayleigh-Jeans Color Excess (RJCE) method ([14]) is used in the
suitable cases. Finally, the extinction map of 2c (whose validity is checked against sources in
common with the RJCE method) is applied for stars belonging to the high-reddening group
(See Sect. 2), including those that show intrinsic color excess (red dots in Fig. 2a). The
extinction results for X-ray emitters are shown in Fig. 3, where several components can be
clearly distinguished, and a wide gap between the Berlekey 87 and [DB2001] CL05 layers is
evident. The apparent extinction shift within Berkeley 87 is attributed to class III objects
experiencing residual color excesses that affect RJCE results1.

Based on Fig. 3, YSO candidates with extinction values AV > 11 are assigned to the
ON2 layer. Moreover, any objects with signs of young ages (including spectral types) whose
parallaxes are compatible with the Berkeley 87 distance are allocated in the corresponding
layer. The outcome is displayed in Fig. 4. A vast majority of YSO candidates are located in
the ON2 layer, with a strong overdensity at the position of [DB2001] CL05, while Berkeley
87 hosts only a few, mainly class III sources in the outskirts. These results are consistent
with two independent clusterings of different evolutionary stage.

4 Conclusions

In contrast to previous claims, our preliminary results prove that star formation and X-ray
emission from [DB2001] CL05 cannot be physically related to Berkeley 87 by no means, since
these clusters are separated by a long distance (despite the line of sight coincidence). This

1Note that intrinsically red YSOs in ON2 are not affected by this problem, since their extinction values
are obtained through a NICEST map where such sources have been excluded from the map creation process.
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case illustrates the importance of a careful treatment of extinction and distance for Galactic
studies of clustered star formation, in order to avoid reaching wrong conclusions about feeback
from fake neighbors.
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Abstract

Red hypergiants (RHGs) are evolved high-mass stars with very low temperatures and ex-

treme mass-loss rates, whose luminosities are close to the empirical upper luminosity bound-

ary. Classically, these stars have been considered as a peculiar group among red supergiants

(RSGs), as they have supposedly evolved from very high initial masses (above 30 M�), far

above the 10 to 25 M� expected for most RSGs. However, evolutionary models do not

offer a satisfactory explanation for the observations of RHGs, and a new scenario has been

proposed to explain these stars, that they are regular RSGs which are in their last stage.

In order to understand the true nature of these stars, we have performed a spectroscopic

following of some well-known galactic RHGs along two years, covering approximatively one

of their variability perdiods. Our results on the most remarkable star in our sample, VX Sgr,

were unexpected and show that there is yet much to understand about these stars.

1 Introduction

Red supergiants (RSGs) are evolved stars with moderately-high initial masses, between 10
and 40 M� ([3, 7]). These are the largest stars known, with radios between 400 and 1 700 R�,
and characterized by their low effective temperatures (Teff), which implies late spectral
types (SpTs), mainly M in Galactic RSGs, and their very high luminosities, in the range
of log(L/L�) ∼ 4.5 – 5.8. Among these stars, there is a small subpopulation that present
even more extreme characteristics (see Table 1), known as “OH/IR M-type supergiants”,
“extreme red supergiants”, or “red hypergiants” (RHGs).

There are two scenarios for the origin of RHGs. The classical interpretation, based
on the prediction of evolutionary models([7]), says that these stars come from the evolution
of stars with initial masses between 30 and 40 M� ([17]). However this scenario has some
problems. Evolutionary tracks in the range of 30 and 40M� do not reach temperatures lower
than those of lower masses [18]. Thus, it is not easy to explain why they present much later
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Table 1: Comparative between “average” RSGs and red hypergiants.

Property Average RSGs Red hypergiants

Luminosity [log(L/L�)] ∼ 4.7 – 5.1 ∼ 5.3 – 5.8
Mass-loss [log(Mloss/M�)] ∼ −6 ∼ −5 to −4a

Spectral type Centred distribution around M2b M4 or laterc

Spectral variability ∼ 1 subtype or less From 2 subtypes up to 6d

Photometric variability ∼ 1 mag in V 2 – 3 mag in V
< 0.5 mag in I > 0.5 mag in I

aIn addition, RHGs also present H2O masers while normal RSGs do not.
bMost RSGs between M0 and M4
cAs late as M10
dFrom M4 to M10

SpTs. Moreover, according to the models, they stay only for such a short time at the coolest
end of the tracks that it would be impossible to observe any of them ([6]). A new scenario
was proposed a few years ago. It is based on observations of clusters rich in RSGs whose
age correspond to stars with initial masses in the range 15 and 20 M�. Sometimes these
clusters also host a few (one or two) RHGs, which are expected to be already dead according
to the first scenario ([16, 2]). Therefore, this scenario proposes that evolutionary models are
underestimating the luminosity of RSGs at the end of their lives, and that RHGs are the last
and brief stage of RSGs.

Our approach to RHGs is motivated by the lack of modern studies about these stars, as
the only recent works are about their envelopes. Thus, the information about their chemical
composition and spectral variability is scarce. To understand better these stars, we observed a
significant sample of them (8) with high resolution spectroscopy along one of their photometric
periods (typically about two years). For this, we used the spectrograph mounted on the
robotic telescope Stella (1.2 m, R∼ 55 000 from 3 900 to 8 700 Å). We observed our targets
with a frequency of one observation every 2 – 3 months during two years. Now we have almost
finished the analysis of the most extreme star in our sample, VX Sgr, and we have began the
analysis of the other seven.

2 Analysing VX Sgr

2.1 Data

VX Sgr has been studied in many works. It is known to present the largest SpT variations
found in a RSG ([11, 15]), from M4 up to M10, along a period of about 2 years (732 d
according to [13], and 750 d [12]). VX Sgr also presents variable veiling (weakened atomic
lines) and activity in H lines ([11]). Its photometric variation has an irregular amplitude,
alternating quiescent periods (amplitudes of ∼ 2 mag) with active periods, when it varies up
to 6 mag ([12]).
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The distance to VX Sgr has been calculated through different methods, an it ranges
from 1.1 to 1.8 kpc, but there is not a definitive value. Depending on the method, Teff and
the distance used, its bolometric magnitude vary from Mbol = −8.4 ([4]) to Mbol = −9.1 mag
([1, 14]).

We have observed VX Sgr at 8 different times during the last two years with the Stella
Spectrograph. For each spectrum collected we obtained its Teff , SpT and radial velocity (RV).
In addition, we observed it on three extra epochs with UVES (mounted on the Very Large
Telescope), but from these spectra we could not obtain the Teff , due to the spectral range
covered.

2.2 Which is the true nature of VX Sgr?

Examining the spectra we found present the Rb lines at 7 800.3 and 7 947.6 Å. In the subse-
quent revision of bibliography, this fact was already reported by [8], in a work about asymp-
totic giant branch (AGB) stars which has not been accounted in any work about VX Sgr.
Rb is an s-element which is only present in the atmospheres of AGB stars, evolved stars with
initial masses from ∼ 1 to 10M�. Moreover, their abundances are specially high in AGb with
high masses (> 4 – 5M�; [8]) Thus, the presence of Rb is not compatible with the assumption
that VX Sgr is a RSG.

Nonetheless, it is not straightforward that VX Sgr is an AGB star. The highest-
luminosity AGB stars observed have Mbol ∼ −8 mag ([10, 9]). This is in agreement with the
highest luminosities predicted for AGB stars, which are expected to be reached by those with
highest masses and lower metallicities (Mbol ∼ −8.2mag for masses from M ∼ 8 to M ∼ 9M�;
[5]). However, the range of Mbol obtained for VX Sgr goes from −8.4 to −9.1 mag and it is
not a low-metallicity star. Thus, only one key point is clear: VX Sgr is not an usual RSG
neither a typical AGB star. However, it is more likely that it is an extreme AGB star, than
a high-mass RSGs, as it is easier to explain an extreme luminosity in an AGB star, than
the presence of Rb in a RSG. Also, a new question arises from this: is VX Sgr an isolated
anomaly among high-mass hypergiants or are all the others intermediate-mass stars?

2.3 Unexpected results

The presence of Rb lines is not the only unexpected result: they present two anomalies. The
first one is that the both lines are shifted toward the blue. This shift has been detected
before in a few other AGBs and has been explained assuming that the Rb lines have a
circumstellar origin ([19]). The second anomaly has not been observed before. In one of
our epochs, in addition to the the blue-shifted Rb lines, another pair of Rb lines appeared
on the position expected for the phostospheric Rb lines. We think that the photospheric
component in the Rb lines is usually hidden by the P-cygni emission of the circumstellar
component. According to the models calculated by [19] such emission depends on the density
of the envelope. Therefore, a reduction of the P-Cygni emission can be caused by a decrease
of the envelope density, which probably is related to spectral and photometric variations.
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Figure 1: Light curve of VX Sgr. Blue dots are visual magnitude observations from AAVSO
and the magenta line indicates the average value (magnitude scale is indicated in the right
axis). Epochs with significant veiling are indicated by background black stars, while green
halos indicate H emission. The Rb anomaly (see text) happened on 04/04/17. Reddish points
are our spectral data and their corresponding values are given in left axis: Fig.1a (left): Teff

and point colors represent the SpT. Fig.1b (right): Radial velocity.

To study the variations of VX Sgr we used the data collected by AAVSO1 for the visual
band. We compare the light curve with our own data in Figure 1. The light curve of VX Sgr
has been linked to the formation and evaporation of molecular layers, mainly TiO ([12]). This
is coherent with the variation of the SpT, as later types, which have more intense TiO bands,
happen at minimum light while earliest types happen at maximum light (see 1a). In Mira
stars (which are also AGB stars), these variations are caused by the pulsation of the star.
However, we found the RV of VX Sgr to be constant at −4 km/s (see Figure 1b). However,
there is a sudden variation in the spectra obtained in January and February 2017. These
spectra show very different velocities, and thus happens not long before the Rb anomaly
(April 2017). This does not seem related to a periodic pulsation, but a sudden change in the
star.

2.4 Period analysis

There are two more hints that point toward a sudden change in VX Sgr. Firstly, we used
the 83 years of AAVSO data to calculate the period, obtaining 750 d (consistent with [12]
results). However, this does not match with the last two years. Only 520 d passed between
the two last maxima, and 450 d between last to minima. This anomaly supports the idea
that something changed in VX Sgr that altered its usual periodic variation. Secondly, the
last maximum light, at the beginning of 2018, has reached the lowest magnitudes since 1968,
almost 1.5 mag brighter than the previous one in 2016.

1American Asociation of Variable Star Observers
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Figure 2: Light curve for VX SGr. Blue dots are visual magnitude observations from
AAVSO. The red line indicate the average value, while the magenta line is a sinusoidal model
with P ∼ 27 600 d.

When we analysed the light curve, we found a tentative secondary ultra-long period
of ∼ 27 600 d (∼ 75.5 a), never detected before. We think that it is an intrisic variation, as
there are no signs of an unknown companion in the circumstellar envelope ([12]). When we
examined the 83-year light curve, we found that the only maximum lights in the main period
similar or brighter than the last one, are those happening around during the last maximum in
the secondary period, as shown in Figure 2. According to our fit of a 75-year period, VX Sgr
is about to reach (less than one decade away) the maximum in this secondary period. Thus,
we speculate that whatever are the processes drive this secondary period, they are related to
the violent change that we have observed.

3 Conclusions

The analysis of VX Sgr is almost finished, but we do not have definitive conclusions yet.
The detailed analysis and our conclusions will be published in Tabernero et al. (in prep).
However, this is only the beginning. Many new questions about this star have arisen from our
observations. To answer them we are performing a spectroscopic follow up programme with
much higher time resolution (one observation each ∼ 10 d), that will allow us to examine in
much higher detail any other sudden episode like the one happened in 2017. Also, we are still
analysing the other RHGs. From that work we would be able to stablish whether VX Sgr is
an isolated case among RHGs or not, and the nature of these mysterious stars.
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Abstract

We present results of an ongoing project dedicated to reassess the shape of the radial
abundance gradient of O in the Milky Way based on deep spectroscopy of H ii regions.
Most of he data have been obtained with spectrographs attached to 8-10 m telescopes. The
actual sample comprises 35 objects located at Galactocentric distances, RG, from 5.1 to 17
kpc, covering a substantial fraction of the Galactic disc. We determine Te from the direct
method for all of the objects, implying that the abundance determinations are very reliable.
We confirm the absence of flattening of the O gradient in the outer Milky Way beyond
R25, at least up to RG ∼ 17 kpc. We report the presence of a flattening or drop of the O
abundance in the inner part of the Galactic disc, at RG < 7-8 kpc. Finally, we find that
the scatter of the O abundances of H ii regions with respect to the gradient fitting is not
substantially larger than the observational uncertainties, indicating that O is well mixed in
the interstellar gas along the observed section of the Galactic disc.

1 Introduction

The determination of radial gradients of chemical abundances in galactic discs is a powerful
observational constraint for chemical evolution models. These gradients reflect the distribu-
tion of star formation history and the effects of gas flows and other processes over the chemical
composition of the galaxies. H ii regions trace the present-day composition of the interstellar
medium and are used to determine the abundance of several elements, especially of O, the
proxy of metallicity in the analysis of ionised nebula. In these objects, the O abundance
can be derived adding the ionic abundances of O+ and O2+, that can be obtained from the
intensity of bright optical collisionally excited lines (hereafter CELs).

Oxygen is produced mostly by massive, short-lived stars. There are numerous deter-
minations of the radial abundance gradient of O of the Milky Way based on H ii regions
observations (e.g. [25], [5], [23] or [2], among others). Although the recent determinations
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agree on that the gradient slope is between −0.040 and −0.060 dex kpc−1, its exact shape
has been debated. Based on H ii regions and planetary nebulae data, some authors have
claimed that the gradients flatten out at the outer parts of the Galactic disc (e. g. [10], [26],
[17]), while others do not find evidences of such flattening (e.g. [4], [14]). On the other hand,
certain works on metallicity gradients based on Cepheids and red giants observations find
indications of a flattening of the gradients in the inner Galactic disc, at RG < 5-6 kpc ([12],
[18], [1]). However, no evidences of a inner flatter slope has been reported from observations
of ionized nebulae.

The paucity of accurate abundance determinations for H ii regions in both extremes
of the Galactic disc – central zones and anticentre – has been an enduring problem in the
exploration of the shape of the Galactic O gradient. Those distant nebulae are usually faint,
heavily reddened and the number of them with direct determinations of Te – essential for
determining reliable abundances – is rather limited (e.g. [19], [9]). Several of the most cited
papers on the Galactic O abundance gradient (e.g. [25] or [5]) use optical spectra of H ii
regions and Te determinations from radio observations. Optical and radio measurements are
not cospatial and the aperture sizes of both kinds of data are very different. In addition, radial
abundance gradient studies based on FIR observations (e.g. [23]) combine measurements
of CELs from FIR spectra and Te determined from radio observations with also different
apertures.

We are carrying out a project to obtain very deep spectroscopy of a selected sample of
H ii regions covering the largest possible fraction of the Galactic disc. By now, the observed
sample covers 35 objects located at Galactocentric distances, RG, between 5.1 and 17.0 kpc.
The main preliminary results concerning the O and N gradients have been published in [7] and
[8]. Thirteen objects of the sample are located beyond the isophotal radius of the Milky Way,
R25 = 11.5 kpc [6] and have been selected to investigate the behavior of the radial abundance
gradients at the Galactic anticentre. Almost all the spectra have been taken with high or
intermediate-resolution spectrographs attached to 8 - 10 m telescopes. In all the H ii regions
the Te-sensitive auroral [O iii] 4363 Å and/or [N ii] 5755 Å lines have been measured, assuring
a direct and precise determination of the ionic abundances and avoiding uncertainties due to
the combination of non-coespatial data used in previous abundance determinations.

We have taken special care in selecting appropriate values of RG for the sample objects.
For each one, we have assumed the mean values of the kinematic and stellar distances given in
different published references (see [7] and [8] for details). We have associated an uncertainty
for each distance, which corresponds to the standard deviation of the values considered for
calculating the mean. In contrast to what is customary in many previous works, we include
the errors in RG when calculating the linear fits of the gradients. We have assumed the Sun
located at RG = 8.0 kpc [21].

We have derived ne and Te using the density and temperature-sensitive emission line
ratios of the CELs observed in each spectrum. Using the line intensities of available CELs,
we have derived ionic and total abundances of several elements as N, O, S, Cl, Ne, Ar and
Fe. We have used the same methodology and atomic dataset for the calculation of physical
conditions and abundances in all the objects. In the case of O, we do not need to assume
an ionising correction factor, so the total O abundance is simply the sum of the O+/H+ and
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O2+/H+ ratios determined from the observed line ratios and physical conditions. Several of
the objects included in [8] are of very low ionisation degree, for which the [O iii] lines at 4959
and 5007 Å are not detected. In these cases, we applied the assumption O/H ≈ O+/H+.

2 The shape of the Galactic abundance gradient of oxygen

The spatial distribution of the O abundances for the H ii regions of our sample is shown in
Fig. 1. The data represented in this figure were firstly published in [8]. The least-squares
linear fit to the RG and the O/H ratios, gives the following radial O abundance gradient
(continuous line in Fig. 1):

12 + log(O/H) = 8.80(±0.09) − 0.041(±0.006)RG; (1)

valid for RG from 5.1 to 17.0 kpc. As it is evident in Fig. 1 and was reported by [7], the slope
of the radial abundance gradient of O does not change for objects located beyond or inside
R25 whereas RG > 8 kpc. This fact demonstrate the absence of flattening of the O gradient
in the outer Milky Way, at least up to RG ∼ 17 kpc.

Fig. 1 also shows that the O/H ratio of H ii regions located at RG < 8 kpc seem to
break the general distribution of the rest of the objects. In fact, this zone shows an inner
drop or flattening of the O gradient. As a simple exercise, we have made a double linear fit
of the spatial distribution of the O abundances. Firstly, we made a least-squares linear fit to
the RG and the O/H ratios but only including objects with RG > 8 kpc. In this case, the
resulting radial O abundance gradient is:

12 + log(O/H) = 8.90(±0.11) − 0.050(±0.010)RG; (2)

which is somewhat stepper than the fit we obtain for the whole sample (Eq. 1) but still
consistent within the errors. The linear fit given in Eq. 2 is shown by a dashed line in Fig. 1.
We have performed a final least-squares linear fit including the objects with RG < 8 kpc, and
we obtain a positive slope:

12 + log(O/H) = 8.35(±0.13) + 0.023(±0.019)RG. (3)

The presence of a drop or flattening of the O/H ratio in the inner zones of the Galactic
disc is a striking result that may have important implications for chemical evolution models
of the Galaxy. There are indications of such a change in previous works on the abundance dis-
tribution of O, Fe and α-elements in Cepheids in the inner Galactic disc ([18], [1]). Metallicity
gradients derived from SDSS-III/APOGEE observations of red giants by [12] also indicate an
apparent flattening at RG < 6 kpc, especially important for low-[α/Z] stars. The flattening
found with Cepheids or red giants begins at somewhat smaller distances (at RG ∼ 5-6 kpc)
than suggested by H ii region observations, but the results seem to be qualitatively consis-
tent considering the uncertainties. [1] proposed that this change of slope could be due to a
decrease or quenching of the star formation rate produced by gas flows towards the Galactic
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Figure 1: Radial distribution of the O abundance – in units of 12+log(O/H) – as a function
of the Galactocentric distance, RG, for our sample of Galactic H ii regions. The solid line
represents the least-squares fit to all objects. The dashed line corresponds to the least-squares
fit to the H ii regions located at RG > 8 kpc and the dotted line to those with RG < 8 kpc.

Centre induced by the presence of the Galactic bar. On the other hand, [13] and [15] propose
that the star formation quenching may be produced by the increasing of turbulence in the
gas due to the stellar bar. The higher turbulence would prevent the gas from collapsing and
producing a decrease of the star formation efficiency within the corotation radius of the bar.

The different estimations of the corotation radius of the Galactic bar go from 3.4 to 7
kpc [11]. Some dynamical models (e.g. [20], [16]) that reproduce recent density and kinematic
data from red giants in the Galactic bulge/bar region require a corotation radius located at
large distances for the Galactic Centre, RG ∼ 6-7 kpc. In this context, large a corotation
radius is in reasonable agreement with our results for H ii regions that suggest the inner drop
or flattening at RG of about 7-8 kpc.

Inner drops in the radial O abundance distributions have been already found in several
spiral galaxies (e.g. [3], [22], [24]). In all the cases, these features have been obtained from
abundance analysis based on strong-line methods and not on direct determinations of Te of
the H ii regions. [24] have found that about 35% of the objects of their sample – about 100 –
show an inner drop located about half of the effective radius, Re, of the galaxy. Considering
that Re is between 4-5 kpc in the Milky Way [6], the position of our change of slope is located
at a considerably larger distance than expected if the behavior found by [24] is extrapolated
to our Galaxy.

The mean difference of the O abundance of the H ii regions represented in Fig. 1 and
the abundance given by Eq. 1 at their corresponding distance is ±0.05 dex, of the order of
the typical uncertainties in the determination of individual abundances. This indicates that
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O is well mixed in the interstellar gas along the observed section of the Galactic disc. This
result contrast dramatically, for example, with the large scatter shown in figure 5 of [23]. The
high quality of our data, the homogeneous analysis of a single set of observations and the
cospatial direct determination of Te for all the objects may be the reasons that explain these
remarkably different results.
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Abstract

The formation of a stellar cusp in a dense cluster around a massive black hole is a funda-

mental prediction of theoretical stellar dynamic, that has not been confirmed satisfactorily

by observations so far. We address its study in the most suited laboratory: the inner par-

secs at the Galactic centre. With improved methodologies, we find strong evidence of the

existence of the stellar cusp around the Milky Ways’s supermassive black hole, reaching

finally an agreement between the theory and observation. The result is not only relevant for

the Galactic centre but it has implications on other galactic nuclei and future observations,

such as the frequency of observations of Extreme-Mass Ratio Inspirals with gravitational

wave detectors.

1 Introduction

The majority of nearby galaxies have at their centres nuclear stellar clusters (NSCs), the
densest and most massive stellar clusters (SCs) in the universe (see review by [28]). They are
composed of multiple stellar populations, presenting a complex (even recent) star formation
(SF) history, and they can coexist with massive black holes (BH). The study of NSCs can
help us to make progress in many astrophysical fields (for example SF under extreme condi-
tions) and study stellar dynamics, such as the formation of stellar cusps. Theoretical stellar
dynamics predicts firmly the formation of a stellar cusp around a massive BH in a dense
and dynamically relaxed SC (e.g., [24, 3, 15, 22]). They reach the same conclusion, by using
analytical, Monte Carlo and N-body simulation: the stellar number density is described by a
power law of the form ρ ∼ r−γ , where ρ is the stellar density and r is the distance from the
black hole. For an SC composed of a single-mass stellar population, the cusp is developing
with γ = 1.75 inside the radius of influence of the central BH. In general, if the SC consists of
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a range of stellar masses, we would expect a value of gamma between 1.5− 2, greater values
for larger stellar masses.

Nevertheless, there are not observational confirmations supporting unambiguously the
existence of stellar cusps up to now. Due to the great distance of the extragalactic systems,
we only can study the light density averaged of hundreds to thousands (even millions) of
stars, that in general are dominated by the brightest and youngest stars and therefore, not
dynamically relaxed.

The Galactic centre (GC) is an ideal case for testing the existence of a stellar cusp. It
is the closest nucleus of a galaxy, located at only ∼ 8.12 kpc from Earth [21] and it has a
4× 106 M� [6, 20, 21] massive BH, Sagittarius A* (Sgr A*), surrounded by a ∼ 2.5× 107 M�
NSC [31, 32, 13, 8, 14]. We can actually resolve the stars observationally on scales of about
2 milli-parsecs inside the radius of influence of the BH ( ∼ 3 pc [1, 17, 33]). However, we
can not find strong evidence for the existence (or not) of a stellar cusp at the GC so far.
Many previous works have studied the surface of old stars. The first studies found a cusp-
like structure [19, 30], but the successive ones, after removing properly young stars from the
sample, determined that the distribution of stars around Sgr A* shows a core-like profile,
resulting in the so-called missing cusp problem [4, 7, 11, 30]. Many theoretical papers have
tried to explain this lack of cusp, mainly in two different research lines. On the one hand,
some of them claim that the distribution that we observe is representative for the entire old
population and there is no cusp, perhaps because the relaxation time is very long (>> 10
Gyr) [25] or because the cusp has been already destroyed [26]. On the other hand, other
studies suggest that the distribution we observe is only representative for bright stars, and
there is a hidden cusp. They explain the deficit of giants around Sgr A* by the destruction
of their envelopes rendering them to invisible for observations, due to stellar collisions, that
do not be able to fully explain the observed distribution [9], or fragmenting stellar discs, that
[2] can.

The most important difficulty that we have to overcome to study this fundamental
problem of theoretical stellar dynamics is the stellar classification. We have to select suited
tracer populations, old enough to be dynamically relaxed. Due to the extreme interstellar
extinction toward the GC and source crowding, observations studies are very challenging.
The spectroscopic identification of stars is limited to brightest giants and massive, young
stars (K ≤ 16). Moreover, the SF history of the NSC is complex: we find stellar population
made up of multiple generations of stars: old (> 1 Gyr) population of stars, but also a young
generation of stars (< 100 Myr). In order to study the cusp, we have to focus on stars with
ages greater than the relaxation time at the GC (a few Gyr [1]). Only red clump (RC) stars
fulfil that condition up to now and dominate the measurements. Moreover, the NSC is not
isolated, so that when we measure stars number density and diffuse flux toward the GC,
we find several superposed components: Galactic disc (GD), Galactic bulge (GB), nuclear
stellar disc (NSD) and NSC. Therefore, our knowledge about the stellar population is limited
to the brightest few percents of stars, either few million-year old hot post main sequence (MS)
giants and MS O/B stars, or giants on the RC. In fact, the only study that analyzed fainter
stars found a cusp within 5′′/0.2pc of Sgr,A* [34]. We present the latest works addressing the
distribution of stars around Sgr A* with improved methodologies to reach the faintest stars
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studied so far and test other possibly tracer populations.

2 Data and methodology

In order to study the distribution of stars around Sgr A*, we use data obtained with NACO
instrument at the ESO/Very Large Telescope (VLT) and we focus on two different methods
to analyze three different stellar populations.

2.1 Star counts

We use S27 camera data with 0.027′′ pixel scale in H-band from 9 May/2010 and in Ks-band
from 9 August/11-12 September 2012. All the data were acquired with similar four-point
dither pattern centred on Sgr A*, that covers a field of view (FOV) of about 40′′× 40′′ (deep
mosaic in the left panel in Figure 1). Moreover, we use Ks-band data from 11 May 2012
in order to study larger distances. They cover a wider mosaic of about 1.5′ × 1.5′ with a
4× 4 dither pattern, centred on Sgr A*. The data are summarised in Table 1 from [17]. The
standard data reduction (sky subtraction, bad pixel removal and flat fielding) was improved
by rebbining the images a factor of two, via a quadratic interpolation, and removing of sys-
tematic horizontal noise from detector electronics. The final images were aligned, staked and
combined in a simple mean. We also included the wider mosaic with a larger FOV, obtained
the Figure 6 in [17]. We implemented the source detection, astrometry, and photometry
with the point spread function (PSF) fitting program StarFinder [10]. We took into account
the variability of the PSF across the FOV, and we divided the FOV into small sub-fields
(10′′ × 10′′), smaller than the isoplanatic angle. We enhanced the PSF extraction by consid-
ering the halo of the brightest star in the field GCIRS7 joined with the local PSF for each
concrete sub-field. Moreover, we considered explicitly the systematic errors derived by the
choice of the StarFinder parameters, by considering different sets of values to analyze the
images. The methodology is described in detail in [17].

2.2 Diffuse light

We use the same data described in the previous Section but we add Ks-band VLT/NACO
S13 camera data from 4 May/12 June/13 August 2011, 4 May/9 August/12 September 2012,
and 29 March/14 May 2013. We also add the intermediate band (IB) filter imaging data at
2.27µm (details in Table 1 of [7]). We proceeded in the same way that we explained before,
but we took care especially of the subtraction of stars close to the brightest stars (GCIRS7,
IRS 16, IRS 1, IRS 33 and IRS 13) concentrated in the inner 0.5 pc, which is a critical step in
the analysis of the diffuse light. Another crucial point is the correction of the so-called mini-
spiral (see e.g.[18]). Therefore, we subtracted from our images the calibrated HST/NICMOS
3 image of the gas emission at 1.87µm from [12] (see left panel in Figure 2 of [33]). The
details of the analysis are described meticulously in [33]. Figure 1 shows the different results
obtained along with all the procedure. The middle and right panels show the same image
with all detected stars subtracted by using a simple, constant PSF and by using a locally
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Figure 1: Images obtained along with all the procedure. Left: deep Ks-band mosaic centred
on Sgr A*. Middle: the same image but with all the detected stars subtracted by using
a single and constant PSF across the FOV. Right: Point source-subtracted Ks-band deep
mosaic by using a local PSF kernel merged with a constant halo, determined from IRS 7. We
can see the residuals due to consider the same PSF across the FOV. We use a logarithmic
colour scale in all images. The middle and right panel have the same scale. North is up and
East is to the left.

PSF kernel merged with a constant halo, respectively. We can see how we corrected the effect
of the anisoplanatism that gives us an important source of residual in the image by using the
variable core plus halo PSF.

3 Results

In order to study the existence of a relaxed cusp, we need to focus on stars that are at
least several Gyr, similar to the relaxation time of the NSC at the GC (see [1]). The key
point of our study is, on the one hand, pushing the completeness limit in stars counts about
one magnitude deeper than in previous works and, on the other hand, study the surface
brightness profile of the diffuse light, which traces even fainter stars. Figure 7 in [17] shows
the Ks-Luminosity Function (KLF) determined from our deep mosaic. The new completeness
limit from our work is Ks ∼ 18.5, one magnitude deeper than in previous studies. Figure
16 of [30] shows the old star fraction, the mean stellar mass and the KLF as a function of
theKs magnitude based on a population synthesis model for the inner parsecs of the GC,
assuming continuous star formation at a constant rate over the last 10 Gyr with a Miller-
Scalo initial mass function [27]. We can see that the fraction of old stars reaches 80% at
Ks ∼ 15.5 magnitude, and again increases for Ks > 17.5. Whereas all the previous star
density measurements were dominated by the RC and brighter giants (Ks < 17.5), now we
can test two different new ranges of magnitude with a high fraction of old stars: faint stars
with 17.5 ≤ Ks ≤ 18.5 with masses of ∼ 2.5 M� and even fainter, unresolved sources, with
masses less than 1.5 M�, probably sub-giants and MS stars.

The projected surface density of the old stars can be described by simple power laws
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Figure 2: Left: Projected surface number density for giants (red) and faint stars (black). The
blue lines are simple power-law fits to the data at 0.2 pc ≤ R ≤ 1.0pc. Right: SB profile for
the diffuse light for the wide-field Ks-image before (blue) and after (red) to the subtraction
of the Paschen α emission (green). We multiply it by a adequate factor to optimise the plot.
The black line is a simple power-law fit to the data at R ≤ 25′′(1 pc).

of the form Σ(R) ∝ R−Γ, where Σ is the surface number density, R the projected radius,
and Γ the power-law index. We assume that the underlying spatial distribution of the stars
in the central parsec is spherically symmetric, that is a good approximation for the central
parsec. Table 2 in [17] show the different fits to the different distance ranges. The mean
value and standard deviation for stars in the interval 17.5 ≤ Ks ≤ 18.5 (faint stars) is
Γfaint = 0.47 ± 0.07 (black line in right panel in Figure 2) and for stars in the magnitude
interval 12.5 ≤ Ks ≤ 16 (giants stars), Γgiants = 0.62 ± 0.12 (red line in right panel in
Figure 2). For giants, only data at R ≥ 8′′/0.24pc gives us a good fit. The power law indices
for the surface brightness (SB) profiles for the diffuse light are showns in Table 1 of [7]. The
mean value is Γ = 0.26± 0.02stat ± 0.05sys.

To conclude, we aim to explore the 3D density structure of the stars near the massive
black hole. Therefore, we need to convert the measure 2D profile into a 3D density law and
deal with projection effects. For this reason, we have to add new data at projected radii R
≥ 2pc. We use the data from [16], that used extinction corrected near-infrared data from
VLT/NACO, WFC/HST, and VISTA, and from [32], that used extinction-corrected Spitzer
4.5 µm. In order to isolate the star density of the NSC, we have to subtract from our sample
the fore-/background contribution (NSD, GB, and GD). We used the Sérsic model for the
non-NSC emission from Table 2 of [32]. Finally, in order to describe the 3D shape of the
cluster, we use the Nuker model [23] as a generalization of a broken power law as given in
equation 1 of [16]:
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ρ(r) = ρ(rb)2
(β−γ)/α

(
r

rb

)−γ [
1 +

(
r

rb

)α](γ−β)/α

, (1)

where r is the 3D distance from the black hole, rb is the break radius, ρ is the 3D
density, γ is the exponent of the inner and β the one of the outer power-law, and α defines
the sharpness of the transition. We projected it onto the sky via the following integral:

ρ(r) = Σ(R) = 2

∫ ∞
r

rρ(r)dr√
r2 −R2

. (2)

Table 4 from [17] and Table 2 from [33] show different Nuker fits for the data, explor-
ing the effect of using different fore-/background emission models, fit ranges, integration
boundaries and different values of the parameter α. We take the mean value of the best-fit
parameters and the standard deviation. For the diffuse light we obtain: rb = 3.1 ± 0.3 pc,
γ = 1.13± 0.03, β = 3.5± 0.3 and ρ(rb) = 0.028± 0.005 mJy arcsec−3. For faint stars with
Ks ∼ 18, we consider explicitly the possible contamination by pre-MS stars in the star counts.
We obtain a somehow larger value for the inner index γ ≈ 1.3. For the RC and brighter gi-
ants, we have to exclude the inner data, obtaining a value of γ ≈ 1.53. Like previous works,
we do find a flat surface density inside around 0.3 pc of Sgr A*.

4 Discussion and conclusions

In order to clarify the controversial existence (or not) of the stellar cusp at the GC, we
address the distribution of old stars around Sgr A* with improved methodologies. We push
the completeness limit to reach the faintest stars studied so far and to test three different
stellar populations, old enough to serve as tracers for the existence of a stellar cusp. We find
that the stellar density decreases with a power-law index inside the range γ = 1.1 − 1.4 for
distances smaller than the influence radius of Sgr A* (∼ 3 pc). We can rule out a flat core
with high confidence. The cusp is shallower than the predicted one by theory, but it can be
explained if the star formation history of the NSC is taken into a count. In [5] a star cluster
surrounding a central massive black hole is evolved over a Hubble time under the combined
influence of two-body relaxation and continuous star formation. They compare their results
with our observations, coming to an agreement between theory and observation for the first
time. A caveat is a possible contamination by young stars in the distribution of faint stars.
On the one hand, we explore explicitly the possible contamination by pre-MS stars, but on
the other hand, we do not have data from stars that formed 100 Myr ago, although we know
that the star formation rate in the central parsec was high in this epoch [29]. Like previous
works, we find a lack of giants at projected distances of a few 0.1 pc of the supermassive black
hole, that indicates some mechanism has altered their distribution. The number of missing
giants estimated is on the order of 100.

Future works have to disentangle the intrinsic structure of the cusp, looking into the
classification of the stars and rebuilding the 3D structure of the cluster by taking new faint
and robust data to about 40 pc from the supermassive black hole. We are working on studing
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the different stellar populations across the NSC and improving the isolation of the NSC from
the emission of the GB, GD, and NSD, taking into account more realistic models for them.
The efforts made in clarifying our knowledge of the stellar cusp at the GC are fundamental
for understanding not only the stellar dynamics at the GC but for the implications that have
in other galactic nuclei and the observation of EMRIs with gravitational wave detectors in
future observations.

Acknowledgments

The research leading to these results has received funding from the European Research Council under
the European Union’s Seventh Framework Programme (FP7/2007-2013) / ERC grant agreement n◦

[614922]. This work is based on observations made with ESO Telescopes at the La Silla Paranal
Observatory under programmes IDs 183.B-0100 and 089.B-0162. We thank T. Fritz for detailed
and valuable comments. This work has made use of the IAC-STAR Synthetic CMD computation
code. IAC-STAR is suported and maintained by the computer division of the Instituto de Astrof́ısica
de Canarias. PAS acknowledges support from the Ramón y Cajal Programme of the Ministry of
Economy, Industry and Competitiveness of Spain. This work has been partially supported by the
CAS President’s International Fellowship Initiative.

References

[1] Alexander, T. 2005, physrep, 419, 65

[2] Amaro-Seoane, P., & Chen, X. 2014, apjl, 781, L18

[3] Bahcall, J. N., & Wolf, R. A. 1976, apj, 209, 214

[4] Bartko, H., Martins, F., Trippe, S., et al. 2010, apj, 708, 834

[5] Baumgardt, H., Amaro-Seoane, P., & Schödel, R. 2018, aap, 609, A28

[6] Boehle, A., Ghez, A. M., Schödel, R., et al. 2016, apj, 830, 17
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Abstract

δ Sct are one of the most abundant pulsating stars in our Galaxy. In addition, they have

moderate to fast rotations and periods of several hours. That makes them the suitable

targets for studying the effects of rotation on stellar evolution. In this work, we show how

to infer the mean density and the surface gravity of an A-type pulsanting star only from

its oscillation frequencies. To do this, we used a separation between frequencies, known as

large separation, which is proportional to the stellar mean density. This is the first step

towards a reliable mode identification of their oscillation modes.
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1 Introduction

Study of stars with solar-type pulsations has reached important milestones during the last
decade [1] thanks to space missions dedicated to high-precision photometry, such as CoRoT [2]
and Kepler [11]. This has been possible thanks to their relatively simple oscillation spectrum,
characterized by a frequency spacing known as large separation (∆ν). However, this advance
has not been possible in any other kind of pulsators.

δ Sct are a group of well-known pulsating stars, very popular in the 90s. Their pop-
ularity is due to the fact that they are bright, very abundant and with periods that allow
gathering data during one night. They have masses between M = 1.5-3 M�, are in the main
sequence or in the phase of burning of H in layer and locate in the classical instability strip.
The mechanism that maintains its pulsations is the kappa mechanism (κ), related to the
opacity change that takes place in the second He ionization zone (s.e., [14]). They present
moderate to rapid rotations [15] and both pressure (p) and gravity (g) oscillation modes
[8, 17].

The oscillation spectrum of δ Sct stars is difficult to interpret, due to phenomena such as
avoided crossing, non-linear interactions between modes and, above all, the effect of rotation,
which modifies the spectrum and multiplies the number of frequencies (see e.g. [7] for a review
on the subject). The research presented in this article is a summary of the work published in
[5] (from now on, GH2017), which advances in the interpretation of the oscillation spectrum
by using ∆ν. This quantity was recently found for δ Sct (see e.g., [4]) and related to the
stellar mean density (ρ̄, [6]). In this work, we improved such relation and used ∆ν to derive
the surface gravity (log g).

This article is divided into the following sections. In Sec. 2, we present the sample and
its more relevant characteristics. Section 3 describes the properties of the large separation-
mean relation, the methodology carried out to determine ∆ν and to fit the data. In Sec. 4,
we described the procedure we followed to determine log g. And Sec. 5 details the conclusions
of this work.

2 Data sample

Testing a relationship between ∆ν and ρ̄ requires obtaining a mean density that does not rely
on any stellar evolution model. One of the few cases in which this quantity can be obtained
is from the determination of masses and radii of eclipsing binary stars. Thus, we looked for
such systems with at least one δ Sct component, observed by satellite and with measurements
of masses and radii. We found 10 systems that fulfilled these conditions and the only δ Sct
that harbour a planet to date (HD 15082).

Table 2 lists the main characteristics of the pulsating components of the systems stud-
ied. The stellar mean densities (ρ̄) are derived from the masses and radii given by the different
authors who studied the systems (see references in GH2017). The surface gravities correspond
to the values that these same authors provide (log gb). The surface gravity log gπ̂ in column
6 refers to the value calculated from large separations and parallaxes. The parallaxes were
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Table 1: Characteristics of the systems taken from the literature (see GH2017) and calculated
in this work. Columns 3 to 5 are values inferred from the binary analysis, whereas column 6
is calculated from the parallax. The information corresponds to the component showing the
large frequency pattern (which is not necessarily the primary).

System ∆ν ρ̄ Ω log gb log gπ̂ π̂
(µHz) (ρ̄�) (ΩK) (cgs) (cgs) (mas)

KIC3858884 29.0 ± 1.0 0.0657 ± 0.0021 0.075 3.740 ± 0.012 3.76 ± 0.04 1.78 ± 0.22
KIC4544587 74.0 ± 1.0 0.414 ± 0.039 0.17 4.252 ± 0.033 4.27 ± 0.08 1.36 ± 0.41
KIC10661783 39.0 ± 1.0 0.1255 ± 0.0039 0.20 3.95 ± 0.011 3.95 ± 0.04 1.94 ± 0.26
HD172189 19.0 ± 1.0 0.0283 ± 0.0061 0.28 3.490 ± 0.082 3.53 ± 0.06 2.27 ± 0.34
CID100866999 56.0 ± 1.0 0.26 ± 0.11 – 4.14 ± 0.14 – –
CID105906206 20.0 ± 2.0 0.02986 ± 0.00095 0.15 3.539 ± 0.012 3.52 ± 0.10 0.96 ± 0.25
HD159561 38.0 ± 1.0 0.124 ± 0.021 0.60 3.960 ± 0.072 3.93 ± 0.03 67.13 ± 1.06
KIC9851944 26.0 ± 1.0 0.0566 ± 0.0043 0.29 3.691 ± 0.028 3.75 ± 0.25 0.41 ± 0.38
KIC8262223 77.0 ± 1.0 0.423 ± 0.043 0.11 4.287 ± 0.034 4.23 ± 0.10 1.93 ± 0.59
KIC10080943 52.0 ± 1.0 0.205 ± 0.070 0.049 4.07 ± 0.11 4.06 ± 0.08 1.06 ± 0.28
HD15082 80.0 ± 2.0 0.507 ± 0.046 0.20 4.300 ± 0.030 4.31 ± 0.03 8.51 ± 0.24

obtained from the first Gaia data release, DR1 [3], or from Hipparcos [18].

3 The ∆ν-ρ̄ relation

The mean densities were calculated from data of masses and radii obtained from the literature.
To calculate the stellar volume, the flattening caused by the centrifugal forces were also taken
into account. In this way, a more adequate value of the densities was achieved.

The large separations were obtained following the method described in [4]. First, we
selected a group of frequencies with the highest amplitudes and then we applied a Fourier
transform taking the amplitudes equal to 1 for all of them. In addition, the histogram of
frequency differences was computed and compared to find the correct value of the periodicity.
The uncertainty was determined by an échelle diagram, which allows us to measure the
deviation for which the pattern disappears. It also allow us to differentiate if the periodicity
corresponds to ∆ν, ∆ν/2 or another submultiple.

The results of this search are shown in Table 2. Clearly, a linear regression is obtained
when these values are represented against the mean densities. This is shown in left panel
of Fig. 1. We carried out a fit to the data by implementing a hierarchical Bayesian linear
regression. The computation was carried out using the JAGS package (Just Another Gibbs
Sampler, [12]). The resulting relationship was:

ρ̄/ρ̄� = 1.50+0.09
−0.10(∆ν/∆ν�)2.04

+0.04
−0.04 , (1)

where ∆ν� = 134.8 µHz [10]. This relation is an update of the one found in [6]. It closely
follows the relations found using models without ([16]) and including rotation ([13]). Indeed,
this relation is independent of the stellar rotation. That makes ∆ν a very valuable observable.
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Figure 1: (Left) ∆ν-ρ̄ relation for the 11 stars of our sample. The result of the fit is also
shown. (Right) Plot showing the agreement between the log g from the literature (binary
analysis) and that calculated with ∆ν and the parallax.

4 Surfaces gravities from ∆ν and parallaxes

In order to find if it was possible to determine the surface gravity of the δ Sct stars from ∆ν,
it was necessary to have, at least, an estimation of the stellar mass. In the case of eclipsing
binary stars, this is directly determined using Kepler’s laws, but we wanted to test a valid
method even for isolated stars. Therefore, we decided to take advantage of the recent Gaia
data release (DR1) to obtain a measurement of the stellar parallax. This together with a
mass-luminosity relation would allow us to find the masses of our objects.

The parallaxes found are shown in Table 2. We did not find parallaxes in the Gaia’s
DR1 for all the stars, so we completed the data with Hipparcos. Only for CID 100866999 we
did not find any measure of parallax, so we did not include this star in our study.

We used the mass-luminosity relationship by [9], obtained from detached Algol binary
systems. Although A-type stars have a small bolometric correction, we wanted to check
its effect on our calculations. The results of calculating surface gravities with and without
bolometric corrections are shown in the right panel of Fig. 1. In the plot, surface gravities
obtained from the literature are shown versus values calculated with ∆ν and the parallaxes.
Line y = x is also plotted as a guide. It can be noticed that values determined by the method
presented in this work coincide, within the uncertainties, with values from the literature. In
addition, the log g calculated by applying the bolometric correction is represented in green.
In most cases, these points are hidden by those considered without correction. And in the
cases where a difference can be appreciated, the deviation is minimum.

In most cases, the uncertainties in log g from ∆ν and parallaxes are of the order of
those obtained from the literature. It can be clearly seen that the uncertainty depends
directly on the errors coming form the parallax. It is noteworthy that the masses calculated
from the mass-luminosity relation could not correspond to the masses obtained from the
binary analysis. However, the weight of the calculation is in the radius obtained from the
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mean density, which has less dispersion than the mass. To check this case, we also made a
simple calculation obtaining log g using random masses. We uses values in the range of M =
[1,3] M�, where the δ Sct starsare located. The result was that the uncertainties in log g for
an incorrect determination of the mass was 0.1 dex, at most. This is below the typical errors
obtained by spectroscopy.

5 Conclusions

In this work a methodology has been presented to determine mean densities and surface
gravities from only the asteroseismological parameter known as large separation, ∆ν. For
this, a sample of eclipsing binary stars with a δ Sct component was used. This allowed a
determination of masses and radii independent of any modelling. The sample consisted of 10
binary systems and a star harbouring a planet.

We improved the relation ∆ν-ρ̄ in [6], demonstrating that it is independent of the
rotation of the star. In addition, from the mean densities it was possible to calculate the
surface gravities. To do this, parallaxes and a mass-luminosity relation were used to estimate
stellar masses. The values of log g thus obtained showed, in most cases, an uncertainty of
the same order as the data obtained from the literature. The uncertainty is directly related
to the errors in the parallaxes, so the measurement of log g could be improved thanks to the
accuracy of Gaia.

In any case, the uncertainties in log g have a limiting value, as shown by its calculation
using random masses. Calculating the gravities from these masses and ∆ν only, the maximum
dispersion of the values only reaches 0.1 dex. Therefore, this is the maximum uncertainty
that must be considered when calculating log g from ∆ν.
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Abstract

Results on theoretical work, astronomical observations and laboratory measurements of the
new form of carbon known as fullerenes and their hydrogenated forms (fulleranes) are re-
viewed. These molecules can be responsible for diffuse interstellar bands, for the UV bump,
a prominent feature in the extinction curves observed in many lines of sight of our Galaxy
and other galaxies, and the anomalous microwave emission discovered in several regions
of star formation, in molecular clouds and HII regions. Recent detections of fullerene C60

and C70 in various astrophysical contexts from reflection nebulae to planetary nebulae and
protoplanetary disks reinforce the hypothesis that fullerenes and fulleranes are common in
the interstellar medium and could contribute significantly to extinction. Another poten-
tial agent of anomalous microwave emission processes and interstellar extinction bands are
polycyclic aromatic hydrocarbons (PAHs). Identification of the simplest PAHs, naphthalene
and anthracene, in the interstellar medium is also discussed.

1 Introduction

The experiments, carried out by Kroto and Smalley in 1985, aimed at reproducing the chem-
istry of giant red star atmospheres led to the discovery of a new form of carbon: the fullerenes,
the third known allotropic form of carbon (the two others are graphite and diamonds). Lab-
oratory experiments have shown that the most stable fullerene molecules are C60 and C70

and the most abundant is C60, a hollow molecule with 60 carbon atoms distributed in 12
pentagons and 20 hexagons following the symmetry of truncated icosahedrons. The radius
of this molecule is approximately 3.55 Å. The electronic structure of the C60 consists of 60
atomic 2pz orbitals and 180 sp2 hybrid orbitals. The fullerenes with icosahedral symmetry Ih
(C60, C180, C240) have a high stability and are very stable against UV, gamma radiation and
collisions. Fullerenes are efficiently formed in laboratory vaporization experiments of graphite
[17] and could also be formed in asymptotic giant branch stars (AGB) where circumstellar
molecular synthesis is very reach.
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The fullerene family also includes the so-called buckyonions, conformed by several con-
centric fullerene shells with separations of order 3.4-3.5 Å. These molecules, which show an
even greater stability than the individual icosahedral fullerenes, were first synthesized by
electronic bombardment. Another very interesting form of fullerenes are fulleranes, hydro-
genated fullerenes (CnHm), where the π electrons form a bond with hydrogen. The properties
of fulleranes are not so well known as those of individual fullerenes, but on-going laboratory
work is aimed to measure their optical and infrared spectra and molar absorptivity.

Polycyclic Aromatic Hydrocarbons (PAHs) are planar molecules consisting of carbon
rings and hydrogen, these rings are similar to benzene. The most simple PAHs are naph-
thalene and anthracene with two and three benzene rings, respectively. PAHs have been
proposed as carriers of the Unidentified Infrared Emission bands and of the diffuse inter-
stellar bands which are ubiquitous in the interstellar medium and are also potential carriers
of the anomalous microwave emission. Carbon ring based molecular forms are very stable
against UV radiation. The stability of carbon ring structures, pentagons and hexagons, which
conform fullerenes and PAHs is a remarkable property which may even have played a role in
the development of life. The DNA bases are essentially conformed by combinations of such
carbon rings and would also benefit from such stability properties.

2 PAHs

PAHs are widely distributed in the ISM and collectively detected in many galaxies, how-
ever, recognition of individual PAHs is difficult. The detection of discrete infrared emission
bands near 3.3, 6.2, 7.7, 8.6, 11.3 and 12.7 µm in dusty environments excited by ultravio-
let photons led to the suggestion that PAHs were present in the interstellar medium [15].
These infrared bands are due to C–C and C–H stretching and bending vibrations in an aro-
matic hydrocarbon material. Since these bands mostly probe specific chemical bonds and not
any particular molecular structure, they cannot provide unambiguous identification of single
PAHs. The naphthalene cation (C10H

+
8 ) is the most simple PAH and one of the best char-

acterized spectroscopically in low-temperature gas phase at laboratory [18]. The laboratory
characterization, crucial for a potential identification in the interstellar medium, shows that
the strongest optical band of the naphthalene cation is located at 6707.4 Åwith a full width at
half-maximum (FWHM) of approximately 12 Å. Progressively weaker bands of similar width
have been measured at 6488.9, 6125.2 and 5933.5 Å[2]. It has been reported the detection of
weak absorption (less than 1.5 per cent of the continuum) broad optical bands in the spectrum
of the star Cernis 52 (A3 V), a likely member of the very young star cluster IC 348, which
appear to be consistent with the measured laboratory bands of the naphthalene cation [11].
Under the assumption that the bands are caused by naphthalene cations, a column density
for Np+ of order 1 × 1013 cm−2 was derived. A broad band at 7088.8 Å coincident to within
the measurement uncertainties with the strongest band of the anthracene cation (C14H

+
10) as

measured in gas-phase laboratory spectroscopy at low temperatures is also detected in the
line of sight of star Cernis 52 [12]. This is probably associated with cold absorbing material
in an intervening molecular cloud of the Perseus star-forming region where various experi-
ments have recently detected anomalous microwave emission. From the measured intensity
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and available oscillator strength it is implied that ∼0.008 per cent of the carbon in the cloud
could be in the form of C14H

+
10. A similar abundance was also claimed for the naphthalene

cation in this cloud.

3 Fullerenes: theoretical and laboratory spectra, characteri-
zation and detection in space

Computation of the photoabsorption spectra of fullerenes using semiempirical models showed
the potential role of these molecules to explain various interstellar absorption features [10].
The theoretical approach followed to compute photoabsorption cross sections was based in
a Huckel and Pariser-Parr-Pople (PPP) models and took into account the strong electronic
correlation and the screening effects associated to π electrons in these molecules. The spectral
computations in the near UV and optical indicated strong absorption around 2175 Å and the
formation of many weaker absorptions distributed through all the optical spectrum. Mea-
surements of the extinction of radiation in the near UV/optical in different lines of vision
of our Galaxy shows a main extinction feature in the range 2150-2190 Å, this so-called UV
bump is very stable in wavelength. The calculated photoabsorption spectra of some individ-
ual fullerenes reproduce this feature of extinction curves remarkably well. If the abundance
of fullerenes in the diffuse interstellar medium decreases as a function of size according to a
power law, then it is possible to reproduce the UV bump with high precision for a power-
law index in the range 3-4. From this comparison, it is possible to estimate the fraction of
carbon locked in fullerenes and buckyonions in the ISM [10]. The numerical density of these
molecules results in a range of 0.2-0.08 fullerenes per million hydrogen atoms. In the proposed
scheme, small fullerenes would be the most abundant with abundances of order n(C60)/n(H)
∼ 10−6).

Laboratory studies have shown that hydrogenated fullerenes also reproduce well the
peak and shape of the UV bump in the extinction curve. In particular, the electron absorption
spectrum of C60H36, obtained in the laboratory using n-hexane (Fig. 1), shows maximum
absorption precisely at 2175 Å with a molar absorption of 17140 L cm −1 mol−1 corresponding
to a cross section absorption of order 6500 Mbarn, approximately ten times higher than for
C60. It is very important to measure and characterize in the laboratory the transition bands
of these molecules and carry out an extensive search in several phases of the interstellar
medium.

Laboratory spectroscopy of the active IR bands of C60 and C70 at low temperatures is
key to the search and identification of fullerenes in space. The main active bands of IR for
the C60 are at 7.0, 8.5, 17.4 and 18.9 µm. These bands have been crucial in the search for
fullerenes in space. Their detection led to the discovery of fullerenes C60 and C70 in the young
planetary nebula Tc1 [3] with Spitzer Space Telescope. These molecules were subsequently
identified in reflection nebulae [21], several planetary [8] and protoplanetary [22] nebulae, and
in post-AGB stars [9].

Fullerenes are able to survive under the harsh conditions of the ISM as suggested
by observations in several young stellar objects [20] and by the ubiquitous presence of the
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Figure 1: Comparison of the photoabsorption cross-section of fullerene C60H36 (continuous
black line) with the interstellar extinction curve for a reddening factor RV= 3.1 (red dashed
line) [6]. The vertical axis corresponds to normalized absorption at a certain wavelength, also
known as reddening function.

diffuse interstellar bands at 957.7 and 963.2 nm which are associated to the cation C+
60 [7],

[4]. These authors have inferred that a significant fraction of interstellar carbon is located in
the C60 cation, although initial estimates of order 0.9% have been recently reduced to values
of 0.1 % [1]. The cation bands were also detected in one protoplanetary nebula [13] deriving
fullerene concentration values of order 0.05-0.1 ppm which are similar to values inferred from
the UV bump at 217.5 nm under the assumption that this prominent feature of extinction
is caused by fullerenes [10]. At such abundances, fullerenes can play an important role in
interstellar chemistry [19], and given the stability of fullerenes against corpuscular and gamma
radiation [5], it is likely that fullerenes originally formed in planetary nebulae later populate
the interstellar medium and the clouds from which stars and planets form.

4 Fullerenes C60 and C70 in the circumstellar matter of stars
with proto-planetary disks

I have carried out a systematic search of C60 and C70 in stars with protoplanetary disks in
the young star cluster IC348 of the Perseus molecular complex. Here report results on a
few selected stars (LRLL 1, LRLL 2 and LRLL 58)[16] with disk studies available in the
literature. The spectra used in this work were obtained with the low resolution module-short
wavelength (SL; 5-20 µm) and in one case with the high resolution short wavelength module
(SH; 9.5-19.5 µm). The data processing is described elsewhere (see http://cassis.sirtf.com/).
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The package CASSIS [14] was used to inspect and extract the spectra. The spatial scale
of the IRS (approximately 5 arcsec per pixel) does not allow to disentangle emission lines
originating in the disk from emission lines produced in the reflection nebulae surrounding the
stars under consideration. It was adopted the integrated spectra as a suitable description of
the emission line spectrum in the region around each star.

In the range 16-20 µm a prominent emission spectral band system is present in each
star which has a well sampled band at 18.9 µm of C60 with contribution of C70 and a blended
feature of PAHs at 16.4 µm, H2 (17 µm) and fullerenes C60 and C70 at 17.4 µm.

In Fig. 2 we plot the IRS spectrum of the IC 348 LRLL 2 star obtained by Spitzer with
the high spectral dispersion module (R=600) showing details of the bands and the continuum
emission. The positions of known bands of C60 (17.4 and 18.9 µm) and C70 (17.4, 17.8 and
18.9 µm) are marked. Weak features of C70 appear to be present in the spectrum, remarkably
at 17.8 and 21.8 µm ( which is important in order to ascertain the relative contribution of
this molecule to the strong bands at 17.4 and 18.9 µm. The spectrum also shows evidence
for the C70 vibrational bands at 12.6, 14.9 and 15.6 µm and the C+

60 bands at 10.5, 13.2 and
18.6 µm.

The C60 features in the range 17-19 µm have a typical width of 0.3-0.4 µm, wider
than the spectral resolution of the instrument and similar to the widths observed in planetary
nebulae (like Tc 1). The contribution of C70 to the total emission of the bands observed at 18.9
µm and 17.4 µm has been established using the information provided by other bands of this
molecule assuming a simple model to describe band ratios, and resulting C70 contributions
are in the range 10-30% of the total band strengths.

The total flux of the band at 18.9 µm is rather stable among the observed circumstellar
material ranging from 3 × 10−16 to 1 × 10−15 W m−2, in spite of the very different luminosity
and temperature of the studied disk host stars. Interestingly, I find the 16.4µm PAH emission
in LRLL 58 is significantly enhanced with respect the 18.9 µm C60 band, contrary to what is
observed in the other two targets of the sample where this PAH band appears weaker relative
to fullerene emission. It is proposed that the relative enhancement of the PAH emission in
this cooler object is a consequence of the higher sensitivity of PAHs to the physical conditions
of the environment and in particular to the stellar radiation field. LRLL 58 has the lowest
luminosity and the coolest effective temperature of the stars in the sample and this may
favour the survival of PAHs. Fullerenes are expected to be more robust against radiation
than PAHs.

5 Conclusions

• (i) Fullerenes and its hydrogenated forms could be responsible of the UV bump 2175
Å, a remarkable feature of interstellar absorption, and for several important diffuse
interstellar bands.

• (ii) Fullerenes have been detected in planetary nebulae, 0.3-0.02 % of total carbon seems
to be in the form of C60.
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• (iii) The cation C60 is detected in one protoplanetary nebulae and in the line of sight
of many hot stars: 0.1-0.9% of total carbon appears to be in the form of C60

+ in these
environments.

• (iv) Fullerenes C60 and C70 are detected in the circumstellar matter of Perseus stars
with protoplanetary disks where they coexist with PAHs. These fullerenes appear to
lock 0.1-1 % of the carbon available in these regions. Cation and anions of C60 are also
detected at 5-10 times lower abundances.

• (v) The cations of the most simple PAHs naphtalene and anthracene are present in the
Perseus region with abundances 10-100 times lower than the neutral form of the most
simple fullerene C60.
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[18] Pino T. Boudin N. Bréchignac P., 1999, J. Chemical Phys. 111, 7337

[19] Omont, A. 2016, A&A 590, A52

[20] Roberts, K.R.G., Smith, K.T. & Sarre, P.J. 2012, MNRAS, 421, 3277

[21] Sellgren, K. et al. 2010, ApJ Lett,722, L54

[22] Zhang, Y & Kwok, S. 2011, ApJ, 730, 126



Highlights on Spanish Astrophysics X, Proceedings of the XIII Scientific Meeting of the Spanish 
Astronomical Society held on July 16 – 20, 2018, in Salamanca, Spain. B. Montesinos,  A. Asensio Ramos, 
F. Buitrago, R. Schödel, E. Villaver, S. Pérez-Hoyos, I. Ordóñez-Etxeberria (eds.), 2019 
 

The first winged microquasar.

Josep Mart́ı-Ribas1, Pedro L. Luque-Escamilla2, Valent́ı Bosch-Ramon3, and
Josep M. Paredes3
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Abstract

Microquasars are stellar binary systems that share strong physical and morphological analo-

gies with extragalactic sources of relativistic jets. In this work, we report very deep radio

images of the microquasar GRS 1758−258 . At sensitivities down to the few µJy level, GRS

1758−258 broadens these already known analogies by including the same ’wing’ phenomenon

observed in some radio galaxies. The so called winged radio galaxies display secondary ra-

dio lobes, with Z or X-shaped morphologies, whose physical interpretation often invokes

the merger of super-massive black holes with spin-flip. GRS 1758−258 remarkably displays

Z-type wings too, extending on parsec linear scales as long as the main jet flow. Owing to

its stellar nature, the most physically conceivable explanation is based on hydrodynamic

backflow when the relativistic ejecta interacts with a nearby cloud. Moreover, emission

line surveys of the region do confirm the existence of such a cloud at a kinematic distance

consistent with that of GRS 1758−258. By extrapolating these findings to the extragalactic

case, we conclude that not all winged radio galaxies are secure sites of previous black hole

coalescence since the alternative backflow scenario could also be at work in many cases.

1 Introduction

The realm of extragalactic radio sources hosts objects with a rich variety of morphologies
in their large-scale collimated outflows. In particular, the so-called radio galaxies are often
sorted into one of the two Fanaroff-Riley types (FRI or FRII) according to their radio lobe
brightness aspect [1]. Yet, there is a significant fraction of distorted cases that challenge the
simplicity of this historical classification scheme. Among them, the growing group of winged
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radio galaxies (WRGs) stands out as a remarkable sub-class whose radio lobe morphology,
with X or Z-type appearances, is not apparently consistent with a single ejection axis [2, 3].
It is worth to mention here that a high fraction of X-type sources could actually be Z-types
too distant to be recognized as such [4]. Different physical explanations have been proposed
to account for the WRG existence with no consensus being reached within the astrophysical
community. The strongest debate is between, but not limited to, the supporters of the
hydrodynamic [5, 6, 7] versus the super-massive blackhole merger scenarios with spin-flip
[8, 9, 10]. Solving this issue is nowadays relevant in the context of the new-born gravitational
wave astronomy since WRGs could have implications for the gravitational wave background
if a blackhole coalescence is indeed behind their origin [3].

In this contribution, we report about the remarkable winged features found in the
microquasar known as GRS 1758−258 located in the close vicinity of the Galactic Center.
This object was originally discovered in hard X-rays by the coded mask telescope SIGMA on
board the satellite GRANAT back in the 90s of the past century [11]. Bipolar radio jets were
detected soon after [12] and they have been intensively studied over the years [13, 14]. The
similarity of the newly found wings with those seen in some WRGs reinforces the parallelism
between stellar sources of relativistic jets and their extragalactic relatives, such as radio
galaxies and quasars. Moreover, the maturity of nowadays stellar evolution knowledge also
enables a new perspective when trying to discriminate among possible physical scenarios
where wings can form. A fully detailed account of all our results can be found elsewhere [15].

2 Radio observations

To obtain a radio image of GRS 1758−258 as deep as possible, we carried out dedicated
observations with the Jansky Very Large Array (VLA) at the 6 cm wavelength. In addition,
historical VLA runs of the same source were retrieved from the NRAO Science Data Archive
with the idea of trying to merge them with the modern data. To achieve good sensitivity
at the arc-minute angular scales, typical of our target radio jets, the C configuration of the
array was preferred. The log of observations used and their instrumental setup are listed in
Table 1.

Table 1: Radio observations of GRS 1758−258

Run Date Array Bandwidth
Id. Configuration (MHz)

AM385 1992 Sep 10-11 D 50
AM345 1992 Sep 26-27 D 50
AM428 1993 Oct 03-04 CD 50
AM560 1997 Aug 03-24 C 50
AS930 2008 Apr 01-12 C 50

16A-005 2016 Mar 04-22 C 2048

The reader is referred to the Methods section in [15] for a comprenhensive account of

https://archive.nrao.edu/archive/advquery.jsp
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how calibration was carried out using both the CASA and AIPS software packages. This was
a painful process because combining modern and historical VLA data sets is by no means
straightforward. The final result is presented in the map shown in Fig. 1 whose noise level
is a low as 4.3 µJy beam−1 and noticeably improved over our previous works[14].

3 Discussion

In addition to the already known extended radio jets, the most interesting fact in Fig. 1
is that GRS 1758−258 exhibits the same characteristics of a Z-type WRG. Notably, the
observed secondary lobes have an angular scale comparable to that of the main jet flow.
This is the first time that such a morphology in observed in a microquasar system. Two
consequences immediately follow from this discovery: i) The analogy between galactic and
extragalactic sources of relativistic outflows is reinforced to include the terminal jet lobes;
ii) The spin-flip scenario is ruled out in a downsized winged jet flow. This is because our
current understanding of stellar evolution in binary systems precludes the merger of black
holes during the past existence of this microquasar. Indeed, a non-degenerate star, acting as
mass donor onto a single compact object, is presumed to exist in GRS 1758−258 [16].

In this context, what is the physical scenario that better fits the existence of a Z-type
winged microquasar? In an attempt to answer this question, we inspected the environments
of GRS 1758−258 using the Dame’s carbon monoxide (CO) survey of the Galactic Plane[17].
As we report and discuss in [15], a conspicuous gas cloud appears to be hit by the microquasar
jets and the backflow caused by this interaction with the interstellar medium (ISM) is very
likely related to the formation of the wings. The CO cloud velocity with respect to the
Local Standard of Rest (LSR) is centered at about 210 km s−1, and the associated kinematic
distance for this LSR velocity turns out to be ∼ 8.5 kpc. This is in good agreement with the
value usually adopted for this microquasar as required for this interpretation to be correct.
The brightness difference between the northern and southern ejecta is attributed to a ISM
with an asymmetric density distribution. Recent hydrodynamic backflow scenarios, such as
[7], are thus favored to be also at work in the particular case of this microquasar.

4 Conclusions

Secondary radio lobes similar to those observed in WRGs have been detected for the first
time in a microquasar. This observational discovery provides a step forward towards a uni-
fied knowledge of relativistic outflows in the universe, to be pursued in future works. By
extrapolating our GRS 1758−258 findings to the extragalactic domain, another important
conclusion is that WRGs are no longer secure tracers of past black hole mergers in the uni-
verse. Therefore, estimates of the gravitational wave background based on their observed
population can be lower than predicted and in likely need of revision.
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[13] Mart́ı, J., Mirabel, I. F., Rodŕıguez, L. F., et al. 2002, A&A, 386, 571

[14] Mart́ı, Luque-Escamilla, P. L., Romero, G. E. et al. 2015, A&A, 587, L11

[15] Mart́ı, J., Luque-Escamilla, P. L., Bosch-Ramon, V., Paredes, J. M. 2017, Nature Communica-
tions 8:1757 open access available at http://rdcu.be/zgX8

[16] Mart́ı, J., Luque-Escamilla, P. L., Muñoz-Arjonilla, A. J. 2016, A&A, 596, A46
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Abstract

It is now clear that central star binarity plays a key role in the formation and evolution
of planetary nebulae, with a significant fraction playing host to close-binary central stars
which have survived one or more common envelope episodes. Recent studies of these systems
have revealed many surprises which place important constraints on the common envelope
- a critical phase in the formation of a wide variety of astrophysical phenomena, including
the cosmologically important supernovae type ia and other transient phenomena which will
be detected by next-generation facilities, like the Large Synoptic Survey Telescope and the
space-based gravitational wave detector the Laser Interferometer Space Antenna.

1 Introduction

It is now clear that binary interactions play a key role in the shaping of planetary nebulae
(PNe; [12]) and that the binary fraction among PNe must be at least 20% [23] but perhaps
as high as 80% [8, 9]. However, in spite of their importance in understanding the origins of
PNe, only some ∼60 binary central stars are known1 and, moreover, very little is known about
these systems beyond their orbital periods. In an attempt to reach a statistically significant
sample of binary central stars, the author and collaborators are undertaking an observational
campaign to search for and characterise these systems. The search for new binary central
stars has focussed primarily on targeted photometric and spectroscopic monitoring of the
central stars of PNe which present morphological features believed to be characteristic of
a binary evolution [24]. These searches have been extremely successful leading to a rapid
increase in the rate of discovery [4, 2, 16, 17, 32, 20]. Detailed studies of these systems and
those from the literature have revealed many interesting results with important implications
for our understanding of close-binary evolution and the common envelope (CE) phase, in
particular.

1A complete list is maintained at http://drdjones.net/bCSPN.
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Figure 1: An example of the simultaneous modelling of light (a) and radial velocity (b) curves
required to derive stellar (mass, temperature, radii) and binary (period, orbital inclination)
parameters, in this case the central star of M 3-1 (reproduced from [20]).

2 Probes of common envelope evolution

The close-binary central stars of PNe are thought to have formed via a CE interaction, where
the nebula itself is the remnant ejected envelope (see [18] for a review). The presence of the
short-lived (τ ≤ 30,000 years) nebula makes these systems of particular interest for studying
the CE, as they offer a unique opportunity to directly observe the properties of the ejected
envelope (see, for example, Santander-Garćıa in these proceedings) as well as observe the
stars themselves “fresh-out-of-the-oven”, before the system has had time to adjust.

A key prediction of all CE models is that, due to the transfer of orbital angular mo-
mentum, the envelope should be preferentially ejected in the orbital plane of the binary such
that the symmetry axis of the resulting nebula lies perpendicular to this plane [29]. In order
to test this prediction, one must determine the morphology and orientation of the PN, via
spatio-kinematical modelling [15, 35, 13], as well as the inclination of the central binary, via
simultaneous modelling of light and radial velocity curves (see figure 1; [17, 20]). To date,
only eight systems have been the subject of sufficiently detailed study in order to test the
prediction, however all eight systems present with the expected correlation (see figure 2).
The probability of chance alignment amongst all systems is less that one in a million, as such
this constitutes a statistically significant demonstration of the direct link between the central
binary and the ejected envelope/nebula [12].

Beyond the simple correlation between nebular symmetry axes and binary planes, close-
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Figure 2: The observed correlation between binary and nebular inclinations in post-CE PNe,
reproduced from [12].

binary PNe reveal much about the CE process. For example, detailed studies have revealed
that main sequence companions are always found to be greatly inflated with respect to iso-
lated stars of the same mass [17] - with one exception where the companion is found to present
with a relatively normal radius, but at such a short period that it is filling its Roche lobe [20].
The observed inflation is believed to be a result of rapid mass transfer onto the companion
knocking the star out of thermal equilibrium. Further evidence for such mass transfer is found
in the central star of the Necklace, where the companion is found to be greatly enhanced in
Carbon [27] - a third dredge-up product which can only have been deposited into the atmo-
sphere of the main sequence star via mass transfer from the primary while it was on the AGB.
In isolation, these results do not say much about when this episode of mass transfer must have
occurred, other than that it must have been relatively recently. However, kinematical studies
of several post-CE PNe presenting with extended polar structures, like jets, have shown that
these features are kinematically older than the central regions of the nebulae - indeed, in the
Necklace, the polar caps are found to be twice as old as the ringed, nebular waist [4]. Given
that the nebular waists are thought to represent the ejected CE, these older polar ejections
are likely the product of mass transfer immediately prior to entering into the CE. Further
support for such pre-CE mass transfer is found in the PN Fleming 1, where the precession
period of the jets is consistent with a much longer, pre-CE orbital period compared to the
1.2 day, post-CE period now observed [2].

Given that post-CE central stars have only recently left the CE phase, their stellar and
orbital parameters can be used to constrain the efficiency of the process - the holy-grail of
close-binary population synthesis. Of particular interest here are the mass and orbital period
distributions, both of which can be altered in more evolved post-CE populations (by mass
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transfer, magnetic braking, etc.). The observed orbital period distribution shows a strong
peak at periods less than one day, while CE models generally predict a significant number
of longer period systems at longer periods [7]. This makes the recent spate of discoveries of
longer period systems [25, 32, 28], all of which would not have been detected via photometric
monitoring, particularly intriguing - perhaps indicative of a missing long-period population
that has, thus far, evaded detection [6, 19]. Furthermore, in this longer period regime one
finds the most massive companion post-CE companion known (not just in terms of central
stars of PNe but of all post-CE systems, in general) - that of NGC 2346 weighing in at
more than 3.5 M� [3] - making this an especially interesting system with which to probe the
apparent connection between CE efficiency and binary parameters [5]

3 Double-degenerates and supernovae Ia progenitors

Based on the shapes of their discovery light curves a significant fraction of post-CE central
stars of PNe are thought to be double-degenerate (DD) systems [11]. Given the intrinsic
difficulty in their detection (DD central stars will not present photometric variability except
at very high orbital inclinations and/or very short orbital periods [2, 18]), the true fraction of
DD central stars is likely much higher. This has critical implications for our understanding
of other astrophysical phenomena - in particular, the cosmologically important supernovae
type ia (SNe ia), used to explore the expansion of the Universe at high redshifts (ultimately
leading to the award of the 2011 Nobel Prize in Physics). The merger of two white dwarfs
in a close-binary system may represent the main, or even sole, pathway by which SNe ia
occur [22], however to-date no bona-fide progenitor system has been discovered. Such a
system has to meet two main criteria: the total mass of the system must be greater than the
Chandrasekhar mass, and the orbital separation should be small enough that the system will
merge in less than the age of the Universe.

Given the apparent over-abundance of DD central stars, as well as the observation that
a significant fraction of SNe are found to explode in circumstellar environments consistent
with a remnant PN [33], it is no surprise that the most promising candidate SN ia progenitors
have been found inside PNe. The central star system of TS 01 is a short-period DD system the
total mass of which may be greater than the Chandrasekhar mass, however the uncertainties
on the derived total mass encompass sub-Chandrasekhar values [34]. A second candidate is
found in the central star of Hen 2-428, where the simultaneous light and radial velocity curve
modelling by Santander-Garćıa et al. derived a total mass of 1.76±0.26 M� and a time to
merger of approximately 700 millions years [31]. However, the modelled parameters lie far
from evolutionary tracks, leading Garćıa-Berro et al. to question the DD nature of the system,
instead proposing that the observed spectral line profiles could arise from a white dwarf and
main sequence companion combined with variable nebular line emission [10]. Recent analyses
rule out this hypothesis, clearly demonstrating conclusively that the system comprises two
white dwarfs [14, 30]. However, Reindl et al. find that the measured radial velocity semi-
amplitude of the stars (critical in determining their masses) differ depending on the line or
lines used - repeating the analysis of Santander-Garćıa et al. the results agree to within
uncertainties, but including other absorption lines of He ii they derive lower semi-amplitudes
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and, therefore, a sub-Chandrasekhar total mass [30]. While there is no clear explanation for
a dependence of the radial velocity on the choice of spectral line, the lower masses do bring
the derived solution closer to evolutionary tracks. However, caution must still be exercised in
adopting the lower total mass as fact given that, as highlighted by Miller-Bertolami [26], these
evolutionary tracks do not and, thus far, cannot account for a CE evolution (the exact details
of which are far from being understood) and, similarly, it is unclear to what extent the tracks
are valid for over-contact systems [30]. As such, the central stars of TS 01 and Hen 2-428 still
represent plausible and, to-date, the strongest candidates to be SN ia progenitor systems.

4 Conclusions

Central star binarity plays a key role in the formation and evolution of PNe, with the clearest
impact being found in post-CE systems. Post-CE PNe are important laboratories for con-
straining the CE process and, therefore, for understanding the formation of a wide-range of
astrophysical phenomena. The continued presence of the PN ensures that the central star
system has only recently exited the CE phase and has not yet had time to adjust, and further-
more as the PN is formed from the remnant envelope it offers a unique opportunity to study
the ejection process. Recent studies of post-CE PNe and their central stars have revealed
important information about the CE phase, including evidence of a period of intense mass
transfer from the primary onto the companion immediately before entering the CE phase.
Studies of the population as a whole will be key in constraining the CE efficiency and its
dependencies - critical in all population synthesis studies, which will have a key role to play
in interpreting the results of the next generation of variability surveys including those from
the Large Synoptic Survey Telescope (LSST) and the space-based gravitational wave detector
the Laser Interferometer Space Antenna (LISA) [1, 21].

Amongst the other phenomena the understanding of which is greatly impacted by
studies of post-CE PNe are SNe ia. Beyond simply constraining the CE, through which
all models of SN ia formation pass, PNe have much to reveal about individual models - in
particular, for the DD merger scenario. DD central stars appear over-abundant amongst the
total post-CE central star population. Given that the strongest candidate SN ia progenitor
systems are found in PNe, follow-up observations and modelling of other DD central stars
may prove a happy hunting ground in the search for a bona-fide progenitor system. Even
if they do not reveal a robust detection of a progenitor, these studies may prove crucial in
constraining the importance or even viability of the DD merger scenario, greatly furthering
our understanding the origin of SNe ia and what makes them such astonishingly accurate
standard candles.

Acknowledgments

This research has been supported by the Spanish Ministry of Economy and Competitiveness (MINECO)
under the grant AYA2017-83383-P.



Jones, D. 345

References

[1] Belczynski, K., et al. 2008, ApJS, 174, 223

[2] Boffin, H.M.J., et al. 2012, Science, 338, 773

[3] Brown, A.J., et al. 2018, MNRAS, in press arXiv:1810.09764

[4] Corradi, R.L.M., et al. 2011, MNRAS, 410, 1349

[5] Davis, P.J., Kolb, U., Knigge, C. 2012, MNRAS, 419, 287

[6] De Marco, O., et al. 2004, ApJ, 602, 93

[7] De Marco, O., Hillwig, T.C. & Smith, A.J. 2008, AJ, 136, 323

[8] De Marco, O., et al. 2015, MNRAS, 448, 3587

[9] Douchin, D., et al. 2015, MNRAS, 448, 3132
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Abstract

GALANTE is an optical photometric survey with seven intermediate/narrow filters that has

been covering the Galactic Plane since 2016 using the Javalambre T80 and Cerro Tololo T80S

telescopes. The P.I.s of the northern part (GALANTE NORTE) are Emilio J. Alfaro & Jesús

Máız Apellániz. and the P.I. of the southern part (GALANTE SUR) is Rodolfo H. Barbá.

The detector has a continuous 1.◦4×1.◦4 field of view with a sampling of 0.′′55/pixel and the

seven filters are optimized to detect obscured early-type stars. The survey includes long,

intermediate, short, and ultrashort exposure times to reach a dynamical range close to 20

magnitudes, something never achieved for such an optical project before. The characteristics

of GALANTE allow for a new type of calibration scheme using external Gaia, Tycho-2, and

2MASS data that has already led to a reanalysis of the sensitivity of the Gaia G filter. We

describe the project and present some early results. GALANTE will identify the majority

of the early-type massive stars within several kpc of the Sun and measure their amount and

type of extinction. It will also map the Hα nebular emission, identify emission-line stars,

and do other studies of low- and intermediate-mass stars.

1 Motivation

GALANTE is a project that is imaging the Galactic Plane (Fig. 1) using the Javalambre
T80 and Cerro Tololo T80S twin telescopes [1, 10]. The detector, footprint, exposure times,
magnitude range, survey dates, and filters are given in Table 1. The main goal of the project
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Figure 1: Footprint (red) of the 2009 GALANTE fields divided by hemisphere (top: north,
bottom:south). Blue symbols are stars from the Galactic O-Star Catalog (GOSC, [15, 17, 20,
21], http://gosc.cab.inta-csic.es), which are mostly O+B+WR stars. The background
is an Hα image [2] in a log scale aligned with Galactic coordinates using an Aitoff projection.
The off-plane fields include the LMC, the SMC (bottom), M31, and M33 (top).

is to identify a near complete sample of Galactic obscured O+B+WR stars up to several kpc
and measure their extinction but other objectives will be achieved with the survey. As there
are a number of other large-area or whole-sky existing/ongoing photometric surveys (Tycho-2,
2MASS, SDSS, EGAPS, Gaia, Pan-STARRS, J-PLUS, S-PLUS, J-PAS, VVV. . . ), the reader
may ask him/herself: why one more? Because none has the GALANTE characteristics:

Region of the sky: Some surveys (e.g. SDSS) concentrate in areas away from the Galactic
plane, which they do not cover (or do not do it completely). GALANTE covers the Galactic
Plane, LMC, SMC, M31, M33, and a few off-plane Galactic clusters.
Magnitude range: Most ground-based surveys use 2-4 m telescopes with one or two expo-
sure times. Hence, they saturate around magnitude 11-12 and cover a dynamic range of 10-12
magnitudes. GALANTE uses 80 cm telescopes with four exposure times to photometer all
stars down to magnitude 19-20 (Fig. 2). This is important for obscured stars, which may be
close to the detection limit in the blue and be brighter than magnitude 10 beyond 8000 Å.
Filter selection: Some surveys use filter sets not optimized for (e.g. SDSS ugriz) or in-
capable of (e.g. Tycho-2 BV or 2MASS JHK) measuring the Balmer jump, which is the
only realistic method to determine Teff for hot stars [11, 8, 18, 12]. Also, no similar survey
includes two narrow filters (on-band and off-band) for Hα in order to photometer that line
for stars (in absorption or emission) and to map the nebulosity with subarcsecond pixels.
Calibration accuracy: GALANTE uses narrow/intermediate band filters, which are less
sensitive to photometric accuracy problems induced by atmospheric extinction.

http://gosc.cab.inta-csic.es
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Detector: 1.◦4×1.◦4 continuous FOV with 0.′′55 pixels.
Footprint: T80: |l| < 3o + |δ| > 0o plus selected regions, 1100 sq. dg., Fig. 2.

T80S: |l| < 3o + |δ| < 0o plus selected regions, 1100 sq. dg., Fig. 2.
Exposure times: 2×0.1 s + 2×1 s + 2×10 s + 4×50/100 s (at two different airmasses).
Magnitude range: Unsat. AB mag 3-17 with S/N > 100 in all filters, detect. to AB mag 19-20.
Survey dates: GALANTE NORTE (T80): 2016-2021. GALANTE SUR (T80S): 2018-2023.
Filters: F348M Strömgren u equivalent, Teff + extinction determination.

F420N Continuum between Hδ and Hγ, Teff + extinction determination.
F450N Continuum between Hγ and Hβ, Teff + extinction determination.
F515N Strömgren y equivalent, Teff + extinction determination.
F660N Hα line, pure nebular images + emission-line star detection.
F665N Hα continuum, pure nebular images + emission-line star detection.
F861M CaT, tie-in with Gaia-RVS and 2MASS, extinction typing.

Table 1: GALANTE in a nutshell

Confusion: The three-band (G+GBP+GRP) Gaia photometric survey will address most of
the problems above, especially after the full spectrophotometry is available in DR3. How-
ever, it will suffer from confusion in crowded and/or nebular regions (common for O+B+WR
stars), as the GBP+GRP instrument behaves as a slitless spectrograph.

2 Measuring temperature

Figure 3 shows the seven passbands used in the GALANTE survey, four of them in
common with the J-PLUS survey [1] (F348M+F515N+F660N+F861M) and three specifi-
cally designed for the project (F420N+F450N+F665N). The four bluemost filters have been
chosen to measure the Balmer jump: F348M measures the continuum to its left while
F420N+F450N+F515N do it to the right avoiding the Balmer lines. GALANTE will be
used to measure Teff in two steps.

First, we build the two indices (analogous to m1 and c1 in the Strömgren system)
m′ = F420N−1.47 F450N+0.47 F515N and c′ = F348M−3.44 F420N+2.44 F450N, where the
coefficients were determined empirically. As shown in the left panel of Fig. 4, those indices
are nearly independent of gravity, metallicity, and type or amount of extinction for hot stars
(Teff > 10 kK) and depend almost only on Teff with a large dynamic range in c′ of more
than one magnitude between 10 kK and 40 kK. For cooler stars, the position in the index-
index diagram depends not only on Teff but also on gravity, and to some extent on the
other quantities. The validity of this method is shown on the right panel of Fig. 4, where
a preliminary analysis (see below for calibration issues) of one of the GALANTE fields in
Cygnus OB2 using aperture photometry correctly places the stellar locus and classifies the
stars with known spectral types. Therefore, we will use these indices to give a preliminary
estimate of stellar temperature.

As a second step, we will combine GALANTE with 2MASS and process the photometry
with CHORIZOS [3], a Bayesian photometric code that allows the simultaneous calculation
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Figure 2: GALANTE RGB
(F665N+F450N+F420N) im-
age of the Pleiades obtained
with the Javalambre T80 tele-
scope. The combination of
four exposure times (from 0.1 s
to 50 s) yields not a single
saturated pixel (despite the
presence of the 2nd magni-
tude Alcyone) while detecting
faint objects with magnitudes
19-20. The field of view is
1.◦4×1.◦4 with N toward the top
and E toward the left.

of Teff , luminosity class, E(4405 − 5495) or amount of extinction, and R5495 or type of
extinction from photometric data. The output will be combined with Gaia parallaxes to
compare trigonometric and spectroscopic distances and build a 3-D extinction map of the
solar vicinity more accurate than previous attempts, allowing for different types of extinction.

3 Photometric calibration

The primary photometric calibration of GALANTE uses the fact that a typical 1.◦4×1.◦4
Galactic Plane field contains ∼ 100 objects with good-quality Tycho-2 BT+VT + Gaia
G+GBP+GRP + 2MASS J+H+K (8 filters) and ∼ 104 objects with their Gaia and 2MASS
equivalents (6 filters). We process that input photometry with CHORIZOS [3] and the
SED grid of [7] to generate synthetic predicted magnitudes (and their uncertainties) in each
of the seven GALANTE filters allowing for arbitrary variations in Teff , luminosity class,
E(4405 − 5495), and R5495. The resulting predicted uncertainties for a single star are in
the range of one hundredth to a few tenths of magnitude, with lower values for objects with
8-filter photometry and lower input uncertainties and for redder filters. For each field and
filter we first combine the information from the ∼ 104 objects with 6-filter photometry to
detect (and correct if necessary) possible low-order flat-field issues and we then use objects
with 8-filter photometry to calculate the zero point, which has a typical uncertainty of one
hundredth of a magnitude. The whole process is dependent on the accuracy of the calibration
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Figure 3: Normalized pass-
bands for the seven GALANTE
filters compared with model
SEDs of stars with different
Teff [7]. The filter combination
F438M+F420N+F450N+F515N
has been chosen to accurately
measure the Balmer jump
using continuum regions that
avoid the strong Balmer lines.
J-PLUS filters are plotted with
dotted lines and filters exclusive
to GALANTE are plotted with
solid lines.

of the input photometry (Tycho-2, Gaia, and 2MASS), to which we have devoted a strong
effort until being satisfied [4, 5, 6, 9, 13, 14]. The right panel of Fig. 4 shows how well this
works even with a preliminary version in which we used (a) aperture instead of PSF photom-
etry and (b) the ∼ 100 object calibration sample and only six filters (it was done before Gaia
DR2 so no GBP+GRP photometry was available and we used the calibrations of [6] and [9]
instead of those of [13] and [14]).

We also use several secondary calibration mechanisms:

• Comparison of results for the same field using different exposure times and air masses
to check for anomalous detector effects or atmospheric extinction.

• Comparison between adjacent fields. The GALANTE strategy leaves a generous overlap
(∼ 12′) between fields to allow for the identification of possible zero point offsets.

• Use of spectrophotometric standards. Note that the GALANTE FOV is large enough
that ∼ 10% of the fields have standards of one type or another. Also note that we have
recently increased the sample of spectrophotometric standards [14].

• Use as CHORIZOS input the temperature and gravity of objects with accurate spec-
troscopic classifications, especially early-type stars for which the intrinsic SED is well
known. This leads to reduced uncertainties for the predicted magnitudes. For this pur-
pose we use the spectral classifications from the Galactic O-Star Spectroscopic Survey
(GOSSS, [16, 19, 22, 23]).
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Figure 4: [left] A index-index diagram using model SEDs from [7]. Note how we can measure
Teff for hot stars (lower branch) independently of gravity, metallicity, and reddening. [right]
Same diagram with only the first, second, and fourth synthetic photometry functions plus
overplotted data from one of the GALANTE fields in Cygnus OB2 (using a preliminary
calibration). Most of the stars in the diagram follow the main-sequence track between A
and K stars, as expected. The field contains a very rich highly extinguished OB association.
This results in few late-B stars present (they are too dim for GALANTE at the distance
and extinction of the association) but also in 100+ O and early B stars detected. Despite
their high extinction (AV ∼ 6 mag), they are at the expected location in the diagram and
the existing spectral types confirm their nature, thus providing an indication of the excellent
quality of the data and calibration.

4 Objectives and planning

The main objective of GALANTE is to identify all Galactic O+B+WR stars down
to magnitude 17 and estimate their Teff . We will cross-match all OBA stars with 2MASS
and measure their E(4405− 5495) and R5495. We will coordinate our efforts with the Stellar,
Circumstellar, and Interstellar Physics WEAVE survey and with GOSSS to acquire follow-up
spectroscopy of the newly found O+B+WR stars.

Some additional objectives include (a) a magnitude-limited catalog of emission-line
stars, (b) the IMF of large-area clusters and associations, (c) a continuum-subtracted Hα
map with subarcsecond pixels, and (d) cross-calibration with Gaia.

GALANTE NORTE started taking data in 2016 and GALANTE SUR in 2018. If
weather behaves, we should complete the northern survey in 2021 and the southern one in
2023. For the long-term future several extensions are possible: deep surveys of interesting
regions, multiple epochs, and additional filters are some of the possibilities.
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[15] Máız Apellániz, J. et al. 2004, ApJS 151, 103

[16] Máız Apellániz, J. et al. 2011, HSA VI, 467
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Abstract

Observations from massive stars in H ii regions can help to clarify theories of massive star for-

mation because they show the degree of isolation under which massive stars can be formed.

We present a new survey, called ’A-SMASHeR’, consisting of massive stars associated to

not yet characterized H ii regions that are either more distant or more heavily embedded

than the traditional samples. It will allow us to study in a homogeneus way many massive

stars placed at different distances between l=30◦ and 180◦, presenting different reddenings

and metallicities. Besides, we will use it to constrain better the theories of stellar formation

and design future observations with MIRADAS

1 Introduction

High mass stars (M ≥ 8 M�) are crucial agents in the evolution of galaxies and have a
disproportionate effect upon their environment. They provide most of the mechanical energy
input into the interstellar medium through stellar winds and supernovae, and most of the UV
ionizing radiation of galaxies. They also power the far-IR luminosities of galaxies through
the heating of dust and are the primary source of CNO enrichment of the interstellar medium
[1]. However, we still know very little about their formation, structure, evolution and death.

How do massive stars form? This is a fundamental question in astrophysics to clarify
nowdays. At present, two main theories are invoked: (a) monolithic core accretion, basi-
cally a scaled-up version of classical low-mass formation theories, where very high opacities
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allow infalling material to overcome the radiation pressure ([2] and [3]) and (b) competitive
accretion, where massive stars are formed in cluster cores, benefiting from the gravitational
potential of the whole cluster to accrete more material ([4] and [5]). One of the key obser-
vations that may help to clarify theories of massive star formation is the degree of isolation
under which massive stars can be formed [6].

H ii regions are places of very recent massive star formation. They are made of plasma
ionized by the far-ultraviolet radiation from the massive O-type and B-type stars living in
their interior. They can be seen across the entire Galactic disk, because they are very bright
at mid-infrared to radio wavelengths. We can use them to answer one of the main questions
in the modern theory of star formation: to which degree OB stars can form in true isolation
([6] and [7]). Isolated OB stars are known to exist, but the present controversy is if they were
formed in situ. OB stars within an H ii region have recently formed within it, and are thus
ideal targets to test this hypothesis. To characterize the whole population associated with
the H ii regions, we must use infrared detectors.

MIRADAS is a Mid-resolution InfRAreD Astronomical Spectrograph that will be in-
stalled on the GTC in 2019 [8]. It is a near-infrared multi-object echelle spectrograph op-
erating at spectral resolution R = 20 000 over the (1 − 2.5) microns range that can obtain
simultaneous spectra of up to 12 targets. The massive stellar content of the Milky Way is
one of the MIRADAS science design reference cases because MIRADAS@GTC at R = 20 000
is the ideal instrument to enable a proper abundance and radial velocity analysis of massive
stars. Observing programmes with MIRADAS will provide insights on the details of the for-
mation and stellar evolution of massive stars, the chemical composition of the inner Galaxy
and the role of the different kinematical populations that populate the inner regions of the
Milky Way.

2 Alicante Survey of MAssive Stars in Hii Regions
(A-SMASHeR)

Members of the MIRADAS science team are getting ready for the arrival of MIRADAS.
We are looking for candidate massive stars to observe with MIRADAS by identifying the
population of massive stars associated to the H ii regions that have not been yet characterized
[9]. This new survey of massive stars is formed by objects that are either more distant or more
heavily embedded than the traditional samples. It will allow us to study in a homogeneus way
many massive stars placed at different distances between l=30◦ and 180◦, presenting different
reddenings and metallicities. The more embedded population will signal the youngest sites
of star formation. On the other hand, we are selecting a sample of H ii regions with a
wide variety of shapes and sizes. We want to study the formation of massive stars in small
and isolated H ii regions as well as in extended H ii regions belonging to large areas of star
formation. In some cases, we are choosing fields containing different small H ii regions and
we are very interested in studying if the massive populations of these regions are connected
between them. We used LIRIS at the WHT to obtain images for a hundred different fields
in the JHKS bands and now we are getting spectra with EMIR at the GTC for those fields
with apparently isolated stars.
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Figure 1: Left: Field observed with LIRIS for the H ii region G124.640+02.536. The image
is a 3 colour composite (JHKS) and has asize 4.632′×4.369′. We can see that the majority of
the stars have blue colour. Only a few stars in the center are reddened stars. Right: Zoom
for the center of the field where the reddened stars lie. It has a size 44.89′′×42.33′′.

We are building a new survey called “Alicante Survey of MAssive Stars in H ii Regions
(A-SMASHeR) ” with a new sample of massive star forming regions that are either very
distant, very reddened or both. It will represent a very significant contribution to the number
of massive H ii regions whose stellar population is characterized. Besides, it will allow us to
constrain better the theories of stellar formation and will be very useful to design the future
observations with MIRADAS

3 Results

From an initial study using images and JHKS photometry, we could identify the massive
star population associated to the H ii regions. Initially, we have selected 18 candidate massive
stars to be apparently isolated. Here, we present an example with the study of the H ii region
G124.640+02.536. In Fig. 1 we show the images in three colours taken with LIRIS. We can
see the different colours of the stars in the field (Left). The redder stars are lying in the
center (Right). We carry out the JHKS photometry and build the (J −KS).vs.KS diagram
(see Figure 2). Stars located beyond (J −KS) ≥ 2.5 are clearly separated and correspond to
the redder stars in Figure 1. In Fig. 3 we plot the position of these reddened stars in a WISE
image and in a LIRIS image, respectively. We can observe that the brightest reddened star
(KS = 11.82; (J −KS) = 3.51) is inside the H ii region while the next in brightness but less
reddened star (KS = 12.25; (J − KS) = 2.92) is outside the H ii region at 1.5′ in the SW
direction. Therefore, we have a clear photometric candidate OB star ionizing the H ii region
whose nature will be confirmed using EMIR spectroscopy. With the spectral type we will
estimate its intrinsic brightness and then we will use our LIRIS photometry to verify if any
other massive stars could be present in the H ii region by checking if they have the expected
magnitude and colours.
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Figure 2: (J − KS).vs.KS diagram for the stars in the field from our LIRIS photometry.
The group of the stars lying beyond (J −KS) ≥ 2.5 correspond to the heavily reddened stars
in the field.



Marco, A. et al. 357

CDS/P/allWISE/color

30"
3.608’ x 5.256’

N

EPowered by Aladin

RGB_img.fits

30"
3.106’ x 4.524’

N

EPowered by Aladin

Figure 3: Left: WISE image for the H ii region G124.640+02.536. Stars lying beyond
(J −KS) ≥ 2.5 in Figure 2 are marked as green open squares Right: Zoom in of the LIRIS
image for the H ii region G124.640+02.536 shown before. Stars lying beyond (J −KS) ≥ 2.5
in Figure 2 are marked as green open squares



358 Massive star formation

Acknowledgments

This research is partially supported by the Spanish Government Ministerio de Economı́a y Competi-
tividad under grant AYA2015-68012-C2-2-P (MINECO/FEDER). The photometric observations were
obtained with the WHT, which is operated on the island of La Palma by the Isaac Newton Group
and installed in the Spanish Observatorio del Roque de Los Muchachos of the Instituto de Astrof́ısica
de Canarias. This research has made use of Aladin, operated at CDS, Strasbourg (France).

References

[1] Massey, P. 2003, ARA&A, 41, 15

[2] Yorke, H.W. and Sonnhalter, C. 2002, ApJ, 569, 846

[3] Krumholz, M.R., Klein, R.I., McKee, C.F., Offner, S.S.R. and Cunningham, A.J. 2009, Science,
323, 754

[4] Bonnell, I.A. and Bate, M.R. 2006, MNRAS, 370, 488

[5] Smith, R.J.; Longmore, S. and Bonnell, I. 2009, MNRAS, 400, 1775

[6] Lamb, J.B., Oey, M.S., Werk, J.K, and Ingleby, L.D. 2010, ApJ, 725, 1886

[7] Oey, M.S., Lamb J.B., Kushner C.T., Pellegrini E.W. and Graus A.S. 2013, ApJ, 768, 66

[8] Eikenberry, S. S. 2013, RMxAA, 42, 93

[9] Anderson, L.D., Bania, T. M., Balser, Dana S. and Rood, Robert T. 2011, ApJ, 194, 32



Highlights on Spanish Astrophysics X, Proceedings of the XIII Scientific Meeting of the Spanish 
Astronomical Society held on July 16 – 20, 2018, in Salamanca, Spain. B. Montesinos,  A. Asensio Ramos, 
F. Buitrago, R. Schödel, E. Villaver, S. Pérez-Hoyos, I. Ordóñez-Etxeberria (eds.), 2019 
 

The potential of Hα spectro-astrometry to detect
forming planets in disks around young stars.

I. Mendigut́ıa1
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Abstract

This proceedings paper discusses how spectro-astrometry in Hα can be used as an alternative

technique to detect planets in formation around young stars. The basic principles, method-

ology, and observational constraints in terms of brightness contrast, angular accuracy and

signal to noise ratio are summarized, along with the specific capability of spectro-astrometry

to eventually separate the individual spectra of a system formed by a young star plus an

accreting planet. The case of LkCa 15 serves to illustrate the first use of spectro-astrometry

to accurately test the presence of a forming planet in a protoplanetary disk.

1 Introduction

Thousands of exoplanets orbiting stars different than our Sun have been confirmed to date.
However, the vast majority of them are found around relatively evolved stars, and only a few
candidates have been proposed to be located in the places they form: the inner ∼ 100 au
within the protoplanetary disks that surround the stars when these are young (< 10 Myr).

Current detection methods of young planets in orbits between 1 and 100 au are mainly
based on high-contrast, high-angular resolution techniques like interferometry, sparse aperture
masking, or differential imaging [13, 18, 10]. However, these techniques rely on complex,
state of the art instrumentation and data reduction processes, which is partially leading to
a debate on the interpretation and real origin of the detections [19, 7, 15, 11, 9]. Moreover,
among the few young candidate planets only two have been reported to be in the actual
formation phase, based on the detection of Hα emission associated to active accretion of
the circumplanetary material. The first one was reported around LkCa 15 [16], although
the infrared (IR) brightness originally associated to planet emission is now attributed to
persistent structures in the inner disk [19]. The second accreting planet has been reported
very recently around PDS 70 [20].
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Complementary observational methods are thus useful to test the presence of planets in
formation and eventually provide new detections from alternative approaches. Sect. 2 shows
the potential of Hα spectro-astrometry to detect such planets (for more general spectro-
astrometric reviews see [1, 23, 6]), Sect. 3 provides an example of spectro-astrometry applied
to LkCa 15, and Sect. 4 summarizes the main conclusions.

2 Hα spectro-astrometry and planet detection

The simplest instrumental requirement to carry out spectro-astrometry is a spectrograph
with an orientable long-slit, providing 2D spectra with the dispersion axis perpendicular to
the slit and the spatial axis in the parallel direction. The spectro-astrometric methodology
is summarized in Fig. 1. The blue plane represents the CCD with the dispersion (λ) and
the spatial (x) axes perpendicular to each other. The number of counts per second is rep-
resented by the I-axis perpendicular to the detector. The usual “intensity spectrum” is the
representation of I vs λ. Spectro-astrometry also exploits the spatial information contained
in the CCD by fitting the spatial profile at each wavelength, normally by means of a Gaussian
characterized by its centre and full width half maximum (FWHM). Therefore, the spectro-
astrometric observables include, apart from the intensity spectrum, a “position spectrum”
(xc vs λ) and a “full width half maximum spectrum” (FWHM vs λ). The position spectrum
contains information about the wavelength-dependent photocentre of the emitting source in
the direction of the slit, and the FWHM spectrum about the wavelength-dependent emitting
size in such direction (apart from the seeing for Earth-based telescopes and the instrumental
point spread function, both roughly constant for a small wavelength range). For a given
target, the typical spectro-astrometric observing strategy requires two slit positions perpen-
dicular to each other, plus two slit orientations per position (parallel and anti-parallel). The
former serve to constrain the position and extent of the different sub-structures in the plane
of the sky from photocentre displacements and FWHM signals, and the latter serve to ad-
dress possible instrumental artifacts (real photocentre features from the sources will reverse,
whereas instrumental effects remain the same, and can be removed; [1]).

Using this clever and relatively simple technique, it is possible to probe structures
at angular scales of (sub-)mas [22], even with mid-size telescopes non-assisted by adaptive
optics (Sect. 3). Particularly relevant for the scope of this paper is that spectro-astrometry
has demonstrated to be a key technique to test the presence and find new stellar companions
around young T-Tauri and Herbig Ae/Be stars, when the contrast between the corresponding
Hα emission lines is different than in the continuum [2, 17, 4, 21]. The situation is similar for a
system formed by a young star and a forming planet. Although these are faint and the optical
continuum is clearly dominated by the central star, planets in formation are accreting their
circumplanetary material and thus they probably show strong Hα emission that significantly
reduces the contrast at these specific wavelengths [24].

By definition, the photocentre shift expected for a young star and a forming planet
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Figure 1: (Taken from [3]) The blue plane represents the CCD, with the spectral and spatial
axis indicated by λ and x, respectively. The vertical, I-axis represents the intensity. For
each wavelength λ, the spatial distribution in the x-axis is fitted to a Gaussian characterized
its centre (xc) and FWHM. The spectro-astrometric observables are the intensity (I vs λ),
position (xc vs λ) and FWHM (FWHM vs λ) spectra.

separated s mas in the plane of the sky and with an Hα contrast of cHα magnitudes is:

δphot =
Ip × s

I∗ + Ip
=

s

100.4cHα + 1
, (1)

where I∗ and Ip are the Hα intensities of the central star and the planet, and the zero-point is
the photocentre position of the adjacent continuum mainly coming from the star. In turn, the
accuracy needed to detect such a photocentre shift is mainly determined by the atmospheric
seeing and the signal to noise ratio (SNR) of the spectra [6]:

δphot ∼ 0.4 × seeing

SNR
. (2)

Based on the two previous equations, Fig. 2 shows the expected photocentre shifts (left) and
the nominal SNRs (right) necessary to make spectro-astrometric detections for different Hα
contrasts and a range of star-planet separations. A distance of 140 pc (the rough average to
Taurus) has been adopted, as well as two limits representing good and bad seeing conditions
(0.6” and 1.5”, respectively). These estimates show that (sub-)mas photocentre shifts are
expected for accreting planets located between 1 and 100 au from the star with Hα contrasts
between 4 and 9 magnitudes. Those shifts can be measured under good seeing conditions and
maximum spectral SNRs arbitrarily set to 1500. For worse seeing conditions the sensitivity
can decrease by up to 1 magnitude. Reaching high SNRs depends on the R-band brightness
and can require co-adding individual spectra of faint stars, for which one can take advantage
of the spectro-astrometric observing strategy previously mentioned.

The discussion above does not consider other aspects that are also important for
spectro-astrometry. For instance, based on Hα spectra of wide-orbit sub-stellar mass ob-
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Figure 2: Star-planet Hα contrast reached as a funtion of the photocentre shift (left) and
the corresponding spectral SNR (right) for different star-planet separations (at the Taurus
distance of 140 pc) and seeing conditions, as indicated.

jects [5], a minimum spectral resolution of λ/δλ > 1000 is in principle necessary to resolve
the spectral lines and detect planetary photocentre shifts. Indeed, higher resolution spec-
tra are desirable to apply spectral binning and significantly improve the spectro-astrometric
accuracy without losing the shape of the Hα emission. In addition, CCDs with small plate
scales (in “/pixel) provide better accuracy when spectro-astrometric signals, measured in
pixels, are converted into angular units.

Finally, the high angular resolution and brightness contrast that can be probed through
spectro-astrometry are not the only advantages of this technique. Probably the most relevant
characteristic is that spectro-astrometry is potentially capable of recovering the individual
spectra of the star and the planet from the unresolved, total observed spectra I(λ) = I∗(λ)
+ Ip(λ). In the simplest approach, Eq. 1 implies

Ip(λ) = I(λ) × δphot(λ)

s
; I∗(λ) = I(λ) × (1 − δphot(λ)

s
), (3)

which requires knowing the star-planet separation from complementary methodologies [1, 8].
Moreover, the individual spectra in a binary system can also be deconvolved from the three
spectro-astrometric observables, I(λ), δphot(λ), and FWHM(λ), without a priori knowledge of
the position of the companion [14, 21]. The eventual extraction of the Hα emission spectrum
of a planet from spectro-astrometry, combined with detailed accretion modelling [24], can be
a unique tool to understand the accreting phase of planets in formation.

3 A pilot study: LkCa 15

The first Hα emission attributed to a forming planet was observed around the young T-Tauri
star LkCa 15 [16]. This and two more candidate planets in orbits of ∼ 15 au around the same
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Figure 3: (Adapted from [12]) Spectro-astrometric spectra of GU CMa (left panels) and
LkCa 15 (right panels). For GU CMa, the left sub-panels plot the individual spectra for
the two slit orientations parallel to the position of the companion (red and blue) and the
averaged spectra (black). For the perpendicular position of GU CMa, and for LkCa 15, only
the averaged spectra are shown both with the original spectral resolution (dotted lines) and
after rebinning (solid lines). The rebinned accuracies are indicated with the horizontal dashed
lines, reaching less than 1 mas for LkCa 15. The red lines result from a model of symmetric
Hα emission with extent similar to the orbit initially attributed to a planet.

star appeared bright also in the IR. A more recent work by [19] shows that the IR-bright
sources could instead be part of the inner disk that extends up to ∼ 30 au, although the
Hα emission would remain unexplained. We have recently applied Hα spectro-astrometry
to LkCa 15 [12]. We first observed the well known young binary star GU CMa to test the
spectro-astrometric performance of ISIS mounted on the 4.2m William Herschel Telescope.
The main results are shown in Fig. 3, which serves to illustrate different topics mentioned in
this work. The observed position and FWHM spectra of GU CMa are consistent with a binary
system with similar continuum brightness and Hα emission dominated by the central star.
In turn, the lack of photocentre shift and the similar FWHM signatures at both slit positions
cannot be explained by an accreting planet around LkCa 15, but by a roughly symmetric Hα
emission with size comparable to the orbit originally associated to that planet. The origin of
such an extended emission is perhaps related to a variable disk wind [12].

Although our data are not consistent with the presence of an accreting planet in the case
of LkCa 15, they show for the first time that spectro-astrometry can reach enough brightness
contrast and spatial resolution to test the presence of forming planets in disks around young
stars and look for new candidates.
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4 Conclusions

Spectro-astrometry is capable of reaching an Hα brightness contrast of several magnitudes
within the inner 100 au of protoplanetary disks by measuring (sub-)mas photocentre shifts.
This property, along with the fact that spectro-astrometry is technically capable of extracting
the Hα emission spectrum of a forming planet, makes it ideal for future surveys that allow
us to increase the sample of such planets and understand their formation process.
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Sorbonne Universités, UPMC Univ. Paris 06, 75005, Paris, France
4 Instituto de Radioastronomı́a Milimétrica (IRAM), Av. Divina Pastora 7, Nucleo Central,
18012, Granada, Spain
5 LERMA, Observatoire de Paris, PSL Research University, CNRS, UMR8112, Place Janssen,
92190, Meudon Cedex, France
6 Laboratoire d’astrophysique de Bordeaux, Univ. Bordeaux, CNRS, B18N, allée Geoffroy
Saint-Hilaire, 33615, Pessac, France
7 Faculty of Aerospace Engineering, Delft University of Technology, Delft, The Netherlands ;
University of Leiden, P.O. Box 9513, NL, 2300 RA, Leiden, The Netherlands
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Abstract

Sulfur is of fundamental importance in a wide variety of phenomena such as life on Earth.

This element is one of the most abundant elements in space S/H ∼ 1.3×10−5, but sulfuratted

molecules are not as abundant as expected, thus a better understanding of sulfur chemistry is

needed. We study and model the abundance of H2S in two prototypical dark clouds, TMC1

and Barnard 1, to shed light on the physical and chemical processes involved in H2S creation

and destruction. Our observations are consistent with a PDR model in which H2S is formed

in grain mantles and released to gas phase via photodesorption. We cannot discard the

contribution of other desorption processes, such as chemical desorption and/or grain-grain

collisions, to enhance the H2S abundance.

1 Introduction

Astrochemistry is an important tool to characterize the evolution of molecular gas from diffuse
clouds to dense cores. In this dynamical evolution, gas cooling and gas ionization degree
regulate cloud collapse. Sulfur plays an important role in this collapse since it is one of
the most abundant elements in the universe, with a relative abundance of S/H∼ 1.3× 10−5

[1], and it is the main donor of electrons in the 3.7 - 7 magnitude range. Despite its high
relative abundance, sulfuratted compounds are not as abundant as expected in molecular
clouds. Sulfur is thought to be depleted by a factor of 103 inside dark clouds compared to its
cosmic abundance. The missing sulfur might be locked into grain mantles (e.g. [18]), which
would form H2S preferentially due to the high hydrogen abundance and mobility in the ice
matrix. Therefore, studying the abundance of the H2S molecule, which cannot be explained
solely by gas-phase chemical reactions [24], may shed light into the physical and chemical
processes responsible for sulfur depletion. We investigate the H2S gas-phase abundance in
two prototypical dark clouds: TMC1 and Barnard 1.

2 TMC1 and Barnard 1

TMC1, part of the Taurus molecular cloud (TMC), is one prototypical filamentary dark
cloud cold core with quiescent star forming regions, at 140 pc. One of the largest Planck
Galactic Cold Clumps (PGCC) groups in TMC is the Heiles Cloud 2 [13][20][22]. Malinen et
al [17] identified two long filaments in HCL 2 at the eastern edge of the Taurus Molecular
Ring, based on near-IR (NIR) extinction and Herschel data; one of these filaments was TMC-1.
There are three visual extinction peaks along the TMC-1 filament, the well-known positions
TMC1-CP, TMC1-C2 and TMC1-NH3 (see Fig. 1).

Barnard 1, embedded in the western sector of the 30pc wide molecular cloud complex
Perseus, is a close (230pc) and young, intermediate-mass star forming cloud. It is known to
host class 0 protostars [11][12], providing a bridge between the low-mass star formation of
Taurus, and the massive star forming regions such as the Orion molecular cloud. This core
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Figure 1: Visual extinction maps of TMC1 and Barnard 1 filaments, respectively (Kirk et
al., in prep, Zari et al. 2015). White crosses mark the observed positions.

hosts two candidates for a first hydrostatic core [8], B1b-N and B1b-S, proving its young star
formation. We observed through a cut associated with the extinction peak in B1b (see white
marks in Fig. 1), which is the most prominent core in B1.

3 IRAM 30m and Yebes 40m telescopes

This work is based on data from the GEMS IRAM 30m Large Program (Gas phase Elemental
abundances in Molecular CloudS, PI: A. Fuente) and complementary observations carried
out with the Yebes 40m telescope. Using the wide bandwidth of the IRAM 30m receivers, we
can observe the most intense 3mm and 2mm lines of these species with only 4 receiver setups.
As backends we used the Fast Fourier Transform spectrometers (FFTS) correlators, which
provide a frequency resolution of ∼ 49 kHz, enough to resolve the narrow lines expected in
this dark cloud. The Yebes 40m telescope is equipped with HEMT receivers for the 2.2-50
GHz range, and a SIS receiver for the 85-116 GHz range. Single-dish observations in K-band
(21-25 GHz) and Q-band (41-50 GHz) can be performed simultaneously. The intensity scale is
TMB and calibration errors are ∼ 20%.

4 H2S abundances

The analysis of the J = 1→ 0, J = 2→ 1 and J = 3→ 2 lines of CS and its isotopologues
allows us to derive reliable values of line opacities and hydrogen densities towards the considered
regions. We use Markov Chain Montecarlo sampling methods [5] as described in [7], and the
radiative transfer code RADEX [23] to estimate the physical conditions of the gas. To estimate
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K

Figure 2: H2S abundance against visual magnitude, kinetic temperature, and n
√
T respec-

tively, to show the dependence in eq. (1), for TMC1 (blue) and Barnard 1 (green).

the ortho-H2S abundances we have used the code RADEX and the collisional coefficients for
ortho-H2O [4], assuming thermal ortho-para ratio for H2 and scaled to ortho-H2S. We hence
fit the line intensities of the o-H2S J = 11.0→10,1 line assuming the physical conditions derived
from CS observations. The H2S abundance is calculated assuming an ortho-to-para ratio of 3.
Fig. 2 shows the H2S abundances as a function of the visual extinction in TMC 1 and Barnard
1b. The H2S gas-phase abundance reaches its maximum value, X(H2S) ∼ 1 − 3 × 10−8, at
the edges of the clouds. For visual extinctions larger than ∼ 10 mag, the abundance steeply
decreases until values of ∼ a few 10−10 at AV ∼ 20 mag. For dust grain temperatures below
the H2S evaporation temperature, ∼ 50 K [16], the H2S molecules are expected to stick on
grains in every collision and the depletion time scale is given by

X(H2S) ∝ tst ≡
1

ngrσgrv0
∝ 1

n
√
T
. (1)

Fig. 2 shows the derived H2S abundances abundances as a function of the gas kinetic
temperature and the parameter, n

√
T . Towards both sources, the H2S abundance decreases

as ∼ 1
n
√
T

, which corresponds to the slope of -1 seen in Fig. 2c, as expected when molecular

freeze-out on grain surfaces is the main destruction mechanism. The scattering in the estimated
values of the H2S abundances is, however, large. Besides, the H2S abundances estimated
towards Barnard 1-b seems to be systematically higher than those towards TMC 1 by a factor
of ∼ 3.

5 Chemical model

One interesting issue is to compare the sulfur and oxygen chemistry. Similarly to H2O,
H2S cannot be efficiently formed in gas phase in dark clouds. The observed abundances of
H2S should be the consequence of the desorption of H2S molecules from the grain surfaces.
The physical conditions in dark clouds greatly constrain the possible desorption mechanisms:
thermal desorption is only feasible for grain temperatures greater than 50 K [16], and sputtering
is important in fast shocks (vs> 5 km s−1), requiring our line profiles to be much wider. In a
first approximation, we can consider that photodesorption by UV field and secondary photons
are the main desorption agents. We have adapted the analytical model proposed for H2O by
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Figure 3: Fits of the dust temperature vs AV for the three cuts in TMC 1 and the one in
Barnard-1b, according to [14] parameterization. The best fit value of the incident UV field is
χUV ∼ 6.5 for TMC 1 and χUV ∼ 24 for Barnard-1b, in units of the Draine field.

[15] to the case of H2S molecule. In this model, the grains are supposed to be covered by an
ice layer and photodesorption is the only H2S formation path. On the other hand, freezing
onto grain mantles and photodissociation are responsible for gas-phase H2S destruction. We
assume that secondary photons do not contribute to the photodissociation rate RH2S , and
their extinction is similar to that of the FUV radiation. In the stationary state, creation (lhs
of (2)) and destruction rates (rhs of (2)) are equal, and therefore:

(G0F0e
−1.8AV + ΦSP)YH2Sfs,H2Sngrσgr = G0RH2Se

−1.7AV n(H2S) + n(H2S)v0ngrσgr, (2)

where YH2S=1.2×10−3 molecules per incident photon is the photo-desorption yield of H2S
[6], fs,H2S is the fraction of desorption sites occupied by H2S ice, G0 is the Habing field
(G0 = 1.7χUV), F0 is the flux of UV photons, and ΦSP is the rate of secondary photons
produced by cosmic rays interacting with H2 [9]. Rearranging:

x(H2S) =
(G0F0 e

−1.8AV + ΦSP)YH2S fs,H2S σH
G0RH2S e

−1.7AV + v0 nH(AV )σH
(3)

In addition, we equate the sticking rate of S atoms to the desorption rate of H2S to get the
analytic expression for the fraction of sites covered by H2S:

fS,H2S =
n(S)v0

Y (G0F0e−1.8AV + ΦSP)
(4)

Equations (3) and (4) determine the H2S abundance for given values of Av and n. Now, we
discuss the general properties of the model before going into detail on the selected sources.
When the visual magnitude increases, fS,H2S in Eq. (4) increases as well, reaching a saturation
value. The abundance relative to water found in comets is of the order of 2% [2], thus we
take the saturation value as fS,H2S,max = 0.02. In the low visual magnitude and density
regime, both gas-phase H2S formation and destruction processes are proportional to G0. As a
consequence, the gas-phase H2S abundance should reach an equal value, independently of G0.
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Figure 4: H2S abundance (blue) and the model prediction (red) for TMC1 and Barnard 1,
assuming a secondary photon flux of ΦSP = 2 × 104 photons cm−2 s−1 and ΦSP = 4 × 104

photons cm−2 s−1, respectively.

Once saturation occurs, X(H2S) in Eq. (3) starts dropping due to the increasing density,
and therefore depletion onto grains. In the shielded regime, the flux of secondary photons,
ΦSP and the gas density determine the H2S abundance, Values of ΦSP between 750 and a few
104 photon cm−2 s−1 have been reported in the literature [10][21]. We let ΦSP to vary within
this range.

6 Comparison with observations

In order to compare our model with the TMC 1 and Barnard 1b observations, the incident
radiation field needs to be quantified. This is done using the parametric expression that
relates dust temperature, visual magnitude, and Draine field reported by [14]. We obtain the
best fit with incident UV field of χUV ∼ 6.5 for TMC 1 and χUV ∼ 24 for Barnard-1b, in
units of the Draine field (see Fig. 3). We have introduced these numbers in equations (3) and
(4) to fit the H2S abundances and obtain a reasonable fitting of the observed H2S abundances
with ΦSP = 2 × 104 photons cm−2 s−1 in TMC 1 and ΦSP = 4 × 104 photons cm−2 s−1 in
Barnard 1b (see Fig. 4). Within this scenario, the difference between the measured H2S
abundance between TMC 1 and Barnard 1b is due to a different cosmic ray ionization rate. A
more detailed and complete chemical modeling of the two targets is required to confirm this
hypothesis. First of all, we need to take into account the 3D physical structure of the cores
in order to derive a precise H2S abundance profile. Recent laboratory work suggests that
chemical desorption might be important for H2S [19]. To introduce chemical desorption in the
model would allow to explain the H2S abundance in the shielded cloud with a lower secondary
photons flux. Our simple model considers adsorption and desorption processes but does not
account for surface chemistry and thus neglects the influence that the grain temperature is
expected to have in the H2S formation rate. Moreover, although fast shocks are not occurring
in these dense clouds, [3] suggests that sputtering by grain-grain collisions could be efficient
to desorb molecules at low velocities, hence increasing the H2S abundance.
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7 Conclusions

Single-dish observations of two nearby dark clouds, TMC1 (140 pc) and Barnard 1 (235
pc) are used to investigate the chemistry of H2S in starless cores. We have found that the
H2S abundance presents its maximum abundance at the cloud edge, X(H2S) ∼ 1− 3× 10−8

and decrease with density towards the visual extinction peaks. To explain this behavior we
propose a simple chemical model which assumes that H2S is formed on grain mantles, and
released into gas via photodesorption. Even though this model is quite simple, we find a
general agreement with the observations which supports that hydrogenation of S atoms on
the grain surfaces is the main formation path for H2S.
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Abstract

We present a comprehensive statistical study to understand the impact of galactic bubble
structures detected in the Spitzer observations throughout the galactic plane on the star
formation process. We analysed 1 360 galactic bubbles and ∼70 000 star-forming sources,
from both Hi-GAL and GLIMPSE surveys, located in their vicinity. The spatial distribution
of the star-forming sources seen in surface density maps reveal a clear evolutionary gradient,
were more evolved Young Stellar Objects (YSOs) are typically found in the center, while
recent star-forming sources (prestellar and protostellar) can be seen at the edges of the
bubbles.
Based on the dynamic ages derived for the bubbles and numerical simulations we find
that the timescale for star-formation are better describe advocating for the pre-existence of
density structures in the medium prior to the creation of the ionizing source(s).
Identical pattern of age distribution of star-forming sources has been found in a recent
detailed study of the nearby λ Ori bubble using APOGEE-2 and GAIA DR2 observations,
which provides compelling evidence of what we obtained in our statistical result. In light
of these results we propose a scenario for the star formation process in expanding ionizing
bubbles.

1 Introduction

Spitzer images at 8 µm and 24 µm reveal an almost ubiquitous presence of bubble structures
throughout the entire Galactic Plane [4, 5]. These bubbles are associated to H ii regions that
are generated by massive stars that ionize the surrounding medium, causing it to expand
isotropically. The expansion against the surrounding cold molecular medium may induce the
triggering of star formation as shown in several observational studies [28, 29, 7, 21, 15].

374
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This study aims to understand the relation between the presence of an H ii region, its
expansion and how star formation is progressing in its vicinity by combining information of
Galactic Plane surveys in a large sample of Galactic bubbles.

2 Statistical Sample

We made use of the The Milky Way Project (MWP) catalog [22] of bubbles extracted from
Spitzer-GLIMPSE 8 µm and 24 µm maps and selected 1 360 bubbles with radii larger than
72′′ to ensure that the bubbles were resolved in the Herschel maps. We searched for all
star-forming sources that were found within four times the effective radius of a bubble.

The YSO candidates were selected from the GLIMPSE catalog by following the same
approach as [10]. Subsequently, they were further classified into different evolutionary stages
Class I and Class II according to both their infrared spectral index [13] and their position in
the IRAC color-color diagram [2]. This led to a total sample of 10 694 Class I and 18 209
Class II sources. Class III YSOs were excluded due to the high level of contamination of
asymptotic giant branch (AGB) stars in the Galactic Plane that harbour thin disks that can
mimic the SED of class III YSOs [19].

To probe the most recent star formation activity we made use of the Hi-GAL source
catalog [8] and found a total sample of 25 911 prestellar (gravitationally bound) and 14 918
protostellar (based on 70 µm detection) clumps at the vicinity of our sample of bubbles.

This lead to a final sample of ∼70 000 star-forming sources at different evolutionary
stages located towards 1360 bubbles.

3 Results

3.1 Spatial distribution and evolutionary gradient of star-forming sources

The spatial information of all the star-forming sources located towards the 1 360 galactic
bubbles was compiled into surface density maps (see Fig. 1). These maps are spatially
normalized by the bubble radius and display the location of all star-forming source at a
given evolutionary stage. The surface density maps reveal how star-forming sources follow a
clear evolutionary trend, where more evolved star-forming objects are found spatially located
near the center, while younger star-forming objects are found at the edge of the bubbles.
Furthermore, considering all the star-forming sources we find ∼80% more star-forming objects
per unit area toward the direction of bubbles compared with their surrounding outer fields.

3.2 Dynamic age estimates of the bubbles

Considering that the 1 360 bubbles are at different stages of their expansion we derived
dynamic ages for a subsample of 182 HII regions, for which kinematic distances and radio
continuum flux measurements were available, by following the approach presented in Tremblin
et al. (2014)[23]. The analytical solutions and numerical simulations performed in their paper
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Figure 1: Surface density maps for all star-forming objects - Hi-GAL clumps, IRAC YSOs
and intrinsically red sources from [19] - associated to the bubble sample. The spatial scale
of the maps are normalized by the bubble radius (solid black circle). The dash black circle
represents the average shell radius.

demonstrated that the expansion of H ii regions is slowed down by turbulent ram pressure
(Pturb) of the environment until it reaches quasi-static equilibrium with the pressure of the
ionized gas (PII). With the use of radio continuum flux measurements and by applying the
Larson laws (see [14]) to infer PII and Pturb, respectively, dynamic age estimates were obtained
by comparing the results with the isochrones provided by the grid of 1D models of expanding
H ii regions. The derived dynamic ages are in good agreement with the photometric ages of
the ionizing stars in well-known regions (e.g., Rosette, RCW 36, RCW 79, and M16)[23].

Following this approach we derived dynamic ages for the 182 bubbles with distance
determination (obtain from the WISE catalog of Galactic H ii regions [3]) and radio continuum
flux measurements (1.4 GHz and 4.85 GHz from the NVSS [6] and PMNS [27], respectively).
In Fig. 2a) we present a top view of the location of the 182 bubbles in the Galactic plane,
with their respective dynamic ages and sizes. We find that the majority of the of the bubbles
follow the Galactic spiral arms and have ages younger than 4 Myr (∼80%), which can be
related with the typical lifetime of high-mass stars (a main-sequence spectral type O5 star,
for example, has an expected lifetime of ∼4 Myr [1].

3.3 Clump formation efficiency

To better comprehend the impact of H ii regions on the star formation process we need to
understand how efficient the conversion of cold neutral matter collected in their shells com-
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a) b) 

Figure 2: a) Bubble distribution in Galactocentric coordinates with their respective diameter
and age. The black solid curves represent the position of the 4 Galactic spiral arms based
on [20]. b) CFE of the Hi-GAL star-forming clumps as a function of the dynamic age of the
bubbles (solid black), prestellar (solid green), and protostellar (solid red) sources.

pares with region that are not affected by feedback processes. The clump formation efficiency
(CFE) was determined by calculating the ratio between the masses of the bubbles and the
masses of the respective associated Hi-GAL sources (prestellar and protostellar clumps). We
obtained a CFE ∼15% for the Hi-GAL star-forming sources, which means that typically
∼15% of the molecular gas around the bubbles are concentrated in the form of prestellar or
protostellar clumps. This value is a factor of ∼2 higher than the CFE estimated outside the
bubbles and compared with other well-known active star-forming regions (e.g., RCW106[17]
and W43[16]).

In Fig. 2b) we can see how the CFE varies with the evolution of the bubbles. Interest-
ingly, we find that CFE for protostellar clumps tends to decrease with the age of the bubble,
while CFE of prestellar clumps seems to remain nearly constant. We interpret this trend
as a possible increase in the formation rate from the prestellar to protostellar phase at the
early stages of the bubble expansion, which would eventually decrease as the impact of the
expansion and the ionization weakens.

4 Conclusions

The evolutionary gradient seen in the spatial distribution of star-forming sources sets strong
constrains in the star formation mechanisms around ionizing sources. A large number of
the Class II YSOs are found in the inner parts of bubbles that have younger dynamic ages
than the typical lifetime of low- and intermediate-mass Class II objects ∼ 2 ± 1 Myr [9].
This suggests that these YSOs have probably undergone their formation process prior to the
expansion of the bubble, possibly as part of the same star-forming complex that gave birth
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to the ionizing massive stars that are responsible for the expansion of the bubbles. This is
consistent with the fact that in cluster-forming environments, massive stars are expected to
form after low-mass stars have completed their accretion phase [12]. Furthermore, the shell
fragmentation times estimated (following [26]) to understand if gravitational instability of
the shells alone could be responsible for the triggering showed that a significant fraction of
bubble shells would in fact not have had time to fragment. Thus, we advocate that dense
structures existed in the medium prior to the bubble expansion to allow for a more comparable
star-formation timescale, as shown in the simulations performed in [24, 25]. Furthermore,
the fraction of clumps that is spatially associated with bubbles is ∼23%, consistent with
the fraction of ATLASGAL clumps in the vicinity of MWP bubbles (Kendrew et al. 2016).
However, for the individual fraction of protostellar clumps we obtain 41%. Thus, we argue
that the higher fraction of protostellar clumps may be related with the higher protostellar
clump formation rate in bubbles, as discussed in Sect. 3.3.

A recent study [11] combining APOGEE-2 and GAIA observations of the λ Ori bubble
located in the nearby Orion molecular cloud complex revealed, with a very high detail, how
older YSOs are clustered in the center of the bubble while younger at scattered around the
center. In particular, the YSOs are moving radially away from the center with the further
away sources moving faster. This result is in completely consistent with what we found in
our statistical analysis and interpretation of our galactic bubbles sample, which could indeed
describe a more universal process of formation and evolution of star formation in ionizing
bubbles.

Based on the results from Palmeirim et al. (2017)[18] here summarized, we propose
a scenario for the process of star formation in ionizing expanding bubbles. 1) Formation of
low- and intermediate-mass stars is undergoing prior to the formation of the massive ionizing
star(s); 2) As the medium is expanding due to the ionizing pressure more evolved star-forming
sources which are denser are less influenced than the more diffused cold neutral matter; 3)
the cold molecular matter is accumulate in the shell of the bubbles and fragments into stars
via gravitational instabilities as the bubble expands.
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Abstract

Following from the recent second data release of the Gaia mission, we used the ∼5 million
stars with high-quality six-dimensional phase-space information in the catalogue to explore
the kinematic substructure of different Galactic neighbourhoods, including our own. As a
result, we obtain a precise characterisation of these structures in the solar neighbourhood
and their evolution with Galactocentric distance. Some are seen to have nearly constant
kinetic energy at a given volume (e.g. Sirius), while others evolve keeping their vertical
angular momentum nearly unchanged (e.g. Hercules). This information yields valuable
insight about their respective origins and thus on the dynamics of the Milky Way.

1 Introduction

One of the major goals of Galactic dynamics is to obtain a self-consistent model of the
Milky Way (MW) that reproduces to high accuracy the distribution of observed stars both
in position and velocity. This task, however, has proven to be utterly complex, in part due
to the lack of information of our own galaxy and on the phase-space distribution. Now, with
the Gaia mission [9], we have access to a wealth of data never seen before which opens new
horizons for our understanding of the Milky Way.

In the past, some of the works in this field explored the phase-space by looking at the
velocity distribution of stars in the solar neighbourhood (SN). Then, they tried to recreated
the different kinematic structures it contains, like the moving groups (MG), by modelling the
MW with a bar, spiral arms, or other non-axisymmetric components (see [1] and references
therein). Nonetheless, the large degree of degeneracy between models at the SN demands
a deeper exploration of phase-space by extending the study of the velocity plane to other
Galactic neighbourhoods. This has only been possible just recently, being [2] the first to do
so, followed by other authors (e.g., [20, 13]) that worked with increasingly better data.
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The recent publication of the Gaia second data release (DR2) [8] entails an order of
magnitude improvement over past surveys, both in quantity and quality. In this work, we
present the results of using ∼5 millions stars with full 6D information to study the changes
in the velocity distribution with Galactocentric radius and azimuth by means of the wavelet
transformation (WT).

This talk is organised as follows. In Section 2, we summarise the main properties of the
sample and outline the methods used for its exploitation. Then, in Section 3 we characterise
the structures found at the SN to, afterwards, follow their evolution with Galactocentric
distance and azimuth in Section 4. Finally, Section 5 contains a short discussion and the
conclusions.

2 Methodology

The study of phase-space requires full 6D data, three coordinates for position and three
for velocity. Therefore, from the whole Gaia DR2 catalogue, we selected those stars with
parallax, proper motion and radial velocity. Furthermore, in order to use the inverse of the
parallax as distance, we restricted ourselves to stars with small relative error ($/σ$ ≥ 5)
which mitigates the bias [5]. The sample we are left with is composed of 5,136,533 stars.

We used the Galactocentric cylindrical coordinates with the following constants: Sun
at (R, φ, Z)=(8.34 kpc, 0◦, 14 pc) [17, 6], peculiar velocity of the Sun of (U�, V�, W�) =
(11.1, 12.24, 7.25) km s−1 [18], and circular velocity for the Local Standard of Rest (LSR)
of 240 km s−1 [17]. Consequently, we studied the velocity distributions in the Galactic plane
(|Z| < 500 pc) with the variables Ṙ = VR and Rφ̇ = Vφ. We presented the density map of the
sample in Fig. 1 of [16] along with the spatial distribution of the sub-samples used for the
kinematic exploration. Each of these volumes is a portion of a cylinder with a width of 200
pc in Galactocentric radius and 3 degrees in azimuth, layout along the Sun-Galactic centre
(GC) line from 6.04 kpc to 11.04 kpc every 100 pc.

Each volume in the sample is then decomposed into layers of different spatial frequencies
(or sizes) using the WT. In particular, the à trous algorithm [19], which preserves the size of
the original 2D image, in our case the histogram of the velocity plane, at each layer (or scale).
At every pixel of each scale, the wavelet coefficient measures the degree of overdensity (positive
coefficient) or underdensity (negative coefficient) compared to its 2j closest neighbours, with
j=0,1,..,J being the scale. In this sense, the WT highlights the structures of sizes between
roughly ∆2j and ∆2j+1, where ∆ is the size of the pixels in the underlying histogram (for
this work, 0.5 km s−1pixel−1). Here, we focused on structures with sizes ∼4-8 km s−1 (j=3)
and ∼8-16 km s−1 (j=4).

After calculating the wavelet coefficients, we performed a peak search and detected the
local maxima which signals the location of different structures within the velocity distribution.
Since these peaks are found in the wavelet space, we then performed an statistical evaluation
of their significance with two indicators: Poisson noise, measured with the level of confidence
at which the structure is likely to be real (C.L.= {0,1,2,3}), and Bootstrap noise, which
measures the probability of having observed the peak in the data (PBS ∈ [0, 1]). We say a
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Figure 1: Wavelet coefficients of the velocity distribution at the SN. The structures found
are shown for two different scales: arches at 4-8 km s−1 (left) and peaks at 8-16 km s−1 (right).
For the former, dashed grey lines represent constant kinetic energy tracks. Circles on the
right plot correspond to peaks that are significant according to Poisson noise (C.L.≥2), while
crosses correspond to those significant with respect to Bootstraps (PBS ≥ 0.8). Also, the
arches found on the left panel are shown on the right panel as grey lines.

structure is significant if C.L.≥2 or PBS ≥0.8. For more details, see [16].

3 Solar neighbourhood

Figure 1 shows the result of applying the methodology described in the previous section to the
sub-sample centred at the Sun’s position (R∈[8.24, 8.44] kpc, φ ∈[-1.5,1.5] degrees). In par-
ticular, the wavelet scales corresponding to 4-8 km s−1 and 8-16 km s−1. At the lower wavelet
scale (left panel), we see that the coefficients are arranged in rather elongated structures and
thus we chained the significant peaks found into arches (A1 to A12). The existence of such
features in the velocity plane was already predicted based on alternative surveys by other
authors (e.g., [1, 13]), yet with Gaia DR2 these can be seen simply by visual inspection of the
histogram [11]. In fact, the prominent arch 1, which crosses the whole plane, was discovered
for the first time in with this data [11]. [14, 12] showed that a disk out of equilibrium (e.g., by
the close passage of a satellite galaxy) develops arch-like features of constant radial frequency
due to phase mixing. Since the radial frequency mostly depends on the orbital energy [7], we
plotted on the left panel of Fig.1 tracks of constant kinetic energy as dashed grey lines. In
turn, this allows us to explain features such as A1 and A10. Other arches, like A4 (referred
to as Sirius MG in the literature) can also be related to this dynamical mechanism knowing
that the presence of a bar can cause some structures to deviate from symmetry [4].
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Figure 2: Evolution of the azimuthal velocity of the peaks with Galactocentric distance. The
colour corresponds to the radial velocity, while the dashed grey lines are tracks of constant
angular momentum. The dotted dashed line marks the position of the Sun. The names of
relevant structures have been added for reference.

At the larger wavelet scale (8-16 km s−1, right panel of Fig.1), the structures appear like
rounded groups identified with circles (C.L.≥2) and/or crosses (PBS ≥ 0.8). The well-known
structures from the literature (Table C.1 from [16]) are all among the most prominent peaks
in the sample. Still, we found ∼30 new candidates to MG. Whereas some have few stars
and are significant solely due to their isolation, most are in fact produced by an elongated
structure. When plotting the arches in the left panel on the right panel, we can see that some
of the MGs are related to those features, such as Hercules (G5), G9 and G10 sitting on top
of A9. Similarly, G16 (Bobylev16-22 and Arifyanto05, see [16] for more details) is related to
G12 and G17, or G18 and G20 to the MG known as Arcturus.

4 Other Galactic neighbourhoods

After having analysed the SN, we performed an exhaustive search of peaks in the wavelet
layer j=4 at all the Galactic neighbourhoods in the Sun-GC line, from 6.04 kpc to 11.04 kpc.
As a result, we obtained a table with the velocity coordinates (VR - Vφ) of each significant
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overdensity in kinematic space and the corresponding Galactocentric distance (R) of the
volume it was found in (see [16] for more figures and animations). After clustering together
by eye the peaks according to their trend in R vs Vφ plane, and also taking into account VR,
we obtained a set of lines which are presented in Fig. 2. We observe that different structures
follow distinct slopes but, on average, all of them fall at a rate of ∼23 km s−1kpc−1, consistent
with previous estimates [15].

Some structures, like Hercules (line 9), are most likely produced by a resonance. Such
structures should evolve keeping the angular momentum roughly constant with radius, for
small epicyclic amplitudes and to first order approximation [15]. Therefore, we plotted tracks
of constant vertical angular momentum, Lz (dashed grey lines in Fig. 2). As a result, we
noted how the Hercules and Hyades lines follow this trend quite closely, whereas Sirius does
not. By taking the mean Lz of lines L5 and L9, we estimated the pattern speed of the bar
using the Eq. 6 from [15], which yields Ωb ∼ 54 km s−1kpc−1. This estimate is consistent
with previous values [3, 15] and would correspond to a fast bar.

We also observe some lines that do not cross the SN, meaning that extra-solar MGs
exist in other Galactic neighbourhoods. It is not the case of L14 to L17, which are the
continuation of L2 and are related to the aforementioned arch 1 (A1, see Fig. 1).

5 Discussion and conclusions

With the study of the 6D Gaia DR2 data using the WT we have clearly seen that the
classic MGs are part of elongated features, or arches, and have a continuity outside the
SN. Some of the structures present a roughly constant energy at a given volume and are
probably related with the phase-mixing mechanism, while others evolve with radius at a
nearly constant angular momentum, which is to be expected in resonances. As a result,
with this new and unprecedentedly accurate data we can now classify each structure and
study their dynamical origin in detail. In particular, the characteristics and evolution of the
Hercules MG is consistent with the outer Lindblad resonance (OLR) 2:1 models, in which
case its pattern speed is ∼ 54 km s−1kpc−1. Nonetheless, some of the arches observed in the
SN above Sirius MG could be caused by the 4:1 OLR of a slow bar [10].

Future data releases will improve the quality and spatial extension of the data, allowing
to further explore the kinematic substructure of our Galactic disk. Nonetheless, with this
work we have shown that it is already possible to explore as never before both numerical and
theoretical models and, thus, gain new insights into the dynamics of the MW.
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Abstract

In this talk, we summarise the main results from the Gaia data release (GDR2) science
demonstration paper on the Milky Way disc kinematics. GDR2 provides the largest existing
full 6D phase-space coordinates catalogue. We benefit for the first time from a sample of 4.9
million stars with full 6-D phase-space coordinates, precise parallaxes (with a relative error
less than 20%) and precise Galactic cylindrical velocities (median uncertainties of 0.9-1.4
km/s and 36% of the stars with uncertainties smaller than 1 km/s on all 3 components).
The 2.4 million giant stars from this sample map the velocity field of the galactic disc from
about 5 to 13 kpc from the galactic centre. We also study the distribution of 0.3 million
solar neighbourhood stars (r < 200 pc), with impressive median velocity uncertainties of 0.4
km/s. The maps show the complexity and richness of the velocity field of the galactic disc

1 Introduction

Gaia Data Release 2 was published in April 2018 providing the five-parametric astrometric
solution for 1.3 billion sources up to magnitude G ∼ 21 mag (positions, parallaxes and
proper motions). For a subset of 7.2 million sources brighter than GRV S = 12 mag and with
effective temperature in the range ∼ [3550, 6900] K, it also provides line-of-sight velocities.
This allows for the first time to study kinematic maps for a large amount of stars that extend
well beyond the immediate vicinity of the Sun. The precision of the line-of-sight velocities are
at the km s−1level being, at the bright end, of the order of 0.2 km s−1and, at the faint end, of
the order of 1.4 km s−1(for Teff = 5000 K) and of the order of 3.7 km s−1(for Teff = 6500 K).
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Romero-Gómez, M. et al 387

Figure 1: Median uncertainties in VR, Vφ and VZ (form left to right) for the giant sample.
Note that for the uncertainties in VR and Vφ, we use the (X,Y) galactocentric cartesian
projection, while for the VZ , we use the (X,Z) plane projection.

2 Mapping the Milky Way disc kinematics

Out of the 7.2 million sources with line-of-sight velocities, we select those with relative error in
parallax smaller than 20 % and galactocentric cylindric distance between 5 < R < 13 kpc, up
to magnitude G < 13. This reduces the sample to 6.4 high quality sources, and we refer to it
as the Main sample. From the Main sample, we select the giant stars by using a de-reddened
HR diagram using 2MASS photometry (see [5] for details). We select the giants by requiring
that the absolute magnitude in G band MG < 3.9 and intrinsic colour (GBP −GRP )0 >0.95.
The Giants sample contains ∼ 3.1 million sources.

The kinematic maps shown below are represented in galactocentric cylindric coordi-
nates, whose errors are obtained using the full covariance matrix and the inverse of the
parallax as the distance estimator.

Figure 1 shows the median uncertainties in the radial, tangential and vertical directions
for the giant sample in the (X,Y) projection (with |Z| < 200 pc) for the radial and tangential
components and in the (X,Z) projection (with |Y | < 200 pc) for the vertical component. The
median uncertainties are (εVR , εVphi, εVZ ) = (1.4, 1.4, 0.9) km s−1 and about 20% of the giant
stars have all velocity components with a median uncertainty smaller than 1 km s−1.

The high quality of the giants sample allows to compute kinematic maps in differ-
ent cuts in Z, to make 3-dimensional views of the motion of the stars in a large sphere.
In the top panels of Fig. 2 we show the face-on views of the kinematics in the mid plane
[−200, 200] pc. To make a comparison of what we should expect from an axisymmetric dis-
tribution in equilibrium, we show the same projection for an ensemble of test particles relaxed
in an axisymmetric disc [7]. Note the large streaming motion in both velocity components,
some of them already known (see [5] for details) and some new features, which depart from
the equilibrium and axisymmetric conditions.
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Figure 2: Face-on views of the kinematics in the mid plane [−200, 200] pc, medians in radial
and tangential velocities (left and right panels, respectively). Top row: for the giant sample.
Bottom row: for an axisymmetric disc in equilibrium.
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3 The Galactic warp signature using disc kinematics

In this section we focus on the vertical component and its applications to characterise the
Galactic warp of the Milky Way. We use a different sample from that in Sect. 2. We develop
the methods to study the warp in such a way they work as much as possible in the observable
space, so, we only need the proper motions: µ∗l and µb in the galactic longitude and latitude
directions, respectively. Therefore, we select sources from the Gaia Data Release 2 with full
5-astrometric solution. From the 1.3 billion sources, we select stars with parallaxes up to
magnitude G∼ 20 and with absolute value of the relative error in parallax smaller than 50%.
For these stars, we compute bayesian distances, d, with an exponentially decreasing space
density prior with scale-length L = 2 kpc (see Romero-Gomez et al (2018, in preparation)
for details). We then remove the cool main sequence stars by applying the cut: M ′G <
1.95*(GBP −GRP )+2., following the extinction line, where M ′G is the absolute G magnitude
of the star uncorrected for extinction; M ′G is given by M ′G = G− 5 log 10(d) + 5; and (GBP −
GRP ) is the observed colour. We compute the absorption in V using Drimmel extinction
model [3], and a fit to obtain the absorption in the G band and the colour excess (Carrasco,
private communication). From the de-reddened HR diagram, we select two intrinsically
bright populations with different ages: an OB-type sample if young stars: MG < 2. and
(GBP −GRP )0 < 0; an the Red Giant Branch (RGB): MG < 3.9 and (GBP −GRP )0 > 0.95.

The two methods developed in the research group are the LonKin method and the
nGC3 PCM method. The former relies on selecting stars in cylindrical radial rings and
plotting the median proper motion in latitude, with respect to the Local Standard of Rest,
as a funcion of the galactic longitude. If the Galactic disc is flat, the median µb,LSR should
be constant and equal to zero, but if it is warped, a particular variation will be introduced
as a function of l. If the disc is symmetrically warped and the line-of-nodes is aligned with
the Sun-Galactic Centre line, the LonKin method predicts a maximum in µb,LSR in the
anticentre direction. The nGC3 method of the family of Great Circle Cell Counts (hereafter,
GC3) methods [4, 6] searches for overdensities in great circle cells in the sky, by sweeping
over the sky counting how many stars have position and velocities (nGC3 does not require
line-of-sight velocities) lying in a great circle within a given tolerance, each great circle being
defined uniquely by its normal vector or pole. The all-sky sweep over all possible great circle
cells results in a Pole Count Map (hereafter, PCM). If the Galactic disc were flat, the peak
in stellar density would be located in the North Galactic Pole of the PCM. If the disc is not
flat, the peak of over-density moves in the PCM providing information on the amplitude and
tilt angle of the warp, as well as the azimuth (twist) of the line-of-nodes as a function of radii
(see [1] for detailed examples).

In Fig. 3, we show the result of applying the LonKin method to the OB (left) and
RGB samples (right). We use a different color for each radial ring. Note that, the larger
the radius, the larger the value of µb,LSR, as expected. Note as well, that the trend is not
smooth and that the µb,LSR does not peak in the anticentre direction, indicating that the
Galactic warp is not symmetric. We also note a clear difference between the two populations.
The amplitude of the warp is larger in the RGB sample, than in the OB, and we also detect
that the warp onset radius is slightly larger for the OB than for the RGB, in agreement with
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Figure 3: LonKin method applied to the OB and RGB samples (left and right panels,
respectively). From top to bottom, different radial cylindrical galactocentric rings specified in
the legend. Only bins in longitude with at least 300 stars are plotted. Horizontal dashed line
shows the zero-axis while the vertical dashed line shows the anticenter direction at 180 deg,
the error bars show the lower and upper 1σ uncertainty.

previous studies that estimate that the starting radius of the warp is anti-correlated with the
age of the population [2].

In Fig. 4, we show the results of applying the nGC3 method to both samples (OB, top
and RGB, bottom). We show the PCM per radial shell in each column, moving outwards
from left to right. We observe how as a function of radius, a secondary peak appears detached
from the one in the North Galactic Pole (corresponding to stars in the flat disc), indicating
that, again, the Galactic warp is not symmetric. We also see that the secondary peak appears
at a different radial bin depending on the population: in the panel R ∈ [13, 14] kpc in the OB
sample, while it is clear at the bin R ∈ [12, 13] kpc in the RGB sample, in agreement with
the LonKin method. The position of the secondary peak indicates a clear Lopsided warp.

4 Conclusions

So, in this talk, we show that Gaia Data Release 2 reveals a rich and complex kinematic
structure in the disc. The sample with line-of-sight velocities points to the fact that the
disc is not in equilibrium, and models need to be adapted to fit the complexity of the data.
The study of the vertical velocities, without the need of line-of-sight velocities, to tackle the
Galactic warp, reveal, again, the fact that the disc is not in equilibrium, that the data do
reflex the expected motion of a warped disc, but this is not symmetric at both sides.
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Figure 4: nGC3 PCM applied to OB and RGB samples (top and bottom rows, respectively),
the radial shells increasing from left to right.
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Abstract

Most planetary nebulae (PNe) show beautiful, axisymmetric morphologies despite their

progenitor stars being essentially spherical. Angular momentum provided by a close binary

companion is widely invoked as the main agent that would help eject an axisymmetric neb-

ula, after a brief phase of engulfment of the secondary within the envelope of the Asymptotic

Giant Branch (AGB) star, known as a common envelope (CE). The evolution of the AGB

would be thus interrupted abruptly, its (still quite) massive envelope fully ejected to form

the PN, which should be more massive than a PN coming from the same star were it sin-

gle. We test this hypothesis by deriving the ionised+molecular masses of a pilot sample of

post-CE PNe and comparing them to a regular PNe sample. We find the mass of post-CE

PNe to be actually lower, on average, than their regular counterparts, raising some doubts

on our understanding of these intriguing objects.

1 Introduction

Most planetary nebulae (PNe) show beautiful, aspherical morphologies with high degrees of
symmetry, despite their progenitor stars being essentially spherical. The mechanism behind
their shaping, however, is still poorly understood (e.g. [2]). Angular momentum provided
by a close binary companion has been widely invoked as the main shaping agent that would
eject an axisymmetric nebula [14].

The mechanism in close binary systems is thought to be as follows: a star undergoing
the Asymptotic Giant Branch (AGB) stage engulfs a companion via Roche-lobe overflow as
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it expands during the Asymptotic Giant Branch (AGB) phase. The system then undergoes
a very brief (∼1 year) common-envelope (CE) stage, where the evolution of the AGB star is
abruptly interrupted. Spiraling-in of the secondary and drag forces would then lead to the
ejection and shaping of this CE into a bipolar PN whose equator would be coincident with
the orbital plane of the binary star, as happens to occur in every single case analysed so far
[12].

On theoretical grounds, however, the physics of the CE “friction” and ejection processes
remain very elusive. Simulations show most of the gas to be ejected along the equatorial plane,
but are unable to gravitationally unbind the whole envelope of the AGB (e.g. [9],[7]). An
exception would imply tapping energy from atomic recombination in the envelope (e.g. [16]),
but then the achieved expansion velocities would likely be too large.

This draws a somewhat uncomfortable big picture: we simply do not understand the
physics lying behind the death of a significant fraction of stars in the Universe.

Single star vs. CE evolution: the total nebular mass. It can be argued that CE evolu-
tion implies significant differences in the mass-loss history of the primary star.

Let us consider a single AGB star on its way to produce a PN. Most of its envelope’s
mass is slowly lost along the AGB evolution, and gets too diluted in the Interstellar Medium
(ISM) to be detected. In contrast, the mass lost by the star during the superwind phase (last
∼500-3000 years), which amounts to ∼0.1-0.6 M� for a 1.5 M� star (see review in [13]), will
form the nebula visible during the PN stage.

On the other hand, let us consider the same AGB star, but now as part of a binary
system close enough to engulf its companion and undergo a CE stage. AGB engulfment will
thus occur during the last few (∼1-20) million years of the AGB stage (e.g. Fig. 1 in [15]),
effectively interrupting the evolution of the star. All the mass the star did not lose into the
ISM during these last million years will be present in the CE, and therefore will also be part
of the PN as it is suddenly ejected.

In other words, despite the large uncertainties in the mass-loss history along the AGB,
PNe arising from CE events should, on average, be more massive than their single star
counterparts.

This additional mass should be detectable, as it will be close to the central stars during
the lifetime of the PN, as opposed to the single star case, where it will be long gone, diluted
into the ISM. Testing this hypothesis would lead to a better understanding of the ejection
process. Nevertheless, complete mass determinations of post-CE PNe are virtually nonexis-
tent, the only dedicated study so far being that by [6], which found that the ionised masses
of a sample of post-CE PNe are indeed lower than those of regular PNe, but did not account
for the potential presence of molecular mass. We hereby present the results of a pilot survey
including both the ionised and molecular content of a different PNe sample.
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2 Sample and Observations

Our pilot sample is composed of 10 post-CE PNe, which amount roughly to 1/6th of the
total currently known. It covers a broad range of kinematical ages, central star effective
temperatures and luminosities, orbital periods and morphologies. These objects are PM 1-
23, Abell 41, Hen 2-428, ETHOS 1, NGC 6778, Abell 63, the Necklace, V 458 Vul, Ou 5,
and NGC 2346. They lacked any attempt at detecting their molecular content by means of
radioastronomical observations, except for NGC 6778 (undetected in [10]), and NGC 2346,
already known to host a massive molecular envelope (e.g. [1]). We therefore carried out
spectral observations of the sample (except NGC 2346), in search for 12CO and 13CO J=1-0
and J=2-1 emission, using EMIR in the IRAM 30m radiotelescope. The angular size of the
objects of the sample is generally well suited to the telescope Half Power Beam Width at the
observed frequencies.

We complemented the mm-range data with archival Hα images and optical spectra of
the sample, from various telescopes and instruments, to derive their ionised masses.

3 Results

Molecular content. No object was detected in 12CO or 13CO down to a rms sensitivity limit
in the range 6-25 mK at 230 GHz, except for NGC 6778. This PN shows a simple, broad
12CO J=1-0 emission profile, as well as double-peaked emission profiles in 12CO and 13CO
J=2-1, whose kinematics correspond to the broken, equatorial ring investigated by [8]. The
peak intensity relations lead us to conclude that the 12CO J=1-0 is optically thin, and the
excitation temperatures relatively low. Further analysis of these profiles and the excitation
conditions in this nebula will be presented in Santander-Garćıa (in preparation).

The 12CO J=1-0 profile of NGC 6778 allows us to derive a molecular mass of 5×10−4

M� (at 1 kpc) for this PNe by assuming a representative value of the 12CO abundance of
3×10−4. On the other hand, the sensitivities achieved in the rest of the observations allow
us to derive conservative (3-σ) upper limits for the molecular masses of the other objects in
the sample.

Ionised content. The ionised mass of NGC 6778, NGC 2346, Abell 41, ETHOS 1,
Hen 2-428 and PM 1-23 were derived from their Hβ fluxes and apparent sizes extracted from
archival data. Assumptions about the electronic temperatures were made where necessary,
in order to produce conservative estimates of the ionised masses of these nebulae (i.e. largest
Te wherever more than one was available). Ionised masses of the Necklace, Abell 63, Ou 5,
and V458 Vul were obtained from [4], [5], [5], and [20], respectively.

Total mass comparison at 1 kpc. Masses found in this work scale with the distance to
the nebulae squared. Distances to PNe, however, are still poorly known. Hence, in order
to do a proper comparison with PNe not undergoing CE, we must first remove this large
dependance by examining the mass every PNe would have at the same distance. Figure 1
shows the ionised and molecular masses of our sample of post-CE PNe at 1kpc, together with
the ionised and molecular masses of a large sample of 44 PNe selected in [11] in an attempt
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to approach a volume-limited sample, and another sample of 27 PNe in the galactic disk,
whose ionised/molecular masses were determined in [3] and [10], respectively.

Strikingly, except for NGC 2346, the total masses of the post-CE sample seem similar, if
not lower, than those of regular PNe. The median mass at 1 kpc of the combined comparison
samples is 0.021 M�, whereas for the post-CE sample it is ≤0.0081 M�.

Figure 1: Logarithmic ionised mass vs. logarithmic molecular mass at 1 kpc of our post-CE
PNe sample (filled circles), PNe from Huggins et al. (1996) (triangles), and a combined
sample from Boffi et al. (1994) and Huggins et al. (1989) (squares). Dashed lines indicate
equal total (ionised+molecular) mass; individual nebulae run along these lines as their gas
content is progressively ionised.

4 Conclusions

This preliminary work provides an indication that, contrary to expectations, post-CE PNe
seem to be slightly less massive, on average, than their single star counterparts. This discrep-
ancy could however be removed if the molecular gas of these nebulae were too cold (or hot) to
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be detected, or the ionised gas too hot to emit Hα, but these possibilities seem rather unlikely.
Some of the mass could also be in atomic, neutral form, which has not been investigated in
this work, and will be part of a future study.

On the other hand, should these results be confirmed by further observations and
careful analysis of the possible biases involved, they would present us with the following
interesting (and so far speculative) implications. The problem of models unable to unbind
such a large mass would be less severe. A fraction of the mass could fall back forming a
circumbinary disk (as in [17]). If any of this material reaches the central stars, it could then
be reprocessed perhaps offering an explanation for the correlation between large abundance
discrepancy factors and post-CE central stars in PNe [21]. We can thus wonder whether the
CE itself could be not a unique, only-once process, but an episodic, recurrent one. Grazing
Envelope Evolution proposed by [18] and [19] could help explain such a phenomenon.
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Abstract

LoTr 5 is a planetary nebula with an unusual long-period binary central star. The pair con-
sists of a rapidly rotating G-type star and a hot star, which is responsible for the ionization
of the nebula. Both components are in a wide orbit with a period of about 2700 days, one of
the longest in central star of planetary nebulae. In this contribution, we present new radial
velocity observations of the central star. These data provide evidence of a third component
in the system at 129 days to the G star. This periodicity is also present in the photometry
of this target from the superWASP survey, providing an additional hint for its presence. We
also present a detailed analysis of the complex Halpha double-peaked profile, which varies
with very short time scales, and whose origin is still unknown. We conclude that it does not
present correlation with the rotation period (∼5.95 days and detectable in all photometric
time series from superWASP, OMC and ASAS) and that the presence of an accretion disk
via Roche lobe overflow is unlikely. A.A. acknowledges support from FONDECYT through
postdoctoral grant 3160364. Based on observations obtained with the HERMES, CAFOS
and ELODIE spectrographs, and from OMC, SuperWASP and ASAS data. (See poster).
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Abstract

We present an advanced version of Clusterix, a tool for the determination of membership

probabilities in stellar clusters from proper motions adapted to the new wealth of Gaia

data. Clusterix is a VO web-based, interactive application that allows the computation

of membership probabilities from proper motions through a fully non-parametric method

(Galad́ı-Enŕıquez et al. 1998). Clusterix 2.0 has been adapted to the exploitation of Gaia

Data Release 2 and now features an improved user interface for a faster, easier and more

accurate interactive definition of the cluster and field proper motion distributions. The

system provides fast feedback between membership probability determinations and the dis-

tribution of the observables for the most probable members and field stars. We present

the first results of Clusterix for the case of one area where two clusters (NGC 1750 and

NGC1758) are found without a priory knowledge. (See poster).
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Abstract

Over the last decades, the vast amount of data together with the easiest access to high-

performance computers have favoured the development and application of powerful mathe-

matical algorithms, the so-called machine learning algorithms. In astronomy, the classifica-

tion of certain types of objects has been historically made through a detailed and supervised

analysis of colour-colour diagrams or spectra of single sources, but handling with billions of

sources is virtually impossible for any human being. Thus, Machine Learning techniques are

really useful for solving astronomical problems, but it requires a balanced, representative

qualification sample. Sometimes it is not possible to have it, as occurs when dealing with

T-Tauri Stars. In this work, we have explored the usefulness of a particular machine learn-

ing method that has been scarcely applied in astronomy, Logistic Regression, that when

combined with an appropiatedly tuned training sample, provides fairly good results. This

work has been partly funded by the Ministry of Economy, Industry and Competitiveness of

Spain through grants ESP2014-54243-R, ESP2015-68908-R and TIN2015-66471-P as well

as by the local Government of Madrid through grant S2013/ICE2845. (See poster).
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Abstract

The luminous blue variable (LBV) phase is a short period of high instability that some
high mass stars experiment after leaving the main sequence. Through steady and dense
winds and sporadic giant eruptions, LBV stars can lose several solar masses in very short
timescales (104–105 years), producing large circumstellar nebulae. By the action of stellar
winds, high UV fields and low velocity shocks, these nebulae may become a breeding ground
for molecular gas. The study of the chemistry and kinematics of this molecular component
has proven extremely useful to reconstruct the mass loss history of these objects and estimate
their energetic output.

In this poster we report the detection of an expanding torus-like structure surrounding the

LBV candidate MGE042.0787+00.5084, achieved by means of CO observations at 1 and

3 mm with IRAM’s 30m telescope. We analyze the physical parameters derived from the

detected lines, with a particular emphasis on the isotopic ratios and the estimated mass loss

rate. A dynamical model of the structure is also presented. We discuss the implications of

these findings in the context of LBV mass loss. (See poster).
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Abstract

As simple stellar populations, made of a dozen to several thousand stars of the same age and
chemical composition, open clusters are basic constituents of our Galactic disk. Their ages,
ranging from a few million to several billion years, can be estimated relatively easily. Their
distances can also be estimated more precisely than for individual stars. We take advantage
of the exquisite astrometry of the second Gaia data release (Gaia DR2, Gaia collaboration
et al. 2018) to establish a list of members in all clusters listed in the literature.
We queried the Gaia DR2 data in the field of view of over 3000 open clusters and candidates
listed in the catalogues of Dias et al. (2002) and Kharchenko et al. (2013). We applied the
unsupervised classification approach of UPMASK (Krone-Martins & Moitinho, 2014) to the
Gaia positions, proper motions and parallaxes.

We derived a secure membership list for over 1200 open clusters. We also discovered 60

previously unreported objects. The distances we derive allow us to draw a portrait of the

Milky Way disk out to distances of ∼4 kpc. The youngest clusters in our sample clearly

trace the spiral structure of the disk. We observe that in the outer disk, clusters older than

log t∼8.5 stray away from the Galactic plane, while old clusters appear to be non-existent

in the inner disk. The precision of the Gaia astrometry shows that a significant fraction of

the clusters listed in the literature are coincidental asterisms. (See poster).
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Abstract

WEAVE is a new multi-object survey spectrograph for the 4.2-m William Herschel Telescope
(WHT) at the Observatorio del Roque de los Muchachos, on La Palma (Spain). WEAVE
will have two observation modes. The multi-object spectra (MOS) will allow to take optical
spectra for up to ∼1000 targets over a two degrees field of view. Moreover, it will be able to
carry out integral-field spectroscopy using 20 deployable mini integral-field units (mIFUs)
or one large fixed integral-field unit (LIFU). WEAVE have two optical arms which allow
to observed at the same time blue and red wavelengths. Moreover, two possible resolutions
are available, 5000 and 20000. The first light of WEAVE is scheduled by 2019.

WEAVE will cover a wide range of scientific cases from the Galactic archaeology to the

clusters of galaxies. A large fraction of the WEAVE time will be devoted to the Galactic

archaeology survey that will sample the main structures of the Milky Way. In particular,

on of the GA sub-surveys will study the open clusters. They are key systems to investigate

a variety of astrophysical topics from the stellar evolution itself to the evolution of the

Galaxy. The targets to be observed within the Galactic Archaeology Open Cluster survey

(GA-OC) cover a wide range of ages, including star forming regions together with young

and old open clusters. This will allow to address a large variety of scientific topics such as:

star formation, stellar evolution, cluster formation and disruption, or the structure of the

Galactic disk. (See poster).
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Abstract

The young σ Orionis cluster in the Ori OB 1b association is one of the most important

clusters for understanding the stellar and substellar formation and evolution. In this work,

we used 197 low-resolution optical spectra of 167 stars. We determined spectral types and

measured Li i and Hα equivalent widths (EWs). We used Gaia DR2 astrometry together

with youth features indicators from literature to derive the true membership to the cluster.

(See poster).
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1 Centro de Astrobioloǵıa (CAB-CSIC/INTA), ESAC Campus, Camino Bajo del Castillo
S/N, 28692 Villanueva de la Cañada, Spain

Abstract

OMC, the Optical Monitoring Camera onboard INTEGRAL, has been monitoring the op-

tical emission of thousands of potentially variable astronomical objects during the latest 15

years. OMC takes one image of its 5◦ × 5◦ field of view every 10, 50 or 200 seconds, down-

loading the photometric data for around 100 objects in each exposure. The OMC Archive,

publicly available at http://sdc.cab.inta-csic.es/omc/, contains the light curves of around

90 000 scientific objects with more than at least 50 photometric points, including the optical

emission of the high-energy targets being observed simultaneously by the other instruments

on INTEGRAL: IBIS, SPI and JEM-X. The ”First INTEGRAL-OMC catalogue of optically

variable sources” contains already a complete analysis of more than 5000 variable sources.

At the end of the INTEGRAL mission we will compile and publish the final catalogue con-

taining the light curves and variability analysis of all the sources monitored by OMC during

its lifetime. (See poster).
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The Spanish Network for Gaia Science Exploitation
and GDR2.

F. Figueras1, C. Jordi1, X. Luri1, J. Torra1 on behalf of the REG Executive
Committee and Gaia UB Team

1 Dept. FQA, Institut de Ciències del Cosmos. Universitat de Barcelona IEEC-UB,
Barcelona, Spain

Abstract

The ”Red Española de Explotación Cient́ıfica de Gaia” (REG) continues to intensify its

activities after the second Gaia Data Release (April 25th, 2018). Some of the collective

activities developed by its members have been, among others: 1) the presentation and

discussion on the first science outcome from Gaia-DR2 data in the annual meeting (May

28th, 2018); 2) the preparation of the Spanish community for the use of the Gaia Data

Archive and VO facilities; 3) the exchange of codes, tools and facilities for an optimum

exploitation of Gaia-DR2; 4) the joint effort supporting the preparation of the WEAVE

Operational Rehearsals (first light, 2019) and, last but not least, the engagement on new

common projects for exploiting this huge and impressive new data. These activities are

described together with the schedule of future national and international science meetings

and the outreach activities being organized. (See poster).
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The origin of the most luminous planetary nebulae:
M31.

R. Galera-Rosillo1,2, R.L.M. Corradi3,1, A. Mampaso1, B. Balick4, K. B.
Kwitter5, and J. Garćıa-Rojas1,2

1 Instituto de Astrof́ısica de Canarias, Calle Vı́a Láctea, s/n, E-38205, La Laguna, Tenerife,
Spain
2 Departamento de Astrof́ısica, Universidad de La Laguna, E-38206, La Laguna, Tenerife,
Spain
3 GRANTECAN, Cuesta de San José s/n, E-38712 , Breña Baja, La Palma, Spain
4 Astronomy Department, University of Washington, Seattle WA, 98195-1580, USA
5 Williams College, Department of Astronomy, Williamstown, MA 01267, USA

Abstract

The Planetary Nebulae Luminosity Function (PNLF) is an important standard candle on the
extragalactic distance ladder. Its use is based on the empirical evidence that the [OIII]5007Å
luminosity of PNe reaches a maximum value, M*, invariant with galaxy type and with a
small dependence on metallicity.
The PNLF method, applied to more than 50 galaxies with satisfactory results, is well
established, but it lacks of a theoretical interpretation. Despite the relevance of the topic,
thorough spectroscopic studies of PNe at the tip of the PNLF are still missing.
As part of our systematic effort to characterize the properties of the brightest PNe and
their progenitors, we obtained deep optical spectra of a sample of PNe in two galaxies with
different metallicities: 8 PNe in M31 (Z/Z�∼ 1) using OSIRIS at the 10mGTC and 4 PNe
in LMC (Z/Z�∼ 0.5) withFORS2, at the VLT. The results of our analysis will be presented
in Galera-Rosillo et al. I and II (in prep.). (See poster).
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Identification of very cool and ultracool dwarfs in
ALHAMBRA and COSMOS fields using Virtual
Observatory tools.

M.C. Gálvez-Ortiz1,2, Enrique Solano1,2, Inés M. Gómez Muñoz 3, and Eduardo
L. Mart́ın4
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Abstract

Through Virtual Observatory (VO) tools we have searched for new ultracool dwarfs in the

ALHAMBRAa (Advance Large Homogeneous Area Medium Band Redshift Astronomical)

and COSMOSb (Cosmological Evolution Survey) extragalactic surveys. The photometric

coverage and the magnitude limits of these surveys make them valuable resources to look

for this type of objects. We made quality cuts in each survey to select stellar objects with

good photometric information. We took advantage of a Virtual Observatory tool like VOSA

to, first, add new data to the Spectral Energy Distribution by querying in VO archives and

services and, then, to obtain effective temperatures from the SED fitting to the BT-Settl

collection of theoretical models. Keeping objects with Teff<3000K, we used color-color

diagrams and measured proper motions to clean the sample from possible contaminants

(e.g., extragalactic objects or giant stars), leaving a list of more than a hundred ultracool

dwarf candidates. This study validates the procedure and the performance of VO tools to

make similar searches in other deep, small-area extragalactic as well as shallower, large-

area galactic surveys, and to be ready for the scientific exploitation of the Euclidc survey

for which we will have priority access in the framework of our ESA ultracool Independent

Legacy Project. (See poster).

ahttp://svo2.cab.inta-csic.es/vocats/alhambra/
bhttp://cosmos.astro.caltech.edu/page/photom3
chttp://sci.esa.int/euclid/
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Widespread FUV-irradiated warm and dense gas in
Orion Molecular Cloud (OMC-1).

Miriam G. Santa-Maria1, Javier R. Goicoechea1, Emeric Bron1,
David Teyssier2, Nuria Marcelino1, Jose Cernicharo1 and Sara Cuadrado1

1 Instituto de F́ısica Fundamental (CSIC). Calle Serrano 121, E-28006 Madrid, Spain.
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Abstract

Young massive stars (> 8 M�, OB stars) regulate the evolution of their parental molecular

cloud, dominating the injection of radiative energy, through far ultraviolet (FUV) photons;

and mechanical energy, through stellar winds, supernovae and/or merger explosions, into

the interstellar medium (ISM). It is important to find tracers that help to quantify the stellar

feedback processes that take place at different spatial scales. In this contribution we report

velocity-resolved maps of the central 0.85 arcmin2 (∼0.9 pc× ∼1.4 pc) of the Orion molecu-

lar cloud (OMC-1), the closest high-mass star-forming region, in several submillimeter lines

that can hardly be observed from ground-based radiotelescopes: CH+(J=1-0), CO (J=10-9),

HCO+ (J=6-5) and HCN (J=6-5). The maps reveal an extended but thin component of

warm molecular gas associated with the FUV irradiated skin of OMC-1. We find that the

CH+ (J=1-0) emission spatially correlates with the strengh of the flux of FUV photons aris-

ing from the Trapezium cluster and impinging the cloud. The CH+ (J=1-0) emission also

correlates with the widespread infrarred emission from FUV-pumped, vibrationally excited,

H2 (v ≥1), and with that of [CII] 158 µm, both emerging from FUV-irradiated gas. The

correlation of the extended CH+ (J=1-0) and narrow-line mid-J CO emissions from OMC-1

implies that both emerge from gas in the photodissociation region (PDR), the skin of the

molecular cloud, and not from shocked gas. These line tracers probe the radiative feedback

from young massive stars at large cloud spatial scales.
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Stellar atmospheric parameters of FGK-type stars
from high-resolution optical and near-infrared
CARMENES spectra.
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Abstract

With the aim of using classic spectroscopic methods with high resolution and high signal-

to-noise ratio in the NIR spectral window, we made a selection of 66 FGK-type stars ob-

served with CARMENES, the brand-new, ultra-stable, double-channel spectrograph at the

Spanish-German 3.5m Calar Alto telescope. These spectra are part of a CARMENES stellar

library. We applied the equivalent width method to derive the spectroscopic stellar param-

eters (Teff , log g, ξmicro, and [Fe/H]) using the StePar code along with four new iron line

lists covering the whole CARMENES spectral range (550 - 1700 nm). (See poster).
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Physical parameters of the low-mass eclipsing
binary NSVS 10653195.
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Abstract

NSVS 10653195 is a double-line detached eclipsing binary star found in 2007 by [1] among the
NSVS periodic variable stars. The first analysis of the optical VRI light curves by [1] show
that this binary could be composed by two low mass stars. Other authors ([2, 3]) analyzed
new optical light curves for this system, obtaining some parameters, like the mass ratio (q)
from the light curves, given the absence of radial velocity (RV) measurements.This procedure
is unreliable in the case of detached eclipsing binaries, leading to large uncertainties in the
physical parameters of the system.

We obtained new IR light curves and radial velocity measurements to characterize the

physical properties of this system, in particular masses and radii. In addition, calibrated

optical BVRI photometry was obtained to fully constrain the effective temperature of the

two components of this system. The modelling of this system with the rvfit and Phoebe

package show that the mass ratio q is very different of previously published values, showing

that the secondary component, as defined by the light curve, is slightly more massive than

the primary. We are currently finishing the modelling of this interesting eclipsing system.

(See poster).

References

[1] Coughlin, J., & Shaw, J. S. 2007, JSARA, 1, 7

[2] Wolf, M., et al. 2010, ASP Conference Series, 435, 441

[3] Zhang, L.-Y., et al. 2014, MNRAS, 442, 2620

411

https://www.sea-astronomia.es/sites/default/files/archivos/proceedings13/ViaLactea/poster/poster_iglesiasmarzoar.pdf


Highlights on Spanish Astrophysics X, Proceedings of the XIII Scientific Meeting of the Spanish 
Astronomical Society held on July 16 – 20, 2018, in Salamanca, Spain. B. Montesinos,  A. Asensio Ramos, 
F. Buitrago, R. Schödel, E. Villaver, S. Pérez-Hoyos, I. Ordóñez-Etxeberria (eds.), 2019 
 

The Pleiades as seen by TGAS and the Virtual
Observatory.
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Abstract

Using the Tycho-Gaia Astrometric Solution (TGAS), we revisited the very well known

Pleiades open cluster. With Clusterix, a Virtual Observatory (VO) tool developed by the

Spanish Virtual Observatory (SVO) which is presented in this meeting, we were able to

provide membership probabilities to the TGAS sources in the Pleiades region, separating

cluster member candidates from field stars. In a second step, we refined the member-

ship assignation fitting Gaussians to the astrometric solution. We identified 156 Pleiades

members, and ruled out 173 sources which are classified as Pleiades members in SIMBAD.

Finally, we used VOSA, VO SED Analyser, another VO tool also developed by the SVO,

to derive the physical parameter of the Pleiades members with the goal of study the IMF

of the open cluster. (See poster).
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Abstract

The importance of long-period binaries for the formation and evolution of planetary nebulae

is still rather poorly understood, which in part is due to the lack of central star systems that

are known to comprise such long-period binaries. Here, we report on the latest results from

the on-going Mercator-HERMES survey for variability in the central stars of planetary

nebulae. We present a study of the central stars of NGC 1514, revealed to be a highly

eccentric binary system with a period of more than nine years, making it the longest known

period central star to date. The morphology of the nebula shows the clear shaping influence

of the binary in spite of its long period, highlighting that even wide companions can have

a very significant impact on mass loss evolution. This study demonstrates not only the

importance of wide binaries in late stellar evolution but also the importance of long-term

monitoring campaigns which are only now possible due to modern high-stability instruments

and queue mode observing. (See poster).
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Abstract

Galactic Open Clusters (OCs) are crucial to investigate the formation and evolution of
the Galactic disc. However, complete information is available for only 5% of the 2100
OCs in the Milky Way listed in the literature. Therefore, OCs are main targets in space
missions (Gaia, Kepler), and in large ground-based spectroscopic surveys. However, these
ground-based surveys are mainly sampling the Southern hemisphere OCs (Gaia-ESO survey,
GALAH), or do not have an specific program for homogeneously sample OCs (APOGEE).
The Open Clusters Chemical Abundance from Spanish Observatory survey (OCCASO)
aims to complement these surveys obtaining detailed abundances for more than 20 chemical
species in around 30 Northern OCs (Casamiquela et al, 2016 MNRAS 458, 3150). The advent
of Gaia Data Release 2 (DR2, Gaia Collaboration 2018, arXiv:1804.09365) has allowed a
redetermination of the membership and of the mean proper motions and parallaxes for all
known clusters (Cantat-Gaudin et al, arXiv:1805.08726). Using these data, we have revisited
the membership of our observed stars and obtained mean parameters for all our OCCASO
OCs. Gaia DR2 mean parallaxes and proper motions and OCCASO radial velocities have
been combined to obtain 3D spatial velocities and peculiar velocities with respect to the
RSR. The results significantly differ from our previous calculations due to the differences
with previous proper motions studies. The orbits of the OCs have been calculated using a
gravitational potential of the Galaxy with two spirals arms and no central bar (Pichardo et
al 2003, ApJ 582, 230). The assumed mass of the arms is 5% of the mass disc. The arms
have a pitch angle of 12 deg and a pattern speed of 30 km/s/kpc. All OCs show velocities
and orbits typical of the disc. (See poster).
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Direct Deconvolution: a method to minimize the
effects of the observational window on power
spectra.
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Abstract

Fourier transforms of observed light curves, obtained by ground observations or by space
photometers, exhibit interference effects that are consequence of the convolution of the
true Fourier transform with a spectral window (Deeming, 1974).

These interferences in the power spectra makes the analysis of them very difficult in terms
of the asteroseismology techniques, specifically to identify modes of non-radial oscillation
of multiple periodic variable stars.

This identification has been made by heuristic methods such as the detection of periodicities
or patterns that match the “large separation” or “small separation” as used in the sun
itself and solar like stars. But these frequencies patterns are not easily observed for δ Scuti
stars or other types of variable stars because of their denser power spectra. In order to
identify potential patterns, it is necessary to obtain a reliable list of frequencies that really
belong to the star and not due to the external causes given by spurious peaks in the power
spectra.

For the moment, the reliable list has been obtained using algorithms such as Period04 or
SigSpec that performs a prewhitening of the light curve in the same manner as the CLEAN
algorithm (Roberts, 1986) do for radio observation. But in our case this is not a solution
because the frequencies found must have a physical meaning and not be just a way to
recover a CLEANed radio image.

The Direct Deconvolution method is aimed to fulfill the purpose of removal or minimizing
the interference in power spectra due to the observational window. Its theoretical basis are
explained in this poster, as well as some issues to be addressed before the full implementation
of the method regarding numeric problems that arise when testing the algorithm. (See
poster).
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Spectral synthesis of CARMENES M-type stars:
stellar atmospheric parameters.
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Abstract

We show our very first results regarding the stellar atmospheric parameter determinations
(Teff , log g, [Fe/H]) of M-type stars observed with CARMENES [3] by means of the spectral
synthesis method. We have selected spectral ranges around iron and titanium lines and
molecular bands in three reference M-type stars: GX And (M1.0 V), Luyten’s star (M3.5
V),and Teegarden’s star (M7.0 V). We employ PHOENIX stellar model atmospheres [2], the
radiative transfer code TurboSpectrum [1] and line data from the VALD3 database [4] to
obtain a grid of synthetic spectra, and a Markov Chain Monte Carlo process implemented
in SteParSyn code [5] to derive the value of the stellar atmospheric parameters. (See
poster).
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TROY – The Search for Exotrojan Planets.

J. Lillo-Box

European Southern Observatory (ESO), Alonso de Cordova 3107, Vitacura, Santiago, Chile

Abstract

As the field of extrasolar planets evolves with numerous discoveries of new and diverse

planets, we can start thinking in more challenging (observationally speaking) scientific cases

that can bring up new, hidden pieces of the exoplanetary science puzzle. This is the case

of the TROY project, a multi-technique effort to look for the first co-orbital planets and

to provide estimates of the occurrence rate of these bodies down to the Earth-mass regime.

Despite being missed in our Solar System, where only kilometer-size (or smaller) bodies

co-rotate with most of the planets, theory allows even equal-mass planets to co-exist in the

same orbit. In this poster I present the news on the TROY project including the last ground-

based observations, the results from the first radial velocity search involving 46 planetary

systems and the first results from our Kepler/K2 search. (See poster).

Acknowledgments

The TROY project is composed of a team of experts in different fields that is critically helping in
the development of this project: A. Leleu, A.C.M. Correia, P. Robutel, P. Figueira, N.C. Santos, D.
Barrado, J. Faria, M. Lendl, H. Parviainen, M. Mallonn, H.M.J. Boffin.

418

https://www.sea-astronomia.es/sites/default/files/archivos/proceedings13/ViaLactea/poster/poster_lillo-boxj.pdf


Highlights on Spanish Astrophysics X, Proceedings of the XIII Scientific Meeting of the Spanish 
Astronomical Society held on July 16 – 20, 2018, in Salamanca, Spain. B. Montesinos,  A. Asensio Ramos, 
F. Buitrago, R. Schödel, E. Villaver, S. Pérez-Hoyos, I. Ordóñez-Etxeberria (eds.), 2019 
 

Analysis of the physical properties of jets/outflows
in T Tauri stars.

F. Lopez-Martinez1 and J.F. Gameiro1,2
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Abstract

Jets and outflows from Young stellar objects are fundamental for the star formation process.

Accretion has a significant impact on the evolution of low-mass stars by providing both mass

and angular momentum. However, most of the actively accreting T Tauri stars rotate rather

slowly. Outflows/jets are one of the mechanisms through which stars may lose angular

momentum. The evolution and ultimate fate of jets/outflows and circumstellar accretion

disks have become increasingly important issues since the discovery of extrasolar planetary

systems. The optical forbidden [N II], [O I] and [S II] lines are good tracers of outflows and

jets. They are optically thin providing us important information about the gas physics where

they are formed. In many T Tauri stars these lines are characterized by two components:

a high velocity component (HVC) and a low velocity component (LVC). In this work we

derived the physical properties of the HVC and LVC emitting region where [N II], [O I] and

[S II] lines are formed using their theoretical flux ratios. We analyzed these properties for

DG Tau, SZ 102, CW Tau and RW Aur jets. We also studied the origin of the LVC, which is

not yet fully understood. In addition, we calculated mass loss rates for all the observations.

We found two well-defined ranges of temperatures and densities for the emitting region:

one with 4.125 ≤ log Te(K) ≤ 4.55 and 2.25 ≤ log ne(cm
3
) ≤ 5.25 and another one with

5.25 ≤ log Te(K) ≤ 5.6 and 5.25 ≤ log ne(cm
3
) ≤ 6.75. For SZ 102 the LVC is formed in

a region with low density and temperature, whereas for DG Tau and CW Tau the LVC is

emitted in a hotter and denser region. Peak velocities and full width at half maximum of

the LVC point out that its origin is from a MHD disk wind at 0.05-1.69 AU from the source

and that the lines are broadened by Keplerian rotation. (See poster).
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LiLiMaRlin and applications to OWN, MONOS,
and CollDIBs.

Jesús Máız Apellániz1, Emilio Trigueros Páez1,2, Irene Jiménez Mart́ınez1,3,
Rodolfo H. Barbá4, Sergio Simón-Dı́az5, Anne Pellerin6, Ignacio Negueruela2,
and João Rodrigo Souza Leão7
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6 State University of New York at Geneseo, U.S.A.
7 Universidade Federal do Rio Grande do Norte, Brazil

Abstract

LiLiMaRlin is a library of libraries of massive-star high-resolution optical spectra built by

collecting data from [a] our spectroscopic surveys (OWN, IACOB. NoMaDS, and CAFÉ-

BEANS) and programs and [b] searches in public archives. The current version has

18 077 spectra of 1665 stars obtained with seven different telescopes (HET 9.2 m, NOT

2.56 m, CAHA 2.2 m, MPG/ESO 2.2 m, OHP 1.93 m, Mercator 1.2 m, and Stella 1.2 m).

All the spectra have been filtered to eliminate misidentifications and bad-quality ones, uni-

formly reprocessed, and placed on a common format. We present applications of this library

of libraries to the analysis of spectroscopic binaries (OWN and MONOS, see poster by E.

Trigueros Páez at this meeting) and the study of the interstellar medium (CollDIBs). We

discuss our plans for the future. (See poster).
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The Gaia photometric calibration and results on
Galactic runaways.

Jesús Máız Apellániz1, Michelangelo Pantaleoni González1,2, Daniel J. Lennon3,
Rodolfo H. Barbá4, and Michael Weiler5

1 Centro de Astrobioloǵıa, CSIC-INTA, Spain
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Abstract

We present results on two different Gaia-related topics. First, we describe our efforts to
calibrate the three Gaia photometric passbands G, GBP, and GRP. We have built a new
spectrophotometric HST/STIS library and used it to derive new sensitivity curves and zero
points for the three bands, including recipes on how to correct some cases. Second, we
present our results on Galactic runaway stars using Gaia DR1 proper motions: we detect
76 runaway stars, 17 (possibly 19) of them not previously identified as such. (See poster).

421

https://www.sea-astronomia.es/sites/default/files/archivos/proceedings13/ViaLactea/poster/poster_MaizApellanizJ_2.pdf


Highlights on Spanish Astrophysics X, Proceedings of the XIII Scientific Meeting of the Spanish 
Astronomical Society held on July 16 – 20, 2018, in Salamanca, Spain. B. Montesinos,  A. Asensio Ramos, 
F. Buitrago, R. Schödel, E. Villaver, S. Pérez-Hoyos, I. Ordóñez-Etxeberria (eds.), 2019 
 

The 1989 and 2015 outbursts of V404 Cygni: a
global study of optical features.

D. Mata Sánchez 1,2,3, T. Muñoz-Darias2,3, and Jorge Casares2,3

1 Jodrell Bank Centre for Astrophysics, School of Physics and Astronomy, The University of
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Abstract

The black hole transient V404 Cygni exhibited a bright outburst in June 2015 that was

intensively followed over a wide range of wavelengths. Our team obtained high time reso-

lution optical spectroscopy (∼ 90 s), which included a detailed coverage of the most active

phase of the event. We present a database consisting of 651 optical spectra obtained during

this event, that we combine with 58 spectra gathered during the fainter December 2015

sequel outburst, as well as with 57 spectra from the 1989 event. We previously reported

the discovery of wind-related features (P-Cygni and broad-wing line profiles) during both

2015 outbursts. Here, we build diagnostic diagrams that enable us to study the evolution

of typical emission line parameters, such as line fluxes and equivalent widths, and develop

a technique to systematically detect outflow signatures. We find that these are present

throughout the outburst, even at very low optical fluxes, and that both types of outflow

features are observed simultaneously in some spectra, confirming the idea of a common

origin. We also show that the nebular phases depict loop patterns in many diagnostic dia-

grams, while P-Cygni profiles are highly variable on time-scales of minutes. The comparison

between the three outbursts reveals that the spectra obtained during June and December

2015 share many similarities, while those from 1989 exhibit narrower emission lines and

lower wind terminal velocities. The diagnostic diagrams presented in this work have been

produced using standard measurement techniques and thus may be applied to other active

low-mass X-ray binaries. (See poster).

422

https://www.sea-astronomia.es/sites/default/files/archivos/proceedings13/ViaLactea/poster/poster_matad.pdf


Highlights on Spanish Astrophysics X, Proceedings of the XIII Scientific Meeting of the Spanish 
Astronomical Society held on July 16 – 20, 2018, in Salamanca, Spain. B. Montesinos,  A. Asensio Ramos, 
F. Buitrago, R. Schödel, E. Villaver, S. Pérez-Hoyos, I. Ordóñez-Etxeberria (eds.), 2019 
 

One correlation to rule them all (linking young
stars, clouds, and galaxies).

I. Mendigut́ıa1, C. J. Lada2, and R. D. Oudmaijer3

1 Centro de Astrobioloǵıa (CSIC-INTA), Departamento de Astrof́ısica, ESA-ESAC
Campus, PO Box 78, 28691 Villanueva de la Cañada, Madrid, Spain.
2 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138,
USA.
3 School of Physics and Astronomy, University of Leeds, Woodhouse Lane, Leeds LS2 9JT,
UK.

Abstract

The star formation rate linearly correlates with the dense gas mass involved in the formation

of stars both for distant galaxies and star-forming clouds in our Galaxy. Similarly, recent

studies confirm that the mass accretion rate and the circumstellar gas disk mass of young,

Class II stars are also linearly correlated. This poster shows that both relations can be

unified. We find a statistically significant, roughly linear correlation between the rate of gas

transformed into stars and the mass of gas directly involved on star formation, ranging 16

orders of magnitude and encompassing kpc-size galaxies, pc-size star forming clouds within

our Galaxy, and young stars with au-size protoplanetary disks. In order to explain this

finding we propose a bottom-up hypothesis suggesting that a relation between the stellar

mass accretion rate and the total (disk+envelope in Class 0/I stars) circumstellar mass

drives the correlation in clouds (hosting protostars) and galaxies (hosting clouds). Lines

of evidence supporting this hypothesis and a future observational test are provided. If

this scenario was confirmed, theories aiming to explain the correlations for stars, clouds,

and galaxies should not remain isolated from each other. Instead, all scales and physical

systems involved in one single, global correlation must be considered. Additional details

can be found in Mendigut́ıa, Lada, & Oudmaijer, 2018, A&A, 618, A119. (See poster).
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Decoding the local star formation scenario with the
Besançon Galaxy Model.

R. Mor1, A.C. Robin2, and F. Figueras1

1 Dept. F́ısica Quàntica i Astrof́ısica, Institut de Ciències del Cosmos, Universitat de
Barcelona (IEEC-UB), Mart́ı Franquès 1, E08028 Barcelona, Spain.
2 Institut Utinam, CNRS UMR6213, Université de Bourgogne Franche-Comté, OSU
THETA , Observatoire de Besançon, BP 1615, 25010 Besançon Cedex, France.

Abstract

The recent full sky large data surveys (e.g. Gaia data release 2) represents a challenge for the
Galaxy modelling and requires new frameworks and tools to deal with huge amounts of data.
We developed a new strategy to infer, all at once, the parameters describing the local star
formation history (SFH), the initial mass function (IMF) and the density laws of the Galactic
thin disc component by comparing synthetic versus observed colour-magnitude diagrams.
The developed framework combines both the generation of Besançon Galaxy Model fast
approximate simulations (BGM FASt; [1]) and approximate Bayesian computation methods,
to obtain a posterior probability distribution function of the inferred parameters. A robust
mathematical development and the adequate codification, using Apache Spark and Apache
Hadoop environments, make BGM FASt about 104 times faster than the standard Besançon
Galaxy Model and specially suited to deal with huge data sets.
From the analysis of Tycho-2 colour-apparent magnitude diagrams we want to spotlight
the resulting thin disc SFH with a decreasing trend and a present rate of star formation of
1.2±0.2M�/yr. It is known that in the colour-apparent magnitude diagrams, as the distance
of the star is not taken into account, the position of giants and main sequence stars are
degenerated . Additionally we estimate, using the Besançon Galaxy Model, that the position
of old stars (ages> 8Gyr) is mixed with stars with masses larger than 1.53M�. This lack of
information of the intrinsic brightness of the stars is a clear handicap when aiming to derive
the local IMF and SFH from the population synthesis side. Gaia parallaxes are very valuable
to infer the intrinsic brightness of the stars and brake some of this degeneracies. Gaia
parallaxes, colours and magnitudes represents an unprecedented opportunity to constrain
the IMF and the SFH using BGM FASt. (See poster).
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A new classification scheme for B-type stars.

Ignacio Negueruela1, Sergio Simón2, Ricardo Dorda1, Carlos
González-Fernández3, Gonzalo Holgado22, Jesús Máız Apellániz4,
Maria Monguió5 and Sara R. Berlanas2

1Universidad de Alicante (Spain)
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Abstract

The criteria for spectral classification of B-type stars were established almost 80 years ago

from low-resolution spectra on photographic plates. Since Hipparcos measured accurate

distances for nearby stars, it has been clear that, although sound in general terms, the

current set of MK standard stars in the B range has many inconsistencies, with luminosity

class not always reflecting the actual intrinsic brightness of an object. As part of the

efforts to build the IACOB database of high-quality, high-resolution spectra of OB stars,

we have gathered the largest existing collection of spectra of B-type MK standards. We

have developed a new classification scheme, based on high-S/N spectra at resolving power

R = 4 000, that solves most of the inconsistencies of the original system. The result is a

new list of standard stars that will be used for a catalogue in the Gaia RVS spectral range.

(See poster).
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Observing stellar flares with Bayesian Blocks and
Super-resolution techniques in A-type stars
observed by Kepler.

J. Pascual-Granado1, A. Garćıa Hernández2, and J. J. Pérez Moreno3
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2 Universidad de Granada
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Abstract

Flares are a sudden release of energy in the stellar atmospheres that can be observed photo-
metrically at all wavelengths across the spectrum, especially in UV and X rays. The origin
is the reconnection of magnetic field lines. They are observed in solar-type stars since there
is a dynamo mechanism and a convective envelope that can support the magnetic field lines.
On the other side, theoretical models predict a very thin, if any, convective envelope in A-
type stars but some observations point to a convective envelope that might be effective in
producing granulation effects and even magnetic activity. In order to detect and character-
ize stellar flares we need a systematic and self-consistent detection algorithm. Nevertheless,
to date all the results obtained by flares detection and their characterization that can be
found in the literature are based on a set of ad-hoc criteria that are verified manually with
no physical support. We are developing an automatic detection pipeline based on Bayesian
Blocks detection and wavelet decomposition that will be capable to detect a flare candidate
and reject false positives providing at the same time physical parameters that can be useful
for the characterization of stellar activity in A-type and other stars. Here we will introduce
the algorithm for flares detection using a sample of Kepler stars and the characterization of
the candidates using superresolution techniques.
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Clustering properties of Herbig Ae/Be stars.
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Abstract

We study Herbig Ae/Be (HAeBe) stars which are optically visible pre-main sequence stars

of intermediate-mass. They represent the most massive objects to experience an optically

visible pre-main sequence phase, bridging the gap between low- and high-mass stars. Build-

ing on the ideas from Testi et al. (1997, 1998, 1999), we are investigating the presence

of clusters around previously known and newly discovered intermediate-mass pre-main se-

quence HAeBe stars with the detailed astrometric data offered by Gaia. This will enable us

to determine the position of the HAeBe stars in the HR diagram and allow us to detect and

confirm the presence of the clusters around them. In the poster, we outline the preliminary

results obtained with Gaia DR2 through the algorithm we developed for the detection and

analysis of the clusters and clustering properties of the HAeBe stars. (See poster).
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Circumstellar effects on the Li and Ca abundances
in massive Galactic O-rich AGB stars.
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Abstract

We explore the circumstellar effects on the Li and Ca abundances determination in a com-

plete sample of massive Galactic AGB stars. The Li abundance is an indicator of the hot

bottom burning (HBB) activation, while the total Ca abundance could be affected by over-

production of the short-lived radionuclide 41Ca by the s-process. The Li abundances were

previously studied with hydrostatic models, while the Ca abundances are determined here

for the first time. The pseudo-dynamical abundances of Li and Ca are very similar to the

hidrostatic ones, indicating that the circumstellar effects are almost negligible. The new Li

abundances confirm the (super-)Li-rich character of the sample Li-detected stars, support-

ing the HBB activation in massive Galactic AGB stars. Most sample stars display nearly

solar Ca abundances that are consistent with predictions from the s-process nucleosynthesis

models. A minority of the sample stars show a significant Ca depletion. Possible reasons

for their (unexpected) low Ca content are given. (See poster).
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Establishing the nature of X-ray binaries through
infrared spectroscopy.
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Abstract

European Space Agency’s INTEGRAL (International Gamma-Ray Astrophysics Labora-

tory) satellite have discovered new X-ray sources due to its sensitivity above 20 keV. Most

of these sources suffer from high absorption and the classical blue band spectral classifi-

cation region is normally not accessible. This can be overcome, however, through infrared

spectroscopy. The characterisation of these systems can influence the population synthesis

models currently in use. In this work, we present the first H and K band spectra for three

INTEGRAL sources using the NICS instrument mounted on the Telescopio Nazionale

Galileo (TNG) 3.5-m telescope. This study was complemented with infrared photometry

from UKIDSS, 2MASS, WISE and NEOWISE databases. Our spectra show all the sig-

nificant features in emission and are, thus, consistent with a Be nature of the companions.

Owing to their X-ray characteristics, these systems were classified as Be X-ray binaries.

This allowed us to refine its distances to the sources using suitable calibrations that take

into account the contamination by the circumstellar disk. (See poster).
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VOSA: SED building and analysis of thousands of
stars in the framework of Gaia.
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Abstract

VOSA (Virtual Observatory Sed Analyzer, http://svo2.cab.inta-csic.es/theory/vosa/) is
a public web-tool developed by the Spanish Virtual Observatory (http://svo.cab.inta-
csic.es/) and designed to help users to (1) build Spectral Energy Distributions (SEDs)
combining private photometric measurements with data available in VO services, (2) obtain
relevant properties of these objects (distance, extinction, etc) from VO catalogues, (3)
analyze them comparing observed photometry with synthetic photometry from different
collections of theoretical models or observational templates, using different techniques
(chi-square fit, Bayesian analysis) to estimate physical parameters of the observed objects
(temperature, mass, luminosity, etc), and use these results to (4) estimate masses and ages
using collections of isochrones and evolutionary tracks from the VO. In particular, VOSA
offers the advantage of deriving physical parameters using all the available photometric
information instead of a restricted subset of colors. The results can be downloaded in
different formats or sent to other VO tools using SAMP. VOSA is in operation since 2008
(Bayo et al, 2008, A&A 492,277B), with more than 1600 active users (∼5 million objects
analysed), and ∼ 150 refereed papers published making use of this tool.

We have upgraded VOSA to provide access to Gaia DR2 photometry and parallaxes and give
a reliable estimation of the physical parameters (effective temperatures, gravities, metallic-
ities, masses and ages) of thousands of objects at a time. This upgrade has required the
implementation of a new computation paradigm, including a distributed environment, the
capability of submitting and processing jobs in an asynchronous way, the use of paralelized
computing to speed up processes (∼ ten times faster) and a new design of the web interface.
(See poster).
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The spatial distribution of Cyg OB2 from Gaia
DR2.

S. R. Berlanas1,2, N. Wright3 and A. Herrero1,2

1 Instituto de Astrof́ısica de Canarias, 38200 La Laguna, Tenerife, Spain
2 Departamento de Astrof́ısica, Universidad de La Laguna, 38205 La Laguna, Tenerife,
Spain
3 Astrophysics Group, Keele University, Keele, ST5 5BG, UK

Abstract

A key difficulty in the study of Milky Way massive stars and OB associations has been the

large uncertainty in their distances, hindering the comparison with theories of stellar and

cluster evolution. The recent second release of data from the Gaia satellite has provided

unprecedented high quality astrometry for more than 1.3 billion of objects, all of them with

measured parallaxes. For the first time ever, we have explored the spatial substructure of the

Cygnus OB2 association using parallaxes from the recent second Gaia data release. We used

a Bayesian inference procedure to model the observed parallax distribution. Our analysis

reveals a foreground group separated from the main Cygnus OB2 population. This result

could unravel the internal kinematics and evolution of this massive star-forming region. (See

poster).
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The intricate nebular architecture of The Rotten
Egg disclosed by ALMA.
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1 Centro de Astrobioloǵıa (CSIC-INTA). Postal address: ESAC, Camino Bajo del Castillo
s/n, Urb. Villafranca del Castillo, E-28691 Villanueva de la Cañada, Madrid, Spain
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3 Observatorio Astronómico Nacional (IGN), Ap 112, 28803 Alcalá de Henares, Madrid,
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Abstract

In only a few years of operations, ALMA is revolutionising the field of AGB-to-PN research

by providing unprecedented detailed information on the complex nebular architecture, dy-

namics and chemistry of the envelopes of low-to-intermediate mass stars in their late stages

of the evolution. We report continuum and molecular line mapping studies with ALMA of

OH 231.8+4.2 (also known as The Rotten Egg), a pre-Planetary Nebula (pPN) candidate

that is key to understand the complex PN-shaping process. The high angular resolution

(0.2-0.3 arcsec) and sensitivity of our ALMA maps provide the most detailed and accurate

description of the overall nebular structure and kinematics of this object to date. We have

identified a number of outflow components previously unknown. Species studied in this

work include 12CO, 13CO, CS, SO, SO2, OCS, SiO, SiS, H3O+, Na37Cl and CH3OH. The

molecules Na37Cl and CH3OH are first detections in OH 231.8+4.2, with CH3OH being also

a first detection in an AGB star. Our ALMA maps bring to light the totally unexpected po-

sition of the mass-lossing AGB star relative to the large-scale outflow and disclose a compact

bipolar outflow that emerges from QXPup’s vicinity (amongst other puzzling discoveries).

The presence of bipolar ejections less than ∼80 yr old indicate that the collimated fast wind

engine is still active at the core of this outstanding object. (See poster).
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Determining the radius of an open cluster from
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Abstract

We propose a new method for calculating the radius of an open cluster in an objective

way from an astrometric catalogue containing, at least, positions and proper motions. It

uses the minimum spanning tree in the proper motion space to discriminate cluster stars

from field stars and it quantifies the strength of the cluster-field separation. This is done

for a range of different sampling radii from where the cluster radius is obtained as the size

at which the best cluster-field separation is achieved. The novelty of this strategy is that

the cluster radius is obtained independently of how its stars are spatially distributed. We

test the reliability and robustness of the method with both simulated and real data from

a well-studied open cluster (NGC 188), and apply it to UCAC4 data for five other open

clusters with different catalogued radius values. NGC 188, NGC 1647, NGC 6603, and

Ruprecht 155 yielded unambiguous radius values. However, ASCC 19 and Collinder 471

showed more than one possible solution, but it is not possible to know whether this is due

to the involved uncertainties or due to the presence of complex patterns in their proper

motion distributions. (See poster).
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The entropy of stellar oscilations.
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Abstract

This work presents a simple yet powerful method based on Shannon’s entropy to detect

frequency patterns in the stellar oscillation spectra. In particular we seek for the so-called

”large separation”, which is proportional to the stellar mean density. This method relies

only on the observed power spectra. We show here how large separation of the Sun, solar-

like stars and even A-F, main-sequence stars are accurately detected with this method.

Likewise, an estimate of the mean densities for A-F stars is provided. Due to its simplicity,

this method can easily be implemented in automated pipelines, like those providing precise

values of the mass, radius, and age of stars hosting planets in space missions like TESS or

PLATO.(See poster).
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O-Star binaries in the Northen Hemisphere.
Explotation of the LiLiMaRlin data.

E. Trigueros Páez1,2, I. Negueruela1, and J. Máız Apellániz 2
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Abstract

We present the first stages of the MONOS: Multiplicity Of Northern O-type Spectroscopic

systems, PhD Thesis of the PI of the poster, a description of the work done and to be

done in the future. MONOS is an ambitious project designed to collect information about

O-type spectroscopic multiple systems in the northern hemisphere, including an extensive

bibliographic search, new orbital solutions, spectral classification both from the literature

and from the Galactic O-Star Spectroscopic Survey (GOSSS). The MONOS project aim

is therefore to exploit the data from LiLiMaRLin. LiLiMaRlin is a library of libraries of

high-resolution spectroscopy of massive stars obtained from four different surveys (CAFÉ-

BEANS, OWN, IACOB, and NoMaDS) and additional data from our own observing pro-

grams and public archives. (See poster).

435

https://www.sea-astronomia.es/sites/default/files/archivos/proceedings13/ViaLactea/poster/poster_triguerose.pdf


Highlights on Spanish Astrophysics X, Proceedings of the XIII Scientific Meeting of the Spanish 
Astronomical Society held on July 16 – 20, 2018, in Salamanca, Spain. B. Montesinos,  A. Asensio Ramos, 
F. Buitrago, R. Schödel, E. Villaver, S. Pérez-Hoyos, I. Ordóñez-Etxeberria (eds.), 2019 
 

Identification of RR Lyrae stars in the Javalambre
Photometric Local Universe Survey.
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Abstract

The large and indiscriminate area Javalambre Photometric Local Universe Survey (J-PLUS)
will observe, together with the survey’s depth, magAB=22 in the broad bands, makes it very
convenient for deriving properties of the Galactic halo structure. Among the stars than
can be used for that purpose, RR Lyrae pulsating stars are of outstanding importance for
several reasons (see e.g. Sarajedini 2011): i) they are ubiquitous species in our Galaxy, so
they can be found distributed virtually everywhere without being linked to any particular
Galactic component; ii) they are relatively bright (MV ∼0.6 for mean halo metallicity),
so they are easily detectable up to a few hundred kpc from us; iii) their pulsation periods
obey a period-luminosity-metallicity relation that makes them standard candles, becoming
very useful to constraint distances; iv) they are stars older than 10 Gyr, so they are fair
tracers of the Milky Way old component. J-PLUS will provide the SED of a unprecedented
amount of RR Lyrae stars.

Here, the first preliminary mandatory step towards the achievement of those goals is
addressed: the development of a method allowing the identification of RR Lyrae star
candidates. The stellar locus of the RR Lyraes at different color-color spaces is inspected in
order to isolate highly pure and complete candidate samples. A machine-learning technique
is applyied, employing Gaia DR2 identifications (which are complete for Gaia’s G . 17)
for building the training and test sets. The resulting completeness is 85% with a purity of
77%, obtaining ∼ 5, 000 RR Lyrae stars candidates with 17.0 ≤ r ≤ 19 in J-PLUS DR1.

That result is using J-PLUS colors only. A significant improvement is expected when in-

cluding variability information, e.g. from the comparison of J-PLUS photometry with other

archives. This methodology will be applied to the whole survey data. (See poster).

436

https://www.sea-astronomia.es/sites/default/files/archivos/proceedings13/ViaLactea/poster/poster_vazquezh.pdf


Highlights on Spanish Astrophysics X, Proceedings of the XIII Scientific Meeting of the Spanish 
Astronomical Society held on July 16 – 20, 2018, in Salamanca, Spain. B. Montesinos,  A. Asensio Ramos, 
F. Buitrago, R. Schödel, E. Villaver, S. Pérez-Hoyos, I. Ordóñez-Etxeberria (eds.), 2019 
 

Gaia study on the formation of intermediate mass
stars.

M. Vioque1,2, R. D. Oudmaijer1, D. Baines3, I. Mendigut́ıa4 and R.
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2 Ingenieŕıa de Sistemas para la Defensa de España (Isdefe), XMM/Newton Science
Operations Centre, ESA-ESAC Campus, PO Box 78, 28691 Villanueva de la Cañada,
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Abstract

Herbig Ae/Be stars are intermediate mass Pre-Main Sequence objects, thus constituting a
bridge between the low mass T-Tauris and the non-optical Massive Young Stellar Objects.
Therefore they are a key subset for understanding the differences in formation mechanisms
between the low and high-mass regimes. We have derived luminosities, optical variabilities
and infrared excesses for most known Herbig Ae/Be stars (Vioque et al. 2018). In addition,
by using Gaia parallaxes, we placed 218 of these objects in an HR diagram, which allowed
us to homogeneously estimate masses and ages for the most complete sample of Herbig
Ae/Be stars to date. Our main conclusions after analysing the sample are that high-mass
stars mostly do barely display an infrared excess and show little optical variability. We do
note that the break is around ∼ 7M�. This may be related to dusty disks which signpost
a different or more efficient disk dispersal mechanism for high mass objects. We also found
that ∼ 25% of all Herbig Ae/Be stars are strongly variable. These variable sources mostly
present doubly peaked Hα line profiles, which trace edge-on disks. This project has received
funding from the European Union’s Horizon 2020 research and innovation programme under
MSCA ITN-EID grant agreement No 676036. (See poster).
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Low-mass planets around low-mass stars:
Highlights from the HADES survey.
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Abstract

While most of the planets discovered so far have been found orbiting around solar-type
stars, low-mass stars have recently been recognised as a “shortcut” to glance into an exo-life
laboratory. The HArps-N red Dwarf Exoplanet Survey (HADES) program is a long-term
project at the Telescopio Nazionale Galileo aimed to the monitoring of nearby, early-type,
M dwarfs, using the HARPS-N spectrograph to search for small, rocky planets. In this
contribution we present a summary of the project status, our methodology to determine
accurate stellar parameters for these stars, as well as our efforts to understand magnetic
activity in M dwarfs taking advantage of the high-quality HARPS-N spectra.

1 Introduction

Low-mass stars (M dwarfs) are nowadays recognised as promising targets in the search for
rocky, small planets with the potential capabilities of supporting life [8, 24]. The HArps-N
red Dwarf Exoplanet Survey (HADES) [2] is an radial velocity survey for low-mass planets
around a sample of northern-hemisphere early-M dwarfs. HADES constitutes a collaborative
effort between the Italian Global Architecture of Planetary Systems project (GAPS)1 [7],
the Institut de Ciències de l’Espai (ICE/CSIC), and the Instituto de Astrof́ısica de Canarias
(IAC).

Up to date, seventy-one nearby, bright (V < 12 mag) stars have been observed. They
have effective temperatures ranging from 3400 to 3900 K, with spectral types between K7.5
and M3V. Our targets were selected from the Palomar-Michigan State University (PMSU)
catalogue [22], from [12], and are targets observed with the APACHE transit survey [24] and
with an expected high number of Gaia mission scans.

High-resolution échelle spectra of the stars were obtained at La Palma observatory (Ca-
nary Islands, Spain) during several observing runs (from September 2012) using the HARPS-

1http://www.oact.inaf.it/exoit/EXO-IT/Projects/Entries/2011/12/27 GAPS.html
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Figure 1: Radial velocity precision vs V magnitude for series of 15 min HARPS-N spectra
of M dwarfs.

N instrument [6] at the Telescopio Nazionale Galileo (TNG). HARPS-N spectra cover the
wavelength range 383-693 nm with a resolving power of R ∼ 115000. Spectra were auto-
matically reduced using the Data Reduction Software (DRS) [13]. The DRS calculates the
cross-correlation function, which is the correlation of the spectrum with an M2-type template
mask in velocity space. However, we decided not to use the radial velocities determined by
the DRS, but to use the Java-based Template-Enhanced Radial velocity Re-analysis Appli-
cation (TERRA) [3] as we found it to deliver more accurate radial velocities in the case of
M-type stars [18]. Figure 1 shows the achieved radial velocity precision as a function of the
V magnitude of the stars for series of 15 minutes of exposure time. It can be seen that a
radial velocity precision of the order of 1 ms−1 is achieved for stars with V ∼ 10.

2 The survey results

At the time of written, five new planets have been discovered within the HADES survey while
one previously known planet has been confirmed.

GJ 3998b,c [2]. The radial velocity analysis of the M1 star GJ 3998 showed four sig-
nificant signals at 30.7, 13.7, 42.5, and 2.65 days. We used state of the art techniques to
disentangle keplerian from stellar signals including the analysis of optical activity indicators
(Ca ii H & K lines, Hα), photometry (APACHE [24], and EXORAP at INAF-Catania Astro-
physical Observatory), and gaussian process analysis. An example is shown in Fig. 2 where
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Figure 2: From top to bottom: Generalised Lomb-Scargle periodogram of radial velocities,
Ca ii H & K index, and Hα index for the star GJ 3998, zoomed around the frequencies of
interest. The dotted blue and cyan lines indicate the frequencies corresponding to orbital
periods of the candidate planets at 13.7 and 2.65 days, respectively, while the dotted red and
magenta lines show the frequencies corresponding to the activity periods at 30.7 and 42.5
days, respectively. Figure taken from [2].
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we show the use of activity indicators. We identified the periods of 30.7 and 42.5 days as
the result of chromospheric inhomogeneities modulated by stellar and differential rotation,
respectively. The shorter periods are well explained with the presence of two super-Earth
like planets (GJ 3998b: P=13.74 ± 0.02 days, mC sin i = 6.26 ± 0.79 M⊕, a = 0.089 au; GJ
3998c: P=2.6498 ± 0.0008 days, mC sin i = 2.47 ± 0.27 M⊕, a = 0.029 au).

GJ 625b [26]. A super-Earth orbiting at the inner edge of the habitable zone of the star
GJ 625 was discovered from the analysis of our HARPS-N radial-velocity time series. The
characteristics of GJ 625b are mC sin i = 2.82 ± 0.51 M⊕ with an orbital period of 14.628 ±
0.013 days at a distance of 0.078 au. A second radial-velocity signal in the range 74-85 days
was related to stellar rotation after the analysis of optical activity indicators, cross-correlation
function asymmetry diagnostics and photometry light curves.

GJ 3942b [17]. By analysing five years of observations of this star we identified the
rotation period of GJ 3942 at 16.3 days and discovered a new super-Earth, GJ 3942b, with
an orbital period of 6.9 days and a minimum mass of 7.1 M⊕. An additional signal in the
periodogram of the residuals was found. If confirmed, this planet candidate would have a
minimum mass of 6.3 M⊕ and a period of 10.4 days.

GJ 15Ab,c [19]. Twenty years of radial velocity measurements of the M1 dwarf GJ 15A
were analysed by combining our HARPS-N data with 15 years of archival HIRES/Keck data.
We confirmed the keplerian nature of the 11.44 days period super Earth GJ 15Ab (mC sin i =
3.03 +0.27

−0.44 M⊕) and discovered a second long-period (76000 days) super-Neptune mass planet
(mC sin i = 36 +25

−18 M⊕). Our best fits to the radial velocity data of GJ 15A are shown in
Fig. 3.

Figure 3: Phase folded radial velocity curves for GJ 15Ab (left) and GJ 15Ac (right). Each
curve shows the residuals after the subtraction of the other planet and the stellar correlated
signal. The red curve represents the best-fit keplerian orbit, while the red dots and error bars
represent the binned averages and standard deviations of the radial velocities. Figure taken
from [19].

Figure 4 summarises the HADES discoveries up to now. It can be seen that our
discoveries are located in the lower part of the (minimum) mass vs period diagram of known
planets around M-dwarfs. The HADES planets are mainly super-Earth like planets with
minimum masses in the range 2-7 M⊕ and typical periods around 10 days. Figure 4 points
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Figure 4: Known planets around M dwarfs. Data is from http://exoplanet.eu. Filled
red circles indicate the HADES discoveries while candidates are shown in open circles. For
comparison, the position of several Solar System planets, namely Venus, Earth, Jupiter,
Saturn, and Neptune is indicated with the labels V, E, J, S, and N, respectively.

out that most planets orbiting around M dwarfs are super-Earth planets while there seems
to be a lack of massive planets in close-in orbits orbiting M dwarfs.

3 Characterising the nearby early-M dwarf population

In contrast to solar type stars, the stellar parameters of M dwarfs are in general not well
understood. Few M dwarfs are bright enough for a direct measurement of their radii and, in
addition, there are disagreements between observations and theoretical models: observations
show that M dwarfs are cooler and larger than expected.

Within HADES we have developed a technique to calibrate empirical relationships in
order to determine the stellar parameters of early M-dwarfs [15]. Our methodology is based
on the use of pseudo-equivalent widths of features measured in the optical spectra. A feature
can be a line or a blend of lines. Pseudo-equivalent widths are defined as “traditional”
equivalent-widths but measured with respect to the value of the flux between the peaks of
the feature at each wavelength.

We have identified and calibrated 112 temperature sensitive ratios of features using
as calibrators a sample of early M-dwarfs with angular sizes obtained with long-baseline
interferometry. Typical uncertainties in our derived Teff are about 70 K. Figure 5 shows same
examples of ratios of features found to be sensitive to Teff . In a similar way, 82 spectral-type
sensitive ratios with a standard deviation lower than 0.5 spectral subtypes were identified.
For metallicity, we searched for empirical relationships as a function of individual features
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Figure 5: Examples of ratios of some features identified to be sensitive to Teff in early-M
dwarfs. Stars are plotted using different colours according to their metallicity. The cor-
responding fits are shown. The features’ central wavelengths as well as the rms standard
deviation of the residuals are given in each plot. Figure taken from [15].

and Teff -sensitive ratios. A total of 696 calibrations with standard deviation values between
0.07 and 0.10 dex were identified. Finally, we made use of our temperature and metallicity
values to search for empirical relationships with the stellar evolutionary parameters (mass,
radii, log g, luminosity). Our codes are public available for the community2.

Other HADES studies have focused on understanding the chromospheres of M dwarfs.
This is crucial for the HADES objectives. Stellar activity, including stellar spots, oscillations,
and granulation are challenging the detection of low-mass planets via radial velocity. Further,
the high-levels of activity (strong flares and high UV emission in quiescence) of M dwarfs
may constitute a potential hazard for habitability.

In [14] the stellar parameters-activity relationships for early-M dwarfs were revisited.
To do that, we first determine the emission excess in the different chromospheric indicators
(Ca ii H & K, Balmer’s lines) by applying the spectral subtraction technique which allow
us to subtract the underlying photospheric contribution from the stellar spectrum. We also
computed rotational velocities by using the cross-correlation function and estimate the age
of the stars by analysing their spatial Galactic velocity components and possible membership
to stellar kinematic groups. Our results are summarised as follows: i) the strength of the
chromospheric emission is constant in the M0-M3 spectral range; ii) we find lower rotation
levels in cooler stars; iii) a tendency of higher rotation values with increasing activity is found;
and iv) young stars tend to show higher levels of activity.

2https://github.com/jesusmaldonadoprado/mdslines
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Figure 6 shows some examples of the comparison between pairs of fluxes of different
chromospheric lines and coronal X-ray emission for the stars in our sample. The analysis of
the flux-flux relationships shows that our M dwarfs sample is complementary to other liter-
ature samples, extending the analysis of the flux-flux relationships to the low-chromospheric
fluxes domain. Our results confirm that field stars deviating from the “general” flux-flux
relationships are likely to be young. We conclude that our sample represents a benchmark
for the characterisation of magnetic activity at low levels.

Figure 6: Flux-flux relationships between between Hα and Ca ii K (left panel) and between
X-ray and the calcium line Ca ii K (right panel). M dwarfs from the HADES survey are
plotted with red filled squares; FGK stars from the literature with open circles, late-K and
M stars from the literature are shown by purple open squares; green stars denote M0-M3
pre-MS M stars. Possible young disc stars in our M star sample are shown by circles. The
black dash-dotted line represents our best fit; the relations for the “active” and “inactive”
branches by [16] are shown in light grey solid and dashed dark grey lines, respectively. Two
“deviating” stars are indicated by diamonds. Figure taken from [14].

The short term variability of our targets is analysed in detail in [23]. The time variability
of the emission fluxes is analysed by using the pooled variance technique. We derive a
tentative estimate of the rotation period (on the order of a few tens of days) for some HADES
targets, while we found the typical lifetime of chromospheric active regions to be of the order
of a few stellar rotations. A couple of examples are shown in Fig. 7. We also find that the
variance of the flux excess is an increasing function of stellar activity, and that even the
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quietest stars show some degree of variability.

We also find that the Hα emission does not increase monotonically with the Ca ii H &
K line flux, showing some absorption before being filled in by chromospheric emission when
Ca ii H & K activity increases, in agreement with chromospheric models.
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Figure 7: Pooled variance diagrams of the star GJ 2 (left) and GJ 16 (right). Top: Ca ii
H & K. Bottom: Hα. The red line is a smoothing function for ease of reading the graphs.
Figure taken from [23].

We finally revisited the activity-rotation relationship, previously poorly constrained for
M dwarfs (specially in the non-saturated regime). In [25] logR

′
HK values and rotational peri-

ods are derived from time series spectroscopy of the Ca ii H & K and Hα activity indicators.
Complementary ASAS photometry light-curves are also used. The typical level of activity
in our sample is logR

′
HK ∼ -5 while the mean rotation period of our stars is ∼ 40 days.

The rotation-activity diagram is shown in the left panel of Fig. 8. The data is fitted to a
relationship with the functional form log(Prot) = A+B × logR

′
HK being A = -2.15 and B =

-0.731 for our early-M dwarfs.

The coronal activity-rotation relationship is analysed in [10]. It is important to note
that all our targets except one are in the non-saturated regime where only one data point
(that, in addition, corresponds to an upper limit) was reported in previous works [20]. There-
fore, we are able to determine in a more accurate way than in previous works the value of the
rotation period at which the saturation occurs (Psat) for M dwarfs. Figure 8, right, shows
the fractional X-ray luminosity of the stars a function as a function of the period. From our
analysis we derive Psat ∼ 9.6 days for stars in the 3400-3600 K range, while for stars with
effective temperatures between 3700 and 3900 K the derived Psat value is of the order of 4.4
days.
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Figure 8: Left: Rotation period vs. chromospheric activity level, logR
′
HK. The shaded

region shows our best fit. HADES targets are shown in red, while literature data is plotted
in grey. The Sun’s value is included as a reference point. Figure taken from [25]. Right:
LX/LBol vs. rotation period. The black squares correspond to the upper limits from [20].
Blue and red dots correspond to the M dwarfs from this work in the two different range of
temperatures indicated in the text. The black dashed line represents the broken power law
obtained by the fitting procedure from [20]. The blue and red dash line represent our best
fit for 3400-3600 K and 3700-3800 K Teff range, respectively. Figure taken from [10].

4 Statistical analysis

While detailed statistical analysis are still on preparation, not far after the beginning of our
survey we performed a series of simulations using state of the art planet occurrence statistics
in order to define the “optimal” strategy (number of targets, number of observations, exposure
time, etc.) for our survey [18]. In particular, we estimated a jitter of 2.3 ms−1 for our targets
and compared the radial velocities as derived from the DRS with those provided by the
TERRA pipeline (see Sect. 1). Our analysis showed that the TERRA radial velocities give
lower rms values and should be preferred.

We analysed how the number of detected planets depends on the number of observations
per star and the number of observed targets. The results can be seen in Fig. 9. Based on our
analysis we expected (underestimated) the discovery of 2.4 ± 1.5 planets which is half the
number of planets detected so far. We found that planets with mC > 2 M⊕, K > 2 ms−1 and
orbital periods between 10 and 25 days should be easily detected. We conclude that optimal
results are obtained for approximately 50 observations per star with exposure times of 900 s
and precision of approximately 1 ms−1.

5 Summary

The HADES survey has been successful in the discovery of five new super-Earth like planets
with periods around 10 days. These discoveries have been possible thanks to the development
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Figure 9: Left: Relationship between the amount of all detected planets and the number
of observations per star (black dots), of the terrestrial planets (red squares), the habitable
planets (blue triangles) and the false positives (black dashed line). The vertical black dashed
line indicates the total observation time of our survey. Right: Relationship between the
number of detected planets of our simulations and the number of stars used for the survey for
a given total observation time of 800 (blue), 1200 (red) and 1600 h (black). Points with the
same number of observations per star are connected using dash-dotted lines. Figure taken
from [18].

of new and imaginative approaches to deal with the stellar noise problem. The survey is
already ongoing and the analysis of the data has revealed several planetary candidates that
will be the subject of further studies [1, 9].

Within HADES we have conducted several studies in order to characterise the nearby,
early-M dwarf population. In particular we have analysed their stellar parameters, the rela-
tionship between them an stellar activity, the flux-flux relationships and the rotation-activity
connection. In addition, several statistical analysis has been performed (regarding the survey
strategy and expectations) or are in progress (including the survey sensitivity and frequency
of planets, possible correlations with stellar properties, activity and binaries studies, etc.).

We finally mention the possible synergies with other projects, in particular with the
development of near infrared high-resolution spectrographs like GIARPS [5] or CARMENES
[21]. We note that the capabilities of combined optical/near infrared spectroscopy to confirm
or reject planetary candidates have already been demonstrated [11, 4] offering an unique
procedure to disentangle stellar from keplerian signals. Near infrared spectroscopy also opens
for the first time the possibility of search for planets around late-type M dwarfs (spectral type
later than M3-M4) for which the velocity amplitude of a terrestrial planet in the habitable
zone is highest [8].
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Abstract

This year 2018 is very important for the Mars scientific community in Europe since for
the first time two missions of the European Space Agency coincide around the orbit of
Mars, opening a great opportunity for collaboration to improve our understanding of our
neighbour planet.
The Mars Express mission is fully operational and has been providing great amounts of
data since its arrival at Mars in Christmas 2003, covering a wide range of science objectives
from the surface and sub-surface geology, atmosphere dynamics and composition, up to
the interaction with the magnetosphere and the characterization of the Martian system
including Phobos and Deimos.
The ExoMars 2016 Trace Gas Orbiter mission arrived successfully at Mars in October
2016 and after the first calibration observations in the initial capture orbit and the long
aerobraking phase of more than 12 months, the mission started its operational science
phase in April 2018 aiming to fulfill the scientific goals of the mission: atmospheric trace
gases, climatology, surface geology and subsurface ice detection.
In this contribution we provide a short summary of each mission and their mission pro-
files, with the characteristics of each orbit and their differences that drive the observation
capabilities. We will then focus on the synergistic capabilities between all the instruments
and the observations that can be combined to improve the scientific outcome of both mis-
sions. In particular we will show the preparations done by the science operations centers
at ESAC and the work within the Science Ground Segments for the long term analysis of
the geometrical conditions of both missions to perform coordinated science operations. We
will provide details on the science opportunity analysis process, using various operational
tools inherited from previous planetary missions to perform geometrical and operational
simulations of both spacecraft, taking into account the observation requirements of all the
instruments and the operational requirements for feasibility checks.
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1 Mars Express Mission

Launched in June 2003, the Mars Express spacecraft has been steadily returning enormous
volumes of science data since its arrival in Mars orbit in December 2003. While the mission
was originally conceived to last 687 Earth days (one full Martian year), it has now been op-
erating continuously for almost 15 years, covering a wide range of science objectives from the
surface and sub-surface geology, atmosphere dynamics and composition, up to the interaction
with the magnetosphere and the characterization of the Martian system including Phobos
and Deimos.

The Mars Express spacecraft is in a highly elliptical polar orbit, with an inclination of
86 degrees from the equator and a period of nearly 7.5 hours, producing about three orbit
passes per day. The pericentre height is approximately 350 Km, while the apocentre is at
approximately 10,000 Km. The orbit is not synchronized in any way with Mars, Earth or the
Sun, and so it is drifting freely by celestial mechanics with a slow precession movement that
changes the orbit latitude and the illumination conditions, defining the long term seasons
with a long period of nearly 20 months.

This high eccentricity of the orbit provides a very wide range of distances that allow
for the observation of the planet with very different resolutions and observing conditions.
However the long term evolution of the orbit precession causes very stable and slow changing
seasons, with very slow variations of the latitude and illumination at pericenter where we can
identify long observation campaigns (3 6 months).

2 ExoMars 2016 Trace Gas Orbiter Mission

ExoMars 2016 is the first of the ExoMars Programme developed jointly by ESA and Roscos-
mos. The key goal of this mission is to gain a better understanding of atmospheric trace gases
that are present in small concentrations (less than 1% of the atmosphere) which are key in
the understanding of the atmospheric climate evolution and potential evidence for biological
or geological activity in the past.

The Trace Gas Orbiter (TGO) carries a scientific payload capable of addressing this
scientific question, namely the detection and characterisation of trace gases in the Martian
atmosphere. The spectrometers ACS and NOMAD will make use of the solar occultation
observations to obtain the maximum sensitivity in the vertical profiles, and will use also nadir
pointing to map the atmospheric conditions of the whole planet to detect a wide range of
atmospheric trace gases, with an improved accuracy two or even of three orders of magnitude
compared to previous measurements. The instrument CASSIS will also observe in nadir
geometry to obtain super high resolution colour and stereo images of selected targets on the
surface. The FREND instrument will analyse the subsurface hydrogen to a depth of a metre,
to reveal any deposits of water-ice hidden just below the surface, which, along with locations
identified as sources of the trace gases, and stereo colour imaging, could influence the choice
of landing sites of future missions.

The nominal science orbit of TGO around Mars is circular at an altitude of 400km,
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with a high inclination of 74 deg and a characteristic node regression that makes the orbit
plane rotate around the planet with a typical cycle of 7 weeks. The evolution of the beta
angle (the angle between the orbit plane and the sun) drives the main seasons of the mission
and defines the long term planning campaigns for solar occultation and nadir observations.

3 Sinergies and Areas for Collaboration

In general the ExoMars long term evolution is very dynamic compared to the evolution of
Mars Express, and has short observing seasons that vary regularly on a weekly basis, based
on the orbital node regression. That allows for a full surface and local time coverage on a
monthly basis, except for the polar regions that the spacecraft is not able to reach.

The main advantage of ExoMars TGO compared to Mars Express is the capability
to have almost continuous science observations. Thanks to a simplified mission profile the
spacecraft is basically pointing Nadir by default and pointing the solar occultation channels
to the Sun whenever needed for occultation measurements. Mars Express does not operate
continuously, as most observations need to be stopped during ground communications but at
least on the other side it provides a lot of pointing flexibility thanks to the maturity of the
mission.

Here we list a few of the common scientific research areas for collaboration between
both missions:

• Geology and subsurface: photometric properties, including temporal and spatial vari-
ations, evolution of the polar caps, sub-surface ice, surface water abundance and their
correlation with surface geology and mineralogy.

• Meteorology and climate: extending record of climatological parameters (temperature,
minor species, dust, clouds), improving the coverage (spatial, temporal, local time),
study of couplings between the atmospheric layers and dependence of atmospheric pa-
rameters on dust loading

• Ionosphere and escape: structure of the ionosphere and upper atmosphere, dependence
of escape on the state of the lower atmosphere, characterisation of water escape and its
dependence on the state of the lower atmosphere and study of couplings between the
atmospheric layers

In order to take advantage of these sinergies there is a common effort to promote the
collaboration lines between both missions, not only in the data analysis, but also in the
sharing and discussion of results, the comparison of retrieval tools and radiative transfer
codes, climatological parameters, and the joint use of TGO and MEX data in Global Climate
Models.
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4 Analysis of coordinated science observations

This work focuses in the analysis of coordinated science observations and combined observa-
tion opportunities (surface, sun occultations, . . . ), which would then be used for the cross-
calibration of different instruments that may contribute to complementary science objectives
(surface, temperatures, clouds, context,. . . ) and will be used in the preparation of a joint
long-term science activity plan between both missions.

In order to study the various possibilities of coordinated science operations, we define
here various types of combined observations:

• Simultaneous observations: these are observations of both missions that observe the
same exact position, latitude and longitude coordinates, and occur exactly at the
same time, therefore having the same illumination and local time conditions. These
kinds of observations are the most interesting and would be extremely useful for cross-
comparison and cross-calibration between the different instruments, however they are
limited by the geometrical evolution of the orbit and may not be possible in all cases.

• Quasi-simultaneous observations: these are observations that are almost simultaneous
but have one or more requirements relaxed, in terms of position, time or conditions.
These may cover a wide range of options depending on the flexibility of the scientific
requirements of each type of observation, and are still very useful for comparison and can
provide very important information for wide scientific objectives both at the surface and
atmosphere. We can distinguish here two main type of quasi-simultaneous observations:

- Surface driven: these are observations of the same latitude and longitude coor-
dinates, but performed at different times. This kind of observations may be useful
for some scientific objectives, in particular for surface features and in general for the
imaging cameras where the comparison of the results can still be relevant even if obser-
vations are taken at very different times, as long as the illumination conditions at the
surface are similar.

- Sun illumination driven: these are observations taken at the same latitude region
and with the same illumination conditions, but the longitude coordinates may be dif-
ferent. In other words, these are two observations of the same geometry on Mars with
respect to the sun, but where the actual point in the surface is different.

• Non-simultaneous seasonal observations: these are observations that do not occur close
in time, but are at least performed in the same season with similar conditions and there-
fore they can still be used to infer useful information. This is in particular applicable
to surface geology or mineralogy observations that are not expected to change within
short time scales. In general the overall scientific requirement for both missions is to
reach as much as possible a full coverage of the planet, not only in terms of surface
latitude and longitude, but also in terms of season (Solar Longitude) and illumination
conditions (Solar Elevation angle and Local Time) so that all the data can be ingested
into the climate models for comparison.
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4.1 Solar Occultations

The main scientific goal of ExoMars TGO is the analysis of trace gas species and the most
important observation that will cover the sensitivity requirements are the solar occultations
that will use the signal of the sun as it gets occulted by the atmosphere, providing very
important information of the vertical profile of various gas molecules and their densities with
the NOMAD and ACS spectrometers. Mars Express also has the SPICAM instrument that
is able to perform solar occultation measurements in the infrared range and their results are
very important for comparison of the measurements of the vertical profiles and the retrieval
methods for various gases.

For this we have performed an analysis of all the occultation points MEX-Mars-Sun and
TGO-Mars-Sun both for the in-gress and e-gress points (that is dusk and dawn). In order to
identify all the quasi-simultaneous opportunities we have computed all occultations from both
missions for the year 2018 and compared all times and geometrical conditions. This analysis
has shown that MEX-TGO combined occultations are geometrically possible and occur every
few weeks. We have found at least three optimal opportunities in 2018 (23-May, 16-August
and 29-August) where the time difference is less than one minute, and we have identified
many other quasi-simultaneous occultations that can be observed at the similar times in the
same region of the planet within a few minutes difference. In particular we can observe that
the periods May-June and August-September have quite a few combined occultation events
that occur within 15min difference in the same region of the planet (0 30deg difference in
latitude).

4.2 Nadir Observations

Both the Mars Express and Trace Gas Orbiter mission are also observing in Nadir geometry,
not only performing high resolution imaging of the surface with MEX/HRSC, TGO/CASSIS,
and characterizing the surface composition with MEX/OMEGA but also complementing the
atmospheric analysis of various gases of the previously mentioned solar occultations, providing
temperature profiles and various gas abundance maps with MEX/PFS and MEX/SPICAM,
cloud monitoring and overall contextual information with MEX/HRSC, MEX/OMEGA and
MEX/VMC. The nadir observations are also used by other instruments like TGO/FREND
and MEX/MARSIS to provide mapping information of the subsurface that is of great impor-
tance to the analysis of ice content below the surface and other contextual interpretation of
the data.

When looking at the orbits of both spacecrafts, it is easy to identify that there are
orbit “alignment” seasons every few months, where both spacecrafts can fly “quasi-parallel”
to each other, with elongated similar tracks on the surface. Also at any point in time there are
always two crossing points between the orbits, although the distances may be very different
due to the eccentricity of the MEX orbit, affecting the chances of having a simultaneous
observation between the two spacecrafts.
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5 Summary and Conclusions

In this contribution we have shown some of the potential science opportunities for combined
observations between Mars Express and Trace Gas Orbiter that are an important input for
the science operations planning of both missions. Our analysis shows that there are regular
opportunities for combined observations between the missions for both the most important
observation types, solar occultation and nadir.

MEX-TGO combined occultations are geometrically possible and occur every few weeks.
Although we may not have many exact simultaneous observations of the same spot in time,
we have identified many quasi-simultaneous occultations that can be observed at similar times
in the same region of the planet within a few minutes difference. In particular the periods
May-June and August-September have combined occultation events within 15min difference
in the same region of the planet.

For nadir observations, simultaneous cross-calibrations are possible regularly at dif-
ferent distances, and all latitudes/longitudes can be covered by both spacecrafts, with the
exception of the polar regions due to the TGO orbit inclination (74deg). Quasi-simultaneous
observations are very common as there are always two TGO-MEX crossing points, which
can be seen within one 1h difference thanks to TGO shorter orbital period. This 1 hour
difference may be important or not depending on the scientific objective, or the proximity to
terminator. The main driving factor is the distance of Mars Express, but depending on the
type of observation it may be interesting to observe at pericenter (for high resolution) or at
the apocenter for contextual information.

The results of this work are based on the lessons learned from Mars Express and other
planetary missions and are intended to identify as soon as possible the feasible coordinated
science campaigns so they can be allocated during the Long Term Planning process (LTP,
6-month cycles) for the definition of high level priorities between the two missions and all
their instruments. This science campaigns can then be iterated, confirmed and implemented
during the Medium Term Planning process (MTP, 4-week cycles), where all the observations
are frozen and expanded for the final commanding of the instruments at Short term Planning
(STP, 1-week cycles).
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Abstract

The discovery of planets around massive stars is important for understanding how planet

formation and evolution is conditioned by different stellar environments. However, current

planetary search surveys have failed to detect planets around massive evolved stars. This

lack of planets might be a consequence of the specifities of planet formation around such

objects. Alternatively, the detection of planets around evolved massive stars might be

hindered by the increasing stellar jitter as the stars evolve. In this project we target planets

around evolved stars in open clusters, most of them with masses above 2 M�. We present

the cases of three objects where long term (i.e. years) and high amplitude RV signals of

probably stellar origin are mimicking the presence of planets.

1 Introduction

The last two decades have represented a strong success in the quest for exoplanets, mainly
around late F and GKM stars. However, the search for planets around more massive stars
(early F or A spectral types) is more difficult with the currently most used methods. For
example, the Radial Velocity (RV ) technique, cannot be used in stars hotter than ∼ 6500 K
due to the increase in rotational velocities of those more massive stars and the lack of a
sufficient number of spectral lines. Similarly, the larger radius of such stars hampers the
discovery of planets with the transit method. Nevertheless, searching for planets around K
giants, the evolved counterparts of those massive stars, has been a way to sort this problem
out. The lower rotation rates and more crowded spectra of evolved stars facilitates the use
of the RV technique [5, 22, 18].

Still, current planetary search surveys have failed to detect close-in planets around
massive evolved stars [16]. In Fig. 1 we can see stars with log g < 3 dex do not have planets
with periods shorter than 100 days. Whether this lack of short period planets around massive
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Figure 1: Orbital period of all planets discovered to date as a function of stellar surface
gravity. Data and plot taken from exoplanets.org.

stars has a primordial origin or is produced by planet engulfment is still debated [24, 12].
Moreover, several works have found that the frequency of massive planets is higher around
more massive stars [10, 20] but with a maximum around 2 M� and a sharp decrease for
stars more massive than 2.5-3 M�. Indeed, long-term surveys of giant stars such as the Lick
Observatory survey [20] or the EXPRESS survey [11] have not found any planet in stars more
massive than ∼2.7 M�. Certainly, an important concern when interpreting RV variations in
red giants is the presence of intrinsic stellar jitter (caused by p-mode oscillations) which
shows a typical level of 10-20 m s−1 for stars at the base of the Red Giant Branch (RGB) [23]
and increases as the stars further evolve [9]. The modulation of active regions in red giants
can produce large amplitude RV variations as well. Therefore, analysing the stability of the
RV signals over several orbits (and for a time span larger than the stellar rotational period)
is needed before claiming the presence of a planet. In this work we present new results for
a survey around evolved stars in open clusters started by [17], hereafter LM07. For more
details about the present work we refer the reader to [4].

2 NGC2423No3 and NGC4349No127

In LM07, showing the first results of this survey, a planet in the cluster NGC2423 was
announced after collecting 46 RV points (28 with CORALIE and 18 with HARPS) during
1529 days. Additionally, a brown dwarf was discovered around NGC4349No127, by using 20
RV measurements with HARPS along 784 days. In order to probe the planetary nature of
the RV signals, the Ca II H&K lines and the Bisector Inverse Slope BIS [19] of the cross
correlation function (CCF) were analyzed, but none of them showed a periodic variability. In
the next two years after the publication of the results these two stars were followed up and
additional data has been taken in 2017 and 2018. In the left panel of Fig. 2 we show the
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Figure 2: Left: RV curve as a function of time and as a function of orbital phase for
NGC2423No3. Right: BIS vs RV for NGC2423No3.

RV variations of NGC2423No3 spanning 15 years of observations (although with a big gap
in between 2009 and 2017) that can be fitted with a Keplerian fit with a period of 698 days.
Considering the stellar mass (2.26±0.07 M�) of this object [3], this signal would correspond
to a planet with m2 sin i = 9.6 MJ in a circular orbit with a = 2.02 AU. We note however,
that the phase of the signal seems to slightly change along the time. The periodograms of
the full-width-at-half-maximum (FWHM) of the cross-correlation function (CCF), the BIS
and the Hα line do not show a significant variation with the period of the RV, however, we
find that the BIS is strongly correlated with the RV (see the right panel of Fig. 2). This fact
warns us about the possibility that the signals we are observing are related to inhomogeneities
in the stellar surface and not with an orbiting body.

In the right panel of Fig. 3 we show the RV variations of NGC4349No127 for which
46 measurements were collected during 1587 days. The data can be fitted with a Keplerian
orbit of 672 days, corresponding to a brown dwarf of m2 sin i = 24.1 MJ (the stellar mass is
3.81±0.23 M�) in a near circular orbit. However, the periodogram of the FWHM has a strong
peak at ∼666 days, the same period as observed in the RV periodogram (see left panel of Fig.
3). This fact indicates that there are variations in the star’s atmosphere with the exact same
period as the RV. Moreover, the Hα periodogram also shows a signal at a similar period, with
P ∼ 689 days (however just below the FAP = 1% level). Therefore, the strong RV signal is
probably due to rotationally modulated active regions or long-period oscillations, and not as
a result of an orbiting body.

3 IC4651No9122

In Fig. 4 we present the data for IC4651No9122, a star with a mass of 2.06±0.09 M�. The
first set of data collected till 2009 (47 RV points during ∼4.5 years) shows a very clear and
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Figure 3: Left: Generalized Lomb-Scargle periodograms of RV, FWHM, BIS and Hα index
for NGC4349No127. The dashed line indicates the FAP at 1% level. Right: RV curve as a
function of time and as a function of orbital phase for NGC4349No127.

significant peak at 771 days (see left panel in Fig. 4). This RV variation can be explained
by the presence of a planet with m2 sin i = 6.9 MJ in a 2.09 AU semi-major orbit. The
Hα periodogram shows a statistically significant signal at 1052 days and a peak below the
FAP = 1% line at 689.8 days. Moreover, the FWHM periodogram also shows a long-period
signal at ∼689.8 days, close to the FAP = 1% line. This signal is probably due to rotational
modulation of active regions in the atmosphere. Although the most plausible explanation for
the RV variability is the presence of a planet, we considered a bit suspicious the fact that the
period of the FWHM lies so close to the period of the planet candidate which in turn matches
one of the peaks of the Hα index periodogram. Therefore, we decided to re-observe this star
during 2017 and 2018 and we also collected 6 additional points from the ESO archive. The
periodogram of the complete dataset is shown in the middle panel of Fig. 4. The RV has
now a peak at 741 days whereas the FWHM presents a significant peak, just above the FAP
level, at 714 days, closer to the RV period than with the initial set of data. The Hα index
also shows two peaks at 952 and 714 days but they are not statistically significant. The RV
curve with a Keplerian fit is shown in the right panel of Fig. 4. Although with the current
data we cannot rule out the presence of a planet around IC4651No9122, these results cast
doubts on the planetary nature of the signal and more data will be needed to confirm the
presence of a planet.

4 Conclusions

Long-period RV variations with hundreds of days have been known to exist in several giant
stars [25, 14, 7] with RV amplitudes in the order of ∼50-400 m s−1 which were attributed to
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Figure 4: Left: Generalized Lomb-Scargle periodograms of RV, FWHM and Hα index for
IC4651No9122 with data taken until 2009. The dashed line indicates the FAP at 1% level.
Middle: The same for the full dataset. Right: RV curve as a function of time and as a
function of orbital phase for IC4651No9122.

rotationally modulated active regions [14, 13] or radial and non-radial pulsations [6]. More-
over, a new kind of pulsations with period of hundreds of days have been recently proposed
to be manifestations of oscillatory convective modes [21]. Although these pulsations are ex-
pected to be only present in high luminosity stars (log (L/L�) > 3 dex for a 2 M� star) they
might be an explanation for the variability found in NGC4349No127, the most evolved of
our targets [4]. Recently, this kind of pulsations have also been considered as a possible
explanation for the RV variations found in γ Draconis with a semi-amplitude of 148 m s−1

and a period of 702 days that changes in phase and amplitude [8]. Curiously, the suspicious
RV variations of our targets also have a period close to 700 days. Furthermore, there are
other cases in the literature with long-period RV variations in M giants that correlate with
stellar activity indicators such as BIS or Hα [15, 2].

The three examples presented here clearly expose the difficulty of detecting planets
around evolved stars, especially the most massive ones. Therefore, it is important to carry
out long-term observations covering more than one period of the planet candidates (and
for a time span larger than the stellar rotational period), to evaluate the stability of the
hypothetical planetary signal and its possible relation with the rotational period of the star.
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Abstract

Moist convective storms can trigger atmospheric activity of different scales in Jupiter’s
atmosphere: From localized storms to planetary-scale disturbances including “contained”
activity over a given region. In February 2018 a convective storm erupted in Jupiter’s South
Temperate Belt. This occurred inside an elongated cyclonic region informally known as the
STB Ghost, close to the large anticyclone BA. The initial storm lasted only a few days but it
broke the elongated Ghost into two structures, one of them interacting with oval BA and the
other being expelled to the West. After the rupture both features continued to evolve over
time-scales of several months. Here we present a study of this perturbation based on the
long-term analysis of amateur, JunoCam and HST observations and we perform numerical
simulations aimed to reproduce the phenomenology observed. The simulations are run using
the General Circulation Model EPIC and require a complex interplay between the Ghost,
the convective eruption and oval BA. We constrain the strength of the convective storm to
levels that are only compatible with water powered moist convection.

1 Introduction

Convective storms are an important mechanism for triggering changes in Jupiter. These
storms usually develop at various latitudes and can have different intensities, going from
small-scale storms, such as at the west of the Great Red Spot, to storms that trigger full
planetary scale disturbances, such as the North Temperate Belt Disturbance (see [9] and
[11]) or the South Equatorial Belt Disturbance (see [8] and [2]). Since October 2016 several
phenomena have been observed in Jupiter related with a convective nature. In October 2016
four convective storms in Jupiter’s North Temperate Belt (NTB) ended up developing a
planetary scale disturbance that lasted several months [11]. In December 2016 a convective
storm in the South Equatorial Belt (SEB) developed also a large-scale disturbance in this
region with large-scale turbulence extending over several months. In October 2017 another
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disturbance was observed by several telescopes and the JunoCam instrument aboard Juno
spacecraft, this time in the South Tropical Zone. This disturbance developed a South Tropical
Zone Disturbance ([7]) with a recirculation of the zonal winds followed by its interaction with
the Great Red Spot over 2018.

The so called South Temperate Belt (STB) Ghost is an elongated low-contrast cyclonic
region located at the South Temperate Belt, at a planetocentric latitude around 27◦S, that
has been observed in every Jupiter apparition since 2011-2012. In February 2018 a series
of convective storms erupted in a matter of 3 days inside the STB Ghost developing strong
turbulence initially confined to this cyclonic region developing a South Temperate Belt Dis-
turbance (STBD). This has been the first time in which a confined convective disturbance
has been observed in all its phases and high-spatial resolution.

2 Evolution of the disturbance

In order to study this phenomenon we have used observations from several datasets: Amateur
observations, our own observations made with the PlanetCam UPV/EHU instrument in the
2.2 m telescope at Calar Alto observatory on May and June 2018, publicly released Hubble
Space Telescope observations at different dates over 2017 and February and April 2018 and
JunoCam observations on December 2017. High quality amateur observations have been
indispensable to study this event due to their capability of providing high temporal coverage
and the quick evolving nature of this phenomenon. We have separated the evolution in three
stages: Fist the situation before the convective activity, second the start of the convective
activity and third the long-term evolution of the disturbance.

2.1 The STB Ghost prior to the convective eruption:

We studied the dynamical context of the STB Ghost before the beginning of the perturbation
using HST and JunoCam data. We obtained wind measurements that characterize the STB
Ghost circulation on HST images on February and April 2017. These images showed that
the cyclone is an elongated feature with a size of 24, 000 x 4, 500 km with an external cyclonic
circulation (clockwise) of 60 ± 10 m/s. The JunoCam images on December 2017 showed
the structure of the Ghost but the small time separation between the images resulted in an
estimation of the Ghost circulation of 80 ± 20 m/s. Over 2017 the Ghost has been slowly
approaching to the long-lived anticyclone BA and it has been elongating until reaching a size
of 28, 000 x 5, 500 km when the disturbance started. By the date of the convective eruption
the Ghost was at a distance of 17 ◦ from the large anticyclone BA. The interaction of the
East side of the Ghost with BA modified their longitudinal drift.

2.2 Characterization of the convective eruption:

The onset of the convective outbreak that triggered the disturbance was reported on ama-
teur observations obtained on 4 February 2018. In those observations a bright spot of size
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1, 800 x 1, 400 km was observed inside the STB Ghost, with its convective nature demon-
strated with observations in the strong methane absorption band. Two days later a second
convective nucleus, with a size of 3, 400 x 1, 700 km, was observed to the west of the first one.
The first convective outbreak was active during 5 days, while the second one was active only
during 1 day. These storms triggered a local disturbance which was contained inside the STB
Ghost.

On observations made by Hubble Space Telescope on 7 February 2018 (see Fig. 1) the
first stage of the evolution of the disturbance can be seen. These images were taken 3 days
after the onset of the convective outbreak and show how the storm acquires it’s characteristic
shape due to the shear of the tangential velocity within the cyclone and how it recirculates
at the west border of the STB Ghost.

Figure 1: Observations of the South Temperate Belt Disturbance made with the HST the
7th of February 2018. The upper image is an image in the strong methane absorption band
at 889 nm and the bottom image is a RGB colour composition.

2.3 Evolution of the STB Disturbance after the eruption:

We studied the long-term evolution of the disturbance through frequent observations obtained
by amateur observers and available in the PVOL database (see [5]) and ALPO-Japan. The
convection left the whole region perturbed with bright and dark filaments circulating the
Ghost. As a result of this activity the Ghost was fully perturbed generating strong turbulence
confined to the Ghost area. During the evolution of the disturbance different ovals were
formed and some of them merged. The merger of two of those ovals at the beginning stages
of the disturbance generated an oval that has been present for months, since its formation
on March until the last analysed observations on September. Also, many small anticyclones
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moving westward were expelled from the active region. As the disturbance evolved the Ghost
expanded slowly and its East side strongly interacted with the cyclonic region to the west of
oval BA. It was observed that the outer ring of BA changed in color. On 1 April 2018 the
Ghost broke-up creating a large dark structure on its southwest. On this epoch also the East
side of the Ghost merged with the small cyclonic region that had always been present to the
west of the anticyclone BA. Over May 2018 it seemed that the visible features were evolving to
a more stable configuration, being the southwest structure clearly separated from the Ghost
and drifting Eastwards and expanding zonally. The remains of the Ghost were retained West
of BA and seemed to interact with an anticyclone on its South side. Observations made
on 22 May 2018 with the PlanetCam UPV/EHU instrument at Calar Alto Observatory in
the methane absorption band showed how some bright structures were still inside the Ghost,
implying that vertical motions might be present even at that late date. By the end of
May 2018 a large structure separated from the southwest structure and on July other two
structures more. Over July and August 2018 the southwest structure slowly elongated in
longitude simply following the differential drift of the winds and finally on September 2018 a
large section of the East side of the southwest structure tore apart creating some small dark
features.

3 Numerical modelling

We have used the General Circulation Model EPIC (Explicit Planetary Isentropic-Coordinate,
[1]) to simulate the complex phenomenology observed. We tried to simulate the complex
interaction between these three main elements: the STB Ghost, the anticyclone BA and the
convective outbreaks. The EPIC model introduces vortices (for example the cyclonic Ghost
and the anticyclone BA) by perturbing a stable atmosphere. As an initial stable atmosphere
we have used a standard reference atmosphere (see [6]) with the zonal winds that characterize
the domain of the simulatuon based on measurements over HST images of Jupiter obtained
in 2016 ([4]). The storms are simulated introducing heat pulses with Gaussian shape with
prescribed onset and offset times as it has been done in previous studies of other convective
events in Jupiter (see [3], [9] and [11]) and Saturn (see [10]). The different elements in the
simulation are introduced one by one letting the atmosphere to stabilize before introducing
new perturbations. This is done because the perturbations used to introduce the Ghost and
the oval BA in the atmosphere are relatively strong producing unrealistic turbulent patterns
for the first tens of days. We started introducing the STB Ghost, after that the anticyclone
BA and finally the convective storms.

The STB Ghost is well reproduced by an elongated vortex at planetographic latitude
−30.6 ◦ with a semi-major and minor axes size of 10.5 ◦ x 2.3 ◦, vertically placed on a pressure
level of 680 mbar with an upper vertical size of 3 scale heights and lower vertical size of 2
scale heights, tangential velocity of 80 m/s and shape parameter of 2. It has been allowed to
evolve freely during 68 days to let the atmosphere stabilize.

The anticyclone BA has been introduced at planetographic latitude −33.3 ◦ with a semi-
major and minor axes size of 3.5 ◦ x 3.5 ◦, vertically placed on a pressure level of 680 mbar with
an upper vertical size of 3 scale heights and lower vertical size of 3 scale heights, tangential
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velocity of 100 m/s and shape parameter of 2. It has been allowed to evolve freely during
22 days. After a few days both the simulated Ghost and oval BA are located at the same
relative distance as the Ghost and oval BA at the time of the onset of the convective storm.

We then perform an exploration of the space of parameters that define the convective
perturbation. The best results are produced by introducing two pulses:

• First storm: It is injected at planetographic latitude −30.8 ◦ with a semi-major and
minor axes size of 0.8 ◦ x 0.5 ◦. The convective pulse is introduced drifting at a velocity
of 10.3 m/s with a pulse amplitude of 0.55 W/kg. The pulse is active during 5 days.

• Second storm: It is injected 2.5 days later than the first storm at planetographic latitude
−30.1 ◦ and 2.5 ◦ more to the west than the injection point of the first storm. The semi-
major and minor axes of this storm are 0.4 ◦ x 0.25 ◦, the drift velocity is −3.5 m/s and
the pulse amplitude is 0.4 W/kg. The pulse is active during 1 day.

After the injection of the second pulse the system is left to evolve freely. The result
of the best simulation can be seen on Fig. 2. From the comparison between Fig. 1 and the
second frame of Fig. 2 we can see that the first stages of the phenomenon are well simulated
in the model.

4 Conclusions

From the analysis of the simulations we have constrained the vertical structure of the STB
Ghost to be 4-5 scale heights, 2 of them below the visible clouds. We have also constrained
the intensity of the first storm in the range 0.45 − 0.8 W/kg and the intensity of the second
storm in the range 0.3−0.6 W/kg. Scale analysis shows that this energy can only be supplied
by water condensation. We have also noted that the observations are best fitted when using
a wind profile derived from HST 2016 observations. Using wind profiles from previous years
only slightly different to the 2016 wind profile did not result in good results. Observations
show that the storm drifts differently to the initial circulation at the STB Ghost with “own
motions” with an intensity of 10m/s for the first storm that could be representative of a deep
root of the convective storm also favouring water as the source of energy.
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Figure 2: Some frames showing the potential vorticity of the best simulation obtained with
the EPIC model. The days are corresponding to the simulation days 90.0, 93.54, 103.54, and
146.67 from the upper frame to the lower one.
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Abstract

We observed the transits of six hot Jupiters with the Gran Telescopio de Canarias (GTC).

The planets cover a large range of physical parameters such as planetary temperature, sur-

face gravity, mass, radii and scale height (Table 1). This broad range of physical parameters

allowed us to characterize different hot-Jupiter atmospheres. The transits were observed in

the optical wavelength range, covering between 518 to 918 nm using the Optical System for

Imaging and low Intermediate-Resolution Integrated Spectroscopy (OSIRIS) instrument.

We present the different transmission spectra with different spectral absorption, depending

on the atmospheric scale height.

1 Observations

The observations were carried out using long slit spectroscopy (to see Fig. 1), in which the
target and one or more reference stars are placed inside one long slit. We used the R1000R
grism to disperse the light over the total range from 500 to 1000 nm, with a pixel scale of 0.262
nm/pixel and a resolution of 1122. The time-series data were collected by two red-optimized
2048x4096 Marconi CCDs in the 200 or 500 kHz (according to the transit duration) and 2x2
binning readout mode. The full transits events along with one hour before the ingress and
after egress were acquired. Depending on the seeing of the night, a slit of 12” or 40” was
used.

2 Analysis

The transit light curves across the total range in wavelengths were fit simultaneously with
instrument/weather systematics against the transit data to determine the physical planet
parameters, which were then fixed for the analysis of the transmission spectra. For the

467



468 Ground-based characterization of transiting exoplanets using the GTC

Figure 1: Example of long slit spectroscopy data. Through-slit images (top panels) and
corresponding dispersed two-dimensional spectra images (bottom panels).

treatment of stellar limb darkening we employed the quadratic limb darkening law. We
implement the same conditions as proposed by [4], using the parameters q1 and q2, which
are related to the quadratic coefficients, u1 and u2. They were fixed using the Python package
written by [2] given the effective temperature and surface gravity of the star. To create the
transmission spectra, we extracted 10 nm bins in wavelength in the GTC/OSIRIS spectra
and separately fit each bin for the planet-to-star radius ratio Rp/Rs and for instrument/
weather systematics. The analysis were carried out using MCMC methods, more specifically
the MC3 code written by [1].

3 Results

The resulting transmission spectra are shown in Figure 2. They exhibit a variety of spectral
absorption features as well as optical scattering slopes according to their scale height. We
compared our transmission spectra to theoretical cloud-free models of [3]. Our results show
several hot Jupiters that exhibit from clear to cloudy atmospheres. We found that only on
planet with large scale height can their atmospheres be detected. But it not only depends on
that feature, the hot Jupiters show strong pressure-temperature pro?iles due to the strong
incident flux from their host star that hea3ng their upper atmospheric layers. Therefore
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Table 1: Physical parameters of the planets studied in this work. H is the scale height.

Planet Teq(K) g (ms−2) Rp(RJ) Mp(MJ) P (days) H (Km)

WASP-36b 1724 32.13 1.28 2.30 1.53 193

QATAR-1b 1500 26.65 1.18 1.33 1.42 210

TrES-3b 1620 27.54 1.29 1.92 1.30 211

HAT-P-33b 1782 6.91 1.68 0.72 3.47 926

HAT-P-41b 1941 6.91 1.68 0.80 2.69 1008

KEPLER-12b 1447 3.71 1.69 0.43 4.43 1426

a small shi9 on its temperature could move the cloud base and to change from clear to
cloudy atmosphere or viceverse. Furthermore hot Jupiters have a wide variety of values
of gravi3es and metallici3es , which affect the atmospheric temperatures. More ground-
based observa3ons are needed to able to dis3nguish between clear and cloudy exoplanetary
atmospheres.
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Figure 2: Left panel: GTC/OSIRIS transmission spectra, which are the difference between
on-transit and offtransit spectra. Solid coloured lines show fitted atmospheric models corre-
sponding to cloud-free models. The spectra have been offset and are ordered by values Rp/H.
Right panel: Transit white light curves after removing the systematics, overlaid with the best
fitting transit model.
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1 Departamento. F́ısica Teórica, Universidad Autónoma de Madrid, Cantoblanco, 28049
Madrid, Spain
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Abstract

The environment of main sequence stars is expected to be depleted of gas once they have

left the protoplanetary disc phase. Thus, a replenishment mechanism, such as grain-grain

collisions or evaporation of solid bodies, is required to explain the presence of gas recently

reported to be present around some MS stars. Here, we present a high resolution spectro-

scopic survey of over 100 A to G stars, searching for gas in the form of stable and variable

non-photospheric absorptions in metallic lines (mainly Ca II and Na I). The observations

were carried out in both hemispheres at La Palma (Spain), La Luz (México) and La Silla

(Chile) observatories. The over 2000 spectra obtained allow us to construct time-series for

most of the stars in the sample. So far, we have found gas compatible with circumstellar

origin in almost half of the sample, and variable absorptions which can be interpreted as

the evaporation of solid bodies, i.e. exocomets, in several objects, some of them being new

detections.

1 Introduction

While exoplanets are routinely detected, we still have little information about the small
components of planetary systems, such as asteroids and comets, which are key in the un-
derstanding of planet formation process. This lack of knowledge can be attributed to the
challenging nature of direct detection, since given their small surface they have very marginal
emission in thermal or scattered light. Infrared and (sub-)mm excesses due to the thermal
emission of dust grains surrounding main sequence (MS) stars are indirect hints of the pres-
ence of planetesimals. Detection of molecular and atomic circumstellar (CS) gas emission has
also been proposed to be at least partially originated by the outgassing of solid comet-like
bodies. In the optical range, variable red-(and less frequently blue-)shifted absorptions of Ca
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II H & K and Na I D have been attributed to the evaporation or sublimation of exocometary
bodies when falling onto the star (Falling Evaporating Bodies or FEBs) [2]. Since the dis-
covery of this phenomenon in the spectra of β Pic [4], around ∼ 20 A-type stars have been
reported to show these variable comet-like absorption features. A large body is often invoked
as a perturber, driving the exocomets into the vicinity of the star. That appears to be the
case of β-Pic, where a planet has been located in the system [5] in a position compatible with
the observed dynamics of its exocometary events.

In order to further study this phenomenon, we have conducted a high-resolution spec-
troscopic survey, aiming at detecting and monitoring variable features in Ca II and Na I
metallic lines of A to G stars.

2 Sample and observations

We have built a biased, non-homogeneous sample of 117 stars following different criteria with
the aim of optimizing the detection of CS gas. The criteria are: stars with previously detected
FEBs; debris disc stars; stars belonging to young associations; stars with near infrared (NIR)
excesses (exozodii); stars with hot CS gas as revealed by the presence of Ti II; stars surrounded
by cold molecular gas; and λ Böo stars. This sample allows us to monitor previously detected
FEBs, and eventually to detect new stars with non-photospheric gas related to exocomets.

We have performed observations from September 2015 until September 2017 along 22
observing campaings in four different telescopes in both hemispheres: Mercator and NOT (La
Palma, Spain); 2.2 MPG (La Silla, Chile) and TIGRE (La Luz, México). All these facilities
are equiped with fibre-fed echelle spectrographs. We have obtained 2046 high resolution
spectra, which will allow us to construct time series for most of the stars. Fig. 1 shows an
example of time-series for one of the stars in the sample in four consecutive nights, where a
variable event is detected.

3 Results

Gas detection

A median spectra was constructed for each star in order to maximize the signal to noise ratio
and optimize the detection of stable components. The first results of our analysis of the Ca
II K line show that a stable absorption is present in 59 stars. Out of those, we identify with a
high level of confidence in 36 objects the absorption arising from CS gas in the inner regions
of the system, as the radial velocity (RV) of the absorption matches that of the star. In 12
other cases the absorption’s RV is closer to that of the interstellar medium (ISM) and so the
origin of the gas is most likely interstellar. We can not discern whether the origin is CS or
ISM in 8 cases so further investigation is needed. Among the 36 objects with CS gas, 12 of
them show as well variable absorption features, detected when comparing every individual
spectra, and in some cases daily or campaing medians, as shown in Figure 1. We also find 3
objects with variability and without any stable absorption in Ca II K line. The origin of the
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Figure 1: Ca II K line for four consecutive days of the same star. Each colour represents
a different date. The vertical black dashed line shows the RV of the star, where a stable
component is present. The red dashed line marks the position of the variable event.

variations could be attributed to multiple scenarios, including stellar winds or photospheric
variability, so we will investigate other lines in the spectra in order to clarify this issue. Out
of the 15 stars showing variability, 10 were already known in the literature to host FEB-like
events, and therefore 5 are new additions. We also have 10 more stars in the sample with
variability reported in the past, where we do not detect any variations in the line inspected
so far. This could be due to the non-periodic nature of these events, rather than to false
positives. The other 58 stars in the sample do not show any evidence of non-photospheric
absorptions.

φ Leo

The A7 star φ Leo stood up in the survey sample, as it clearly shows variability in the Ca II
K line [3]. This is particularly interesting, as it lacks a massive debris disc, and is much older
that the rest of stars with detected exocometary activity: 500-900 Myr, against, for example,
∼ 20 Myr of β Pic. Since the strongest evidence of CS material found so far was the presence
of Ti II [1], we investigated possible origins for the variations, but given the short time scales
of the events (hourly, in some cases, as shown in Fig. 2), and the fact that they were only
detected in Ca II K, we suggested exocometary activity in the inner regions of the system as
the most likely explanation. We keep monitoring this object, aiming at better characterizing
the absorptions, and looking for evidence of a possible massive perturber.
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Figure 2: Detail of the Ca II K line of φ Leo. Left panel: Median spectra of four consecutive
nights in March 2016. Right panel: Three consecutive spectra for two different nights where
the hourly variations are detectable (Times are UT). Figure from [3].

Gas in debris discs

Gas-to-dust ratio is expected to decrease as planetary systems evolve their protoplanetary
phase into debris discs. Nevertheless, there is a growing sample of debris discs with detected
cold molecular and atomic gas in far-infrared and (sub-)mm wavelengths. To our knowledge,
17 objects show both a photometric excess related to the presence of a dusty debris disc and
evidences of cold gas, located in the outskirts of the system. When analyzing the optical
spectra of those 17 objects [6], we find stable non-photospheric absorptions in 10 of them,
likely 7 being of CS origin (plus one of unclear origin). The narrow absorptions in the
other two objects have most likely an interstellar origin. Interestingly, when considering the
inclination angle of the discs, we find 7 out of 9 discs with edge-on inclination (> 45o) to
show non-photospheric absorption of CS origin and 7 out of 8 discs with face-on inclination
(< 45o) without any non-photospheric absorption, or with absorptions of ISM origin. This
points towards the possibility of a geometrical effect being responsible for the detection or
non-detection of the inner hot gas, revealed as stable non-photospheric absorptions when
transiting the star.

4 Summary and conclusions

We have performed a non-homogeneous survey towards detecting CS gas in 117 stars, during
two years in 22 observing campaings. We have found CS stable gas in at least 36 stars (plus 8
with non-clear origin) and variable gas features in 15 stars, out of which 5 are new detections.
While we are still inspecting the data searching for gas evidence in other metallic lines, the
results of the analysis of the Ca II K line have lead us to the discovery of highly variable
absorptions in the star φ Leo, likely due to exocomets; and the possible geometrical effect in
the detection of hot gas in cold gas bearing debris discs stars.

The available data collected on exocomets is still insufficient to fully understand how
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these bodies take part in planetary forming processes, therefore further time series studies
are needed to better (chemically and dynamically) characterize these events.
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Moór; A. Mora; J. Olofsson; G. Rauw; A. Roberge; P. Rivière-Marichalar. Based on observations made
with the Mercator Telescope, operated on the island of La Palma by the Flemmish Community, and
the Nordic Optical Telescope, operated by the Nordic Optical Telescope Scientific Association, at the
Spanish Observatorio del Roque de los Muchachos of the Instituto de Astrof́ısica de Canarias. Based
on observations made with ESO Telescopes at the La Silla Observatory under programmes 099.A-
9004(A) and 099.A-9029(A). Also based on observations made with the TIGRE telescope funded and
operated by the universities of Hamburg, Guanajuato and Liège. C.E., G.M., B.M., I.R., and E.V.
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Abstract

The stellar phase curves of stars orbited by one planet include, in realistic conditions, the

primary and secondary transit, three secondary effects, which are the beaming effect, the

ellipsoidal modulation and the reflected light component of the planet, plus two sources

of noise, the stellar activity and the instrumental noise. In our paper ’Distinguishing the

albedo of the exoplanets from the stellar activity’ we aimed at analyzing whether it was

possible to detect the reflected light component of a planet in the case of an active bright

star and supposing the instrumental noise to be on the same level of the predicted one for

CHEOPS mission. The results of our work are important for planning observations of phase

curves with CHEOPS and also with other future fotometric missions.

1 Introduction

The study of planetary atmospheres is an up-rising field of planetary characterization and it
includes different techniques. One of them consists of analyzing the photometric emission of
a star to retrieve the planetary albedo [3, 1].

A phase light curve is the flux emitted by the planetary system as a function of time.
For a quiet star, it includes the primary transit, which happens when the planet crosses
the stellar disc, the secondary eclipse, when the planet passes behind the star, and three
weaker modulations. The first one is the doppler beaming effect, which consists of a change
in the stellar brightness, proportional to the radial velocity amplitude of the planet. The
second phenomenon is the ellipsoidal modulation, a shape modification of the star, which is
deformed due to the gravitational attraction of the orbiting planet. The last component is
the planetary flux, which includes the thermal proper emission of the planetary atmosphere
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and the reflected light component (the stellar light reflected by the planetary atmosphere).
The thermal flux is stronger in the infrared observations, while the reflection dominates in
the optical.

The future mission CHEOPS [5], which will be launched at the end of this year, among
its secondary objectives, has the aim of analyzing the phase curves of exoplanets. Since
CHEOPS observations will be performed in the optical domain, they will slightly be affected
by the planetary thermal emission. The planetary flux will be dominated by the reflected
component, which is proportional to the atmospheric albedo. Measuring the albedo is possi-
ble, but hampered by the two main sources of noise, the instrumental noise and the stellar
activity, in the form of spots and plages [7]. Past works were capable to measure the albedo
of hot Jupiters and some Neptunes, especially if observed with Kepler, because they had at
disposition long observational periods [1, 3, 6]. Thus, by phase-folding the light curves, the
instrumental error decreases and the albedo can be estimated with a high precision. CHEOPS
will have a lower instrumental noise than Kepler, but, being an in-space telescope, it will have
a limited time of observation for each target, maximum 20 days. Thus, applying the phase
folding technique for determining the albedo of the planets observed with CHEOPS will not
be possible. Serrano et al. 2018 [11] analyzed synthetic light curves adopting an MCMC
which describes the stellar activity with a Gaussian Process. They demonstrated that with
CHEOPS predicted level of noise and considering a maximum period of observation of 20
days (as programmed for each target observed with CHEOPS), it is possible to measure the
albedo, distinguishing the reflected light component of the planet from the stellar activity, if
the star is bright and the observations cover at least one entire stellar period of rotation.

2 Synthetic light curves and fitting method

Serrano et al. 2018 [11] produced simulations of phase light curves which included three
main components: the reflected light component of the planet, the instrumental error and
the stellar activity. They did not include the primary transit to focus the entire analysis on
the reflected light component and how much the stellar activity can absorb it, hampering its
detection. The secondary eclipse was also not included in the model because it is not always
identified due to the stellar activity (see [6]). Moreover, not accounting for the two eclipses,
they also tested the opportunity to detect non-transiting planets through their reflected light
component, as suggested by Crossfield et al. 2010 [2]. For example, some planets, discovered
through the radial velocity technique, do not transit their parent star because of the high
orbital inclination. For this specific cases, the only way to study the atmosphere is through
the reflected light component.

For modelling the reflected light component they adopted the lambertian model, which
describes the planet as an isotropically reflecting sphere. The expression is:

Fp

F∗
= Ag

(
Rp

a

)2 sin z − (π − z) cos z

π
(1)

with Fp the planetary flux, F∗ the stellar flux, Ag the geometric albedo, Rp the radius of the
planet, a the semi-major axis and z depends on the orbital inclination i and on the orbital
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phase.

For the stellar activity, the tool SOAP-T [8] was adopted to produce an activity pattern
with an amplitude similar to those of moderately active stars. The instrumental noise was
modelled as a white noise, with standard deviation equal to the predicted level of noise for
CHEOPS. The produced simulations are characterized by 2 hours of timing. The reason of
this choice is that, even if CHEOPS will have a timing of one point per minute, for data
with shorter time periods than 2 hours, other stellar surface phenomena become significant
(granulation for instance). Binning should help to reduce these extra noise sources. This
said, CHEOPS predicted level of noise in 2 hours is 14 ppm for a 6.5 magnitude star, 17 ppm
for an 8 magnitude star and 29 ppm if the magnitude is 10.

The final simulations are obtained by summing the three components:

Ftotal

F∗
=
Fp

F∗
+
F∗,spotted

F∗
+
Fnoise

F∗
(2)

with F∗,spotted the activity pattern and Fnoise the instrumental noise.

Serrano et al. 2018 [11] adopted a Markov Chain Montecarlo (MCMC) as a fitting
analysis method to recover the albedo, distinguishing it from the stellar activity. Modeling
the stellar activity with an analytical model is not recommendable, given the high degeneracy
of the problem. For this reason, the best approach so far developed consists of applying a
Gaussian Process (GP), which treats the stellar activity as a correlated noise. As covariance
function, the usual choice was the quasi periodic [4]. Since SOAP-T does not account for
spot evolution, the chosen covariance function was totally periodic. Thus, the MCMC used
the GP with periodic kernel to model the stellar activity and it adopted as fitting model the
reflected light component of the exoplanet.

To sample from the posterior distributions the authors ran the tool emcee, which per-
forms the MCMC. The estimated parameters were 5: the geometric albedo Ag, the stellar
rotation P∗, the amplitude of the correlation p1, the timescale decay of the periodic modula-
tion p2 , and an offset to fit the average value of the light curve. All the other planetary and
stellar parameters were supposed to be known (for example with a transit or other detection
methods), and thus fixed in the tests. For the albedo Ag and the offset the authors chose
uniform priors, for the hyperparameters of the periodic kernel log-uniform priors, while for P∗
a gaussian prior, centered on a previously estimated value. The stellar rotation is not always
known, but some estimations can always be performed maybe with lomb-scargle periodogram
or even an MCMC without imputing the reflected light component.

Each run of the MCMC required 30 chains from the prior distribution. A 500-step burn-
in was performed, followed by a 1000 steps chains sampling. Thus, for each simulation the
authors could obtain 30000 effective samples from the posterior distribution functions. The
medians of the posterior distributions represented the best fit values of the free parameters.
The 1σ uncertainties were the differences between the best-fit value and the 16th and 84th

percentiles, respectively.
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Table 1: Stellar and planetary properties adopted as starting parameters for the tests.

Stellar radius R∗ 1 R�
Stellar inclination I 90◦

Stellar temperature T∗ 5778 K
Linear limb-darkening coefficient c1 0.29

Quadratic limb-darkening coefficient c2 0.34
Planet radius Rp 0.1 R∗

Time of mid-transit t0 0.2 days
Eccentricity e 0

Argument of periastron w 0◦

Inclination of the orbital plane i 90◦

Projected spin-orbit misalignment angle λ 0◦

Albedo Ag 0.3

3 Minimum observation length for a target

Serrano et al. 2018 [11] produced simulations of stars with one orbiting planets, with the
properties listed in table 1 for the planetary characteristics. For the spots properties refer
to table 6 in [11]. The simulations had increasing durations, starting with one covering an
entire orbital period and then augmenting by 3 days each time. The maximum observation
length was 60 days. They performed this test for five different stellar rotational periods, 7,
11, 19, 23 and 26 days. The results are reported in the left side of figure 1, which shows
the albedo as a function of the number of stellar rotations. For observation lengths shorter
than the rotational period of the star, the MCMC cannot recover the albedo. After 1 stellar
rotation, the errorbars significantly decrease and the albedo becomes closer to the inputed
one. For more than 2 P∗ the values are compatible to the real ones within 1σ. The main
reason for this is that the albedo cannot be estimated without knowing well the stellar period
of rotation, P∗. The Gaussian Process uses a periodic kernel for the activity and thus it needs
observations longer than P∗ itself, to predict it. There is also a duality between fast and slow
rotators, with the 7− and 11 − days cases which converge to the inputed values well after
2 rotational periods. The other cases, instead, show a faster convergence, probably because
for longer period of rotation, the rotation covers a longer time span and is described by more
data points.

We can conclude that accounting for 20 days maximum period of observation with
CHEOPS it is possible to measure the albedo for stars with a maximum period of rotation
of 19 days. For fast rotators it would be better to cover all the 20 days of observations, or
also decreasing the binning could be a solution. Serrano et al. 2018 [11] showed that for
the 11 − days case, binning to 30 minutes the data instead of 2 hours, helps to get better
albedo parameter after one stellar rotation, because the number of data points increases. It
is important, anyway, to be careful with this smaller binning, because other activity features
might rise, like the granulation.
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Figure 1: In the left, plot of the albedo and relative errors for the simulations obtained with
P∗ = 7, 11, 19, 23, and 26 days and increasing observational lengths. In the right, plot of the
recovered albedo as a function of the planetary radius. These plots are taken from Serrano
et al. 2018 [11].

4 Other results

Serrano et al. 2018 [11] also tested how the precision of the albedo estimation changes by
varying other parameters. To do this, they fixed the length of the simulations to 39 days and
the stellar period of rotation to 19 days.

Increasing the stellar magnitude, thus the amplitude of the instrumental noise, the
convergence to the inputed albedo happens later than the 2 rotations boundary. For example,
with 29 ppm of noise the stabilization is reached after 2.5 days.

Then, they varied the orbital period, increasing it of 1 day from 3 days until 15 days. As
the period of the planet increases, the error of the identified albedo also increases. Increasing
the period, indeed, lowers the signal of the planet and a longer time of observation is necessary
to measure it.

Serrano et al. 2018 [11] also varied the planet radius from 0.1 R∗ to 0.01 R∗ and found
that the albedo can still be measured until the regime of small neptunes, with Rp = 0.04 R∗
(see the right side of figure 1). They additionally fixed Rp to 0.1 R∗ and 0.05 R∗ and varied
the albedo from 0.6 to 0. Fitting them with the MCMC, they got the correct albedo and did
not observe strong error variations between the different values, both for Jupiter size planets
and Neptun size planets.

Finally, they varied the activity pattern by multiplying it by 100, 10, 5 and 0.1 and
adding −99, −9, −4, and 0.9 respectively. Applying their MCMC, they demonstrated that
once the activity pattern is well described by the kernel of the GP, the albedo is always
retrieved. Thus, with this technique even if the star is very active, determining the planetary
albedo is always possible. The main issue remains the instrumental noise.

5 Applying to real data

Serrano et al. 2018 [11] performed two different types of tests on real data. In the first
one, they chose a periodic star from the McQuillan database of periodic stars, KIC 3643000,
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and they selected a portion of the light curve of the star in which the stellar activity does
not significantly change. They added a planetary phase curve to this star, with the same
properties as in table 1. They binned the data to have the same sampling as before and they
obtained as level of noise 39 ppm, higher than the predicted one for CHEOPS. They applied
the fitting tool on the phase curve and they got Ag = 0.26 ± 0.11. The errorbar is twice
the one obtained in the simulations. Apart from the instrumental noise, the main reason is
connected to the kernel of the GP, which is periodic, while the stellar activity in the analyzed
data is not exactly periodic. So, an aperiodic kernel would have probably helped to get a
more precise result.

This is confirmed by the test performed on the star Kepler-7, which has a hot Jupiter
orbiting aroun, Kepler-7b. This target was first analyzed by Angerhausen et al. 2015 [1],
who retrieved an albedo of 0.35. Serrano et al. 2018 [11] extracted the entire 10th quarter
of Kepler observations and binned the data to two hours. They applied their fitting tool and
retrieved Ag = 0.36, close to the value found by Angerhausen et al. 2015 [1]. Anyway, the
rotation period of the star results to be lower than the measured one (15.7 days instead of
16.7) and the hyper-parameters p1 and p2 are also physically poorly constrained. The fitted
activity is not as periodic as it should be, given the adopted kernel, because Kepler-7 activity
is not strictly periodic and shows evidence of spot evolution.

We can conclude that the fitting tool right now does not work for real data, because
it requires the aperiodic component in the kernel of the GP. Nonetheless, once improved the
tool with CHEOPS we will have the opportunity to measure the albedo of several Jupiter size
planets and some small Neptunes. Much better results are instead expected with the launch
of future photometric missions, like TESS [10] and PLATO [9], because their instrumental
noise is lower and they will offer long periods of observations, thus allowing for data covering
many stellar rotations. Using the GP for modelling the activity will allow to get rid of the
extra noise which did not permit so far to measure the albedo of planets orbiting active stars.
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Abstract

Primitive carbonaceous asteroids are among the darkest objects in our solar system, being
the target of future sample-return missions like e.g. Hayabusa 2 and OSIRIS-REx. So far the
carbonaceous chondrites arrived to our planet are the only available samples representing
these asteroids. The identification of the parent body of each chondrite group is a com-
plex puzzle that requires gain insight into the mineralogy, and physico-chemical processes
occurred in space to these undifferentiated bodies. Among the carbonaceous chondrites we
concentrate here in the reflective properties of two groups that are chemically related and
form the so-called CV-CK clan. We present CK reflectance data that is consistent with a
separated evolutionary pathway from CV chondrites. Current data supports a scenario in
which the CV and CK chondrites formed in a common parent asteroid that was disrupted
by collisions at an early stage of its evolution. Then, at least two asteroid fragments evolved
separately and ended with dinstinctive grades of metamorphism.

1 Introduction

Most meteorites arrived to Earth are samples of asteroids that can be studied in our lab-
oratories at zero delivery cost. Despite the different size scales between an asteroid and a
meteorite, the latter share compositional and reflectance properties with their parent bodies
because they were part of them. In consequence, the undifferentiated chondritic meteorites
have proven to be good proxies to understand the properties of chondritic asteroids. While
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we can study meteorites on the ground with laboratory experiments, the properties of an as-
teroid are often inferred from remote sensing. Significant differences arise, not only because
of the different scale, but also due to the space weathering processes that alter asteroids in
the interplanetary medium. After 4.5 Ga of asteroidal evolution, a meteoroid released from
a parent body can attain a favorable orbit to produce surviving meteorites.

Recovered specimens show the diversity and heterogeneity of chondritic asteroids, and
provide key information about the physical processes they experienced during the history of
the solar system. Laboratory reflectance spectra of differentiated meteorites can be used to
identify the rock-forming materials of asteroids ( [4] and [12]).

The CK group defined by [8] has close compositional and textural relationship with the
CV chondrites, but they are distinguishable from one another by their refractory lithophile
abundances and other compositional features [14], e.g. the refractory inclusions abundances
and the presence of igneous rims around chondrules. CKs are the most oxidized extra-
terrestrial rocks found so far, owing to their low abundance in Ni and Fe and their high content
of fayalite and magnetite [5]. There is a hypothesis that the CKs were formed from CVs
after impacts and high temperatures, and these processes made them aqueously altered and
annealed [14]. Such a working scenario implies an evolutionary processing of CKs and suggests
that each specimen available in meteorite collections should exhibit gradational differences
with significant consequences for their reflectance spectra. In order to test that collisional
scenario, a significant number of CKs and CVs samples are needed. Fortunately, the last
decades have seen the recovery of a significant number of CKs discovered in Antarctica, and
with scarce terrestrial weathering that make them good to test spectroscopically probable
links with their parent asteroids.

Consequently, as the goal of this paper, we use CK meteorite reflectance spectra to
describe specified spectral features that can be used to identify the parent bodies of this
chondrite groups in remote observations. On the other hand, as CK chondrites have experi-
enced different degrees of metamorphism, we think that their reflective behavior might help
to establish asteroidal evolutionary patterns.

2 Instrumental Procedure

We have obtained the reflectance spectra of several CK carbonaceous chondrites from the
NASA Antarctic collection (Table 1) by using the experimental setup described by [13]. A
Shimadzu UV3600 UV–Vis–NIR spectrometer is used to obtain reflectance spectra of thick
and thin meteorite sections as in our previous work. The standard setting for the spectrometer
is an integrating sphere (ISR) with a working range 0.18–2.6 µm, but working in laboratory
conditions the signal is too noisy beyond about 2 µm.

The spectrometer light originates from one of two lamps and passes through a variable
slit, then is filtered with a diffraction grating to select the desired wavelength and afterwards
is split into two alternating but identical beams with a chopper. Next the beam interacts
with the sample and is routed to the detector. The reference beam interacts with the material
and then goes to the same detector. Inside of the ISR is coated with a duraflect reflecting
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polymer [13].

Table 1: Meteorite specimens from which reflectance spectra were obtained here.

CK samples

CK4 ALH 85002
CK4 LAR 04318

CK4/5 PCA 82500
CK5 LAR 12265 thin
CK5 LAR 12265 thick

3 Results and Discussion

The reflectance spectra obtained in this work for CK4 and CK5 were averaged in Fig. 1. We
have compared our mean reflectance spectra for Cg asteroidal reflectance class by using the
Bus-DeMeo Taxonomy Classification. We used the average data of CK spectral reflectance
and normalized them at 0.65 µm. The spectra obtained with this spectrometer always show
two instrumental peaks (one from 1.4 to 1.6 µm and the other from 1.9 to 2.2 µm) and
noises between ∼0.8 and 0.9 µm. We used thin (∼30 µm) and thick (mm) meteorite sections
to obtain the spectra. The spectra presented here cover a wide range (0.4 to 1.9 µm) to
be compared with asteroids spectra taken from ground or space-based telescopes. In the
following discussion we compare our CK data with those published by [3].

The most common mineral in CK chondrites is olivine. It exhibits an absorption feature
centered near 1.06 µm that can be seen in Fig.1 [3]. With increasing Fe2+ content, the center
of this absorption band moves to longer wavelengths, becomes deeper and darker by increasing
the overall reflectance (see e.g. [9]). In our data the olivine band extends between 0.95 and
1.15 µm (see Fig. 1). Plagioclase feldspar is a minority phase in CK silicates that may exhibit
a weak Fe absorption band near 1.20 µm ( [1]), which appears weakly in our spectra.

Table 2: Comparison between the CK spectral properties of the data in [3], NASA Relab
Spectrum and our data. Wavelenghts (µm)

Wavelengths Wavelengths ( [3]) Wavelengths Relab Minerals

0.6,0.90 - 1.10, 1.95-2.15 0.65,0.95,2.0 – 2.10 - FeO and Fe2O3 contents
0.6,0.9 - 1.1,1.27-1.3 0.6 - 0.7,1.06,1.25 0.7,1.05 Olivine

0.6 - 0.7,0.8 - 0.9,1.25 0.65, 0.9, 1.25 1.35 Plagioclase Feldspar
0.98 - 1.05 1.0 1.03 Magnetite
2.05 - 2.15 2.1 - Fassaite

The presence of pyroxene may be located at 2 µm band, varies from 1.80 to 2.08 µm
for low -Ca pyroxenes, and 1.90–2.38 µm for high–Ca Pyroxenes [3]. Our CK spectral data
shows an unusual increase, but still shows this band around 1.85 µm. Basically, the pyroxene
has a minimal effect on the olivine band positions in CKs than other CCs [2].
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Figure 1: Reflectance averaged spectra of CK carbonaceous chondrites. The gaps are regions
in which the spectrometer data show noises artifacts or were removed.

The spectral shape of the magnetite is a function of grain size and location [10] which
can be seen near 1 µm. In our CK spectra, the location of this band vary from 0.98 to 1.05
µm depending on the specimen analyzed. We also noticed that other minor phases associated
with refractory inclusions can be weakly featured as well, being fassaite, the most common
mineral forming Ca- and Al- rich Inclusions (CAIs), the best example.

To discuss the main features observed in these spectra we focus on the main minerals
forming CK chondrites. These are olivine, magnetite, Fe-sulfide, pyroxene (both low and high
Ca), plagioclase feldspar, refractory oxides forming CAIs and minor amounts of carbonaceous
phases [3]. As previously noted, the CKs and CVs are the only CC groups that have undergone
thermal metamorphis to a significant extent [7]. Their petrologic type is suggestive of them
experiencing impacts that promoted recrystallization, crushing, and aqueous alteration. Most
of the CK chondrites experienced metamorphism and aqueous alteration, so these processes
altered the rock-forming minerals and their refllectance properties.

Some authors have measured isotopic compositions in specimens of CV and CK chon-
drites precisely and found that many petrographic properties of these meteorites are nearly
similar [6]. They suggested that CV and CKs come from the same reservoir but can be
distinguishable by the level of experienced thermal metamorphism [14]. Fig. 1 compares the
average reflectance spectra of two petrological types of CKs with increasing metamorphism.
It shows that high-metamorphosed specimens have higher reflectances.

We have noticed in the CK spectra that the center of the absorption bands does not
change with the metamorphic grades, but correlate with the olivine composition. The depth
of bands also increases as the thermal metamorphism does and the deepest band depth is
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Figure 2: The mean spectral reflectance for CK4, CK5 and CK6 petrological types including
the dispertion band. A total of 14, 11 and 5 spectra were plotted respectively [11].
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shown in CK6 spectra Fig. 2.

We have compared our mean reflectance spectra in the range of 0.4–1.9 µm with Cg
asteroidal reflectance class by using the Bus-DeMeo Taxonomy Classification. We noticed
that a higher degree of metamorphism in CV-CK chondrites decreases the reflectance in the
NIR that differs from Cg asteroid class. As metamorphism and aqueous alteration were
followed by the formation of secondary minerals, their effect on the impact darkening in
CV-CK chondrites in one of the main interest of Hayabusa 2 mission, which will return
samples from the rare Cg-type asteroid (162173) Ryugu. Indeed, Cg-type asteroids, could be
considered a good match for CK meteorites but differs in the NIR.

4 Conclusions

The plausible correlation between CV and CK reflectance spectra and their similar chemical
compositions indicate that they could have a common parent body that was broke apart long
time ago. Different parts and fragments were taken apart by non-gravitational forces and
led to asteroids with different degree of space weathering, aqueous alteration and thermal
metamorphism. Then, our study of the reflectance spectra of CK chondrites brought us to
reach the following conclusions:

- We have found a common behavior in CK chondrite reflectance spectra. With in-
creasing metamorphic grade, the reflectance decreases in a deeper 1 µm region absorption
feature. In fact, higher petrographic degree is consistent with higher reflectivity.

- The band depth of olivine in CKs increases while the thermal metamorphism increases:
the CK4–5.5 petrographic grades of meteorites display shallower band depths, while the CK6
spectra exhibit the deepest band depths.

- The best strategy to explain the mentioned differences between CV and CK chondrites
is invoking a common parent body, that experienced fragmentation in an early stage of
its evolution. Then at least two asteroid fragments evolved separately so they ended with
distinctive grades of metamorphism.

- The parent body of CK chondrites has experienced significant collisional processing
that ended in distinctive mineralogy and buck chemistry because of thermal annealing.
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Abstract

The carbonaceous chondrites are among the most primitive materials arrived to the Earth’s

surface, and they are associated with undifferentiated bodies. Their chemical and min-

eralogical content reveal that they probably accreted far from the Sun and formed part

of transitional asteroids and comets, both C and water-rich. Formed by fine-grained ag-

gregates at relatively low-encounter velocities, they ended as porous bodies that retained

significant amounts of water, organics and volatile compounds that were available in the

outer protoplanetary disk. These bodies participated actively in the delivery of volatiles

to the planets, particularly during the so-called Late Heavy Bombardment, but we should

take into account that also preserved and transported highly reactive minerals to planetary

bodies at different moments of their evolution. The catalytic properties found of these me-

teorites suggest that the arrival of these minerals to planetary surfaces with abundant water

and N-bearing species could have promoted organic complexity. .

1 Introduction

The scientific interest of understanding the physico-chemical properties of the accretionary
materials available in the protoplanetary disk is out of doubt. Meteoritica give us an amazing
opportunity because mother nature offers in every meteorite fall rocks arrived from remote,
but typically unknown, bodies. Then, it is not surprising that the currently ongoing sample
return missions, Hayabusa 2 and OSIRIS REx, have primitive carbonaceous asteroids as
targets, respectively named 162173 Ryugu and 101955 Bennu.

The growing interest of the scientific community can be understood given that the car-
bonaceous chondrite meteorites (hereafter CCs) have being identified as pristine materials
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with a primordial chemical content and specific unique properties [12] and [1]. The key role
of these materials in the origin of life was envisioned many decades ago [14], but it is now
reinforced by new discoveries about aqueous alteration ago [9], and [25]. CCs formed in the
outer regions of the protoplanetary disk and accreted crystalline and amorphous minerals,
plus organics, ices and hydrated minerals. Being formed so far away as part of relatively
small asteroids that never melted, the CCs available in meteorite collections are fine-grained
rocks that we could consider a kind of fossil sediments of creation. Being highly porous and
fragile, these fascinating meteorites share unusual properties with their undifferentiated par-
ent bodies: low conductivity and thermal inertia, weak magnetism and low tensile strength.
CCs can be considered good proxies of the materials forming C-rich asteroids, but still can be
considered rocks biased by the nature, as they have arrived to the Earth’s surface after many
destructive processes. Then, not only similar properties, but also spectral signatures point
that small asteroids and comets are formed by CCs. Being small and fragile [22] remnants of
creation, at the very beginning were scattered all over the solar system and subjected to col-
lisions, and fragmentations [2]. In particular, close approaches experienced to planets could
have induced the fragmentation of these fragile objects. As a natural consequence of being
weakly compacted and collisionally fragmented objects, I envision that they were easily dis-
rupted and arrived to different planetary bodies as a rain of meteoroids [22]. Such processes
could have being necessarily intense during the Late Heavy Bombardment. By comparing
with the measured projectile Lunar flux over time, we estimated that the early Earth was
subjected to a meteoritic flux that could have been at least about 5-6 orders of magnitude
larger than the current one [20]. It obviously traduces in huge amounts of chondritic mate-
rials reaching the Earth’s surface about 4 Ga ago, at an annual rate of thousands of billions
of metric tons [20]. Consequently the amount of volatiles delivered under such high-flux cir-
cumstances are also very significant, playing a key role in fertilizing the Earth’s surface [5].
Then, the reactive minerals forming CCs reached the surface of Earth and other planetary
bodies, being exposed to a warm, and water-rich environment that was probably promoting
the first steps towards the origin of life [20]. To support the previously outlined hypothesis we
have recently made a significant progress in understanding the role of chondrites in prebiotic
evolution. In a previous paper we analyzed the catalytic effect of six CCs. Here we will focus
in the main implications of our previous discovery [16] concerning the catalytic properties of
the rock-forming chondritic minerals.

2 Technical procedure

We developed an experiment to know the reactivity of CCs that was previously described
[16]. The procedure started with ∼50 mg of each selected stone that were ground in an
agate mortar. Then, the extraction of the meteorite powder to remove endogenous organics
is carried out in two steps as previously reportedmarty12. Mass spectrometry was performed
by the following program: injection temperature 280◦C, detector temperature 280◦C, gradient
100◦C×2min, 10◦C/min for 60 min. To identify the structure of the products, two strategies
were followed. First, the spectra were compared with commercially available electron mass
spectrum libraries such as NIST (Fison, Manchester, UK). Secondly, GC-MS analysis was
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repeated with standard compounds. The results clearly indicate that carbonaceous chondrites
catalyze the synthesis of natural nucleobases, carboxylic acids, and amino acids from mixtures
of NH2CHO and water at 140◦C. Two general scenarios were analyzed: thermal water (TW)
and seawater (SW), both tested in the presence of formamide for six CCs that are listed in
Table 1.

Table 1: Antarctic carbonaceous chondrites used in the experiments described

Meteorite name Group and petrologic type Discovery year

Allan Hills 84028 CV3 1984
Elephant Moraine 92042 CR2 1992

Miller Range 05024 CO3 2005
Larkman Nunatak 04318 CK4 2003

Grosvenor Mountains 95551 C-ung 1995
Grosvenor Mountains 95551 C2-ung 1995

3 Discussion

The results of our experiments were presented in [16]. They confirm that carbonaceous
chondrites in presence of warm water and formamide catalyze the synthesis of natural nucle-
obases, carboxylic acids, and amino acids from mixtures of NH2CHO and water at 140◦C (see
Fig. 1). This experimental evidence supports a parent body origin for the complex organic
compounds found in CCs, probably coming from hydrated asteroids as previously suggested
[25]. Secondary minerals being the product of such primordial aqueous alteration were orig-
inated in a first stage of water release due to radiogenic heating [1], and show evidence of
static aqueous alteration with limited water availability producing complex organic chem-
istry [17];[11]. Still in such restrictive conditions the reactive minerals could act as catalyzers
and promote increasing organic complexity in chemical evolution, tens of millions of years
before to be completed the formation of Earth [16]. These results shape a prebiotic scenario
consisting of CCs debris reaching the Earth’s surface and acting as catalysts, particularly in
a volcanic-like environment. Such scenario could be favoured by the fact that the the flux
of chondritic materials was probably very high in the remote past. We have suggested that
chondritic materials reaching the Earth’s surface about 3.8 Ga ago during the so-called Late
Heavy Bombardment, may have reached an annual rate of thousands of billions of metric
tons [20]. Such amounts could have increased as consequence of the disruption of fragile
C-rich transitional objects scattered by the inwards migration of the giant planets probably
occurred 3.8 Ga ago [3].

In view of our results, we think that new experimental and theoretical approaches are
needed to understand the role of certain reactive minerals in promoting the catalytic reactions.
For example, the interaction of organic compounds with water and chondritic silicate surfaces
has been recently explored using quantum chemical periodic simulations [15]. Often we get
clues on the required experiments when we study the nature of aqueous alteration minerals



Trigo-Rodriguez, J. M. & Saladino, R. 493

Figure 1: Prebiotic synthesis of biomolecules from the selected meteorites and water in the
presence of formamide. Experimental conditions: 1% meteorite, 59% NH2CHO, 40% water,
140 ◦C, 24 h. The meteorite shown as example is GRO95551 in a NASA image containing a
cubic cm as scale.

in the matrices of carbonaceous chondrites (see Fig.2). We notice that water played a major
role in mobilizing certain elements initially present in the interiors of the chondrules, sulphide
and metal grains of carbonaceous chondrites [18]. In some groups, like e.g. CM and CR
chondrites, the action of water was pervasive, and participated in the partial or complete
replacement of mineral grains located in the matrix. Minerals preferentially grew in the
pores available in the matrix of carbonaceous chondrites [21]. In general, we can say that
liquid water availability was very limited, and dependent of the primordial heat produced
by the decay of short-lived nuclides. This is consistent with the dated aqueous alteration
minerals, formed during the first 10 Ma after parent body accretion, see e.g. [8]. Then, we
can conclude that aqueous alteration was localized and static [24]. Consequently, even when
we found that chondritic minerals are extremely reactive, we think that planetary bodies are
far better candidates to catalyze complex organics over long time scales. That point is not
a big issue given the continuous delivery of chondritic minerals to the surface of Earth and
other solar system planetary bodies [4].
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Figure 2: Transmitted image of the pristine CO3 chondrite Allan Hills 77307. The fine-
grained organic-rich matrix of carbonaceous chondrites was a perfect place to retained hy-
drated minerals, and ices during parent body accretion. Crystalline silicate chondrules share
their boundaries with the matrix and participate in the elemental mobilization.
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Table 2: The products listed in Fig. 1 of the thermal condensation from NH2CHO/water
mixtures in the presence of the powders of selected carbonaceous chondrites. For more details
see: [16].

Product # Compound

1 Glycolic acid
2 Oxalic acid
3 Pyruvic acid
4 Lactic acid
5 Parabanic acid
6 Malic acid
7 Succinic acid
8 Oxaloacetic acid
9 Fumaric acid
10 Ketoglutaric acid
11 Citric acid
12 Palmitic acid
13 Stearic acid
14 Uracil
15 Adenine
16 Guanine
17 Hypoxanthine
18 Isocytosine
19 2,6-Diaminopurine
20 4 (3H)-pyrimidinone
21 Uracil 5-carboxylic acid
22 2,4-diamino-6-hydroxypyrimidine
23 Glycine
24 Formyl glycine
25 Alanine
26 Urea
27 Guanidine
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4 Conclusions

We have performed a series of laboratory experiments with carbonaceous chondrites that
demonstrate that these meteorites can actively and selectively catalyze the formation of
biomolecules from formamide in aqueous media and under presence of formamide. The pres-
ence of a N-bearing specie like formamide was found to be an important premise to catalyse
organics [19]. In our new experiment we found specific catalytic behaviours, depending on
the origin and composition of the chondrites and on the type of water present in the system
(activity: thermal > seawater > pure). In any case, we reported in the one-pot synthesis of all
the natural nucleobases, of aminoacids and of eight carboxylic acids (forming, from pyruvic
acid to citric acid, a continuous series encompassing a large part of the extant Krebs cycle).
See Figure 1, and Table 2 for a short list of the main products found in our experiments.

As it was previously explained in discussion, having into account the intense meteoritic
flux extracted from the study of the Moon surface [20], we envision a general prebiotic sce-
nario consisting of carbonaceous meteorite debris reaching the Earth’s surface and acting
as catalysts in a volcanic-like environment providing heat, thermal waters and formamide.
Obviously that scenario can be extended to other planetary bodies, particularly those who
had water- and N-rich environments. Consequently, other potential planetary bodies could
have experienced a significant delivery of carbonaceous chondrite materials, like e.g.: Mars,
Europe or Titan [20]. Our scenario is particularly favourable for Mars, which has been ex-
posed to the continuous infall of chondritic materials over the eons, and with a extremely thin
atmosphere. It is also remarkable that atmospheric changes in Mars were regional or even
global, involved in brine evolution and the formation of evaporites during the Amazonian
era [7]. The interaction of water with the Mars surface is demonstrated by the presence of
aqueous alteration minerals found in old Martian meteorites, like e.g. the carbonates formed
in the fractures of Allan Hills 84001 orthopyroxenite about 4 Ga ago [13]. Over time, varying
rock/soil compositions could have produced water fluids with different PH levels, so some
specific environments could have being more favourable to organic catalysis. In fact, recent
discoveries of organic matter preserved at Gale crater and other Martian environments are
particularly promising [6], and could be used to encourage the search of older sediments not
exposed to the extreme surface environment.

Consequently, we think that our discovery of the unique catalytic properties of the
minerals forming chondritic meteorites could open a debate about the ability that these rocks
have to produce favourable prebiotic scenarios in other worlds different to our own. Future
exploratory missions of solar system planetary bodies should try to identify old terrains,
carrying instrumentation to dig, collect and characterize the organic compounds present
in sequential layers, and also including specific experiments to study the reactivity of the
sampled minerals under the presence of hot water and formamide.

We have performed a series of laboratory experiments with carbonaceous chondrites
that demonstrate that these meteorites can actively and selectively catalyze the formation of
biomolecules from formamide in aqueous media and under presence of formamide. The pres-
ence of a N-bearing specie like formamide was found to be an important premise to catalyse
organics [19]. In our new experiment we found specific catalytic behaviours, depending on
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the origin and composition of the chondrites and on the type of water present in the system
(activity: thermal > seawater > pure). In any case, we reported in the one-pot synthesis
of all the natural nucleobases, of aminoacids and of eight carboxylic acids (forming, from
pyruvic acid to citric acid, a continuous series encompassing a large part of the extant Krebs
cycle).
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Abstract

The EUV and X-ray radiation of host stars in protoplanetary discs produce photoevapora-

tive processes that seem to play an important role in their evolutionary time-scales. The

viscosity of the discs is a fundamental parameter when modeling these discs using the α-

prescription. Unfortunately, there is no single accepted value for this viscosity, and the

results are very dependant on that value. Our work has implemented a grid of simple 1D

models in which the value of the viscosity is systematically changed. This allows to analyse

how different diagnostic diagrams of observable quantities evolve as the α value changes.

1 Introduction

The protoplanetary discs are the natural scenario for planet formation processes. They
provide the material from which planets form in between the accretion and post-accretion
phases of the disc. Understanding their evolution and the mechanisms and time-scales by
which the disc is eventually dispersed is a key issue in planet formation and life emergence
theories.

Hence, the importance of analysing the mechanisms leading to changes in the accretion
processes that may modify the disc’s chemistry, the dust-to-gas ratio and can starve the gas
reservoir available for planet formation. As the mass accretes onto star, the conservation of
momentum implies that the disc spreads out, the accretion decreases with time and the radius
increases with time. Internal viscous transport and magnetised winds are main candidates to
explain this transport. There are other mechanisms, such as planet formation, dust growth
and encounters with other stars. However, it is not clear how these mechanisms can produce
global changes from 0.1au to 100au in the disc properties [5].

499



500 The role of viscosity and EUV/RX radiation in the dispersal of protoplanetary discs

2 The viscous discs and the α prescription

The circumstellar optically thick discs are typically observed at ages of 1Myr, but such discs
seem to have disappeared at ages around 10Myr. Therefore, transitional discs must be rel-
atively short-lived, with transition times from primordial to discsless of roughly 10 per cent
of the disc total lifetime [2]. The standard explanation to the observed spectral characteris-
tics and the so-called “two-timescale behaviour” relies in a mass depletion mechanism, that
produces a hole in the dust of the inner regions of the disc, and clearing processes quickly
proceeding from the inside out once this gap opens.

The viscous evolution is a widely used model for explaining the transition from disc-
possessing to discless status. The molecular viscosity of the gas is too small to produce
significant evolution, but the viscous approach is quite common when ones interprets the
viscosity as the outcome of a turbulent process. The so-called standard model, or α-model,
for viscous accretion discs, was first formulated by Shakura and Sunyaev [11]. The original
work relied on an optically thick accretion disc and a turbulent fluid described by a viscous
stress tensor proportional to the total pressure. It can be shown that the kinematical viscosity
can be written in this case as,

ν(r) = αcsH(r), (1)

where the H(r) profile models the disc thickness, and the α parameter is a scaling factor
of the friction between adjacent rings. Later on, this parameter turned into a ”standard”
dimensionless measure of viscosity, that conveniently hides the real viscosity mechanism, but
somehow characterises its effectiveness. However, one must note that even within the same
disc, the α value can have different values at different locations of the same disc, and even it
can evolve with time.

There is a variety of mechanisms that can create these turbulent processes. The mag-
netorotational instability (MRI) has been a leading candidate for turbulence and angular
momentum transport. However, the MRI can nonetheless be suppressed in non-ideal MHD
[10], and there are other mechanisms to consider, such as outflows, hydrodynamical processes
and gravitational instability, see [1] and references therein. Magnetic fields can be also of
importance in momentum transport mechanisms and disc accretion may be primarily wind-
driven with magnetised disc winds [3]. But, independently of the viscous mechanism, the
α-parametrisation is still widely used as a way for hiding the details of the viscous transport
mechanism. A value of α = 0.01 was initially used because it provided evolutionary time-
scales in line with known properties of discs [7]. Later on, values ranging from 0.1 to 0.001
were in use (for instance, [8]). Nowadays, even lower values like 10−4 can be found [6].

3 Internal photoevaporation winds and viscosity

The observed two-timescale behavior in α-discs implies an efficient mass removal mechanism.
The photoevaporation processes were firstly described in [4] as a convenient way to shutdown
the mass accretion and trigger the disc dispersion. We briefly describe this model here. When
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Figure 1: (Left) Some representative systems in the Taurus star forming region and the
selected grid of discs models in the M∗ −Md plane. The disc masses are the initial values.
Hence, as the age of the discs increases, the initial points will move downwards in the diagram.
In a very rough fashion, bluer Taurus stars means larger values for the mass of the host star.
(Right) Normalised photoevaporative wind mass losses for diferent EUV and XEUV cases.
The EUV winds have more localised wind losses, and the disc is hardly depleted at large
radii. Conversely, XEUV winds are stronger and more extended. However, the X-ray winds
strongly depend on the evolving geometry of the disc, mainly depending on the absence
(RXP1 curve) or presence and size of a hole inside it (RXH1-3 curves).

the thermal velocity exceeds the local escape velocity, the surface layer gets unbound and
evaporates, and a thermal wind with a speed comparable to the speed of sound (slow wind)
takes away the disc gas. The calculation of the accreted mass can be done by computing the
surface density Σ(r, t) based on basic laws of mass and momentum conservation, as follows,

∂Σ

∂t
=

3

r

∂

∂r
[r1/2

∂

∂r
(νΣr1/2)] − Σ̇w, (2)

where Σw denotes the mass loss by a given photoevaporative wind, functionally equivalent
to have a sink for the mass.

We aim to analyse the interplay of the viscosity and photoevaporation processes, ex-
ploring the impact of the α values in the evolutionary time scales of different disc systems. For
doing so, we have created a grid of models covering a variety of star masses and disc masses,
for systematically changing the viscosity value. This grid is seen in the left panel of Fig. 1.
The simple 1D model described by Eq. 2 allows to add different sink terms, corresponding to
different thermal winds, to every modeled viscosity value. Therefore, we can solve the viscous
evolution equation and compare the results got using EUV pure winds or EUV plus X-ray
(XEUV) winds, with some real reference Taurus discs. The normalised winds mass profiles
we have used are seen in the right panel of Fig. 1.

The final goal of our work is to crosscheck the results from our simulations with real
systems, aiming to see how different viscosities affect typical diagnostic diagrams based on
observable quantities. As a first approach, we have selected systems in the Taurus star-
forming region because this is one of the nearest (≈ 140 pc) and best-studied regions. Here,
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Figure 2: The role of the EUV strength in the evolution of the isochrones Ṁ −M∗. (Left)
The weakest EUV2 wind. (Right) The strongest EUV3 wind. As the age increases, the
index of the power law relationship decreases. This decrease is faster as the viscosity and
the strength of the EUV winds is larger. The Taurus systems and their ages are plotted for
reference.

one can find loosely associated but rather isolated molecular cores. Hence, the influence of
outflows, jets, or gravitational effects is minimised in this region.

3.1 EUV photoevaporation

The first photoevaporative process being added to the viscous evolution of a disc was the
EUV photoevaporation [4]. The EUV computations are not quite complex, because the
temperature of photoionised gas can be considered nearly constant T ≈ 104K and one can
compute mass losses based on a Stromgen criterion. However, when modelling these winds,
we have seen the huge impact of some parameters in the results. Mainly, the gravitational
radius, or distance at which the thermal energy is equal to the mechanical energy of a parcel
of gas in keplerian rotation around the star. The strength of the wind heavily depends on
both this radius and the EUV flux of the host star, and both values must be considered [12].

We have plotted diagnostic diagrams, such as the isochrones Ṁ −M∗. The Figure 2
shows their evolution for two values of the viscosity. In a viscous-only disc, as the age
increases, the power law relationship index decreases, faster as the viscosity is larger. When
an EUV wind is added, this evolution is faster, but its very dependant on the gravitational
radius. For the largest viscosities and stellar masses, the slope is made negative very quickly.
For smaller viscosities, the change is no so fast, but still very noticeably. When comparing
the rate of evolution of systems with the same stellar mass, the role played by the disc mass
becomes very relevant, because the differences between these models grow with time faster
than when the wind was not present.
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Figure 3: The role of the viscosity in the evolution of the mass accretion rate in the XEUV
winds case. Same color and marker shape means same stellar mass. The bluer the color, the
larger the mass. With the larger viscosities, the rate of accreted mass decreases faster. Black
squares mark the hole opening time, black diamonds mark when the hole size is 100a.u.

3.2 XEUV photoevaporation

The physics of X-ray heating is by far more complex than the EUV processes described before.
They rely in the X-ray photons in the 0.1−10 KeV range that can tear off the electrons from
the internal shells of metals. To treat the photoevaporative X-wind in the simple 1D viscous
evolution model described by Eq. 2, we will follow the same approach taken in [6]. We will
write a mass sink term Σ̇wind based on the numerical fit to the simulations done by [9], where
both EUV and X-ray contributions were introduced (noteworthy, the EUV contribution can
be neglected when the X-ray radiation is present, even for the strongest UEV fields and the
weakest X-ray fields). This model has two different epochs, hence two wind profiles delimited
by the presence or not of a hole in the disc. There is an initial, primordial phase, that lasts
until a gap opens. Once this gap is present, the wind fully clears the disc at given distances
as gap grows and the inner edge of the outer disc is exposed directly to stellar irradiation.

The mass loss rate Ṁ is a fundamental observational parameter in the analyses of
protoplanetary discs. This quantity is obtained by integrating the surface density Σ̇(r) at
every instant during the numerical integration of the model. In general, as the viscosity
decreases, the transport of mass, thus the evolution towards final state, is slower.

The Figure 3 shows this evolution for two values of the viscosity. We have also overlaid
the representative Taurus systems. Obviously, Taurus ages, are subject ot experimental un-
certainties. However, the main goal is to check the impact of the viscosity on the evolution of
the disc, and these figures already show how one can match the theoretical and observational
points by increasing the initial accretion rates Ṁ(t = 0). But the required increase seems to
be huge. Therefore, a better alternative seems to consider lower values for the viscosities.
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4 Conclusions and on going work

Simple 1D models based on the α-disc prescription, with α hiding a specific viscosity mech-
anism, can complement complex hydrodynamical simulations due to their simplicity in in-
terpreting results. However, one should fully understand the limitations when handling this
simplicity and modeling the discs with a single unique value. More work is needed for con-
straining the photoevaporative models with different observational parameters. The age of
the systems and the disc masses must be improved for making these diagnostic diagrams
more useful when comparing the results from simulations with real data. Future UV mis-
sions are required for providing further data in this area, and will help for improving these
comparisons.

Acknowledgments
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Abstract

Bow shock formation, magnetic reconnection and plasmoid ejection are thought to be present

in most planetary environments. The aim of this work is to show that the presence of this

kind of structures in the vicinity of planets is not restrictive to magnetized bodies. The pres-

ence of a interplanetary magnetic field carried with the stellar wind is responsible of the for-

mation of a planetary magnetotail, ejection of plasmoids and magnetic reconnection events,

even though the planet-obstacle is completely unmagnetized. We study the interaction of

this magnetized winds coming from cool MS stars, solar analogues, with non-magnetized

terrestrial planets provided of an extended earth-like exosphere thought 2.5D numerical

simulations carried out with PLUTO. In this work, we show a preliminary study of the

impact of stellar winds on the evolution and stability of Earth-like atmospheres/exospheres,

in order to determine the position of the bow shock and its properties, and the position of

the X point of magnetic reconnection in the case of non-magnetized rocky planets, in order

to determine their emission and possible detection through these structures in the stellar

winds. (See poster).
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Abstract

Although not designed for this specific purpose, images taken by the Mars Science Labora-

tory (MSL) rover Engineering Cameras (Navcam and Hazcam) can be used for retrieving

the dust aerosol physical properties at Gale Crater by evaluating the sky brightness as a

function of the scattering angle. A retrieval scheme based on a radiative transfer model using

discrete ordinates is proposed in this poster. Results obtained for dust particle size distri-

bution effective radius values (mostly within 1.0 and 1.9 microns range region) and particle

shape (cylindrical, aspect ratios around 1.5) agree with previous studies (McConnochie, T.,

et al., 2017; Vicente-Retortillo, A., et al., 2017; Tomasko, M., et al., 1999; Smith, M. D., &

Wolff, M. J. 2014). This work was supported by the Spanish project AYA2015-65041-P with

FEDER support, Grupos Gobierno Vasco IT-765-13, Universidad del Páıs Vasco UPV/EHU

programme UFI11/55, and Diputación Foral de Bizkaia-Aula EspaZio Gela. Thanks to Dr

Mark Lemmon for the MSL Mastcam optical depth data. (See poster).
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Abstract

In the quest for Earth-sized exoplanets, M dwarfs are stars of increasing interest during the

last two decades. Their small sizes and masses as compared to our Sun make them specially

suitable targets to look for the signatures of planetary companions, as their habitable zones

fall closer to their host star. Despite being the most abundant stars in our Galaxy, it still

exists large uncertainty about basic physical properties of M dwarfs. In particular, deter-

mining properties such as luminosities and effective temperatures is essential to characterize

their planetary companions, since their properties are derived from those of their host stars.

This means that the larger the uncertainties in these fundamental stellar properties, the

broader is the span of compatible planetary compositions and parameters. CARMENES is

a next-generation spectrograph, built and operated by the homonymous German-Spanish

consortium of eleven institutions, which monitorizes bright nearby M dwarfs using the radial

velocity method. Carmencita, its input catalog, contains dozens of parameters for about

2200 M dwarfs, from M0.0 to M7.0, including photometric data in a broad range, from UV

to mid-infrared. These photometric date, compiled and updated for 18 broadband filters,

FUV, NUV, u’, BT , B, g’, VT , G, V, r’, i’, J, H, Ks, W1, W2, W3, W4, have made pos-

sible the determination of important stellar properties using the Virtual Observatory SED

Analyzer (VOSA). (See poster).
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Abstract

We report on radio and infrared interferometric observations of the ABDorA/C mutiple

system addressed to study the radiation mechanism of its components, and the possible

binarity of the low-mass companion C. Our results indicate 1) the presence of large coronal

structures in ABDorA produced likely by magnetically confined plasma; 2) the possible

binarity of ABDorC, as concluded by the infrared VLTI visibilities; and 3) the detection for

the first time of (compact) radio emission from ABDorC. With only 0.09 M�, ABDorC is

one of the lowest mass objects detected by VLBI arrays. (See poster).
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M. Cortés-Contreras1,2, F. Jiménez-Esteban1,2,3, E. Solano1,2, B. Carry4 and
C. Rodrigo1,2

1 Centro de Astrobioloǵıa (CSIC-INTA)
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Abstract

Small Solar System bodies are objects that are neither planets nor dwarf planets, nor

satellites of a planet or dwarf planet. More than 750,000 small Solar System bodies are

known today, most of them asteroids, occupying a variety of orbits ranging from near-Earth

to the Kuiper belt. Their study is motivated by their intrinsic importance as remnants

of the early stages of the solar system formation process as well as by practical reasons

concerning space exploration or the impact frequency with Earth.

We describe here a methodology to identify asteroids serendipitously observed in

the WFCAM Transit Survey using Virtual Observatory tools like SkyBoT, Miriade,

TOPCAT, STILTS and Aladin. We provide near 15,000 accurate positions and J-band

magnitudes for over 1,600 asteroids. We build light curves and plan to use them to

determine their fundamental physical parameters, such as the asteroid’s shape, rotational

period or the binary nature. (See poster).
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Abstract

There have been many efforts to correct systematic effects in astronomical light curves to

improve the detection and characterization of planetary transits and astrophysical variabil-

ity. Algorithms like the Trend Filtering Algorithm (TFA) use simultaneously-observed stars

to measure and remove these systematic effects. We present TFAW, a modified version of

TFA which reduces the high-and-low-frequency noise in variable-star light curves without

changing their intrinsic characteristics. We modified TFA’s signal detection by adding a Sta-

tionary Wavelet Transform filter that allows to do a preliminary noise and outlier removal

to increase the signal-to-noise ratio of any variable signal within the data. An additional

wavelet-based filter is added to TFA’s iterative signal reconstruction to characterize the

noise- and trend-free signal and the underlying noise contribution at each iteration. This

adaptive noise estimation reduces correlated and uncorrelated noise while preserving signals

typical of astrophysical changes. We carried out a series of tests over simulated sinusoidal

and transit-like signals to assess the effectiveness of the method, and applied TFAW to real

light curves from the TFRM and K2 datasets. TFAW is a generic algorithm applicable to

any kind of ground- or space-based time-domain survey and stellar variability type. TFAW

improves the signal detection rate by increasing the signal detection efficiency (SDE) up

to a factor ∼2.5× for low S/R light curves. The simulated transit detection rate improves

by a factor ∼2-5× in the low-S/R regime compared to TFA. The standard deviations of

simulated and real TFAW light curves are ∼40% better compared to TFA. TFAW yields

better MCMC posterior distributions and returns lower uncertainties, less biased transit

parameters and narrower credibility intervals for simulated transits. We applied TFAW to

multiperiodic light curves to show its capabilities to separate the different signal contribu-

tions. (See poster).
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Abstract

The role of the host star’s metallicity in planet formation has been largely discussed in

the framework of the so-called gas-giant/planet metallicity correlation. However, previous

works are mainly focused on particular kinds of stars or planets. In this contribution we

aim to put together all the pieces of the planet formation puzzle by analysing in the most

homogeneous possible way a large sample of stars (without any restriction on spectral type

or evolutionary status) showing all the possible outcomes of the planet formation process

(from debris discs to massive brown dwarfs). (See poster).
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Abstract

The REMS instrument (Gómez-Elvira et al., 2012) on board the Curiosity rover, has
been collecting meteorological data from Gale crater on Mars since August 2012 (Ordóñez-
Etxeberria et al., 2018). Although it is possible to observe frequent dust storms on Mars
atmosphere, during these years only one local dust storm has passed directly above the
rover. This storm was visible for a few days at the end of December 2014 on imagery data
acquired by the MARCI instrument on the Mars Reconnaissance Orbiter (MRO). The storm
initiated on the 852 sol of the MSL mission northwest of Gale crater and spread over Gale
during sols 852-856 (Ls 263◦, late spring in the southern hemisphere). MARCI images show
that the storm raised up material to altitudes of 19 km. The storm evolved very quickly
depositing most of its material in 2 sols. However, UV measurements obtained by REMS
from the ground show increased optical depth of the atmosphere well after the storm ceased
to be observable from orbit. REMS measurements show that the amplitude of the daily
pressure tides at Gale increased by about a 15% the sol the dust arrived and then returned
to usual values during that season over the next three sols. The air temperature in the
surface at noon also increased by about 15K (although previous studies (Guzewich, S. D.
et al., 2016; Zurek, R. W., 1981) suggest that air should cool down by the reduced solar
flux at the surface). Our interpretation is that the dust raised by the storm had descended
to low altitudes when it arrived to Gale heating the lower part of the atmosphere. The
atmospheric response to this small storm can be used to understand better the atmospheric
response to large-scale storms as the global one that covered nearly the full planet over July
2018. (See poster).
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Abstract

The planetary system GJ 273 is one of the closest multi-planetary systems known so far
at only 3.8 pc away. Recent studies showed that it harbours two Earth-like planets, one of
them being in the habitable zone. In this work, still in progress, we show our latest results
regarding the planetary formation and the water delivery in early times; the dynamical sta-
bility of the system as well as the dynamical environment, where we study the regions where
the system may harbour minor bodies in stable orbits, i.e., Main Asteroids Belt analogues;
and the effects of tides on the planets, i.e., spin-orbit alignment, pseudo-synchronization and
tidal heating. All these parameters have important influence on the potential habitability
of the planet located on the habitable zone, GJ 273-c. (See poster).
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Abstract

We consider magnetohydrodynamics models and observations of transverse oscillations in

prominence threads to obtain information on their physical properties such as the magnetic

field strength, the plasma density, or the length. We further compare between short and

long thread limits in period ratio models and compute the relative plausibility of alternative

mechanisms in explaining the observed damping of transverse oscillations. Bayesian tech-

niques are used for both analyses. The results show that the physical parameters of interest

can be inferred. Values of period ratio around 1 are more likely in the long thread limit while

shorter and larger values are more likely in the short thread limit. The mechanism known

as resonant absorption in the Alfvén continuum is the most plausible damping mechanism.

1 Introduction

High-resolution observations have permitted to resolve fine-structure of prominences as threads
that support transverse oscillations and flows [4, 5, 6]. In the last years, coronal seismology
has been used to infer properties of the solar corona and structures therein, such as promi-
nence threads [2]. In this work, we apply Bayesian techniques to the study of transverse kink
oscillations in prominence threads to infer some of their physical features. In particular, if
we take a model M with n parameters θ and some data d, these techniques enable us to infer
the posterior distribution of each parameter or marginal posterior as

p(θi|M,d) =

∫
p(θ|M,d)dθ1...dθi−1dθi+1...dθn, (1)

where p(θ|M,d) is given by the Bayes’ Rule in the form

p(θ|M,d) =
p(θ)p(d|M, θ)

p(d|M)
. (2)
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Figure 1: (a) Posterior distributions of magnetic field strength corresponding to the threads
observed by [4]. Parameters are considered in plausible ranges of B ∈ [0.01, 50] G and
ρp ∈ [10−12, 10−9] kg m−3. (b) Posterior distributions of Lp/L for different P1/2P2 values
with an uncertainty of 10% in the long thread limit. Lp/L ∈ (0, 1) has been selected as
plausible range. The continuous lines correspond to results using the first equation in (5)
and dashed lines to the second one.

Including then the prior information, p(θ), the likelihood of the data, p(d|M, θ), and the
normalization constant or marginal likelihood, p(d|M), we can extract the probability of
each parameter taking on certain values. On the other hand, Bayesian statistics allows us to
compare plausibilities between alternatives mechanisms Mi and Mj with the computation of
the Bayes’ factors defined by

Bij =
p(d|Mi)

p(d|Mj)
. (3)

This relation of marginal likelihoods indicates which model better explains the observations.

2 Parameter inference

2.1 Magnetic field strength

Our first analysis is focused on the inference of the magnetic field strength in prominence
threads. Assuming threads as totally filled thin tubes, theory predicts a phase velocity of
transverse waves, vph, as a function of the magnetic field strength, B, and the density of the
thread, ρp, in the form

vph =

√
2

µ0ρp
B, (4)

if the density contrast between the thread and the background corona is sufficiently large.

Applying Bayesian techniques, marginal posteriors of the two unknowns θ = {B, ρp}
can be computed, conditional on the observed phase velocity, d = vph and the theoretical
model. Figure 1a shows posterior distributions of the magnetic field strength associated to
different threads whose phase velocities were measured by [4].



516 Inference of physical parameters in solar prominence threads

0.00 0.02 0.04 0.06 0.08 0.10
Lp/L

0

10

20

30

40

50

p(
L p

/L
|M

,d
)

(a) P1/2P2=1.5
P1/2P2=2
P1/2P2=3
P1/2P2=4

0 50 100 150 200 250 300
p/ c

0.0000

0.0025

0.0050

0.0075

0.0100

0.0125

0.0150

0.0175

0.0200

p(
p/

c|M
,d

)

(b) P1/2P2=1.5
P1/2P2=2
P1/2P2=3
P1/2P2=4

Figure 2: Posterior distributions of (a) Lp/L and (b) ρp/ρc for different P1/2P2 values with
an uncertainty of 10% in the short thread limit.Lp/L ∈ [0, 0.1] and ρp/ρc ∈ [1.01, 300] has
been selected as plausible ranges of parameters.

All 10 distributions can be properly inferred. They spread over a range of values al-
though threads are in the same quiescent prominence and a very small probability of magnetic
field strengths larger than 20 G is appreciable.

2.2 Lengths and densities in a partially filled tube

Our second analysis considers the relation between the periods of the fundamental and first
overtone of transverse waves, d = P1/2P2, as a seismological tool. Assuming threads as par-
tially filled thin tubes, theory [3] offers analytical expressions of the period ratio as a function
of the thread length under two different approximations. In the long thread approximation,
it can be approximated as

P1

2P2
≈
√

3

4Lp/L
or

P1

2P2
≈
√

3

4Lp/L

√√√√√ 1 +
√

(1 + Lp/3L)/(1− Lp/L)

1 +
√

(9/5− Lp/L)/(1− Lp/L)
, (5)

both depending on only one parameter, the ratio of the length of the thread to the length of
the tube, θ = {Lp/L}. Marginal posteriors computed for different values of the period ratio
are plotted in Figure 1b. The distributions are centred around smaller values of the parameter
for longer values of the period ratio. The largest discrepancies between both equations in (5),
are obtained for the longest threads. If we now focus on the short thread limit, the theoretical
periods ratio can be expressed in the following manner

P1

2P2
≈ 1 + (f2 − 2)

L

Lp
− (f2 + 1)

(
L

Lp

)2

. (6)

The equation depends on two parameters, the previous one and the density contrast between

the thread and the corona through f =
√

(ρp/ρc + 1)/2, hence θ = {Lp/L, ρp/ρc}. Repeating

the process, we obtain their marginal posteriors plotted in Figure 2. In contrast to the
previous result, the posteriors for Lp/L are centred around larger values of the parameter for
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Figure 3: Posterior distributions of L for oscillating and flowing threads observed by [5]. An
observation time of 180 s and a ratio P (t)/P (0) = 0.9 with an uncertainty of 10% have been
considered.

larger values of the period ratio. The same trend is observed for ρp/ρc, with a very small
probability for values larger than 200.

2.3 Lengths in a partially filled tube with flow

Observations show that threads are not steady, they flow through prominence. This plasma
flow introduces the necessity of considering the temporal dependence of wave periods. Theory
[10] predicts an analytical expression for the change in period of the form

P (t)

P (0)
=

√√√√1− 4v20t
2

(L+ 1
3Lp)(L− Lp)

. (7)

The observable, d = P (t)/P (0), is a function of three parameters, the flow velocity, v0, the
length of the thread, Lp, and the total length of the flux tube, L, θ = {v0, Lp, L}. In this
particular case, Gaussian priors for v0 and Lp are assumed using measurements by [5] for
the computation of marginal posteriors of L in Figure 3. Posteriors are not properly inferred
since they show long and high tails. However, they show a common tendency to peak at
around 20 to 40 Mm, with the shortest threads supporting the smallest flow velocities.

3 Model Comparison

3.1 Period ratios in the short and long thread limits

In section 2.2, we made parameter inference using period ratios under the long and short
thread approximations. To compare the two approximations, we compute marginal likeli-
hoods and Bayes’ factors in Figure 5. Period ratios smaller than 0.5 and larger than 2 are
more likely for the short thread limit, while period ratios around 1 are better explained by
the long thread limit.
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Figure 4: Marginal likelihoods (a) and Bayes’ factors (b) for long and short thread approxi-
mations. P1/2P2 ∈ [0.01, 5] with an uncertainty of 10%.

3.2 Damping mechanisms

Damping of transverse waves is a common observed phenomenon in prominence threads but
the causative mechanism is not well known. We consider as plausible mechanisms resonant
absorption in the Alfvén continuum, resonant absorption in the slow continuum, and Cowl-
ing’s diffusion to derive which one is more plausible in explaining observed damping ratios,
d = τd/P . Theoretical damping ratios [1, 7, 8, 9] for these three cases are

(
τd
P

)
RAAC

=
2

π

R

l
;

(
τd
P

)
RASC

=
2

π

R

l

(
kzR

1 + 2
γβ

)−2

;

(
τd
P

)
CD

=

√
2

πkzRη̃c
, (8)

respectively. Computed marginal likelihoods for each damping mechanism are presented in
Figure 5a-c. Each marginal likelihood peaks around well differentiated damping ratio values,
so that resonant absorption in the slow continuum can be directly discarded.

The remaining mechanisms are compared using Bayes’ factors in Figure 5d. Damping
ratios smaller than 10 are more plausible for resonant absorption in the Alfvén continuum
and the rest for the Cowling’s diffusion.

4 Conclusions

Applying Bayesian techniques to the study of prominence threads, magnetic field strengths of
units to few tens of Gauss are obtained in quiescent prominences. When we use period ratios
to infer the length of the threads, different tendencies in long and short approximations are
observed. Introducing flows, the inferred total length of flux tubes in an active prominence
region indicate they are shorter than expected.

Model comparison shows differences of periods ratio values in short and long thread
limits and resonant absorption in the Alfvén continuum as the most plausible mechanism for
explaining damping of transverse waves.
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Figure 5: (a)-(c) Marginal likelihoods associated to each damping mechanism. Ranges of
damping ratios are displayed in x-axis. (d) Bayes’ factors associated to resonant absorption
in the Alfvén continuum and Cowling’s diffusion comparison for τd/P ∈ [0.01, 300] with an
uncertainty of 10%.
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Abstract

Magnetic reconnection is a key plasma process that couples the solar wind to the Earth’s

magnetosphere, permitting the exchange of energy and mass between these two plasmas,

and converting large amounts of energy stored in the magnetic fields into kinetic energy of

the particles. The magnetospheric side of the subsolar magnetopause is often populated by

cold (10 eV) plasma of ionospheric origin, in addition to the hot (10 keV) magnetospheric

plasma coming from the ring current. The presence of this cold plasma can mass-load

the magnetospheric interface with the solar wind by 2-3 orders of magnitude, reducing

the rate at which magnetic reconnection operates. In addition, the ion gyroradius of the

cold plasma is much smaller than the hot ion gyroradius and introduces a new length-scale

into reconnection and its associated processes. Finally, the cold plasma is heated inside the

separatrix region of magnetic reconnection, although this mechanism is not always present.

1 Introduction

Our Sun is continuously expelling magnetized charged particles from its corona, the so-called
solar wind. It expands along the Heliosphere, and interacts with the planets of the Solar
system. Magnetic reconnection is a key plasma process which permits that magnetized planets
like Earth, which are surrounded by a magnetosphere, exchange mass and energy with the
solar wind. Magnetic reconnection enables breaking and merging antiparallel magnetic field
lines locally, and therefore reconfigure the magnetic field topology at large scales, converting
large amounts of energy stored in the magnetic field lines into kinetic energy of the charged
particles during the process [1].

Magnetic reconnection initiates at electron scales of the plasma, in the so-called Elec-
tron Diffusion Region (EDR), a narrow region where electrons are not frozen-in to the mag-
netic field, and the magnetic field diffuses and reconnects. However, the mechanism that
permits the magnetic field to diffuse in the required short time scale is a subject of debate,
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since in the collisionless regime of space plasmas the magnetic diffusion time is typically much
larger than the required for reconnection to occur. The Magnetospheric MultiScale (MMS)
mission [3] was launched in 2015 with the purpose of providing a better understanding of the
processes that occur in the EDR and which mechanisms are responsible for the anomalous
resistivity.

Magnetic reconnection occurs in many regions of the heliosphere, including the Solar
corona, the turbulent solar wind, at the Earth’s dayside magnetosphere, the Earth’s magneto-
tail, or in Kelvin-Helholmtz vortices, to name a few. Here we focus in magnetic reconnection
occurring at the dayside interface between the solar wind and the Earth’s magnetosphere,
the so-called magnetopause. This reconfiguration of the magnetic field lines occurs at large
time- and space-scales, lasting tens of minutes to few hours, and producing X lines of several
Earth Radii (RE). It is responsible for magnetospheric convection and transport of magnetic
flux towards the tail, where reconnection also occurs in order to keep the magnetic field
divergence-free. This transport of magnetic field lines from the dayside to the tail and back
to the dayside is known as the Dungey cycle.

The interface between the solar wind and the magnetosphere is largely asymmetric.
The solar wind side is composed of solar wind plasma that has undergone through the bow
shock, owing to the supersonic nature of the solar wind. The magnetospheric side is typically
composed of hot plasma that comes from the ring current. Typical parameters of the solar
wind near the magnetopause, i.e., at ∼12 RE , are B = 15 nT, n = 20 cm−3, Ti = 400 eV, while
the typical parameters of magnetospheric plasma at ∼12 RE are B = 40 nT, n = 0.1 cm−3,
Ti = 4 keV, where B stands for magnetic field magnitude, n stands for plasma density and
Ti for ion temperature. But in the magnetospheric side, in addition to the (hot) ring current
plasma component there is often a cold, and therefore difficult to measure, plasma component
that originates in the Earth’s ionosphere, see Figure 1. In this work we summarize some of
the implications of this cold ionospheric plasma component for solar wind - magnetosphere
coupling.

2 Cold ion length-scale and its implications for magnetic re-
connection

In plasmas such as the Earth’s magnetosphere, the density is so low (usually below 1 cm−3)
that Coulomb collisions between particles can often be neglected. Interaction between the
particles occur indirectly via the electric and magnetic fields, such as wave - particle interac-
tions. In this regime, the particle distribution function does not easily relax into a Maxwellian
distribution, as classic statistical mechanics predict, and the phase-space density can remain
far from equilibrium for very large time-scales. Under such situation, the definition of tem-
perature itself is not well defined.

In the dayside magnetosphere, often a hot (several keV) ion population that originates
in the ring current, and a cold (tens of eV) ion population that originates at the ionosphere
can be observed together, although the cold plasma component is more difficult to detect
and characterize with spacecraft detectors. The ion gyroradius of each of these populations
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Figure 1: Extracted from [2]. Statistics of cold ionospheric ions at different regions of the
Earth’s magnetosphere using ten years of Cluster spacecraft mission observations. Cold ions
dominate the magnetospheric mass density most of the time.

differs by roughly one order of magnitude, and therefore the cold ion population can remain
frozen-in to the magnetic field lines inside small regions where the hot ions cannot, see Figure
2. Inside these small regions, the frozen-in term of the generalized Ohm’s law must be split
into two terms, one for the hot and one for the cold ion components. The generalized Ohm’s
law can be then written as follows, after neglecting the electron inertial term and assuming
steady-state:

E =
1

en
j×B− 1

en
∇ ·Pe −

nih

n
vih ×B− nic

n
vic ×B, (1)

where E and B correspond to the electric and magnetic fields, j corresponds to the current
density, Pe corresponds to the electron pressure tensor, n corresponds to the number density
and subscripts ih and ic indicate hot and cold ions, respectively. The ability of the cold
ionospheric ions to remain frozen-in at smaller length-scales has various implications for the
microphysics of magnetic reconnection.

When magnetic reconnection between the Earth’s magnetosphere and the solar wind
occurs, a thin structure of enhanced normal electric field is created along the magnetospheric
side of the separatrix region. The width of this narrow region is of the order of the hot
ion gyroradius. Inside this region, hot ions are demagnetized and the Hall term (-j×B/en)
balances the electric field [5]. However, when cold ions are present, they E×B together
with electrons, reduce the perpendicular currents and therefore the Hall term, see Figure
2. The ions are partially frozen-in, and the last term of equation 1 also contributes to the
electric field. This has been shown using in-situ spacecraft observations [4, 6] and numerical
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Figure 2: Extracted from [4]. Sketch of a narrow region, such as the Hall region in the
magnetospheric separatrix region, where electron and cold ions can remain magnetized while
hot ions do not. The cold ions E×B drift together with electrons and partially cancel the
perpendicular current that electrons carry.

Particle-In-Cell (PIC) simulations [7, 8].

Figure 3 shows two examples of MMS in-situ observations of magnetic reconnection at
the Earth’s magnetopause. The left hand-side panels correspond to a magnetopause crossing
without the cold ionospheric plasma component, while in the right hand-side panels the
mass density of the magnetospheric side is dominated by cold ionospheric ions. In panels
a1 and a3 the magnetic field gradient of the magnetopause can be observed. Panels b1
and b3 show the ion density. Panel b1 shows a density asymmetry between the solar wind
(before 07:32:30 UT) and the magnetosphere (after 07:32:40 UT) of more than one order of
magnitude. On the other hand, panel b3 shows roughly the same ion density in the solar
wind (before 11:42:25 UT) and the magnetosphere (after 11:42:40 UT), owing to the cold ion
density in the magnetosphere. Panels c1 and c3 show the ion velocity, where reconnection
jets can be observed in the magnetopause. Panels d1 and d3 correspond to ion differential
energy flux, and three ion populations can be distinguished: (hot) solar wind ions, (hot)
magnetospheric ions, and (cold) magnetospheric ions of ionospheric origin (marked using a
white box). Panels e1 and e3 correspond to measurements of the Ohm’s law terms. In the
crossing without cold ions, the electric field is roughly balanced by the Hall term, while in the
crossing with cold ions the electric field is roughly balanced by the frozen-in cold ion term,
with a small contribution of the Hall term.

Another consequence of cold ions in magnetic reconnection is that the Ion Diffusion
Region (IDR) that surrounds the EDR is split into two subregions: a hot IDR (hIDR) and a
cold IDR (cIDR). Again, this has been recently shown using in-situ MMS observations [9] and
PIC simulations [10]. The cold ions remain frozen-in inside the hIDR, and are demagnetized
only inside the much narrower cIDR region, where they are accelerated parallel to the electric
field. Understanding the IDR is key for studying the EDR, the main goal of the MMS
spacecraft mission.

The cold ions can in turn be accelerated and heated by magnetic reconnection, and
their associated length-scale is therefore dynamically modified. The heating mechanisms are
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Magnetopause without cold ions Magnetopause with cold ions

Figure 3: Extracted from [8]. MMS observations of magnetic reconnection at the Earth’s
magnetopause, without (left) and with (right) the presence of cold ions of ionospheric origin.
(a) Magnetic field in LMN coordinates (magnetopause boundary coordinates). (b) Total
(black) and cold (blue) ion densities. (c) Total ion velocity in LMN coordinates. (d) Ion
differential energy flux. (e) Various terms of the Ohm’s law, see equation 1.
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associated to large electric field gradients and wave-particle interactions [11, 12]. Heating
cold ions takes a non-negligible portion (25% of heating that goes into cold ions has been
reported) of the energy budget of magnetic reconnection, and can have implications at large
scales [13]. However, cold ion heating is not always observed in association with magnetic
reconnection [14].

3 Conclusions

The main conclusions of this work can be summarized as follows:

• Cold ions of ionospheric origin dominate the mass density of the Earth’s magnetosphere
most of the time, introducing a smaller length-scale into magnetic reconnection owing
to their smaller gyroradius.

• They reduce the perpendicular currents associated to the Hall term in the separatrix.

• They form a cIDR embedded in the wider hIDR that surrounds the EDR.

• Cold ions are heated by reconnection and take a significant part of the energy budget.
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Abstract

We report the results on the EMIR (Espectrógrafo Multiobjeto Infra-Rojo) performances
after two semesters of scientific operations at the Gran Telescopio Canarias (GTC). EMIR
is one of the first common user instruments for the GTC, the 10 meter telescope operating
at the Roque de los Muchachos Observatory (La Palma, Canary Islands, Spain). EMIR
have been built by a Consortium of Spanish and French institutes led by the Instituto
de Astrof́ısica de Canarias. EMIR is primarily designed to operated as a multi-object
spectrograph in the K band, but offers a wide range of observing modes, including imaging
and spectroscopy, both long slit and multi-object, in the wavelength range 0.9 to 2.5 µm. The
development and fabrication of EMIR is funded by GRANTECAN and the Plan Nacional
de Astronomı́a y Astrof́ısica.
EMIR was shipped to the GTC on May 2016 for its integration at the Nasmyth platform.
From June till November 2016 several commissioning periods were conducted. Then a short
Science Verification phase was launched on which EMIR was offered to the community to
test its capabilities on sky in image and long-slit observing modes. In March 2017, EMIR
was included in the call for observing time in semester 17B and started routine scientific
operations at the GTC from July 2017. In November 2017, EMIR was lifted off the Nasmyth
platform for the first maintenance period and resume operations at the end of February 2018.
Multi-object spectroscopy (MOS) commissioning has taken place, in two periods, starting at
the beginning of March 18. At the time of this writing, the MOS commissioning and internal
verification phases have been completed and the open science verification is underway. The
MOS mode has been offered in the CAT19A.

This contribution summarises the results and performances of the EMIR operation at the

GTC since the beginning of its routine operation at the GTC.
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1 Introduction

EMIR (Espectrógrafo Multi-objeto InfraRrojo – Infrared Multiobject Spectrograph, [2] and
[3]), is a common-user, wide-field camera-spectrograph operating in the near-infrared (NIR)
wavelengths 0.9-2.5 µm, using cryogenic multi-slit masks as field selectors. EMIR pro-
vides GTC with imaging, long-slit and multi-object spectroscopic capabilities. The EMIR
consortium is formed by the IAC, Universidad Complutense de Madrid (UCM, Spain),
the Laboratoire d’Astrophysique de Toulouse-Tarbes (LATT, France) and the Laboratoire
d’Astrophysique de Marseille (LAM, France). EMIR was shipped to the GTC on May 19th,
2016; it was integrated on the Nasmyth A platform on June, 3rd, 2016; and the commission-
ing periods took place from June to November 2016. A short Science verification phase was
run shortly after the commissioning, in the first semester of 2017 and then the instrument
was offered to the community, beginning in 2017B. The results of the commissioning have
been presented in [4] and [5], among other publications.

Due to the high complexity of the instrument, the tuning EMIR at the GTC has run in
parallel to the scientific operations, with the participation of the scientific and technical staff
of EMIR at the IAC and the UCM and the corresponding groups at GRANTECAN. Only
recently, EMIR has reached a decent degree of maturity at the GTC and can be operated
smoothly and efficiently. The last observing mode of the three mains, the MOS, has completed
its first runs at the GTC in the last months. With this achievements, the status of EMIR at
the GTC can be considered stable enough as as the team can concentrated from now on of
the monitoring and improvements of its capabilities. The next sections will summarise what
EMIR has already achieved at the GTC and what are the plans for the short term.

2 Calibrations and corrective actions on EMIR subsystems

2.1 Detector

From the beginning at the GTC, EMIR has suffered of two problems associated with the
detector. The first one consisted in a poor orientation of the detector array with respect
to the instrument focal plane which resulted in a marked loss of image quality. During the
maintenance period of November 16 - February 17 on which EMIR was removed from the
Nasmyth platform, this tilt was largely corrected with a residual inclination of around 4 and
2 mrad with respect to the detector X and Y axes respectively, to be compared with the
previous value of 12 and 8 mrad, and currently in 0.8 arcsec seeing the increase in FWHM
is at most 20% at the edge of the field as can be seen in Fig. 1. Figure 1, a composite image
made using many Ks images in good seeing condition, show an alternative representation to
the image quality after the correction, where the colour and circle size indicates the measured
FWHM for each source in a star field. Again it is clear that there is only a slight loss if image
quality in the corners of the field.

The EMIR detector also showed an irregular and somewhat erratic behaviour under low
illumination conditions. This is particularly important in spectroscopy, where in between the
sky lines the background is really low hence permitting a proper detection of faint signals.
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Figure 1: PSF sizes of the images on the detector. The sizes of the circles are proportional
to the PSF size. The two small panels show the variation of the PSF with respect to the X
and Y pixels at the detector.

We have undertaken an intensive campaign for exploring different ways of configuring the
detector readout modes using dark current measurements as a proxy for this purpose. The
objective has been to achieve a more regular pattern of the detector reads that permit the
calibration and on-line removal of this effect. Figure 2 shows the results of this campaign. A
single panel on Fig. 2 represents the average of a section of 5k pixels on the centre of each
of the 32 detector channels. Only four of these segments are shown. It can be seen how the
trend of the detector reads in 10 consecutive ramps is markedly more regular on the right side
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Figure 2: DC level in 10 consecutive ramps, 360s of integration time each. The 4 panels on
the left correspond to the old read modes and the ones in the right, to the new modes. See
text.

panels compared to the left ones. These calibrated DC measurements, a sequence of 10 series
for each of the permitted single integration times, are loaded by the Emir Control System
(ECS) at the GTC and removed from the detector reads before saving the data to disk.
Hence, a large fraction of the non-uniformities in the detector frame series are not present
in the final data. A point to be taken into account for those users interested in reaching the
very faint limit of EMIR, is the fact that this removal has the unavoidable effect of adding
the noise of the DC calibration, which is a small fraction of that in the object frames, but
might be not negligible. It is always possible to revert the effect of the DC and detector drift
calibration using simple scripts that can be made available to the interested users.

2.2 Cold Slit Unit (CSU)

The CSU is a system that lies in the heart of EMIR as its spectroscopic capabilities, both
in long slit and in MOS, relies on its proper functioning. During the maintenance period
mentioned before, we replaced a significant fraction of the cryogenic piezo set, which are the
motors of the actuators that control the the bar motion, that have shown signs of degradation,
by new ones with better specs in cryogenic conditions. After this, a long calibration campaign
took place, again during day time, which have resulted in a control of the position of each
sliding bar with accuracy better than 0.15 px in the worst cases. Figure 3 shows the accuracy
over the whole length of a long slit 0.6 arcsec wide measured in terms of the flux variation
over the slit under uniform illumination conditions.

2.3 On-line and off-line Data Reduction Pipeline

Since day one of EMIR at the GTC, much efforts have been devoted to, first tune an operative
pipeline at the telescope that permits a real time monitoring of the observations, and then
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Figure 3: Ratio of the flux measured in a box of NX×NY pixels centred on each slitlet with
respect to the median flux over the whole long slit.

to build a stand-alone system which will do the full reduction of the EMIR data till the level
on which the scientific analysis can start. The first of these task is of outmost importance
to make it possible the EMIR observations at the GTC, as the on-line DRP is providing a
quick look of the data taken for initial configuration of the instrument and telescope, in one
hand, and then of the observation products as they are being taken. The EMIR group at
the UCM, together with software engineers of the teams at the IAC and and GRANTECAN,
is coping with this task, that has to develop in the framework of the GTC Control System
(GCS) which is updated frequently to accommodate new features and/or remove bugs and
inefficiencies in the performances. After many interventions, the EMIR on-line DRP is now
capable to deal with the run of the observations in an efficient way and it can be considered
on its final status except, maybe, for minor adjustments dictated by upgrades in the GCS.
The current version of the on-line pipeline includes the automatic wavelength calibration of
data taken in spectroscopic modes, as described in [1] and in Cardiel et al. (Reducing EMIR
spectroscopic data with Python, these proceedings).

Many of the capabilities of the on-line pipeline can be found also in the off-line version
(pyemir), which can be downloaded from (https://github.com/guaix-ucm/pyemir). There
are still some features which are missing in the current version of pyemir, for example the
spectral flat fielding correction, but the team is working to be able to accommodate the
needed capabilities in the short term.

3 Science observations with EMIR

In this section a brief sketch of some results obtained from observations with EMIR will be
given. Some are not yet published but all together can provide a picture of the present day
capabilities of the instrument. During the last observing campaign of the commissioning of the
MOS mode, several scientific programmes were used as test beds to verify the performances
of EMIR in MOS mode, and some preliminary results from them will also be shown here.

https://github.com/guaix-ucm/pyemir
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Figure 4: A370 images from HST in FW160 filter, left, and from EMIR in Ks.

Figure 5: EMIR spectra of 2MASS 10101480-0406499 (red) and USco J155150.2-213457.
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Figure 6: EMIR spectra of the newly detected PNe emission lines.

During the initial science verification after the first commissioning runs, a deep image
of the Abell 370 galaxy cluster in Ks was taken and is shown in Fig. 4, together with the
corresponding HST image of the same field.The image is the result of the co-adding of many
individual frames of 3s exposure time each, totalling 1470s, with average PSF FWHM of
0.8 arcsec. The limiting magnitude at SNR=3 is 20.17. The HST image of A370, covering
roughly the same area, is shown in Fig. 4 for comparison. That has a total integration time
of 75788s with pixels size of 60 mas after drizzling.

[6] was the first in publishing an infrared spectrum taken with EMIR, which is shown
in Fig. 5. These are a couple of L6 dwarfs of young planetary-mass in the Upper Scorpius
association.

In [7] two new near-infrared emission lines, [Te iii] 2.1019 µm and [Brv]] 1.6429 µm,
in the spectra of planetary nebulae (PNe) arising from heavy elements produced by neutron
capture reactions were identified in two PNe, NGC 7027 and IC 418. [Te iii] was detected in
both PNe, while [Brv] was seen in NGC 7027 only. The emission lines are shown in Fig. 6.

To end with this short review of EMIR results, some fresh observations of two pro-
grammes in MOS mode are presented. The first one correspond to a MOS mask of the
GALEP project. GALEP aims at using EMIR to obtain near IR spectroscopy of many thou-
sands sources, the vast majority of which are located in the inner Galaxy. Its main aim is
to accurately classify the sources to tackle ambiguities in the interpretation of structures in
the inner Galaxy. Figure 7 depicts several spectra of GALEP sources in the K band taken
in a single shot with a MOS mask designed for the field, using the mask designer tool (OSP)
developed at LATT. The spectra in Fig. 7 will be analysed by the Ferre code used in the
APOGEE, for which it is necessary to develop a sort of interface to conform to the APOGEE
prescriptions. This work is underway.

A second programme, with obvious areas in common with GALEP, deals with the
search and characterisation of red supergiants in the Galaxy. In Fig. 8 the spectra in the
J band are of 9 RSG candidates in the Young Massive Cluster RSGC01, which contains a
very rich population of RSG stars. The goal is to provide metallicity estimates, for the first
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Figure 7: EMIR spectra of GALEP sources in the K band taken with a single MOS mask.

time, for this cluster. This will be done using a narrow spectral window in the J-band where
elemental features arising from Fe, Mg, Si, Ti dominate the spectral appearance.

4 Plans for the short term

As mentioned before, at the time of this writing the MOS commissioning and internal veri-
fication phases have been completed and the open science verification is underway, and the
MOS mode has been offered in the CAT19A. The plan for further actions on EMIR includes
several tasks to maintain and improve whenever possible the performances of the instrument.
The foreseen actions act in three main areas of the instrument: the ECS and software in
general, including both on-line and off-line pipelines; the EMIR hardware subsystems; and
the EMIR observing modes.

The plan for the ECS aims at a complete refactoring of the software, once the desired
capabilities of the control system have been achieved. The ever changing environment of
the GCS is imposing this action. That will include the interfaces between the ECS and the
on-line DRP, which has to be modified accordingly. This upgrade will have very little, if any,
influence in the observation results but will make the EMIR operations at the GTC more
efficient, reliable and robust. An important aspect of the EMIR general software upgrades,
and with a high impact in the user community, is the evolution of the off-line DRP to include
the missing capabilities and permit a more complete data treatment.

As per the actions in the EMIR hardware, the current plan includes a maintenance
stop during 2019 or 2020, yet to be decided, to remove the residual tilt of the EMIR detector,
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Figure 8: EMIR spectra of RSG in the J band taken with a single MOS mask.

commented in section 2.1. During this stop, the remaining set of old model CSU piezos will
be replaced by the new ones.

Finally, the plans to improve the EMIR performances also contemplates the tuning of
the detector read modes design to get rid of as many artefacts as possible. That will need a
close monitoring of the data taken in different modes by the user community to first identify
the spurious effects and then design and test ways of treating them.
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Abstract

The GTC Adaptive Optics (GTCAO) system is the general Adaptive Optics facility that

will provide diffraction limited images in the near-infrared to the GTC telescope. At Day

1 it will consist of a single deformable mirror with 21×21 actuators (373 useful actuators),

conjugated to the telescope pupil and a Shack-Hartmann wavefront sensor with 20×20 sub-

apertures using a Natural Guide Star (NGS) as a reference source. The GTCAO system

is expected to provide a Strehl ratio of 0.65 in the K-band with a bright NGS, and it will

be later upgraded to a Sodium Laser Guide Star (LGS) to significantly increase the sky

coverage. In this proceeding, we describe the GTCAO and the LGS system, we summarize

some of the scientific cases that can be carried out with the GTCAO LGS system and the

FRIDA instrument, and we review the planned schedule for the GTCAO system first with

the NGS and later with the LGS system.

1 Introduction

The Adaptive Optics (AO) systems allow to correct the atmospheric turbulence and produce
images near the diffraction limit [1]. This is fundamental for large diameter telescopes (8–
10 m), where the diffraction limit (∼ 40 mas in the K-band for a 10 m telescope) is ten times
smaller than typical good seeing conditions (∼ 0.6”). The AO systems have two major com-
ponents: a wavefront corrector, usually based on deformable mirror, and a wavefront sensor,

536
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Figure 1: (left) Opto-mechanical design of the GTCAO system. (right) A picture of the
fully integrated GTCAO system, currently at the IAC laboratory.

in most cases based on a Shack-Hartmann. A real time control system is also necessary to
compute and correct the optical aberrations thousand of times per second.

2 The GTCAO system

The GTC Adaptive Optics (GTCAO) is a post focal AO system that will be installed on the
GTC Nasmyth platform B, which corrects the optical beam to feed the scientific instrument
placed after it. GTCAO follows the classical collimator-camera design of an AO system with
the use of two identical off-axis parabolas (one acting as the collimator and the other as the
camera), maintaining the effective focal distance of the telescope (see left panel of Fig 1). On
Day 1, the system will provide a single deformable mirror conjugated to the telescope pupil
and will use natural stars (NGS) for wavefront sensing. The GTCAO system is expected
to provide a corrected beam that will achieve a Strehl Ratio (SR) of 0.65 in K-band with
bright guide stars. The size of the transmitted field of view is 1.5 arcmin diameter and the
optical layout of the system has been designed to be able to work up to 60 deg of zenithal
distance. For the wavefront sensing, the GTCAO has a Shack-Hartmann wavefront sensor
with 20x20 subapertures (FOV of 3.5”/subaperture) and an OCAM2 camera with a low
noise EMCCD detector CCD220 (240×240 pix, 0.35”/pix). For the wavefront correction,
the GTCAO has a CILAS deformable mirror with 21×21 actuators (373 useful actuators),
and for tip-tilt correction it uses the GTC secondary mirror (see main characteristics of the
system in Fig 2). A more detailed description of the different GTCAO sub-systems can be
found in [2]. The GTCAO system is planned to be upgraded in the future by the use of a
sodium laser guide star (LGS) for wavefront sensing to significantly increase the sky coverage
(see section 4). The first scientific instrument to use GTCAO will be FRIDA (inFRared
Imager and Dissector for Adaptive optics), an integral field spectrograph in the near infrared
with imaging capability.
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Mode Single conjugate correction, NGS (first light) 
Wavelength range 1.0-2.5µm (goal 0.8-5.0µm) 

Strehl ratio 
Bright NGS on axis, SR≧0.65 @ 2.2µm 
NGS mR=14.5, SR≧0.1 @ 2.2µm 

Wave-Front Sensor Shack-Hartmann 20x20 (FOV 3.5”), EMCCD (240 x 240pix) 
Wave-Front Corrector Deformable Mirror (21x21, 373 actuators, Fried Geometry) 

Throughput at least 70% in the range 1.0-2.5 µm 
Emissivity less than 20% at 3.8 µm 

Seeing Up to 1.5 arcsec 
Science FOV Up to 1.5 arcmin 

Zenith distance 0-60º 
Exposure time at least one hour 

Ghost images 
Defocused ghosts <1e-5 (except dichroic 1e-4) 
Focused ghosts: <1e-3 and located within 0.2 arcsecs) 

Tracking Non-sidereal targets used as NGS 

Dithering offsets of 0.25 arcsecs (goal 1.0 arcsec) with closed-loop 

Figure 2: Main characteristics of the GTCAO system.

3 The GTCAO AIV tests

The GTCAO system is currently fully aligned and integrated at the IAC laboratory. The first
tests at the system level have been carried out, but possible adjustments are still required
during this stage. For this reason, the general enclosure of GTCAO has not been mounted,
and the air conditioning system of the clean room introduces a small and slow local turbulence
in the optical bench. For these tests, we used TestCam, a near-infrared camera for the
characterization of GTCAO performances, and the H-band filter. Two values were used for
the OCAM2 camera frame rate, 1000 Hz and 2000 Hz. The telescope and turbulence simulator
(GTCsim) of the Calibration System was set to the standard scenario, with r0=20 cm and
wind speed=10 m/s. Under these standard turbulence conditions, we compared the the Point
Spread Function (PSF), obtained with the TesCam after closing the loop, with the simulated
PSF in H-band, and measured a Strehl Ratio (SR) of 0.66, which has to be compared to the
SR of 0.72, as expected from the simulations (see Fig 3).

4 The GTCAO LGS system

AO systems using bright NGS provide wavefront corrections in a limited region of the sky. The
AO system using LGS provides a better correction and SR than NGS for natural tip-tilts stars
of R>14–15 mag, and a sky coverage of nearly the 100% [3]. The GTCAO LGS system will be
based in the commercially available Na laser, built by the company TOPTICA, which delivers
a total output power of 20 W. The laser is sent to the atmosphere through a laser launch
telescope (LLT), and focused on the mesosphere, at ∼ 90 km distance pointing at zenith,
where the Na atoms are stimulated generating the LGS. For the installation of the LLT, the
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Figure 3: Simulated PSF (top) and real PSF measured with the TestCam (bottom) in the
H-band. Left panels show an horizontal cut of the PSF and right panels show the 2-D images
of the PSF. A Streh Ratio of 0.72 is predicted from simulations, while 0.66 is measured.

side (off-axis) laser launch configuration from the GTC elevation ring has been chosen as the
concept baseline. The GTCAO LGS system will provide single-conjugate correction in the
near-infrared using a LGS to perform high-order wavefront corrections and a tip-tilt NGS
to provide tip-tilt and defocus corrections. The LGS system will be able to operate under
similar conditions as the GTCAO system using a tip-tilt guide star of magnitude R<18 mag
located at an angular separation up to 60 arcsec from the center. The main characteristics
and the top level requirements of the LGS are indicated in Fig 4.

5 Science with the GTCAO LGS system

Most of the science cases proposed for NGS can also be done with the GTCAO LGS facility.
In these cases the advantage of the use of LGS and a relatively faint tip-tilt guide star is
that the sky coverage increases from about 10% with GTCAO NGS to about 60-100% with
GTCAO LGS for average and good seeing conditions, and hence the number of accessible
targets increase substantially.

The upgrade of the GTCAO system to the LGS facility will also allow GTC community
to carry out some science cases that are not feasible with NGS, because there is no star
bright enough in the FOV to perform the AO corrections. Some references science cases are
mentioned here:
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Mode Single conjugate correction, 1 LGS (HOWFS) + NGS tip-tilt 
Science focus 

Wavelength range 
1.0-2.5µm  

Strehl ratio 
Bright tip-tilt NGS on axis, SR≧0.5 @ 2.2µm 
NGS mR<18, SR≧0.1 @ 2.2µm 

NGS Wave-Front 
Sensor 

Shack-Hartmann 2x2 subap, EMCCD (240 x 240pix) 
(0.47-0.9 µm) 

LGS Wave-Front 
Sensor 

Shack-Hartmann 20x20 (FOV 5”), EMCCD (240 x 240pix) 

 Wave-Front Corrector Deformable Mirror (21x21, 373 actuators, Fried Geometry) 
Seeing Up to 1.5 arcsec 

Science FOV Up to 1.5 arcmin 
Zenith distance 0-60º 
Exposure time maximum one hour 

Figure 4: Main characteristics of the GTCAO LGS system.

• AO observations of the nearest galaxies: The GTCAO with LGS will allow us mapping
the full body of the nearest galaxies at unprecedented sub parsec scales, almost twice
the resolution achievable with JWST. Because of the brightness and extension of nearby
galaxies, very often the nucleus itself is the only suitable source for NGS AO correc-
tion. Subsequently, AO studies of galaxies are mostly restricted to the active galactic
nuclei class. GTCAO with LGS is thus a must if we are to extend current studies to
representative members of different galaxy types, across the Hubble sequence.

• AO observations of high-redshift galaxies: The Laser capability of GTCAO will be
instrumental to sample z>4 at kpc scales. Dynamical studies at z>2 with the IFU will
yield first determinations of galaxy virial masses at those z. The angular resolution
and sensitivity of FRIDA in imaging mode will represent a step further in our quest to
unveil the morphology of galaxies at higher z: mergers, discs and/or spheroids.

• Dynamical masses of very-low mass stars and brown dwarfs: Brown dwarf binaries
offer a unique opportunity to determine their physical properties and test theoretical
evolutionary models. The GTCAO LGS system will allow us to investigate the multi-
plicity and to determine the dynamical masses of the least massive brown dwarfs and
planetary-mass objects.

• Multiplicity and dynamical masses of young brown dwarfs: Since the physical properties
of substellar objects evolve with time, it is fundamental to find brown dwarfs and planets
at different ages to investigate their evolution and test theoretical models. The GTCAO
LGS system will allow us to study the multiplicity and to determine dynamical masses
of brown dwarf binaries belonging to Young Moving Groups of the solar vicinity.
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6 The GTCAO and LGS system schedule

The GTCAO sytem is fully integrated and we are currently performing tests at the system
level at the IAC laboratory. The LGS system is in the Preliminary Design Phase, which is
based on the side launch baseline. The expected schedule of the GTCAO and LGS systems
are:

• GTCAO Acceptance Tests at IAC laboratory: September 2019.

• Preliminary Design of LGS: March 2019.

• Laser Acceptance at the IAC: September 2019.

• Detailed Design of LGS: end of 2019.

• AIV of the LGS subsystems: mid 2021.

• LGS Acceptance Tests at IAC laboratory: early/mid 2022.
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Abstract

10 years after Gran Telescopio Canarias’ First Light, GTC is producing science in a routinely

manner but at the same time enhancing its capabilities with the continuous advent of new

instruments at the facility. This contribution summarizes the current status of the night

operation of the 10.4 m Gran Telescopio CANARIAS (GTC) and describe GTC short- and

medium- term instrumentation plan, that will make possible to provide access up to six

different instruments to the GTC-users community from middle 2018, largely enhancing the

scientific return from the telescope.

1 GTC telescope operation

The GTC was conceived as a general-purpose facility with a capability to host several instru-
ments simultaneously. In this sense, the GTC can work from the UV atmospheric cutoff to
the mid-IR with a wide instruments suite. In its original design, GTC allows the possibility
to use two Nasmyth, a main Cassegrain, a Prime, a Coudé, and four Folded Cassegrain (these
latter ones for lighter instruments) focal stations. Presently, the two Nasmyth and the two
Folded Cassegrain foci are in use, but additional focal stations are being equipped at the same
time as new instruments are developed. During night operations, it is possible to switch from
one instrument to any other in the order of few minutes.

GTC is operated mainly in queue-scheduled mode (>90% of the time is used in this
mode), where programs are selected in a dynamic fashion based on their ranking by the
Time Allocation Committees from Spain, Mexico and University of Florida, matching their
requirements to the prevailing observing conditions. This produces that GTC staff might play
an extraordinary role in exploiting the full capabilities of the telescope and its instruments,
as the night operation rely completely on their shoulders: they have to operate the full
system with all its complexity, and resolve faults that might occur; there is no night-time
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engineering support. Data handling activities such as quality control, data packaging and
time accounting take place during normal week days, as is the overall planning of observing
priorities. GRANTECAN has opted for a relatively low-cost support model, and hence the
service that can be offered to the community is rather restricted.

2 GTC observing time distribution

The overall demand for the telescope from the user community has seen large fluctuations
from one semester to others. Despite of the overall oversubscription factor has peaked at 6,
in the last six years has reduced to a constant value of about 3. Of the science time, in round
figures about 5% of the available time has been lost due to technical problems, while some
30% of the time the weather was too poor to observe (in agreement with the predictions for
the observing site at ORM).

Figure 1: Evolution in the number of hours of scientific data provided by GTC with time.

Despite every semester a certain fraction of time is reserved for commissioning of new
functionalities and forthcoming instruments (about a 20% of the total available time), the
amount of scientific data provided by GTC has been progressively increasing with time
(Fig. 1) simultaneously with a notable progress on the nightly queue efficiency with a value
as high as 95%. This means that every night assigned for scientific observations, from the
total amount of available time (once discounted technical and weather losses) we are able
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to produce useful science 95% of the time, that gives an idea of the current high-efficiently
exploitation of the telescope time. These numbers translate in more than 630 observing pro-
grams completed to date and more than 12000 hours worth of data delivered to the GTC
community.

Note also that in queue mode all the time delivered must fulfill the observing conditions
initially required by the user (following the aim of this operational mode), hence each observ-
ing hour delivered to the user might be useful for retrieving the expected scientific return. All
those data (mostly raw data, but also some reduced datasets) are freely available once the
proprietary (1 year) is over via the GTC public archive at http://gtc.sdc.cab.inta-csic.es/gtc/.
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Figure 2: Evolution in the GTC time distribution with time.

3 GTC telescope instrumentation plan

Regarding telescope instrumentation, GTC currently operates with three major facility in-
struments: OSIRIS ([1]), an optical imager - intermediate resolution spectrograph with
narrow band imaging (via Tunable Filters), fast imaging and Multi-object spectroscopy capa-
bilites, EMIR ([4]), a near-infrared (0.9 - 2.5 µm) wide-field imager and medium-resolution
multi-object spectrograph and MEGARA ([5]), an optical integral-field Unit (IFU) and
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multi-object spectrograph (MOS); as well as with HiPERCAM ([2]), a visitor intrument
able to image simultaneously in 5 channels (ugriz), at (windowed) rates of over 1 kHz. An
additional fourth facility instrument, Canaricam ([8]), the Mid-Infrared imager, spectro-
graph and polarimeter provided by the University of Florida (that has been in use from 2012
to 2016, when it was decommissioned to let its place to EMIR in the Nasmyth-A focus of
the telescope) will be available again by the end of 2018, but now located in a new focal sta-
tion (Fig. 3). Finally, at early 2019 GTC will incorporate HORS ([7]), a visitor instrument
that provide point source fiber spectroscopy at R 23000 in the blue optical band (377-691 nm).

Figure 3: Detailed view of OSIRIS, MEGARA, HiPERCAM, CIRCE, EMIR and Canaricam
(from left to right), the different instruments available at the currently operational foci of
GTC.

In a short-term, period 2019-2020, the instrument suite for GTC will be enhanced with
MIRADAS ([3]), a near-infrared multi-object echelle spectrograph under development at
the University of Florida, operating at spectral resolution R 20000 over the 1-2.5 micron
bandpass. MIRADAS selects targets from a 5 arcmin field using up to 12 deployable probe
arms with pickoff mirror optics, each feeding a 3.7 arcsec x 1.2 arcsec field of view to the
spectrograph. GTC will also incorporate Adaptive Optics (GTCAO) by 2019. Currently, the
integration is being done at the Instituto de Astrof́ısica de Canarias (IAC) in collaboration
with the GTC. GTCAO is planned to work in the NIR (0.9-2.5 micron) with the corrections
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made in visible light with a Shack-Hartmann wavefront sensor. The system will operate ini-
tially with a Natural Guide Star (NGSAO), and with a Laser Guide Star (LGSAO) probably
one or two years later. The GTCAO will be placed at the Nasmyth-B platform, displacing
OSIRIS instrument to the Main Cassegrain Station whose equipment is under development.
The GTCAO system will feed FRIDA ([6]). This is a near infrared, diffraction limited
imager and integral field spectrograph that has been designed and is being built as a col-
laborative project between GTC partner institutions from Mexico, Spain and USA. FRIDA
will operate with GTCAO in imaging mode at three different scales, namely 0.010, 0.020
and 0.040 arcsec/pix. The integral field unit is based on a monolithic image slicer that will
slice the field of view into 30 slices. Spaxels have a 2:1 pixel aspect ratio (2 pixels along the
spectral axis and 1 along the spatial axis) and it will offer three different spectral resolutions,
R=1000, 5000 and 30000, the latter over selectable regions in the HK bands.

Figure 4: Global scheme of the GTC instrumentation available by 2019-2020.

4 Next Generation of Instruments for the GTC

Current GTC instrumentation plan will be completed around 2022. At that time, six or seven
science instruments will fill the large suite of focal stations of the GTC. They should guaran-
tee the scientific competitiveness of the telescope for several years to come, also considering
that the GTC will continue to be the largest optical telescope in operation. Even so, it is
time to think about the future. Defining and building new instruments is a complex process
that takes a minimum of five years. This puts us to around 2025, when the new generation
of extremely large telescopes will presumably start operation.

For this reason, GRANTECAN has opened a process to define the next generation of
GTC instruments, with science as the main driver in this process. In this sense, the input
of the whole GTC community is vital to address the process from a wide perspective, tak-
ing advantage of the expertise that our community has gained with its participation in many
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front-end astronomical projects and facilities. Young and mid-career astronomers should have
a pivot role in the process, not only because of its timescale, but also to provide innovative
and visionary ideas anticipating the future trends of observational astrophysics.

Year 2016

GTC instrumentation timeline                  (updated 19/09/2018)

EMIR
13 Jun 2016

OSIRIS

2017 2018 2019 2020

CIRCE *

CanariCam

Q2 Q3 Q4Q1 Q2 Q3 Q4Q1 Q2 Q3 Q4Q1 Q2 Q3 Q4Q1 Q2 Q3 Q4Q1 Q2 Q3 Q4Q1

EMIR

MEGARA

GTCAO+FRIDA

MIRADAS

2021

CassegrainCassegrain

Folded Cass-EFolded Cass-E

F Cass-EF Cass-ENas-ANas-A

Nasmyth-ANasmyth-A

Folded Cass-FFolded Cass-F

Folded Cass-EFolded Cass-E

= first lightLegend:
• Transparent bars indicate that the

focus may alternately host various
instruments

• * Visitor instrument

HORS *

HiPERCAM * Folded Cass-EFolded Cass-E

Nasmyth-B

Nasmyth-B

Nasmyth-B

MEGARA
24 Jun 2017

HiPERCAM
12 Feb 2018

Figure 5: Current timeline for GTC instruments in the period 2016-2021.
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Abstract

The first JPLUS Data Release (July 2018) provided data in 12 filters, covering a total area
of 1022 deg2, collected from November 2015 to January 2018 by the JAST/T80 telescope.
The JPLUS Consortium aims to include the astrophysical parameters of the sources in the
JPLUS DR1 added value catalogue. As a first step temperatures are derived for a small set
of stars (Gold sample) with the best photometric precision in all filters. This work derives
temperatures from JPLUS colours of this Gold sample. The addition of Gaia mission second
release (Gaia-DR2, April 2018) information, with magnitudes, parallaxes and colours for
more than one billion sources is very useful to determine the astrophysical parameters of
the stellar content in JPLUS data. In particular, the use of Gaia parallaxes are used to
improve the characterisation of the observed sources.

1 Introduction

During the ”XIII Reunión Cient́ıfica de la Sociedad Española de Astronomı́a” (July 2018, this
meeting), the first data release of JPLUS (Javalambre Photometric Local Universe Survey,
[3]) project was made public. This first release consists on 511 fields observed in 12 optical
bands covering a total sky surface of 1022 deg2 observed from November 2015 to January 2018
by the JAST/T80 telescope. Besides this data some value added catalogues (VAC) are also
published (photometric redshifts, star-galaxy separation, crossmatch with other surveys and
stellar astrophysical parameters). This work belongs to the VAC working group in charge of
the stellar parameters determination. In the first estimations included here, only temperature
determination for a small set of well-behaved sources were explored, although in the future
this temperature determination will be expanded to all other sources in JPLUS DR1.

Several approaches were explored in VAC working group to determine the astrophysi-
cal parameters: Spectral Energy Distribution (SED) fitting, machine learning [15] and colour
based relationships. This work uses the third approach deriving stellar parameters from cali-
brated colour dependencies. For this purpose we try to avoid the use of external information
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Figure 1: r JPLUS magnitude histogram of the total sample published in DR1 (red) and the
gold sample used to derive their temperatures (black).

as much as possible, and only use JPLUS observables. Nevertheless, we also crossmatched
JPLUS data with Gaia data release 2 (Gaia-DR2, April 2018, [6]) to refine our initial esti-
mations by using Gaia parallaxes and photometry and also to derive photometric transfor-
mations between both surveys. In the first phase of stellar parameters determination by the
VAC team, we have concentrated our efforts to determine effective temperatures for a set of
stellar sources (morph prob star> 0.9) with photometric uncertainties better than 0.1 mag
in all JPLUS passbands. This dataset (named as Gold sample) consists on 563 367 sources
(see Fig. 1). All methods proposed in the VAC team have to provide effective temperatures
and their uncertainties for this Gold sample.

2 Photometric transformations

This section crossmatch JPLUS DR1 dataset with Gaia-DR2 [6] and provide photometric
transformations between them. From the initial amount of about 13.5 million sources pub-
lished in JPLUS DR1, 5.5 million are also present in Gaia-DR2. Among them, 4.9 million
have Gaia parallaxes available (1.4 million with parallax uncertainties better than 20%).

Among these common sources with Gaia-DR2 we filtered out those observations with
σGaia < 0.003 mag and σJPLUS < 0.03 mag. The recommended Gaia excess flux factor

filtering recommended by [5] was also applied
(
FBP +FRP

FG
< 1.3 + 0.06(GBP −GRP)2

)
. The

fitted transformations are shown in Fig. 2 and Table 1.
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Figure 2: Photometric transformations between JPLUS and Gaia-DR2 surveys.

Table 1: Polynomial transformations between Gaia-DR2 and JPLUS colours. These trans-
formations fit one colour (C1) as a function of another colour (C2) as a polynomial:
C1 = a0 + a1C2 + a2C

2
2 + a3C

3
2 + a4C

4
2 .

C1 a0 a1 a2 a3 a4 σ N

C2 = GBP −GBP
a

G− gSDSS 0.147 -0.327 -0.323 0.056 - 0.089 1513781

C2 = gSDSS − iSDSS
b

G− gSDSS 0.0075 -0.562 -0.045 - - 0.078 1387830
GBP −GBP 0.386 0.947 -0.244 0.102 -0.011 0.054 1387830

aApplicability: −0.7 < GBP −GBP < 3.5
bApplicability: −1.0 < gSDSS − iSDSS < 3.2

3 Colour index and χ2 method

Crossmatch between JPLUS DR1 sources and other catalogues in the literature including
temperature values (see Table 2) was done. Among these literature catalogues, LAMOST
DR2 [11] and Kepler Input Catalogue (KIC) [8] for the central range of temperatures were
used. In order to expand this calibration also to high and low temperatures, white dwarfs
(WDs, [9],[13]) and hot subdwarfs ([7]) and also late type stars ([12]) libraries were added.

Table 2: Range of JPLUS sources with effective temperatures works covered by the different
literature used to calibrate our relationships in Fig. 3.

Reference Teff range [K] Nsources Reference Teff range [K] Nsources

LAMOST DR2 [11] 3735–8454 90550 KIC [8] 2661–11076 3332
WDs [13] 6530–126360 237 WDs [9] 6127–87641 456

Hot subdwarfs [7] 23290-99999 208 Late type [12] 2490–3289 1206

After testing several JPLUS colours (gSDSS−J861, gSDSS−zSDSS, J410−J660, J410−
J861, J430−zSDSS, J515− iSDSS, J515−J861 and J515−zSDSS) we concluded that gSDSS −
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Figure 3: Effective temperature, represented in inverse using θ = 5040
Teff

, calibrated from JPLUS
gSDSS − iSDSS colour (left) and from Gaia-DR2 GBP−GRP colour using different temperature
estimations from the bibliography.

iSDSS provides the best correlation with effective temperature and we fitted a polynomial law
(black line in left panel in Fig. 3). We also derived an analogous relationship using Gaia-
DR2 colour (right panel in Fig. 3). The fitted relationships (Table 3) are applied to all other
sources in JPLUS (red and orange points in Fig. 4).

Grey points in Fig. 4 show the temperature of the star with closest JPLUS photometry
to our target source. The criterion to choose which photometry is closer to our source is a
simple χ2 weighted by the magnitude uncertainties (Eq. 1),

χ2 =

∑Npassb

i=1 ωi · (mobs −mtempl)
2

Npassb ·
∑Npassb

i=1 ωi

(1)

where Npassb = 12 is the number of JPLUS passbands, ωi = 1/σi is the weight of every
observation, derived from its uncertainty σi. mobs and mtempl are the JPLUS observed
and template magnitudes, respectively. The template magnitudes used here are the ones
observed by JPLUS for the sources included in the bibliography mentioned above. Then
their magnitudes and temperatures associated to these sources are not coming from SED
libraries but from preexisting determinations of real sources with photometry observed with
JPLUS as our target star.

The application of the Teff -colour relationships derived results in reliable temperature
estimations provided that the target sources have similar extinction that the literature sources
from which the relationships have been determined. Being the stars in the halo, this is likely
true.
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Figure 4: θ derived for all sources in the Gold sample using fitted polynomials represented
in Fig. 3.

Table 3: Polynomial expressions θ = 5040/Teff = b0 + b1C+ b2C
2 + b3C

3 + b4C
4 from JPLUS

(C = gSDSS − iSDSS) or Gaia-DR2 (C = GBP −GBP) colours.

C b0 b1 b2 b3 b4 σ N

gSDSS − iSDSS 0.625 0.465 -0.134 0.0539 -0.0079 0.036 94875
GBP −GBP 0.43547 0.553 -0.0464 - - 0.037 95709

4 Conclusions and future work

This work shows the preliminary derivation of temperatures for JPLUS DR1. In the near
future, these methods will be improved and also expanded to derive abundances and surface
gravities (using colour-colour diagrams or improving the χ2 method). Once the methods are
finally settled, we aim to apply the astrophysical parameters estimations to all content in
JPLUS DR1. The temperatures derived using our method will also be compared with other
methods being tested in the JPLUS collaboration in order to determine the best temperature
estimations for each star and their reliability.
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Abstract

The working catalogue of sources in Gaia evolves as new observational data is received from

the spacecraft and it enters the iterative processing loop. The precision and accuracy of

source parameters will improve with the addition of the new measurements but at the same

time a change in source character and source identification can always occur as observations

are added and linked to the already known sources. The source list is expected to stabilize

in future Gaia data releases, specially once the spacecraft stops its operations, but some

evolution of a substantial fraction of sources will take place up to the final data release (e.g.,

a stable source can turn into a variable from one data release to the next). In this paper,

we describe the main causes that lead to the Gaia Data Release identification and major

parameters updates, the nature of the updates and the best approach that the user can take

to match the data of the current and subsequent data releases.

1 Introduction

The determination of the catalogue of sources from the processing of the observational data
is an inherently complex issue in astronomy. For Gaia this issue is even more complex as
new observations are received every day which must be linked to the sources so that further
data reduction can take place. The process in charge of this task is the Cross Matching [6]
which is executed at least once over all the accumulated observations for each scheduled Gaia
Data Release (DR).

This work is organized as follows. In Section 2 we describe how the Gaia source list is
determined, describing the main processes and techniques used and the source identification
scheme adopted. In Section 3 we present some of the most common scenarios which trigger the
updates on the source list and on the derived source attributes. Finally, Section 4 is devoted
to summarize the major updates in the last published catalogue with respect the previous
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Figure 1: Orthographic view of HealPix partition of the sphere. From left to right the grid
is hierarchically subdivided in subsequent level starting from 0 (Credit: [1]).

release, the expectations for the third release and the most important remarks regarding the
tracing of sources across the published and future data releases.

2 Gaia Source list determination

The Gaia source list is determined just from the spacecraft detections, spacecraft attitude
and orbit by means of classification and clustering techniques:

• Classification; mainly to censor the spurious detections [7].

• Clustering; to group all the detections from each individual object [6] [8].

The identified clusters of observations are then linked to the existing entries in the
working source list. This working source list was initialized from on ground catalogues before
Gaia launch and it has been updated progressively as new data has been processed. These
changes are not limited to the source parameter updates - position, motion, parallax and
magnitude among others - but also implies the addition of new entries and the removal of
superseded or no longer matched entries.

To be able to track properly all these operations over the source list, all Gaia sources
have been given unique source identifiers. This identifier is basically a numeric field assigned
to each source to allow its unique identification and support its spatial arrangement. This
numeric field basically codes a spatial HealPix index [1], the producer system and a sequence
number. More specifically, the source identifiers have a level 12 HealPix index which is
determined from the detections used in its creation time and it is encoded in the upper bits
of the identifier.

The HealPix tessellation was adopted because of its mathematical properties and com-
putation efficiency and its hierarchical numbering scheme is quite useful to speed up spatial
queries or for massive job processing distribution. Fig. 1 shows the orthographic view of
HealPix partition of the sphere.

Finally, it is worth pointing out that the HealPix index coded for a given source is never
updated and discrepancies may appear when source position is updated. These discrepancies
are more frequent in sources close to the the HealPix pixel boundaries.
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3 Gaia Source list evolution

The Cross Matching task is executed periodically using the improved source parameters,
spacecraft attitude, instrument calibrations and the updated censoring of spurious detections.
Additionally, each new run starts from scratch ignoring any previous match solution so an
independent new solution is obtained. Consequently, the new match solution may bring
major updates in the observation assignations and the actual list of sources.

In this section, we describe some of the most common scenarios triggering updates of
the source list by means of:

• New source creation: Fig. 2.

• Source list updates: Fig. 3 and 4.

• Source parameters updates: Fig. 5 and 6.

In the figures, we show the scenario and resolution in first Gaia Data Release (DR1)
followed by the updated scenario and resolution in the second release (DR2). The symbols
shown in the figures have the following meaning:

• Numbered circles represent observations from different scans; painted in blue the ob-
servations used in DR1, in yellow the DR1 observations affected by the updates on
attitude and calibrations and in gray the observations classified as spurious detections
and thus discarded in DR2.

• The stars represent source entries in the catalogue; in red the sources from DR1, in
green the new sources in DR2 and in gray the superseded/deleted sources. Green stars
with a red outline represents DR1 sources suffering major attributes updates.

• The black lines represent links between observation and sources.

Figure 2: Example of new source creation. In this case the sky position of the observation
belong to the fourth scan (4) used in DR1 has been updated and two new observations have
entered the process. Due to the update of its position, the old observation (4) is no longer
matched to the DR1 source and instead a new source is created together with the two new
observations. As a consequence, the parameters of the source in DR1 will be slightly updated
and a new source entry will appear in DR2. Legend in Sec. 3.
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Figure 3: Example of new source creation by a split operation. In this case two observations
from the same DR1 time period have been recovered i.e. reclassified as good detections.
Consequently, for DR2 we have two scans with two nearby observations which is in general a
clear indication of the presence of more than one source. In this situation, instead of creating
just a new source and rearranging the observations, the policy in Gaia is to supersede the
previous source and create two new entries so the evolution of all affected sources can be
tracked across the different solutions. This split operation is only applied for observations
and sources within a configured distance limit of ∼1-2 arcseconds. Legend in Sec. 3.

Figure 4: Example of new source creation by a merge operation. This case is basically
the inverse operation of the split shown in Fig. 3. In DR1 we have two close observations
in the same scan that triggered the creation of two sources. However, in DR2 one of those
observations is no longer present i.e. discarded as spurious detections or suffering a large sky
position update. In this situation, the policy in Gaia is to create a new source and supersede
the previous sources with the same idea to be able to track the source list evolution across
the different solutions. As in Fig. 3 case, this operation is limited to observations and sources
within a configured distance limit of ∼1-2 arcseconds. Legend in Sec. 3.

Figure 5: Example of source parameter updates. This example represents the most com-
mon scenario responsible of the source parameters updates across Gaia data releases. Each
data release includes new observational data and/or new algorithms that revise and update
previous solutions and the same source identifier can be present in DR1 and DR2 but the
actual source features may be quite different. Legend in Sec. 3.
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Figure 6: A more complex example of source parameters updates as the one shown in Fig. 5
with two sources involved. In this case we have new observations in DR2 that help the cross
matching algorithm to resolve a source with a high proper motion (the one on the top right
corner) which cause a rearrangement of the observation between the two existing sources.
With this new match solution, the astrometry and photometry solution will be updated
introducing a major revision on the source features. Legend in Sec. 3.

4 Conclusion

The working catalogue of sources in Gaia evolves as new observational data is received from
the spacecraft and it enters the iterative processing loop. At the same time, the algorithms
in charge of deriving the source parameters are also evolving taking advantage of a better
knowledge of the instrument and the updates of the calibrations. Consequently, the source
character and even the source identification are subject to change as observations are added
and linked to the already known and published sources.

In 2016, the first Gaia catalogue (DR1 [3]) was published and the second release (DR2
[5]) has been recently made public this year. In DR2, ∼25% of the DR1 source identifiers
have been deleted and as a result ∼75% have persisted. However, it must be mentioned that
the attributes of ∼70-80% of the sources brighter than 16th magnitude that have persisted
(whose source identifiers are still present in DR2) have been largely updated. These changes
come from the updated censor of spurious detections and the rearrangement of the source
matches procured by the clustering techniques implemented for DR2.

To provide support for the comparison of both releases, a table to trace sources from
DR1 to DR2 has been provided in the Gaia Archive. This table can be used to identify
which source identifiers from DR1 have changed or disappeared in the new release but also
to identify possible replacements for the superseded or deleted sources.

In future releases, the source list is expected to become progressively more stable. In
fact, source list changes between DR2 and DR3 are expected to be much less in terms of
deleted/superseded sources:

• Just ∼2-3% of DR2 source identifiers may be deleted in DR3.

• Less than ∼4-5% of DR2 source identifiers may be superseded due to merge or split
operations.
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On the other hand, the source parameters may still show major updates and therefore
the following remarks should be taken into account:

• Identifiers are not unique/maintained across different data releases.

• Never rely on a direct source identifier match or, even better, just treat the source
identifiers in each release as being from completely different catalogues.
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Abstract

We present the recent development of a Wide Field Monitor (WFM) in the X-ray range
from 2 to 50 keV, with about 4 sr field of view capability. Such instrument based on
European technology meets the challenge to be part of future X-ray spectral timing
space missions currently under study, such as the Chinese enhanced X-ray Timing and
Polarimetry mission (eXTP) and the NASA Probe mission “Spectroscopic Time-Resolving
Observatory for Broadband Energy X-rays” (STROBE-X). The WFM design is inherited
from the Large Observatory For X-ray Timing (LOFT) mission concept which was proposed
and selected by ESA in 2011 as an M3 mission candidate.

The WFM is a set of coded mask cameras with solid state-class energy resolution, thanks to

the use of Silicon Drift Detectors (SDDs). Since SDDs provide accurate event position mea-

surements in one direction and only coarse positional information along the other direction,

pairs of two orthogonal cameras are used to obtain precise 2D source positions. The useful

effective field of view of one camera pair is about 28◦ x 28◦ (90◦ x 90◦ at zero response). A

set of 3 or 4 camera pairs can be implemented to provide fully sky coverage. The working

principle of the WFM is the classical sky encoding by coded masks, that has been widely

used in space borne instruments (e.g. INTEGRAL, RXTE/ASM, Swift/BAT). The coded

mask imaging is the most effective technique to observe simultaneously steradian-wide sky

regions with arc min angular resolution.

1 WFM heritage from LOFT ESA (M3 call)

The Large Observatory For X-ray Timing (LOFT) was selected by ESA as one of the four
M3 space missions concepts of the Cosmic Vision programme 2015 - 2025 for a feasibility
study [1], [2] and [3]. Two instruments were included in the scientific payload of LOFT: the
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Large Area Detector (LAD) and the Wide Field Monitor (WFM). The WFM is a coded mask
instrument, based on the principle of sky encoding by a coded mask; the mask shadow is
recorded by the position sensitive detectors and can be deconvolved to recover the image of
the sky. Silicon drift detectors (SDDs) are used for both the LAD and WFM instruments.

The main goal of WFM is to detect transient X-ray sources at outburst to be pointed
with LAD; therefore, the field of view is designed to have a maximum overlap with the sky
accessible to LAD pointing. These sources are new transients, as well as known sources
undergoing spectral state changes, e.g., neutron stars and black holes.

1.1 WFM X-ray detector

The WFM detector is based on the large area SDD technology [4] which allows very small
weight, low power consumption and low fabrication cost, in addition to enable excellent
timing capabilities and energy resolution. One of the four SDD tiles of the WFM detector
plane is shown in Fig. 1 left. The SDD detector is divided into identical parts as illustrated in
Fig. 1 left. When a X-ray photon interacts with the detector, an electron cloud is generated
and drifted towards the read-out anodes driven by a constant electric field sustained by a
progressively decreasing negative voltage applied to a series of cathodes, down to the anodes at
0V . While drifting, the electron cloud size increases due to diffusion. The charge distribution
over the collecting anodes depends on the absorption point in the detector.
We measure for each photon its deposited energy, proportional to the collected charge, the
so called X-position, the center of the charge cloud (< 60 µm), the Y-position proportional
to the width of the charge cloud (< 8 mm), and the time of the event. The analysis of the
charge distribution over the anodes is performed on-board by the FPGA-based BEE on each
event and therefore results in the determination of the amplitude, the anode position and the
drift position of the event.

1.2 WFM imaging design

As commented in subsection 1.1, the SDD provides accurate position in the anodes side but
only coarse positional information in the other one; when combined with a 1D coded mask
in each WFM camera (Fig. 2 left), they provide “1.5D” positions of celestial sources. Pairs
of two orthogonally oriented co-aligned cameras (Fig. 2 right) will give precise 2D source
positions. The FoV of each camera (and camera pair) is 90◦ x 90◦ FoV, at zero response
(FWZR), and the fully illuminated FoV is approximately 30◦ x 30◦. The detector-mask
distance is 202.9 mm (Fig. 1 right). The angular resolution (FWHM) for the on-axis viewing
direction is the ratio of the mask pitch and the detector-mask distance, 4.24 arcmin in the
fine resolution direction and 4.6◦ in the coarse resolution direction.

1.3 Elements of the WFM camera

The mechanical design of the WFM camera is described in Fig. 3 left. The elements under
our responsibility are highlighted with a red circle. A brief description of each element is
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Figure 1: Left: Working principle of the SDD detector and dimensions, in mm, of the SDD
tile. Right: Optical configuration of a WFM camera showing the fine and coarse resolution

Figure 2: Left: One camera providing “1.5D” positions. Right: One camera pair results
from the combination of two orthogonal cameras; it provides accurate 2D positions
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given below:

• The Coded mask is manufactured from a 150 µm thick Tungsten foil and has a coded
area of 260 mm x 260 mm (Fig. 3 centre).

• The Collimator is made of an open CFRP structure (Fig. 3 right) 3 mm thick. It holds
the mask assembly and shields the detector plane from photons coming from outside of
the field of view and cosmic rays since it is outer covered by a 150 µm thick Tungsten
sheet.

• A 25 µm thick Beryllium filter above SDDs prevents impacts of micro-meteorites and
small orbital debris particles.

• The Detector tray hosts the four SDD tiles and their corresponding read-out elec-
tronics.

• The Detector Tray Support Structure holds the detector tray and facilitates the
mounting of the collimator and the Back-End Electronics (BEE) box.

• The BEE (including the Power Supply Unit of the camera) determines positions, energy
and time of the recorded photons.

2 The WFM in the enhanced X-ray Timing and Polarimetry
(eXTP) mission

The eXTP (enhanced X-ray Timing and Polarimetry) mission [5] is a major project of the
Chinese Academy of Sciences (CAS) and China National Space Administration (CNSA) cur-
rently performing an extended phase A study and proposed for a launch by 2025 in a low-earth
orbit. The eXTP scientific payload (Fig. 4 left) envisages a suite of instruments: Spectroscopy
Focusing Array (SFA), Polarimetry Focusing Array (PFA), Large Area Detector (LAD) and
Wide Field Monitor (WFM) offering unprecedented simultaneous wide-band X-ray timing
and polarimetry sensitivity. A large European consortium is contributing to the eXTP study
and it is expected to provide key hardware elements, including a Wide Field Monitor (WFM).
Our institute is deeply involved as explained with more detail in section 4.

3 The WFM in the Spectroscopic Time-Resolving Observa-
tory for Broadband Energy X-rays (STROBE-X ) satellite

The Spectroscopic Time-Resolving Observatory for Broadband Energy X-rays (STROBE-X)
is a probe-class mission concept that will provide an unprecedented view of the X-ray sky,
performing timing and spectroscopy over both a broad energy band (0.2 - 30 keV) and a wide
range of timescales from microseconds to years [6]. STROBE-X includes two narrow-field
instruments, i.e. X-ray Concentrator Array (XRCA) and the Large Area Detector (LAD),
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Figure 3: Left: Exploded view of the WFM camera elements. Centre: Coded mask assembly.
Right: Collimator structure

and a Wide Field Monitor (WFM) as shown in Fig. 4 right. Our institute has taken part
in the update of the WFM design led by the NASA Instrument Design Lab. STROBE-X
mission concept will be presented to the 2020 Decadal Survey.

4 Spanish contribution to the WFM - eXTP

The WFM of eXTP mission [7] comprises six identical cameras grouped in three camera pairs
as shown in Fig. 4 left. The WFM has an unprecedented combination of simultaneous FoV,
i.e. covering 180◦ x 90◦ of the accessible sky to the LAD and the other pointed instruments,
and imaging capability. It achieves the required 1 arcmin source localization accuracy in 2D.
The eXTP mission is currently performing an extended phase A study which will finish in
December 2018. The Institute of Space Sciences (ICE, CSIC & IEEC) plays an important
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Figure 4: Artist’s impression of: Left: e-XTP spacecraft with its science payload. Right:
STROBE-X satellite with its scientific instruments

role in the coordination of the WFM instrument at PI level. We are also responsible of the
mechanical design, manufacturing and test of the coded mask, collimator, Beryllium filter
and detector tray of the WFM camera. In addition, we are also in charge of thermal control
of the WFM instrument.

During the LOFT feasibility study, a finite element method (FEM) analysis of the
mask design was performed to validate its operation during launch and orbit conditions. In
addition, two pieces of 1

4 of coded mask were built as shown in Fig. 5 left. The samples
dimension was 100 mm x 100 mm x 0.1 mm and the pattern consisted on random slits of 14
mm x 0.250 mm with a separation of 2.4 mm between slits. The samples were manufactured
by means of the chemical etching technique. Other techniques such as micro-milling and
electrodischarge wire cutting were tested but finally both discarded because on one hand
Tungsten is a highly abrasive material and this fact increased the fabrication cost and on the
other, it was also difficult to achieve slits dimensions and chamfer requirements. A dimension
control, i.e. slits position, dimensions, parallelism and chamfer, was performed for ten specific
slits in both mask pieces by means of a vision machine. The general result of the dimension
control showed that chemical etching is a valid technique, but there is still room to improve
the procedure in order to fulfill slit requirements. Currently, we are working on more detailed
mechanical and thermal analysis. On the mechanical side, we are performing a non lineal
analysis in the temperature operation range in order to check displacements of the mask.
And, on the thermal side, we have updated the WFM camera thermal model (Fig. 5 right)
to the new ESATAN-TMS software version in order to improve the simulations.
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Figure 5: Left: View of the manufacturing of 1
4 size of the coded mask. Centre: Zoom 1

shows a group of slits in a column. Zoom 2 illustrates the detail of the slit chamfer. Right:
WFM camera thermal model
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Abstract

In October 2018 there will be a fist call for the Core Scientific Program to the WSO–UV

observatory. In order to attend the needs of the appliers to that call, we present a set of

tools including a simulator for the instrumentation of the mission (WSO–UV Simulator)

and an Exposure Time Calculator (ETC). The WSO–UV space observatory, to be launched

in 2023, will provide with slitless, long-slit and echelle spectroscopy with the WSO–UV

Spectrographs (WUVS) and high resolution images and low resolution spectra with the

Field Camera Unit (FCU). The Core Scientific Program of the WSO–UV observatory will

include the key scientific research projects driving the development of the mission. In order

to guarantee that possible preparatory observations are carried out on due time before

launch, the first call to the core program will be open 4 years before the launch. We

developed a set of tools to support the astronomers attending this call and made them

available through the Remote Proposal System (RPS) web site.

1 Introduction

The World Space Observatory – Ultraviolet (WSO–UV) [4] scientific payload consists of a
170 cm primary space telescope, equipped with instrumentation for imaging and ultraviolet
spectroscopy in the 115 to 315 nm range. The WSO–UV will be placed in geosynchronous
orbit in 2023 by a Proton launcher becoming the first 2-m class ultraviolet observatory flown
into High Earth Orbit (HEO). The telescope feeds two main instruments: WUVS for long-slit
and echelle spectroscopy and the FCU for imaging and slitless spectroscopy. WUVS includes
two high resolution echelle spectrographs to observe point sources in far UV (VUVES, working
in the range 115-175 nm, R ≈ 50, 000) and near UV (UVES, working in the range 175-310
nm, R ≈ 50, 000) and the Long-Slit Spectrograph (LSS, R ≈ 1, 000; range 115-310 nm). FCU
includes a far UV channel (115-176 nm) based on CsI Micro Channel Plate (MCP) detector
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with a Complementary Metal-Oxide-Semiconductor (CMOS) readout and a near UV channel
(115-1,000 nm) with a cooled Charge Coupled Device (CCD).

In October 8th, 2018 will be opened the Call for Proposals for the WSO–UV Core
Program; This is a special call for scientific projects requiring preparatory observations. In
order to support the users attending this call, we have developed a set of tools to ease
the preparation of proposals to the Call. This tools, accesible via the Remote Proposal
System web site (https://wsorps.ucm.es), include the WSO Simulator and the Exposure
Time Calculator.

2 WSO–UV Software tools

In the following sections 2.1, 2.2 and 2.3 it is briefly described the available tools for any user
willing to submit a proposal to the WSO–UV Scientific Core Program requiring preparatory
observations.

2.1 Remote Proposal System

The web interface to the Remote Proposal System (see Fig. 1) provides access to proposals
submission, but also provides with some tools to generate these proposals. The RPS re-
quires login to the system in order to add a proposal, including information of the Principal
Investigator (PI) and co-investigators (CoIs). Once the abstract, list of observations and
justification files have been submitted, a PDF file is generated with the information of the
proposal, and sent to PI, CoIs and WSO–UV Time Allocation Committee (TAC).

2.2 WSO–UV Simulator

This section provides a brief summary of the information on the overall characteristics of
the simulator built to pre-evaluate the performance of WSO–UV instruments. The WSO
Simulator allows to evaluate the instrumental performance of the instruments in terms of
noise source response, data quality, and number of counts detected for different types of
configurations and observing parameters. Although the WSO Simulator provides with the
scientific data outcome of each of the channels of WUVS and FCU, the LITE version of the
simulator accessible via RPS web site only generates images for the FCU instrument. The
full version of the simulator will be made available for the WSO–UV Spectrographs (WUVS)
in a near future.

The WSO–UV Simulator (WSOSim) has been implemented as a further development of
the PLATO Simulator (PLATOSim) [1]. PLATO is a medium-class space mission approved
by the European Space Agency, aimed to find and study extrasolar planetary systems with
emphasis on the properties of Earth-like planets in the habitable zone around solar-like stars
[3]. PLATOSim is an end-to-end software tool developed at the Institute for Astronomy
at KU Leuven for the validation of the noise level requirements of the PLATO mission.
This software tool has been designed to be easily adaptable to similar types of missions [2],

https://wsorps.ucm.es
https://wsorps.ucm.es
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Figure 1: Caption of the WSO–UV Remote Proposal System and its available tools.

and probe of this is that has been employed in both PLATO and WSO–UV Simulators.
PLATOSim is open source and available at the PLATO Simulator web site.

The WSO–UV Simulator is open source and have been developed in C++ program-
ming language to be used under Linux platforms. WSOSim generates sets of realistic images
of the foreseen observations by including models of the detector and its electronics, the tele-
scope optics, the stellar field, the jitter movements of the spacecraft, exposure time, number
of images and all important natural noise sources. Inputs to WSOSim are the equatorial
coordinates of the astronomical sources in the field of view, their magnitudes, and the char-
acteristics of the optics and detection chain. WSOSim output includes time-series of the
instrument observation and the photometric analysis of the sources in the generated images,
their magnitude, and an estimate of the noise level.

The full version of the simulator is accessible via command line, although there is a
work in progress to develop a web interface devoted to ease the modification of the input
parameters. The complete functionality of the simulator is mainly intended to be used by
the WSO–UV Science Control Center and Instrument Team.

2.3 Exposure Time Calculator

For a certain observation, the ETC web interface provides with estimations of the signal to
noise ratio or exposure time (in seconds) for the two channels of the FCU. This software
tool takes as input the available filters for each channel and the spectral energy distribution

http://ivs-kuleuven.github.io/PlatoSim3/
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(SED) of the selected source. The SED can be given as a flat continuum, a black body, a
spectral line, a Kurucz model or an uploaded spectral file. Further details on the usage of
the ETC can be found on the documentation available in the dedicated page at the RPS web
site. The ETC for the WUVS instrument in under development.
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Abstract

IACTec is a technological and business space created by the Instituto de Astrof́ısica de Ca-

narias (IAC) to promote collaboration between the public and private sectors. Our objective

is to foster the creation of quality employment and the generation of value-added techno-

logical products with high marketing potential, both nationally and internationally. In the

growing field of innovation related to the payload of microsatellites and nanosatellites, our

initial focus is on Earth Observations. In this paper we present IACTec Space, our plans for

the future, including the design of cameras based on the heritage of the knowledge acquired

in the IAC on detectors and optics or the use of new techniques such as superresolution.

1 Introduction

The Instituto de Astrof́ısica de Canarias (IAC) is a public research consortium located in the
Canary Islands. The main headquarters of the IAC is located in La Laguna with a secondary
office in La Palma, the CALP. In addition to this, we have two astronomical observatories:
the Observatorio del Teide in Tenerife and the Observatorio del Roque de los Muchachos in
La Palma. In total, we are approximately 400 people in the IAC alone, apart from those who
work for foreign institutions.

One of the most important assets of the IAC is its astronomical observatories, with
almost 60 different facilities from 27 countries. This is the largest multinational collection
of professional telescopes in the world. There are both solar and night time telescopes,
including the world’s largest telescope, GTC, and other telescopes to observe the cosmic
microwave background, Cherenkov telescopes, etc.

The presence of these observatories for more than 50 years has made a crucial contri-
bution to the development of research in the IAC, turning it into a center with a recognized
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Figure 1: Image of the future IACTec headquarters.

research prestige at this time. We currently cover virtually all branches of astrophysics: solar
physics, solar system and exoplanets, stellar and interstellar physics, galactic formation and
evolution and cosmology.

2 IACTec

This same presence of observatories, telescopes and instruments has also meant that the IAC
has had to make a huge effort in the instrumental area. We have been doing instrumentation
applied to astrophysics for 40 years and we have acquired a great experience and knowledge.
We are currently involved in more than 20 instrumental projects and we have really outsand-
ing capabilities, characteristics and laboratories. And these are precisely the foundations of
the new IAC project: IACTec. IACTec is a space for collaboration with companies to take
advantage of the experience acquired in instrumentation, technology and engineering with a
social base. The main motivation of IACTec is to create a business and employment network
in the Canary Islands that generates alternatives to absolute dependence on tourism. A net-
work evidently related to science and technology and with the purpose of being self-sufficient
within 4-5 years. Our idea is to prioritize and promote the regional economy, but having
behind the support, experience and knowledge of the IAC, which will also seek the return of
all this.

There are three niches that will work within IACTec. The most obvious is that of large
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Figure 2: GTC (left) and EMIR (right), two examples of our experience with telescopes and
instruments.

telescopes, including, for example, the Cherenkov Telescope Array, CTA-N, the European
Solar Telescope, EST, or the New Robotic Telescope, NRT. Other important niche is medical
technology, something that the IAC has been working on for several decades. And, finally,
the small satellites.

These developments will be carried out in a new building located 2 km from the IAC,
within a new technological park that is being built and will be ready in less than a year. In this
park will be located the buildings of IACTec, Nanosciences, Parque Cient́ıfico-Tecnológicos
de Tenerife, the companies that want to accompany us, etc. And, to carry out the projects,
we have an excellent team of engineers financed mainly by training programs of the Cabildo
de Tenerife.

3 IACTec Space

In recent years, a kind of democracy has come to space with cheaper components and the use
of commercial off-the-shelf (cots) and this has led to more and more companies or institutions
have embarked on the design and manufacture of satellites of much lower-size than the big
monsters that were traditionally the only projects that were sent to space. This means
that there are great opportunities when it comes to small satellites, but it also makes the
competition very big and wild. Therefore, before embarking on a project like this we did a
very important exercise to see the niches in which the IAC could be competitive, given our
previous experience.

• First of all, we are telescope manufacturers, and we do it quite well. From the IAC80,
the first telescope of this type designed and built in the Canary Islands, to GTC, the
largest telescope in the world, through QUIJOTE and other projects. We are used to
making new and better optical and opto-mechanical designs and testing them.

• We are also experts in detectors, their use, characterization and improvements, reducing
their noise and improving their efficiency and reliability.

• In addition, as astronomers, our tool is light and we are used to getting as much
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Figure 3: IACTec Space logo.

information as possible about it and improving the data obtained. We have been
improving data acquisition with our instruments for years, making algorithms for image
processing and using other improvement algorithms, such as compression or super-
resolution

• In the Observatorios de Canarias we are also used to transmit information, mainly from
Earth to satellites or with ground-ground links, making use of optical communications.

• And, finally, the presence of the atmosphere has led us to develop instruments and
techniques to compensate it and greatly improve the quality of our images: adaptive
optics, cophasing, lucky imaging, etc.

The analysis of all these points led us to decide that where we could really be competi-
tive was in the design and manufacture of payloads for Earth Observation at small satellites,
combining our experience in the five points above.

To accomplish this, we have marked three different stages and two main objectives.
On the one hand, DRAGO (Demonstrator for the Remote Analysis of Ground Observations)
a SWIR instrument on board the ALISIO (Advanced Land-Imaging Satellite for Infrared
Observations) project. ALISIO will be a 3U nanosat in LEO orbit that will help us position
ourselves in the market, learn what a project of this style entails and carry out the first launch
of a Canarian satellite at the end of 2019, early 2020. ALISIO will have as first objective
observations in the SWIR range and as a secondary objective to test a magnetic measurement
card useful for LISA. On the Other hand, IACSat-1, a long-term and more ambitious project
for an optical and infrared microsatellite with a resolution close to the meter.

The first stage (2017) consisted of the creation and training of a well prepared team for
the space and the first steps of the two projects. In addition, there was an important didactic
and outreach activity, and the analysis and solutions for the RFI of a sub-meter resolution
camera for a private collaborator. This stage ended with the conceptual design of DRAGO
at ALISIO.

In a second period (2018 - 2020) we will seek to consolidate the IACTec team with the
launch of ALISIO. This involves several phases: Preliminary Design Review (PDR), Critical
Design Review (CDR) and manufacturing, Assembly-Integration-Verification (AIV), launch
and follow-up. In parallel, there will be important advances in the sub-meter resolution line
with its PDR and detailed design along with new projects in collaboration with companies
related to small satellites payloads.
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Figure 4: Scheme of ALISIO.

Finally, the third stage (2021-2022) will contemplate the stabilization of the team, with
the launch of this microsatellite and with the independence and self-sufficiency of IACTec
Space.

Our goals and motivation for the following five years can be summarized as:

• Create and train a multidisciplinary team in space engineering.

• Consolidate new projects to design and manufacture payloads that allow remote imaging
the Earth from space with nano-satellites.

• Placement of IAC and the Canary Islands within the world map of small satellites.

• Generation of a business network in Tenerife / Canary Islands linked to space.

• Promotion of public-private collaboration in the space sector in the Canary Islands.

• Launch of the first Earth observation satellite with a sub-meter resolution with charge
designed and manufactured in the Canary Islands.

• Open new windows for research.

Acknowledgments

IACTec and IACTec Space are a reality thanks to the following institutions: MINECO, Gobierno de
Canarias, FEDER funds, Horizonte 2020, Fondo de Desarrollo de Canarias, MEDI and Tenerife 2030.



Highlights on Spanish Astrophysics X, Proceedings of the XIII Scientific Meeting of the Spanish 
Astronomical Society held on July 16 – 20, 2018, in Salamanca, Spain. B. Montesinos,  A. Asensio Ramos, 
F. Buitrago, R. Schödel, E. Villaver, S. Pérez-Hoyos, I. Ordóñez-Etxeberria (eds.), 2019 
 

The Gran Telescopio Canarias Archive.

Enrique Solano1, José Manuel Alacid2
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Abstract

The Gran Telescopio Canarias (GTC) archive is operational since November 2011. The
archive, developed and maintained at Centro de Astrobioloǵıa (INTA-CSIC) in the frame-
work of the Spanish Virtual Observatory project, provides access to raw, calibration and
science ready data and has been designed in compliance with the standards defined by
the International Virtual Observatory Alliance (IVOA) to guarantee a high level of data
accessibility and handling.

In this presentation I will describe the main capabilities the GTC archive offers to the

community, in terms of functionalities and data collections, to carry out an efficient scientific

exploitation of GTC data.

1 Introduction

The GTC archive is not something new but there is a long history behind it. In fact, the
first GTC archive meeting took place in 2003, fifteen years ago. Already at that time, the
need of a Virtual Observatory (VO) compliant archive to ensure the long term preservation
as well as the optimum scientific exploitation of GTC data was clearly identified.

Eight years later, in November 2011, the first operational version of the archive was
released1. The GTC archive has always been managed in the framework of the Spanish
Virtual Observatory2 and is part of the CAB Scientific Data Centre. In this context it is
important to remark that the GTC archive is the only entry point for the national and
international astronomical community to access GTC data.

At the time of writing the GTC archive contains more than 160 000 science files of five
instruments (OSIRIS, CanariCam, CIRCE, EMIR and HIPERCAM) and is intensively used

1http://agencias.abc.es/agencias/noticia.asp?noticia=1002094
2http://svo.cab.inta-csic.es
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by the community as demonstrated by the fact that users from the five continents have made
hundreds of queries to download thousands of files.

2 The GTC archive. Characteristics and functionalities

2.1 Data transfer and ingestion

GTC data are periodically transferred through a secure connection from the telescope in La
Palma to the archive in Madrid. At their arrival, a number of quality control tests are carried
out to ensure data integrity and metadata coherence. Problematic files are inspected and
remedial actions are taken in agreement with GTC staff. After passing the tests, metadata
information is extracted from the FITS header and stored in a database while FITS files are
moved into the data storage system. Once data and metadata have been successfully ingested,
they are automatically available to the general public through the web a VO interfaces.

In order to guarantee a safe long-term preservation of GTC data, a well-defined backup
and data safekeeping policy have been established.

As of January 2018 the GTC archive also provides access to private data, identified
according to their observing date. Principal Investigators are provided with a login/password
to access their private data. They are also emailed whenever new data of their programmes
arrive. At present (October 2018) the archive contains 93 private programmes with more
than 9 000 science files.

2.2 Web interface. Data query

The GTC archive is friendly enough to be potentially used by a wide variety of users. From
the home page, the user can get information on the archive through three different channels:
Reading the system overview section, checking the FAQ system or directly asking GTC
archive staff using the available HelpDesk.

The input query form is very simple and allows typical queries by list of objects names
and/or coordinates, observing date, type of instrumentation, and programme. Special pro-
grammes like the ESO-GTC or the GTC Large Programmes have their specific entry access.

In addition to basic metadata, the table of results obtained after a query also includes
links to the paper where the observations have been published as well as to NED and the
CDS portal. These are powerful functionalities to easily get additional information on a GTC
object. The output fields can be ordered by date, instrument, program or product identifier
and the number of results shown per page can also be customized.

As said in the abstract, one of the main requirements of the GTC archive is its com-
pliance with the Virtual Observatory, with the objecting of taking advantage of the VO
standards and protocols. The Multi-Object Coverage (MOC3) is one of these standards. It
helps users in the identification of the sky regions covered by GTC observations. MOC not
only facilitates the visualisation of the footprint of a given survey but also, making use of a

3http://www.ivoa.net/documents/MOC/20140602/REC-MOC-1.0-20140602.pdf
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VO tool like Aladin, permits operations to know, for instance, the region in common between
two surveys or the part of the sky that contains observations of only one of the surveys.

A remarkable strength of the VO protocols is their ability to discover information using
VO tools. By providing seamless access to thousands of archives and services, VO-compliance
facilitates research projects that, otherwise, would be extremely difficult to perform outside
the Virtual Observatory. In this sense, SIAP (Simple Image Access Protocol) has been
implemented to access GTC images from VO tools.

Figure 1: GTC archive query form

2.3 Reduced data

Reduced data are of fundamental importance for archives as they enhance their use by the
community and provide a higher visibility of the project results. The bad news is that there
is no official reduction pipeline for the GTC instruments. To overcome this problem three
channels have been defined to feed the GTC archive with science-ready data products.

• Reduced data provided by the community: On a monthly basis, GTC archive staff query
ADS looking for papers containing GTC observations. Once identified, we contact the
first author inviting him to send us their reduced data using a system similar to ESO-
Phase 3 but much simpler. In short, the users have to submit a single FITS file or a
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zip file with their data in FITS format in the case of multiple products. As soon as
reduced data are ingested in the archive, they are linked to the associated raw products
and are available for downloading.

At the time of writing (October 2018), we have identified 355 publications containing
GTC data and have ingested reduced data for 103 (∼ 30%).

• Use of existing pipelines: In collaboration with GTC staff, we are working in the use
of existing pipelines to reduce in a systematic and homogeneous way data from an
observing mode or instrument. This is, for instance, the case of CanariCam and EMIR.

• Provision of high level data products: The goal of this line of work is to generate high
level products (astrometrically and photometrically corrected images and the associated
source catalogues) of the broad-band images obtained with the instrument OSIRIS. We
have used 2MASS-PSC as the reference catalogue for astrometry while Pan-STARRS
(PS1) was used for the photometric calibration. Corrected images and the associated
catalogues will be publicly available soon.

3 Conclusions

The main ideas described in this paper are briefly summarized here:

• The GTC archive is a research resource in operation since 2011. A lot of science can
already be done with the current archive contents and functonalities.

• It contains raw, calibration as well as reduced data provided by the community.

• New high level data products (i.e. source catalogues, images processes in a standard
and automated way) will be available soon.
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Abstract

The cross-matching (XM) in Gaia is a sophisticated process that provides a consistent match
between observations and sources in the working catalogue for subsequent data reduction
processes
Although the fraction of high proper motion stars that Gaia observes is small, their absolute
number is not, and therefore the proper motion as well as other parameters have to be taken
into account in the cross-matching of Gaia observations. In consequence, we describe the
improvements and the identification of new proper motion sources thanks to a generalized
algorithm based on clustering analysis, and a post-processing algorithm which identifies
variable stars.

These improvements with respect the Gaia DR2 catalogue will imply a better identification

of the observations of these kinds of stars and more precise astrometric and photometric

parameters for subsequent data releases.

1 Introduction

Gaia [5] is a mission of the European Space Agency (ESA) which aims to measure the
positions, motions and distances of more than 1 billion stars producing the most precise
three-dimensional map of our Galaxy. Before the astrometric and photometric reductions, a
pre-processing and source list creation (presented in [3]) is necessary to determine the param-
eters of each of the celestial objects (sources) that Gaia observes and, more specifically, the
observation-to-source cross-matching (XM) of Gaia objects which provides the link between
the Gaia detections and the sources.

The XM process has two preparatory stages in order to isolate groups of observations
and sources of a specific sky region which are matched in the final XM resolution stage (see
[2]). Furthermore, the resolution stage is divided into two substages, a first clustering stage
and a final conflict resolution stage to solve all conflict scenarios, as described previously in
[2].
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We describe a generalization of the clustering algorithm used for Gaia DR2 [4] and we
focus on interesting cases such as the high proper motion sources not found in DR2 and the
variable stars, providing significant improvements of the algorithms for Gaia DR3.

2 Cluster analysis

Cluster analysis aims to divide data into groups (the so-called clusters), where the objects in
each cluster are similar between them and different from objects within other clusters.

The model pretends to be independent from other catalogues, so the input only consists
of a set of observations and, therefore, the positions and motions have to be determined as
the number of observations in the cluster increases. Following a proposal by Lindegren [6],
we consider here a hierarchical agglomerative algorithm because it presupposes very little in
the way of data characteristics (i.e. in our case it does not require previous knowledge of the
number of clusters to be created).

In order to decide which clusters should be agglomerated a measure of dissimilarity
between sets of observations is required, which is a positive semi-definite symmetric mapping
of pairs of observations and/or clusters of observations onto the reals (i.e. ∆(Ci, Cj) ≥ 0
and ∆(Ci.Cj) = ∆(Cj , Ci) for clusters Ci, Cj). Note that, the triangular inequality is not
necessarily satisfied for our type of problem.

Moreover, we have to consider an efficient algorithm to agglomerate the observations
according to the corresponding definition of the dissimilarity.

2.1 The minimum variance criterion

The dissimilarity measure chosen is the Ward’s dissimilarity which is defined as the increase
of the sum of squared residuals when using a common coordinates compared to the value
obtained when the two terms are separately minimized,

∆(Ci, Cj) = R(Ci ∪ Cj)−R(Ci)−R(Cj), (1)

where Ci, Cj are two disjoint clusters and R(C) is the sum of squared residuals in the
corresponding cluster C.

If we consider the simple model where the coordinates of the observations do not depend
on time, the dissimilarity between the clusters Ci and Cj can be written as

∆(Ci, Cj) =
ninj
ni + nj

‖x(Ci)− x(Cj)‖2 , (2)

where ni (nj) is the number of observations in the cluster Ci (Cj), and the vector
x(C) = 1

n

∑
O∈C x(O) is the cluster center given by the center of gravity of the observa-

tions in the cluster.

This dissimilarity allows to agglomerate with the minimum increase in information loss
and can be generalized to a linear model such as the inclusion the proper motion.

Note that the norm used in (2) may contain weight factors if required to include more
parameters such as the magnitude.



Torra, F. et al. 583

2.2 Nearest Neighbor Chain

An efficient algorithm for hierarchical clustering is the nearest neighbor chain [7] based on the
construction of nearest neighbor chains and reciprocal nearest neighbors. More specifically,
the algorithm builds a chain of nearest neighbors, starting from an arbitrary (agglomerable)
cluster, until a pair of mutual nearest neighbours has been found and agglomerated.

In this algorithm the agglomeration is carried all the way to the point where all obser-
vations are in a single cluster but for the XM process this makes little sense.

Therefore we consider that the agglomeration only makes sense while the dispersion
of residuals within the clusters is below a given limit. This dispersion is measured by the
variance σ2(C) = R(C)/n and the limit depends on Gaia observation error and the model
error caused by not including the parallax.

3 Inclusion of proper motion

In Section 2.1 we have supposed that the coordinates do not depend on time, but for the
inclusion of the proper motion we have to consider a linear model for each direction u,

u(t) = u0 + u1t (3)

where u0 is the mean position and u1 is the proper motion.

The linear system in matricial form is

b = Au + e (4)

where u = (u0, u1), b is a n−vector of observations, e is a n−vector of observation errors,
and A is a 2× n−matrix with the time functions.

Therefore, applying the definition of (1) and using some equations, the dissimilarity in
u-direction can be expressed

∆u(Ci, Cj) = (ûi − ûj)
TNi(Ni + Nj)

−1Nj(ûi − ûj), (5)

where Ni = ATA is the normal matrix and û = N−1(A−1b) minimizes the sum of squared
residuals.

Note that the above equation reduces to (2) when the normal matrices are of dimension
1× 1, i.e., without applying the linear model.

In the example shown in Figure 1, the XM created more than one source in DR2 because
the proper motion model was not used in the clustering stage. Moreover, the observations
which are processed for first time are unmatched in the input of the final stage because they
are so far to be matched in the preparatory stages. However, the generalized XM algorithm
including the proper motion merges the sources of the previous cycle (and therefore calculate
the proper motion) thanks to the new implementation and the major number of observations.
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Figure 1: XM resolution around 2MASS J02511490-0352459. Left: XM resolver input includ-
ing observations (blue dots, empty for unmatches in the input of final resolver), input sources
(green triangles) and input resolver links (dashed green lines); right: resolution including the
observations, the New Source propagated to the observation epoch (triangles) and the grey
area is the cluster region.

4 Post-processing analysis

As mentioned in Section 2.1, a magnitude criterion can be included in the clustering algorithm
with a scale factor which makes a magnitude error comparable with an error in position.
This criterion leads to separate valid and spurious detections into different clusters, and
improves the resolution in crowded areas significantly. However, it creates problems for
variable stars creating several clusters at the same position (and different scans) but with
different magnitude.

In this post-processing procedure, we detect these clusters with very close centres (about
120 mas) and without any common scan (i.e. compatible in time). After that, they are
agglomerated into a single one without using any magnitude criterion. Therefore, this post-
process avoids the creation of several sources corresponding to a variable source.

Gaia17aru is a confirmed cataclysmic variable star detected by the Gaia Science Alerts
system (http://gsaweb.ast.cam.ac.uk/alerts) which runs at the Cambridge Institute of As-
tronomy to look for sources that suddenly change dramatically in brightness. This Alert is
split into 2 clusters without the post-processing analysis, the brighter transits (outbursts)
being grouped in one cluster, and the fainter with the other, whereas applying the post-

http://gsaweb.ast.cam.ac.uk/alerts/alert/Gaia17aru/
http://gsaweb.ast.cam.ac.uk/alerts
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processing all the transits are grouped together with one of the input sources (see Figure
2).

Figure 2: XM resolution around Gaia17aru. Left: XM resolver without post-processing in-
cluding observations (blue dots), input sources (green triangles) and resolver links (dashed
black lines); right: resolution with post-processing including the observations and the per-
sisting source (green triangle). Grey areas are the cluster regions.

5 Conclusion

We have shown that the cross-matching algorithm for Gaia can include parameters such as
the proper motion and the magnitude which are necessary to identify some kinds of stars and
provide precise parameters of them, applying a generalization of the Ward’s dissimilarity and
defining suitable post-processing algorithms. Therefore, the number of high proper motion
stars and variable stars will increase in Gaia DR3 respect to Gaia DR2 and in addition their
parameters will be more precise because of the creation of new sources and the increasing
number of matched observations.

These improvements on the clustering algorithm may imply an update of the Gaia
DR2 identification and the astrometric and photometric parameters because some of the
observations will be matched to other sources (see details on the source evolution in [1]).
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[1] Castañeda, J., Torra, F., Clotet, M., et al. 2018, Highlights of Spanish Astrophysics X (this
volume).
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Abstract

The Javalambre Physics of the Accelerating Universe Astrophysical Survey (J-PAS) is an un-
precedented photometric sky survey of 8, 500 deg2 visible from the Observatorio Astrof́ısico
de Javalambre (OAJ) in 59 colors, using a set of broad, intermediate and narrow band fil-
ters. J-PAS is going to provide the first complete 3D map of a large volume of the Universe
and will contribute on many astrophysical science cases, from Solar System minor bodies to
Cosmology. The survey will be conducted by the Javalambre Survey Telescope, JST/T250,
with Javalambre Panoramic Camera (JPCam), which is currently in its engineering phase.
Until then, the interim JPAS-Pathfinder camera, mounting a single CCD covering the center
of the FoV, is installed at the telescope. Its filter wheel is ready to host the J-PAS filters
already available for use on sky. This is permitting the commissioning of the equipment
and is providing the first scientific data: the mini J-PAS. The up-to-date JPAS-Pathfinder
commissioning and the results of the science operation is summarized here.

1 Introduction

The science case motivating the J-PAS survey is the study of the nature of the dark energy
causing the accelerating expansion of the universe through the measurement of the Baryon
Acoustic Oscillations (BAO). In order to tackle this topic, large volumes of the universe have
to be probed, sampling regions much larger than the typical spatial scales associated to the
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Figure 1: The J-PAS bandpass system. Overall expected efficiency for JPCam at JST/T250,
filters system and assuming a particular atmosphere model.

BAO peak. Given the very weak nature of this signal, the positions and distances of millions
of galaxies have to be measured with high enough accuracy, in particular, a precision in the
redshift determinations of σz/(1 + z) < 0.003 is required [1].

In practice this implies carrying out a survey of large areas of the sky at an adequate
depth, and for that, a telescope combining a large field of view (FoV) with a relatively large
collecting area is needed; i.e. a telescope with a large étendue. This motivated the building of
the OAJ, at the Sierra de Javalambre in Teruel, Spain, and the settling of a survey-oriented
2.55m-class telescope, the JST/T250, with a large FoV (4.2 deg2 with JPCam, the camera
that is going to be devoted to carry out the J-PAS survey). This configuration yields an
étendue of 26.5 m2deg2. On the other hand, to obtain the 0.3% accuracy in the photometric
redshifts, photo-z, a set of 54 narrow band filters, plus one mid-band one at the blue end
and a high-pass one at the red end have been specifically designed for this purpose. Those
are centred at the visible region of the spectrum (see Fig. 1). Their width, FWHM∼ 145 Å,
and separation of their central wavelengths ∆λ ∼ 100 Å will allow the achievement of the
degree of precision mentioned. The set is completed with three broad-band filters: uJ−PAS

and two Sloan-like gJ−PAS and rJ−PAS . The goal of J-PAS is to observe 8, 500 deg2 of the
observable sky at the OAJ, avoiding the Galactic plane. J-PAS will provide a huge amount
of pseudo-spectra with enormous potential not only for Cosmology and Galactic Evolution,
but for many different science cases from high-z studies to Solar System minor bodies.

2 JPCam: the survey camera

The J-PAS survey will be carried out by JPCam, a mosaic of 14 CCDs covering an area on
the sky of 4.2 deg2 once attached to the JST/T250. Details on the different subsystems of
the camera and its main features can be found in [2]. JPCam is currently at the OAJ in the
engineering phase. In the forthcoming months a dedicated team of scientists and engineers
will work with the final goal of getting the camera ready for attaching it to the JST/T250,
so allowing the starting of the commissioning of the main camera.
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Figure 2: JPAS-Pathfinder. Sketch of JPAS-Pathfinder, a picture of the filter wheel and
another of the camera attached to JST/T250, holded by the actuator system. The diagram
illustrates the FoV of the camera (at the center in orange) compared to the whole JPCam
FoV provided by the 14 CCDs.

3 JPAS-Pathfinder: the interim camera

Since February 2017 the interim JPAS-Pathfinder camera is attached to the JST/T250. In
short, it is a replica of the T80Cam carrying out the Javalambre-Photometric Local Universe
Survey (J-PLUS), also at the the OAJ with a 80cm-class telescope, whose first data release,
DR11, has been presented during this meeting [3]. The JPAS-Pathfinder consists of a single
CCD of 9.2k×9.2k pixels2 and it mounts a filter wheel that can host up to 7 filters. From
there it provides an unvignetted FoV of 0.34 deg2 covering the central part of the FoV that
JPCam will offer (see Fig. 2). The resulting spatial resolution is 0.227 arcsec/pixel. In the
nominal read-out mode it offers a read-out noise below 3.4e−, being the read-out time around
12 s. The goals with this camera are two-fold: i) carrying out a technical commissioning and
ii) starting the scientific operation.

3.1 Technical commissioning

The goal of the commissioning is to advance in as many aspects as possible while JPCam
is not ready to be installed to the telescope and, at the same time, to minimize the risks
when that happens. This phase allows the identification of issues, needs and implementation
of solutions at different levels: on the technical side, concerning the optics, the observation
procedures and the image reduction and data processing.

JPAS-Pathfinder is mainly aimed to perform the commissioning of the actuators system
(AS) that supports the camera and permits the its postitioning to compensate for mechanical

1http://archive.cefca.es/catalogues/jplus-dr1

http://archive.cefca.es/catalogues/jplus-dr1
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Figure 3: The area covered by the mini J-PAS. The zoom-in shows 3 objects, a star, a quasar
and a galaxy, whose J-spectra are shown on the right together with a smoothed spectrum
taken from SDSS-DR14 (when available). The number of each type of objects with J-spectra
in the mini J-PAS is also shown. Classification and z also taken from SDSS-DR14.

flexures caused by gravity so the alignment of the optics, in conjunction with an hexapod at
the level of the secondary mirror, M2, is optimized in every pointing of the telescope. The
exact optimal positions of both the AS and M2 hexapod (amounting 10 degrees of freedom)
depend on the pointing of the telescope, the angle of the de-rotator and the temperature.
The analysis of a pair of intra- and extra-focal images taken on each new pointing allows the
study of the main aberration components through the fitting of 3D Zernike polinomials, that
yields a best solution for AS and M2 hexapod position to get the best image quality.

So far, the performance of the active optics system as a whole (hardware, control and
analysis software) is satisfactory within the FoV of JPAS-Pathfinder. The statistics of the
first few thousands images (both scientific and technical) has yielded a mode of the PSF of
0.7 arcsec with a mode in the homogeneity of the same parameter of 2.5% across the image.
Further details on this and other commissioning tasks can be found here [4].

3.2 First scientific operation: mini J-PAS

In parallel to the commissioning, the first scientific operation with JPAS-Pathfinder has
started. Given the complete set of J-PAS filters are already available for use, the J-PAS
Collaboration decided to observe a patch on the sky with all of them to get the first J-PAS-like
data. That field was carefully selected favouring those with lots of ancillary data to compare
with ours. The choice was the All-wavelength Extended Groth strip International Survey2

(AEGIS) with around 20 thousand spectroscopic redshift determinations up to RAB = 24
and also overlaping with other surveys, like Sloan Digital Sky Survey (SDSS)[5] and one of the
Advance Large Homogeneous Area Medium-Band Redshift Astronomical (ALHAMBRA)[6]

2http://aegis.ucolick.org

http://aegis.ucolick.org
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Figure 4: mini J-PAS: Galactic J-spectra samples. Classification taken from SDSS-DR14.

fields, among some others. The area eventually observed with the whole set of filters is a
stripe of ∼ 1 deg2 (1.9 deg × 0.5 deg) and it is shown in Fig. 3.

An initial reduction, source extraction and photometry was made by the Processing
and Data Archival Unit (UPAD) at CEFCA using the same pipeline employed for J-PLUS,
jype[7], with a few modifications required to fit the JPAS-Pathfinder setup. An initial pho-
tometric calibration has been performed as well using the synthetic photometry computed
from the available SDSS-DR143 stellar spectra on each of the fields associated with J-PAS
bandpasses. The pseudo-spectra, J-spectra presented here are preliminary since the image
acquisition was very recent and there’s still, in some cases, a few steps missing on the process-
ing (like the fringing in the reddest filters and the illumination correction) or several of them
could be improved, so the figures have to be considered a frozen result of a work in progress.
At present, the catalogs are only available for internal use of the J-PAS Collaboration.

Some examples of normalized J-spectra of Galactic Fig. 4 and extra-Galactic sources
Fig. 5 are shown together with the J-PLUS DR1 pseudo-spectra and the smoothed spectra
of the same objects taken from SDSS-DR14. Despite the preliminary state of the whole data
processing, these first results are really encouraging and show the enormous potential of the
J-PAS data, tracing with detail many of the spectral features of the objects. It is worth
highlighting the ability of the J-PAS data to trace broad features such as the molecular
absorption bands of cool stars and the broad emission lines of the QSOs. As mentioned,
those data must allow the determination of the photo-z with an accuracy of 0.3%; this is
currently under assessment for confirmation.

Fig. 3 shows the count of gathered J-spectra: 4, 000 Milky Way stars, around 150
quasars and about 12, 000 galaxies. Extrapolating this numbers to the expected total area
it would yield obtaining ∼ 60 million stars, 1.3 million QSOs and ∼ 100 million galaxies
at the completion of the survey. Each of these pseudo-spectra is similar to a low-resolution

3https://skyserver.sdss.org/dr14

https://skyserver.sdss.org/dr14
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Figure 5: mini J-PAS: extra-Galactic J-spectra samples. Classification and z taken from
SDSS-DR14.

one with R ∼ 50, comparable to that of the low-resolution spectra Gaia will provide[8], but
J-PAS is going to be ∼ 2 magnitudes deeper. It is worth mentioning that in many cases,
these currently represent the highest quality data for those objects. At the end of J-PAS,
based on the mini J-PAS numbers, ∼ 150 million J-spectra are going to be obtained.
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Abstract

On 22 May 2018, a new version (v9.0) of the Herschel Science Archive (HSA) was publicly

available. Together with some other minor implementation changes, this version constitutes

the ’legacy’ version of the Herschel Science Archive, this is, no more development is foreseen

at the user interface level, although it is expected that its contents will still continue growing

with the ingestion of new products provided by the community and by the mission experts in

the Herschel ground segment. The main functionalities of this version are presented here.

1 Introduction

The Legacy Herschel Science Archive (HSA) offers access to all public Herschel data and
offers a host of features:

• Access to all Herschel science data products at various (user selected) levels of process-
ing.

• Access to interactively reduced data provided by the community (User Provided Data
Products; UPDPs).

• Access to interactively reduced data produced by ground segment experts (Highly Pro-
cessed Products; HPDPs)

• Visualization of accurate footprints projected onto the Digitized Sky Survey (DSS)
image of the field

• Search on publications, providing links to the Herschel data used for these publications
and to the corresponding publication registry in ADS, including the possibility to search
for observations in the archive without known associated publications

• Preview images and connectivity to common astronomical tools over Virtual Observa-
tory (VO) protocols

• Search on Herschel Catalogues through the VO Table Access Protocol (TAP)
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Figure 1: Web-based User Interface of the Herschel Science Archive.

2 Search capabilities

On the top of the interface there are three different tabs for searching:

The SEARCH tab with three main panels to search by Target Name, NAIF ID or Coor-
dinates. It is also possible to submit a list of targets, NAIF IDs or coordinates. Observation
Constraints which are contained in different tab filters per observation ID, instrument and
refined queries by instrument settings, proposal information, pipeline processing constraints,
date and publications. And for Product Selection: The query can be restricted to those
observations which are contained in an UPDP or an HPDP. Also, a set of Ancillary Data
Products (ADPs) can be retrieved directly from this panel.

The CATALOGUES tab. The User Interface also allows to query the contents of the
main Herschel catalogues: The Photometric Catalogues and the Spectral Line Catalogues.
The selection of the catalogue can be combined with geometrical searches by target name or
coordinates. Also after selection of one catalogue, extra conditions for the query can be added
and the columns displayed as output can be selected. The result can be saved as VOTable,
CVS, FITS...

Users can also perform more complex queries through a TAP/ADQL Form.

The PUBLICATIONS tab. This functionality allows to make all kind of queries on
the database of refereed publications linked to Herschel observations. Different filters (and
combinations of them) for making queries are possible. In the results table, column ”BIB
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Figure 2: The SEARCH tab of the HSA User Interface

Figure 3: The CATALOGUES tab of the HSA User Interface



596 The Legacy Herschel Science Archive

Figure 4: Searching catalogues and the HSA database through TAP/ADQL

Figure 5: The PUBLICATIONS tab of the HSA User Interface

Code” is a link to ADS and ”OBS” gives the number of observations linked to this paper.
Clicking on this number, the list of observations is given.

3 The Result of a query

The result of a query is always a list of observations which match the conditions given by the
parameters used for searching the Herschel archive.

The Interface provides 4 different result tabs per query. The Pipeline tab gives the
list of observations matching the query and information related to every observation and
the associated Pipeline products. The UPDP tab gives the list of observations which are
contained in one or more user provided datasets. It provides information on the UPDP
(through the UPDP Keyword column) which is also illustrated when available through a
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Figure 6: The RESULT of a query

Figure 7: Sending Herschel products to Aladin via SAMP

Postcard per observation. Like the UPDP tab, the HPDP tab gives the list of observations
matching the query which are contained in one or more expert reduced dataset and gives
similar information about it. And the Publications tab which gives the total list of papers
in which any of the observations resulting from the query is included and a link to the
corresponding publication registry in the ADS. Also, the number of observations included in
every paper is given.

4 How to retrieve/visualize Herschel Data

The Herschel Science Archive makes use of the SAMP Web Profile (Javascript library) to
interoperate with other astronomy tools via SAMP (Simple Application Messaging Protocol).
This allows visualization and inspection of the Herschel data before the actual data download.
Herschel products can be sent to the Herschel Interactive Processing Environment (HIPE)
for their visualization and analysis and to VO tools like Aladin, DS9, VOSpec, CASSIS...

There are several methods to retrieve Herschel data: Pipeline products are retrieved
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Figure 8: Retrieving pipeline products and table of results from the Search tab

Figure 9: Retrieving UPDPs from the Search tab

from the results tab while UPDP/HPDP can be also retrieved from the dedicated panel in
the Search tab. The table of results (metadata) can also be saved as CVS or VOTable.

The complete guide on the usage of the Herschel Science Archive User Interface is
provided inside the own interface and also as a document at:

https://www.cosmos.esa.int/web/herschel/legacy-documentation-observatory[1]
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Abstract

The estimation of the light pollution and the study of its eventual evolution can be estab-
lished by monitoring the night sky brightness. We present the monitoring stations of the
Spanish Light Pollution Research Network (REECL) and some results. The advantages of
the new TESS-W photometer developed for the STARS4ALL project are described, along
with the incipient global network of monitoring stations using TESS-W.

1 Introduction

One of the unwanted effects of the light pollution is the brightening of the sky at night. The
dark natural brightness of unpolluted skies is only found in remote locations far from big
cities. The sky brightness depends on the number, nature and location of the light emitting
sources and can be predicted using models of the dispersion of the light by the atmosphere.
We are interested in measuring the sky brightness in dark protected places (national parks,
astronomical observatories, etc.) and also in places with medium and heavy contamination
at different distances from the main urban areas. The spatial and temporal variation of the
sky brightness is used to test and improve the models (see for instance [3] & [6]).

The sky brightness at night can be used as a proxy of the light pollution. Besides the
natural component, introduced by the moon for instance, the variations in the artificial light
input and the conditions of the atmosphere are reflected in the brightness. A monitoring
station with a fixed photometer measuring the sky brightness in the zenith should be used
to record these changes. After a long term series of measurements it is possible to perform
statistics to determine the characteristics of the sky brightness at this location and one can
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determine the eventual evolution of the light pollution.

The change of artificial light technologies in our cities, mainly from high pressure sodium
(HPS) to LED lamps, is changing the sky in brightness and also in color [4]. It is important
to measure these changes over time (before, during and after the retrofit) to establish whether
we are really reducing the impact of light pollution in our skies.

2 The Spanish REECL monitoring network

Most of the Spanish researchers that study the light pollution effects from different aspects
(astronomy, biology, human health, etc) are collaborating under the framework of the Spanish
Light Pollution Network (REECL). One of the results of these collaborations is the network
of monitoring stations that was originally created by the Universidad Complutense de Madrid
which is in charge of its maintenance.

The SQM (Sky Quality Meter, Unihedron) photometer are being used in most of the
stations. The photometer should be protected with an enclosure and linked to a computer.
To record, plot and share the data we are using the PySQM free software developed at the
Universidad Complutense de Madrid [2]. The data is plotted in realtime at the SQM-REECL
network webpage and it is stored for free access at the Spanish Virtual Observatory 1. The
description of the network and some results were presented at XXIX IAU meeting [5].

Figure 1 shows the locations of the SQM stations that are linked to the REECL network.
Note the one in Porto (Portugal). There are other monitoring networks in Spain. The
Galician NSB monitoring network which is a collaboration of Universidade de Santiago and
Meteogalicia [1] and the Catalan network which depends of the Parc Astronomic Montsec
and the Generalitat de Catalunya, and also some institutions or individuals with photometers
that are not sharing the data.

A comparison of the results for the heavily polluted city of Madrid and a rural village
(Villaverde del Ducado) is presented in Fig. 2. The upper panel shows the evolution of the
brightness recorded at the astronomical observatory of the UCM located on top of the Physics
building. The vertical axis represents the time along the night while the x-axis runs along
the days during several years. The brightness of the sky is color coded; most of the data is
around 18 magnitudes/arcsec2 in the SQM magnitude system. The sinusoidal shape of the
graph is due to the variation of the length of the night along the year. It is interesting to
note the effect of ornamental lights, traffic and other human activity that yield a brighter
sky at the beginning of the night. The same plot for a rural area shows darker skies reaching
21.5 mag/arcsec2 in the SQM system. In this case the brightening due to the presence of
the moon over the horizon is apparent in every lunation. Figure 3 presents an histogram for
the values obtained from Villaverde del Ducado during long series of measures. Even at this
rural area the sky brightness is affected by Madrid at 130 km in linear distance.

There are 47 monitor stations sending data at the time of writing this contribution.
Most of the persons in charge of the photometers are individuals. The PySQM software

1http://sdc.cab.inta-csic.es/pdd/jsp/busSQM.jsp

https://guaix.fis.ucm.es/PySQM
https://guaix.fis.ucm.es/reecl/SQM-REECL
https://guaix.fis.ucm.es/reecl/SQM-REECL
http://www.meteogalicia.gal/Caire/brillodoceo.action
http://mediambient.gencat.cat/es/05_ambits_dactuacio/atmosfera/contaminacio_luminica/avaluacio-qualitat-cel-nocturn/
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Figure 1: Distribution of SQM monitor stations on the Iberian Peninsula and Balearic
islands that are linked to the network.

Figure 2: Record of observations from the Observatorio UCM station inside Madrid (upper
panel) and a rural village (Villaverde del Ducado) (lower panel).
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Figure 3: Histogram with the observations obtained with one of the SQM photometers at a
rural location. The sky brightness is affected by Madrid at 130 km in linear distance.

creates the plot for each night and stores the data following the IDA-IAU standard format.
Besides a monthly data file is also stored. The data is shared via dropbox or google drive.

3 The European Photometer Network

3.1 The TESS-W photometer

Mounting a SQM monitor station implies the purchase of the photometer and the enclosure,
and the connection of the photometer to a personal computer linked to internet. The com-
puter should be connected to the electrical power all the time waiting to the twilight for
storing the measures of the whole night and it is idle during the day.

One of the goals of the STARS4ALL European project is to extend this network to an
European night sky brightness network and also to include the other smaller or local existing
networks in Europe. Our plan is to grow the number of monitor stations with the help
of interested citizens. We have designed a low-budget photometer (TESS-W) which is open
hardware and software and have some interesting features. The photometer works unattended
without the need of a dedicated computer. It only needs a quick setup to communicate with
a local wifi that is used to send the data using the internet of things (IoT) protocols. The
photometer has also an infrared sensor to estimate the cloud coverage by comparing the
ambient temperature with that of the sky. More information on the photometer at [7].

The data obtained by each TESS-W unit is sent in real time to the repositories and is
inmediately ready for the public (open data) and also from the Spanish Virtual Observatory2.
The researchers and interested citizens can browse the plots, compare the readings from

2http://sdc.cab.inta-csic.es/pdd/jsp/tessindex.jsp
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Figure 4: Map with the location of the TESS-W photometers sending data. The inset shows
a better view of the photometers in Europe.

different stations and also to download the data3.

3.2 The TESS-W photometer network

The first units produced were tested and calibrated, before sending to the beta testers. They
perform as expected and only some minor changes were made to the second series. There are
180 TESS-W photometers built, 50 of them in the process of calibration at Laboratorio de
Instrumentación Cient́ıfica Avanzada (LICA-UCM).

Although the network was originally designed to cover Europe, the first 60 photometers
that are sending data from several places along the globe (see Fig.4). This reflects the location
of the citizen science volunteers and that of the interested researchers working in the field of
light pollution. Most of the first series of photometers (37) are located in Spain.

The data gathered with the photometers is already available for the interested scientist
to research. In Figure 5 we present example of the measures for one night in four locations
of different geographical coordinates. We are waiting for a long series of observations to
determine eventual evolution and other interesting statistical results.
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Figure 5: Variation of the night sky brightness measured in four locations of the network
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in green; Tucson (Arizona) in blue and Svalbard (Norway) in orange.
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C, Gallego J, Fernández A, Nievas M., 2016, Journal of Quantitative Spectroscopy and Radiative
Transfer 181:52,66. (doi: 10.1016/j.jqsrt.2016.02.029)
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Reducing EMIR spectroscopic data with Python.
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Abstract

EMIR, the near-infrared camera and multi-object spectrograph operating in the spectral

region from 0.9 to 2.5 µm, has been commissioned at the Nasmyth focus of the Gran Tele-

scopio CANARIAS. One of the most outstanding capabilities of EMIR is its multi-object

spectroscopic mode which, with the help of a robotic reconfigurable slit system, allows

to take around 53 spectra simultaneously. A data reduction pipeline, pyemir, based on

Python, is being developed in order to facilitate the automatic reduction of EMIR data

taken in both imaging and spectroscopy mode. This package, as well as the auxiliary pack-

age numina, are both available at GitHub (https://github.com/guaix-ucm). The user’s

guide is being currently written after the experience gained analysing the commissioning

data, and will be soon available in the documentation hosting platform Read the Docs.

Focusing on the reduction of spectroscopic data, some critical manipulations are the geo-

metric distortion correction and the wavelength calibration. Using a large set of tungsten

and arc calibration exposures, both calibrations have been modelled for any arbitrary con-

figuration of the multi-object slit system. This model can be easily employed to obtain a

preliminary rectified and wavelength calibrated EMIR spectroscopic image without addi-

tional calibration images. This facilitates both the on-line quick reduction of the data at

the telescope and the off-line detailed reduction of the data by the astronomer.This work

was funded by the Spanish Programa Nacional de Astronomı́a y Astrof́ısica under grant

AYA2016–75808–R.(See poster).
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The WEAVE Core Processing System at CASU.
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N. A. Walton1 and the WEAVE Instrument Consortium

1 Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 0HA,
UK

Abstract

WEAVE is the spectrograph for the new 2-degree field of view on the William Herschel
Telescope. First light on WEAVE (expected for mid-2019) will permit either multi-object
observations (MOS) using ∼1000 fibres or observations using Integral Field Units (either
one large IFU, or 20 mini-IFUs). Another relevant feature of this instrument are the two
resolution modes: R ∼ 5000 in the range 370 − 1000 nm, and R ∼ 20000 in the ranges
405 − 465 nm or 475 − 545 nm, and 595 − 685 nm.
The processing and analysis of WEAVE observations will be carried out by a collaboration
between the Cambridge Astronomical Survey Unit (CASU) from the Institute of Astronomy,
the Instituto de Astrof́ısica de Canarias and the Telescopio Nazionale Galileo.
In this poster, we describe the contribution from CASU: the WEAVE Core Processing
System, which includes a platform for preparing the observations, a real-time analysis utility
for checking the data, quality control checks from the images and data reduction including
spectral extraction and calibration. (See poster).
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Object classification in Big Astronomical surveys
by Self Organizing Maps (SOM). Application to the
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Abstract

Self-Organizing Maps can effectively assist researchers in the process of the analysing infor-

mation presented in extended and complex databases by reducing the dimensionality of the

sample to a number of prototypes in an unsupervised fashion. We have used the available

information on the spatial size of photometric images available in Alhambra archive to label

the objects between point-like (stars and qso) and extended objects. We also crossmatched

the astrometry with Simbad database and found coincidences for about 15% of the objects.

By comparing results, we are able to constrain the physical nature of the prototypes in each

of the neurons clustered by our SOM. (See poster).
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The WEAVE Quick-Look GUI.

L. Peralta de Arriba1, J. Lewis1, D. N. A. Murphy1, M. J. Irwin1 and the
WEAVE Instrument Consortium

1 Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 0HA,
UK

Abstract

The Cambridge Astronomical Survey Unit (CASU) is commissioning a Quick-Look (QL)
system for WEAVE, the upcoming spectroscopic facility of the William Herschel Telescope.
The aim of the QL processing is to analyse data from WEAVE in real time, allowing the
On-Island Survey Management Team to monitor the quality of each observation.

In this poster, we show the interface of the interactive display program which is currently

available in the telescope control room. (See poster).
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Abstract

As one of the 2nd generation of interferometric instruments in VLTI, GRAVITY was in-
stalled at the end of 2015 and has been observing the Galactic Center since May 2016. With
the goal to reach an accuracy of tens of micro arcseconds, it is able to perform the most
precise astrometric measurement of SgrA* to date. For that purpose, GRAVITY combines
the light collected (coherently) from of all the 8 m UTs or the four 1.8 m ATs providing in-
frared wavefront sensing to control the telescope adaptive optics, two interferometric beam
combiners (one for fringe-tracking and one for the science object), an acquisition camera
and various laser guiding systems for beam stabilization, as well as a dedicated laser metrol-
ogy to trace the optical path length differences for narrow angle astrometry. Operating in
K band with an active stabilization of the science channel, GRAVITY is able to increase
the typical integration time from a few milliseconds (the typical atmospheric coherence
time) to minutes, which implies a big leap in sensitivity allowing to observe fainter objects
(K=19 in science detector) with the power of a 130m baseline interferometer, as it is the
close environment of the supermassive black hole located in the center of our Galaxy. (See
poster).
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SVO Discovery Tool: A Science booster; let
machines do the routine work.

A. Velasco1,2, E. Solano1,2, and C. Rodrigo1,2

1 Centro de Astrobioloǵıa (CSIC-INTA)
2 Spanish Virtual Observatory

Abstract

SVODiscoveryTool (https://sdc.cab.inta-csic.es/SVODiscoveryTool) is a tool that has been

developed in the framework of the Spanish Virtual Observatory for the discovery of archive

information about astronomical targets. Given a list of objects, this tool allows the access to

information such as physical paramenters, images, spectra and photometry. In addition to

be a service available for the whole astronomical community, our aim is that SVODiscovery-

Tool becomes part of the ’Gaia Alerts’ project, http://gsaweb.ast.cam.ac.uk/alerts/home,

complementing with archive data the information obtained through ’follow up’ campaigns.

(See poster).
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From the school to the space: outreach experience
in Astronomy at IFCA.

M.T. Ceballos1

1 Instituto de F́ısica de Cantabria (CSIC-UC)

Abstract

For the last 5 years, the Instituto de F́ısica de Cantabria (CSIC-UC) has developed a titanic

effort in disseminating the Astronomy in spite of a scarce funding. The activities supported

by a tenacious group of enthusiastic astronomers have been mainly focused (but not only) in

the youngest students, visiting their schools or receiving them in the institute. The Athena

mission outreach group, managed by the Athena Community Office, has also added its own

resources to support the scholar activities to take advantage of the synergy when resources

are limited.

1 Introduction

The Instituto de F́ısica de Cantabria (IFCA) [1]is a small institute with a staff of about 80
people dedicated to different lines of research in Physics (Galaxies and AGNs, Cosmology and
observational instrumentation, Particle Physics, Non-linear Physics, Advanced computing
and Climate and data mining). Under the administrative tree, there is a Vice-directorate of
Outreach, that in spite of the difficulty of assigning funds or human resources to its activities
in a small centre like this one, it shows the commitment of the institute management to
the science dissemination. With the help of the Sociedad Española de Astronomı́a (SEA)[2]
and the other outreach unit at the institute (Athena Community Office (ACO)’s [3] outreach
unit) and the sound compromise of the researchers, IFCA’s dissemination activities have been
numerous along the last 5 years, becoming a solid reference for the educational centers in the
region.

2 Motivation

Among all the activities performed by the scientists during the development of their pro-
fession, unfortunately outreach is not one that could be considered as highly recognized or
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appreciated by the evaluation panels. When done, it always takes part of the personal time of
the researchers usually buried under loads of administrative tasks. It cannot be considered an
easy job to do, since being able to explain latest scientific developments to a non-professional
audience requires an extraordinary effort to talk about complex things with a simple language.
And it does not make scientists rich, either! Then, why are there enthusiastic disseminators
that still keep the commitment with science dissemination?

As Carl Sagan said “We live in a society absolutely dependent on science and tech-
nology and yet have cleverly arranged things so that almost no one understands science and
technology. That’s a clear prescription for disaster”. We believe that is also our responsibil-
ity, not only to give society the latest developments but also to educate citizens in science
to help them to make funded decisions in their everyday life. And, from our point of view,
science dissemination at schools, from the very first years is the most powerful tool.

We consider that not only education in science is essential, but education in equality
in science is fundamental. That is why the second pillar of our outreach activities is the
compromise with the visualization of the female role in science to contribute to a more
egalitarian and fair society. For this purpose it is vital to incorporate women to the scientific
careers and to create the conditions for them to stay. From our positions we can at least
highlight female scientists work and try to change stereotypes.

3 Activities

The objectives outlined in previous section have been shaped in four different outreach ac-
tivities at IFCA during the term 2017-2018:

• Expanding Science: researchers at schools: bring science closer to children and teenagers
in their own environment

• Visits to IFCA: introduce scientist’ activities in their work places

• European Researcher Night : bring science to the streets to involve local society

• 11 February : highlight female scientists role and change stereotypes

3.1 Expanding science: researchers at schools

With the financial help of the SEA to cover the travel expenses of the staff, schools along the
region receive astronomers in their classes, having the opportunity to listen to a talk about a
selected subject in Astronomy (Solar System, Exoplanets, Scales of the Universe, Life in the
Universe, Black Holes, Big Bang, Dark matter) and after that to chat with them and raise
their questions. The audiences are scholars from Preschool to Secondary levels (3 to 17 years
old). In addition to the talks about Astronomy, scientists make with them different types of
workshops according to their ages, being the Virtual Reality views one of the most successful.

According to the school teachers these are very motivating experiences in class and
students are willing to dedicate research time to the Astronomy subject before and after
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Figure 1: S. Mart́ınez-Núñez (left) and X. Barcons (right) giving talks at primary and
secondary schools in Cantabria.

Figure 2: M.T. Ceballos in school workshops with VR glasses.
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the astronomer’s visit. Very frequently the groups reflect the activity in their webs, blogs
or periodic paper publications. Last term, this activity reached more than 80 talks in 35
different scholar centers and more than 2000 students.

3.2 Visits to IFCA

For the first time in the scholar term 2017-2018 and as a pilot experience, IFCA opened its
doors during the whole term (one visit per month) to the secondary classes willing to know
how scientific work is done in a research center. They had the opportunity to be in contact
with different research groups and visit the IFCA facilities, where special emphasis is put on
the multidisciplinary scientific collaboration.

They are also offered different workshops that include a demonstration of the space
curvature in a gravitational table, kahoot[4] games for smartphones or VR movies with VR
glasses.

3.3 European Researchers Night

Every year IFCA joins the European Researcher’s Night (ERN)[5] to bring science to the
streets of Santander and get a close contact with the local general public. The astronomy
group is always very active and organizes several activities related to Solar System, Cosmology
(cosmic microwave background and gravity) and X-ray astronomy, this last one led by the
outreach group of the Athena Community Office. This group is dedicated to the dissemination
of the Athena [3] project and its news and activities not only among the scientific community
but also for the general public. They are also members of IFCA, since the ACO is based at the
institute and they actively participate in all the outreach events. Many activities are focused
on the children (like the multiwavelength drawings of emblematic astronomical objects) or
the photo-call with the satellite but there are also opportunities for the adult people which
can have a look to the X-ray sky in 360 deg or with the VR glasses.

Figure 3: Summary of activities organized by the ACO for the ERN2017.
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3.4 International Day of Women and Girls in Science

Another initiative in which IFCA is involved every year is the celebration of the International
Day of Women and Girls in Science[6], declared by the UN “in order to achieve full and equal
access to and participation in science for women and girls, and further achieve gender equality
and the empowerment of women and girls”. Considering this endeavor fundamental in the
every day life of our institute, the staff took part in 2017 in four different activities:

• talks in educational centers to highlight science (past and present) done by female
scientists

• outreach videos: IFCA female staff participated in a collaboration with Javier San-
taolalla (“Date un Vlog”) to produce a video[7] about pulsars and in the elaboration
of another one about two of the scientific projects in the institute where these female
scientist participate (CMS[8] and Athena[9]).

• female scientists mosaic: in a joint effort and both for the Athena project and SEA,
we created two mosaics with the face photos of female scientists in each community. In
addition, the Athena outreach group elaborated a video-clip with Athena community
female scientists sharing motivating sentences about science [10].

• Science for Her: some of the female scientists at IFCA participated in a mentorship
initiative to foster scientific vocation in young girls by sharing with them part of their
workday[11].

4 Conclusions

It is indisputable that giving back to society its inversion in Science is a duty of the scientists.
However the evaluation panels that judge the scientists performance in their careers do not
assign a great value to this dedication, leaving the outreach work to the will of the researchers.
All the activities presented here have been done with the dedicated effort of a group of selfless
people that truly believe in the importance of outreach, with a little funding and a great
commitment. A lot can be done under these conditions, but in spite of being a rewarding
experience it is clear that public outreach in science has to be organizationally supported with
adequate material and human resources to fulfill its mission of educating society in science.
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Abstract

Since 2015, February 11th commemorates the International Day of Women and Girls in
Science, as set up by the United Nations. Such vindication is fully supported by the Spanish
Astronomical community, represented by the Spanish Astronomical Society (SEA) and,
particularly, by its Woman and Astronomy Unit (Comisión Mujer y Astronomı́a, CMyA).
Chat with a woman astronomer was organised by CMyA on February 7th, 2018 with the aim
at approaching the role of women in Astronomical research to the general public. During
almost the full day, women astronomers were constantly available through an online platform
to chat about their job as professional astronomers or their experience as women working
in science.

1 11F: International Day of Women and Girls in Science

In 2015, the United Nations established that the International Day of Women and Girls in
Science will be celebrated on February 11th (11F) every year. Since September 2016, focused
activities are organised in Spain under the umbrella of 11defebrero.org, in order to approach
the reality of women working in science and promote scientific vocation among young girls.
This initiative is supported and spread out by a non-profit-group of researchers and science
communicators.

The Spanish Astronomical Society (SEA), represented by its Woman and Astronomy
Unit (Comisión Mujer y Astronomı́a, CMyA), shares the worrisome behind 11F and supports
the organisation of activities helping to 1) recognise the role of women astronomers; and ii)
disseminate the message that Astronomy is a career suitable for women as well as for men.

In February 2017, CMyA organised two activitites within the framework of 11F: 1) the
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publication of a panel including pictures of women astronomers, either Spanish or working in
Spain; and 2) Chat with a Woman Astronomer, a full-day activity carried out on February
7th, consisting of an online platform through which anyone, regardless of gender or age, could
connect and talk to a professional woman astronomer.

2 Chat with a Woman Astronomer: the activity

Chat wit a Woman Astronomer was organised through the online chatting platform PureChat
in its free version. PureChat allows to set up a group of chatters with access to all possible
chats requested through an external link, which was disseminated by the SEA through its
usual channels and mailing list. An automatic message is received by the external user, asking
for patience while a woman astronomer is connecting to his/her/their chat. As soon as one
chatter accepts the chat, the header of the chatting window changes to show the name and
photo of the woman astronomers. Chats may last for as much as time as desired by both
chatter and external user. We note that no information from the user is previously requested;
while it is possible to create an input form through PureChat, we decided to minimise barriers
between the user and chatter.

CMyA made a call looking for volunteer woman astronomers to participate in this
activity, which was very well accepted by the astronomical community. The final calendar
shown in Figure 1 includes 32 women astronomers, spread in 30-minutes slots covering the
full February 7th day from 8am to 12pm (time of Mainland Spain).

3 Some statistics and results

Chat with a Woman Astronomer proved as a huge success: 513 chats were answered during
the day. The chat was definitively closed at 12:30pm, thus the activity lasted for 16.5 hours in
total. We must note that the pioneery nature of the activity prevented us from disseminating
it as much as we could: such high demand despite of the limited advertising indicates the
great interest of the Spanish people in Astronomy.

Figure 2 shows the amount of chats requested along the day: the red histogram corre-
sponds to answered chats, while the remaining represent missed chats. The grey histogram
indicates chats that were closed in <1 minute of waiting time; the majority of these cases cor-
respond to disconnections or non-desired chats, i.e., users that were curious but did not have
true intention of chatting. The yellow histogram therefore represents the actual distribution
of unanswered chats, which amounts to 44.

We received chat requests from a variety of people of all ages and gender. The morning
hours were mostly occupied by students between 10 and 17 years old at school. Teachers from
science and computing lessons allowed the students to connect, both in groups or individually.
Individual cases caused some saturation as they implied many simultaneous chat requests.
For this reason, many women astronomers connected for longer times than their planned 30-
minutes slots, and they even reconnected several times during the day to help answering chats.
Each chatter answered between 5 and 68 chats, with a maximum of 20 simultaneous chats.

www.purechat.com
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Figure 1: Calendar of the Chat with a Woman Astronomer activity, which took place on
February 7th, 2018 from 8am to 12pm. 32 Spanish or Spanish-based women astronomers
volunteered to be available to chat online about their research or their experience as women
working in science.

The great success of the activity is hugely due to the friendly willingness of the volunteers.

We should also note that most people expressed their interest in having activities like
Chat with a Woman Astronomer more often, which they found very positive and useful.
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Figure 2: Answered and missed chats along the day. The 513 answered chats are shown
in red, while yellow and grey histograms account for actually missed and not-true chats,
respectively. Not-true chats correspond to premature disconnections by the users.

4 Some comments from the chatters

While we cannot keep record of the conversations due to legal protection of personal data,
the Chat with a Woman Astronomer was a rewarding activity not only for the public but
also for the chatters; here we transcribe some comments from the volunteers.

I was surprised by the fact that many questions came from very young girls and boys in
high school. They were very keen in learning how to become professional astronomers. They
showed passion and happiness of being able to talk to us and ask questions. Very beautiful
experience!

It has been amazing, I think since Univerisity I had not written down so much!

It has been great, funny and a huge success! I was chatting with a 10-years-old boy!
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It was such an experience. I hope to participate again next year... many people asked me
whether we were going to organise this again!

It was a challenge and an adrenaline rush to try to answer all kind of questions. Beau-
tiful experience!

It reminded me of when I was a child and they set up a phone to talk to an astronaut.

Parents connected to help their young children and at the end they told me how excited
the kids were. They even made me a drawing! Very gratifying for both sides.

I was happy, inspired, excited by this experience. I want to repeat now!

Goal accomplished! It is such a proud that we were so many in this first experience.

I met a 18-years-old girl who wanted to become a professional astrophysicist, but people
around her used to tell her that it is a men’s career. She said that talking to me helped her
decide to go for it!
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Abstract

This paper reviews some of the main results of archaeoastronomical fieldworks carried out
in sanctuaries and temples belonging to the Iron Age Iberian culture. Most of this work
has been done in close collaboration with archaeologists. The orientation pattern of the
Iberian sacred buildings seems to be related to the rising sun. A significant fraction of
the sanctuaries show astronomical markers over topographic elements of the local horizon,
most of them indicate the rising sun at the equinoxes or the temporal midpoint between the
solstices. Iberian cave-sanctuaries – that tend to be oriented to the west – show illumination
phenomena in their interior at sunset in singular moments of the solar calendar.

1 Introducion

Without any doubt, astronomy and archaeology are among the scientific disciplines that at-
tract the most attention of the general public. Since astronomy is devoted to the study of
things distant in space, archaeology is dedicated to the recovery of the images and memories
of the human past, distant in time. On the other hand, knowledge of the origins and history
of human collectivities is of paramount social and political interest. Therefore, archaeoas-
tronomy is an interdisciplinary activity that can play a significant role in science outreach.
Archaeoastronomy has still a short history, although raised some controversies in its be-
ginnings, has now an increasing academic recognition in the field of humanities. Since the
1990s this discipline has had an increasing presence in Spanish sicence. In fact, the papers
published in Spanish refereed archaeological journals are each year more numerous and it
is becoming customary to see astronomers presenting works in meetings on archaeological
topics. However, as an interdisciplinary activity, the best possible archaeoastronomy is that
made in collaboration of both, astronomers and archaeologists, the first ones scrutinizing the
sky and the second ones excavating the ground.
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Figure 1: Orientation diagram of a sample of Iberian temples with direct orientation measure-
ments and where the position of the entrance has been well established. SS: summer solstice;
WS: winter solstice; NMS: northern major standstill limit of the moon; SMS: southern major
standstill limit of the moon.

2 Archaeoastronomical fieldwork in Iberian sanctuaries

The Iberian culture developed in the east and south of the Iberian Peninsula from the sixth
century BC up to the Roman conquest of the territory in 206 BC, during the so-called Late
Iron Age. The Iberians were the product of the acculturation of Bronze Age indigenous
populations due to the presence of Phoenician, Punic, and Greek colonies in their coasts
since the beginning of the first millennium [11]. The main Iberian deity was apparently a
fertility goddess. Its image is influenced by exogenous models and sometimes represented
with attributes of Eastern goddesses such as Astarte, Tanit, Artemis or Demeter [9]. Iberian
sanctuaries were usually located in open-air deposits on the top of mountains, within caves
or in proximity to springs. Their temples were usually of small size, containing a statue of
the divinity and a large number of offerings [1].

Since the end of the 1990s and in collaboration of archaeologists, I have surveyed several
tens of Iberian sanctuaries across the territory once occupied by the Iberian culture. The
measurements are taken with a theodolite and a precision compass. The fieldwork at each site
is based in the measurement of the orientation of the standing constructions, the entrances
and main axes of the temples or caves and – in all the cases – the astronomical analysis of the
horizon surrounding the sites. The technical description of the measurements can be found
in [5].



Esteban, C. 625

3 Orientation pattern of Iberian temples

Analyses of the orientation pattern of the entrances of Iberian sacred buildings have been
presented in [2] and [3]. In Fig. 1, we show a compilation of data for temples with direct
orientation measurements and where the position of the entrances has been well established.
From the figure, it can be seen that Iberian temples are orientated in a non-random manner.
In fact, most of them are facing the zone of the horizon where the sun (or moon) rises along
the year. As it was discussed by [3], the orientation pattern of the Iberian sanctuaries is
different from that shown by Roman and Etruscan temples but similar to that of Greek ones
of Magna Graecia and Sicily and of Punic sanctuaries.

4 Equinoctial markers in Iberian sanctuaries

The most remarkable archaeoastronomical result in Iberian sanctuaries is the discovery of
equinoctial markers in an important fraction – about 40% – of the sites studied, from Aragon
to Andalusia. This clearly indicates that equinoxes – or dates close to them – were impor-
tant moments of the Iberian ritual. The markers are produced on the horizon surrounding
the sanctuaries, i.e. the sunrise at the equinoxes occurs over conspicuous topographical ele-
ments, usually mountain peaks (El Amarejo, La Serreta, La Carraposa, Sant Miquel de Lĺıria,
Mazaleón) or even nearby islands (La Malladeta). Several of these sanctuaries also contain a
temple oriented to the equinox, increasing the likelihood that the astronomical relation was
deliberate.

Although we generically call them “equinoctial markers”, most of the evidences indi-
cate that the target of the orientations should be the temporal midpoint between solstices
(hereinafter TMPS) also known as “megalitic equinox”, introduced by [12]. This corresponds
to the day just in the middle between the exact dates of summer and winter solstices and
occurs between one or two days after spring equinox or before the autumn equinox. The
declination of the sun at that moment is between +0.3◦ and +1.0◦ in the moment of the
sunrise closer to the TMPS. Therefore, the TMPS permits to divide the year in four equal
parts in coincidence with our seasons at intermediate latitudes, and seems to be an intuitive
concept with more practical utility than the equinox. In some places, the equinoctial markers
are spectacular, as in El Amarejo [2] or La Malladeta ([4], see Fig. 2) but most of them lack
of spectacularity, indicating that it should be better used as a practical tool for pinpointing
the calendar and not for a public ritual.

Archaeological findings at the sanctuaries showing equinoctial markers indicate that
they were dedicated to a fertility goddess. Festivities related to agricultural fertility were
common in the ancient Mediterranean, such as those dedicated to the “resurrection” of
Melqart (Heracles) or the Great Mysteries at Eleusis related to the Greek goddess Deme-
ter. These mysteries represented the annual growth cycle through the myth of the descent
and return of Kore from the underworld. A similar mythic narrative, where the protagonist
is a possible hero-god of vegetation, is shown in the reliefs of the Iberian funerary monument
of Pozo Moro, that have been interpreted as a representation of the Labours of Heracles [9].
The symbol of the natural cycle of death and resurrection might be inspired in the annual
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Figure 2: Left: Image taken at sunrise on March 22nd, 2017 – date corresponding to the
temporal midpoint between solstices – from the Iberian coastal sanctuary of La Malladeta
(Vila Joiosa, Alicante). The solar disc appears just over the southern slope of the islet of
Benidorm. A surviving wall of the ancient temple is pointing toward the island. Photo
taken by A. Espinosa Ruiz (Vilamuseu). Right: Sunset at the winter solstice as seen from
the innermost area of the north gallery of the Iberian cave-sanctuary of Umbŕıa de Salchite
(Cueva de la Nariz, Moratalla Murcia). Photo taken by J. A. Ocharan Ibarra.

solar motion on the celestial sphere. The moments of death and descent of the divinity to the
underworld and her subsequent rebirth or return to earth might be related to the autumnal
and spring equinox, respectively.

The sanctuaries with equinoctial markers show a chronology in the interval from about
mid IV until II century BC (see [3] for references). The absence of sanctuaries of this kind
with earlier dating indicates a date post quem such rituals related to the equinox appeared in
the Iberian world. According to different authors, the beginning of the IV century BC was
a moment of consolidation of the aristocratic system and territorial expansion of the Iberian
urban settlements, as well as the emergence of an ideological model based on the figure of
a heroized ancestor (e.g. [10]). The relation between these changes in the social organiza-
tion and astronomical aspects of the ritual is a promising field of future interdisciplinary
investigation.

5 Iberian cave-sanctuaries and the sunset

The few archaeoastronomical studies carried out in Iberian cave-sanctuaries have provided
striking results. In the cave-sanctuary of La Lobera, [7] found that the innermost part of
the cavity, a kind of natural niche, is illuminated at sunset around the equinoxes through an
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opening located at the west end of the cave. The shapes of the niche and the sunlight spot fit
better at the precise date of the TMPS. There are indications that the western opening was
retouched at some point in the past. Another suggestive feature of the phenomenon is that
the shape of the sunlight spot recalls the profile of some of the ex-votos found at the site and
other Iberian sanctuaries that represent the typical schematic female figure that has been
interpreted as an Iberian goddess. [7] propose that, in La Lobera, the Iberians were able to
carry out a dramatization of a perceptive experience of the divinity as part of the ritual.

In the Iberian cave-sanctuary of Umbŕıa de Salchite (also known as Cueva de la Nariz),
[6] report another remarkable illumination phenomenon. This cave has a striking symmetrical
morphology, with two parallel galleries of very similar dimensions. It is located on the western
slope of a mountain, in an area of difficult access. Both cavities contain water springs and
carved basins to collect the water in their innermost areas. By direct observations at the
site, [6] found that, at the northern cavity, just during few minutes just before winter solstice
sunset (see Fig. 2), sunlight illuminates the basin. Moreover, at the last moments of sunset,
the reddish sunlight spot fits the shape of the basin and the canals carved in the rock.
Especially suggestive is the tangential illumination of the water contained in the basin by
last sun rays of the day.

A last example of astronomically oriented cave-sanctuary is Cueva Santa del Cabriel,
an isolated contemporary place of popular Catholic cult to the Virgin Mary that was a sacred
place in Iberian times or even earlier. The cave contains a water spring that is considered to
have health properties. [8] has found that the narrow 12 m-long corridor that connects the
entrance and the main gallery of the cave is very precisely oriented towards the sunset at the
summer solstice sunset. This is the only moment of the year when the sun rays touch the
cave interior.

Most of the caves considered as Iberian cave-sanctuaries show a westerly orientation.
This contrasts with the orientation pattern of the Iberian temples or open-air sanctuaries,
which face predominantly to the east. This dichotomy between cave and open-air sanctuaries
should be associated with different characteristics of the cult carried out in both kinds of
sites. The westerly orientation of cave-sanctuaries might be related to the chthonic character
of the rites carried out in them or perhaps rites of passage. However, in Iberian temples or
open-air sanctuaries we would have an emphasis on cosmic aspects of the worship.
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Abstract

The CESAR Initiative, which stands for ‘Cooperation through Education in Science and

Astronomy Research’, is an educational project whose main objective is to engage school

students with the wonders of Astronomy and, more generally, Science and Technology. The

main areas covered by the project are presented here as well as our new projects.

1 Introduction

CESAR is a joint Educational and Scientific Initiative developed in 2012 by the European
Space Agency (ESA), the Spanish National Institute for Aerospace Technology (INTA) and
the company ISDEFE, aimed at students from European secondary schools as well as Uni-
versities. The agreement, signed in 2015 for five years, aim for bridging the gap between
Research and the Education Community, by

• using Astronomy as a motivational element to learn about our planet, the Universe,
science and technology;

• contributing to improve knowledge of Astronomy and science in general and understand
scientific and technological concepts from the simplest to the most advanced ones;

• making Astronomy fun and interesting to stimulate the active participation and inter-
action of the students,

• disseminating to society the lastest astronomy developments.
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2 The CESAR educational activities

The CESAR Initiative provides to students access to astronomical data, tools and expertise
of the European Space Agency scientists, to help them in the analysis of their scientific
results and understanding their impact in the current state-of-the-art scientific panorama.
The CESAR Team offers teachers resources to prepare and support their students, as well as
dedicated workshops, organised in collaboration between ESA and CTIF, to inspire them to
use space as a context when teaching STEM subjects (Science, Technology, Engineering and
Mathematics) at school.

2.1 The Space Science Experiences

Primary and secondary school teachers from ESA’s Member States can register their class for
a unique 2-hour session of real hands-on astronomy at ESAC. The students will be guided by
ESA scientists through a group activity during which they will be assigned a ‘mission’ within
a space science subjects that the teachers can choose at the time of registration (based on the
students’ age and curriculum). To accomplish their mission, the students will have to answer
questions, use imagery taken by the CESAR telescopes and other ESA space missions, analyse
the data, and communicate their results to their classmates (the Scientific Community). The
teachers will be provided in advance with some explanations and resources to prepare their
students to the experience itself, including a videoconference with a scientist (if technically
feasible at the school). The main goal of these activities is to learn-by-doing and get used to
work within teams. See some examples of these sessions are shown in Figure 1.

Figure 1: Pictures taken during Space Science Experiences organized by the CESAR
Team.(Credit: CESAR)

2.2 Teacher Workshops

Every year, the CESAR Team makes a selection of special topics related to the state-of-the-
art science, together with ESA scientists, and organise conferences and lectures to introduce
Astronomy and Space Science to teacher. This should provide hints and inspiration to use
space related subjects in their lessons, and make them interact with real space experts.
Figure 2 shows the dynamics followed at them.
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Figure 2: Pictures taken during some of the XII Teachers Workshops held by the CESAR
Team.(Credit: CESAR)

3 The CESAR science cases

This is a series of classroom resources, containing teacher and student guides, real astronom-
ical data and the astronomical tools, on astronomical topics ranging from the Sun to the
Deep universe. These resources can be used by the teachers as a basis for their STEM lessons
in the classroom. In Figure 4 it is indicated where in the CESAR website this material is
available.

Figure 3: Location of the on-line science cases in the CESAR website.Credit: CESAR
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4 CESAR observatories

The CESAR programme provides students with access to several ground-based observatories:

• Two solar telescopes (visible light), one mobile unit which is used to observe special
astronomical events (see Section 5) and one permantly installed unit to observe the Sun
every day, weather conditions permitting. ]

• Two night telescopes (visible light)

These telescopes are all based at, or in the vicinity of, ESA’s European Space Astronomy
Centre (ESAC) near Madrid, Spain, where the control centre is located.

Figure 4: Summary of CESAR telescopes. (Credit: Abel de Burgos).

5 CESAR special events

The CESAR Team participates in Astronomical Events, such as the August 2017 Solar
Eclipse, the 2016 Mercury transit and the 2012 Venus transit. Part of the team travels
to locations from where the event is well visible while another part of the team is in charge of
streaming the event to the internet providing also background lectures to the general public
and answering questions.
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Blay1

1 Universidad Internacional de Valencia - VIU, C/Pintor Sorolla 21, 46002, Valencia, Spain.

Abstract

Founded in 2008, the Valencia International University (VIU) started its Master Degree in
Astronomy & Astrophysics in 2011, becoming Master Universitario Oficial in 2013. This is
the first completely online Master Degree in Astronomy in Spain. After having completed
6 editions as Master Oficial, it is mandatory to take a look back and compile the most
relevant experiences of this challenging model.

1 Introduction

VIU is a young university, with barely 10 years of life. Founded as a public, on-line teaching
institution, it became private during 2013. From its very beginning, the Master Degree in
Astronomy & Astrophysics has been one of its key programs, being the only one in the Science
& Technology area until 2016, when the Computer Engineering Degree started. The Sci &
Tech area is now rapidly growing at VIU, with 1 Degree, and 8 Master Degrees (2 of them
recognized as Master Universitario Oficial).

During these years, the Master Degree itself has undergone an evolution from its orig-
inal model to the current one, with an increasing number of students and a higher ratio of
international demand.

2 Organisation and methodology

As part of VIU, the Master Degree in Astronomy & Astrophysics is organised as a completely
online learning process. The student is not required to be in Valencia (or any other place) at
any moment, for all the learning steps (classes, exams, telescope observations, Master Thesis
tutoring and defense) are done remotely.
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With the aim of avoiding the coldness derived from the lack of a physical contact with
professors and colleagues, online lessons are programmed in the so-called e-presencial way.
In this method, lessons are planned to be live followed by the students, so discussion and
interaction are feasable in real time in the digital platform. Anyway, lessons are recorded,
allowing students not only to watch them as many times as required, but also to skip a live
session when their schedules do not permit them to be connected at the time lessons are
scheduled (tipically 8:00 PM CET/CEST). The feedback provided by the students shows
them to have a high degree of satisfaction with this e-presencial mode.

The theoretical contents in the Master Degree are organised into 12 subjects (3 ECTS
each), covering a wide sample of astronomical topics, and paying attention to both purely
astrophysical and technical contents. Subjects are organised within the academic year in 3
periods of approximately 2 months and a half each, according to the following distribution:

Table 1: Distribution of theoretical subjects during the year

1st quarter 2nd quarter 3rd quarter

Classical Astronomy and
Astronomical Instrumentation

Analysis of
Astronomical Images

Optical and IR
Astronomy

Solar System
Stellar

Astrophysics
Radioastronomy

Exoplanets & Astrobiology
Extragalactic
Astrophysics

High Energy
Astrophysics

Databases: the
Virtual Observatory

Cosmology
Communication of

Astronomy

For each subject, 7 videoconferences are scheduled, each of them expected to last for 2
hours. Within these 7 sessions, there are an opening and closing session (used to present and
synthesize the contents of the subject), 2 theoretical lessons, 2 sessions dedicated to guided
activities and a Seminar generally used to introduce the frontier science currently going on
each field. The final grade is calculated from the synchronous exam mark and the score of
the activities asked by the professor.

As part of the formation, the students must undergo the complete process of an as-
tronomical observation. Organised by themselves in groups with up to 6 students, they are
expected to follow the same steps a professional astronomer would perform during a scientific
research, here summarized as follows:

1. The students choose a workgroup based on the interest on working with a certain
instrument or their schedules. Before that, they already know the telescopes and in-
strumentation available. A professor with observational experience is assigned to each
group.

2. Once the group is formed, the students must look for at least one scientific case (choosing
at least two is explicitly recommended). The students may ask their professor for advice
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at any moment. The professor will, as well, help to fit the original idea to the technical
capabilities of the telescope and the instrument. The final proposal (written using a
professional template) is sent to the telescope operator 10 days before the observations.
The proposal represents 30% of the final mark.

3. The observations are performed remotely for three consecutive nights.

4. Once the observations are done, the students must download the data to reduce and
analyze them, following the professor instructions.

5. Finally, the results are presented and discussed in a memo, to be graded by the professor.
The memo has a weight of 70% in the final mark.

During the last editions of the degree, the observations have been performed using the Ob-
servatorio de Aras de los Olmos (Observatori Astronòmic de la Universitat de València), the
T150 telescope at Observatorio de Sierra Nevada (IAA-CSIC) and the IAC80 at Observatorio
del Teide (IAC).

The year is completed with the Master Degree Thesis or Trabajo Fin de Master (TFM),
with an academic load of 18 ECTS. The TFMs are supervised by professional astronomers,
either related to the University or not, who send their proposals. Students are also encouraged
to suggest a specific project if they contact an advisor by themselves. The TFM is finally
presented to a panel of 3 astronomers, who grade them. The ratio of TFMs that, with some
extra work, become published in peer-reviewed journals is increasing year after year.

Since 2017, there are two editions of the Master per year, starting in April and October,
with the number of students rising up to 90 during 2018.

3 Staff and student profile

The subjects in the 2 editions of the Master Degree are taught by 4 full-time professors and 9
professors which are developing their scientific careers out of VIU. The staff is completed by
the advisors and operators associated to the observations and the TFM advisors (42 during
2017-18 academic year), most of them collaborators from other institutions. All but one
professor have a PhD in astronomy, and so the TFM advisors have.

The student profile is slightly different from the on-site alumni. Apart from showing a
higher average age, the ratio of them aiming to start a research career with a PhD is generally
low, with only 3 to 5 students per edition. Apart from this, there are two main reasons that
lead the students to start the Master Degree. One is purely professional, with technic, high-
profile workers, from fields related to astronomy such as aerospace industry, willing for an
upgrade in their capabilities and professional prospects. The other is the mere passion for
astronomy. Even considering that PhD candidates are a low fraction of the students, we
already have some TFM advisors that got their PhD after completing the Master Degree on
its first editions. The ratio of students from Latin America is increasing, being around 1/3
of the total number.
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4 Conclusions

The increasing number of students in the VIU Master Degree in Astronomy & Astrophysics
shows that there was a need of an online option in this field of education, with the feedback
from the students being usually very good. It becomes clear that this Master Degree does not
collide or compete with the already existing, but just complete the scene, offering an option
for those students who cannot follow an onsite course for any reason. The response of the
Spanish astronomy community is being very positive, making the Master Degree possible.
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Abstract

Gaia is an European Space Agency (ESA) mission in charge of charting a three-dimensional
map of the Milky Way. In addition to its huge impact on all fields of Astrophysics that is
already taken place, Gaia is a very good opportunity to do astronomical outreach activities
for the general public. In this sense, we have prepared, together with other people from the
Gaia community, different materials and activities to bring Gaia to a wide audience, from
schools to amateur astronomers. In this paper we present some of these materials.

1 Introduction

Gaia is an European Space Agency (ESA) mission in charge of charting a three-dimensional
map of our Galaxy, the Milky Way. In doing so, it provides a census of about one and a half
billion stars, which amounts to about 1.5 per cent of the Galactic stellar population. The
second Gaia Data Release (Gaia DR2) was published on April 2018.

From the beginning of Gaia, outreach and educational activities around the mission
has been considered as key activities. Gaia is a great opportunity to bring science in general
and Astronomy in particular to the students and general public. The wide range of topics
covered by the mission allows to explain to the public not only the technical aspects of the
mission, but also such diverse topics as the Solar System history, the concept of parallax, the
distance ladder or the General Relativity Theory. In the next sections we show some of the
outreach material and activities developed to this aim.

2 Gaiaverse

The Gaiaverse portal (http://gaiverse.eu) is devoted to the outreach of Gaia in the frame-
work of the GENIUS project, an European project (finished in 2018) whose aim was to con-
tribute to the design, implementation and operation of the Gaia archive system. GENIUS
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Figure 1: The Gaiaverse portal.

aims at becoming a hub of Gaia’s spreading knowledge by collecting all kind of outreach ma-
terials such as presentations, videos, posters, brochures, tools, news. . . which are all available
through this portal, Gaiaverse.

The portal is translated to eleven languages (English, French, German, Italian, Span-
ish, Catalan, Slovak, Japanese, Macedonian, Croatian and Greek). A version in Euskara is
currently under development. The contents in each languages could not be exactly the same.
For instance, some local news could be present in only one version of the portal. In this sense,
we prefer to speak of ”eleven communities” more than ”eleven languages”.

Gaiaverse is addressed to the general public. It is complementary to the official ESA’s
portal (http://www.esa.int/Our_Activities/Space_Science/Gaia). It has several sec-
tions, from the latest news of the mission, to a repository of outreach material. The portal is
administrated by the Universitat de Barcelona (UB) and the Consorci de Serveis Universitaris
de Catalunya (CSUC).

3 One billion eyes for a one billion stars

The exhibition One billion eyes for a one billion stars was originally designed and created
in 2013 at the Universitat de Barcelona. At the beginning it was composed by 14 posters,
covering both the scientific and the technical aspects of the Gaia mission. With the release
of the first (September 2016) and second (April 2018) Gaia catalogs, new posters were added
to explain the contents of the catalogs and the first scientific results of the mission.

Currently the exhibition is composed of 20 posters. Apart from the whole exhibition,

http://www.esa.int/Our_Activities/Space_Science/Gaia
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Figure 2: One of the posters of the One billion eyes for a one billion stars exhibition.

two possibles itineraries with less posters are available, one of them focused in the technical
aspects behind the mission and other focused in its scientific aspects. The exhibition is
translated to English, Spanish, Catalan and German. A on-line version is available at http:
//www.am.ub.edu/twiki/bin/view/ServiAstro/ExpoGaia.

4 Gaia Data Release 2: A guide for scientists

This set of 15 videos has been created by Stefan Jordan, from the Astronomisches Rechen-
Institut (ZAH, Universität Heidelberg) and Klaus Jäger. Each video covers a different topic
of the mission, explained by an specialist in the field, all of them directly related to Gaia
consortium. The videos are addressed to people interested on the contents of the Gaia
DR2 and how to use it. They are available at https://www.cosmos.esa.int/web/gaia/

guide-to-scientists.

5 Gaia Sky

Gaia Sky is a real-time, 3D, astronomy visualisation software that runs on Windows, Linux
and macOS. It is developed in the Gaia group of the Astronomisches Rechen-Institut (ZAH,
Universität Heidelberg). Gaia Sky is an open source project. It offers the possibility to gen-
erate videos for outreach, showing for instance the proper motion of the stars or allowing to
travel across the Milky Way. The current version uses the Gaia-DR2 data. For more informa-
tion, visit https://zah.uni-heidelberg.de/institutes/ari/gaia/outreach/gaiasky.

http://www.am.ub.edu/twiki/bin/view/ServiAstro/ExpoGaia
http://www.am.ub.edu/twiki/bin/view/ServiAstro/ExpoGaia
https://www.cosmos.esa.int/web/gaia/guide-to-scientists
https://www.cosmos.esa.int/web/gaia/guide-to-scientists
 https://zah.uni-heidelberg.de/institutes/ari/gaia/outreach/gaiasky
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Figure 3: 3D model of the Orion constellation.

6 Other material and activities

• Bookmark - rule with the distance scale of the Universe.

• Memory game with 20 pairs of images related to the Gaia mission.

• 3D constellations. This activity for the schools allows to built a 3D model of the Orion
constellation to emphatize the different distances of the stars of the constellation. Also
allows to change the point of view of the observer. See figure 3.
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Abstract

“A Touch of Venus” is a project funded by the International Astronomical Union’s Office

of Astronomy for Development (OAD) with the goal of developing educational tactile re-

sources focused on the planet Venus. The project has developed a three-dimensional (3D)

tactile model of Venus and a series of related educational activities for the general public,

including people with low vision and blind. The model was created from the topographic

map obtained by NASA’s Magellan spacecraft by using a novel software specifically deve-

loped for this project (Mapelia). The educational activities to use the tactile globe will be

freely downloadable from the project’s website and from IAU’s online peer review educatio-

nal repository AstroEDU. The funding allowed the project to print 20 globes and activity

books that will be sent to educators/science communicators around the world that work

with groups of blind persons mainly in developing countries or underserved communities.

Social media will be used to reach to a wider community and will allow for the exchange

of ideas and experiences among all those who wish to be involved in this project of tactile

astronomy.
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1 Introduction

The project “A Touch of the Universe” ([4]) was funded in 2013 by the IAU’s Office of
Astronomy for Development (OAD) with the goal of developing a kit of educational tactile
astronomy materials that educators/science communicators could use with the general public,
including blind or visually impaired persons. A total of 30 kits were distributed among
educators and teachers in underdeveloped countries in the Americas, Asia and Africa. Among
the materials included in the kit there was a tactile globe of the Moon ([7]) and a half-sphere
with some relevant constellations of the northern sky engraved on it that was part of the
planetarium show for the blind “The sky in your hands” ([2], [8]). The project was very
successful and we have received many requests for the kit materials. We could only provide
them in digital formats to be downloaded, though, as we lacked any further funds to print
more kits.

The resources in the kit of “A Touch of the Universe” were developed according to the
Universal Design for Learning (UDL, see [9] for example), a learning framework which allows
to reach to the general public as well as to audiences which might be regarded as “special”
because they have some disability. It has been shown that everybody has a preferred style of
learning (some remember better what they see, others what they hear or what they touch)
and therefore, everybody is more or less able under the different styles of learning. We
believe that these principles of the UDL should be applied in the teaching and communication
of astronomy ([10]), and therefore we implemented them in the project “A Touch of the
Universe” ([5]).

In 2017 we applied again for funding to the OAD for the project “A Touch of Venus”
which intends to be an addition to the materials that were part of the initial kit of “A Touch
of the Universe”. In this case we intended to build a 3D tactile model of the planet Venus
supporting the users with a related activity book and some video tutorials. A first 3D test
model was produced with the financial support of ESA ([3])and tested at the SpaceIn event
in ESA/ESAC in June 2017 ([11]).

2 From the 2D map to the 3D globe

We started with the topographical map that was created from radar data obtained by NASA’s
Magellan space probe during its exploration from orbit of the planet Venus between 1990
and 1994 (Fig. 1). Magellan employed a radar technique to create topographical maps of the
surface below the thick atmosphere that makes it impossible to probe the surface in optical
wavelengths from orbit.

The next step was to enhance the contrast of the most relevant features and to smooth
out the smallest structures to simplify the model and get rid of details that could lead to
confusion when touching the globe without seeing it.

When the image was ready for our purposes we processed it with Mapelia[6], a software
which produces digital 3D tactile globes from 2D maps in an easy and fast way. It works
with many different map projections and the output is a ready-to-print 3D file in several
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Figure 1: Radar map of Venus surface in grayscale. Source: NASA.

digital formats. Examples of the 3D files created by Mapelia are shown in Fig. 2, and can be
downloaded from the “A Touch of the Universe” website.

Figure 2: 3D rendered tactile models of Venus (left) and Mars (right) obtained with Mapelia.
Credit: A. Ortiz-Gil & J. Burguet-Castell.

3 Activity book

A series of educational activities to be carried out with the Venus globe have been developed
teaching the user how to identify craters, volcanos, mountains, plains and highlands by
touching the model. Other activities reflect on Venus retrograde motion, phases and global
warming. Finally one activity has been devoted to the nomenclature of Venus features, which
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are mostly named after female characters, both real and fictional or legendary. In the activity
we highlight the particular achievements of some of them.

The activity book has been printed in Braille and large fonts to make it readable for
blind, low-vision and non-blind users.

These activities will be expanded to fit the format of the IAU’s educational repository
AstroEDU ([1]). Once submitted they will be peer-reviewed and the final approved versions
will be published at the AstroEDU as well as at the “A Touch of the Universe” website.

Figure 3: Venus 3D printed globe with the plain text version of the activity book. Credit:
A. Ortiz-Gil.

4 Reaching out to the community

As we did with the “A Touch of the Universe” kits, we now intend to print 20 Venus globes and
activity books that will be sent to educators/science communicators around the world who
work with visually impaired or blind persons mainly in developing countries or underserved
communities.
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In order to reach a larger community than only those 20 teachers, we will publish
the 3D model of Venus (already available) and the final peer-reviewed activity book on the
project’s website ([4]). Social media (e.g. Facebook group) will allow the exchange of ideas
and experiences among all those who would like to be part of the project. A video tutorial
will explain how to use the resources, give some hints and ideas about the activities and serve
as the basis for online training sessions that will be offered to the recipients of the materials.
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“May infinity be left without stars”.
Dissemination of Astronomy from planetariums
and science museums.

Inés Rodŕıguez Hidalgo
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Abstract

The title (borrowed from a famous bolero) is not so exaggerated when we remember that
more than twenty five planetariums, scattered about the Spanish territory, do “ex officio” the
magic of making the stars accessible to the public. They are unique spaces that simulate,
in a very realistic way, the celestial vault as seen from different places and dates, giving
back to their visitors the emotion of gazing at a night sky free of light pollution. They can
also project fulldome programs of astronomical content. Therefore, planetariums turn into
valuable tools for the teaching and dissemination of Astronomy.
At the same time, more than twenty Spanish science museums, with or without planetarium,
bring Astronomy closer to the public of all ages and backgrounds through numerous and
varied activities.
This paper aims to be a meeting between the Spanish professional astronomers and those
essential allies in the dissemination of Astronomy. The last ones offer intelligent fun and
unforgettable experiences, transmitting basic knowledge and showcasing the latest advances.
They definitely contribute to promote vocations and to educate society in positive attitudes
towards Astronomy and Science in general.

1 Introduction

The history of modern planetariums starts in 1919, when Walther Bauersfeld, chief design
engineer and later director of Carl Zeiss, had the idea of projecting the celestial vault in a
dark room. The first shows of the optical star projector Model I took place in a dome set up
on the roof of the Zeiss factory in Jena. In 1925, the Deutsches Museum in Munich was the
venue for the world premiere of the so-called “Wonder of Jena”.

The physicist Frank Oppenheimer (brother of the Project Manhattan director) created
in 1969 the Exploratorium of San Francisco, the first interactive science musem. It is a center
for non-formal learning, considered as the prototype for participatory museums.
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Following the example of these pioneering centers, the planetariums and science muse-
ums proliferated all over the world and turned into modals of the astronomical and scientific
outreach, addressed to the great public. Let’s meet these invaluable resources.

2 Essential allies in the dissemination of Astronomy

2.1 Planetariums: The stars within reach of the public

Spanish planetariums have a wide variety of sizes (domes from 5 to 20 m), setups (from
1 eyefish projector to several ones, in different settings), capacities (from about 25 to 245
seats), and ownerships (private or public). There are veteran planetariums (since the 70’s
of the last century) or very recent (the last one of 2014). Some of them are within science
museums, observatories or schools, while some others are isolated. In addition to the fixed
installations, there are portable planetariums, which can easily be moved to other centers,
star partys, villages or cities, etc. From the technical point of view, the first planetariums
had opto-mechanical projection systems. They have later been replaced or complemented by
digital systems, and some planetariums currently benefit from the best of each option, with
hybrid setups.

All planetariums possess the technical resources to simulate in a very realistic way the
celestial vault as seen from different places and dates. On the starry night, free of light
pollution, it is possible to superimpose circles, axes, coordinates, orbits, lines, drawings,
images, texts, animations, videos. . . They finally allow to project spectacular fulldome shows
of astronomical content, thus bringing the stars within reach of the public.

2.2 Science museums: Non-formal learning, educating in attitudes

According to the European Commission, non-formal learning is embedded in planned activ-
ities not always explicitly designated as learning (in terms of objectives, time or support),
but which contains an important learning element. It is intentional from the learner’s point
of view, and can take place in museums, science camps/clubs, etc. Besides their vocation
as centers de information, formation, and education in scientific contents, the interactive
museums of science especially aim to educate the public in positive attitudes towards the
science.

Activities of astronomical outreach organized by the science museums are very nu-
merous and varied: popular talks and cycles of talks, courses, meetings, workshops, etc.;
permanent or temporary exhibitions, some of them interactive; workshops, astronomical
camps, contests, shows. . . ; astronomical observations, often in collaboration with amateur
astronomers’ associations. Moreover, these centers participate in the IYA2009, World Space
Week, anniversaries, astronomical ephemerides. . .
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3 Census, geographical distribution, and overview

The census of planetariums and science museums engaged in activities of dissemination of
Astronomy is:

• ≥ 6 fixed and isolated (not in science museums or observatories) planetariums

• ≥ 3 portable planetariums

• ≥ 4 planetariums integrated in astronomical observatories

• 8 science museums without planetarium

• 14 science museums with planetarium

Some numbers are approximate, provided there are other less known planetariums
whose public activity and information I have not confirmed. (See the list in the Appendix,
and further information in this link).

Figure 1: Location of the above mentioned centers, according to the following code: P:
Fixed and isolated (not in science museums or observatories) planetarium; pP: Portable
Planetarium; OP: Planetarium in Astronomical Observatory; M: Science Museum without
planetarium; MP: Planetarium in Science Museum

All the centers appearing in Table 1 organize activities of dissemination of Astronomy
for general public. The information has been provided by their own staffs.

www.aplf-planetariums.info
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In this link a table with information of all Spanish planetariums ans science museums
engaged in astronomical activities can be found.

Every center in this list carries out in its environment an irreplaceable activity, and
thus deserves institutional and economic support, and the appreciation of the public. Though
not intended to be exhaustive, let me remark some of them:

The first planetariums in Spain were those associated with naval schools and naval mu-
seums, but the first one for astronomical outreach was the Planetari Municipal of Barcelona
(1973), which still continues offering educational activities for public from 2 years on. In 1981,
there was the opening of the planetarium of the Science Museum of Barcelona, transformed
into CosmoCaixa in 2004. It is the only one in Europe offering the “accessibility pack”: audio-
description, subtitles, video in sign language, and system of inductive loop. The planetarium
of the Casa de las Ciencias (Coruña), the first Spanish interactive science museum of public
ownership, was opened in 1985. It offers daily live shows, produces numerous planetarium
programs, has created the exhibition “Astronomy as they’re telling you”, and much more.

The Planetarium of Pamplona (1993) is the biggest one in Spain, and has gained
a well-deserved prestige due to its live sessions for students, and own production shows.
They also organize exhibitions, courses, popular talks, workshops, educational activities,
meetings, astronomical observations, etc. The second one in size is the Planetarium of Madrid,
widely renowned and popular. Opened in 1986, and re-opend in 2017 after a deep technical
upgrading, it has produced numerous shows for all kinds of public, in which careful attention
has been paid to the scripts and music.

In the 90’s, the planetariums of Castellón, La Laguna, Santander, Barcelona (Museu
Marit́ım), Granada, Murcia, Valencia, Las Palmas de Gran Canaria, Cuenca and Málaga
were created. Among them, it stands out the Science and Cosmos Museum by its close link
to the Instituto de Astrof́ısica de Canarias. Besides live and own production shows, it orga-
nizes popular talks, Astronomy courses for general public, university students and teachers,
astronomical camps, astronomical contemporary dance, Cosmos-cinema, etc. The Parque
de las Ciencias de Granada is an enormous complex with nothing less than 5 planetariums,
observatory and other facilities dedicated to the Astronomy.

The first 15 years of the 21st century have seen the birth of new planetariums and
science museums. The one of Valladolid (2003) was of the first ones in Europe with digital
system, and of the first ones in the world in using LED’s projectors after its technical updating
in 2015.

Among the centers without planetarium, San Pedro Cultural, a restored Romanesque
church, mainly aimed to the dissemination of Astronomy, stands out by its originality. The
planetariums within astronomical observatories offer singular facilities as opening ceilings or
projections of images observed through the telescopes.

http://www.museocienciavalladolid.es/export/sites/default/mcva/Documentos/Prensa/table_planetariums_sciencemuseums.pdf
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4 Milestones, the name of which we will have desire to call to mind

In 2016, the fourth centenary of Miguel de Cervantes’ death was celebrated. The beginning
of El Quijote, “In a village of La Mancha, the name of which I have no desire to call to
mind”. . . , serves us to introduce some milestones of the dissemination of Astronomy driven
by Spanish planetariums and science museums.

Estrella Cervantes, the project of the Planetarium of Pamplona, SEA and the Cer-
vantes Institute, winned the IAU contest “NameExoWorlds” with a 69% of all the registered
votes. As a consequence, the system mu Arae received the names of Cervantes for the star
and Quijote, Sancho, Dulcinea and Rocinante for its four planets. In addition, the Science
Museum of Castilla-La Mancha, the Planetarium of Pamplona and the Impulsa CLM Foun-
dation have produced a fulldome planetarium show offered to all the interested centers under
CC license of free culture.

Several years before, the planetariums of Pamplona, Coruña and Cuenca created the
fulldome show Evolution to commemorate the Darwin Year and the International Year of
Astronomy 2009. It was the first great production in digital format, projected in practically
all the Spanish planetariums. The Science Museum of Valladolid made a subtitled and
audio-described version, accessible to visually and hearing impaired persons. Examples of
other spectacular fulldome shows, produced with the collaboration of different planetariums,
are Starry night at the museum, Energy for life or the recent Night is necessary.

Most of planetariums and science museums has celebrated relevant anniversaries such
as 20 and 25 years of HST, 10 years of GTC, 50 years of ESO, 50 years of the Moon land-
ing, IYA2009, World Space Week. . . and astronomical events such as solar or lunar eclipses
(10000! persons attended the Planetarium of Madrid to observe the 2005 solar eclipse), Mer-
cury or Venus transits, meteor showers, etc., with a rich variety of activities. Astronomical
observations are carried out in observatories, planetariums and museums, often with the
collaboration of amateur astronomers’ associations.

Let us emphasize the training courses addressed to general public, students, and teach-
ers, who thus turn into new transmitters of astronomical information and knowledge. Some
examples are the 20 editions of the Introduction to Astronomy course organized by the Plan-
etarium of Castellón, the “astro-tourism” course of the Centro Astronḿico Aragonés or the
starting of the ESERO Spain office of ESA, aimed to the training and elaboration of didactic
material for teachers, by the Parque de las Ciencias.

Last, but not least, here is a brief list of other original initiatives:

• Meteorite, a rock of the space, the first planetarium show with puppets (Science and
Cosmos Museum)

• Evenings of remote observation with the IAC80 telescope (several museums)

• All-night planetarium, 24 hours of projections (Science Museum of Valladolid)

• Dinners or concerts under the stars (Madrid, Montsec, Tiedra, San Sebastián. . . )
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• Popular talks given by astronauts Pedro Duque and Scott Kelly (Madrid), cosmonauts
Valentina Tereshkova or Aleksandr Lazutkin (Valladolid), the Discovery’s crew or as-
tronaut André Cuiper in the ISS (Granada), etc.

• Exhibition Mars, the conquest of a dream (Valencia, with Fundación Telefónica, INTA,
ESA, INAF)

• The Galaxy Garden, by the artist Jon Lomberg, consists of an outdoor scale model of the
Milky Way, mapped in living plants and flowers and based on current astrophysical data.
In Spain, it is located in the Yamaguchi park around the Planetarium of Pamplona.
Hopefully, it will soon be replicated in other places.

5 Conclusions

Let us remark the main strengths of planetariums and science museums as powerful actors
for the dissemination of Astronomy:

• They are spaces valued and estimated by the citizenship

• satisfy a social demand

• offer information and non-formal education in Astronomy for publics of all ages and
trainings

• are excellent showcases of the astronomical advances

• return to the public the enjoyment of the starry night

• educate in the respect and defense of the dark sky, in the appreciation and support to
the astronomical research

• have staffs full of professionalism and enthusiasm that master the technical, explanatory,
didactic and communicative resources

• bring together a variety of collaborations: with universities, research centers, observa-
tories, associations of amateur astronomers, researchers, etc.

• are real crowd-pullers, offering their platforms of dissemination and advertising, espe-
cially trough social networks

I hope that this rendezvous of professional astronomers with the Spanish planetariums
and science museums will lead to an increasing and more fruitful collaboration.
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Appendix

Links of interest:

• Sociedad Española de Astronomı́a (SEA): Outreach

• Liga Iberoamericana de Astronomı́a (LIADA)

• World Planetariums Database

As mentioned in Sect. 3, other planetariums are itemized below:

• Parque Aldea Nova (San Estevo de Sedes, Narón, Coruña)

• Planetario - Centro Cultural Jose Maŕıa Gutiérrez Romero (El Limonar, Málaga)

• Escuela Superior de la Marina Civil (Portugalete, Vizcaya)

• Planetario de Úbeda (Úbeda, Jaén)

• Museu de Ciencies Naturals de Granollers (Granollers, Barcelona)

• Facultad de Naútica de Barcelona (Barcelona)

• Instituto Politécnico Maŕıtimo Pesquero del Mediterráneo (Alicante)

• Planetario de la Base Aérea de Matacán (Salamanca)

• IES Náutico Pesquero de Pasaia (Pasaia, San Sebastián)

• Kosmos Lanzarote (Arrecife, Lanzarote)

• Universidad de Oviedo (Gijón, Oviedo)

• Instituto Maŕıtimo Pesqueiro do Atlántico (Vigo, Pontevedra)

• Universidad de Cádiz (Puerto Real, Cádiz)

• Castillo de Hornos de Segura (Hornos de Segura, Jaén)

• Universidad de la Laguna (La Laguna, Tenerife)

• El Parque de la Vida (La Mata, Valdés, Asturias)

Finally, there are in Spain around 30 astronomical observatories not listed before. Some
of them are professional, while other are of public or private ownership, or managed by
amateur astronomers’ associations. Many of them organize astronomical activities open to
the public, and frequently collaborate with science museums and planetariums. References
can be found in the links of interest.

https://www.sea-astronomia.es/divulgacion#mapa
https://planetariosliada.wordpress.com/planetarios-iberoamericanos/espana/
http://www.aplf-planetariums.info/en/index.php?onglet=planetariums&menu=liste_country&filtre=SPAIN
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superficies del Instituto de F́ısica Fundamental (IFF), Consejo Superior de Investigaciones
Cient́ıficas (CSIC), c/Serrano, 123, 28006, Madrid (Spain)
natalia.r.zelmanovitch@iff.csic.es; marcelo.castellanos@iff.csic.es

Abstract

The project “NANOCOSMOS, Gas and dust from the Stars to the Laboratory: Exploring

the Nanocosmos”, funded by the European Research Council (ERC) with a Synergy Grant,

obtained, in the call for 2016, funds of the Spanish Foundation for Science and technology

(FECYT) in order to produce a documentary about the project, entitled “Nanocosmos: a

journey to the small”. In this presentation we will talk about the experience that resulted

in this audio-visual project.

1 Introduction

“Gas and dust, from the Stars to the Laboratory: Exploring the Nanocosmos” is the name
of a project funded by the European Research Council (ERC) through a Synergy Grant
with 15 million Euros. The group comprises three teams (two in Spain and one in France)1.
The main goal of the project is to go in-depth on the understanding of how dust grains
form in the envelopes of evolved sun-like stars. In order to do so, and besides observations,
models and other developments, this Astrochemistry project has successfully developed an
experimental set-up, called the Stardust machine, in the ICMM-CSIC (Madrid, Spain) whose
goal is to reproduce those processes in an ultra-high vacuum environment. The importance of
publishing scientific results based on NANOCOSMOS in the scientific literature goes without
saying, but it is also important and a stated NANOCOSMOS objective to disseminate the
achievements of the team and its scientific and technological results to a wider audience. In
this presentation we will discuss the tools we are using to spread them to the society, from the

1In Spain, the main groups are at the Instituto de Ciencia de Materiales de Madrid (CSIC) and Instituto
de F́ısica Fundamental (CSIC), and in France at the Institut de Recherche en Astrophysique et Planetologie
(IRAP).
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traditional webpages to an ERC Comic, going deep in the elaboration of the documentary
“NANOCOSMOS: Un viaje a lo pequeño.”

2 Outreach in NANOCOSMOS

NANOCOSMOS has a “Communication team”, composed by the Manager and the Public
Information Officer (PIO). They are the contact points for the NANOCOSMOS community
to spread all the information created by the project teams. Once the scientist/engineer has a
result (accepted paper) or considers any advance interesting to a wider audience, the team,
through the Principal Investigator (PI), should bring this to the “Communication team”
attention that will be in charge of developing the information.

NANOCOSMOS has a web page to publish and disseminate news and releases based on
scientific results. This is a key tool to raise the image of the project and improve dissemination
to specialists, potential users of the technologies being developed, politicians and public
funding authorities, as well as the general public. Also social media accounts facebook and
twitter are very useful to spread all the news and information generated in the website.

The process begins with the accepted paper: from that scientific result we can obtain
several products as press releases (for the mass media), outreach articles (to be published in
the NANOCOSMOS website or in the Naukas web page, the main site for science outreach in
Spanish), notes for the blog, social media posts (twitter and/or facebook), interviews (written
or in video for the youtube NANOCOSMOS channel), videos and animations explaining those
results, visits to the different machines where the experiments take place, talks, etc. We have
also collaborated in radio programs talking about science.

Figure 1: Promotion of the “NANOCOSMOS: Un viaje a lo pequeño” road movie. Credit:
LuzLux.

https://www.facebook.com/Nanocosmoserc/
https://twitter.com/NANOCOSMOS_ERC
https://nanocosmos.iff.csic.es/
http://naukas.com/
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3 “NANOCOSMOS: Un viaje a lo pequeño”, the documen-
tary

“NANOCOSMOS: Un viaje a lo pequeño” is a 40-minute road movie about laboratory astro-
physics supported by FECYT, the Spanish Foundation for Science and Technology from the
Spanish Ministry for Economy, Industry and Competitiveness and CSIC, the Spanish Council
for Scientific Research, through the European Research Council (ERC). This documentary is
a journey to the origins of dust grains through Laboratory Astrophysics.

The story unfolds in three levels: the journey of the recording team from Madrid (Spain)
to Toulouse (France), the laboratory experiments explained by its principal investigators and
the journey of the cosmic dust grains since they are born in the envelope of an evolved star
until they become part of something bigger (a star, a planet or, why not, a living being). This
work wants to transmit the expectations of the teams struggling to understand this process,
the technological and human challenge involved in building complex machines whith a goal:
to reproduce in a laboratory what happens in space.

The documentary will circulate along circuits of scientific movies and specific science
channels for a year, and after that it will be available on the NANOCOSMOS website. The
movie is available in Spanish with subtitles in English and French.

4 How to make a science documentary funded by FECYT

In 2016 the outreach team of Nanocosmos ERC, in CSIC, participated in an open call for
funds made by the Spanish Foundation for Science and technology (FECYT) in order to
produce a documentary about the project, entitled “Nanocosmos: a journey to the small”.
Writing such a proposal is, in itself, a hard and demanding work, as the templates are full of
details that must be fulfilled.

The answer (positive) came in January 2017, but it was a provisional answer, so in order
to initiate the process of making an open call for allocating a public contract, we had to wait
for the definitive acceptance, given in May 2017. We were granted with 30,000 e (we asked for
33,000 e) for a project valued in 64.000 e. In the Spanish Public Administration, when the
cost of a work is higher than 18,000 e it is compelling to do a public open contract process.
As the institution awarded with the FECYT money (a public institution) was the ICMM-
CSIC (also public), the contract had to be elaborated in the Public Procurement Department
of CSIC. So, together with them, we began the redaction and elaboration of the documents
needed to open a call for the enterprises specialized in science outreach documentaries. There
was no precedent in the CSIC institution, so we had to begin from scratch. Once elaborated
and approved by the Public Procurement Department of CSIC, we initiated the open process
that usually requires three months to be completed.

In our case, August was just in the middle of that period of time, so we had to wait
one more month to know which enterprise was selected. Finally, from the four enterprises
that participated in the open call, the selected one was LuzLux S.L. It was announced in
middle September. The team had barely six months to familiarize with the issue (laboratory

https://nanocosmos.iff.csic.es/
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astrophysics and astrochemistry), document, write, record, edit and promote a 40-minute
documentary. . . We were already running out of time -as FECYT gives extension of deadlines
if you do it in time, we asked for it, so our deadline was extended for three months (officially,
from December 2017 to March 2018).

The initial agenda had to change, as we had to record travelling from Madrid to
Toulouse and we could not risk the winter time to avoid us to do the recordings outdoors.
The recordings and interviews were made during several weeks in November, December and
January. The final script was finished at the end of January. The spot was ready the 20th of
March 2018. The director, Fernando Rey, the promoter and Principal Investigator of the doc-
umentary FECYT project, Natalia Ruiz Zelmanovitch, the Scientific Adviser and Principal
Investigator of NANOCOSMOS ERC, José Cernicharo, and the rest of the team 2, presented
the documentary, together with Ana M. Correas, Coordinator of the Museo Nacional de Cien-
cia y Tecnoloǵıa (MUNCYT) at the Coruña Headquarters. It was the 13th of April of 2018,
as FECYT allows one more month to do administrative activities (mainly, paying bills).

Once presented, the documentary is participating in circuits of scientific movies and spe-
cific science channels (until March 2019), and after that it will be available on the NANOCOS-
MOS website. The movie is available in 4 HD and 4k, and has four different versions: Spanish
without subtitles, Spanish with subtitles in Spanish, Spanish with subtitles in English and
Spanish with subtitles in French.

5 Last steps: justification, promotion and distribution

The period established for the justification process was one month (April 2018). In our case,
we had just three bills to present, as everything was included in two packs: LuzLux (producer
of the whole movie) and Scixel (3D design). FECYT also requested the whole contracting
dossier (400 pages) and other documents. The final answer accepting all the documents
required arrived the 2nd of July 2018.

Concerning the promotion and distribution, as the money granted by FECYT has to
be spent in the period stablished by the deadlines (in our case, all the bills had to be paid
before the 30th of April), we couldn’t hire a distribution company to take care of those tasks.
We are now using online platforms to promote and distribute the movie, also participating in
contests as the Premios Prismas de la Casa de las Ciencias a la Divulgación and the Bienal
Internacional de Cine Cient́ıfico and offering it to schools, associations, science platforms and
all kind of people previously interested in science.

2Original idea: Natalia Ruiz Zelmanovitch; Realization: LUZLUX S.L.; Direction: Fernando Rey Daluz;
Scientific Advisor: José Cernicharo Quintanilla; Script: Luis Rodŕıguez Cao, Natalia Ruiz Zelmanovitch,
Sara Fernández; Production: Gonzalo Corral, Patricia Fernández, QUADRADO VERDE, Natalia Ruiz Zel-
manovitch, Miguel Rey; Recordings: Santiago Blanco, Fernando Rey Daluz; Sound: Santiago Blanco, Gonzalo
Corral; Postproduction: LUZLUX S.L.; 3D Design: Enrique Sahagún, SCIXEL; Voiceover: Ana Lemos.

htps://www.youtube.com/watcht?v=ENAse1YMlJs
https://nanocosmos.iff.csic.es/
https://nanocosmos.iff.csic.es/
http://www.coruna.gal/mc2/es/premios/prismas-casa-de-las-ciencias-a-la-divulgacion
http://asecic.org/bicc-2018/
http://asecic.org/bicc-2018/
http://luzlux.com/
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Figure 2: Poster of the “NANOCOSMOS: Un viaje a lo pequeño” road movie premiere, and
institutions participating in the documentary. Credit: LuzLux.

6 Summary

Increasing resources invested to create knowledge and improving the mechanisms used to
transfer such knowledge so that it benefits society as a whole must be top priorities of all
governments. This is why our project pulls for science and science outreach as some of the
best ways to make a better society.

In short, we have a documentary talking about laboratory astrophysics that defends
basic science, team work, the relevance of instrumentation in astrochemistry, the science
internationalization, and the gender focus, telling a story as a road movie, in an adventure
seeking for knowledge.

Our motto is:

Figure 3: “#NoScience, no future” motto campaign.
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Studying Astronomy in Portugal and the IA, the
best choice for your future career.

Fernando Buitrago1,2, and Jose Afonso1,2
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Abstract

When Spanish students (and not only those) consider possible places where to study Astron-

omy in the Iberian peninsula, many of them overlook Portugal as an interesting destination.

Both the University of Lisbon and the University of Porto offer high quality university de-

grees in Astronomy. Moreover, the Institute of Astrophysics and Space Sciences (IA) links

in a single institute researchers from both institutions, making it one of the best places for

interacting and learning from top astronomers in many different areas (Solar System and

Exoplanets, Stars, Galaxies and Cosmology, Instrumentation). Additionally, a number of

PhD positions are offered every year. With so many good things going on. . . why don’t

you join us? (See poster).
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1 European Space Astronomy Centre (ESAC), PO Box 78, 28691 Villanueva de la Cañada,
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Abstract

CESAR (Cooperation through Education in Science and Astronomy Research) is an educa-

tional program from the European Space Agency (ESA), which aims to provide European

students with practical experience in astronomical research, in particular in the fields of

space science, optical astronomy and radioastronomy. To do so, it makes use of an infras-

tructure based on semi-automatized observatories and antennas which observe during day

and night. (See poster).
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Un tros de Cel (A piece of sky).

Cristina Negro1, Mónica Pallardó1, M. Jesús Moya1, and Amelia Ortiz-Gil1

1 University of Valencia Astronomical Observatory (Spain)

Abstract

Exhibition that aims to help students learn more about our Solar System and see it as

something closer and familiar. The students will be able to see in each cube a piece of each

planet or moon, feeling that they have in their hands “un tros de cel” - “a piece of sky”.

Likewise, students can perform different activities with the exhibition, such as identifying

cubes with planets and moons, discussing the possibility of life, inferring the corresponding

temperatures... (See poster).
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Radio-astronomy projects for university students.

J. Sabater1, and S. Johnston1

1 SUPA, Institute for Astronomy, Royal Observatory, Blackford Hill, Edinburgh, EH9 3HJ,
UK

Abstract

The recent availability of cheap Software Defined Radio (SDR) receivers makes possible the
exploration of new aspects of radio-astronomy in a practical and inexpensive way. The SDR
is one of the base technologies of upcoming data intensive radio-telescopes, like the Square
Kilometre Array (SKA). We are currently building a radio station based on general use SDR
receivers at the Royal Observatory of Edinburgh. Our main aim is to develop innovative
projects for the training of students in the new radio data intensive techniques. The projects
range from the measurement of Milky Way atomic gas to the detection of pulsars. In this
poster we present an overview of the observatory and the projects under development and
show how it can be used to train students in the new aspects of astronomical research.

Additional updated information can be found in https://www.jsabater.info/sea2018/.

This project was supported by alumni and friends of the University of Edinburgh through

an Innovation Initiative Grant. (See poster).
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Inclusion of teaching aspects of astronomy in
scientific-technical degrees. Case studies and
examples.

Ana Ulla1, Minia Manteiga2,3, Pablo López Varela2, Alsira Salgado Don2, and
Carlos Dafonte3,4

1 Depto. de F́ısica Aplicada. Área de Astonomı́a e Astrof́ısica. Universidade de Vigo
2 Depto. Ciencias de la Navegación e Ingenieŕıa Marina. Universidade da Coruña
3 CITIC, Universidade da Coruña
4 Departamento de Computación. Universidade da Coruña

Abstract

Astronomy is a powerful teaching tool, as it provides a realistic and very illustrative vision of

how the universe works. Complemented by the use of the laws of physics and mathematics,

it helps to understand from a scientific-technical point of view many situations, processes

and phenomena of daily life or others at all scales, from subatomic to cosmological. In this

contribution we will present several representative cases of the inclusion of astronomical

knowledge as part of the daily teaching methodology in degree studies whose main subject

is not astronomy itself.(See poster).
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NixNox project: places to stargaze.

Jaime Zamorano1, Lućıa Garćıa1, Francisco Ocañal1, Alejandro Sánchez de
Miguel2, Carlos Tapia1, Mireia Nievas3, Jesús Gallego1, Emilio Alfaro4

1 Departamento de F́ısica de la Tierra y Astrof́ısica, Universidad Complutense de Madrid
2 Environment and Sustainability Institute, University Exeter (UK)
3 Deutches Elektronen-Synchrotron (DESY), Zeuthen (Germany)
4 Instituto de Astrof́ısica de Andalućıa (CSIC), Granada

Abstract

The places where you can enjoy the celestial vault in its greatest splendour are disappearing
with the increase of light pollution. The NixNox project promotes a collaborative effort of
amateur and professional astronomers to locate y characterize the night sky of spots of easy
access where star gazing under unpolluted skies.
To obtain the night sky background it is necessary to observe and measure standard stars
using a telescope and CCD camera. This is a technical task that demands time and data
analysis. We designed a simple method that relies in measures with a hand-held device, as
the Sky Quality Meter (SQM) or the TESS photometer, during clear and moonless nights.
Besides the usual measure at zenith, the NixNox method demands observations at 20, 40,
60 y 80 degrees over the horizon at 12 orientations in all cardinal directions. The resulting
all-sky map representing the night sky brightness of the complete vault provides visual
information of the location of the sources of light pollution and their relative contribution
to the brightness.

We have more that 130 characterized places with information of the location, how to arrive,

facilities, and panoramic pictures (day and night) that allow the interested citizen to get an

idea of horizon of the open-air observatory. The information is displayed in a webpage and

our goal is to encourage the society to enjoy these places and the public administration to

appreciate and to preserve them. (See poster).
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