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Overview of galaxy formation

100 yrs ago we didn't even know for
sure there were other galaxies apart
from our own. Since then:

Coma Cluster
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« LCDM gives a very good
representation of the large
scale structure of the Universe

* Hydrodynamical simulations of
structure formation at Kpc
resolution can reproduce the
fundamental properties and
scaling relations of observed
galaxies

« Baryonic physics processes
modeled in hydrodynamical
simulations:

Gas inflowing and cooling
- Star formation

- Feedback (mechanical,
thermal, kinetic, radiation

pressure) from SNae, massive
stars, AGNs
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Simulation Volume [ cMpc? ]
10 108

Zoom-1in sims => high
resolution but low
number of simulated
galaxies

Box-region => large
number of simulated
galaxies but low
resolution
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Future => simulate
cosmological volumes
with high resolution,
to resolve individual
galaxies

—_
o
5%)

>
c
O
=
=
O
%
O
oC
%
%
©
=
-
@)
>
pS—
G
o

10° 10* 108 106
Number of Galaxies (resolved M, >10° M,.)

Credit: TNG collaboration
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Successes and tensions

Large scale structure

Small scales

credit: Springel V. et al. 2005,

Nature

« Cusp-core discrepancy =
Diversity of RC in galaxies

« Planes of satellites
* .. Missing satellite problem

e Number and radial
distribution of satellites

* Mass discrepancy
acceleration relation

e Velocity function of
galaxies

e Large size of Ultra-Diffuse
galaxies

 Kinematic of satellite
galaxies (TBTF problem)...
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Adiabatic approximation does not work in reality
Core formation mechanism -> outflows driven by SNae
feedback

Core created during starburst events that launch
powerful gas outflows

» . Dark matter only
® .
Gas driven away
Dark matter from centre
particle NFW (> 90 km ;-') -
. NFW (< 90 km's=")
\oﬁ“?ft_ . Gravitational force ISO best fits
g L : insufficient o IC 2574 A DDO 154 © DG
g - e - Y7 DDO 53 O DG2
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-'. i .. U /
Dense, star- - - '
P — & Particle migrates
g8 outwards
1‘ Process can repeat. Analytic arguments and simulations

Credit: Pontzen & Governato 14 show effect accumulates with each episode.
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Credit: Lazar+20, Katz+17,Tollet+16, Chan+15, Di Cintio + 1l4a.b Rkpc

determined by two opposite effects: energy from SNae
VS

gravitational potential of underlying DM halo
(see Penarrubia+l2, Di Cintiotl4a,b , Katz+17..)
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Vast Polar Structure (VPOS) of the Milky Way Great Plane of Andromeda (GPoA)

Ynec [kpe at M31]

0
zra [kpc at M31]

Credit: Pawlowski +18,19, Muller+17,Ibata+13,14

Planes of satellite galaxies are extremely unlikely in simulations, showing
up in 0.1% (Millennium-II) to 0.5% (ELVIS) of simulated galaxies. Not
solved with baryonic physics nor with special host halo properties!
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Prospects for the future

HIERARCHICAL GALAXY FORMATION

1. Small mass fluctuations
(such as those revealed by the
all-sky map, shown at left,
nhrained hy rhe (CORF <arellite)
are relics of the Big Bang.
These are the "seeds” of
galaxy formaton.

2. Invisible dark matter halos (shown n orange
below) collapse from the ambient background.

« 3. Primordial gas condenses within the
wracing the initial mass fluctuations.

dark matier halos. Some stars form during
the collapse, and collect into globular
clusters. Mos: of the gas callects into
disks (shown in ycllow).

ttor I lalo

4. Stars form in the disk, gradually
building up a spiral galaxy.

5. MQI‘gOfS and collisions of disks
produce elliptical galaxies

Credit: astronomy.nmsu.edu 15.7.2020 - HR8 - SEA

How can we test LCDM
using galaxy
formation?

Several dark subhalos
should exist, and

they can be found via
gravitational lensing

They are too small
for hosting a galaxy,
but should exist 1in
large numbers!



LCDM is the standard cosmological model of structure formation , based o
dark matter particles, which have ten to a hundred times the mas

Cold

of a proton

Hot dark matter Warm dark matter Cold dark matter

(Fast moving) m~ KeV
Small structures are

; a GeV-TeV .Small
. X «Structures form
o 000 o first:iipénuﬁer
o e -. *- P - . ,.:‘;‘

.
-~ ¥ e . - 2
y : = . 2
. s ’ - . > 14
® ] . . . . - X
- " g :

15.7.2020 - HR8 - SEA

Credit: Ben Moore



( )
* Mass profiles of clusters
* Identification of substructure P = x G A\~
. AN i '.,.’ P S e
 Mass Accretion Rates $ )i Ve W R HGTD@K
k J R ’ S ; r . 0 ‘ " Hobby-Eberly Telescope Dark Energy Experiment

Infalling

1.
2|
3
o 4l
5
6.
.
8

15.7.2020 - HR8 - SEA



o Dark matterﬁz’sO 5 " Galaxies, z=0

How galaxies acrete their gas?
When, where and how galaxies formed their stars?

15.7.2020 - HR8 - SEA



: steady rise from EoR, peak at 3.5 Gyr after the
Big-Bang (z~2) and exponential drop at z<1

llbert et al. 2013 — s work
ol 18 Key questions:

* Is there a characteristic cosmic epoch of the
formation of stars in galaxies?

* How is the stellar mass density evolution
with redshift?

* How does the CSFH compares with the
history of mass acretion into the black hole?

* How does SF vary with galaxy properties
and environment?

* Do galaxies reionize the Universe at a z> 67?

/7 d ”‘ ' N
18 2
/ + SFRD derived from stellar
‘ mass density evolution

@
9}
Q.
=
T
S
>
1o}
=
e
a
o
=
0
S
)
o

redshift

extinction, IMF (change with redshift?)

Ska

SKA: can provide a measure of the CSFH free from extinction
JWST: evolution of the stellar mass density with redshift
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Gas acretion

Lya emission with MUSE 3<z<6

2<z<3

1.6<z<3

*Wisotzki +2018_.

—am .

Key questions:
 How do galaxies exchange baryons with the Intergalactic Medium?

» How do the CGM properties evolve when reaching the peak of galaxy star-

formation?
* What is the spatial extent and how is the CGM gas around galaxies distributed,

spatially and kinematically?

15.7.2020 - HR8 - SEA



From z=2 to the present day, most stars formed in galaxies in the SFR-M (means that the
evolution of the cosmic SFH is primarily determined by a balance between gas accretion

and feedback processes?)
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RED AND DEAD GALAXIES

NUMBER OF EXISTING STARS

at z=2
COSMOS Hersche FIR data mainly detect starbursts

GOODS-s Herschel reaches the main sequence at intermediate stellar masses
UV-based SFRs are statistically robust for MS galaxies (however extinction)
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The processes that regulate SF occur at
the scale of molecular clouds

| giant molecular
cloud (GMC).scale
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A4 Role of magnetic fields
MUSE Role of cosmic rays

HST (NUV+optical)

How do the properties and population of molecular clouds depend on host galaxy, dynamical environment, and
galaxy disk structure?

Star Formation: How does the ability of gas to form stars depend on the cloud-scale structure and dynamics of
the molecular gas?

Timescales: What are the statistical timescales implied by cross-correlation of molecular gas, young stellar
populations, and dynamical features in the galaxy?

Self-Regulation: How does the self-regulation of star formation in galaxy disks emerge from the violent cloud-
scale processes of star formation and feedback?
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At least 25% of massive galaxies at 1.5 < z < 3 show indication of SMBH accretion

Two types of AGNs:

quasar mode [acretion at the Eddington limit] (able to remove interestellar gas
from the galaxy) :

radio mode [heat the gas preventing cooling flows] (found in massive galaxies -
in the center of the clusters and fundamental to explain mass function] -- th‘ey_
don’t seem to fit in the unified model (Hardcastle 2007)

Key questions:
Are radio and quasar mode accretion/spin
mechanisms or physically

- - - Tremaine et al. 2002

1. what is the impact of the energy released

during the gso phase? (Di Matteo+2005)

* generate large ouflows quenching SF?

* Just modify the gas dynamics in the galactic
nucleus? (Debuhr +2010)

2. Only spheroidal bulges follow a Mgy-0
relation or also pseudobulges?

3. Does the BH accretion history follow the

2.2 2.4
1

. 3 . logloe/(km s™1)]
cosmic SFH: 15.7.2020 - HR8 - SEA

4. What is the impact of the so called radio-




Will detect faint and radio loud AGN* = cosmic evolution of radio
AGN activity to the cosmic dawn (z & 6), covering all environmental
densities

SQUARE KILOMETRE ARRAY ﬁ

(see HR4 by S. Garcia-Burillo & A. Alsonso)

" S (1.4GHz) [miy]

* down to a 1 GHz radio luminosity of about 2 1022 W/Hzatz= 6 Adapted from Bonzini+2013



SKA (thermal and non-thermal components)

* Large area with ply sensitivty = (combined with other bands) potential
to obtain the SF free of extinction up to very high redshifts

* Cosmic magnetism

JWST: evolution of the mass density with redshift (not only SF galaxies) -- first
objects

nearby galaxies: SKA will be able to resolve individual HIl, SSCs,SNR, and PNe
—> extintion free SF / high-mass end of the IMF (complementary to ALMA)
HST+MUSE+ALMA+SKA+.... advances expected..

AGNs: SKA will provide a complete census of the evolution of AGN with

redshifts
ALMA/SKA direct imaging of galaxy tory, outflows (S. Burillo & A. Alonso’s

talk) 15.7.2020 - HR8 - SEA



Computation: First Radiation-Hydrodynamics
Simulation of Reionization in the Local
Universe -> Reionization proceeds in patches
around galaxies, it is not uniform

How did reionization occur?

Abell 370 garallel » - ) + e
HST Fronti€r Fields V.. /) .

2 ACS/’\AE FIMW + /IR F105W,
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Observations: Discovery of z=6.8 galaxy with

large escape fractions, entirely responsible

for its local ionised bubble-> scenario with few
bright galaxies are causing reionization, rather
than lots of smaller ones

Future try to. constram thé
escape fractlon d‘f |on|21ng
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Conclusions

The modern theory of cosmological
galaxy formation is a synthesis of

many physical ideas involving an
array of operative physics
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A transformative decade ahead of us ‘@nwlw+, ustnasagov

20-40m Ground-Based 6m Space-Borne
Telescopes IR Telescopes

. 4 -
Large-Scale Radio Arrays 8m Telescope
All-Sky Synoptic Surveys

WEFIRST




