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Resumen

El objetivo de esta tesis es el estudio de la estructura magnética de filamentos solares en
regiones activas (RAs) y esclarecer su formacion y evolucién. Mientras que se han observado
en numerosas ocasiones (y con diferentes resoluciones espaciales) filamentos fuera de RAs y
sobre el limbo solar, el nimero de observaciones de filamentos en RAs es realmente escaso
en la literatura. Los filamentos en RAs son fenémenos importantes que pueden dar lugar
a eyecciones de masa coronal (EMC) cuyo material puede ser expulsado hacia el espacio
con velocidades muy grandes pudiendo afectar a la Tierra. Las EMC estdn asociadas con
cambios globales del campo magnético en la corona.

En base a estos objetivos, se han estudiado en detalle datos espectropolarimétricos de
los cuatro perfiles de Stokes en la regién espectral de 10830 A. Las observaciones fueron
tomadas en julio de 2005 con el polarimetro TIP en la VI'T en Tenerife. Se realizaron
observaciones de un filamento en una RA. El filamento se encontraba sobre la linea de
inversién de polaridad (LIP) perteneciente a una RA que se encontraba en su fase de
decaimiento. La regién espectral de 10830 A ofrece la ventaja de disponer de varias lineas
espectrales relevantes que se pueden observar de manera simultdnea. Entre estas lineas
se encuentra el triplete cromosférico de helio, una linea fotosférica de silicio y dos lineas
teliricas. Durante la campana de observacién se tomaron dos mapas el 3 de julio y siete
mapas y una serie temporal el 5 de julio. Estos datos se han preparado cuidadosamente para
ser analizados mediante diferentes cédigos de inversién. Como resultado de las inversiones
de los cuatro pardmetros de Stokes (I,Q, U, V) del triplete de He 1 10830 A se han obtenido
los valores del campo magnético mas fuertes jamas registrados (600-700 G).

El siguiente paso consistié en determinar la estructura magnética, en el sistema de
referencia local del Sol, en la cromosfera. Para ello fue necesario resolver la ambigiiedad
de los 180°. Existen varios métodos para solucionar este problema. En esta tesis se usé la
herramienta AZAM (Lites et al., 1995). Las imdgenes de helio permitieron distinguir dos
areas diferentes del filamento: (1) un drea que presenta un filamento con forma alargada y
grosor fino que corresponde al eje principal del filamento y (2) un drea donde el filamento
aparece difuso y extenso. Desde el punto de vista magnético, la primera parte presenta lineas
de campo alargadas (paralelas) al eje del filamento mientras que en la segunda parte las
lineas de campo pasan gradualmente de ser paralelas al eje a una configuracién de polaridad
normal.

Para entender la estructura magnética global del filamento se incluy6 en el anélisis la
linea de Si 1 10827 A, la cual nos proporcioné la distribucién magnética en la fotosfera.
Dicha estructura presenta las siguientes caracteristicas: (1) debajo del eje del filamento la
configuracién de polaridad es inversa, (2) debajo del filamento difuso se observan penumbras
huérfanas y poros. Las lineas de campo en estas estructuras son alargadas y paralelas a la
LIP.

Es de destacar que, por primera vez, se obtiene en un filamento de una RA el vector
del campo magnético simultaneamente en la cromosfera y fotosfera. Del andlisis del vector
del campo magnético se dedujo que el filamento es soportado por lineas de campo con
forma de hélice. El eje principal de la hélice se encuentra, en una parte del filamento en
la cromosfera mientras que en la otra en la fotosfera. El eje en la fotosfera da lugar a la
creacién de penumbras huérfanas. Para confirmar la estructura magnética propuesta, se



realizaron extrapolaciones del campo magnético bajo la aproximacién no lineal y libre de
fuerzas. Como novedad, al disponer de magnetogramas vectoriales en dos alturas diferentes,
estas extrapolaciones se pudieron realizar desde la fotosfera y también desde la cromosfera.
Las lineas de campo obtenidas en ambas extrapolaciones son consistentes entre ellas y
ademads confirmaron la estructura magnética propuesta con forma de hélice. Al disponer de
magnetogramas vectoriales en dos diferentes alturas se pudo estimar la altura de formacién
promedio de He 1 10830 A, que resulté ser, en nuestras observaciones, de unos 1.4 Mm por
encima de la superficie solar. Ademads, hemos propuesto un nuevo método para resolver la
ambigiiedad de los 180° usando extrapolaciones desde la fotosfera en combinacién con el
vector del campo magnético en la cromosfera. La solucién obtenida a través de este método
concuerda con la obtenida usando AZAM.

Una vez obtenida la estructura magnética del filamento, pasamos a explicar como se
ha formado éste. Para ello se estudiaron las velocidades a lo largo de la linea de visién,
es decir, los desplazamientos Doppler de la linea espectral. Las velocidades se calibraron
en una escala absoluta usando las lineas teliricas y corrigiendo los movimientos orbitales
Sol-Tierra y el corrimiento al rojo gravitacional. Se calculé una nueva longitud de onda
(10832.108 A) para la linea telirica més proxima a la componente roja del triplete de He 1
10830 A. Se usaron diferentes estrategias de inversién para determinar el movimiento de las
lineas de campo transversales. De nuevo el filamento se puede dividir en dos dreas que se
comportan de manera diferente: (1) los campos transversales correspondientes al filamento
que se encuentra muy bajo en la atmosfera solar presentan en promedio movimientos as-
cendentes en la fotosfera y parches ascendentes en la cromosfera. Interpretamos esto como
un ascenso global de toda la hélice. (2) La otra parte del filamento muestra, el primer dia
de observacién, movimientos ascendentes en ambas alturas. Dos dias més tarde, en la fotos-
fera se siguen viendo movimientos promedios ascendentes pero con velocidades més lentas.
En cambio, en la cromosfera, el eje del filamento muestra movimientos descendentes. In-
terpretamos este resultado como una detencion en el ascenso del filamento. El estudio de
las velocidades a lo largo de la linea de visién en la cromosfera revelaron velocidades con
sentido descendente omnipresentes en toda la facula. Estas velocidades son del orden de
~ 1.6kms~!. Se encuentran agrupaciones localizadas de velocidades supersénicas con sen-
tido descendente a lo largo de la LIP. Estas velocidades estan asociadas con campos cuya
orientacién es predominantemente a lo largo de la linea de visiéon. Especulamos que estas ve-
locidades podrian ser la manifestacién fotosférica de las velocidades faculares omnipresentes
o debidas a material que cae de la hélice durante su ascenso en la atmésfera solar.

La historia evolutiva que proponemos para este filamento en una RA corresponde a la
emergencia de lineas de campo helicoidales desde debajo de la fotosfera. No se han encon-
trado velocidades descendentes de los campos transversales en la fotosfera, lo cual descarta
varios modelos de formacién de filamentos para nuestro caso en particular. Los resultados
presentados en esta tesis no son compatibles con modelos de formacién de filamentos que
generan la hélice magnética mediante procesos de reconexion en la corona. En nuestro caso
detectamos la hélice en la misma fotosfera.



Summary

The aim of this thesis is to study the magnetic structure of active region (AR) filaments and
shed light on their formation and evolution. While quiescent filaments have been regularly
observed (with different spatial resolutions) above the solar limb, the number of AR filament
observations on the disk is extremely scarce in the literature. AR Filaments are important
phenomena that may lead to violent coronal mass ejections (CMEs), with material being
expelled into space at great velocities which can affect the space weather near Earth. These
events are associated to a global change in the coronal magnetic field.

Throughout this thesis, full Stokes spectropolarimetric data sets in the 10830 A spectral
region acquired on July 2005 with the Tenerife Infrared Polarimeter (TIP), at the Vacuum
Tower Telescope in Tenerife, have been thoroughly analyzed. The object under study was
an AR filament that lay above the polarity inversion line (PIL) and belonged to an AR
which was in its decaying phase. The advantage of the 10830 A spectral region is that it
comprises a photospheric silicon line, a chromospheric helium triplet and two telluric lines.
From this observing campaign, two maps on July 3 and seven maps and one time series on
July 5 were obtained. The data sets were carefully prepared for their analysis with different
spectral line inversion codes. From the inversions of the four Stokes profiles of the He 1
10830 A triplet, the strongest magnetic fields ever measured in AR filaments (600-700 G)
were inferred.

After doing the spectral line inversion we needed to determine the magnetic structure,
in the local solar frame of reference, in the chromosphere. Therefore, the 180° ambiguity
had to be solved. There are several methods to solve this issue. For this thesis we chose the
AZAM utility (Lites et al., 1995). The slit-reconstructed helium images showed that the
filament was divided in two parts: (1) an elongated and thin shaped filament which was
identified as the main axis (or spine) of the filament and (2) a more diffuse filament which
represented the top part of a lower-lying filament. From a magnetic point of view, the first
part showed sheared field lines along the spine, while in the second part, the field gradually
changed into a normal polarity configuration.

To understand the global magnetic field structure of this AR filament we also used the
magnetic information encoded in the photospheric Si 1 10827 A line. The analysis confirmed
that below the filament, two different parts could still be distinguished: (1) below the
spine, the magnetic field had an inverse polarity configuration and (2) below the diffuse
filament, the photosphere presented orphan penumbrae (penumbral-like structures without
an umbra) and pores that showed sheared field lines along the polarity inversion line.

These data sets provided unprecedented simultaneous multi-height information of the
vector magnetic field in an AR filament. The filament was supported by a flux rope whose
main axis lies in the chromosphere, for one part of the filament, while surprisingly was
extremely low-lying (in the photosphere) on the other end, thus generating the orphan
penumbrae that we observed. For an independent confirmation of the proposed magnetic
structure, non-linear force-free (NLFF) field extrapolations were carried out. Since from
our observations the information of the vector magnetic field was available at two heights
(usually only the photospheric vector magnetogram is available), the extrapolations were
carried out twice, first using the photospheric magnetogram and then using the chromo-
spheric one as the boundary layer. Both extrapolations yielded consistent magnetic field
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lines and confirmed the flux rope topology of the filament. Moreover, having simultaneous
information at two heights, one can determine from the extrapolations the formation height
of the He 1 10830 A triplet, which in these data sets yielded ~ 1.4 Mm above the solar sur-
face. In addition, it was proposed that two-layer extrapolations could be used as a method
to solve the 180° ambiguity. The solution obtained from the AZAM utility was confirmed
by this method.

Once the magnetic structure of this AR filament was reliably inferred, there was still
uncertainty about how it was formed. In order to get a better insight to this process,
line-of-sight (LOS) velocities, i.e., Doppler shifts, were determined on an absolute scale
to study the global motion of the filament. The orbital motions and the gravity shift was
taken into account to calibrate the velocities. A new wavelength was inferred for the telluric
line (10832.108 A) next to the red component of the He 1 10830 A triplet. Using different
inversion methods, the motions of the transverse magnetic field lines were inferred. Again,
the two parts of the filament behaved in a different manner: (1) the low-lying part had
transverse field lines that on average moved upwards in the photosphere and had upflow
patches in the chromosphere. This was interpreted as a global rise of the flux rope. (2)
The other part of the filament showed on the first day, upward motions of its transverse
fields, that were consistent on both heights. Two days later, upflows were still inferred in
the photosphere (although with slower velocities) but downflows were detected in the spine
(chromosphere). This was interpreted as a halt in the rise of the filament. Furthermore, the
study of the LOS velocities in the chromosphere revealed that the filament was surrounded
by an ubiquitous downflow in the faculae of ~ 1.6 kms~! on average. Localized photospheric
supersonic downflows along the PIL, associated to a predominantly longitudinal component
of the magnetic field, might be the photospheric manifestation of the ubiquitous facular
downflow or a result of mass drainage during the emergence process of the flux rope.

All in all, the proposed evolutionary scenario for this AR filament corresponds to the
emergence of a flux rope from below the photosphere. No large scale downflows of the
transverse fields in the photosphere were detected, ruling out several filament formation
models for this particular case / scenario. Moreover, the results presented in this thesis
were not compatible with filament formation models that generate the flux rope through
magnetic reconnection in the corona, because there was already evidence of the flux rope
in the photosphere.
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Introduction

centuries. Many excellent reviews have been written about this topic, e.g., Tandberg-

Hanssen (1974); Hirayama (1985); Leroy (1989); Tandberg-Hanssen (1995); Demoulin
(1998); Paletou and Aulanier (2003); Lépez Ariste and Aulanier (2007); Labrosse et al.
(2010) and Mackay et al. (2010). Filaments have been seen above the solar limb and at
almost every latitude and longitude all over the disk. The magnetic field strength and
orientation inside filaments has been inferred. Several models that explain the formation
mechanism and the balance of forces of these structures have been developed in the last
decades. But still, many new questions have arisen recently owing to the spectacular im-
provement of instruments, telescopes, and numerical simulations.

Solar filaments (or prominences) have been a puzzling topic in solar physics for many

This thesis will focus on some of these new (and sometimes old but not yet answered)
questions. The magnetic properties inside and below active region filaments, together with
the line-of-sight velocities, will be analyzed in order to understand the formation, evolution
and plasma support mechanisms that give rise to these mysterious structures.

1.1 What are solar filaments or prominences?

Tadashi Hirayama (1985) wrote: “Prominences are fascinating objects, abundant in variety,
beautiful, and above all mysterious”.

The term filament refers to large magnetic structures filled with plasma seen in the
chromosphere or corona of the Sun. Filaments on the solar disk appear as dark, elongated
structures with lengths of 60-600 Megameters (Tandberg-Hanssen, 1995). Filaments appear
dark against the bright solar disk because they are cooler than their surroundings and pro-
duce strong absorption signatures in certain spectral lines. However, filaments can also show
up in emission when observed above the solar limb, when their structure is seen against
the black background of the sky. In this observing geometry they are referred to as promi-
nences. Nevertheless, both terms, filament or prominence, are often used interchangeably
in the literature.

Filaments always lie between opposite polarities of the magnetic field, i.e., along the
so-called polarity inversion line (PIL) (Babcock and Babcock, 1955). The PIL can be easily
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identified in a magnetogram as the gray area between the negative (black) and positive
(white) magnetic polarities, where the longitudinal magnetic field is absent.

Generally speaking, filaments may be divided into two groups: quiescent (QS) and active
region (AR) filaments. The latter are located inside active regions or very close to sunspots.
They lie lower in the solar atmosphere (e.g., Martin, 1973; Low, 1996; Lites, 2005) and
harbor stronger magnetic fields than the QS ones (e.g., Hirayama, 1985). On the other hand,
quiescent filaments (not associated to ARs) are typically much larger and more stable than
AR ones. They are embedded high in the corona and have lifetimes of up to several months.
It is also worth mentioning a third type of filaments: the polar crown (PC) filaments (e.g.,
Cartledge et al., 1996). As their name suggests, they are found at high latitudes and usually
form a ring (or crown) around the pole. The PIL is therefore East-West oriented and the
overlying filament is very stable.

1.1.1 Brief historical background

Interpreted in 1851 as “clouds in the solar atmosphere”, prominences have been observed
since the 13th century. For centuries, these phenomena were only seen during eclipses. It
was not until 1868, when Janssen, and independently Lockyer (1868) and Huggins (1868),
measured emission lines of a prominence above the solar limb in the daylight. Later, Zirin
and Severny (1961) made the first measurements of the magnetic field in prominences
using polarimetric techniques. Over the past decades, the Zeeman and Hanle effects (see
Sect. 1.4.1) have been somewhat routinely used to infer their magnetic properties, and
such measurements have led to the development of new prominence models. The filament
formation models will be described below in Sect. 1.3. See Tandberg-Hanssen (1995, 1998)
for an extensive review of the history of prominences.

1.2 Filament observations

1.2.1 Spectral lines

Finding chromospheric spectral lines that are neither too faint nor too broad, and have
measurable polarization signatures is not an easy task. Among the most popular chromo-
spheric spectral lines for the study of filaments are the Ho line at 6563 A, the He 1 10830 A
triplet, the D3 line of He 1 at 5876 A, the three Ca 11 lines in the 8542 A spectral region,
the Ca 11 H line at 3968 A and the Ca 11 K line at 3934 A. However, it is also crucial to
study the photosphere below filaments. This is often achieved by using the two Fe I lines
at 6301.5 and 6302.5 A or the Si 1 line at 10827 A. The spectral range around the helium
10830 A triplet offers a unique opportunity to study simultaneously the chromosphere and
the photosphere.

Several difficulties arise when observing magnetic fields in the chromosphere. Harvey
and Hall (1971) describe some of them: (1) the chromosphere is an inhomogeneous layer
whose structure has to be taken into account when interpreting magnetograms and (2) some
chromospheric lines are blended by photospheric lines which affects the final magnetic field
measurements. Besides, the chromosphere changes very fast and hence requires high spatial
and temporal resolution for its analysis. Another complication appears due to the presence
of scattering-polarization (and its modification through the Hanle effect). Chromospheric
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PARA-HELIUM ORTHO-HELIUM

o
10830 A

Figure 1.1 Grotrian diagram of the energy levels of the neutral helium atom. The lower righthand
panel shows the detailed splitting of the 10830 A triplet and Dy line. This figure is from Centeno
et al. (2008).

magnetic fields are weaker and therefore the polarization signals are fainter and harder to
measure.

Since this thesis is almost completely based on He 1 10830 A and Si 1 10827 A observa-
tions, a more detailed analysis of these transitions will be presented in the next subsections.

He I 10830 A triplet

The 10830 A triplet of neutral helium is a set of transitions that take place between the
energy levels 1s2s3S; — 1s2p®Pg 12 (see Fig. 1.1), the lower level (3S) being a metastable
one. Two spectral features arise from this triplet system, a “blue” and a “red” component,
owing to their wavelengths. The blue component at 10829.09 A arises from the 2s3S; —
2p 3Py transition, while the red component at ~ 10830.3 A is in fact a blend of two lines,
that originate from the 3P; and ®Pj levels, respectively. The wavelengths shown in Table
1.1 were taken from the NIST! database. Other relevant atomic parameters, such as the
effective Landé factor (geg) — defined by Landi Degl’Innocenti (1982) as a parameter which
is used to characterize the Zeeman response of the line to a given value of the magnetic
field strength — are also listed in Table 1.1.

!National Institute of Standards and Technology; http://www.nist.gov/pml/data/asd.cfm .
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A” Lower Upper Relative

(A) Term  Term glﬂ Strength?  loggf!
10829.091 3, 3P, 2.00 0.111 —0.745
10830.250 38 3P, 1.75 0.333 —0.268
10830.340  3S; 5Py, 1.25 0.556 —0.047

Table 1.1 Atomic data of the He 1 10830 A transitions. The parameters were taken from (%) the
NIST database, (f) Socas-Navarro et al. (2004), and (1) VALD (Kupka et al., 1999).

Helium 10830 A is formed only in the high chromosphere without contribution from
the photosphere (Avrett et al., 1994). It is a suitable candidate to infer magnetic fields in
filaments. Figure 1.1 shows the Grotrian diagram of the energy levels of He 1. There are two
sets of levels, one of singlets and one of triples. Under normal chromospheric conditions of
temperature and density, the majority of the helium population sits in the ground state of
He 1. Transitions between singlets and triplets are forbidden in the electric dipole approxi-
mation. This scenario results in a poor population of the S metastable level of the triplet
system that cannot explain the strong absorption features of the He 1 10830 A triplet in
some areas of the solar disk. In order to produce the above-mentioned He 1 10830 A absorp-
tion, the metastable 1s2s3S; level needs to be populated. One way to do this is by means
of photoionization and further recombination processes of the helium atom. The incoming
extreme ultraviolet (EUV) radiation of the corona is proposed to cause the ionization of the
helium atoms (Goldberg, 1939; Hirayama, 1971; Zirin, 1975; Centeno et al., 2008). Then,
the recombination of He 11 with the free electrons takes place and both singlets and triplets
systems are populated.

Collisional excitation is an alternative mechanism to populate the He 1 10830 A triplet
levels in the chromosphere (Athay and Johnson, 1960). The ionization of these helium atoms
is produced by mixing them with higher temperature electrons (Jordan, 1975). A mixing
procedure was proposed later by Shine et al. (1975): their numerical simulations show that
diffusion (concentration and thermal diffusion) can significantly enhance the He 1 and He 11
resonance lines. Furthermore, in agreement with observations, they claim that the diffusion
effect happens more in active regions (high pressure) and less in coronal holes (low pressure).

Milkey et al. (1973) proposed that both of the above-mentioned mechanisms take place
when producing the He 1 lines. In lower temperature regions of the chromosphere the
EUV radiation photoionizes the He 1 atoms which afterwards recombine with free elec-
trons. In high temperature regions the collisions dominate. This hypothesis makes sense
since the formation height of He 1 10830 A lies between 1500 and 2000 km, but is also ob-
served in high-lying quiescent filaments (tens of megameters), which indicates that He 1 is
present at different heights, i.e., at different temperatures. Andretta and Jones (1997) also
favor a mixed, two-layer formation model of the helium lines over a mere photoionization-
recombination mechanism.

Si I 10827 A line

The photospheric Si 1 10827 A line is a magnetically sensitive line and an excellent candidate
to study the vector magnetic field and Doppler velocities in the photosphere underneath
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active region filaments, as already pointed out, for example, by Lites et al. (1985). In
addition, its closeness in spectral distance to the chromospheric He 1 10830 A triplet makes
this line extremely useful to study both atmospheric layers at the same time.

A" Lower Upper giH Excitation loggf! ot ot
(A) Term  Term Potential (cm?)
10827.089  °P, P, 15 4.954 0.363 0.231 2.0412 x 10 '*

Table 1.2 Atomic data of the Si 1 10827 A transition. The parameters were taken from () the
NIST database, (1) Borrero et al. (2003), and (f) Barklem et al. (2000). o and o are the collisional
broadening parameters, from the mechanical quantum theory of Anstee, Barklem and O’Mara.

The line originates from the transition between the 3p4s 3Py and 3p4p 3Ps levels of the
Si 1 atom. The atomic data for this line are presented in Table 1.2. As reported by Bard and
Carlsson (2008), the Si1 10827 A line is formed in non local thermodynamical equilibrium
(NLTE). The main difference with respect to the local thermodynamical equilibrium (LTE)
profile is that the NLTE profile is substantially deeper than the LTE? one. The authors
also presented the response function of the spectral line core to velocity perturbations for
two different atmospheric models. For an average quiet Sun model (Fontenla et al., 1993;
Vernazza et al., 1981) the mean response height is 541 km while for sunspot umbrae (Maltby
et al., 1986) it is 308 km above the solar surface.

Through the study of response functions one can infer at which height the spectral line
is most sensitive to a perturbation in a given parameter. This is the approach followed by
Bard and Carlsson (2008). The response function (RF) to the perturbation of a physical
parameter can be calculated for any wavelength and optical depth with the SIR code (see
Sect. 1.4.6). The optical depth is a function of the absorption coefficient k) and the density
p. Mathematically it can be expressed as (Gray, 1992):

L
T:/ kxpdz . (1.1)
0

When light passes through a slab of density p in the atmosphere, photons can be destroyed
or scattered in another direction. The fraction of light loss per unit of mass due to these
two processes is denoted by k). The relation between the geometrical depth = and optical
depth 7 is show in Eq. (1.1). However, the formation height of spectral lines is often given
in the 7-scale.

SIR was used in this thesis to calculate the RFs of the SiI line (in LTE conditions) to
the magnetic field in a penumbral model atmosphere (del Toro Iniesta et al., 1994). The
calculation yielded an average formation height of the Si 1 10827 A line of log 50090 = —2
(where 75000 is the optical depth at the continuum wavelength of 5000 A). This value also
agrees with the height of the maximum of the RF to velocity perturbations. Hence, this
silicon line is formed in the upper photosphere.

2Spectral lines formed in LTE conditions have their transitions balanced between the involved levels
(the number of emitted and absorbed photons is the same). In LTE conditions the population of the levels
depends only on the temperature and the transition rates are affected by the density (e.g., Zirin, 1988).
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1.2.2 Observations in the past

A considerable amount of literature has been published on prominence observations. In the
second half of the 19th century, however, the works published were related to the position of
the prominences on the Sun, as well as their morphology and their heights above the solar
surface (e.g., Secchi, 1872; Tupman, 1872). With the development of spectroheliographs,
that are able to generate monochromatic solar images at a specific wavelength (e.g., Hale and
Ellerman, 1903), it was possible to observe them on the solar disk. The relevant observations
for the purpose of this thesis began with the introduction of polarimetric measurements as
a technique to study the magnetic fields on the Sun. By observing bipolar magnetic regions
with a magnetograph, Babcock and Babcock (1955) concluded that filaments appear above
and along the polarity inversion line or around the borders of bipolar magnetic regions.

Rust (1967) used a magnetograph, that measured the Hoa emission line, to determine
the line-of-sight (LOS) magnetic field strength (Brog) in almost 100 quiescent prominences.
From the observed Zeeman displacement, the author inferred the polarity and longitudinal
(projected along the line-of-sight) magnetic field strength. Three years later, Tandberg-
Hanssen (1970) presented the Bros in 135 quiescent prominences using a magnetograph
that measured the Zeeman effect in several lines: Ho, He 1 (4471 A and D3 at 5876 A), Na 1
(D; at 5889 A, Dy at 5896 A), and Mg 1 (5184 A). Leroy et al. (1977) suggested that the
observed polarization in the He 1 D3 line of a sample of 60 QS prominences was due to
the Hanle effect (see also Sect. 1.4.2 and Sahal-Brechot et al., 1977; Trujillo Bueno et al.,
2002, for additional information about the Hanle effect method to infer vector magnetic
fields in prominences). One year later, with the help of this theory, Leroy (1978) inferred
the magnetic field orientation in QS prominences. The author showed that the magnetic
fields above polarity inversion lines of active regions are frequently parallel to the long axis
of prominences. This study provided, for the first time, information of the orientation of the
transverse magnetic field relative to the body of the prominence. However, this information
was only inferred using Stokes () and U. An attempt to obtain the complete vector magnetic
field in prominences, i.e., the three components of the vector, was carried out by Bommier
et al. (1981). For this purpose the authors proposed two methods: (1) using two lines
sensitive, but with different responses, to the Hanle effect and (2) measuring simultaneously
the longitudinal Zeeman effect and the Hanle effect in a single line.

The observations of linear polarization in prominences that followed, mainly in the He 1
D3 line, were interpreted using the Hanle effect to infer the strength and orientation of the
magnetic field, e.g., Leroy et al. (1983); Athay et al. (1983) and Querfeld et al. (1985). The
next observational aim was to match the vector magnetic field (which was not straightfor-
ward to infer owing to instrumental limitations and ambiguity problems that always arise
from polarimetric measurements) with the theoretical models of prominences (see Sect. 1.3).
Longitudinal magnetographs, which are sensitive to the longitudinal Zeeman effect, do not
provide information of the transverse magnetic fields, which dominate inside prominences.
Therefore, linear polarization measurements interpreted with the Hanle effect provide valu-
able information on the magnetic field orientation with respect to the polarity inversion
line. Leroy et al. (1984) distinguished between two groups of prominences according to
their transverse field orientation: (1) prominences found below 30 Mm in height with trans-
verse magnetic fields that point from the positive photospheric polarity towards negative
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Figure 1.2 Cartoon representing the magnetic field configuration of the filament support models
from Kippenhahn and Schliiter (1957) (K-S) and Kuperus and Raadu (1974) (K-R).

one; (2) prominences located above 30 Mm that have the most probable vector magnetic
field pointing from the negative photospheric polarity to the positive one. This important
statistical result validated both models that were available at that time: the Kippenhahn
and Schliiter (1957) model and the Kuperus and Raadu (1974) and Pneuman (1983) models.

Before getting into details regarding these two models, two crucial concepts, which will
appear throughout this thesis, have to be defined. On the one hand, transverse magnetic
fields pointing from a positive photospheric polarity towards a negative one are said to
be in a normal polarity (NP) configuration, resembling what a potential field® solution
would look like. On the other hand, transverse magnetic fields pointing from negative to
positive polarity are said to be in inverse polarity (IP) configuration. These definitions
are in agreement with the ones found in the literature. Why are these two definitions so
important? Mainly because either one or the other configuration is responsible for different
filament support models. The Kippenhahn and Schliiter (1957) model, identified as K-S
on the left side of Fig. 1.2, supports the filament with horizontal magnetic fields that have
a NP configuration and so-called dipped field lines (upward concavity) where plasma can
be allocated. On the other hand, the Kuperus and Raadu (1974) model, K-R, shown on
the right side of Fig. 1.2, has field lines in an IP configuration, i.e., non-potential solution.
Hirayama (1985) described the measurement of the angle between the vector magnetic field
and the long axis of the prominence as “one of the most important problems of the magnetic
field measurements”.

Apart from Leroy’s study on the orientation of the transverse fields in prominences, not
many observational studies were published in the late 80’s. Another study by Bommier et al.
(1994) showed that 12 QS prominences, from a total of 14, presented an IP configuration.

By the end of the 90’s, Lin et al. (1998) carried out the first full Stokes spectropolari-
metric measurement of a QS filament using the He 1 10830 A triplet (see Fig. 1.3). Having
Stokes I, @, U, and V would provide new clues for the study of the magnetic field in fil-
aments. The authors demonstrated the potential of He 1 10830 A polarimetry as an ideal

3The potential field is a current-free field that corresponds to a minimum magnetic-energy configuration
(Priest, 2000). Such a field has field lines that ideally represent an arching loop configuration with loops
that start from the positive polarity and end at the negative one.
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Figure 1.3 The first full Stokes polarization measurements of a QS filament using the He 1 10830 A
triplet. The spectral direction is plotted along the z-axis while the y-axis represents the spatial
direction along the spectrograph slit. This figure appears in Lin et al. (1998).

candidate to infer the magnetic field in filaments. This triplet had been used by other au-
thors to study, for example, Doppler line shifts in QS filaments, using the nearby telluric
lines in the spectra for their calibration (Yi et al., 1991).

The era of high resolution full Stokes spectropolarimetry brought us new observations of
prominences and filaments with high spectral and spatial resolution. Paletou et al. (2001)
pioneered observations of quiescent prominences with the THEMIS telescope located in
Tenerife (Spain). The authors used the multi-line spectropolarimetric (MTR) observing
mode to carry out full Stokes He 1 D3 observations. Interestingly, clear Zeeman-like sig-
natures were detected in Stokes V' in some parts of the prominence. The detection of the
Zeeman effect implies the presence of stronger magnetic fields than those found in the
Hanle effect dominated measurements (see Sect.1.4.2). Hence, the magnetic field strength
in prominences might be stronger than expected, between 30-45G are the values for the
longitudinal component reported by Paletou et al. (2001). On the contrary, Trujillo Bueno
et al. (2002) detected polarized light in the He 1 10830 A triplet in a QS filament, located at
disk center. The polarization signals were entirely ascribed to atomic level polarization and
its modification through the Hanle effect. This result favors weaker magnetic fields in fila-
ments since this effect is sensitive to weaker fields (< 100 G; Stenflo, 2002) than the Zeeman
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effect and to magnetic fields that are very inclined with respect to the solar radial direc-
tion, i.e., horizontal fields. Using spectropolarimetric observations, the first vector magnetic
field maps of a prominence were presented by Casini et al. (2003). The authors showed 2D
maps of the magnetic field strength, inclination, and azimuth inside a QS prominence. The
inferred magnetic fields of the above-mentioned works together with other works are listed
in the summary Table 1.4 which appears in Sect.1.4.7.

Several spectropolarimetric studies, in filaments and prominences, using different spec-
tral lines have been published since then. The main aim of these works was to shed some
light on the strength, inclination and azimuth of the magnetic field, which were inferred
using either the Hanle or the Zeeman effect (or both), e.g., Lépez Ariste et al. (2005, 2006);
Merenda et al. (2006); Ramelli et al. (2006); Sasso et al. (2007) and Guo et al. (2010).

Ho observations

Special attention should be given to the Ho 6563 A observations, which nicely map promi-
nences and filaments in the chromosphere. Many observations of this line have been car-
ried out in the past. Since the Ha spectrum is polarized (Lyot, 1937), it was originally
used to study the magnetic field strength in prominences (e.g., Rust, 1967; Malville, 1968;
Tandberg-Hanssen, 1970). Nowadays, it is mainly used to study their morphology (e.g.,
Malherbe et al., 1983), fine structure and evolution (e.g., Mein and Mein, 1991; Lin et al.,
2005), and Doppler shifts (e.g., Schmieder et al., 1991, 2010).

As already discovered using other spectral lines, the filaments seen in Ha are also lo-
cated above polarity inversion lines (Smith and Ramsey, 1967). They usually appear to
be composed of a spine and barbs. Martin (1998) defined the spine as the horizontal fine
structure along the long axis of the filament and the barbs as extensions along the sides
of the filament, protruding from the spine. Several Ha observations from the 60’s were
afterwards used to establish conditions for filament formation. Smith (1968) investigated
chromospheric fibrils around PILs. He found that the fibrils tended to align with what
would become the long axis of the filament before it formed, i.e., parallel to the polarity
inversion line (see the upper panels in Fig. 1.4). Later, Foukal (1971) described, based on
Ha images, a progressive scenario starting from chromospheric fibrils until the filament
was finally formed. The author concluded that filaments were formed in filament channels.
However, Martin (1990) highlighted that a filament channel does not necessarily have a
filament above it.

Filtergrams and movies of Ha have shown that the small scale structure of filaments is
far from being static. The small scale elements are highly dynamic and have lifetimes of the
order of minutes (Engvold, 1976). As reported by Zirker and Koutchmy (1990), prominences
are made of very narrow, optically-thin threads. Schmieder et al. (1991) concluded the same
for filaments. In that work, the threads seen in Ha images are close to one another and are
constantly “squeezed” towards the filament axis. Impressive high-resolution Ha observations
taken with the ground based Swedish Solar Telescope (SST; Scharmer et al., 2003) and the
Dutch Open Telescope (DOT; Rutten et al., 2004) at La Palma (Spain) have revealed very
small fine-scale threads (see Fig. 1.5) in filaments with widths of < 0.3” (Lin et al., 2005).
These threads have a large range of line-of-sight velocities. Using Ha images from the Big
Bear Solar Observatory, Chae et al. (2007) found some threads at rest or slowly moving,
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Figure 1.4 Upper row: Ha fibrils aligned with the PIL forming a filament channel. Lower row:
relation between the direction of the barbs that extend from the filament and the global polarities
found on each site of the filament. This figure originally appears in Martin (1998).

whilst others moved horizontally with speeds up to ~ 30kms~!. Even horizontal flows in
opposite directions inside the spine or inside barbs have been detected (Zirker et al., 1998).
These opposite flows are called counter-streaming. Swaying motions of filament threads
using Ha Dopplergrams were also observed by Lin et al. (2009).

From Ha images a chirality (handedness) property for filaments and filament channels
has been inferred (Martin et al., 1994). As a result, when filaments are seen from their
positive polarity side, one can find two types: right-bearing and left-bearing filaments. In
the former type, the barbs extend from the spine and point to the right, while in the left-
bearing filaments the barbs point to the left (see lower panels in Fig. 1.4). Martin et al.
(1994) found a correlation between the magnetic field direction along the axis of the filament
and the right /left-bearing barbs. The magnetic field points (big arrow in Fig 1.4) to the right
(dextral) in right-bearing filaments and to the left (sinistral) in left-bearing filaments. Based
on these findings, Martin et al. (2008) developed the chiral method and its application to
solve the 180° ambiguity® of the magnetic field orientation. The chiral method requires the
identification of the chirality of the filament, for example using Ha images, and knowledge
of the polarity, for instance, through magnetograms. Therefore, with the available ground
based and space-borne telescopes it is an easy and fast method which should be taken into
account when solving the 180° ambiguity.

To sum it up, Ha images have substantially improved our knowledge regarding filaments

4This term will be explained in detail in Sect. 1.4.3.
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Figure 1.5 High-resolution Ha image showing a filament observed with the DOT. The spine rep-
resents the long axis of the filament and barbs extend from the spine towards its right and its left.
The filament is made of thin threads. Fibrils are seen around the filament. This image appears in
Heinzel and Anzer (2006).

and prominences. Furthermore, they are and excellent tool to complement spectropolari-
metric measurements.

1.3 Filament magnetic structure models

From the previous sections it can be easily deduced that filaments are embedded in magnetic
fields. But, how is the plasma sustained in the corona against gravity? Several filament
support and formation models have been developed by different authors in order to explain
the observed filaments/prominences. However, this issue has not been solved yet and the
community is strongly divided between supporters of one of two models. Since one of the
main aims of this thesis is to improve our knowledge of active region filament formation
(through new observations), the most important models will be briefly reviewed below.

1.3.1 K-S versus K—R models

Kippenhahn and Schliiter (1957) presented a simple 2D stationary support model for fila-
ments (K-S model). This model agreed with the observations at the time (e.g., Thompson
and Billings, 1967; Rust, 1967). According to the results of Babcock and Babcock (1955)
filaments were always found above polarity inversion lines; the magnetic structure pre-
sented by K-S corresponded to horizontal magnetic field lines which were able to support
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the plasma. These field lines emerged vertically from the photospheric positive polarity
plage, then became horizontal (slightly “dipped”) when crossing the PIL, and then plunged
vertically into the photospheric negative polarity, as seen in Fig. 1.2. In Sect. 1.2.2 we men-
tioned that this magnetic configuration is known as a normal polarity (NP) configuration
(i.e., the field lines point from the positive towards the negative photospheric polarity).
To balance gravity, there is an upward force produced by magnetic tension. Moreover, the
magnetic pressure gradient (with height) provides a transverse force that compresses the
plasma (Priest, 2000).

A suitable inverse polarity (IP) configuration model was presented by Kuperus and
Raadu (1974), hereafter K-R model (see also Anzer, 1989; Tandberg-Hanssen, 1995; Priest,
2000). In their work, magnetic reconnection® is triggered by the proximity of oppositely
directed vertical magnetic field lines. The resulting magnetic configuration leads to an IP
field that can support prominence plasma (see Fig. 1.2). The authors propose a vertical
upward Lorentz force (F;) generated by a current I. This current induces photospheric
surface currents that avoid a downward movement of the field lines into de convection zone.
K-R propose a second, downward, Lorentz force (F)) induced by the previously generated
horizontal magnetic field. The sum of both Lorentz forces has to be Fy 4+ F| > 0 in order
to support the prominence against gravity.

1.3.2 Sheared arcade models

The work published by Antiochos et al. (1994) provided a new 3D model able to support
the plasma inside prominences (see Fig. 1.6a). A mandatory condition imposed on their
model was the presence of dips in the resulting structure. The model is based on a 3D
magnetic field connected to a dipole located below the photosphere. The footpoints of a
flux tube, anchored at both sides of the PIL, move parallel to the PIL in different directions.
As reported by Klimchuk (1990), footpoint shearing motions imposed upon force-free flux
tubes produce an upward expansion of the field lines, i.e., the field lines rise. The authors
point out that a dip naturally arises due to the differential expansion along the field line.
The sheared field lines seen in Fig. 1.6a reach higher altitudes the further away they are
(y ~ £1) from their initial position (y = 0). Therefore, the midpoint of the field lines
appear to hang lower in the atmosphere, thus forming dips. The dipped field lines are free
of twist, or only slightly twisted when a gradient of the shear is present. Owing to the shear,
the resulting S-shaped field line presents an IP configuration almost everywhere where dips
have formed, although the authors also note the presence of a NP configuration in the low-
lying field lines. From this model it is clear that dips (i.e., concave upward field lines) are
not formed as a consequence of the weight of the filament plasma. This is usually the case
since the plasma beta, i.e., the ratio of gas pressure to magnetic pressure (3 = 2uP/B?;
where p is the magnetic permeability), is low (8 < 1) at coronal heights. However, caution
has to be taken because Anzer and Heinzel (2007) estimated beta values in QS prominences
that were larger than unity. Under such circumstances, the gravitational force cannot be
neglected and dips may form due to the weight of the prominence’s mass.

In the sheared arcade model presented by Aulanier et al. (2002), most of the dips have

5Magnetic reconnection releases magnetic energy and produces a rearrangement of the magnetic field
lines.
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Figure 1.6 Two different filament formation models are shown. a) Plot taken from Antiochos et al.
(1994). Their model show sheared magnetic field lines that lie underneath an unsheared coronal
arcade which is centered at the dipole system. b) Top and side view plots from the filament formation
model that appears in DeVore and Antiochos (2000). In their model, the photospheric footpoints
appear heavily displaced. A helical structure (light blue line) has formed owing to reconnection
processes with the above unsheared arcades. The dark gray line corresponds to the magnetic field
line in the core of the filament.

formed through reconnection between the sheared field lines and the overlying potential
loops. The authors mostly identified dips with an inverse polarity magnetic field configu-
ration. However, also normal polarity dips appeared at the top of the central part and at
the ends of the filament. Hence, a mixture of IP and NP configurations can coexist in the
same filament. Interestingly, when the field lines are largely sheared, reconnection modifies
the magnetic topology and weakly helical field lines appear.

The merging of two filaments was successfully simulated by Aulanier et al. (2006).
Reconnection processes result in a stable magnetic structure that has also long sheared
field lines. These field lines have dips along their length. The authors emphasize that the
resulting topology differs significantly from that of a flux rope.

Before moving on to the next section, it is worth mentioning that an IP configuration
does not always imply the presence of twisted field lines, as seen in the model of Antiochos
et al. (1994).

1.3.3 Flux rope models

Nowadays, flux ropes are believed to be the magnetic structure responsible for supporting
the filament’s plasma (especially in AR filaments). Flux rope is defined as a group of helical
flux tubes. In the past, many works have found a dominating IP configuration of the field
lines in the filament (see Sect.1.2.2). Therefore, the solution which comes up naturally is a
helical structure of the field lines.
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Figure 1.7 The flux rope formation model by van Ballegooijen and Martens (1989) is shown. The
initial configuration in panel (a) has potential field lines (solid lines) that cross the PIL (dashed
line). Shearing motions and convergence towards the PIL in panels (b) and (c) trigger magnetic
reconnection and finally, in panel (f), generate a flux rope. Note that as a byproduct, small loops,
points G and F in panel (f), that are perpendicular to the PIL have appeared and submerge below
the photosphere.

(d) (f)

Pneuman (1983) suggested a filament formation model with helical field lines. The
proposed magnetic structure is formed due to the distention of a photospheric bipolar region
upwards into the corona. Magnetic reconnection can take place where vertical field lines
with opposite polarity meet. If the field is sheared along the PIL, twisted field lines are the
result of this reconnection. These field lines have an IP configuration and sit above low-lying
potential-like arcades which are perpendicular to the PIL. Then, through condensation of
the gas that is found inside the flux rope, the authors explain how the material gathers at
the bottom of the rope. They emphasize that the actual filament only occupies the bottom
part of the helix. Demoulin and Priest (1989) proposed that the prominence structure, after
condensation, is able to generate a NP configuration at greater heights. This is only possible
if the plasma that sits in the bottom of the helical structure deforms the field lines, pulling
them down and consequently decreasing the magnetic pressure. As a result, dips with a NP
configuration can form above the helix. This model has therefore an IP configuration at the
bottom of the helix and a NP configuration at the top.

A clear step-by-step description of the formation of the twisted magnetic field lines that
support filaments was presented by van Ballegooijen and Martens (1989) and is shown in
Fig. 1.7. This model, although very similar to the one of Pneuman (1983), has been a major
reference source for filament and prominence studies. The authors constructed their model
based on the assumption that magnetic flux disappears from the solar photosphere by the
submergence of magnetic loops (after reconnection). The resulting helical structure, i.e., a
flux rope, results from a potential field that is sheared along the PIL and whose footpoints
then experience motions converging towards the PIL; this structure eventually reconnects
with other sheared field lines shaping into a flux rope (see Fig. 1.7a-f). As a byproduct of the
magnetic reconnection, small loops (< 900km; G and F points in Fig. 1.7f) are formed in
the photosphere, perpendicularly oriented with respect to the PIL, which submerge below
the photosphere. This is also found in a more recent model by van Ballegooijen and Mackay
(2007). According to these models, flux ropes are formed in the chromosphere or corona.
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Figure 1.8 Photospheric vector magnetogram time series below an AR filament. The yellow line
shows the PIL. The black arrows represent the orientation of the horizontal magnetic field. The
arrows slightly change from a NP configuration into an IP configuration. This figure is adapted
from Okamoto et al. (2008).

The numerical simulations presented by DeVore and Antiochos (2000) produce helical
field lines surrounding the core field of the filament (see Fig. 1.6b). However, only reconnec-
tion between the highly sheared magnetic field lines and the overlying (unsheared) arcades
is necessary to produce them. No converging flows are needed in this model. Furthermore,
reconnection only takes place in the corona. Therefore, coronal arcades are indispensable
in this model (otherwise no flux rope can be built up). In the flux rope model developed by
Amari et al. (1999), the twist is built up by swirling motions in the photosphere, around the
PIL. While shearing flows have been measured parallel to the PIL (although it is unclear
if they are large enough, e.g., Low, 1996), no systematic converging flows towards the PIL
have been found (Hindman et al., 2006; Lites et al., 2010).

Several other flux rope filament formation models can be found in the literature. For
instance, the model by Priest et al. (1989) presents twisting motions, produced by the Cori-
olis force, that are able to create dips. Another model proposed by Rust and Kumar (1994)
shows the bodily elevation from the chromosphere of horizontal flux ropes that contain the
prominence’s plasma. According to Low and Hundhausen (1995), the filament sits in a su-
perposition of two magnetic flux systems: the first one connects opposite polarities and the
second one is a flux rope that lies above the former one, along the PIL. Furthermore, models

that use linear force-free field equations can also be found (e.g., Aulanier and Demoulin,
1998).

Flux rope emergence from below the photosphere

From an observational point of view, a new scenario of filament formation has been pro-
posed. Lites et al. (1995) and Lites and Low (1997) proposed the emergence of twisted
magnetic field lines through the photosphere, at the PIL of a §-sunspot, into the corona. At
the same time, a filament seen in Ha started to form above the PIL. Recently, observations
carried out with the Solar Optical Telescope (SOT) on board Hinode, were interpreted by
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Okamoto et al. (2008, 2009) as an emerging flux rope from below the photosphere. A more
diffuse pre-existent filament was seen along the PIL before the Hinode observations took
place. The spectropolarimeter provided full Stokes profiles of the photospheric Fe I lines.
The sequence of inferred photospheric vector magnetograms, see Fig. 1.8, shows field lines
that change from a NP into an IP configuration in a time range of ~ 1 day. The change
from a NP into an IP configuration in the photosphere suggests the emergence of a flux
rope along the PIL. The authors argue that the emerging flux rope reconnects with the
magnetic field lines of the overlying filament and consequently stabilizes the whole struc-
ture for the next days. The flux rope emergence scenario has been supported by few new
observations so far (Lites, 2005; Lites et al., 2010; Xu et al., 2012). Recently, from simul-
taneous observations in the photosphere and chromosphere, Xu et al. (2012) have inferred
a helical structure supporting the filament’s plasma. Moreover, since the chromospheric
Doppler shifts inferred from the He 1 10830 A triplet show upflows, the authors conclude
that the flux rope is rising.

The rise of flux ropes from the convection zone (CZ) into the corona has been simulated
numerically by many authors (e.g., Fan, 2001; Archontis et al., 2004; Magara, 2004; Manch-
ester et al., 2004; Murray et al., 2006; Martinez-Sykora et al., 2008; Cheung et al., 2008;
Fan, 2009; Yelles Chaouche et al., 2009; MacTaggart and Hood, 2010). However, severe
problems appear during the emergence process. It is widely accepted that the flux rope
rises through the CZ owing to magnetic buoyancy, i.e., the flux rope is lighter than its sur-
roundings (Parker, 1955). Once it reaches the photosphere, density and pressure decrease
sharply with height (see Fig. 1 in Archontis et al., 2004). The flux rope evolves into an
)-shaped rope that barely crosses the photosphere, but its body stops rising just before
reaching the surface (e.g., Manchester et al., 2004) or slightly above it (MacTaggart and
Hood, 2010). In the latter work, the trapped flux rope (lying just above the photosphere)
expands laterally producing a broadening of the polarity inversion line. The broadening
and subsequent narrowing of the width of the PIL is known as the “sliding doors” effect,
a term first mentioned (and observed) by Okamoto et al. (2008). The larger the twist of
the flux rope and the stronger the field, the more flux moves from the photosphere into the
chromosphere (Martinez-Sykora et al., 2008). Although the body of the flux rope cannot
rise to higher layers, the expansion of the magnetic field lines due to secondary buoyancy
instability reaches coronal heights, as shown by Martinez-Sykora et al. (2008) and MacTag-
gart and Hood (2010). Such an instability is generated owing to the decreasing magnetic
field strength with height (Priest, 2000). The expanding field lines might reconnect with
the overlying coronal magnetic field. Finally, reconnection below and above the formed flux
rope eventually leads to a runaway situation where the flux rope completely erupts (e.g.,
Archontis and Torok, 2008), producing, for instance, a coronal mass ejection (CME).

1.3.4 Extrapolations

Magnetic fields in the photosphere and chromosphere can be inferred through different
techniques. But, to get a global picture of how the field lines look like in a particular solar
region, extrapolation techniques are needed. Moreover, magnetic field measurements in the
corona are extremely difficult. Therefore, a first approach can be achieved through magnetic
field extrapolations (see Gary, 1989; Priest, 2000; Wiegelmann, 2004; Neukirch, 2005, and
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references therein for a complete review on extrapolations).

How do extrapolations work? In order to reconstruct the magnetic field in the solar
atmosphere, this method uses as its main assumption that the plasma [ is small, i.e.,
the magnetic pressure is much higher than the plasma gas pressure, in the corona. As a
consequence, the magnetic field is close to being force-free. In addition, it is imposed that
coronal magnetic fields are in equilibrium (9/0t ~ 0) and plasma flows can be neglected.
Hence, the ideal magnetohydrodynamic (MHD) equations relevant for the extrapolations
are reduced to:

ixB=0, (1.2)
V x B =puoj , (1.3)
V-B=0, (1.4)

fbeing the current density, pp the vacuum permeability and B the magnetic field. From
Eq. 1.2, it is clear that the current density is parallel to B, hence

/.L()j: aé ) (15)

where «, the so-called force-free parameter, is a function of position but remains constant
along each field line. It gives information of the level of twist of the field line. Equation 1.3
can be then rewritten as follows

VxB=aB. (1.6)

Depending on the value of «, we can distinguish among three different types of force-free
field extrapolations: potential (o = 0), linear force-free (LFF; « is constant and has a unique
value for all field lines), and non-linear force-free (NLFF; « varies from field line to field
line but remains constant along each field line).

There is no doubt that NLFF field extrapolations show more realistic results than the
other two types (Schrijver et al., 2006). However, it is not always possible to perform such
extrapolations. The photospheric magnetic field measurements are taken as a boundary
condition for the extrapolation code. NLFF field extrapolations require the three compo-
nents of the magnetic field (B, By, and B;), while the LFF field method only requires a
longitudinal magnetogram (B, or Byog).

Yan et al. (2001) obtained for the first time a flux rope structure from NLFF field ex-
trapolations of the magnetic field of an active region. Recently, a few works have presented
the magnetic structure of active region filaments inferred from NLFF field extrapolations
starting from the photosphere (e.g., Guo et al., 2010; Canou and Amari, 2010; Jing et al.,
2010). Interestingly, all these works clearly detect a flux rope topology sustaining the fila-
ment. However, Guo et al. (2010) also found a sheared arcade structure in a different section
of the same filament (see Fig. 6 of their work). Dips, where the plasma is located, are found
in the extrapolated magnetic structure. The field strength inside the filament was found to
be large, between 200-400 G (Jing et al., 2010) and 700 G (Guo et al., 2010). These results
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favor the flux rope models but cannot clarify the origin of the twisted field lines (emergence
versus reconnection above the photosphere).

1.4 Magnetic field measurements

In this section we will describe the techniques to infer magnetic fields from polarimetric
measurements. A brief overview of the inversion codes used in this thesis is presented as well
as a summary of the literature on the inferred magnetic fields in filaments and prominences.

1.4.1 Polarimetry

Light has an electromagnetic (EM) nature. This means that it can be represented by an
electric and a magnetic field vectors that oscillate perpendicular to each other and perpen-
dicular to the direction of propagation. If the electric field vector of a group of EM waves
oscillates in an organized way we say that the light is polarized. Mathematically, an electric
field vector in the z-y plane can be separated into the following two components:

E, = Ej cos(wt — ¢1) E, = Ejcos(wt — ¢2) (1.7)

where F7 and FEs are constants representing the amplitude of the wave, w is the angular
frequency, t is the time coordinate and ¢; and ¢o are the phases of each component. The
amplitudes of the wave (Ep,Es) together with the phase difference between E, and E,,
i.e., ¢1 — ¢o, describe the polarization state of the wave: linear, circular or elliptical. For
instance, when both phases have the same value (¢; = ¢2), the electric field vector E follows
a straight line in the x-y plane, the light beam is linearly polarized. The circular polarization
state (a circle is traced out by the electric field vector in the x-y plane) is achieved when
the components have their phases shifted by 7/2 (or 37/2), i.e., ¢1 — 2 = £90°, and
their amplitudes are the same (E; = Es). If none of the previous cases apply, the light is
elliptically polarized.

However, rather than an individual monochromatic light beam, what we really observe
is the superposition of many wave packets. Since the electric field vector cannot be directly
measured, George Stokes introduced the Stokes parameters (I,Q, U, V'), which are averages
of the amplitudes and phases of E:

I = <E}+F?> , Q= <E?-E2>
U = <2E1E2COS(§Z51—(Z)2)>, V = <2E1E28in(¢1—¢2)>. (1.8)

The advantage of these parameters is that a polarimeter, installed at the telescope, is able
to measure linear combinations of time averages of the four Stokes parameters. From Egs.
(1.8) it can be deduced that Stokes I is the total intensity and Stokes @ is the intensity
difference between horizontal and vertical linear polarizations. Stokes U gives information
about the intensity difference between linear polarization at +45° and —45° and Stokes
V allows us to distinguish between right or left-handed circular polarization (see also the
book and review by del Toro Iniesta, 2003; Trujillo Bueno, 2006, and references therein).
A basic characteristic of the Stokes parameters is that they obey the following equation:

I’>Q*+U*+V?. (1.9)
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It is thus possible to measure I although () = U = V = 0. This naturally leads to the case
of incoming radiation that is unpolarized (also known as natural light).

A polarimeter is an instrument that can measure linear combinations of the Stokes
I,Q,U, and V parameters. Several polarimeters that can measure the full Stokes vector
have been built in the past, for example, the Advanced Stokes Polarimeter (ASP; Elmore
et al., 1992),the Zurich Imaging Polarimeter (ZIMPOL; Povel, 1998), the La Palma Stokes
Polarimeter and the Tenerife Infrared Polarimeter (LPSP and TIP; Martinez Pillet et al.,
1999). Two fundamental components of a polarimeter are the polarizer and the retarder
(e.g., Landi Degl’Innocenti, 1992; del Toro Iniesta, 2003). When the light beam arrives at
the polarizer, only the component of the electric field vector oscillating along a particular
axis will pass through it. If the electric vector oscillates perpendicular to that axis, the
polarizer is completely opaque to that light. Therefore, a desired polarization state of the
incoming light beam (e.g., linear at 90°) can be selected. On the other hand, a retarder
divides the incident beam into two orthogonal components and shifts the phase of one of
them with respect to the other. As a consequence, the polarization state can be modified.
Once the radiation goes through the retarder and polarizer (see the scheme in Fig. 2 by
Landi Degl’Innocenti, 1992), the output beam I, (a,®) is a linear combination of the
four Stokes parameters, where « is the angle of the transparent axis of the polarizer with
respect to an arbitrary reference axis and ¢ is the phase shift introduced by the retarder.
Several variations of a and ¢ yield different measurements of I, (e, ¢). A combination of
the obtained I,y (e, ¢) leads to the determination of the Stokes parameters. In particular,
Stokes @, U, and V are calculated combining several I, (v, ¢) measurements.

1.4.2 The generation of polarized light

“Polarization is produced when the spatial symmetry is broken in the physical process that
generates the radiation that we observe”, by Stenflo (2002). Electric or magnetic fields,
anisotropic radiation or scattering, are elements that can break the symmetry.

Zeeman effect

The Zeeman effect can split a degenerated atomic energy level of an element into different
sublevels due to the presence of a magnetic field B. The radiation resulting from transitions
to and from these new sublevels is polarized. The energy level of an atom with angular
momentum J, can split into 2J 4+ 1 magnetic sublevels with magnetic quantum number M.
The following theory of the Zeeman effect is valid for “weak” magnetic fields, in the sense
that the Russel-Saunders or LS coupling is a valid approximation to describe the state of
the atom (see e.g., Stix, 2002; del Toro Iniesta, 2003). Then, the energy shift, and hence
the resulting wavelength displacement A\ of these sublevels, is proportional to the effective
Landé factor (gefr; a combination of the quantum numbers J, L and S) of the transition
and the magnetic field strength (see e.g., Landi Degl’Innocenti, 1992):

e

AN GefiAeB ~ 4.67 x 10”2 gg\2B , (1.10)

4meme

with Ao in A units and B in Gauss units. It is clear from Eq. (1.10) that the greater the
value of ger, Ag or B, the larger the wavelength displacement. Given the selection rules for
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y

Figure 1.9 The vector magnetic field B projected onto the local frame of reference is shown. The
angle 6 is the inclination of B with respect to the LOS. In the plane perpendicular to the LOS, the
angle between the reference axis (vertical axis) and B is called the azimuth angle x.

electric dipole transitions:

AM = My — M, =0,+1 , (1.11)

where M, (M) is the magnetic quantum number of the upper (lower) level, the transitions
that fulfill the condition AM = 0 are called 7 transitions and the ones that fulfill AM = +1
are known as ¢ transitions. It is important to note that the m component is not displaced in
wavelength, while the o components are shifted symmetrically to the red (oy; AM = +1)
and blue (01,; AM = —1) of the original wavelength. The subscripts “r” and “b” stand for
red and blue due to their shift in wavelength with respect to the central wavelength Ag.
When the magnetic field B is oriented parallel to the observer’s line-of-sight (LOS), only
the o transitions of the spectral line are seen and are circularly polarized while no 7 transi-
tions are seen (longitudinal Zeeman effect). The circular polarization spectrum shows two
antisymmetric lobes (see e.g., Fig. 1 in Trujillo Bueno, 2006). Longitudinal magnetograms
are based on this effect and are extremely useful to obtain 2D images of the Sun showing
the longitudinal component of B. When B is perpendicular to the LOS, both 7 and ¢ com-
ponents can be measured and represent linearly polarized light (transverse Zeeman effect).
The linear polarization spectrum shows one central lobe (7 component) and two symmetric
lobes placed on each side (o}, and o). However, usually B is neither completely longitudinal
nor transverse with respect to the LOS and therefore has an arbitrary inclination (#) and
azimuth (x) which can be inferred studying the Stokes profiles I(\), Q(A),U(X), and V().

Radiative transfer equation

In order to interpret the observed Stokes profiles, the polarized radiative transfer equation
(RTE) is needed. The solution to this partial differential equation gives the Stokes param-
eters as a function of a series of physical quantities used to describe the medium through
which the light travels. Given the Stokes vector I = (I,Q,U, V)" (“t” meaning transpose),
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the polarized RTE can be written as follows

Ay K(I - 8S), (1.12)
dte

where 7. is the optical depth measured in the continuum, K is the propagation matrix
of the light and S is the source function, defined as the ratio of emission to absorption
(Gray, 1992). The propagation matrix K is written as the addition of three matrices: the
absorption matrix and the symmetrical and antisymmetrical components of the matrix (see
Landi Degl’Innocenti, 1992). Under the approximation of Local Thermodynamic Equilib-
rium (LTE), the source function equals the Planck function, S = (Br,0,0,0)*. Equation
(1.12) can be extensively written as (Landi Degl’Innocenti, 1992):

I oo MU v I — By
d _
A | e m pv —rU Q (1.13)
dre | U noo—pv N pQ U
4 nvo opu —pQ NI V
The coefficients of the propagation matrix K can be expressed as follows:
n = 1+ % [¢psin29+ w(l+cos2 0)| , (1.14)
ng = % bp — (bb;gbr] sin? 0 cos 2 (1.15)
o= % bp — ¢b—2|_¢r] sin? @ sin 2y , (1.16)
o= 2 lée = du]cost, (1.17)
pQ = % Yp — 1%—21‘%] sin? 6 cos 2 , (1.18)
o = % by — wb;”’b] sin? @ sin 2y | (1.19)
n
pv = ™l ] cost (1.20)

The absorption profiles ¢, 1, » are a superposition of as many Voigt profiles as m, oy, and o,
Zeeman components are generated between the splitted upper Jy and lower Jj levels. The
¢ profiles are centered at the main (unshifted) wavelength Ag of the line transition (for the
7 components) or are shifted by £A\ (from Eq. 1.10) with respect to g (for the oy, and o,
components). ¥, ;. , are the dispersion profiles which include, for example, effects produced
by microscopic velocity fields (Landi Degl’'Innocenti and Landolfi, 2004). 7o is the ratio
between the absorption coefficient in the line center and the absorption coefficient of the
continuum. The angles # and x are used to describe the orientation of the vector magnetic
field B. 6 is the inclination angle between B and the line-of-sight (see Fig. 1.9). y is the
azimuth angle that B forms, when projected onto the plane of the sky (perpendicular to
the LOS), with respect to an arbitrary reference axis.
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The solution of the polarized RTE is a complex problem. Therefore, several approxi-
mations can be taken to solve it. One of them is the well-known weak field solution. This
approach is satisfied when the wavelength displacement A\ from Eq. (1.10) is much smaller
than the Doppler width of the spectral line:

A
off—— < 1, 1.21
9ei pny < (1.21)
where A)Ap is the Doppler width defined as:
Adp = AL | (1.22)
c

wr being the thermal velocity (a Maxwellian distribution of velocities), ¢ the speed of light
and A\g the wavelength of the transition.

For instance, a magnetograph (see Sect. 2.3.1) is based on the above-mentioned ap-
proach.

Paschen-Back effect

The aforementioned theory of the Zeeman effect is only valid for “relatively weak” magnetic
fields so that the LS coupling is an appropriate description to define the state of an atom.
However, in the “strong” magnetic field regime, the orbital angular momentum L and the
spin S are almost decoupled (Socas-Navarro et al., 2004). In such a case, the splitting of a
particular J level produced by the magnetic field is comparable to the energy separation
between different J levels (Landi Degl'Innocenti and Landolfi, 2004). Therefore, the spin-
orbit interaction represents a further perturbation that has to be taken into account and
which increases the difficulty to solve the Hamiltonian H. When this happens we are in
the so-called complete Paschen-Back regime. The incomplete Paschen-Back effect regime is
defined as the transition region between the weak (Zeeman effect regime) and the strong
magnetic field regimes. For instance, for the He 1 10830 A triplet the incomplete Paschen-
Back effect regime lies between 400 and 1500 G (Socas-Navarro et al., 2004). Since this
effect has a visible impact on the Stokes profiles generated in the solar atmosphere, it has
to be taken into account when interpreting these spectral lines.

Atomic level polarization

In the absence of magnetic field, there is no splitting of the magnetic energy levels, and
the m and o components of a transition lie at the same wavelength. As a consequence, the
emergent polarization signals cancel out. However, polarization can still be produced due
to population imbalances among magnetic sublevels of the same J level (Trujillo Bueno
et al., 2002; Trujillo Bueno, 2006). Given the upper and lower levels of a two-level atom,
Ju = 0 and J; = 1, respectively, if the sublevels of J; (M) = 0, £1) are not equally populated
and, for instance, M; = 0 is less populated than M; = £1, then there will be more ¢ than
7 transitions between J; — Jy. Hence, linear polarization is induced through a selective
absorption of polarization components. The same happens when the upper level has un-
balanced populations among sublevels and selective emission is generated, e.g., between
Ju=1— J =0.
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How do the population imbalances generate? If an atom is not isotropically illuminated,
say, for example, owing to a preferred direction of the radiation that comes from the solar
surface, then population imbalances can occur. In the above-mentioned example, a unidi-
rectional and unpolarized radiation beam, does not induce 7 transitions between the J;
and Jy levels. As a consequence, only the o transitions populate the upper M, = £1 sub-
levels. Anisotropic radiation is a rather common phenomenon that happens in the solar
atmosphere.

Hanle effect

Atomic level polarization can be generated in the absence of magnetic fields. Nevertheless, in
the presence of a magnetic field inclined with respect to the axis of symmetry of the radiation
beam, the Hanle effect produces a modification of the atomic level polarization, a rotation
of the polarization plane, and therefore a modification of the pre-existent polarization signal
(see e.g., Trujillo Bueno, 2001, 2006, for a review on this topic). In the case of filaments that
are at a considerable height above the photosphere, the radiation from below illuminates
anisotropically the material inside them, producing atomic level polarization. In addition,
the presence of a weak field (weak in the sense that B is not strong enough to produce
a visible Zeeman splitting) can induce the Hanle effect. There is a critical magnetic field
strength required in order to produce a modification of the linear polarization signal via
the Hanle effect (Trujillo Bueno, 2006):

1137 x 1077
liife Jeft

B (1.23)

where tjf is the life time of the level. Remembering Eq. (1.10), (geB) represented the
Zeeman splitting. If geg B > 1/tjfe, then we are in the Hanle saturated regime. Eq. (1.23) is
only valid if the atom is excited by radiative transitions (not due to collisions of any kind). As
reported by Stenflo (2002), depending on the atomic levels involved in a specific transition,
the critical magnetic field for the Hanle effect lies between 1-100 G (transitions between
excited states) or even much lower, around 0.01-1 G (transitions between the ground and
excited states). It is therefore clear that the Hanle effect is an important diagnostic tool to
study structures that involve weak fields in the solar atmosphere.

1.4.3 The 180° ambiguity

From polarimetric observations it is possible to infer the vector magnetic field B. However,
in the context of the Zeeman effect, there is not a unique solution for the component of B
that is perpendicular to the LOS. Let us call this component B, . In a Cartesian coordinate
system, if z is chosen along the line-of-sight, B can be projected onto the three axes: B, B,
(perpendicular to the LOS; B, ), and B, (along the LOS; B)j). The following equations can

be written for each component of B (see Fig. 1.9):
B, = |B]sinfcosy , (1.24)

B, |B|sin@siny , (1.25)
B, = |B|cosf, (1.26)
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with € being the inclination of B with respect to the line-of-sight and x the azimuth angle
in the plane perpendicular to it. These angles are inferred from the Stokes profiles. Take
as an example the weak field regime (see Sect. 1.4.2), where Stokes Q(\) and U(\) are
proportional to (Landi Degl’Innocenti and Landolfi, 2004)

Q(\) o sin?fcos2y , (1.27)
U(\) o sin?fsin2y . (1.28)

The azimuth angle can be easily obtained dividing both equations (Auer et al., 1977):

Uh)
tan 2y o (1.29)
From Egs. (1.27) and (1.28) it is straightforward to see that a 180° rotation of the azimuth
angle in the plane perpendicular to the LOS, yields the same Stokes Q(\) and U(\) profiles.
For that reason, the vector magnetic field cannot be fully determined without solving this
180° ambiguity.

Unfortunately there is no easy way to solve this problem. However, several methods
have been used to address this issue (see Metcalf et al., 2006, for a complete review on this
issue). Among others: the “Minimum Energy” method (e.g., Metcalf, 1994), the “Uniform
Shear” method (Moon et al., 2003), the “Structure Minimization” method (Georgoulis et al.,
2004), the “Chiral” method (Martin et al., 2008) and the AZAM utility (see Appendix A
in Lites et al., 1995). A description of each of them is far beyond the scope of this thesis.
Nevertheless, a brief description of the AZAM utility will be presented below since that
code was applied to the data of this thesis.

The AZAM utility

Originally developed to solve the 180° ambiguity from Advanced Stokes Polarimeter data,
the AZAM code (e.g., Lites et al., 1995; Metcalf et al., 2006) has been adapted for its use
with the Tenerife Infrared Polarimeter data sets. AZAM is an interactive tool written in the
IDL programming language that has to be applied on the inferred magnetic field inclination
or azimuth maps. It is mainly aimed at resolving the azimuth ambiguity interactively but
it also has advanced displaying features for the data sets.

AZAM has several initial guess solutions to solve the ambiguity, among others, the
closest to potential field solution, a whole-map smoothing to minimize the discontinuities,
or an up-and-down solution — the closest to LOS solution of the vector magnetic field— as
a first approach. After a first disambiguation attempt, further fine tuning of the azimuth
solution is required. One can then select a small arbitrary box (ranging from 1 x 1 to
16 x 16 pixels) in the field of view. It is important that the azimuths of the pixels inside this
initial box do not differ too much, to meet the continuity requirement of the AZAM code.
Then, the user interactively drags the box across the FOV in order to smooth out magnetic
field discontinuities. It should be mentioned that it is not an easy task to smooth out the
magnetic field solution. Naturally, the stronger the magnetic fields the more reliable are the
inclinations and azimuths inferred from the observations and the better AZAM works with
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the provided maps. One typically begins to smooth out the maps starting from structures
where the orientation of the vector magnetic field is constrained by the context. For this
reason, unipolar sunspots are perfect candidates since the polarity can be easily inferred
from longitudinal magnetograms. When such structures are not available, like in our case,
the determination of the correct azimuth is more complicated and, as stated by Lites et al.
(1995): “the resolution of the azimuth ambiguity remains somewhat of an art”. However,
each solution should of course have a physical meaning within the global picture of the
magnetic field that surrounds the region under study.

Another advantage of the AZAM utility is that it directly projects the inclination and
azimuth angles onto the solar frame of reference (not on the observer’s frame). Therefore,
the resulting vector magnetic field components B, (B)) and B, and By (B.) correspond
to field lines along the solar radius and parallel to the solar surface, respectively.

1.4.4 Techniques to infer the magnetic field strength: Inversion codes

The atmospheric conditions where polarized light is generated cannot be directly measured.
One way to infer the physical conditions that take place in the solar atmosphere is to
interpret the Stokes profiles of spectral lines. Understanding the observations can then lead
to the creation of model atmospheres that satisfy the observed conditions. However, the
relation between the observations and the model parameters is a non-linear problem.

In a simplified way, an inversion code (IC) generates synthetic Stokes profiles fsyn()\)
and compares them with the observed ones I° °bs()\). To that end, the IC uses a predefined
atmospheric model as an initial guess. The atmospheric model has a set of free parameters
which will be modified iteratively by the code in order to achieve the best fit between the
synthetic and the observed Stokes profiles. The goodness of this fit is given by the merit
function x? (e.g., Ruiz Cobo and del Toro Iniesta, 1992; del Toro Iniesta, 2003):

1 2
;ZZ[IO"S ()] W (1.30)

s=1 i=1

where v is the number of degrees of freedom (the difference between the number of observ-
ables and free parameters), s samples the four Stokes parameters, g samples through the
wavelength range and the w parameter represents the relative weight of the Stokes profiles.
The IC modifies the free parameters searching for the global minimum of the x? function.
In order to minimize y?, the most common algorithm used by the available ICs is the
Levenberg-Marquardt method (Numerical recipes; Press et al., 1986) used for least-square
curve fitting, although several other methods exist. A negative feature of this method is
that it can get trapped quite easily in local minima of the merit function (see e.g., Asensio
Ramos et al., 2008) but ICs have ways to avoid this.

Every particular IC uses its own set of free parameters, although many are common
among them. An initial set of parameters is needed in order to produce the first synthetic
profiles (which then are iteratively changed in order to minimize y?) and compare them with
the observed ones. Therefore, it is necessary to estimate the initial atmospheric conditions
to run the IC. Obviously this is not an easy step since this information is exactly what
we are trying to retrieve from the inversions. One can find several atmospheric models
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for different solar phenomena in the literature: e.g., sunspot umbrae model (Maltby et al.,
1986), average quiet Sun model (Vernazza et al., 1981), and penumbral model (del Toro
Iniesta et al., 1994), that can be used as initial guesses for the IC.

Another fundamental ingredient that needs to be introduced into the IC is the atomic
data of the involved line transitions. Parameters such as the rest wavelength, the quantum
numbers, the logarithm of the oscillator strength times the multiplicity of the lower level
(log(gf)), and the excitation potential are needed by some ICs.

Depending on the level of physical complexity, several inversion codes are available to
the solar community (see the reviews by Socas-Navarro, 2001; Asensio Ramos et al., 2012).
The simplest (but widely used) ICs are based on the Milne-Eddington (ME) approxima-
tion (see explanation below): VFISV (Borrero et al., 2011) developed for the Helioseismic
and Magnetic Imager (HMI), MERLIN (Lites et al., 2007), HELIX (Lagg et al., 2004),
MELANIE (Socas-Navarro, 2001), etc. More complex codes that assume LTE and include
a depth stratification, e.g., SIR (Ruiz Cobo and del Toro Iniesta, 1992), or are able to deal
with NLTE spectral lines, e.g., NICOLE (Socas-Navarro et al., 2000) and SIR (see Chapter
3), have also been developed. It is also worth mentioning the inversion code HAZEL (Asen-
sio Ramos et al., 2008), which takes into account the atomic level polarization produced by
anisotropic illumination and its modification through the Hanle effect.

While Levenberg-Marquardt minimization is the most common inversion tool, others,
such as the principal component analysis (e.g., Lépez Ariste, 2002), see Sect. 2.3.3, are able
to carry out the same task without using least-square fitting techniques.

Milne-Eddington atmosphere

The Milne-Eddington approximation assumes that the relevant physical quantities of the
atmosphere are constant with height, with the exception of the source function S that
depends linearly on the optical depth (e.g., Landi Degl'Innocenti, 1992; del Toro Iniesta,
2003):

S(r) = So + Sit = (So + S17)(1,0,0,0)" . (1.31)

Based on this assumption, an analytical solution of the polarized RTE (Eq. 1.12), referred
to as the Unno-Rachkovsky solution, can be found. As a result of this, the Stokes profiles
are given as a function of wavelength and a set of nine parameters:

e Vector magnetic field parameters: B, 6, and y.

Line strength or line core to continuum absorption coefficient ratio 7y (see Sect. 1.4.2).

Doppler width of the line AAp.

e Damping parameter a.

Line-of-sight velocity vr,os.
e Source function and its gradient Sy and S7.

In order to understand how 7y and a affect the resulting Stokes profiles, a test synthesis of
Stokes I with different values of these parameters was performed, see Fig. 1.10 (the other



14 Magnetic field measurements 27

1.00E _ -

095F

0.90 F
L 0.90

— [ Damp: 0.0
F [ Damp: 0.1
[ ls: 8.0

0.85 =
0801 70 B F Damp: 0.3
801 [ Damp: 0.4
[ls: 50 ] [
(7] = 0.80 | ]
r ] [ Damp: 0.7
F [ Damp: 0.8
[ 1s: 1.0 n .
0.70 s 0.0, ‘ ‘ ‘ ‘ ‘ - 0.75 [ Pamp: \Og | | | | L]
10828.5 10829.0 10829.5 10830.0 10830.5 10831.0 10828 10829 10829[ A 10830 10830 10831
A (4] A [A]

Figure 1.10 Synthetic Stokes I profiles from the inversion code MELANIE. The color-coded lines
show how the variation of the line strength (left) and the damping parameter (right) affects the
resulting spectral line profile. The following parameters were fixed and used for both plots: B =
875G, 0 = 85°, x = 58°, A\p = 163mA, Sy = 0.6, S; = 0.4, and macroturbulence = 6kms~!. In
particular, the lefthand figure has a line strength range of ny € [0.0,8.0], damping a = 0.12, and
LOS velocity vr,og = 0kms™!. The righthand figure has a changing damping parameter between
a € [0.0,0.9], no = 2.76, and vp,os = 1.58 kms~! (redshift).

parameters were fixed, see the caption in this figure). Variations of 7y are mainly responsible
for the depth of the line while variations of a lead to smoother line profiles with shallower
line cores and extended wings.

The need to describe the presence of turbulence is somehow “mysterious” because its
nature in stellar atmospheres is not well understood. Nevertheless, it is a necessary param-
eter of ICs. As defined by Rosseland, turbulence comprises motions of gas that can be of
large scale compared to atomic dimensions and of small scale when compared to the size
of the star. Turbulence affects the spectral line profiles mainly producing line broadening
(Gray, 1992; Asplund et al., 2000). Furthermore, Gray (1992) defines microturbulence as
the motions of turbulent elements smaller than the mean free path (MFP) of the photon
and macroturbulence as turbulent motions of scales that are larger than the MFP. Asplund
et al. (2000) found in their simulations that micro and macroturbulence are produced by
the photospheric granular velocity field and temperature inhomogeneities.

Although many ICs are based on the ME approximation, the simple assumption that the
observed radiation is generated at a constant height in the solar atmosphere is unrealistic.
A clear proof of this are the observed Stokes V' profile asymmetries presumably originated
by gradients of the velocity and magnetic fields along the LOS (see e.g., Landolfi and
Landi Degl’Innocenti, 1996; Balasubramaniam et al., 1997; Lépez Ariste, 2002; Sainz Dalda
et al., 2012). Therefore, ME inversions are a good tool to retrieve physical quantities of the
analyzed Stokes profiles as a first approach, but they have certain limitations that have to
be taken into account.
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1.4.5 Inversion code: MELANIE

The Milne-Eddington Line Analysis using a Numerical Inversion Engine (MELANIE) in-
version code was developed by H. Socas Navarro. MELANIE is based on the aforementioned
ME approach and is able to interpret the Stokes profiles only in the Zeeman effect regime.
It can be used either in synthesis or inversion mode.

The IC requires a “grid” file that defines the spectral region under study, the starting
wavelength in A units, the sampling (mA px~'), and the number of wavelength points. For
instance, the He 1 10830 A spectral region, for a particular map, had a starting wavelength of
10828.245 A, a sampling of 33.1 mA px~!, and the profiles comprised 86 points. The former
two values slightly change among different maps (changes of the order of NmA) because
the wavelength calibration is carried out individually for each map. Furthermore, this file
needs the atomic parameters, such as the quantum numbers S, L, and J, for the lower and
upper levels and the relative strength of the lines (see Table 1.1).

The relative weighting of Stokes I, @, U, and V can be customized for the inversion. We
did not use a unique set of weights for all of the 10830 A data sets analyzed in this thesis but,
typically, Stokes @ and U were weighted more than I and V because their profiles were
weaker. Also, MELANIE has the possibility to fix any parameter to an arbitrary value.
The Stokes profiles have to be normalized to the local (pixel-by-pixel) continuum intensity
before providing them to the IC: I/1.,Q/1.,U/I., and V/I..

An initial guess for the model atmosphere is given in a different file, and it has to contain
values for the following eleven parameters: the magnetic field B and its inclination 6 and
azimuth y, the line strength, 1y, the Doppler width, AAp, the damping parameter, a, the
LOS velocity, vr,os, the source function and its gradient, Sy and Sp, the macroturbulence,
Umac, and the stray-light fraction, c. These values are constant with optical depth.

The term “stray light” refers to scattered photons that contribute to the observed
spectra but are actually not coming from the object under study. There is not only one
source for these photons. It is rather a mix of light that scatters in the Earth’s atmosphere
and inside the instrument (see e.g., Martinez Pillet, 1992; Chae et al., 1998; Asensio Ramos
and Manso Sainz, 2011; Beck et al., 2011, and references therein). Stray-light contamination
is taken into account by adding a mean intensity profile to the Stokes I synthesized by the
IC. This scattered light profile is calculated by averaging several pixels that are far away
from magnetic structures in the observed map. Nevertheless, Asensio Ramos and Manso
Sainz (2011) recommend computing the stray-light profile as an average over the whole field
of view (FOV).

1.4.6 Inversion code: SIR

The Stokes Inversions based on Response functions (SIR) code is a more complex inversion
code than MELANIE. The main advantage of SIR is that it uses a depth stratification of
the physical parameters of the model atmosphere. Hence, contrary to a ME atmosphere,
all parameters change with the optical depth. This makes this code more time-consuming,
but at the same time the resulting atmosphere is more realistic since gradients along the
LOS are permitted. SIR handles spectral lines that are formed in LTE conditions and
assumes hydrostatic equilibrium. The code has also the possibility to introduce constant
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NLTE coefficients (LTE departure or so-called 3 coefficients). The polarization signal is
interpreted in the Zeeman effect regime.

In synthesis mode, through the calculation of response functions, given an atmospheric
model one can study the sensitivity of the emergent Stokes profiles to a particular physical
parameter as a function of height (optical depth) and wavelength. This was performed in
this thesis for the Si 1 10827 A line and will be commented in Sect. 3.3. As explained by
Ruiz Cobo and del Toro Iniesta (1992), RFs tell us how the observed spectrum changes
due to modifications of the physical parameters of a given model atmosphere. Therefore,
RFs are the derivatives of the merit function (x?) with respect to the free parameters. SIR
computes the RFs to all the atmospheric parameters once in each iteration. The main goal
of the inversion is the minimization of x?, which translates into a good agreement between
the synthetic and observed Stokes profiles and hence to a good resulting model atmosphere.

The model atmosphere has a set of ten depth-dependent parameters that vary with
respect to the logarithm of the continuum optical depth at 5000 A: temperature, T', electron
pressure, P,—, microturbulent velocity, vmic, the magnetic field parameters B, 6, and x, the
LOS velocity, vros, the geometrical height, x, the gas pressure, F,, and the density, p.
In addition, three depth-independent parameters, that globally change for each pixel, are
needed: macroturbulent velocity, vmac, stray light, «, and the filling factor, f. Out of these
ten parameters, due to the hydrostatic equilibrium constraint, only the following six are
independent: T, vy, the magnetic field parameters B, 6, and x, and vi,os.

It is worth pointing out why one commonly uses either a or f as free parameters instead
of both. Assuming that, in a given pixel, the observed Stokes I, is the sum of a magnetic
(m) and a non-magnetic (nm) contribution, just because our instrument is not resolving
the smallest spatial scales:

Ipw = [T+ (1= )T (1.32)

Furthermore, it is widely assumed that the measured Stokes I, is contaminated by light
from the surroundings (stray light) and one can write:

Iobs = aIs + (1 - a)Ipx 5 (133)

where « is the stray-light parameter. If one further assumes that Ij" = I, it is trivial to
show that

Iops = Bls + (1 - 5)1;1( ) (134)

being 8 = f(1 — «). The fact that a and f appear in this equation as a product makes it
impossible to decouple both parameters.

The perturbations of the physical parameters are not computed for each optical depth.
The user has to choose a set of nodes (selected grid points along the LOS) for each parameter
(and each iteration cycle) where the perturbations are calculated. The perturbations of the
remaining grid points are obtained by interpolating the values computed at the nodes. As
a result, fewer free parameters have to be solved in the RTE. It is not easy to decide the
adequate number of nodes for all parameters. There is no established rule for selecting
the number of nodes but generally one tries to use as few as possible, in other words, less
freedom of the inversion code while at the same time obtaining an adequate x? result.
However, once the IC is guided into the right direction, the next cycles usually have slightly
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more nodes in order to “fine tune” the x? minimization. Examples of typical values of the
amount of nodes for three cycles that have been used in this thesis are given in Table 1.3.

Inversion Nodes
type T P, Vmic B (7] X VLOS
Standard | 2,34 — 1,1,1 223 223 11,1 233
Two-comp | 234 = LLL 222 LL1 111 222
1 - 11,1 0222 11,10 1,11 2,22

Table 1.3 Example of the number of nodes used for each parameter throughout the three cycles
of a SIR inversion. The number of nodes in each cycle is separated by a comma. The first column
identifies the type of inversions that were carried out: standard (all Stokes profiles are equally
weighted; wr,g.v,v = 1) and two-component inversions (using two atmospheric models). See Sect.
5.3 for a more extensive explanation of the different inversion schemes.

* The ”—1” node means that the temperature is coupled between both atmospheric models.

In our case, the P,- cannot be reliably inferred since the spectral profiles do not provide
enough information (more than one ion is required to infer P,—; Landi Degl’Innocenti and
Landolfi, 1982). That is the reason why in Table 1.3 no nodes were used for this param-
eter. The atomic data required by SIR for the Si 1 10827 A line appear in Table 1.2. The
abundance of Si 1, defined as 12 + log[Si]/[H], was taken from Thevenin (1989) who gives
7.5.

The observed Stokes profiles that will be used by SIR ideally need to be normalized to
the continuum of the quiet Sun at disk center. However, usually the region under study
is not located at disk center. While flat-field images can be used for this purpose, in our
case we could not reliably verify that they were taken, as usual, at disk center. Another
drawback, but less important than the above-mentioned one, is that small changes of the
atmospheric conditions between the data and the flat-field images can occur. Therefore, the
continuum was determined for each map out of an average of pixels that are far away from
magnetic regions. Slit reconstructed images centered at wavelengths where Stokes @, U,
and V have their maximum signal can be used to find “quiet” Sun regions. From the non-
magnetic regions (where @, U, and V' were negligible), the average value of the continuum
I. was inferred. Then, the four Stokes profiles were divided by I..

1.4.7 Magnetic field strength in filaments

The literature on inferred magnetic field strengths in prominences and filaments is re-
viewed in this section. The first measurements provided only the LOS component of the
field strength (Bros) via the longitudinal Zeeman effect (e.g., Zirin and Severny, 1961).
Harvey and Tandberg-Hanssen (1968) showed in their study that the longitudinal magnetic
field strength in prominences, inferred using the Zeeman effect, yielded consistent values
when different spectral lines, such as He 1 D3, Ha, and H3, were used. Later, the Hanle effect
provided new measurements and opened the possibility to measure the total field strength
(B) in prominences (e.g., Sahal-Brechot et al., 1977; Leroy, 1977) and to retrieve the com-
plete magnetic field vector (Bommier et al., 1981). A combination of both, the Zeeman and
Hanle effects, yields the most reliable values. For instance, Casini et al. (2003) applied PCA
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to the four Stokes profiles recorded at a QS prominence obtaining values between 10-20 G
for the field strengths, although selected points reached values up to 70 G.

It is worth noticing that from an observational point of view, Leroy et al. (1983) found
that the magnetic field strength in QS prominences increased with height. The authors
inferred a vertical gradient of 0.5 x 107* Gkm™!, which is consistent with the vertical
gradient of the horizontal field strength previously found (1074 Gkm™!) by Rust (1967).
Extrapolation models (with constant «)) have also found gradients of the magnetic field of
0.1-1.5 x10~*Gkm™! in filaments (Aulanier and Démoulin, 2003).

A list of magnetic field measurements of prominences and filaments, before the year
2009, is given in Table 1.4. The following columns are shown in the table: Brog (longitudinal
magnetic field strength), B (total magnetic field strength), Type (where the prominence /
filament was observed), Line (the spectral lines used for the inference of the field strength),
Method (either Zeeman or Hanle effect, or both), and the bibliographic reference.

Bros (G) B (G) Type Line Method Reference
25328 B gg{ ;);(?r;n gg %2?2:2 Zirin and Severny (1961)
5 — QS prom. Ha Zeeman

8-60 — Sunspot prom. Ha Zeeman Rust (1967)

80+ 6 - Active prom. Ha Zeeman Malville (1968)
200 £ 100 — AR prom. ? Zeeman Harvey (1969)
7.3 - QS prom. Ha Zeeman Tandberg-Hanssen (1970)

<136 - Limb prom. Not specified Zeeman T-H and Malville (1974)

4.5+34 0-10 QS prom. He1 D3 Zeeman & Hanle Leroy (1977)
11.1-12.3 — QS prom. He 1 D3,HS Zeeman Kim et al. (1982)

- 8 PC prom. He1Ds Hanle Leroy et al. (1983)

— 6—27  Prom. He1 Ds Hanle Athay et al. (1983)

- 6-60 QS prom. He1 D3 Hanle Querfeld et al. (1985)

8-20 — Prom. He 1 D3,Ho,Hp Zeeman Nikolsky et al. (1984)
75-180 — Active prom. Ca 11 8542 Zeeman Wiehr and Stellmacher (1991)
30-45 - QS prom. He1 D3 Zeeman Paletou et al. (2001)

- 20 QS fil. He 1 10830 Hanle Trujillo Bueno et al. (2002)
— 1020 QS prom. He1 D3 Zeeman & Hanle Casini et al. (2003)
— ~30 PC prom. He 1 10830 Zeeman & Hanle Merenda et al. (2006)

Table 1.4 Magnetic field strength measurements in prominences and filaments. Abbreviations: AR
(active region), QS (quiet Sun), PC (polar crown). The sunspot prominences are described by Rust
(1967) as QS prominences near sunspots.

To summarize, the inferred magnetic fields in QS filaments / prominences reach val-
ues up to 60 G. For AR prominences, the longitudinal component (along the LOS) of the
magnetic field presents values in the range of 75-200 G.
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1.5 State of purpose of the thesis

The main scientific driver for the work developed in this thesis was to analyze, through
observations, the magnetic structure in solar active region filaments and how AR filaments
are formed. Since filaments are always detected above polarity inversion lines, it is also
crucial to study the magnetic structure in the photosphere to get a global picture of the
formation scenario.

Filament formation, evolution and their disappearance are important issues in solar
physics that are currently being widely debated. The disappearance of a filament may lead
to violent coronal mass ejections (CMEs), with material being expelled into space at great
velocities, and it is associated with a global change in the coronal magnetic field topology.
CMEs are explosive events that occur in the solar atmosphere and which immediately affect
the space weather near Earth. To study the formation of AR filaments, it is necessary to
understand how the magnetic field behaves in these kind of structures. As seen in Table
1.4, there seems to be a gap in the available magnetic field strength measurements in AR
filaments. Several authors (e.g., Tandberg-Hanssen and Malville, 1974) have argued that
there is an upper limit of the LOS component of the field strength (Bpog) in prominences.
This upper limit is around 200 G and has to be further confirmed by new observations.

The following objectives have been achieved:

i) Inference of the magnetic field strength from the AR filament data of July 2005.
Comparison of the inferred values with new AR filament observations.

ii) Analysis of the vector magnetic field in the AR filament and in the underlying photo-
sphere. Projection of the vector magnetic field onto the local solar frame of reference.
Resolution of the 180° ambiguity.

iii) Representation of the global magnetic structure of the AR along the PIL using dif-
ferent visualization tools and techniques.

iv) Study of the evolution of the AR filament. Determination of the absolute line-of-sight
velocities with high accuracy. Analysis of the dynamics of the magnetic fields inferred
from the He 1 10830 A triplet and the Si1 10827 A line inversions.

v) Combination of all the inferred properties in a consistent scenario of the structure
and evolution of the observed AR filament.

vi) Comparison of this scenario with the properties of filaments expected from different
models.
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inside an active region filament using spectropolarimetric data sets of the He 1

10830 A triplet. The data were acquired on July 2005 with the Tenerife Infrared
Polarimeter at the Vacuum Tower Telescope, Tenerife, Spain. A compact active region
was found near disk center (see Fig. 2.1). By closer inspection, the AR was extremely
compact at the polarity inversion line, i.e., the opposite polarities were very close together
(almost touching each other). The AR emerged a couple of weeks before on the rear side
of the Sun. A filament was clearly detected on top of the polarity inversion line. A careful
analysis of the Stokes profiles, using three different techniques, yielded consistent values of
the magnetic field strength inside this AR filament.

The first part of this thesis is dedicated to the inference of the magnetic field strength

The article presented in this chapter was published with the title “Magnetic field
strength of active region filaments”, in Astronomy & Astrophysics, volumen 501, pages
1113-1121, year 2009.

Abstract: We study the vector magnetic field of a filament observed over a compact
active region neutral line. Spectropolarimetric data acquired with TIP-II (VTT, Tenerife,
Spain) of the 10830 A spectral region provide full Stokes vectors that were analyzed
using three different methods: magnetograph analysis, Milne-Eddington inversions, and
PCA-based atomic polarization inversions. The inferred magnetic field strengths in the
filament are around 600-700 G by all these three methods. Longitudinal fields are found
in the range of 100-200 G whereas the transverse components become dominant, with
fields as high as 500-600 G. We find strong transverse fields near the neutral line also at
photospheric levels.

Our analysis indicates that strong (higher than 500G, but below kG) transverse
magnetic fields are present in active region filaments. This corresponds to the highest field
strengths reliably measured in these structures. The profiles of the helium 10830 A lines
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Figure 2.1 SOHO/MDI photospheric full-disk line-of-sight magnetogram saturated at
4300 G. White represents positive and black negative polarity. The black circle is centered
at active region NOAA 10781.

observed in this active region filament are dominated by the Zeeman effect.
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ABSTRACT

Aims. We study the vector magnetic field of a filament observed over a compact active region neutral line.
Methods. Spectropolarimetric data acquired with TIP-II (VTT, Tenerife, Spain) of the 10830 A spectral region provide full Stokes
vectors that were analyzed using three different methods: magnetograph analysis, Milne-Eddington inversions, and PCA-based atomic

polarization inversions.

Results. The inferred magnetic field strengths in the filament are around 600-700 G by all these three methods. Longitudinal fields
are found in the range of 100-200 G whereas the transverse components become dominant, with fields as high as 500-600 G. We find
strong transverse fields near the neutral line also at photospheric levels.

Conclusions. Our analysis indicates that strong (higher than 500 G, but below kG) transverse magnetic fields are present in active
region filaments. This corresponds to the highest field strengths reliably measured in these structures. The profiles of the helium
10830 A lines observed in this active region filament are dominated by the Zeeman effect.

Key words. Sun: filaments — Sun: photosphere — Sun: chromosphere — Sun: magnetic fields — techniques: polarimetric

1. Introduction

The magnetic field strength of active region (AR) fila-
ments has long remained poorly known or understood.
The situation for quiescent filaments is notably more
satisfactory since the early measurements back in the 70s
(see, e.g., the review by Lépez Ariste & Aulanier 2007). Field
strengths measured in quiescent structures, mostly using the
Hanle effect on the linear polarization of He D3 at
5876 A (e.g., Sahal-Brechot et al. 1977), were found to be in
the range of 3—-15G (Leroy et al. 1983; see also the review by
Anzer & Heinzel 2007). However, more recent measurements,
which also took circular polarization into account, consistently
show a tendency towards stronger field strengths. For example,
the He 10830 A investigation of Trujillo Bueno et al. (2002)
and the He Dj3 of Casini et al. (2003) found, respectively,
field strengths of 20-40G and 10-20G (with field strengths
up to 80G in the latter set of observations). With similar
techniques, using carefully inverted observations of the He
10830 A lines, Merenda et al. (2006) find field strengths of
about 30 G. Other recent works that also obtained relatively
strong filament magnetic fields as compared with older measure-
ments are Paletou et al. (2001) and Wiehr & Bianda (2003). Of
particular interest are the high field strength areas revealed by
Zeeman-dominated Stokes V profiles in conjunction with scat-
tering dominated Q and U linear polarization signals obtained
by Casini et al. (2003), showing how important it is to use all
four Stokes parameters for a proper determination of the field
strength in prominences.

Well-established properties of AR filaments are their
systematically stronger field strengths as compared to their
quiescent counterparts, and they lie lower in the atmosphere

(see, e.g., Aulanier & Démoulin 2003). Zeeman obser-
vations, using coronagraphs, provided field strengths
for AR prominences in the range of 50-200G
(Tandberg-Hanssen & Malville 1974, and references therein).
However, the intrinsic difficulties of observing such low-
lying structures near the limb and the use of Ha magne-
tography render these results somewhat questionable (see
Lépez Ariste et al. 2005, for the problems associated with
using a Zeeman-based formulation of the measurements
made in Ha). Perhaps the most relevant modern estimate of
the field strength in AR prominences has been provided by
Wiehr & Stellmacher (1991), who measured the longitudinal
magnetic field using the Stokes / and V profiles of the Ca
IR triplet, finding a value of 150G, compatible with previous
measurements. It is important for the discussion presented in our
paper to note that, in that observational study, linear polarization
signals (Q and U) were not included. The only measurements of
strong magnetic fields using an He 10830 A full Stokes vector
that we are aware of belong to a multicomponent flaring active
region and reached values of ~380 G (see Sasso et al. 2007).
Because measurements are scarce, we are still far from hav-
ing a complete picture of the field strengths that permeate so-
lar filaments. Some progress has come from using photospheric
distributions of (mostly longitudinal) fields that are extrapolated
into the corona (usually using models of constant-a force-free
field). The study by Aulanier & Démoulin (2003) is of partic-
ular relevance to the present work. According to these authors,
the field strength of filaments found from the extrapolations is
about 3 G for the quiescent case, 40 G for active filaments (called
“plage case” in their work) and 15 G for intermediate cases. The
typical height in the atmosphere of a filament base ranges from
20 to 10 Mm, or even lower, as one moves from quiescent to AR

Article published by EDP Sciences
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structures. These authors also find positive field gradients with
height that result in values of 0.1-1 GMm™!, i.e., stronger fields
are higher up in the atmosphere. If these gradients are used to
extrapolate down into the photosphere, the fields there would be
very similar to those found some Mm up in the corona. For ex-
ample a 10 Mm-height active filament with 100 G in the corona
would have no less than 90 G close to the photosphere. The ar-
gument could also be turned around to start from the fields mea-
sured near the photosphere, close to AR neutral lines (NLs),
and infer what the fields could be high in the corona. In the
case of kG-strong plage fields, with high density areal filling
factors (that can reach up to 50%; Martinez Pillet et al. 1997),
one could expect fields of several hundred Gauss within the
filaments. Indeed, Aulanier & Démoulin (1998, 2003) provide
arguments supporting a relationship between the photospheric
fields at the base of the filament and the filament fields up in
the corona. They conclude that the stronger the photospheric
fields at the base of the filament, the stronger the field in the
filament itself. Similarly, the separation of the two opposite po-
larity regions scales inversely with the field strength of the fil-
ament, the latter being greater whenever the two polarities are
closer together. Dense (highly packed) fields in the photosphere
correspond indeed to the photospheric configuration found be-
low AR filaments as observed recently by Lites (2005) and
Okamoto et al. (2008). In both cases, they find opposite polarity
“abutted” plage fields at the NL, with sheared horizontal fields in
the hecto-Gauss range and relatively high filling factors. These
abutted field configurations seem to also correspond with low-
lying filaments structures. Lites (2005) comments that the height
of the filaments on top of the abutted plage fields is no more than
2.5Mm. Thus, high density (i.e., large filling factor) horizon-
tal plage fields near AR NLs, together with the inferences from
theoretical modeling (Aulanier & Démoulin 1998, 2003), would
indicate that fields of several hundred Gauss can be expected in
low-lying AR filaments.

Given the observation that energetic coronal mass ejections
(CMEs) are often associated with AR filament eruptions (see,
e.g., Manchester et al. 2008; and Low 2001, for a review), it is
highly desirable to develop diagnostic tools for direct measure-
ments of the AR filament magnetic field and its evolution, from
its emergence (see Okamoto et al. 2008) to the erupting phase.
In this work, we present a clear diagnostic tool of how this can
be achieved using full Stokes polarimetry of the He 10830A
lines.

2. Observations

The observations described in this paper were carried out at the
German Vacuum Tower Telescope (VTT, Tenerife, Spain) on
the 3rd and the 5th of July, 2005, using the Tenerife Infrared
Polarimeter (TIP-II, Collados et al. 2007). TIP-II allows to mea-
sure the full Stokes vector (almost) simultaneously for all the
pixels along the spectrograph slit. The slit (0’5 wide and 35”
long) was placed over the target, a filament lying over the NL
of active region NOAA 10781 situated close to disk center (at
coordinates N13-W4 around ¢ = 0.97 on July 3rd and at N13-
W29 or u = 0.92 on July 5th) with the help of context Ha and
continuum images. The He frames showed the filament lying
always on top of bright plage regions visible immediately to ei-
ther side of the absorption feature. It is likely that the results
presented in this paper particularly apply to such an “active”
filament configuration. SOHO/MDI (Scherrer et al. 1995) mag-
netograms and continuum frames have been used to follow the
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evolution of the active region as it crossed the visible surface.
The active region was identified to be in its slow decay mode,
encompassing a round symmetric leader sunspot and a follower,
spotless, plage region. At the location of the NL, sporadic pore-
like formations and penumbral-like configurations (with no ev-
ident radially symmetric link to an umbral or pore structure as
normal penumbra or partial penumbrae do) were seen, especially
on the 5th of July data-sets. Pores near the NL with both polari-
ties are identified and the penumbral-like region seems to corre-
spond to field lines connecting them. The NL was oriented in the
N-E direction and showed a very compact configuration, with
the two polarities always remaining in close contact. The leader
sunspot became invisible on the 6th of July after decreasing in
size while approaching the west solar limb.

Two observing strategies were used to map the NL region.
Several spatial scans that covered the whole AR were carried
out in the course of the 3 days, and one time series (with the
slit fixed over the filament) was taken on July 5th. This data-
set was averaged in time in order to improve the signal-to-noise
(S/N) ratio of the spectral profiles. The pixel size along the slit
was 0”17 and the scanning step (in the case of the rasters) was
0”3 per step. The exposure time per slit position was 8 seconds.
The adaptive optics system (KAOS, von der Liihe et al. 2003)
was locked on nearby pores during all the runs, substantially
improving the image quality of the observations carried out dur-
ing relatively poor seeing conditions, and providing a final esti-
mated spatial resolution of ~1”. Flat-field and dark current cor-
rections were performed for all the data-sets and, in order to
compensate for the telescope instrumental polarization, we also
carried out the standard polarimetric calibration (Collados 1999;
Collados 2003) for this instrument.

The observed spectral range spanned from 10825 to
10836 A, with a spectral sampling of ~11.1 mA px~!. However,
a 3px binning in the spectral domain was applied to all the data
to increase the S/N while still preserving subcritical sampling.
The 10830 A spectral region is a powerful diagnostic window
of the solar atmospheric properties since it contains valuable in-
formation coming simultaneously from the photosphere (carried
by the Si line at 10827 A) and the chromosphere (encoded in
the He 10830 A triplet). This He multiplet originates between
a lower term 23S, and an upper term 23P2,1,0. Thus, it comprised
three spectral lines, namely a “blue” component at 10829.09 A
(Jo =1 — Jy =0)and a “red” component at ~10 830.3 A that
results from the remaining two transitions (Jp = 1 — Jy = 1,2),
which appear completely blended at typical solar atmospheric
temperatures. This multiplet is formed in the high chromosphere
(Avrett et al. 1994) with no contribution from photospheric lev-
els, and serves as a unique diagnostic tool for chromospheric
magnetic fields. In filament structures, the height of formation
of this multiplet corresponds to the height of the opaque mate-
rial inside them, which might well correspond to typical coronal
heights.

2.1. Predominance of Zeeman-like signatures in AR filament
He 1 10830 A Stokes profiles

The most striking finding encountered during the analysis of
the data from this campaign was the ubiquitous presence of
Zeeman-like signatures in the Stokes Q and U profiles of the
He lines in the AR filament (see Fig. 1). Recent observations
of this triplet carried out with the same instrument (Trujillo
Bueno et al. 2002) have shown quiescent filament Stokes profiles
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Fig. 1. Top left: slit reconstructed continuum intensity map centered at the NL where the pores and penumbral-like formations can be identified.
The location of the slit for the time series map is displayed. Top right: Si Stokes V map normalized to the continuum intensity. Bottom: Stokes
profiles observed at the slit position indicated in the fop images and averaged over the time series (comprising 100 scans). The gray scale bar only
applies to the polarization signals. The Zeeman-like signature of Stokes Q and U are evident in this picture (He lines are centered at 0 and 1.2 A
approximately. The zero in the wavelength scale corresponds to 10829.09 A). The arrows indicate the position of the presented Stokes profiles in

Figs. 3 and 4.

dominated by atomic level polarization (and its modification
through the Hanle effect). These forward-scattering signatures
(see Fig. 4 of Trujillo Bueno et al. 2002) correspond to one-lobe
profiles that are positive for the red component of the He triplet
and negative for the blue one (in the positive Stokes Q refer-
ence system) due, respectively, to selective emission and absorp-
tion processes induced by the anisotropic illumination of the He
atoms. However, in the present case, the Stokes Q and U sig-
nals of the blue and red components of the multiplet, exhibit the
usual three-lobe profile that is expected from the Zeeman effect
(right panel of Fig. 1). While some influence of atomic polariza-
tion in these profiles cannot be ruled out a priory, it is clear that
an explanation of their shapes should rely mainly on the Zeeman
and Paschen-Back effects. This fact, interesting in itself, will be
briefly discussed below (Sect. 3.3).

The continuum frame in the top panel of Fig. 1 was recon-
structed from the various slit scan positions (thus reflecting the
real spatial resolution of the data) of a map centered at the NL.
This data-set was taken on the 5th of July, 2005. The presence
of pores and penumbral-like structures is evident in this frame
and their location corresponds to the NL. Right after this map,
a time series with the slit fixed over the NL was performed in
order to produce high S/N Stokes profiles. The bottom four pan-
els of Fig. 1 correspond to the Stokes parameters obtained after
averaging over the full time series (100 scans), which resulted
in a S/N of about 4000. The inversions performed later in this
work were carried out on the spectral profiles extracted from this
time-averaged data-set. The location of the NL had to be guessed
in real-time during the observations. The chosen slit position
for the time series is represented by a vertical black line in the
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continuum frame of Fig. 1. Posterior analysis has shown that this
location was a few arcsec off at one side of the actual NL, and
that the slit would have been more correctly placed at x = 18”
(referred to the abscissa coordinates in the continuum panel) in-
stead of at x = 20”. Nevertheless, indications of polarity changes
along the slit in the Si line (evident around y = 13" in the
Stokes V map of the same figure) show that we were not very far
away from it.

Inspection of the profiles at other slit locations, and of similar
maps taken on the 3rd of July, consistently exhibited Zeeman-
dominated linear polarization signals in those regions where
the He line showed strong absorption features. However, in re-
gions with weak He absorption (typically near the boundaries
of the filament), we often find linear profiles dominated by
scattering polarization signatures, similar to those observed by
Trujillo Bueno et al. (2002). This indicates that, in general, the
profiles obtained in AR filaments can have significant contri-
butions from various competing physical processes: the atomic
level polarization due to the anisotropic illumination of the He
atoms, the modification of these population imbalances induced
by the presence of a magnetic field inclined with respect to the
axis of symmetry (Hanle effect), and the Zeeman splitting char-
acteristic of strong magnetic fields. A detailed study with these
physical ingredients for all the maps observed at this NL is be-
yond the scope of this paper. In the present work, we concentrate
on the implications of the clear Zeeman-dominated signatures
observed almost everywhere in this filament.

One point is worth mentioning after a simple visual inspec-
tion of Fig. 1. A comparison of the signs displayed by the lin-
ear polarization profiles of the He and Si lines shows that the
orientation of the vector magnetic field is different in the fila-
ment than in the underlying photosphere. In the Stokes Q frame,
the He 3-lobed profiles have the same sign all along the slit
whereas the Si line (and all the other smaller photospheric fea-
tures at redder wavelengths) exhibits a change in sign around
y = 23”. Conversely, in the Stokes U frame, the photospheric
signals have a 3-lobed sign distribution that remains constant al-
most all along the spatial domain while the He lines now show a
sign reversal near the middle of the slit. An analysis based on the
formula for the azimuth angle by Auer et al. (1977) gives an es-
timate of this difference between the azimuths inferred from the
Si and He lines. Around y = 5" we obtain values of the az-
imuth which differ in ~50°. This readily shows that the 10830 A
spectral region has a great potential to diagnose the orientation
of the magnetic field from the photosphere all the way up to the
filament. We postpone this study to a future paper.

3. Vector magnetic field near the AR neutral line

Several analyses with various levels of complexity have been
performed on the reduced data. The first approach was a sim-
ple magnetograph-like analysis based on the assumption of the
weak-field approximation as formulated below. This method was
applied to all the points in one of the maps obtained during
the campaign. We subsequently performed an analysis of the
high S/N spectral profiles obtained from the averaged time se-
ries with a Milne-Eddington (ME) code and later with a more
sophisticated inversion procedure based on principal component
analysis (PCA) of a statistically generated database of spectral
profiles that account for the physics of atomic level polarization
and the Hanle effect. All these different methods consistently
yield transverse field strengths in the filament well above 500 G.
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3.1. Magnetograph analysis

Typical Doppler widths for the red He line are in the range
of 200-300 mA. The Landé factors are 1.75 and 1.25 for the
Jo =1 - Jy = landthe Jy = 1 — Jy = 2 tran-
sitions, respectively. If the transitions are weighted with their
line strengths, an average Landé factor of g =1.42 for the red
component of the helium multiplet is obtained. This Landé fac-
tor translates the above Doppler widths to field strengths in the
range of 2000-3000 G, which is much stronger than the fields
we expect for AR filaments. Together with the assumption that
the observed signals are due to the Zeeman effect, these large
Doppler widths justify the use of the well-known weak field ap-
proximation (see, e.g., Landi Degl’Innocenti 1992) as a first ap-
proach to infer the magnetic field from the data. In this approx-
imation, the relation between the longitudinal field strength and
Stokes V profile is given by:

V0=fVm=—fCBcosﬁdiv (1)
da

The subscript “0” stands for the observed profile, while “m” rep-
resents the profile generated in the magnetic component that fills
a fraction f of the resolution element; B is the field strength, 6
the angle between the line-of-sight (LOS) and the magnetic field
direction and C the constant 4.67 X 10"3geff/l§ (which forces the
wavelength to be expressed in A and the field strength in G). The
observed Stokes / profile is given by:

Iozflm"’(l_f)lnm (2)

with the subscript “nm” referring to the non-magnetic compo-
nent. The last factor in the right-hand-side of Eq. (1) is the
derivative of I, with respect to the wavelength. However, ob-
servations only provide the compound profile /,, product of the
coexistence of magnetic and non-magnetic components in the
same resolution element. The present He analysis benefits from
the fact that the non-magnetic areas of the Sun display a very
weak He absorption, so the derivative of the Stokes Iy, pro-
file with respect to A can be neglected (we note that, in non-
magnetic regions, d/,,,/dA is found to peak at one order of mag-
nitude smaller values than d/,,,/dA as observed in the filament).
This nicely eliminates any dependence of the inferred longitudi-
nal field on the unknown filling factor. Following this argument
of ignoring the derivative of the /.., profile with respect to wave-
length, the longitudinal field is directly inferred as

By = Bcosf = _1 V@)

dl, ’
c @

3)

The A dependence in the last ratio is written explicitly to em-
phasize that each point within the profile provides an estimate of
the longitudinal field. Thus, the way to solve Eq. (3) is through
a least-square fit to all the observed points within the profile.
For transverse fields, a similar equation applies including the
quadratic dependence of the linear polarization signals on the
transverse component of the field and the second derivative of
the Stokes / profile with respect to A. A similar argument gives:

2 2

Bi — BZ sin2 6= iz Qo(jzc;) + Uo(/lo) . (4)
¢ L ()

Like in the equation for the longitudinal field, the filling factor

(of a non-magnetic component) is absent. On the other hand, and

in contrast to Eq. (3), the right hand side of Eq. (4) must be com-

puted at the central wavelength, A,, as this equation can only
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be formally derived there (Landi Degl’Innocenti 1992). Having
only one wavelength point to compute the transverse fields pre-
vents the use of a least square approach, unlike in the case of the
longitudinal field equation. This, in turn, complicates the deter-
mination of the transverse component because the Stokes Q and
U signals are often found to be at, or close to, the noise level. The
quadratic average of the linear polarization signals in Eq. (4) hin-
ders any possible noise reduction and generates a veil of noise-
induced transverse fields that proves problematic in the use of
this equation in many cases. This is particularly true for the He

line, whose second derivative of the (broad) Stokes I, profile
is very small. This derivative in the denominator in Equation (4)
results in values of the noise-induced transverse fields as high as
300400 G, only slightly lower than the actual values measured
in the filament region. Note that this 300-400 G noise level cor-
responds to a S/N of 1000 in the map in Fig. 2, whereas in Fig. 1
the S/N is four times higher.

Thus, and in order to obtain high S/N maps of the chro-
mospheric transverse fields, we averaged the unsigned Q and
U signals over three wavelengths, the central wavelength and
two wavelengths at 278 mA on each side of line center, corre-
sponding approximately to the locations of the peak signals in
the linear polarization profiles, so

VO3 + U2 ~ 02 + 02, )
where Q, and U, are the averaged linear polarization sig-
nals over these three wavelength points. We emphasize that
this approach reduces the noise level considerably while at the
same time preserves the distribution of transverse fields already
present when directly applying Eq. (4). The results obtained

from this approach have been validated by the ME inversions
presented in the next section.

A similar approach was followed with the Si line to ob-
tain the photospheric magnetic field. The Landé factor for this
line is 1.5. The spectral profiles arising from this transition are
broad enough to partly justify the application of the weak-field
approximation. However, like for any other photospheric line,
the vector-magnetograph data obtained with this method have to
be interpreted with caution. In particular, the results for this line
are affected by filling factor effects as is the case for commonly
used photospheric magnetograph data. For the Si line, the ex-
act formulation of Eq. (4) was used. The intrinsically greater
photospheric magnetic field strengths together with the fact that
the Si Stokes [ profile has a sizeable second derivative, makes
the determination of B, less affected by noise when using only
the central wavelength point of the linear polarization profiles
for its determination.

Lastly, the Stokes / profiles of both He and Si were fitted
with Gaussian functions from which the line center, line width
and strength were inferred. In the case of the He , this approach
proved very useful to identify the location of the filament above
the NL.

The results from this approach are presented in Fig. 2 for
the map observed on the 5th of July. The He Doppler width
and line core frames show that the line becomes deeper and
narrower inside the filament. This could be an indication of
the presence of a denser and cooler plasma than in its imme-
diate plage surroundings. These frames also reveal that the fil-
ament has a highly twisted topology, with filamentary threads
running at almost 45 degrees from the direction defined by the
NL. This becomes evident when compared to the Si and He LOS
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magnetograms. The twist in the filament is more obvious in the
bottom half of the frames than in the top part, where a more dif-
fuse linear topology is observed. These twisted signatures could
be clearly seen in the observations from the 5th of July, while
they were hardly visible in the maps obtained two days earlier.
The Si LOS magnetogram shows that the separation between
the two polarities is less than 5" at photospheric levels when
the magnetogram is scaled at £1000 G. A tighter scaling with
a smaller threshold would provide a much narrower NL chan-
nel. In the He LOS magnetograms, with a scaling of +400 G,
the channel is practically absent, showing how intense the plage
surrounding this AR filament was. A thread-like structure in the
longitudinal component running parallel to the direction of the
twist (i.e. at 45 degrees from the NL) in the mid range of the
frame is observed. Note that the AR is 22 degrees off disk cen-
ter so horizontal threads in the filament can give rise to sizeable
Stokes V signals. The intrinsic LOS magnetic field strength at
the NL (we stress that no filling factor effect is included in these
estimates) is typically 100 G for each of the two polarities (in
agreement with older measurements of AR filaments that did not
include transverse field measurements). The neighboring plage
displays an intrinsic longitudinal field strength of 200400 G. If
we assume an intrinsic photospheric field strength in the plage
of 1400 G (see Martinez Pillet et al. 1997), this would indicate a
filling factor of about 20% in this layer.

In both, the photospheric and chromospheric magnetograms,
the region where the longitudinal field becomes weaker cor-
responds to the region with very strong transverse fields. The
somewhat wider photospheric NL channel corresponds to a
wider photospheric area occupied with strong transverse fields,
while the transverse fields in the chromosphere fill a narrower
region. These transverse fields seem to follow the structures ob-
served in the He line core frame: a more linear topology in the
top part and a twisted formation in the bottom half. What be-
comes readily surprising is the magnitude of the transverse fields
observed in the chromosphere (and to the extent that the weak
field approximation is valid, in the photosphere as well). The
photosphere shows fields in the range of up to kG in the region
between abscissae x = 15” to x = 20” in the frames of Fig. 2.
This area shows penumbral-like structures and pores in the white
light image. It is clear that these orphan penumbral-like regions
are magnetically linked to the main body of the AR filament
and correspond to horizontal field lines at the photospheric sur-
face. The transverse fields derived from the Si line undoubtedly
show the twist configuration similar to that observed in the He
lines. In the chromosphere, the transverse fields are also strong.
The present analysis yields transverse fields with strengths in
the range of 500-600 G, strongly concentrated in the narrow NL
channel. Note that this region, at best, a few arcsec wide, is be-
low the low resolutions of old observations. These high trans-
verse magnetic fields are well above most, if not all, of past field
strength measurements in AR filaments.

The various maps for the observations on the 3rd of July sup-
port the hypothesis that an AR filament corresponds to a narrow
channel characterized with strong (~500 G) transverse fields.
There is a clear spatial correlation between strong absorption
signatures in He (measured by the line core intensities), and
narrow (or “abutted”) plage regions with strong transverse fields
in the chromosphere. A complete description of all these maps is
postponed to a future paper. But it is interesting to point out the
following main differences with the map of Fig. 2: the absence of
evident twisted threads, the absence of penumbral-like regions
in white-light maps, weaker and more diffuse transverse fields
at the photosphere (not reaching kG levels) and the presence of
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weaker He absorption signatures in regions outside the intense
NL channel that display atomic polarization signals.

3.2. Milne-Eddington inversions

The interest of the magnetograph analysis is that it is easily com-
puted over a complete map with a very low computational effort.
However, in order to validate the weak-field approximation in-
ferences of the magnetic field strength in the filament, we carried
out a Milne-Eddington (ME) inversion of the He Stokes profiles
of the averaged time series. These high S/N data correspond to
the location of the vertical line at x = 20" in the map of Fig. 1.
The inversion code we used (MELANIE; Socas-Navarro 2001)
computes the Zeeman-induced Stokes spectra — in the incom-
plete Paschen-Back (IPB) effect regime — that emerge from a
model atmosphere described by the Milne-Eddington approx-
imation. This assumes a semi-infinite constant-property atmo-
sphere whose source function varies linearly with optical depth,
7. This approach does not account for the atomic-level polar-
ization induced by the anisotropic radiation pumping of the He
atoms from the underlying photospheric continuum.

For magnetic fields between 400 and 1500 G the Zeeman
splitting of the upper J-levels of the He triplet is comparable to
their energy separation. Thus, it is crucial to compute the energy
levels in the IPB regime to avoid an under-estimation of the mag-
netic field strength when carrying out the inversion to interpret
observations (Socas-Navarro et al. 2004; Sasso et al. 2006).

The Milne-Eddington model atmosphere uses a set of eleven
free parameters that the inversion code modifies in an iterative
manner in order to obtain the best fits to the observed Stokes pro-
files. These free parameters are: the magnetic field strength (B),
its inclination (¢) and azimuth (y) angles in the reference sys-
tem of the observer (the azimuth is measured with respect to the
local solar radial direction), the line strength (79), the Doppler
width (Adp), a damping parameter, the LOS velocity, the source
function at 7 = 0 and its gradient, a macroturbulence factor and
a stray light fraction f. An initial guess model must be provided
to the code. In order to prevent the inversion scheme from get-
ting locked into local minima, we carried out the inversions us-
ing several different initializations, in which B, 6 and y were
taken from the above-described magnetograph analysis and the
remaining parameters were obtained from random perturbations
of reasonable pre-set values. All parameters were free except for
the stray light fraction, which was set to zero (i.e., assuming a
filling factor of 1; we refer to the explanation in Sect 3.1). We
stress that, even if the data is contaminated with stray-light from
the surroundings, using a filling factor of unity allows a direct
comparison with the results given in the previous section.

Figures 3 and 4 show the results of the ME inversion of the
full Stokes vector for two positions along the filament (only two
fits are shown but the complete set of profiles from Fig. 1 were
inverted). The excellent performance of the ME inversion tells
us that there are barely any scattering polarization signatures in
these profiles, and that the formation physics of the multiplet is
adequately described in the IPB regime. As expected, the mag-
netic field strengths inferred from all the inversions are around
600-700 G with very high inclinations (~80°) with respect to the
line-of-sight, thus confirming the existence of strong transverse
fields in this AR filament. The exact values obtained for Fig. 3
are B = 109G and B, = 616G while for Fig. 4 we obtain
By = 176G and B, = 602G. In the solar reference frame, the
magnetic field vector turns out to be close to horizontal, 59° and
99° of inclination with respect to the local vertical, respectively.
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Fig. 3. Stokes profiles of the He 10830 A
triplet at a height of 8 arcsec in Fig. 1 in the
mid portion of the twisted region of the fil-
ament. The dots represent the observed pro-

10830 10831 10829

A A

files obtained after averaging the time se-
ries in order to achieve a higher S/N. The
solid line corresponds to the best fit achieved
with a Milne-Eddington inversion code that
takes into account the IPB effect. The mag-

10830 10831

A A

netic field obtained from this particular fit is
B = 626 + 10 G, § = 80.2° + 0.1° and
x = 174.9° + 0.1° (the origin of azimuths be-
ing the local solar radial direction). The dot-
dashed line shows the best fit obtained from
an inversion in a slab model of constant prop-
erties that accounts for the joint action of scat-
tering polarization and the Hanle Zeeman ef-

10830 10831 10829

A4

10829

The magnetic field strengths derived from the weak
field regime analysis are systematically under-estimated by
~100-150 G, but the retrieved inclinations and azimuths are in
very good agreement with those obtained from the ME-IPB in-
versions. This means that the weak field approximation yields a
reliable magnetic field topology and a low-end value for the field
strength.

3.3. PCA-based atomic polarization inversion

The observations described above were also independently in-
verted using the principal component analysis (PCA) approach
described by Loépez Ariste & Casini (2002). In fact, pattern
recognition techniques are particularly well suited to attack
ill-defined inversion problems characterized by computation-
ally intensive forward problems. This is exactly the case for
spectropolarimetric inversions in prominences and filaments,
where the Stokes profiles are often formed by the scattering
of resonant radiation. The computation of the emergent polar-
ization in such case requires the preliminary solution of the
non-LTE problem of atomic-level excitation by anisotropic il-
lumination of the plasma from the underlying photosphere.
The presence of a magnetic field further modifies the en-
suing atomic polarization through the Hanle effect (see, e.g.
Landi Degl’Innocenti & Landolfi 2004, for a review of atomic
polarization effects). This problem, which is totally by-passed in
the ME approach to spectropolarimetric inversion, completely
dominates the numerical computation of line polarization in ra-
diation scattering. For this reason, pattern recognition techniques
provide a very attractive strategy to Stokes inversion for radia-
tion scattering, since the numerically intensive forward problem
is solved once and for all for a comprehensive set of illumina-
tion, thermodynamic, and magnetic conditions in the plasma for
the problem at hand. The goal of these techniques is thus to build
universal databases of profiles that can be searched for the solu-
tion to any given Stokes inversion problem. Principal component

fects. This fit provided for the magnetic pa-
rameters B = 667 = 16 G, 6 = 81.1° + 0.3°
and y = 174.8° £ 0.5°.

10830 10831

A4

analysis additionally provides a way of compressing database
information, by reducing it to a few principal component pro-
files that contain all the fundamental physics of the formation
of the emergent Stokes profiles (Lopez Ariste & Casini 2002;
Casini et al. 2005).

For the inversion of the observations illustrated in this paper,
we created a database of 250000 profiles, spanning all possi-
ble orientations of the magnetic field, with strengths between 0
and 2000 G. The illumination conditions were set by the radi-
ation temperature and center-to-limb variation (CLV) profile of
the photospheric radiation at 1 um (Cox 2000), and by assuming
a range of scattering heights between 0 and 0.06 Ry (42 Mm).
The LOS inclination in the database used for the inversion of the
July 5, 2005, observations spanned between 20° and 30°. The
thermal Doppler width and micro-turbulent velocity, responsi-
ble for the overall profile broadening, were accounted for by in-
troducing an equivalent temperature spanning between 10* and
2 x 10* K. Finally, the database Stokes profiles were calculated
by integrating the polarized radiation emerging from a homoge-
neous slab with optical depth at line center varying between 0.2
and 1.4. Very soon it was realized that such conventional scatter-
ing scenario could not fit satisfactorily the observations, unless
some additional depolarizing mechanism could be accounted for
to explain the surprisingly low level of atomic polarization re-
vealed by the Zeeman-like shape of the Stokes Q and U pro-
files. For this reason, in the creation of the inversion database
we introduced an ad-hoc weight factor for the anisotropy of the
photosphere radiation, ranging between 0 and 1. Extensive in-
version tests that were run over the entire filament map consis-
tently gave anisotropy weight factors significantly smaller than
unity, with a predominance of values around 0.2, thus confirm-
ing the presence of some unidentified depolarizing mechanism
in the formation of the observed profiles. The possible physi-
cal origin of such depolarization has been extensively discussed
by Casini et al. (2009), but see also Trujillo Bueno & Asensio
Ramos (2007).
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The results of the PCA inversion are overplotted to the ME
inversions as dot-dashed lines in Figs. 3 and 4. The PCA inver-
sion provides a magnetic field of B = 667G in the first case
and B = 664 G in the second. The inclination angles are almost
the same as the ones obtained by the ME inversions, ~59° and
~99° with respect to the local vertical, respectively. The inferred
magnetic field azimuths are also in very good agreement.

4. Conclusions

The He 10830 A lines observed in a filament at the NL of active
region NOAA 10781 exhibit linear polarization profiles domi-
nated by the Zeeman effect. Three different independent analyses
(magnetograph approximation, ME inversion and PCA inversion
including atomic polarization) of the four Stokes profiles con-
sistently support inferred field strengths in the range 600-700 G
at the formation height of the helium triplet. These fields are
3 to 7 times higher than those measured heretofore in AR fila-
ments. The field strengths found at the NL are largely horizontal
with 500-600 G transverse fields. The longitudinal component
is typically measured to be in the range of 100-200 G, in agree-
ment with past measurements. It must be stressed that these pre-
vious observations of AR filaments did not include transverse
field estimates. Thus, it is clear that the inclusion of the Stokes
Q and U profiles in our analysis is what has allowed the de-
tection of such strong magnetic fields in AR filaments. While
the role played by the linear polarization signals was evident al-
ready from the magnetograph analysis, a further test was made
with the ME inversion to prove this point. Using as input the ob-
served [ and V profiles but replacing the Stokes Q and U profiles
with noisy data, the ME inversions resulted in fields strengths in
the range of 100-200 G. We thus propose that the lack of full
Stokes polarimetry was the main reason why past measurements
did not find the high field strengths reported in this work. Note
also that the spatial extent that displays such strong fields is not
more than a few arcsec wide, which would be hardly visible in

10829

PCA-based algorithm including Hanle
effect provided: B=664+15G, 6 =
74.9° £ 0.6° and y = 5.1° + 0.8°.

10830
A [4]

low resolution measurements. It is also clear that it becomes cru-
cial to search for the signatures of these high field strengths in
different spectral windows such as He and the Ca triplet.

A similar trend to infer higher field strengths (albeit in a
lower range) is presented in modern measurements of quies-
cent filaments that is also ascribed to the use of full Stokes
polarimetry (Casini et al. 2003). In the case of quiescent fila-
ments, observations are dominated by atomic polarization and
its modification through the Hanle effect. In the study pre-
sented here, however, the linear polarization profiles are dom-
inated by the Zeeman effect as long as the profiles are com-
ing from the regions of strong helium absorption. The reason
why atomic polarization signatures are almost absent from these
profiles is not yet well understood. On the one hand, the ob-
served high field strengths are approaching the values where
the Zeeman effect dominates over atomic level polarization
(Trujillo Bueno & Asensio Ramos 2007), but even at this high
field strengths, one would have expected a clearer atomic po-
larization signature. On the other hand, some mechanism to re-
duce the anisotropy of the radiation field could be present. For
example, Trujillo Bueno & Asensio Ramos (2007) suggested
that, if the radiation comes from a high opacity region, the
isotropy of the radiation field will be such that a much reduced
atomic polarization would be induced. A more recent proposal
by Casini et al. (2009) suggests that the presence of a randomly
oriented field entangled with the main filament field, and of a
similar magnitude, could also explain the absence of atomic po-
larization signatures in these profiles. It is interesting to note
that the ad-hoc anisotropy weight factor introduced in the PCA
inversions was found to be in the range 0.1-0.5 over the fila-
ment region, with a predominant value of 0.2. Although the var-
ious atomic processes generating polarization signals cannot be
cleanly separated, this persisting value of 0.2 is evidence of their
presence in our profiles (note that a weight factor of 1 corre-
sponds to an anisotropic illumination described by the standard
CLV of the photospheric radiation field). We also stress that the
reason for the absence of atomic level polarization signatures is
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not simply due to what is commonly referred to as a Van-Vleck
configuration of the vector field. For example, whereas the pro-
files inverted in Fig. 3 give an inclination (with respect to the
local vertical) close to the Van-Vleck angle (59°; Van-Vleck an-
gle corresponds to ~55°), those in Fig. 4 yield an inclination very
far from it (99°).

What is the origin of these strong transverse fields? This
question relates directly to the problem of filament formation
and mass loading. Two basic scenarios are commonly used to
explain how these structures are formed: photospheric (shear-
ing) motions and flux emergence (see the recent review by
Lites 2008). The first one uses photospheric plasma flows that
move, tangle and reconnect the field lines of an already emerged
active region to form the filament directly in the corona. These
processes include in one way or another some form of mag-
netic cancellation and reconnection that provides a source for
mass upload of the filament. In this scenario, the presence of
such strong magnetic fields must be related to the existence of
a dense plage configuration at the NL and the low gradients in-
ferred by Aulanier & Démoulin (2003) for their model of AR
filaments. Our observations pose the question of how filament
field strengths in the range of 600-700 G may be generated in
this scenario from a surrounding “abutted” plage that has a lon-
gitudinal field of no more than 400 G at the height of formation
of the helium lines. The emergence of a flux rope from below
the photosphere scenario has recently received strong support
from the observations of Okamoto et al. (2008). If the flux ropes
are formed below the surface, the answer to the observed field
strengths could be related to the balance between buoyancy
forces and gravity acting over the flux system. Although this
balance is not yet fully understood, it is clear that the stronger
the fields the easier is for the flux system to emerge into the
corona and carry a significant amount of trapped photospheric
mass (Archontis et al. 2004). Note that the photospheric trans-
verse fields observed at the NL are also very strong (including
pore-like structures) and could represent the bottom part of the
flux rope system once emerged into the atmosphere.

It remains to be studied whether the observed strong trans-
verse field strengths presented in this paper are common to all
AR filaments or only to those surrounded by exceptionally dense
plages. An extension of the present study to other ARs with dif-
ferent degrees of activity is mandatory.
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An active region filament studied
simultaneously in the chromosphere and
photosphere. I. Magnetic structure

chapter, the magnetic field topology that results from the He 1 10830 A and Si 110827 A

inversions will be addressed. The silicon inversions have been carried out with the SIR
code and the AZAM utility was used to solve the 180° ambiguity and to project the vector
magnetic field onto the local solar frame of reference.

In Chapter 2, the magnetic field strength inside an AR filament was inferred. In this

The article presented in this chapter was published with the title “An active region
filament studied simultaneously in the chromosphere and photosphere. 1. Magnetic
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Abstract: A thorough multiwavelength, multiheight study of the vector magnetic field
in a compact active region filament (NOAA 10781) on 2005 July 3 and 5 is presented.
We suggest an evolutionary scenario for this filament. Two different inversion codes were
used to analyze the full Stokes vectors acquired with the Tenerife Infrared Polarimeter
(TIP-II) in a spectral range that comprises the chromospheric He 1 10830 A multiplet and
the photospheric Si 1 10827 A line. In addition, we used SOHO /MDI magnetograms, as
well as BBSO and TRACE images, to study the evolution of the filament and its active
region (AR). High-resolution images of the Dutch Open Telescope were also used. An active
region filament (formed before our observing run) was detected in the chromospheric helium
absorption images on July 3. The chromospheric vector magnetic field in this portion of the
filament was strongly sheared (parallel to the filament axis), whereas the photospheric field
lines underneath had an inverse polarity configuration. From July 3 to July 5, an opening
and closing of the polarities on either side of the polarity inversion line (PIL) was recorded,
resembling the recently discovered process of the sliding door effect seen by Hinode. This
is confirmed with both TIP-IT and SOHO/MDI data. During this time, a newly created
region that contained pores and orphan penumbrae at the PIL was observed. On July 5, a
normal polarity configuration was inferred from the chromospheric spectra, while strongly



sheared field lines aligned with the PIL were found in the photosphere. In this same data
set, the spine of the filament is also observed in a different portion of the FOV and is clearly
mapped by the silicon line core. The inferred vector magnetic fields of the filament suggest
a flux rope topology. Furthermore, the observations indicate that the filament is divided in
two parts, one which lies in the chromosphere and another one that stays trapped in the
photosphere. Therefore, only the top of the helical structure is seen by the helium lines.
The pores and orphan penumbrae at the PIL appear to be the photospheric counterpart
of the extremely low-lying filament. We suggest that orphan penumbrae are formed in very
narrow PILs of compact ARs and are the photospheric manifestation of flux ropes in the
photosphere.
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ABSTRACT

Aims. A thorough multiwavelength, multiheight study of the vector magnetic field in a compact active region filament (NOAA 10781)
on 2005 July 3 and 5 is presented. We suggest an evolutionary scenario for this filament.

Methods. Two different inversion codes were used to analyze the full Stokes vectors acquired with the Tenerife Infrared Polarimeter
(TIP-II) in a spectral range that comprises the chromospheric He 10830 A multiplet and the photospheric Si 10827 A line. In
addition, we used SOHO/MDI magnetograms, as well as BBSO and TRACE images, to study the evolution of the filament and its
active region (AR). High-resolution images of the Dutch Open Telescope were also used.

Results. An active region filament (formed before our observing run) was detected in the chromospheric helium absorption images
on July 3. The chromospheric vector magnetic field in this portion of the filament was strongly sheared (parallel to the filament axis),
whereas the photospheric field lines underneath had an inverse polarity configuration. From July 3 to July 5, an opening and closing
of the polarities on either side of the polarity inversion line (PIL) was recorded, resembling the recently discovered process of the
sliding door effect seen by Hinode. This is confirmed with both TIP-II and SOHO/MDI data. During this time, a newly created region
that contained pores and orphan penumbrae at the PIL was observed. On July 5, a normal polarity configuration was inferred from the
chromospheric spectra, while strongly sheared field lines aligned with the PIL were found in the photosphere. In this same data set,
the spine of the filament is also observed in a different portion of the field of view and is clearly mapped by the silicon line core.
Conclusions. The inferred vector magnetic fields of the filament suggest a flux rope topology. Furthermore, the observations indicate
that the filament is divided in two parts, one which lies in the chromosphere and another one that stays trapped in the photosphere.
Therefore, only the top of the helical structure is seen by the helium lines. The pores and orphan penumbrae at the PIL appear to be
the photospheric counterpart of the extremely low-lying filament. We suggest that orphan penumbrae are formed in very narrow PILs

of compact ARs and are the photospheric manifestation of flux ropes in the photosphere.

Key words. Sun: filaments, prominences — Sun: chromosphere — Sun: photosphere — Sun: magnetic topology —

techniques: polarimetric

1. Introduction

Solar filaments, also called prominences when observed in emis-
sion outside the disk, are elongated structures formed of dense
plasma, which lies above polarity inversion lines (PILs) of the
photospheric magnetic field (Babcock & Babcock 1955) and
has a lower temperature than its surroundings. A functional
definition of the PIL would be an imaginary line that sepa-
rates two close areas of opposite polarity. On disk filaments are
readily identifiable in the quiet Sun (quiescent filaments) and
in active regions (active region filaments) when observed us-
ing common chromospheric wavelengths, e.g., the He 10830 A
multiplet and the Her 6563 A line. The magnetic field plays a
major role in their formation, stability, and evolution. As a re-
sult, spectropolarimetric observations at different heights of the
atmosphere combined with high angular resolution images are
needed to obtain an overall picture of the physical processes
that take place in filaments. The magnetic field strength and its
orientation can be inferred using appropriate diagnostic tech-
niques that are able to interpret the Zeeman effect, as well as

Article published by EDP Sciences

scattering polarization and its modification through the Hanle ef-
fect (Tandberg-Hanssen 1995, and references therein). Although
many line-of-sight (LOS) observations have been carried out in
the past decades, it is important to emphasize the need for full-
Stokes measurements in order to have complete information of
the vector magnetic field.

According to observational studies, the magnetic field topol-
ogy under active region (AR) filaments has sheared or twisted
field lines along the PIL that can support dense plasma in mag-
netic dips (Lites 2005; Lopez Ariste et al. 2006). Previous find-
ings about prominence magnetic structure have shown models
with dipped field lines in a normal (Kippenhahn & Schliiter
1957) or inverse' (Kuperus & Raadu 1974; Pneuman 1983) po-
larity configuration, the latter having a helical structure. From a

! Throughout this paper, by inverse configuration we mean a magnetic
field vector perpendicular to the filament’s axis that points from the
negative to the positive polarity. This is the opposite of what one would
expect in a potential field solution — where the field points from the
positive to the negative side (and is referred to as normal configuration).
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large sample of quiescent prominence observations, Leroy et al.
(1984) found both types of configurations and a strong correla-
tion between the magnetic field topology and the height of the
prominence. On the other hand, Bommier et al. (1994) found
predominantly inverse polarity configurations. However, more
recent photospheric spectropolarimetric observations of AR fil-
aments have revealed that both configurations can coexist in the
same filament (Guo et al. 2010) or even evolve with time from
one type to the other, as presented by Okamoto et al. (2008) from
the analysis of vector magnetogram sequences.

The formation process of filaments is still a controversial is-
sue in solar physics, so it has been widely debated. On the one
hand, there is the sheared arcade model that, by large-scale pho-
tospheric footpoint motions (such as shear at, and convergence
towards the PIL, and subsequent reconnection processes), is able
to form dips and even helical structures, where plasma can be
gravitationally confined (e.g., Pneuman 1983; van Ballegooijen
& Martens 1989; Antiochos et al. 1994; Aulanier & Demoulin
1998; DeVore & Antiochos 2000; Martens & Zwaan 2001;
Welsch et al. 2005; Karpen 2007). This model is capable of re-
producing both inverse and normal polarity configurations in the
same filament (Aulanier et al. 2002). However, recent observa-
tional works in a quiescent filament (Hindman et al. 2006) and
along an AR filament channel (Lites et al. 2010) did not find
evidence of these systematic photospheric flows that converged
at the PIL and triggered reconnection processes. In our opinion,
more observations are needed to support this important result.

On the other hand, the flux rope emergence model assumes
that the twist in the field lines is already present in the convection
zone before emerging into the atmosphere (e.g., Kurokawa 1987;
Low 1994; Low & Hundhausen 1995; Lites 2005). The rise
of twisted magnetic fields has been studied by various authors
through both observations (Lites et al. 1995, 2010; Leka et al.
1996) and three-dimensional (3D) numerical simulations (e.g.,
Fan 2001; Archontis et al. 2004; Magara 2004; Martinez-Sykora
et al. 2008; Fan 2009; Yelles Chaouche et al. 2009). Such an
emerging helical flux rope scenario, combined with the presence
of granular flows, is supposedly the main process of formation
and maintenance of the AR filament studied by Okamoto et al.
(2008, 2009). Recent nonlinear force-free field (NLFFF) extrap-
olations of photospheric magnetic fields underneath AR fila-
ments (Guo et al. 2010; Canou & Amari 2010; Jing et al. 2010)
have agreed that the main structure has to be a flux rope, al-
though Guo et al. (2010) also find dipped arcade field lines in
the same filament. Flux rope emergence from below the pho-
tosphere encounters severe difficulties to reach chromospheric
layers and above, since it is loaded with mass (e.g., Archontis
& Torok 2008). Indeed, the previous work suggests that a sec-
ond flux rope formed from instabilities and atmospheric recon-
nection is what lifts up the mass and forms the observed active
region filaments.

The main difference between the sheared arcade and the
emerging flux rope models is the existence of a flux concentra-
tion stuck at photospheric levels in the latter scenario. The reader
is referred to the paper of Mackay et al. (2010) for a recent re-
view of the magnetic structure of filaments.

In the past, only a few measurements have been made of the
magnetic field strength in AR filaments. For instance, Kuckein
et al. (2009), using the same data set as described in this paper,
find a predominance of Zeeman-like signatures in the Stokes
profiles. Using three different methods, they infer very strong
magnetic fields in the filament (600-700 Gauss), with a domi-
nant transverse component (with respect to the LOS).

A131, page 2 of 15

The aim of this paper is to study the strength and topol-
ogy of the magnetic field in an active region filament at pho-
tospheric and chromospheric heights simultaneously. Recently,
several studies have presented analyses of the vector magnetic
field in filaments or prominences from observations either in the
photosphere (e.g., Lites 2005; Lopez Ariste et al. 2006; Okamoto
et al. 2008; Guo et al. 2010; Lites et al. 2010) or the chromo-
sphere (e.g., Lin et al. 1998; Casini et al. 2003; Merenda et al.
2006; Kuckein et al. 2009), but none of them have inferred the
field at both heights at the same time. The 10830 A spectral re-
gion, which includes a chromospheric He triplet and a photo-
spheric Si line, offers a unique spectral window to understand-
ing the physical processes that take place in AR filaments as
already shown by Sasso et al. (2011). In this work, we focus on
the overall magnetic configuration observed simultaneously in
the photosphere and the chromosphere.

2. Observations

The active region filament, NOAA AR 10781, was observed
on 2005 July 3 and 5 using the Tenerife Infrared Polarimeter
(TIP-1I, Collados et al. 2007) at the German Vacuum Tower
Telescope (VTT, Tenerife, Spain). TIP-1I acquires images at four
different modulation states and combines them in order to mea-
sure the Stokes parameters (/, Q, U, and V) along the spectro-
graph slit.

The latitude and longitude of the filament region was N16-E8
(around u ~ 0.95) for the first day, and N16-W18 (u ~ 0.91) for
the second. During the observations, real time Ha images and
SOHO/MDI (Scherrer et al. 1995) magnetograms were used as
a reference to position the slit (0”5 wide and 35” long) at the
center of the AR, on top of the polarity inversion line. Figure 1
shows two Big Bear Ha images from July 1 and 5 where the
filament can easily be recognized. On July 1, the filament shows
a more diffusive nature than on July 5, when it displays a rather
compact configuration with brighter Ho emission from the plage
flanking it. Scans were taken with TIP-II from E to W with the
slit parallel to the PIL and step sizes of 0”4 for July 3 and 0’3 for
July 5, making up at least a field of view (FOV) of ~30” x 35",
with a pixel size along the slit of 0”17.

The TIP-II spectral range spanned from 10825 to 10836 A
with an original spectral sampling of ~11.04 mA px~'. This
spectral window included the photospheric Si line at 10827 A
and the chromospheric He triplet at 10 830 A. It also contained
at least one telluric H,O line, which was used for the absolute
velocity calibration.

All images were corrected for flat field and dark current and
was calibrated polarimetrically following standard procedures
(Collados 1999, 2003). The adaptive optics system of the VIT
(KAOS, von der Liihe et al. 2003) was locked on nearby pores
and orphan penumbrae, i.e., penumbral-like structures not con-
nected to any umbra (a term coined by Zirin & Wang 1991),
and highly improved the observations that had changeable see-
ing conditions. A binning of 3 px in the spectral domain, 6 px
along the slit, and 3 px along the scanning direction was carried
out to improve the signal-to-noise ratio needed for the full Stokes
spectral line inversions. Thus, the final spectral sampling was
~33.1mA px~'. The spatial resolution, when the KAOS system
was locked, reached ~1”. However, the binned data used for the
inversions (except when stated otherwise) had a resolution of 2.

The He triplet comprises three spectral lines, which ac-
cording to the National Institute of Standards and Technology
(NIST), are the 10 829.09 A “blue” component and the “red”
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components at 10830.25 A and 10830.34 A lines. The last two
are blended and consequently appear as a single spectral line in
the solar spectrum. The formation height of the helium triplet
happens in the upper chromosphere (Avrett et al. 1994), so it is
especially interesting for the study of filaments and their mag-
netic properties, as already proved by many authors (Lin et al.
1998; Trujillo Bueno et al. 2002; Merenda et al. 2007; Casini
et al. 2009; Kuckein et al. 2009; Sasso et al. 2011). The strong
photospheric Si absorption line at 10827.089 A originates be-
tween the terms 3P, — 3P, and has a Landé factor of ger = 1.5.
The combination of these lines is an excellent diagnostic tool for
studying magnetic fields and their coupling between the photo-
sphere and the chromosphere.

In this paper we also report on SOHO/MDI images that are
used to understand the long-term (days) evolution of the AR in
the PIL region.

2.1. Evolution of the AR (SOHO/MDI)

Active region NOAA 10781 emerged some weeks before our
observing run on the rear side of the Sun. Its magnetic configu-
ration, as seen by SOHO/MDI (see below), clearly corresponds
to that of an AR that is in its decay phase, i.e., a round leader

arcsec arcsec

Fig. 2. Time sequence of SOHO/MDI continuum images of the whole
active region NOAA 10781 between July 2 and 6 of 2005. The black
box shows the size and location of the maps of Fig. 3, which have a
smaller but more detailed FOV. A developed sunspot can be seen at the
bottom right corner of the AR. Between July 2 and 3 the center of the
AR was almost devoid of pores. On July 5 we increased the cadence of
the sequence in order to show the quick appearance of new pores and
orphan penumbrae at the PIL during that day.

sunspot followed by facular regions of both polarities that show
the latitudinal shear produced by the action of surface flows (e.g.,
van Ballegooijen 2008). The filament is found above the PIL
in the plage region. The time sequence of continuum images of
MDI between 2005 July 2 and 6 is presented in Fig. 2. Since
filaments are not visible here, we expanded the FOV in order to
use the AR leader sunspot, located in the lower righthand corner,
as areference. As shown in Fig. 2, it is not until July 4 that small
pores start to emerge and gather together. White light images
of the Transition Region and Coronal Explorer (TRACE) con-
firm this behavior. On July 5, we increased the cadence in Fig. 2
to show that more pores quickly emerged and orphan penum-
brae formed (see black rectangle on the July 5 06:24 UT panel).
Interestingly, these orphan penumbral regions act like a bridge
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Fig. 3. SOHO/MDI line-of-sight magnetogram evolution of the com-
pact plage between July 1 and 7 of 2005. Note that the date and time
of each panel does not correspond to the panels in Fig. 2. Images are
saturated at +400 G. Solar north and west correspond to up and right,
respectively. The black boxes show the approximate scanned area of
TIP-II for both days. On July 3, the space between both polarities broad-
ens in the lower part of the PIL, whereas in the following days the whole
AR is more compact. The size of the panels corresponds to the black
rectangle in Fig. 2. White arrows indicate the direction to disk center.

connecting different small groups of pores together. However,
during July 6 the pores and orphan penumbrae disappear com-
pletely. It is also worth noting that the leading sunspot of the AR,
which on July 2 had a round and rather symmetric shape, also
decays away slowly over this period of time and almost vanishes
by the end of July 6.

Figure 3 provides LOS magnetograms from MDI starting on
2005 July 1 until July 7. This period was chosen in order to carry
out a detailed study of the magnetic morphology and evolution of
the AR. The FOV is smaller and the panels show different dates
and times than Fig. 2. The AR and its PIL are well defined. The
top left image shows the two polarity regions as of July 1. On
the second day, the AR became more compact and the gray area
in between the two opposite polarities, i.e. the PIL, developed a
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Fig. 4. Flux history curves for the positive (+) and negative (o) polarities
of AR 10781. 24-h days are separated by the vertical dotted lines.

winding shape that pointed approximately in the N-S direction.
The next two images (from July 3) show the AR becoming even
more compact, since the black and white polarities approached
each other. It is important to stress that, on this day, the AR ro-
tated counterclockwise and the PIL oriented itself at ~45° with
respect to solar north. These images also reveal that from July 2
to 3, although the whole AR became more compact, the lower-
right part of the PIL first broadened, then become narrower again
on the next day (a process that is also seen on the upper-left part
of the PIL one day later). By July 5, the PIL was highly compact
with the two polarities in close contact in the scaling of the fig-
ure (=400 G). This behavior is consistent with the observations
of Okamoto et al. (2008), who describe the opening and closing
of the PIL region under an AR filament as a “sliding door”. The
authors found observational evidence for the emergence of a flux
rope under that AR filament.

2.2. Magnetic flux evolution of the AR

Recently, the study of AR filaments has been put in the
context of the global flux history of the active region as a
whole (van Ballegooijen & Mackay 2007). The seminal work of
van Ballegooijen & Martens (1989) showed that flux ropes (and
filaments) can be formed through successive cancellations at the
PIL, transforming active region flux into flux rope field lines.
This process submerges as much flux below the surface as is in-
jected into the flux rope itself. Thus, evaluating the flux losses
that occur during the last stages of an active region is impor-
tant for understanding this evolutionary phase. Measurements
of such flux losses in an active region by Sterling et al. (2010)
yielded 2.8 x 10?! Mx day~'. More recently, for a medium
sized active region, Green et al. (2011) quoted a lower rate of
2.5x10% Mx day~!. This number agrees better with the estimate
by Dalda & Martinez Pillet (2008), who find 4.8x10%° Mx day ™.
The latter authors also report on a clear relation between the
cancellation events at the PIL and an outward-directed coro-
nal activity, but they caution that the contribution of the can-
cellation events was four times less than the global flux decay
rate. According to this study, not all flux losses could have been
attributed to cancellations at the PIL, with the resolution and
sensitivity of SOHO/MDI magnetograms.

Figure 4 displays the flux history curves for the positive and
negative polarities of this active region. The two days when
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TIP-II observations were taken are highlighted in the figure.
The active region boundaries were visually selected for each
SOHO/MDI map and adapted to the size changes of the AR cre-
ated by the well-known flux transport processes. The magnetic
flux of each pixel is multiplied by a factor 1/ cos?(6), where 0
is the heliocentric angle, to account for the LOS projection of
the magnetic field (which is assumed to be vertical) and the pro-
jection effect on the pixel area. The positive flux of the active
region is computed by adding the contribution of all the pixels
whose flux is larger than —30 G (before multiplying by the above
factor). Similarly, the negative flux of the active region is com-
puted by adding all the pixels with fluxes below +30G. By in-
cluding pixels with fluxes in the range [-30, +30] G (which rep-
resents the peak-to-peak noise) in the computations, we ensure
efficient noise cancellation. The two polarities coincide nicely in
magnitude and show a similar evolution. A linear decay phase
is observed during the first three days. The flux decay rate is
9.3 x 10?° Mx day~!, which is intermediate in the range of val-
ues mentioned above. We do not pursue in this work whether
this could have contributed to the formation of the flux rope.
Magnetic-field extrapolations of some form would be needed to
conduct such a study, and this is beyond the scope of this pa-
per. After 30% of the observed initial flux is lost, the flux curves
show a plateau region where no more net losses or gains are seen.
The 30% fractional decrease is, of course, a lower limit since we
do not observe the onset of the decay phase. This plateau region
was also encountered by Dalda & Martinez Pillet (2008); how-
ever, in their study, the amount of flux lost was found to be in the
range of 50—-70% of the initial value.

The sliding door phenomenon was seen to occur on July 3.
This date sits in the linear decay phase of the AR. However, this
phase was already taking place before, and no particular slope
change is seen on July 3. The appearance of the orphan penum-
brae structures happens on July 4 and 5, coinciding with the
flat section of the flux curve. Clearly, these processes (sliding
door and orphan-penumbrae generation) cause a minimal im-
pact on the flux curves. One way to explain this result would
require that the amount of longitudinal flux change involved in
both processes were at, or below, the noise level of the data
(0.3 x 10! Mx).

2.3. TIP-Il observations

The first set of spatial scans were taken on 2005 July 3, cen-
tered on the filament. Two maps with a FOV of 36” x 35",
which was unfortunately not large enough to cover the whole
active region (see Fig. 3), were acquired with TIP-II between
13:53 and 15:01 UT. The filament is seen all along the verti-
cal direction. Slit-reconstructed maps at different wavelengths
for one of the two data sets for this day are presented in the
first column of Fig. 5. The frames in this figure are located at
different positions to approximately represent the alignment of
their respective FOVs. The bottom lefthand panel shows a tight
filament spine, inferred from the strong He absorption, which
extends along the vertical direction. There are no big pores, but
only some small magnetic features (dark patches) seen among
the granulation in the continuum image on the top left panel of
the figure. The Si line core image (in the middle row) shows
dark areas with larger absorption in regions of weak longitudi-
nal field. This line weakens in faculae, as do most photospheric
lines.

The second set of spectropolarimetric data was taken on
July 5 between 7:36 and 14:51 UT, Cols. 2—4 in Fig. 5. Each
scan took around 20 min to complete. The acquired maps were

centered on a highly interesting area with very tight opposite
polarities that corresponded, in continuum image, to pores and
orphan penumbrae, all located along the PIL. Note that these
maps overlap with the upper half of the former map from July 3
(see black boxes in Fig. 3 to get a better notion of the FOV). The
He red core intensity images in the bottom row of Fig. 5 still
show the spine of the filament in the lower part. Moreover, the
filament in the upper part appears to be more diffused and ex-
tended. One can easily distinguish dark helium threads formed
on July 5 especially in the lower righthand panel of Fig. 5. Many
authors have observed the presence of threads in filaments and
prominences before (e.g., Menzel & Wolbach 1960; Engvold
1976; Lin et al. 2005, 2008; Okamoto et al. 2007). It is gen-
erally believed that dark thin features in the chromosphere near
ARs trace magnetic field lines. This idea is particularly interest-
ing when applied to threads seen in AR filaments, since it could
explain the presence of magnetic dips where plasma is trapped.
Nevertheless, care must be taken, since a recent paper by de La
Cruz Rodriguez & Socas-Navarro (2011) proves that chromo-
spheric fibrils mostly, but not always, trace magnetic field lines.
From our maps we see that the threads observed with TIP-II
change only slightly in a time range of five to six hours. This
becomes apparent when closely comparing the helium maps of
Cols. 2 and 4 in Fig. 5. The most prominent He threads are lo-
cated above pores or orphan penumbrae. A more detailed study
of the magnetic configuration of these threads is presented below
in Sect. 4.2.

Strong absorption in the Si line core is present below the
spine of the filament on July 5 (see Fig. 5). It is remarkable that
the axis of the filament seems to lay so low in the atmosphere that
even the highest layers of the photospheric silicon absorption
line (at the core of the line) trace it.

2.4. DOT observations

High-resolution (07071/px) Ha 6563 A images from the Dutch
Open Telescope (DOT; Rutten et al. 2004) for the morning of
2005 July 5 confirm the presence of the filament, which has an
inverse S-like shape and a spine in its lower part. This is also
confirmed by inspection of TRACE at 171 A images. Such an
inverse S-like shape is likely to be expected in the northern hemi-
sphere (Pevtsov et al. 2001). The lefthand panel of Fig. 6 shows
one image of the Ha data set taken by the DOT at 8:44 UT. The
filament is surrounded by a bright plage. The image reveals small
arch-like structures in the upper half of the filament that are al-
most perpendicular to its axis and then, in the spine, stretch along
it towards its center. These archs can be identified as the Ha
counterpart of the He threads mentioned before. A continuum
image (with a 3 A bandpass) is shown in the righthand panel of
Fig. 6. This image is spatially aligned with the He panel on the
left and has, superimposed on it in white, the Ha-contour of the
filament. It is clear that the broader part of the filament lies on
top of the orphan penumbrae, in between the pores, whereas the
spine in the lower part is only surrounded by weaker magnetic
features (small gray patches in the continuum image).

3. Spectral line inversion and data analysis

The average signal-to-noise ratio after binning the data is
about 2000. Since the polarization signals of the Si 10827 A
line are much stronger than those of the He triplet, it is not
necessary to apply the same binning to the Si Stokes profiles
and suffer the corresponding loss of spatial resolution. However,
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Fig. 5. From left to right slit-reconstructed images from the Tenerife Infrared Polarimeter (TIP-II) at different times. From top to bottom several
wavelengths are presented that represent different layers in the atmosphere, from the photosphere to the chromosphere: continuum, Si 10827 A
line center and He 10830 A red core intensities. The panels are located at different positions to approximately represent the alignment of their
respective FOVs. The small white arrows indicate the position of the Stokes profiles presented in Figs. 7-9.

for a better comparison between them we use the same bin-
ning criterion for both, unless stated otherwise. Two different
inversion codes were used to fit the observed Stokes profiles.
Both use a nonlinear least-squares Levenberg-Marquard algo-
rithm to minimize the differences between the observed and syn-
thetic spectra. For the He 10830 A triplet a Milne—Eddington
(ME) inversion code (MELANIE; Socas-Navarro 2001) that
computes the Zeeman-induced Stokes spectra in the incom-
plete Paschen-Back (IPB) effect regime was used (see Socas-
Navarro et al. 2004, for a detailed study of the effects of the
IPB in the He multiplet). MELANIE does not take the atomic-
level polarization due to anisotropic radiation pumping and its
modification via the Hanle effect into account. Nevertheless, by

A131, page 6 of 15

comparing the output of three different techniques with different
levels of physical complexity, Kuckein et al. (2009) show that
the polarization signals in this AR filament are dominated by the
Zeeman effect, a fact that was supported by the excellent perfor-
mance of the MELANIE inversions. This code normally uses a
set of eleven free parameters, which are modified to obtain the
best fits to the observed Stokes profiles: magnetic field strength
(B), inclination (y), azimuth (¢), line strength (170), Doppler
width (AAp), a damping parameter, LOS velocity (vLos), the
source function at 7 = 0 and its gradient, macroturbulence fac-
tor and stray-light fraction (@ = 1 — f), where f is the filling
factor — or fraction of the magnetic component that occupies the
resolution element. MELANIE requires an initial guess for the
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Fig. 6. Ha line core (left) and continuum (right) images from the Dutch Open Telescope taken on 2005 July 5Sth at 8:44 UT. The contour of the
filament is superimposed upon the continuum image and shows that it partially lies on top of the orphan penumbrae, between the pores. In the left
panel, the dashed white box indicates the approximate FOV of TIP-II for that day.

free parameters. For this purpose we carried out a magnetograph
analysis and a Gaussian fit to Stokes / to obtain rough estimates
for B, v, ¢, Adp and v os for each point along the slit.

For the thermodynamical parameters, several inversions of a
few representative cases with random initial values, but within
reasonable boundaries, were carried out. Averages of the re-
trieved parameters were calculated and used as initial guesses
for the rest of the inversions.

Test inversions were carried out, where @ was left as a free
parameter, to control the fraction of a given nonmagnetic stray-
light profile in the inversions. The results yielded almost no
changes in the retrieved inclinations, azimuths, and LOS ve-
locities. The inferred magnetic field strengths were greater than
in the case without stray-light, but never by more than 100 G.
Therefore, we finally decided to fix this parameter for the He
ME inversions, setting the filling factor to 1 (i.e., @« = 0). The
macroturbulence factor was also fixed to the calculated theoret-
ical value of the spectral resolution of the data — a combination
of slit, grating, and pixel resolution, which yielded 1.2 kms™'.
Thus, only nine free parameters were left in the MELANIE fit.

The photospheric Si 10827 A line was inverted using the
SIR inversion code (Ruiz Cobo & del Toro Iniesta 1992) which
is based on spectral line response functions (RFs) and assumes
local thermodynamical equilibrium (LTE) and hydrostatic equi-
librium to solve the radiative transfer equation. The advantage
of using the SIR code is that a depth-dependent stratification of
the physical parameters can be obtained as a function of the log-
arithm of the LOS continuum optical depth at 5000 A (log 7).

We tested the effects on the inversions of using different ini-
tial model atmospheres (umbra, penumbra, and plage models), to
asses their performance when reproducing the observed Stokes
profiles. The penumbral model from del Toro Iniesta et al.
(1994) seemed to yield the best results, which is consistent with
what we see in the observations at the photosphere. However,
some modifications to the model (such as assuming an initial
constant magnetic field strength of 500 G and a LOS velocity of
0.1 kms™") had to be implemented.

Different initial values for the inclination and azimuth
did not affect the final fit to the observed Stokes profiles.
Macroturbulence was fixed to the same value as for the ME
inversions. However, for the inversion of the Si line, the stray-
light was initialized with 30% and left as a free parameter in
the fit. Stray-light profiles for each map were computed by av-
eraging the Stokes / of nonmagnetic areas, i.e., regions where
Stokes O, U, and V are negligible. The necessary atomic data
for the Si 10827 A line were taken from the work of Borrero
et al. (2003). In particular, the value of the logarithm of the os-
cillator strength times the multiplicity of the lower level that we
used was log(gf) = 0.363.

To have a rough idea of the formation height of silicon in
order to associate an appropriate optical depth for the inferred
vector magnetic field, response functions to magnetic field per-
turbations at various positions near or in the filament were calcu-
lated. Our atmospheric model covers heights from 1.2 up to —4.0
(in log 7 units). The highest sensitivity for both days was found
to take place at log T = —2. Thus, from this point onwards, all of
the figures derived from the inversions of the Si line are referred
to this height.

Figures 7-9 show the results of the MELANIE and SIR in-
versions of the Stokes parameters for three different positions
along the filament: one in a helium dark thread, one in the spine,
and one at the PIL. Each figure is made of eight plots: in the
top (bottom) row we present the He 10830A (Si 10827 A)
observed Stokes I, Q, U, and V profiles obtained after per-
forming the binning and the best fit achieved by the inversion
code. The exact location of the selected fits is indicated by short
white arrows in Figs. 5, 11, and 12 (see the captions of the fig-
ures for a detailed explanation). MELANIE does not provide the
uncertainties in the retrieved atmospheric parameters. To esti-
mate them, we used the synthetic Stokes profiles that resulted
from the best fit of the model to the data. Then, several different
realizations of the noise (with an amplitude of that of the noise
in the observations) were added to the synthetic Stokes profiles,
which were in turn inverted again. The standard deviation com-
puted from the spread in the values of the retrieved parameters
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provided the errors quoted in the captions of Figs. 7-9. The
SIR inversions directly provide uncertainties that are propor-
tional to the inverse of the response functions to changes in the
physical parameters.

We found a very satisfactory performance of the ME inver-
sion code when fitting the He Stokes profiles. This has already
been described by Kuckein et al. (2009) who found in these data
a ubiquitous presence of Zeeman-like signatures (see Stokes Q
and U frames in Figs. 7-9) with no apparent contribution of
atomic level polarization and its modification by the Hanle ef-
fect. The presence of strong Stokes Q and U profiles is indicative
of strong transverse magnetic fields in the filament. In the photo-
spheric Si 10827 A absorption line we also find strong Stokes Q
and U profiles, which occasionally have larger amplitudes than
the corresponding Stokes V. Consequently, a predominant hori-
zontal field is found at photospheric heights, too.

3.1. NLTE Si1 line formation

Prior to the inversions of the Si 10827 A line, we studied the
possible impact of nonlocal thermodynamic equilibrium (NLTE)
effects in the retrieved atmospheric parameters. SIR synthesizes
the Stokes profiles under the assumption of local thermody-
namic equilibrium. A recent study by Bard & Carlsson (2008)
report that this line can be significantly affected by NLTE con-
ditions. The authors show that the NLTE Si line core inten-
sity is deeper than the analogous LTE result for two different
model atmospheres: quiet sun (FALC model) and sunspot umbra
models (SPOTM model). To study possible effects on our inver-
sion results, we introduced the departure coefficients S (which
are defined as the ratio between population densities in NLTE
over LTE) from the above cited paper (kindly provided to us by
Carlsson), into the SIR code. Inversions of a few selected cases
were run with the S coeflicients from these models (together with
the LTE case), and the differences between the inferred magnetic
field strength (B), inclination (y), and azimuth (¢) were studied.
No significant changes were found for y and ¢ between the
and non-g inversions; however, the field strength presented some
variations. Differences with an rms value of 100 G, in the spine,
and of 150G, in the diffuse filament region in the upper part
of the maps, were found. We also studied the behavior of the
LOS velocities taking the various options for the 3 coefficients
into account. The rms changes found in the spine and in the or-
phan penumbrae were around 0.1 and 0.2 km ™!, respectively.

These values are low, and similar to other errors arising from
photon noise or systematics from the velocity calibration. NLTE
effects of the Si 10827 A line are certainly non-negligible when
estimating the temperature (7') stratification, which was found in
our tests, but this has no impact on our purely magnetic study.
In general, the temperatures above the range of logr = -0.5
and —1.0 do depend drastically on the departure coefficients used
and cannot be trusted unless a self-consistent NLTE inversion of
the line is carried out. However, we emphasize that no major
influence on the returned vector magnetic field and velocities
was found when neglecting NLTE departure coefficients.

3.2. 180° ambiguity

Before transforming the vector magnetic field from the line-of-
sight into the local solar frame of reference, we need to solve
the well-known 180° ambiguity. Due to the angular dependence
of Stokes Q and U with the azimuth, two configurations for the
magnetic field, compatible with the measured Stokes profiles,

are obtained, so the correct solution must be found by other
means. Several methods for resolving the ambiguity in the az-
imuth can be found in the literature (Martin et al. 2008, and ref-
erences therein). However, we were not able to apply them to our
filament since the Her high-resolution images clearly showed no
barbs, and no sunspot was located immediately next to the fil-
ament to assure the continuity of the azimuth. Instead, we used
the interactive IDL utility AZAM (Lites et al. 1995) to minimize
the discontinuities between the two solutions of the azimuth
on a pixel-by-pixel basis. Once we obtained the discontinuity-
removed maps of the azimuth and the inclination in the local so-
lar frame, we were left with two global solutions for each map,
one of which needed to be rejected. In one of the two solutions
the vector magnetic field pointed in the N-E direction (upward
in Fig. 5), while in the other solution it pointed S-W (downward
in the same figure). To select one or the other, we invoked the
large-scale magnetic topology of the active region. Since our AR
appeared during Solar Cycle 23 and was located in the northern
hemisphere, the leader polarity must correspond to a magnetic
field pointing outwards from the solar surface while the follow-
ing polarity must contain a field that points inwards. In such a
configuration, the toroidal field lines that created the AR neces-
sarily had to point from W to E. If we now acknowledge that
the leading polarity leans slightly towards the equator and the
following polarity towards the pole (Joy’s Law), this generates a
poloidal component pointing N, which corresponds to a N-E ori-
entation of the vector magnetic field in Fig. 5 (pointing upwards)
as the most probable solution.

4. Results

4.1. Vector magnetic field analysis in and underneath
the filament

Average horizontal and vertical magnetic fields in each
pixel were calculated using the equations given by Landi
Degl’Innocenti (1992):

Buer = f |B| cos, )
Bhor = \/f |B] siny, )

where f is the inferred filling factor, | B| the total field strength,
and vy the inclination with respect to the local vertical. As men-
tioned in Sect. 3 we assumed f = 1 for Egs. (1) and (2) in
the case of the helium inversions. Since v is the inclination in
the local reference frame, vertical magnetic fields are radially
oriented, whereas horizontal magnetic fields are parallel to the
surface.

Figure 10 shows arrows denoting the horizontal magnetic
field inferred from the He triplet (upper panel) and the Si line
(lower panel) inversions after solving the 180° ambiguity for
both days. Arrows are in black or white for a better distinction
from the background. The gray-scale image in the top and bot-
tom panels correspond, respectively, to a slit-reconstructed map
of the He core intensity (for the red component) and a photo-
spheric magnetogram (saturated at £400 G). For July 3, the thin
filament axis (or spine) lies mainly on top of the broad polarity
inversion line, i.e., the gray area between opposite polarities. The
photospheric vector magnetic field arrows in the lower panel de-
pict an organized field with a predominantly inverse configura-
tion at the PIL; i.e., the component of the transverse field perpen-
dicular to the PIL tends to point from negative (black) to positive
(white) polarity. Field vectors have, typically, a ~45° orientation
clockwise with respect to the filament axis seen in the upper
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Fig. 10. Top: four gray-scale slit reconstructed images representing He red core intensity, increasing with time from left to right. Superimposed
are white arrows indicating the horizontal magnetic fields observed with TIP-II in the He 10 830 A multiplet after solving the 180° ambiguity.
Especially in the fop right panel the magnetic field lines are well aligned with the dark He threads. Bottom: background images show photospheric
vertical fields BS! observed with TIP-Ilin the Si 10827 A spectral line. The images are saturated at +400 G to emphasize the PIL. The black and

vert

white arrows (depending on the background for a better contrast) represent the horizontal fields. The arrows are parallel to the polarity inversion
line, which lies in the gray area between 15 and 20 arcsec on the x-axis and extends from the lower to the upper part of each panel.

panel. Also, the transverse magnetic fields are stronger (longer
arrows) to the right (positive polarity) than to the left (nega-
tive polarity) of the PIL. The chromospheric horizontal magnetic
field presented in the upper panel appears to be highly sheared
(i.e., field lines are parallel to the PIL and to the filament axis),
but also displays an inverse configuration that dominates the sur-
roundings of the spine (main axis). It is important to emphasize
here that the chromospheric fields in the filament axis or spine
have a stronger shear than the photospheric ones, the latter show-
ing a preference for an inverse configuration.

The last three columns of Fig. 10 present the vector magnetic
field topology of the maps of July 5 using the same criterion as
described above. The spine is also seen on this day at the bottom
of the panels, but the top part is dominated by a more diffuse
filament in the chromosphere and by pores and orphan penum-
brae in the photosphere. In all helium images (upper panels), the
longest arrows, i.e., larger horizontal field component, are found
in the filament between 10” and 22" on the x-axis. This also
happens at photospheric layers. This readily shows that the fil-
ament area harbors the strongest horizontal fields in the region
at both heights. Changes in the vector magnetic fields through
the day are almost insignificant in a five to six hour time scale.
Interestingly, the field lines are aligned with the dark helium
threads (top panels). This can be easily seen in the last column
of Fig. 10.

The inferred chromospheric field is clearly aligned with the
spine (sheared configuration) in the lower part of the images and
has a slightly inverse orientation close to it. This is the same be-
havior as observed on July 3. The photospheric fields show a
predominance of the inverse configuration over the whole spine
region, which again coincides with what had been observed
two days earlier. In the upper part of the He intensity images,
above the spine, the chromospheric horizontal fields smoothly
change orientation, displaying a normal configuration. This shift
in orientation is complete in the top part of the figures, where
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the fields perpendicular to the PIL point straight from positive to
negative polarity. The bottom panels of Fig. 10 for this day show
that the photospheric horizontal fields are more aligned with the
PIL, with a more sheared configuration than their chromospheric
counterparts.

Thus, the filament seems to be divided in two substructures:
(1) a chromospheric spine with field lines parallel to its axis and
an inverse polarity configuration in the photosphere below it and
(2) extensive dark helium patches or threads that show a nor-
mal polarity configuration above and, sheared field lines running
along the PIL underneath, in the photosphere.

4.2. Helium threads

We performed a more detailed study of the chromospheric He
threads, which appear in the top righthand panel of Fig. 10.
The centers of two long threads are located around [x,y] =
[20”,28"] and [20”,20"], hereafter threadl (TH1) and thread2
(TH2), respectively. They extend from just above the PIL to far
into the positive polarity region. According to the orientation of
the field lines, which are aligned with the threads, a normal po-
larity configuration pointing from positive to negative is present,
and therefore it is natural to consider them as simple arches
anchored in one polarity and reaching over the other. We sug-
gest that these threads act like footpoints of the filament.

The following inferred magnetic properties are consistent
with this interpretation. Along threadl, between x € [18",22"],
we found that the inclination changed from a more horizontal
configuration, yrg; ~ 66°, near the PIL to a more vertical one,
yt1 ~ 35° farther away from it, in the positive polarity plage
region. An inclination of y = 90° means that the field lines
are parallel to the solar surface. Along with this, the horizon-
tal fields decreased from BE:r ~ 570 to 360 G, whereas the to-
tal field strength remained almost constant along the structure;

i.e., the vertical component of the field B!, increased. The same
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Fig. 11. The gray-scale images indicate the two components of the magnetic field strength inferred from the ME inversions of the He 10830 A
triplet. The upper/lower four panels show the vertical (Byeq)/horizontal (By,,) fields in the local frame of reference. All images in the same row
have the same intensity scale. Vertical and horizontal fields are saturated at +500 G and 800 G, respectively. Both polarities are close together and
the PIL is only a few arcseconds wide in all panels. The white arrow indicates the location of the Stokes profiles shown in Fig. 9.

happened in thread2, between x € [19”,22"]: inclinations be-
came more vertical away from the PIL, going from yty, ~ 68°
to 38°, while the horizontal fields decreased from Bffoer ~ 620
to 360 G. These findings suggest that these threads magnetically
link the chromosphere and the photosphere. The Si data also
show that the fields are more vertical near the ending points of
both threads. As a consequence, the threads could constitute a
channel for plasma to flow down along them. Mass flows from
the filament into the photosphere through these channels will be
studied in the second paper of this series.

4.3. Vertical and horizontal magnetic field components

The changes in the vertical (Byer) and horizontal (By,y) magnetic
fields at both heights and for both days are displayed in Figs. 11
and 12. Several properties are worth mentioning.

1. A comparison between Figs. 11 and 12 shows that the hor-
izontal fields at the spine of the filament are stronger in the
chromosphere than in the photosphere underneath. This is
consistent throughout both days, along the spine on July 3
and outside the pores and orphan penumbrae (the lower half
of the maps) on July 5. On average, B > BY by ~100G.

2. Figure 11 shows that the spine in the chromosphere has a
weaker horizontal magnetic field (Bh"l(fr ~ 400-500 Gauss)
than the region above the orphan penumbrae observed on
July 5, which reaches horizontal field strengths as high as
800 G (the region studied in detail by Kuckein et al. 2009).

3. The aforementioned chromospheric strong fields of July 5
are clearly related to the presence of pores and orphan
penumbrae in the photosphere. The corresponding photo-
spheric horizontal fields are the strongest there, too (see
Fig. 5 for the exact location of the pores and orphan penum-
brae). The observed BE; . in these areas is in the range of
1000-1100G.

4. Vertical fields seem to be very similar at both heights.
However, BH¢ appears to be weaker and have a more ho-

vert

mogeneous distribution than BSI .
It is of interest to see the spatially widening and narrowing be-
tween opposite polarities. On July 3 there is a big gap (gray area
of around 6” wide) between positive and negative polarities in
the B3| image. Interestingly, the absence of vertical fields is bet-
ter seen at photospheric heights (see fop left panel of Fig. 12)
rather than in the chromosphere. The same widening can also be
seen in the MDI LOS magnetograms (see Fig. 3; starting at the
second row from the fop). Two days later, on July 5, the oppo-
site polarities have moved closer together, forming an extremely
compact active region PIL. Although only the upper half map of
July 3 overlaps with the lower half of July 5, the gap is undoubt-
edly smaller on the second day.

4.4. Azimuth changes between the photosphere
and the chromosphere

Figure 13 analyzes the differences between the azimuths inferred
fromthe He (¢ye) and Si (¢s;) inversions after solving the 180°
ambiguity. Although only two data sets are presented, all of the
other maps show very similar results. Figures 13a,b compare
the photospheric and chromospheric horizontal fields for the
two days. The white contours in the panels delimit the regions
with predominantly horizontal magnetic fields. The adopted se-
lection criterion defined “horizontal fields” as those having an
inclination with respect to the local frame of reference in the
range of 75° < yg. < 105°. Azimuth differences’, ¢y — ¢s;, in
between the white contours are presented in the histograms of
Figs. 13c, e, revealing that:

1. on July 3 (i.e., observing mostly the spine region) both
photospheric and chromospheric fields seem to follow each

% Azimuths are always positive and measured counterclockwise.
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Fig. 12. Same as Fig. 11 but for the SIR inversions of the Si 10827 A line. On July 5, the horizontal fields are concentrated at the pores (better
seen when compared to Fig. 5) and reach top values of up to 1100 G. Black (negative) and white (positive) polarities of the top panels are close

together, indicating a very compact AR.

other, differing by only 5°-10°, with the He arrows more
aligned with the filament axis (see Fig. 13d);

2. onJuly 5, on the other hand, it was the photospheric field that
was more aligned with the PIL, and the azimuths showed a
larger discrepancy, of 10°-20° on average;

3. the ¢p. angles are systematically larger than the ¢s;.

To understand why the azimuth of the chromospheric vector field
always pointed in a slightly counterclockwise direction with re-
spect to the photospheric one, we provide the inset of Fig. 13d.

On July 3, the chromospheric magnetic field was aligned
with the spine, while the photospheric one displayed an in-
verse configuration, hence with smaller azimuth angles (angles
are measured from the x-axis and increase counterclockwise).
We interpret this as indicating that the field lines were wrapped
around the filament axis. On July 5, the situation was reversed:
the filament axis was delineated by the photospheric field lines,
while the chromospheric ones showed a normal polarity configu-
ration, thus mapping a higher part of the structure than two days
earlier. Again the chromospheric azimuth angles were larger
than the photospheric ones.

5. Discussion

This paper is an extensive study of the vector magnetic field at
two different heights in a filament that lies on top of the polar-
ity inversion line of an active region. This study is mostly based
on TIP-II data in the 10830 A spectral region, but it also uses
other multiwavelength data sources. Helium intensity core im-
ages clearly show the presence of a thin filament spine, which
we identify with the filament axis, on top of the PIL on both
days. Our observations reveal that this spine is dominated by
strong homogeneous horizontal fields, typically in the range
of 400-500G in the chromosphere and 100G smaller in the
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photosphere underneath. Vertical gradients of the field strength
with stronger fields in the upper layers have already been ob-
served (e.g., in polar crown prominences as shown by Leroy
et al. 1983) and modeled in the past (Aulanier & Démoulin
2003) and been ascribed to the presence of dips (Anzer 1969;
Demoulin & Priest 1989). The vector magnetic field in the fila-
ment spine at chromospheric heights is highly sheared (i.e., par-
allel to the PIL), while the photospheric vector field below the
spine shows a uniformly inverse polarity. Such a configuration
naturally suggests a flux rope topology. This scenario is also fa-
vored by the TRACE at 171 A, which showed the filament with
an inverse-S shape structure. Such a shape is thought to indicate
the existence of an underlying flux rope (Gibson et al. 2002).
This configuration of the spine, with inverse orientation in the
photosphere and sheared field lines in the chromosphere, shows
no significant change in the observed two-day interval. Evidence
of the filament back on July 1 was presented in the BBSO Ha
images (see Fig. 1). This readily shows that the process that cre-
ated the filament occurred well before our observations. We ten-
tatively identify this previously existing filament with the spine
region in our observations, and remark on the fact that it showed
almost no evolution during our observing campaign.

However, the PIL region was not inactive in this time lapse
from the 3 to the 5 of July. MDI line-of-sight magnetograms
show a widening (on July 3) and a narrowing (on July 5) of
the opposite polarities of the AR. The photospheric longitudi-
nal magnetic field obtained with TIP-II on July 3 also indicates a
wide separation of both polarities compared to the more compact
PILs observed on July 5. On this day, the FOV included not only
the spine region, but also the newly appeared orphan penumbrae
and pores. This region has a magnetic topology that is fundamen-
tally different from that of the spine discussed before. The upper
panels in Fig. 10 show chromospheric field lines with a normal
polarity configuration (above y ~ 15”). The horizontal fields
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helium and silicon above y ~ 8 and y ~ 12, for July 3 and 5 respectively.

there are stronger than in the spine, reaching up to 800G (see
Kuckein et al. 2009). This normal polarity configuration sug-
gests there are field lines that directly connect opposite polari-
ties. On the other hand and most noticeably, in the lower panels
of Fig. 10, the photospheric field lines always point along the
PIL, with a clear sheared configuration. The strengths of these
PIL-aligned fields are high, in the range of 1000-1100G. Now,
the shear is seen in the photosphere, below the chromospheric
arching field lines in a normal configuration. If a flux rope above
the photosphere were found in the spine region, a similar flux
rope would need to be sitting underneath it, at photospheric
heights. A simple potential arcade model can be excluded here
since no sheared field lines are expected in the photosphere for
such a configuration. In the scenario that we suggest, the he-
lium Stokes profiles would be mapping the top arching field lines
with a normal configuration, while the axis of the rope, with
sheared fields, would be located in the denser photosphere. The
field strength of the structure is high enough to generate pore-
like darkenings and penumbral alignments. Moreover, as these
structures become visible following the widening and closing
of the PIL region, we are tempted to suggest that what we are
witnessing is the emergence to the surface of a flux rope struc-
ture. Unfortunately, the limited amount of observations at our
disposal and the prevailing seeing conditions prevent a study of
the evolution similar to the one by Okamoto et al. (2008, 2009).

However, the simultaneous observations in the chromosphere
and the photosphere that we present in this paper indicate that
a similar process might be at work.

There is another subtle indication that a lower lying flux rope
exists in this part of the FOV observed on July 5. As stated be-
fore, the spine region displays the same configuration on both
days, in agreement with a flux rope located at chromospheric
heights. However, there is one difference between the Si absorp-
tion images on both days (see Fig. 5). While on July 3 the spine
is not seen in the silicon core images, it does become obvious in
those from July 5, suggesting that, in this case, the axis of the
filament sits at lower heights. It is as if the proximity of the or-
phan penumbrae and pore region (interpreted here as a flux rope
in the photosphere), forces the axis of the main filament to move
to lower layers.

Recently, MacTaggart & Hood (2010) have studied the “slid-
ing doors” effect through 3D magnetohydrodynamic (MHD)
simulations. They report that this effect develops out of the
emergence and expansion at the photosphere of a flux rope.
In their simulations, the main axis of the flux bundle emerges,
thanks to the magnetic buoyancy instability, to heights just
slightly above the photosphere. For this area of the observed
map (i.e., excluding the spine), we tentatively propose a sce-
nario where an emerged flux rope is trapped (or slowly
evolving) in the photosphere, as reported in the simulations
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of MacTaggart & Hood (2010). In this scenario, the observed
pores and orphan penumbrae are the white-light counterparts of
a flux rope trapped in the photosphere that is indeed part of the
filament. To our knowledge, this is the first observational evi-
dence of a trapped flux rope in the photosphere. Along with the
works of Okamoto et al. (2008, 2009) and Lites et al. (2010), this
work is the third example of observations of a “sliding door” and
flux rope emergence scenario inside an AR filament, with almost
the same time scale (~1 day).

One could argue that such an emergence process must leave
a fingerprint on a flux history curve of the active region (as pro-
posed recently by Vargas Dominguez et al. 2011). No such in-
dication is seen in Fig. 4, neither when it emerged in the sliding
door phase (on July 3), nor on July 4-5 when, at some point, the
trapped flux rope emerged and generated the observed pores and
orphan penumbrae system. However, it is important to point out
that all these processes mainly involve fransverse fields to which
the longitudinal magnetograms from SOHO/MDI are blind. As
long as the longitudinal flux involved in any of these events stays
below the flux noise level in Fig. 4 (0.3 x 10%!' Mx), it will re-
main undetectable. This can be accomplished by flux ropes that
are not highly twisted (with a dominant axial flux over a poloidal
component). For example, the case shown by Vargas Dominguez
et al. (2011) involves a flux increase of 0.1 x 102! Mx, which
would be buried in the noise of our flux curves.

The filament formation model by van Ballegooijen &
Martens (1989) and the model of active region evolution by
van Ballegooijen & Mackay (2007) form, through successive re-
connections above the photosphere, a twisted flux rope with a
strong shear at the axis. The reconnection gives rise to two types
of field lines: sheared field lines that form the axis of the heli-
cal rope and normally oriented loops below them (see Figs. 1
and 5 in van Ballegooijen & Martens 1989; van Ballegooijen &
Mackay 2007, respectively). In these models, the photosphere
acts as barrier to the submergence of sheared fields, which must
stay in the corona once created by reconnection. However, the
loops with a normal configuration must submerge below the pho-
tosphere and cross this layer at some point. This submergence is
driven by tension forces pointing down and the involved spa-
tial scales are small (900 km, see Fig. 1 in van Ballegooijen &
Martens 1989). While these scales were not easily accessible to
quantitative vector magnetograms in the past, the data presented
in this paper achieve the needed resolution and can be used to
search for evidence of these reconnected field lines. We did not
find such a normally oriented component in our photospheric
vector magnetic field maps. This is true not only for the inver-
sions done with binned data, but also for the inversions done
of the Si line with the original resolution (1”). Only inverse
orientation (in the spine region) or sheared field lines (in the
orphan penumbral region) have been detected at photospheric
heights. In this sense, our observations fail to support the gener-
ation of these normal polarity submerging magnetic field lines.
Another prediction of the aforementioned models is that velocity
measurements must clearly show downflows in the photosphere
close to the PIL, where the field lines submerge. Therefore,
Doppler measurements are definitely needed to verify whether
downflows or upflows of some kind are present at the base of the
filaments. This will be described in Paper II of this series.

The scenario proposed in various recent works (see, e.g.,
Archontis & Torok 2008; Mackay et al. 2010, for a review),
where the original flux rope remains confined to photospheric
heights and a secondary flux rope is produced after reconnection
of the emerged top part of the original one, could well apply to
our results. The spine region would correspond to the secondary
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flux rope in the chromosphere, while the orphan penumbral re-
gion would belong to the parent flux rope that stays deeper
down in the denser layers. What remains unexplained by this
model is the further disappearance by July 6 of the pores and or-
phan penumbrae observed in the SOHO/MDI continuum image
(Fig. 2).

6. Conclusions
The main conclusions of the present work follow.

1. The “sliding doors” effect described by Okamoto et al.
(2008) was seen in our observations during the period be-
tween July 3 and July 5. This was identified in SOHO/MDI
data and in the TIP-II Si magnetograms for those days.

2. The observed AR filament can be separated into two areas.
The first was observed on July 3 and shows the filament
axis, or spine, in the helium-absorptionimages. The He data
show the magnetic field (with horizontal field strengths of
400-500G) aligned with the filament, indicating a strong
sheared configuration. This region is also observed in the
FOV of July 5, when portions of the spine are even seen in
the silicon line core images. This would indicate that the part
of the spine observed this day lies in lower layers than the
portion observed two days earlier.

3. The photospheric fields for this area of the filament show
an inverse configuration of the magnetic field lines that we
interpret to be the bottom of a flux rope structure. Similarly,
we interpret the spine seen in helium as the signature of the
flux rope axis.

4. The second area corresponds to the orphan penumbrae that
appear during the sliding door timeframe, and it clearly
shows a different magnetic configuration. Helium observa-
tions exhibit a normal polarity configuration, whereas the sil-
icon data show a strongly sheared region with very intense
horizontal fields. This magnetic topology was interpreted as
a scenario in which the chromospheric magnetic fields trace
the top part of the flux rope, while the spine — or flux rope
axis — is still lying in the photosphere.

5. The observed orphan penumbrae region is thus the photo-
spheric counterpart of this active region filament. Since the
spine was also seen in the silicon line, we emphasized that
active region filaments can have a clear photospheric signa-
ture. In particular, it would be interesting to find out if all
orphan penumbral regions observed inside active regions are
related to their filaments.

6. The whole emergence process of these orphan penumbrae
does not leave a clear imprint in the flux history of the ac-
tive region. This was interpreted as due to the flux system
being mostly transverse, with a low enough twist to not gen-
erate identifiable signals in SOHO/MDI longitudinal magne-
tograms.

7. We did not observe flux loops with a normal polarity
configuration in the photosphere, as suggested by some
filament generation models based on footpoint motions
and reconnection (see van Ballegooijen & Martens 1989;
van Ballegooijen & Mackay 2007). While the preexisting fil-
ament observed on July 1 in the BBSO data could have been
created in the way described in these works, the configura-
tion and the evolution described here for the period from July
3 to July 5 suggests otherwise.

The current study was limited, not only by the small FOV of
TIP-II, which nowadays has a slit that is twice as long as during
our observing campaign in 2005, but also by the observational
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gap on July 4. Magnetic field extrapolations could undoubtedly
shed more light on the magnetic structure of this filament. It is
now crucial to carry out more multiwavelength measurements,
like the one presented in here, but with higher cadence and big-
ger FOVs to fit the pieces of the puzzle together, in order to
fully understand the origin, evolution, and magnetic topology
of AR filaments. In particular, continuous vector magnetograms
of active regions, together with simultaneous imaging of the
corona, should be able to prove/disprove the proposed scenario
for the last stages of their evolution. The instrument suite on-
board the NASA/SDO satellite is the best candidate for such a
study.
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The 3D structure of an active region
filament as extrapolated from photospheric
and chromospheric observations

Chapter 3, non-linear force-free field extrapolations were carried. The inferred vector

magnetograms of the previous chapter were used as boundary conditions for these ex-
trapolations.

The article presented in this chapter was published with the title “The three-dimensional
structure of an active region filament as extrapolated from photospheric and chromospheric
observations”, in The Astrophysical Journal, volume 748, issue 1, 23, pages 1-12, year 2012.

In order to confirm the proposed magnetic structure of the AR filament presented in

Abstract: The three-dimensional structure of an active region filament is studied using
nonlinear force-free field extrapolations based on simultaneous observations at a photo-
spheric and a chromospheric height. To that end, we used the Si 1 10827 A line and the
He 1 10830 A triplet obtained with the Tenerife Infrared Polarimeter at the Vacuum Tower
Telescope (Tenerife). The two extrapolations have been carried out independently from
each other and their respective spatial domains overlap in a considerable height range. This
opens up new possibilities for diagnostics in addition to the usual ones obtained through
a single extrapolation from, typically, a photospheric layer. Among those possibilities, this
method allows the determination of an average formation height of the He 1 10830 A signal
of &~ 2Mm above the surface of the Sun. It allows, as well, a cross-check of the obtained
three-dimensional magnetic structures to verify a possible deviation from the force-free
condition, especially at the photosphere. The extrapolations yield a filament formed by
a twisted flux rope whose axis is located at about 1.4 Mm above the solar surface. The
twisted field lines make slightly more than one turn along the filament within our field of
view, which results in 0.055 turns Mm~!. The convex part of the field lines (as seen from the
solar surface) constitutes dips where the plasma can naturally be supported. The obtained
three-dimensional magnetic structure of the filament depends on the choice of the observed
horizontal magnetic field as determined from the 180° solution of the azimuth. We derive
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a method to check for the correctness of the selected 180° ambiguity solution.
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ABSTRACT

The three-dimensional structure of an active region filament is studied using nonlinear force-free field extrapolations
based on simultaneous observations at a photospheric and a chromospheric height. To that end, we used the Si1
10827 A line and the He110830 A triplet obtained with the Tenerife Infrared Polarimeter at the Vacuum Tower
Telescope (Tenerife). The two extrapolations have been carried out independently from each other and their
respective spatial domains overlap in a considerable height range. This opens up new possibilities for diagnostics
in addition to the usual ones obtained through a single extrapolation from, typically, a photospheric layer. Among
those possibilities, this method allows the determination of an average formation height of the He 110830 A signal
of ~2 Mm above the surface of the Sun. It allows, as well, a cross-check of the obtained three-dimensional
magnetic structures to verify a possible deviation from the force-free condition, especially at the photosphere. The
extrapolations yield a filament formed by a twisted flux rope whose axis is located at about 1.4 Mm above the solar
surface. The twisted field lines make slightly more than one turn along the filament within our field of view, which
results in 0.055 turns Mm™". The convex part of the field lines (as seen from the solar surface) constitutes dips where
the plasma can naturally be supported. The obtained three-dimensional magnetic structure of the filament depends
on the choice of the observed horizontal magnetic field as determined from the 180° solution of the azimuth. We

derive a method to check for the correctness of the selected 180° ambiguity solution.

Key words: Sun: activity — Sun: filaments, prominences — Sun: magnetic topology

Online-only material: color figures

1. INTRODUCTION

Active region (AR) filaments are observed above polarity
inversion lines (PILs) where the vertical component of the mag-
netic field changes sign, separating the two opposite polarities
(Babcock & Babcock 1955). They are called filaments when
observed on the solar disk and prominences when observed
above the solar limb, although the two terms refer to the same
phenomenon (see Demoulin 1998; Mackay et al. 2010, for a
review on filaments and prominences). Filaments/prominences
are formed by plasma that has been lifted up above the solar
surface and is cooler and denser than its surroundings. The nec-
essary force to sustain this plasma is of magnetic origin. Here
we shall focus on AR filaments, which are characterized by a
strong horizontal component of the magnetic field along the fil-
ament axis reaching several hundred gauss (Kuckein et al. 2009,
2012; Guo et al. 2010; Canou & Amari 2010; Jing et al. 2010).
These filaments typically lie low above the solar surface (Lites
2005) compared with quiescent filaments.

There are two classes of models that aim to describe the
magnetic structure of filaments: the sheared magnetic arcade
model and the twisted flux rope (TFR) model. The former
involves photospheric motions of magnetic footpoints near the
PIL produced by various mechanisms such as photospheric
flows, vortical motions, or the emergence of the upper part of
a flux rope (Antiochos et al. 1994; DeVore & Antiochos 2000;
Aulanier et al. 2002; Welsch et al. 2005; DeVore et al. 2005).
The flows force the magnetic field to get reconfigured creating
a variety of field configurations, as dipped field lines (Mackay
et al. 2010).

The TFR model assumes that the filament is formed by a
dipped flux rope where the material can naturally be located and

lifted up (van Ballegooijen & Martens 1989; Leka et al. 1996;
Titov & Démoulin 1999; Amari et al. 1999; Lites 2005; Lites
et al. 2010). Flux emergence of a TFR to the solar atmosphere
has also been numerically modeled (Magara & Longcope
2003; Fan & Gibson 2004; Archontis et al. 2004; Amari
et al. 2004, 2005; Galsgaard et al. 2005; Cheung et al. 2007;
Martinez-Sykora et al. 2008; Tortosa-Andreu & Moreno-Insertis
2009; Fan 2009; MacTaggart & Hood 2010). From observations,
Okamoto et al. (2008, 2009) have shown that the change in the
horizontal field from normal to inverse configuration can be
interpreted as the signature of an emerging flux rope. This has
been shown as well in three-dimensional MHD simulations of
an emerging flux rope, where the spectropolarimetric signal
exhibits similar changes of the horizontal field from normal to
inverse (Yelles Chaouche et al. 2009a) using the same pair of
Iron lines Fe16301 A and Fe16302 A as the ones of Hinode
SP/SOT.

The numerical models aiming to simulate the properties of
filaments assume a certain number of conditions, such as, e.g.;
the mere pre-existence of a flux rope in the convection zone or
in the atmosphere, the amount of twist necessary for a given
flux rope to emerge into the atmosphere, its morphology and
emergence velocity, etc. These assumptions and conditions can
hardly be directly tested using observed magnetograms only,
and it turns out to be very helpful to use extrapolations in order
to get information on the observed three-dimensional magnetic
field and its properties. This gives feedback to numerical models
and allows them to be fine tuned.

In recent years, extrapolations have played an important
role in probing AR filament properties (Guo et al. 2010;
Canou & Amari 2010; Jing et al. 2010). This is due to (a)
the progress in mathematical and computing techniques of
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Figure 1. Two snapshots: the upper row (3rd of July); The lower row (5th of July). From left to right: continuum intensity, Si1 10827 A line core, He110830 A red
core, and Stokes-V at —150 mA from Si110827 A line center. As an example, the location of the spine (i.e., the filament’s axis) can be seen in the upper He 1 panel
as an elongated darkening along the y-axis. This can also be seen in the lower He1and Si1panels. The dashed-line rectangles indicate the approximate overlap of the

filament between the two snapshots.

extrapolations (e.g., Amari et al. 1997; Wiegelmann 2004;
Wiegelmann et al. 2006; Schrijver et al. 2006; Aly & Amari
2007; Metcalf et al. 2008) and (b) to the large improve-
ment in spectropolarimetric facilities which allows the mea-
surement of the full Stokes vector with ever higher sensitiv-
ity and resolution (e.g., SP/SOT on board Hinode, TIP at
the VIT, THEMIS/MTR, etc.; see, e.g., Lopez Ariste et al.
2006; Okamoto et al. 2008; Kuckein et al. 2009; Lites et al.
2010; and the review by Mackay et al. 2010 for further refer-
ences.)

In the past, extrapolations of AR filaments have exclusively
been computed using photospheric fields as boundary values.
Knowing that the photospheric plasma is not completely force
free, it is important to compare these extrapolations with ones
of the same region but using chromospheric magnetic field as
boundary values for the extrapolations. The plasma g in the
chromosphere is usually much smaller than in the photosphere,
so that the magnetic field in the former must be closer to force-
free than in the latter. Simultaneous observations of the magnetic
field vector at the photosphere and chromosphere (Kuckein et al.
2012; Sasso et al. 2011) offer the possibility of such a study.
Based on the observations in Kuckein et al. (2012; see also
Kuckein et al. 2009, 2010), we will perform extrapolations
starting from the photosphere and, independently, from the
chromosphere. This allows to cross check the extrapolation
results and test whether the latter have been affected by, e.g.,
the finite plasma S and the preprocessing procedure.

We will focus here on two representative times (one for
each day of observation). Then for each of them we have two

snapshots: one at the photosphere using the Si110827 A line
and one at the chromosphere using the He 110830 A triplet. The
time evolution of the filament over the entire observation period
can be further retrieved from the paper by Kuckein et al. (2012).

2. OBSERVATIONS AND DATA ANALYSIS

In this paper, we study a filament located along the PIL
of AR NOAA 10781, which was found to be in its slow
decay phase when the observations were performed. The full
Stokes spectropolarimetric data were acquired with the Tenerife
Infrared Polarimeter (TIP-II; Collados et al. 2007) at the German
Vacuum Tower Telescope (VTT, Tenerife, Spain) on 2005 July
3 and 5, at coordinates N16-E8 and N16W18, respectively.
Several scans were taken with the slit (075 wide and 35”)
parallel to the filament obtaining maps with a field of view
(FOV) of ~26 x 25 Mm and ~22 x 25 Mm, for July 3 and
July 5, respectively. It is important to note that the FOV was
not centered on the same location on both days. However, the
upper half of the map from July 3 overlaps with the lower half
of the map from July 5. The observed spectral range comprises
the photospheric Si110827 A line and the chromospheric HeT
10830 A triplet, which allows us to simultaneously study both
heights and their magnetic coupling. The reader is referred to the
papers of Kuckein et al. (2009, 2012) for an extensive description
of the data and the magnetic evolution of this AR filament.

Figure 1 shows slit-reconstructed maps of the two selected
data sets. From left to right different wavelengths are presented:
continuum, Silicon line core intensity, helium red core intensity,
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and Silicon Stokes-V magnetogram (at —150 mA from line
center). The upper map was taken on 2005 July 3, between 14:39
and 15:01 and clearly shows the filament in the He 1 absorption
panel (third panel starting from top left). The filament extends
along the vertical axis and lies on top of the PIL, as shown in
the upper Stokes-V panel. The lower map was observed on 2005
July 5, between 8:42 and 9:01. The spine or filament axis is still
seen in the lower half of the He 1 panel, but above, a more diffuse
filament is located on top of the pores and orphan penumbrae
which have newly formed.

Two different inversion codes were used to fit the Stokes
profiles. A binning in the spectral and spatial domain was
applied to increase the signal-to-noise ratio. Hence, the final
spectral sampling is ~33.1 mA pixel™ ! and the average pixel
size is ~1”. For the helium 10830 A triplet we used a Milne-
Eddington inversion code (MELANIE; Socas-Navarro 2001),
which computes the Zeeman-induced stokes spectra in the
incomplete Paschen—Back regime (Socas-Navarro et al. 2004).
In the case of the Silicon 10827 A line we used the SIR code
(Stokes Inversion based on Response functions; Ruiz Cobo &
del Toro Iniesta 1992). Kuckein et al. (2012) showed that the
non-local thermodynamical equilibrium (NLTE) effects of the
Si110827 A line reported by Bard & Carlsson (2008) do not
significantly affect the inferred vector magnetic field from the
SIR inversion code and therefore were not taken into account.
We transformed the vector magnetic field from the line of
sight (LOS) into the local solar reference frame. The 180°
ambiguity was solved using the AZAM code (Lites et al.
1995). Response functions to magnetic field perturbations for
the inferred atmospheres were computed at different positions
inside and around the filament. An average optical depth of
log T ~ —2 for the formation height of Silicon has been obtained
for both days.

3. FORCE-FREE FIELD EXTRAPOLATION

Using the photospheric or chromospheric magnetic field as
boundary values, it is possible to calculate the three-dimensional
magnetic field vector in the atmosphere using force-free field
(FFF) extrapolations. The force-free (or zero-Lorentz force)
assumption is equivalent to assuming that the electrical current
j and the magnetic field B are parallel, or, using Ampere’s law
and cgs units:

4
VxB=-"j=aB, (1)
C

where « in Equation (1) is the so-called force-free parameter
and measures the level of twist of the field lines. Given that B
is solenoidal, @ must be constant along each field line. We use
here nonlinear force-free extrapolations, where « is constant
along each given field line but can change from one field
line to another. The extrapolations are carried out using the
optimization method (Wiegelmann 2004).

The observed magnetic field is not necessarily force free.
This is especially the case in the photosphere where the plasma
B is not small (with g the ratio of gas to magnetic pressures).
For instance, 8 = 1 in the lower part of the photosphere
(Yelles Chaouche et al. 2009b, from calculations using three-
dimensional MHD simulations).

Schrijver et al. (2006, 2008), Metcalf et al. (2008), and
De Rosa et al. (2009) have implemented a variety of tests to
compute the coronal magnetic field using several nonlinear
force-free field (NLFFF) extrapolation codes. The different

YELLES CHAOUCHE ET AL.

codes were tested using analytical, numerical, and observational
models. Among other conclusions, these papers have ad-
dressed the issue that the NLFFF extrapolations are sensitive
to the boundary conditions (usually, photospheric vector mag-
netograms). These might suffer from uncertainties due to low
signal-to-noise conditions, inaccuracies in the resolution of the
180° ambiguity, or more importantly from non-force-free con-
ditions of the photospheric plasma.

In order to make the observed magnetic field maps more
consistent with the force-free assumption and greatly enhance
the correctness of the force-free extrapolations, it is necessary
to apply some preprocessing (Wiegelmann et al. 2006; Metcalf
et al. 2008). This consists of minimizing the magnetic force
and torque (Aly 1989), minimizing the difference between the
observed magnetic field and the preprocessed one, and applying
a smoothing operator to remove the small-scale variations of the
magnetic field. The preprocessing routine used here is the one
developed by Wiegelmann et al. (2006). It is useful to quantify
the change produced on the magnetograms by the preprocessing
procedure. For that we use the usual vector correlation (Schrijver
et al. 2006) between the observed vector magnetic field and the
preprocessed one. It is found that for the case of the Si1 10827 A
vector magnetogram, the correlation between the original and
preprocessed field is approximately 0.84. In the case of the
He110830 A vector magnetogram, the correlation is about 0.90
between the observed and preprocessed magnetic field. This
indicates that the observed He 110830 A magnetic field is closer
to a force-free condition than the Si110827 A case.

The observed vector magnetograms have a relatively small
field of view and are not isolated from the rest of the AR. This
might introduce some errors in the NLFFF extrapolated model.
Some authors proceed in enlarging the field of view by em-
bedding the observed vector magnetograms in MDI maps; nev-
ertheless this might introduce inconsistencies because the MDI
magnetograms contain only the LOS component of the magnetic
field, and therefore would inconsistently connect magnetic field
lines throughout the NLFFF model. It is therefore safer to just
use the existing vector magnetograms (after preprocessing) as
lower boundary for the NLFFF extrapolations. A further test of
the effect of reduced field of view on the extrapolation results is
carried out in Section 4.6.

The extrapolation starts with potential lateral and top bound-
aries, whereas the bottom one is the preprocessed observed
vector magnetogram. A description of the code can be found in
Wiegelmann (2004), Schrijver et al. (2006), and Metcalf et al.
(2008). The NLFFF extrapolated model is expected to be more
correct in the lower central part of the computational domain
(Schrijver et al. 2006).

The extrapolations are computed in a box of 33 x 38 x 38
grid points in the x, y, and z directions, respectively. x and y
being the horizontal directions perpendicular and parallel to the
filament’s axis, respectively. This yields a distance of ~650 km
between grid points. The same distance between grid points is
used in the vertical direction.

4. RESULTS
4.1. Extrapolations Starting from the Photosphere

The vertical component of the magnetic field (BSl ) inverted
from the photospheric Si110827 A data is plotted in Figure 2
using a color scale. The lower case “z” in BSl O refers to the
vertical component of the magnetic ﬁeld while the upper case
“O” and “Si” refer to the field obtained from Observations
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Figure 2. Background: vertical component of the magnetic field on July 5 at
the photosphere (BZS"O). The arrows represent the horizontal component of the
magnetic field. The field strength is proportional to the length of the arrows.

(A color version of this figure is available in the online journal.)
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using the Si110827 A line. The arrows in Figure 2 indicate
the direction of the horizontal magnetic field. The length of
the arrows is proportional to the horizontal field strength.
In the vicinity of the PIL, some arrows point from the negative
polarity to the positive one, which is called inverse configuration.
A normal configuration is obtained when the field arrows
point from the positive to the negative polarity. The inverse
configuration in the PIL region suggests that the filament above
is formed by a TFR.

The extrapolated magnetic field is plotted in the top panel of
Figure 3 using UCAR’s Vapor three-dimensional visualization
package (www.vapor.ucar.edu). This three-dimensional view
shows a sample of magnetic field lines in the filament region in
order to outline its structure. The background map represents the
vertical component of the magnetic field (BZSLE) at the bottom
of the extrapolated cube. The upper case “E” and “Si” refer
to the field obtained by extrapolations using the Si110827 A
line vector magnetograms as lower boundary condition. In the
background map of the top panel of Figure 3, purple and blue
colors correspond to Bf“‘: > 0; green and red are reserved for
BZSi’E < 0. The magnetic field forming the filament is distributed
as a flux rope with dips in the lower half of the figure (i.e., with
field line stretches which are convex as seen from the solar
surface). This goes in the same direction as the findings of Guo
et al. (2010), Canou & Amari (2010), and Jing et al. (2010).

Figure 3. Top: three-dimensional view of the magnetic field of the filament on July 5. The extrapolation results are computed using the observed photospheric magnetic
field as lower boundary condition. Top background image: vertical component of the magnetic field at the bottom of the extrapolation cube. Purple and blue: Bf‘"E > 0;

green and red: BZSi'E < 0 Bottom: Extrapolation results using the chromospheric magnetic field on July 5 as lower boundary condition. Bottom background image: the

vertical component of the magnetic field at the bottom of the extrapolation cube BH¢-E (same color scale as the top panel). The field lines are plotted in the filament
region. The field lines that cross the lateral sides of the box are cut 2 pixels away from the boundaries to avoid plotting the part that might be affected by the lateral

boundaries.
(A color version of this figure is available in the online journal.)
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Figure 4. Left panel: field lines from the photospheric extrapolation. They are drawn above a minimum height of ~1.6 Mm above the photosphere (to make them
comparable with the chromospheric magnetic field). Right panel: magnetic field lines from the chromospheric extrapolations. They are drawn directly from the bottom
of the corresponding extrapolation box (already at chromospheric height). The two sets of field lines start inside a 2 Mm deep box placed along the filament. Field
lines are allowed to end outside of the starting box, but are cut if they go below it. The background images are as described in Figure 3, and the data are from July 5.

(A color version of this figure is available in the online journal.)

Bard & Carlsson (2008) have studied the properties of the
Si110827 A line in NLTE conditions. They have determined
using empirical models that the average formation height of
Si110827 A is about 320 km for a sunspot umbra and about
541 km in the quiet sun. In the case of the observed filament,
we expect the average height of formation to be between these
two boundary values.

At this height of formation the photospheric plasma does not
have small values of the plasma . Nevertheless, there are the-
oretical and observational indications (Wiegelmann et al. 2010;
Martinez Gonzilez et al. 2010) that force-free extrapolations
lead to a good retrieval of the actual magnetic field at higher
atmospheric layers.

4.2. Extrapolations Starting from the Chromosphere

We have seen in the previous section that the extrapolation
studies have been conducted exclusively using photospheric
spectral lines. Here we would like to present an extrapolation us-
ing the helium triplet He 110830 A as lower boundary for the ex-
trapolations. Chromospheric lines as H, and He110830 A have
been used to identify filaments but never as boundary condition
for extrapolations.

The bottom panel of Figure 3 shows a three-dimensional
display of a sample of field lines at the filament region. In
this case the field lines harbor some shear in the lower half
of the image but with no twist. Field lines have a normal
configuration (from positive to negative), except at the very
central part of the filament (shown by the yellow field line)
where the field lines are almost parallel to the filament axis.
The bottom panel of Figure 3 suggests that the magnetic
flux rope forming the filament (lower panel of Figure 3) is
located below the height of formation of the He110830A
triplet. We will come back to this point in detail in the next
sections.

4.3. Height of Coincidence Between the Photospheric and
Chromospheric Magnetic Fields

A natural question to ask when analyzing the extrapolations
starting from the photosphere and the chromosphere is: do the
magnetic fields from the two extrapolations agree with each
other? In order to answer this question, we first plot the field
lines that result from the two three-dimensional extrapolation
boxes (Figure 4). The field lines start inside a2 Mm deep box that
extends along most of the filament. The field lines can develop
outside of the box but will be cut if they go below it. This
configuration allows selecting field lines above a suitable height
in order to make it possible to compare field lines starting from
the photosphere with those starting from the chromosphere.

Therefore, the field lines in the left panel of Figure 4 are
all above an imaginary boundary situated at ~1.6 Mm above
the bottom of the extrapolation cube. We have tried various
heights and found that ~1.6 Mm gives a good agreement
between the field lines from the photospheric extrapolations
(left panel) and the ones from the chromospheric extrapolations
(right panel of Figure 4), which are drawn directly from the lower
chromospheric boundary. A visual inspection of both panels
suggests a good agreement between the morphology of the
magnetic field obtained from photospheric and chromospheric
extrapolations.

To provide a quantitative comparison between the two sets
of extrapolations, we compute the magnetic field strength in
the photospheric extrapolation cube and look for the height
where this field strength matches the observed chromospheric
one. This operation is repeated along each column of the
photospheric extrapolation cube. At the height (H) where the
two field strengths coincide, the magnetic field components
BSiC, BSiC and BS:C are stored as two-dimensional arrays
(the uppercase “C” stands for Coincide). For instance, the
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Figure 5. Red arrows: flow representation of the horizontal magnetic field from
the photospheric extrapolations at the height where the extrapolated photo-
spheric field strength matches the observed field strength in the helium vector
magnetogram. Black arrows: flow representation of the observed horizontal
magnetic field in the He1 10830 A vector magnetogram. Top panel: solution
obtained with the correct 180° ambiguity solution computed with the AZAM
utility (Lites 2005, and references therein). Note that the solutions are obtained
for both photospheric and chromospheric fields. Bottom panel: similar to the
top panel but using the other solution of the 180° ambiguity. All data sets were
taken on July 5.

(A color version of this figure is available in the online journal.)

horizontal magnetic field from the photospheric extrapolation
(BSIC, B}S,i’c) across the field of view is plotted in Figure 5 and
represented by red arrows. The one from the observed helium
is plotted as black arrows. The arrows length is proportional
to the horizontal field strength. The top panel of Figure 5
shows a relatively good agreement between the two magnetic
fields indicating that the observed magnetic field B0 is well
matched by the extrapolated BS'E field especially at the filament
region. This goes in favor of validating the Silicon photospheric
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Figure 6. X-Z view of magnetic field lines having a dip of at least 650 km
depth. The computations use the three-dimensional magnetic field extrapolated
from the Si110827 A vector magnetogram. This reveals the morphology of the
flux rope with field lines making more than a full turn. In order to understand
the morphology of this twisted flux rope, it is useful to look at the top panel of
Figure 3 showing another perspective of the filament magnetic field lines.

(A color version of this figure is available in the online journal.)

extrapolations. The average height where BS'F matches BH®-©
is 1.57 Mm in the filament region, with a standard deviation of
0.66 Mm. Therefore, it is possible to determine an average
formation height of the He110830 A triplet. This would be
1.57 Mm + the formation height of the Si110827 A which leads
to approximatively 2 Mm above the solar surface (t = 1).

4.4. A Complementary Method for Solving the 180° Ambiguity

The top panel of Figure 5 indicates that the magnetic
field extrapolated from the photosphere matches well the one
observed at the chromosphere. It is nevertheless interesting
to redo the calculations but for the case where the observed
horizontal magnetic field is taken from the solution with 180°
shift of the azimuth in the LOS frame. This is done to test
the coherence of the results with the other magnetic field
configuration.

From the lower panel of Figure 5 it is found that, in this case,
the magnetic field extrapolated from the photosphere and the one
observed at the chromosphere have a quite different orientation
in the horizontal plane although they have similar field strengths
at the height of coincidence. This clearly discards the solution
with 180° shift and provides a complementary method to test the
validity of the chosen horizontal field as a result of the various
routines used to solve the 180° ambiguity of the horizontal
magnetic field.

4.5. Location of the Dips Along the Filament Field Lines

The material carried by a filament must be sustained against
gravity by the magnetic curvature force associated with the dips
in the field lines. Using the extrapolated magnetic field from
the Si vector magnetogram, we compute all the field lines that
have a dip of at least 650 km depth (equivalent to the size
of one grid cell). Figure 6 indicates that such field lines with
dips exhibit a twisted structure, revealing the topology of the
filament’s magnetic field. This X—Z view shows that the whole
structure is lying relatively low. The axis of the filament is
located some 1 Mm above the formation height of the Silicon
line. This indicates that the axis of the TFR forming the filament
is located below the formation height of the helium triplet. The
lower part of the field lines in Figure 6 exhibits an inverse
configuration (from negative to positive) whereas the upper part
has a normal configuration. Recall that the average formation
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Figure 7. Location of dips (drawn in yellow “U” shapes). These dips are calculated from the photospheric extrapolations for both panels. Left panel: locations of dips
on top of Si110827 A line core intensity. Right panel: locations of dips on top of the red core of He110830 A. The data on both panels are from July 5.

(A color version of this figure is available in the online journal.)

Figure 8. Similar to Figure 7 using a snapshot from July 3 (see Figure 1).

(A color version of this figure is available in the online journal.)

height of the helium triplet (Section 4.3) in the filament region is
1.57 Mm above the formation height of the Silicon line. At that
height the field lines have a normal configuration. This helps
in understanding the lower panel of Figure 3, where the helium
extrapolations exhibit no twist, which also fits with the presence
of a normal configuration magnetic field at the lower boundary
of the extrapolation box. It can be seen from Figure 6 that the
field lines make slightly more than one turn. These field lines
extend over a horizontal distance of ~18 Mm. This leads to
~0.055 turns Mm ™.

Following each field line in Figure 6, it is possible to calculate
the location of the lowest part of the dips. These places are likely
to be the preferred location where the plasma inside the filament
would be gathered. Guo et al. (2010) and Canou & Amari (2010)
have found a correspondence between the location of dips and
the filament as observed in H,. It is reasonable to argue that

in order to build up opacity (e.g., in the H, spectral region),
filaments are filled with material that will be preferentially
located in dips.

Figure 7 shows the locations of dips on top of the Si110827 A
line core intensity image (left panel) and the intensity image of
the red core of the He110830 A triplet (right panel). There is
an agreement between the location of the filament and the dips,
which are located in the lower half of the image where the fil-
ament has a flux rope structure. There are no dips in the upper
part of the panel since the magnetic field in this region has a
normal configuration with no flux rope. An even clearer case
is seen in Figure 8 where we repeated the same calculations as
for Figure 7 but for a snapshot taken on July 3. Note the cor-
respondence with both line cores. This analysis also provides a
further indication on the location of the filament (as the H,, spec-
tral signature of a filament) and also allows the corroboration
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Figure 9. Location of dips calculated from the photospheric extrapolations. Top row: locations of dips on top of Si1 10827 A line core intensity on July 5. Lower row:
locations of dips on top of Si110827 A line core intensity on July 3. Left column: the extrapolation of the whole field of view of Si110827 A vector magnetogram
is used, but the field line calculation to find the locations of dips starts from the lower dashed line until the upper dashed line. This covers a portion similar to the
reduced field-of-view test. Right column: the extrapolations of the reduced field-of-view of Si110827 A vector magnetogram are used (same size as displayed in the

background Silicon line core image). Dips are calculated in this reduced field of view.

(A color version of this figure is available in the online journal.)

of the extrapolation results since the spectral signature of
the line cores of Si110827 A and He110830 A is independent
of the extrapolation analysis, which involves the magnetic field
and the force-free condition.

4.6. Testing the Effect of the Reduced Field
of View on the Extrapolations

The observations made with TIP-II have a somewhat reduced
field of view. Ideally the field of view should include the
whole filament or even the whole AR (in general, a flux
balanced region). The fact that we use part of the filament
might influence the large scale magnetic connectivity through
the filament. It is very useful to make quantitative tests to
clarify the effects of reduced field of view (G. Aulanier 2011,
private communication). We present here a test in which we
cut part of the observed filament and analyze how that affects
the extrapolations. The chosen reduced field-of-view region is
the one delimited by the two dashed lines in Figure 2. The
resulting region is the one shown in the top-right panel of
Figure 9 corresponding to July 5. Similarly, the reduced field-
of-view portion for July 3 is shown in the lower-right panel of

Figure 9. On these two panels we have drawn the location of
dips using yellow “U” shapes. For the left column of panels in
Figure 9, we used the extrapolation of the whole field of view of
Si110827 A vector magnetogram, but the field line calculation
to find the locations of dips starts from the lower dashed line
until the upper dashed line. This covers a region similar to the
reduced field-of-view cases on both July 3 (bottom left) and
July 5 (upper left). Figure 9 exhibits less locations of dips
than the cases of Figures 7 and 8. This is primarily due to the
fact that the field lines in the reduced field-of-view portion are
shorter than the ones in the original full field-of-view case,
and therefore there are less field lines that fulfill the criteria of
having dips of 650 km depth. A comparison between the left and
right panels in Figure 9 shows that they have some similarities
indicating that decreasing the field of view only slightly alters
the structure of the obtained filament and, more precisely, the
location of dips. Figure 10 provides a closer look to the field lines
forming the dips plotted in the upper panels of Figure 9. The
field lines in the upper/lower panels of Figure 10 correspond to
the upper left/right panels of Figure 9, respectively. The two sets
of field lines are very similar indicating that the fact of reducing
the field of view does not severely affect the magnetic structure
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Figure 10. Lower panel: field lines with dips calculated in the extrapolation
with reduced field of view corresponding to the region indicated in the upper-
right panel of Figure 9. Upper panel: field lines forming dips computed from
the extrapolation with the whole field of view, but calculated inside the region
included between the two dashed lines in the upper-left panel of Figure 9.

(A color version of this figure is available in the online journal.)

of the extrapolated filament. Nevertheless, a more complete test
of the effect of field of view on the results of extrapolation of AR
filament would be useful and interesting. That would include the
observation of a whole filament (ideally in an isolated and flux
balanced region) and repeated extrapolations while reducing
gradually the field of view. In the present work we were limited
with the original field of view, therefore we could not run such
a test. We intend to include a test of that sort as part of a future
investigation. This test is complementary to the more complete
series of tests presented in, e.g., Schrijver et al. (2006, 2008),
Metcalf et al. (2008), and De Rosa et al. (2009).

4.7. Magnetic Field Increasing From the Photosphere Upward

Due to magnetohydrostatic equilibrium, the field of concen-
trated vertical magnetic structures usually decreases with height
above the photosphere. This is a typical case in a stratified at-
mosphere. Nevertheless, vertical gradients of the field strength,
indicating stronger fields in the upper layers, have been observed
(e.g., in polar crown prominences as shown by Leroy et al. 1983)
and modeled in the past (Aulanier & Démoulin 2003) and have
been ascribed to the presence of dips (Anzer 1969; Demoulin
& Priest 1989). Here, we would like to analyze the possibility
of an upward increase of the magnetic field strength in the fila-
ment region. The upper panel of Figure 11 shows the difference
between the observed field strengths of | B|SO and | B|H-O. For
the sake of clarity, the figure only shows negative values of
those quantities. A proxy of the location of the neutral line is
indicated by the contour plots of Bé“e'o (i.e., small values of
B?“O coincide with the neutral line location). In the central
part of the figure, the values of |B|"¢0 are larger than | B[S0,
indicating that the magnetic field in the chromosphere is larger
than the photospheric one, suggesting that the magnetic field has
increased upward. In order to understand this phenomenon we
look for the height where the extrapolated magnetic field from
the photosphere reaches its maximum along each column. This
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Figure 11. Upper panel: difference between the observed |B|$:0 and |B|He:0.
The positive values are clipped to 0 in order to clearly see the negative values.
Lower panel: the height where the magnetic field strength from the photospheric
extrapolations reaches a maximum. The data on both panels are from July 5.
The location of the neutral line is approximately indicated by the contour-plots
of B;’lc‘o shown on both panels.

(A color version of this figure is available in the online journal.)

height is plotted in the lower panel of Figure 11. It can be seen
in the central region of the figure that the magnetic field reaches
a maximum well above the photosphere, at an average height of
about 1 Mm above the formation height of the Si110827 A line.

Figure 12 schematically explains the situation observed in
those pixels where the magnetic field increases upward. First
the magnetic field increases up to a maximum reached at the
height HO (plotted, in fact, in the lower panel of Figure 11), then
the magnetic field decreases gradually until reaching the height
of formation of the helium signal (H1) where the magnetic field
is still larger than the one at the photosphere. It is also seen that
there are two solutions for the height of formation of the helium
signal (HI and H2). The solution H2 is ruled out because it
leads to abnormally low formation height. The H1 solution is
kept and is consistent with the average height of formation of
the helium signal (see Section 4.3).

The reason why the magnetic field increases lies in the
fact that the corresponding part of the filament resembles the
structure of a force-free flux rope. In an ideal force-free flux rope,
the azimuthal component of the field yields an inward-pointing
magnetic tension force, which is balanced by an increase of the
magnetic pressure toward the rope axis. This leads to an increase
of the magnetic field strength in the central regions of the rope.
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Figure 12. Schematic explanation of the situation observed in the pixels where
the extrapolated magnetic field increases upward. First it increases reaching a
maximum at the height “HO” plotted in the lower panel of Figure 11, then the
magnetic field decreases again reaching the value of the observed chromospheric
magnetic field at the height “H1”.

(A color version of this figure is available in the online journal.)
4.8. Complementary Comments on the Filament
Observed on July 3

Along the previous sections, we have used observations taken
on July 3 and 5, but with some focus on the filament as observed

YELLES CHAOUCHE ET AL.

on July 5. This has been done in order to convey a clear message
and not overwhelm the reader with information about the time
evolution of the filament (this time evolution will be discussed
in Kuckein et al. 2012). Additionally, the filament on July 5
is very low lying (the filament’s axis is located below the
formation height of He110830 A). This represents a peculiar
and interesting case that we have chosen to address. In order
to complete the picture of the actually observed filament, we
will briefly describe some further features of the filament as
observed on July 3.

It can be seen in Figure 8 that the line core of the Si110827 A
and the red core of the He110830 A show a spectral signature
reminiscent of the axis of the filament on July 3. The locations
of dips along the filament coincide well with the line core signa-
ture (Figure 8). The filament in this case is located higher in the
atmosphere and therefore imprints a clear spectral signature on
both photospheric and chromospheric lines. The observed mag-
netic field from photospheric vector magnetograms exhibits an
inverse configuration (field lines going from negative to positive
polarities) in the filament region. The observed chromospheric
vector magnetograms indicate that the magnetic field in the fil-
ament region has a slightly inverse configuration, with most of
the field being parallel to the filament’s axis. From extrapola-
tions (Figure 13), it can be seen that the filament is formed by
a TFR. This is revealed from both photospheric and chromo-
spheric extrapolations.

Figure 13. Top: three-dimensional view of the magnetic field of the filament on July 3. The extrapolation results use the photospheric magnetic field as lower boundary
condition. The sample of field lines is plotted in the filament region to outline its structure. Top background image: vertical component of the magnetic field at the

bottom of the extrapolation cube. Purple and blue: BZSLE > 0; green and red: BZS

< 0. Bottom: extrapolation results for July 3 using the chromospheric magnetic

field as lower boundary condition. Bottom background image: vertical component of the magnetic field at the bottom of the extrapolation cube B;’le’E (same color

scale as in the top panel).
(A color version of this figure is available in the online journal.)
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5. DISCUSSION AND SUMMARY

This paper is dedicated to building diagnostics about an AR
filament using nonlinear force-free extrapolations starting from
the photosphere and the chromosphere. Extrapolations of AR
filaments are usually done using the photospheric magnetic field
as a lower boundary condition. This is generally convenient
because the photospheric magnetic field is more accessible
to observational techniques for various reasons, e.g., (1) it
has a large magnetic field implying a large Zeeman splitting,
(2) the photon flux coming from the photosphere is large
producing a high signal-to-noise ratio, which makes it easily
detectable, (3) there are many available instruments measuring
photospheric field, etc. It is nevertheless interesting to probe
the properties of filaments from two layers (or multi-layer
if possible) since this approach provides several advantages
like testing the validity of the extrapolation solutions. It also
allows testing of the consistency between the extrapolations
starting from the photosphere and the chromosphere. We just
began to see the potential of multi-layer extrapolations, e.g., the
determination of the matching height between the extrapolated
photospheric field and the observed chromospheric one. This
can be used as a method to determine the relative height of
formation of higher-lying lines/multiplets compared to lower-
lying ones. We find that the average formation height of the
He110830 A triplet is about 2 Mm above the surface of the
Sun. Multi-layer extrapolations also provide a complementary
method for testing the 180° ambiguity solutions.

The AR filament studied here harbors a TFR struc-
ture with a rather low-lying axis on July 5, where the
axis is located at about 1.4 Mm above the solar surface. This
height is below the formation height of the helium signal. This
result is consistent with the fact that the magnetic field as ob-
served in helium magnetograms harbors a normal configuration.

In the present study, we have essentially focused on a snapshot
taken on July 5 (see Figures 1 and 2). We have also briefly
discussed a snapshot observed on July 3 (Figures 1 and 12).
Recall that on July 3, the filament’s axis was higher located
and clearly seen in the spectral signature of Si110827 A and
He110830 A line cores. Actually, as discussed in Section 2
(observations and data analysis), the observations used here
belong to a time series of snapshots covering 2005 July 3
and 5. In order to build a clear and detailed diagnostic we
have essentially focused on studying one case (July 5). A more
detailed analysis about the temporal evolution of the filament
will be addressed at a later stage (see also Kuckein et al. 2012).
Nevertheless, it is worth commenting on the other snapshots. An
essential thing to mention is that snapshots observed on the same
day exhibit similar properties (height of location of the filament
axis, magnetic field strength, etc.). This means that the rest of
the snapshots observed on July 5 have quite similar properties
to the one described here, and similarly for the snapshots taken
on July 3.

For the filament on July 5, we have seen that, if taken
separately, the photospheric and chromospheric extrapolations
would lead one to conclude that on the one hand the filament is
formed by a TFR (from photospheric extrapolations), whereas
on the other hand there is no TFR (from the chromospheric
extrapolations). The multi-layer extrapolations helped solve this
apparent discrepancy by showing that, depending on the location
of the TFR, it might be seen at one layer or the other while
the two extrapolations remain coherent with each other. Let us
assume hypothetically that an AR filament is such that the lower
part of the TFR is located at the upper chromosphere and does
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not extend to the photosphere. In this case, it would be seen in the
chromospheric extrapolations, but the photospheric ones would
not necessarily reveal it, especially since the photosphere is a
relatively high plasma-8 medium and therefore the surrounding
magnetic field in the AR might considerably alter the magnetic
field near the PIL making the horizontal component of the
magnetic field harbor a normal configuration. If we would only
observe the photospheric field, this would lead to finding no TFR
in the filament region, whereas in fact the filament’s structure is a
TFR. In fact, this is true only if the electric currents present in the
region are not reminiscent of a TFR, since it has been shown by
Valori et al. (2010) that NLFFF extrapolations have the potential
to find a TFR even if its dips are not present at the magnetogram
level. Nevertheless, this hypothetical scenario highlights the
usefulness of multi-layer extrapolations in helping to probe
the properties of filaments and extract further information
about the observed magnetic structure.

In the case studied here, the material in the dense part of the
filament, along its axis, is confined inside a flux rope where
the field lines are bent producing an excess of magnetic tension
toward the center of the TFR. This tension is compensated by the
outward oriented magnetic pressure, producing an enhancement
of the magnetic field inside the TFR. This is reflected by
a vertical positive gradient of the magnetic field from the
photosphere up to about 1 Mm above the formation height of
the Si110827 A signal. In brief, the field increases from the
photosphere upward in the flux rope region.

There are only few studies dealing with extrapolations of
AR filaments, the most recent being from Guo et al. (2010),
Canou & Amari (2010), and Jing et al. (2010). These studies
picture AR filaments as TFR with the exception of Guo
et al. (2010), who have shown that TFR and dipped sheared
arcades can coexist in the same filament. We also find a flux
rope from photospheric extrapolations, but have seen that the
chromospheric extrapolations might show a different picture
if the observed spectral line/multiplet is formed above the
filament’s axis. There is a clear necessity of further observational
campaigns with the appropriate extrapolations to further clarify
the properties of AR filaments and their temporal evolution.
Multi-layer extrapolations would be helpful to compare the
resulting three-dimensional structure of filaments with the
variety of theoretical models existing in the literature (Mackay
et al. 2010).
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An active region filament studied
simultaneously in the chromosphere and
photosphere. 1. Doppler velocities

his chapter is devoted to the study of the LOS velocities found in the AR filament.

| Furthermore, the analysis of the plasma motions together with the inferred magnetic
structure in the previous chapters, allow us to propose a filament formation scenario.

The article presented in this chapter was published with the title “An active region
filament studied simultaneously in the chromosphere and photosphere. II. Doppler veloci-

ties”, in Astronomy & Astrophysics, volume 542, A112, pages 1-14, year 2012.

Abstract: Paper I presents the magnetic structure, inferred for the photosphere and the
chromosphere, of a filament that developed in active region (AR) NOAA 10781, observed
on 2005 July 3 and July 5. In this paper we complement those results with the velocities
retrieved from Doppler shifts measured at the chromosphere and the photosphere in the AR
filament area. The velocities and magnetic field parameters were inferred from full Stokes
inversions of the photospheric Si1 10827 A line and the chromospheric He 1 10830 A triplet.
Various inversion methods with different numbers of atmospheric components and different
weighting schemes of the Stokes profiles were used. The velocities were calibrated on an
absolute scale. A ubiquitous chromospheric downflow is found in the faculae surrounding
the filament, with an average velocity of 1.6kms~!. The filament region, however, displays
upflows in the photosphere on both days, when the linear polarization (which samples the
transverse component of the fields) is given more weight in the inversions. The upflow speeds
of the transverse fields in the filament region average —0.15km s~ !. In the chromosphere, the
situation is different for the two days of observation. On July 3, the chromospheric portion
of the filament is moving upward as a whole with a mean speed of —0.24 kms~!. However,
on July 5 only the section above an orphan penumbra shows localized upflow patches,
while the rest of the filament is dominated by the same downflows observed elsewhere in
the facular region. Photospheric supersonic downflows that last for tens of minutes are
detected below the filament, close to the PIL. The observed velocity pattern in this AR



filament strongly suggests a scenario where the transverse fields are mostly dominated by
upflows. The filament flux rope is seen to be emerging at all places and both heights, with a
few exceptions in the chromosphere. This happens within a surrounding facular region that
displays a generalized downflow in the chromosphere and localized downflows of supersonic
character at the photosphere. No large scale downflow of transverse field lines is observed
at the photosphere.
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ABSTRACT

Context. Paper I presents the magnetic structure, inferred for the photosphere and the chromosphere, of a filament that developed in
active region (AR) NOAA 10781, observed on 2005 July 3 and July 5.

Aims. In this paper we complement those results with the velocities retrieved from Doppler shifts measured at the chromosphere and
the photosphere in the AR filament area.

Methods. The velocities and magnetic field parameters were inferred from full Stokes inversions of the photospheric Sit 10827 A
line and the chromospheric He1 10830 A triplet. Various inversion methods with different numbers of atmospheric components and
different weighting schemes of the Stokes profiles were used. The velocities were calibrated on an absolute scale.

Results. A ubiquitous chromospheric downflow is found in the faculae surrounding the filament, with an average velocity of
1.6 kms~!. The filament region, however, displays upflows in the photosphere on both days, when the linear polarization (which
samples the transverse component of the fields) is given more weight in the inversions. The upflow speeds of the transverse fields in
the filament region average —0.15 kms~'. In the chromosphere, the situation is different for the two days of observation. On July 3,
the chromospheric portion of the filament is moving upward as a whole with a mean speed of —0.24 kms~'. However, on July 5
only the section above an orphan penumbra shows localized upflow patches, while the rest of the filament is dominated by the same
downflows observed elsewhere in the facular region. Photospheric supersonic downflows that last for tens of minutes are detected
below the filament, close to the PIL.

Conclusions. The observed velocity pattern in this AR filament strongly suggests a scenario where the transverse fields are mostly
dominated by upflows. The filament flux rope is seen to be emerging at all places and both heights, with a few exceptions in the chro-
mosphere. This happens within a surrounding facular region that displays a generalized downflow in the chromosphere and localized
downflows of supersonic character at the photosphere. No large scale downflow of transverse field lines is observed at the photosphere.

Key words. Sun: filaments, prominences — Sun: faculae, plages — Sun: photosphere — Sun: chromosphere — techniques: polarimetric

1. Introduction

Velocity measurements in active region (AR) filaments are ex-
tremely scarce in the literature. Most studies have been carried
out only in quiescent (QS) filaments (outside ARs). However,
quantifying velocities and plasma flows in filaments is a funda-
mental step toward understanding their formation, evolution and
disappearance. Filaments are structures formed from cool dense
plasma that typically lies between opposite polarities, i.e., at the
polarity inversion line (PIL; Babcock & Babcock 1955), in the
chromosphere or corona. Due to the temperature contrast with
their surroundings, they appear as dark structures when observed
on the solar disk. Filaments are called prominences if observed
in emission above the limb, but both terms are often used inter-
changeably in the literature.

To date, there are two proposed scenarios for the formation
process of filaments: the sheared arcade (SA) model and the flux
rope emergence (FRE) model. Both result in very similar global

* Appendices A and B are available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

structures, i.e., a flux rope that hangs above the photosphere
(although the SA model combines dipped field lines and flux
ropes). However, it is in the formation process of the flux ropes
where the two models differ. The SA model requires shearing
motions of the footpoints to form the flux rope in the corona with
the aid of reconnection processes identified in the photosphere
as cancellation events. On the other hand, in the FRE model
the flux rope is formed deep in the convection zone (CZ) be-
fore it emerges through the surface and makes its way up into
the corona. However, simulations based on buoyancy instabil-
ities encounter difficulties when lifting up a mass-loaded flux
rope from the photosphere into the corona (e.g., Murray et al.
2006; MacTaggart & Hood 2010). Kuckein et al. (2012, here-
after Paper I) provide a more thorough discussion and additional
references to these two models (see also the extensive review by
Mackay et al. 2010).

Nowadays, high-resolution imaging has shown that qui-
escent filaments are made of smaller-scale structures (e.g.,
Demoulin et al. 1987; Lin et al. 2005, and references
therein). Doppler measurements in these quiescent filaments
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(e.g., Martres et al. 1981; Schmieder et al. 2010) have revealed
that a wide range of velocities coexist in the same structure.
For example, the recent study by Chae et al. (2007) reported line-
of-sight (LOS) velocities between +5 kms™' and +15 kms™
in the spine and in threads (respectively) of a QS filament
(at coordinates N15-E26). Mein (1977) found that the axis of
an AR filament (at N7-W30) was at rest, while downflows on
one side and upflows on the other side were detected. Upward
motions have also been detected below QS and AR filaments
by Ioshpa & Obridko (1999). However, the main limitation of
Doppler line shifts, and hence of the retrieved LOS velocities,
is that the inferred values are position-dependent all over the
solar disk. Therefore, it is hard to compare Doppler velocities
measured in different filaments. In addition, a thorough calibra-
tion, i.e., setting a correct zero value for the rest wavelength, is
necessary, especially when calculating photospheric velocities
(below the filament) which are much smaller (<0.3 kms™!;
Martres et al. 1976) than those found in the chromosphere and
corona (see Welsch & Fisher 2012).

It is presently unclear whether there is an unequivocal way
of distinguishing which of the different filament formation sce-
narios applies to the observed AR filament. In this paper we pro-
pose to shed some light on this topic by studying the observed
Doppler velocities inside the AR filament that was analyzed in
Paper 1. In particular, we can ask what the expected velocity
patterns (in and below the filaments) associated with these two
models are. The flux rope models proposed by van Ballegooijen
& Martens (1989) and van Ballegooijen & Mackay (2007) are
built through successive photospheric flux cancellations driven
by motions that force the field lines to converge toward the PIL.
After the oppositely directed field lines are brought together, re-
connection processes above the photosphere create a flux rope
in the corona. The authors suggest that transverse magnetic field
lines (loops which are almost perpendicular to the PIL) sub-
merge at the PIL, and are transported downward into the CZ
as a result of the reconnection processes mentioned before
(see panels d and e in Fig. 1 of van Ballegooijen & Martens
1989). The typical size of these submerging loops is small
(~900 km), which is large enough to be detected with currently
available instruments.

The prominence model presented in the work of DeVore &
Antiochos (2000) does not show convergence of flux at the PIL.
The helicity in the field lines is built up in the corona as a conse-
quence of reconnection of the highly sheared field lines (twisted
and stretched by the sheared displacements of the footpoints)
with the overlying coronal arcade. The authors point out that
the resulting magnetic structure is stable; hence, no upflows or
downflows are expected in this model. However, the observed
evolution of filaments suggests that they are of a non-steady
nature. This calls for models with built-in evolutionary pro-
cesses that allow the filament to disappear from the solar sur-
face, transporting magnetic fields upward or downward through
the photospheric boundary.

The first complete description of the emergence of a flux
rope AR filament was presented by Okamoto et al. (2008,
2009). The authors show observational evidence of an emerg-
ing helical flux rope that apparently reconnects with the remnant
magnetic field of a pre-existing filament. A Milne-Eddington
(ME) inversion of the Stokes profiles observed with Hinode/SP
over the region where the transverse fields of the emerg-
ing flux rope were observed yielded a mean upflow of
-0.3 + 0.2 kms™'. The ME inversion applied by these au-
thors was able to separate the velocity of the magnetic and
the non-magnetic components (see their Fig. 2). Interestingly,
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while the non-magnetic atmosphere showed a typical granula-
tion pattern, upflows were systematically inferred for the mag-
netic component. Thus, in that work, the picture of the fila-
ment formation is compatible with the existence of transverse
fields that are moving upward into the chromosphere and corona.
MacTaggart & Hood (2010) simulated the rise of a weakly
twisted flux tube from the solar interior up into an overlying ar-
cade in the corona. The axis of their flux rope became trapped
slightly above the photosphere, while the field lines of the top
of the flux rope were still able to reach coronal heights. In the
same way, the 3D MHD simulations of an emerging flux rope
presented by Yelles Chaouche et al. (2009) showed horizontal
field lines that moved upward with velocities of ~—0.67 kms™'.
However, the authors pointed out that the emergent flux studied
by Okamoto et al. (2009) was probably less buoyant than the
case simulated in their work, since the observed rising speed
was smaller and the modification of the granular pattern less
severe than in the simulations. Interestingly, Lites et al. (2010)
also found a similar pattern to that presented by Okamoto et al.
(2009) in their study of the evolution of a filament channel inside
an AR. The inferred magnetic structure in the filament channel
corresponded to horizontal field lines elongated along the PIL
(with equipartition strengths) that often (but not always) dis-
played upflows (see the v, panel in Fig. 5 of Lites et al. 2010).
A slow continuous upward motion in active region filaments had
already been observed almost three decades ago (Malherbe et al.
1983; Schmieder et al. 1985), albeit in chromospheric layers.
It is thus clear that studying the behavior of transverse magnetic
fields at the location of filaments (i.e., at AR PILs), is crucial to
understanding their evolution (see also the discussion in Welsch
& Fisher 2012). In particular, it will help to shed some light on
how the magnetic structures that sustain the filaments get filled
with plasma and how they eventually get rid of it, unloading
most of their mass. To this end, it is crucial to obtain more data
of the flows associated with filament formation and evolution.

In Paper I, we presented the magnetic structure of an AR fil-
ament, inferred from simultaneous spectropolarimetric observa-
tions in the photosphere and chromosphere. The filament seemed
to be divided into two parts: (1) one section that showed a flux
rope configuration which had its main axis lying in the chro-
mosphere; and (2) another section, which was likely to have a
similar magnetic structure, but whose main axis was detected
in the photosphere instead. This extremely low-lying part of the
filament left an imprint on the photosphere in the shape of an or-
phan penumbral system in the proximity of small pore associa-
tions. Paper I suggested that these features were the photospheric
counterpart of the filament. However, in order to understand the
formation mechanism of this AR filament, a detailed study of
the Doppler velocities, in a global scenario, needs to be carried
out. The present paper addresses this issue by focusing in par-
ticular on the photospheric velocities inferred from the Doppler
shifts of the Sirline in order to search for systematic upflows and
downflows. We also analyze the chromospheric Doppler shifts
provided by the Her triplet.

2. Observations

The AR under study, NOAA AR 10781, was in its slow decay
phase during our observing run in July 2005. The AR had a
round leader sunspot of positive polarity and was followed by
an extensive plage region that stretched toward higher latitudes.
On top of the PIL, a filament with an inverse S-shape was unam-
biguously identified. Two spectropolarimetric maps were taken
on July 3 (at latitude and longitude N16-E8, u ~ 0.95), and seven
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Fig. 1. Stokes I profile, normalized to the continuum intensity, observed

by TIP-II near the PIL. The dashed vertical lines indicate the positions
of the rest wavelengths for the spectral lines that are used in this work.

Table 1. Atomic data used in this work.

Line Wavelength (A)  loggf
Si1 10 827.089¢ 0.363*
He1 blue 10829.091¢ —0.745°
Herred 10830.250¢ -0.268"
10 830.340° -0.047°
H,O (telluric) 10832.108° —

Notes. Wavelengths, @ from the NIST database; ® inferred in this
work; see Appendix B.

References. * Borrero et al. (2003);  VALD; Kupka et al. (1999).

on July 5 (at N16-W18, u ~ 0.91), using the Tenerife Infrared
Polarimeter (TIP-II; Collados et al. 2007) at the German Vacuum
Tower Telescope (VTIT) on Tenerife. In addition, a time series
of ~19 min, with the slit fixed at the PIL, was acquired on July 5.
The slit (0”5 wide and 35” long, with a pixel size of (/17
along the slit) was aligned with the filament and a series of
spectropolarimetric maps, centered on the filament, were ac-
quired using a scanning step size of 0”4 or 0”3, depending
on the seeing conditions. Figure 1 shows the spectral range
of the spectropolarimeter, which comprises the photospheric
Si1 10827 A line, the chromospheric He1 10830 A triplet and
two telluric H,O lines. The helium triplet comprises a “blue”
component and two blended “red” components. Table 1 provides
the wavelength and the logarithm of the oscillator strength times
the multiplicity of the lower level, loggf, for each line. This
unique spectral window allows us to study the photosphere and
the chromosphere simultaneously. The seeing conditions during
the observations were highly variable and the adaptive optics
system of the VIT (KAOS; von der Liihe et al. 2003) helped
to substantially improve the image quality. The data sets were
corrected for flat field, dark current and polarimetric calibration
using the standard procedures for TIP (Collados 1999, 2003).
Figure 2 shows an example, for both days, of the scanned
area of the filament. From fop to bottom, the slit-reconstructed
images presented correspond to different wavelength bands: con-
tinuum intensity, Si1 line core intensity, He1 line core inten-
sity centered at the red component and Sit LOS magnetogram.
On July 3, the filament had a thin elongated shape in the
chromosphere (see He1 panel of Fig. 2), which we interpret to
be the main axis or spine of the filament. Underneath, in the

5 -u'.l._:m

2

arcsec

arcsec

arcsec

10 15 20 25 30
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arcsec

Fig. 2. TIP-II slit-reconstructed images for both days of observation.
From top to bottom: continuum, Sit line core intensity, Her line core
intensity (red component) and Si1 Stokes V. The FOV was different on
July 3 and July 5. We provide the dashed rectangles to show the approx-
imate common area of the filament on both days. Characters a)—d) in-
dicate the position of the Stokes profiles presented in Fig. 7. The white
arrows point to high concentrations of helium with elongated shapes
(thread-like structures).

photosphere, the continuum image shows no outstanding fea-
tures. The field-of-view (FOV) of July 5 was slightly differ-
ent and included newly appearing pores and orphan penum-
bral structures in the photosphere, mainly located along the PIL
and below the filament (see continuum image in the fop right-
hand panel). The white dashed rectangles in Fig. 2 show the
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approximate portion of the filament common to both days of
observation. The Her intensity image of July 5 also shows the
spine of the filament in the lower (common) part of the FOV.
This feature is traced by an elongated shape in the Si1 line core
image, indicating that the structure lies at a lower mean height
than on July 3. In the upper part of the He 1 image, on the other
hand, the filament is more diffuse and less compact, and shows
a series of dark threads that are highlighted by the white arrows
(see also Fig. 5 of Paper I for more TIP-II images from July 5).
Since the structure of the filament is identifiable in the silicon
images, Paper I concluded that the filament was extremely low-
lying and was directly responsible for the orphan penumbral
aggregations and pores.

The main purpose of this paper is to identify what the plasma
motions associated with the filament are, both in the chromo-
sphere and the photosphere. In particular, we concentrate on
whether the field lines are moving upward, which would indi-
cate an emerging process, or downward, which would reveal a
submergence phenomenon. The position on the solar disk of this
AR is quite close to disk center on both days. This presents an
advantage for the study of LOS velocities, which should not dif-
fer too much from the vertical velocities (measured in a local
solar reference frame). For a better understanding of the inferred
velocities we will distinguish between two regions in the fila-
ment: the spine area and the diffused filament area (above the
orphan penumbrae), the latter being observed only on July 5.
As stated in Paper I, these two areas correspond to the same fila-
ment, but observed at different heights. It is therefore helpful to
study them separately.

A detailed analysis of the evolution of this AR was presented
in Paper I.

3. Data analysis

To infer the physical parameters from the available sets of spec-
tropolarimetric data we used two different inversion codes. It is
important to recall that an inversion code provides full vector
magnetic fields, but only the LOS component of the velocity,
in the observer’s reference frame. Since one infers the three
components of the vector magnetic field, the resulting inclina-
tions and azimuths can be projected onto the local solar refer-
ence frame (i.e., with respect to the solar vertical, z, and along
the solar latitude and longitude planes). However, difficulties
arise when this transformation is carried out. The well-known
180° ambiguity (due to the angular dependence of Stokes Q
and U with the azimuth) provides two solutions for the mag-
netic field, with different azimuths and inclinations when pro-
jected onto the local solar reference frame. To find the correct
solution, we used the AZAM code for the disambiguation of
the magnetic field vector (Lites et al. 1995) (see also Sect. 3.2
of Paper I for a more detailed explanation). Doppler shifts pro-
vide only one component of the velocity vector, the one pro-
jected along the LOS, rendering the projection onto the local
solar frame impossible. Since the aim of this work is to compare
the LOS velocities and their associated vector magnetic fields,
for the remainder of this paper we will leave the magnetic field
inclinations and azimuths in the observer’s frame. As our obser-
vations were done relatively close to disk center, the distinction
between the two frames is more quantitative than qualitative.
In order to show the impact of using the vector magnetic field in
the observer’s frame instead of in the local solar frame, Table 2
provides two examples of the inclinations (y — y¢) and the az-
imuths (¢ — ¢o), averaged over several pixels, in both reference
frames. An inclination of y = 90° in the LOS frame means that
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Table 2. Examples of the LOS to local solar reference frame
transformation of the magnetic field inclination and azimuth.

LOS frame Solar frame

Day  Location lon  y() ¢() Yo ()¢5 C)
v Soine  Hel 1015 930 — I161 853
uy PN §i; 842 636 — 981 546
Her 916 1404 — 740 1257

JulySth— PIL i 889 1146 — 812 1000

Notes. The examples were averaged over 11 (PIL) and 8 (spine) pixels,
in addition to the original binning of the data (see Sect. 3.1).

the field lines are perpendicular to the LOS, while yo, = 90°
means that they are parallel to the solar surface. As can be de-
duced from Table 2, while the exact values differ between the
two frames, the horizontal or vertical nature of the field vectors
is mostly preserved.

3.1. Helium 10830 A and silicon 10827 A inversions

Before inverting the helium spectra we carried out
a 3 X 6 binning of the data along the scanning and slit di-
rections, respectively, and a binning of 3 pixels in the spectral
domain to increase the signal-to-noise ratio (S/N), rendering a
value of ~2000 for all maps. The resulting spectral sampling
is ~33.1 mA px~! and the pixel size 1.2 x 1.0 arcsec? and 1 X
1 arcsec?, for July 3 and 5, respectively. However, since the
Si1 line is much stronger than the He1 triplet, the inversions of
the former were carried out without any binning, the pixel size
being 0.40 x 0.17 arcsec® and 0.30 x 0.17 arcsec?, on July 3
and 5 respectively. This preserved the original spatial resolution
at an expense of a lower S/N of ~500. The binned silicon data
and inversions were used solely for the purpose of Table 2.

The chromospheric He1 10830 A triplet was inverted using
a Milne-Eddington inversion code (MELANIE; Socas-Navarro
2001). This code assumes that the source function varies lin-
early with optical depth while the remaining semi-empirical pa-
rameters stay constant with height. MELANIE computes the
Zeeman-induced Stokes profiles in the incomplete Paschen-
Back (IPB) effect regime (see Socas-Navarro et al. 2004; Sasso
et al. 2006, for a better understanding of the IPB effect on the
Stokes profiles in the Her 10830 A region) and has a set of
nine free parameters, which are iteratively modified by the code
in order to obtain the best match between the synthetic and the
observed Stokes data. The macroturbulence and the filling fac-
tor, or fraction of the magnetic component occupied inside each
pixel, were fixed at 1.2 kms™ and f = 1 in the inversion,
s0 no stray-light was used. Atomic-level polarization is not taken
into account in MELANIE. However, this is not necessary for
this AR filament, since Kuckein et al. (2009) proved that these
He 1 Stokes profiles are dominated by the Zeeman effect.

The photospheric Si1 10827 A line was inverted with the
SIR code (Stokes Inversions based on Response functions;
Ruiz Cobo & del Toro Iniesta 1992) which solves the radia-
tive transfer equation assuming local thermodynamic equilib-
rium (LTE). SIR gives a depth-dependent stratification of the
inferred physical parameter as a function of the logarithm of the
LOS continuum optical depth at 5000 A.

We carried out two sets of inversions for the Si1line. The first
set, referred to hereafter as “standard” inversions, used a uniform
weighting scheme for the four Stokes parameters: wy oy = 1.
An average intensity profile of the non-magnetic areas of each
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map (regions where Stokes Q, U, and V had negligible values),
was used as representative of the stray-light. The stray-light frac-
tion, @, used here as a proxy for the filling factor, was left as a
free parameter in the inversion. Note that in the case of helium,
the line is weak in quiet regions, so the use of a magnetic fill-
ing factor does not provide any benefit. We studied the response
function (RF) to velocity perturbations in several model atmo-
spheres obtained from the inversion of the filament data, finding
a consistent value of log 7 = -2 for the height at which the sen-
sitivity was the highest. The height stratification derived by the
inversion code was not used since the velocities at other optical
depths had larger error bars.

The Doppler shift of the stray-light profile cannot be set
as a free parameter in the SIR inversion code. This extra free-
dom was used in the studies by Okamoto et al. (2009) and
Lites et al. (2010) to separate the magnetic and non-magnetic
Doppler shifts. While the latter were dominated by granula-
tion patterns, the former provided clear indications of upflows —
a crucial result that we want to investigate further in this pa-
per. To this end, we produced a second set of SIR inversions
that were able to retrieve the Doppler shifts of the magnetic
component without interference from a possible shift of the
stray-light profile. These inversions, referred to heretofore as
the “magnetic” inversions, forced a zero-weighting (w; = 0)
for Stokes I, basically eliminating any sensitivity to the inten-
sity profile, and hence to the stray-light, in the inversion pro-
cedure. Furthermore, since we were interested in the Doppler
shifts of the transverse fields near the PIL, we weighted Stokes Q
and U equally with wp y = 1 and set the weight of Stokes V to
wy = 0.1. The filling factor was fixed to f = 1. The remaining
parameters were initialized in the same way as in the “standard”
silicon inversions.

Bard & Carlsson (2008) reported in their work that the
Sit 10827 A line is formed in non local thermodynamic equi-
librium (NLTE) conditions. In Paper I we tested the NLTE ef-
fects on the inversions of the Si1 line in the filament, using the
departure coefficients, 8 (defined as the ratio between the popu-
lation densities calculated in NLTE and LTE), reported in Bard
& Carlsson (2008). We found almost negligible changes in the
retrieved LOS velocities, temperature being the only parameter
that was substantially affected in the upper layers. Therefore, we
decided not to consider the departure coeflicients for the purpose
of the present work.

The reader is referred to Paper I for a more thorough
description of the inversions and NLTE effects.

3.1.1. Two-component inversions

The presence of several atypical Stokes V profiles (i.e., with
several highly redshifted lobes) in the Sit 10827 A line led
us to use a two-magnetic component SIR inversion for these
cases (see Sect. 4.2). Therefore, we had two initial guess at-
mospheres. For the first one, we used the same atmospheric
model as that from the previous single-component inversion,
but for the second, we increased the magnetic field strength
from 500 to 1500 Gauss and the velocity from 0.5 to 10 kms™!.
These initial conditions resulted in a good performance of
the SIR code.

3.2. Wavelength calibration

The main aim of this work is to provide reliable Doppler
velocities measured at the filament at both heights. In order

to calibrate these velocities on an absolute scale, we had to
correct them for several effects such as Earth’s orbital mo-
tions and the solar gravitational redshift (see Appendix A for
a complete description of the calibration). The wavelengths pre-
sented in Table 1 were all obtained from the National Institute
of Standards and Technology (NIST) except for the one corre-
sponding to the telluric line. The literature reports several val-
ues, with differences on the order of tens of mA, which are large
enough to cause systematic errors in our velocity calibration. We
propose a new value for the rest wavelength of this telluric line,
which we inferred by calibrating flat field TIP-II data taken at
disk center (see Appendix B).

4. Results
4.1. Doppler velocities

The inferred LOS velocities of four representative cases (one on
July 3 and three on July 5) are shown as slit-reconstructed maps
in Fig. 3. Blue means upflow (v < 0) while red indicates down-
flow (v > 0). The pixels enclosed by the contours have LOS mag-
netic field inclinations between 75° < y < 105°, y being the
inclination inferred from the corresponding silicon or helium in-
versions. This criterion was chosen to study the velocities asso-
ciated to transverse fields which, as reported in Paper I, dominate
along the filament. The contours denote the area they belong to.
The green contours enclose pixels with transverse field lines
which lay at the orphan penumbral region whereas the black
contours correspond to the spine region. Bear in mind that the
FOV on July 5 only overlaps approximately with the upper half
of the July 3 map (the white dashed rectangles in Fig. 2 give an
idea of the common FOV). Moreover, small shifts of the FOV
(in the vertical direction) between different maps of July 5 are
also present.

The panels in the upper row of Fig. 3 correspond to the
Sir10827 A velocities, scaled between +1 kms~!, inferred from
the standard inversions, i.e., those with w; g yv = 1. We found
alternating blue and red patches in all panels, which revealed a
mixture of upflows and downflows along the PIL, i.e., inside the
contours. However, it is clear that on July 3, the inside of the
black contour is more dominated by upflows than on July 5. On
this day, there are no significant differences between the velocity
patterns of the orphan penumbrae and the spine.

We now turn to the panels of the middle row of Fig. 3. The
velocity maps correspond to the magnetic inversions as defined
in Sect. 3.1 (wp,uv = 0,1,1,0.1). We therefore assume that the
velocities in these panels are more likely to represent the mo-
tions of the transverse magnetic field lines (as opposed to the
maps from the first row, which are more influenced by unmag-
netized regions and flows along vertical field lines). The inver-
sion code had problems in converging properly when Stokes Q
and U were small, i.e., where the magnetic fields were weak or
almost vertical. Nevertheless, along the PIL, the inversion code
performed well and the uncertainties obtained were on the same
order of magnitude as those from the standard inversions. On
July 5, a comparison of the middle with the upper panels re-
veals that the “magnetic” Sir velocities inside the contours are
globally more dominated by blueshifts, rather than redshifts. We
interpret this result as an indication of a predominant upward
motion of the transverse field lines in the photosphere, in par-
ticular inside the orphan penumbrae (green contours). Similarly,
on July 3, there is more of an upward trend in the motions of the
transverse fields.
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Fig. 3. LOS velocities inferred from: the Si1 10 827 A full Stokes “standard” inversions (top row), the Si1 10827 A “magnetic” inversions (with
weights: w; = 0, wpy = 1.0 and wy = 0.1) (middle row) and He1 10 830 A inversions (bottom row) at different times. Note that the color scale is
saturated at [~ 1, 1] and [-2, 2] km s~ for silicon and helium respectively. Pixels inside the contours have magnetic field inclinations, with respect
to the LOS, between 75° < y < 105°. In the July 5 maps, the colored contours distinguish between the orphan penumbrae area (green) and the
spine region (black). On July 3, only the spine of the filament was seen. Negative velocities (blue) indicate upflows while positive velocities (red)

indicate downflows.

The velocity maps inferred from the (binned) He1 10830 A
inversions are presented in the lower row of Fig. 3. Note that
the color is now scaled between +2 kms™'. The first striking
result are the ubiquitous red areas (indicative of downflows) that
extend almost everywhere, with the exception of the region near
the PIL. On July 3, an almost perfect correlation between the
transverse field lines inferred from the helium inversions and the
upflow areas can be seen within the black contour in the lower
lefthand panel. Bearing in mind that on July 3 we clearly saw the
filament axis in the helium core absorption map (see Fig. 2), and
in Paper I we found sheared field lines parallel to its axis, one can
easily deduce that the filament axis is rising in the chromosphere.
Typical rising speeds are in the range [0, —1.5] kms™".

Two days later, on July 5, the spine region (black con-
tours) hardly shows any upflows. The large-scale redshifted
pattern seen elsewhere is, however, weaker. This means that,
even if the filament axis was not moving upward on July 5,
it was still able to interfere with the mechanism that gener-
ates the large scale downflows (see Sect. 4.3). In the diffuse
filament region (above the orphan penumbrae, marked with
green contours), the velocity pattern is fundamentally differ-
ent. Once again, the transverse fields near the PIL harbor clear
signs of upflows. It is thus evident that, while the general trend
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observed in He1 corresponds to a large scale downflow, the fila-
ment axis (near the PIL) is a place where the downflows are not
as strong and sporadic upflow patches are also present. We will
discuss this issue later, in Sect. 4.3.

To understand the general trends in the velocity maps of
Fig. 3, a statistical study of the average velocities ((v)) inside
the black and green contours was carried out and compiled in
Table 3. The number of averaged points (#) and the standard
deviation (o) are also provided in this table. We have found
the following:

1. On July 3, the mean velocities inferred from the Sir in-
versions at the spine (i.e., below the filament axis) show
an obvious blueshift. The magnetic inversions, averaging
(vg'iag) ~ —0.150 kms~!, are more blueshifted than the stan-
dard inversions. Upflows are also found in the chromosphere
((vge) ~ —0.240 kms™1).

2. For the first four maps of July 5, the spine presents an upward
motion of the photospheric transverse fields (black contours)
as inferred from the magnetic inversions, with typical ve-
locities of (U‘S“iag) = —0.215 kms~!. In the last three maps
the velocities drop to almost zero. The standard Si1 inver-
sions show, by contrast, velocities which oscillate around
zero ((vsi) ~ —0.012 kms™1).
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Table 3. Mean Doppler velocities ((v)), of all available maps for both days, calculated inside the contours, where the inferred LOS inclinations are

between 75° <y < 105°, i.e., along the PIL.

Spine Orphan penumbrae
Day Time range  Inversion {vy o # {vy o #
UT) (kms™') (kms™') points | (kms™') (kms™') points
Si -0.123 0.725 2097
3Jul.  13:53-14:14 Simaet -0.134 0.546 1974 No orphan penumbrae
He —-0.266 0.574 146
Si -0.010 0.542 1114
3Jul.  14:39-15:01 Simae -0.163 0.406 1088 No orphan penumbrae
He -0.216 0.521 94
Si -0.011 0.424 1019 | +0.086 0.383 831
5 Jul. 7:36-8:05 Simee —-0.190 0.333 1018 —-0.250 0.329 825
He +0.808 0.566 42 +0.547 1.303 54
Si +0.108 0.326 870 +0.026 0.353 1009
5 Jul. 8:08-8:28 Simee —-0.144 0.263 870 —-0.241 0.368 997
He +0.884 0.604 42 +0.346 0.951 59
Si -0.011 0.186 780 +0.079 0.317 1127
5 Jul. 8:42-9:01 Simee -0.237 0.288 780 —-0.243 0.353 1106
He +0.954 0.564 36 +0.427 1.002 63
Si —-0.040 0.267 760 +0.110 0.322 1023
5 Jul. 9:02-9:21 Simee -0.291 0.246 760 -0.229 0.336 1006
He +0.649 0.464 37 +0.183 0.622 62
Si +0.045 0.263 569 +0.021 0.332 1497
5 Jul. 9:33-9:52 Simae -0.085 0.248 569 -0.209 0.400 1457
He +1.013 0.645 22 +0.366 0.826 102
Si —-0.127 0.282 755 +0.021 0.314 1292
5Jul. 13:39-13:58 Simee —-0.063 0.248 755 —-0.283 0.419 1273
He +0.779 0.960 41 +0.278 0.814 60
Si —-0.046 0.375 618 +0.211 0.301 1257
SJul.  14:31-14:51 Simae +0.014 0.290 618 —-0.099 0.427 1248
He +1.083 1.009 30 +0.271 0.558 75

Notes. We distinguish between two different areas: the filament axis or spine (black contours in Fig. 3) and the orphan penumbral area (green

contours). o stands for the standard deviation and # is the number of pixels in each area selected for the study. (¥ Velocities above 2 km s
inferred from the “magnetic” Sir inversions (and mostly due to weak Q and U signals) were excluded from the statistics.

or below —2 kms™!

-1

However, only very few points were affected by this filter (between 9-40; and 123 for the first map).

3. On July 5, the chromospheric velocities at the spine
are dominated by downflows in the range of vge €
[0.65,1.08]1 kms~'. We note, however, that these downflows
are smaller than the typical values observed elsewhere in the
surrounding facular region (see Sect. 4.3).

4. At the orphan penumbrae (green contours), there is a sys-
tematic difference between the photospheric LOS veloci-
ties inferred from the “standard” and those obtained from
the “magnetic” inversions of the Sir line. While the lat-
ter clearly show upflows in all maps, with values be-
tween vg® € [-0.099,-0.283] kms™' and an average
of (v‘;ag> = —0.222 kms™!, the standard inversions show
slightly slower velocities, with downward motions in the
range of vs; € [0.021,0.211] kms~', and a mean value of
(vsi) = 0.079 kms~".

5. Above the orphan penumbrae (inside the green contours)
the average velocities inferred from the He1 inversions show
downflows in the range of vy, € [0.18,0.55] kms™!. These
downflows are weaker than those observed in the spine
(see point 3 above).

4.2. Two-component Stokes V profiles at the PIL: supersonic
downflows

On July 5, the day when we first observed the orphan penumbral
system, we detected the presence of atypical multilobed

Stokes V profiles (e.g., Fig. 4) in the Sir 10827 A line. These
multilobed profiles are a clear indication of the presence of
several magnetized components within the resolution element.
Most of these multi-component profiles were found near the bor-
ders of the orphan penumbrae. To illustrate this, we selected
one map from July 5 (taken between 13:39-13:58 UT) and
marked the location of all two-component profiles with small
cyan crosses (see Fig. 5). The other maps from July 5 show
a similar spatial distribution of the multi-component profiles.
Only points with a Stokes V/I signal of at least 0.01 were se-
lected for this study. In this way, we made sure that the origin of
these profiles was related to a multiple-velocity component sce-
nario, and we were able to rule out other causes such as mixed
polarities, which are also a very common occurrence in the prox-
imity of PILs. Figure 5a shows a continuum intensity image. The
two-component profiles are located on top of pores and orphan
penumbrae, between x € [16”,22”]. The helium red compo-
nent intensity map in Fig. 5b shows that the largest group of
atypical Stokes V profiles is co-spatial with the dark He 1 thread
located around [x, y] = [20”,20”]. Only three asymmetric pro-
files were detected at the spine, around [x,y] = [1875,3"].
The contours in Figs. 5b, ¢ correspond to the darkest areas,
i.e., highest absorption of the Her red component, of Fig. 5b.
Bear in mind that the multi-component profiles were only found
in the photosphere; there is no signature of these highly Doppler
shifted components in the chromospheric He1 10830 A profiles.
The atypical Si1 profiles contain information about a strongly
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redshifted component that the standard SIR inversions cannot 2.

pick out. The conspicuous signature present in Stokes V calls
for a two-atmosphere inversion that can provide some insights
into the nature of this shifted component. Such inversions were
performed on those specific profiles where this signature was
visually detected. The following properties were inferred:

1. The atypical Stokes V profiles appear at, or very close to, 3
the PIL, i.e., where the magnetic field lines are mainly
horizontal (see inclinations inferred from the standard
single-component silicon inversions, ys; in Fig. 5d).
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where two-component profiles were detected.

From the two-component SIR inversions we in-
ferred: (1) a dominant transverse component with a
filling factor in the range of f; € [0.87,0.98] and incli-
nations with respect to the LOS y; € [68°,95°]. This is
the component that is most similar to that retrieved by the
standard inversions. (2) A second component with smaller
filling factors, f> € [0.02,0.13], oriented more parallel to
the LOS, with inclinations y, € [21°,58°].

. The inferred Doppler maps show that the dominant

transverse component has velocities in the range of
vy € [-0.1,0.5] kms™' while the longitudinal one,
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Fig. 6. Dots represent the observed Sirt Stokes U, Q, and V profiles (same as Fig. 4). The overplotted synthetic profiles were computed using
different magnetic field inclination angles for the second component, that varied between y € [40°, 120°]. The test was performed by varying
the magnetic field inclination of the second component and keeping the remaining atmospheric parameters (which came from the best fit of the
SIR inversion) fixed. The dotted red line shows the best matching profile, whose corresponding atmospheric parameters are shown in the caption

of Fig. 4.

Table 4. Mean LOS inclinations ({y)) and velocities ({v)) inferred from
the two-component inversions of the Sit line.

Area  Comp. 6%} oy (v) o, #
©) ()  (kms™) (kms™) (px)
1 1 946 1.4 —-0.126 0.135 25
2 57.7 515 11.890 8.867
N 1 763 2.3 0.351 0.034 3
2 20.7 202 4.699 2.439
3 1 68.5 6.5 0.496 0.315 3
2 43.7 18.1 7.595 2.278
4 1 7277 118 0.355 0.256 35
2 284 174 9.632 2.795
5 1 787 3.5 0.250 0.113 18
2 49.4 204 6.190 2919

Notes. The different areas are marked in Fig. 5c. o stands for the
standard deviation and # is the number of pixels averaged in each area.

with smaller filling factors, has downward velocities
v, € [62,11.9] kms™'. It is clearly a supersonic
downflowing component.

4. In Fig. 5, all the detected atypical Stokes V profiles had a
second component with the same polarity than the first one,
except for the group of points between y = [11”,13”] (area 1
in Fig. 5¢) which had a second component with opposite po-
larity to that of the first one. Note, however, that the domi-
nant polarity, being highly transverse, is very much prone to
polarity changes due to projection effects.

The multiple component profiles were grouped in five sep-
arate areas. Since the properties of the dominant and of the
redshifted components differ in each of these areas, a sepa-
rate statistical study for them has been carried out. The five
areas are marked in Fig. 5c. Table 4 summarizes the mean
LOS inclinations ({y)) and velocities ({(v)), for both compo-
nents, in the five areas. The standard deviation (o) of both
quantities, as well as the number of pixels used for the statis-
tics (#), are also listed. As stated before, the second compo-
nent is completely dominated by magnetic field line inclinations
which are more longitudinally orientated. These inclinations,
however, vary substantially within each area (note the large val-
ues of the standard deviation o, for Comp. 2 in Table 4). In these
atypical cases, the inversion code provides considerable uncer-
tainties associated with the atmospheric parameters, something
that should be expected since this redshifted component has a
small effect on the observed profiles, as reflected by its low fill-
ing factor (mostly <0.1). However, a clear tendency for smaller

inclinations, i.e., more vertically oriented field lines, is seen in
all five areas.

Given the small amplitude of the signatures that this com-
ponent leaves on the emergent Stokes profiles, the question is
raised of how reliable the inversions are. To address this ques-
tion, we performed the following test: we selected several pix-
els with multilobed Stokes V signals and used the atmospheres
resulting from the two-component inversions to synthesize sets
of Stokes profiles. For each model atmosphere, several different
realizations of the synthesis, with different values of the inclina-
tions and azimuths of the second component, were carried out
(the first component was kept unchanged). Figure 6 shows one
example of the synthetic Stokes Q, U, and V profiles (Stokes /
showed no changes and was therefore not presented) with dif-
ferent inclinations, between 40° and 120°. Stokes Q and U
present minor changes in their shape that are just above the
noise level and therefore not conclusive. However, the changes
in inclination substantially affected the resulting Stokes V' pro-
files. It is apparent from Fig. 6 that the most likely inclination
is far from being transverse. In fact, the best fit (dotted red
line) yields an inclination of y = 22.9° + 20°. We also car-
ried out the same test changing the azimuth. Stokes Q and U
were only slightly affected by these variations, again within the
noise level, while Stokes V was completely insensitive to the
changes. This shows that while the inclination of the redshifted
component is well established (and that it is more vertical than
the dominant, transverse, component), the value of its azimuth is
highly uncertain.

4.3. Ubiquitous downflows around the PIL in the helium
velocity maps

As mentioned above, the velocities inferred from the He1 inver-
sions outside the PIL (in the faculae) are ubiquitously dominated
by downflows on both days (see the lower panels of Fig. 3).
This was largely unexpected, so it is important to understand
what signature in the spectral profiles made MELANIE infer
these downflows. Figure 7 shows four representative Stokes /
and V profiles from different areas of the map taken between
13:39-13:58 UT on July 5. They correspond to: (a) the spine;
(b) the PIL; (c) the negative and (d) the positive polarities within
the faculae. The locations of pixels a—d are marked in Fig. 2. The
dotted vertical lines, in Fig. 7, mark the centers of the line cores
at rest. In the lefthand panel, the intensity spectra comprise the
photospheric Sit line and the Her triplet. The cores of the four
silicon intensity profiles are almost perfectly centered at their
rest wavelengths. However, while the Her triplet profiles of the
spine and the PIL are also approximately at rest, the two facu-
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lar profiles are clearly redshifted. It is also of interest that the red
wing of the He1red component of the facular profiles is stretched
away from the line core. This, together with the fact that the pro-
files are not symmetric, indicates that more than one atmospheric
component was involved in the line formation process, and that
one of these components harbors distinct downflows. The red-
shift in the helium red component of the facular regions is also
seen in their Stokes V profiles (c and d) in the righthand panel
of Fig. 7. As expected, profile (b) has almost no Stokes V signal
since it is located at the PIL, where the transverse fields domi-
nate.

It is, thus, clear that the facular profiles seen in the chromo-
sphere are substantially redshifted. A possible explanation for
this is given in Sect. 5. To quantify the general trend of the facu-
lar velocities found in our data sets we did averages only taking
into account those pixels which had photospheric inclinations
close to longitudinal (ys; < 25° and ys; > 155°). Note that the
inclinations we used are the ones inferred from the Si1 10827 A
inversions, whereas the velocities correspond to the ones ob-
tained from the He1 10830 A inversions. This criterion ideally
distinguishes the points belonging to the faculae (having mainly
longitudinal fields at photospheric heights, Martinez Pillet et al.
1997) from those of other areas, such as the PIL or outside the
faculae. The mean velocities found in the faculae, for all maps
(July 3 and 5), were in the range of v]f_‘,‘g ~ 1.4-1.8 kms™'. The
standard deviations associated to these velocities were typically
around o = 1.0~1.4 kms™!, and the number of points used for
the statistics of each map was between 300—400. As mentioned
above, since these He1 intensity profiles are likely to comprise
more than one component, multi-component inversions in this
spectral region (e.g., Lagg et al. 2007; Sasso et al. 2011) might
reveal slightly stronger downflows in the faculae.

4.4. Time series

A time series with the slit fixed over the PIL was acquired on
July 5, approximately between x ~ 18”—20" on the righthand
panel of Fig. 2. The velocities shown in Fig. 8 were retrieved
from the standard Sir inversions. Time is represented along the
x-axis while the y-axis shows the spatial direction along the slit.
In the lower half of the figure, the photospheric 5 min oscillation
is unequivocal. This corresponds to the area below the spine.
There is an apparent phase shift of the oscillation pattern, start-
ing at y ~ 15”. This shift coincides with the beginning of the
orphan penumbrae. The single most striking finding from this
figure was the continuous downflow seen between y ~ 23”7 —-25"
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Fig. 8. Photospheric velocity time evolution. The time series was taken
with the slit fixed on top of the PIL (between x ~ 18”—20" in the second
column of Fig. 2). The velocities were inferred from the “standard”
Si1 10827 A inversions. The cyan-colored crosses mark the positions
of the two-component profiles.

(dark red pattern) throughout the whole time range, with which
not even the photospheric oscillation pattern interfered.

The Stokes V profiles were carefully inspected one by one
along the slit every minute. This was done in order to find the
atypical multilobed Stokes V profiles defined in Sect. 4.2. As in
Fig. 5, the cyan crosses in Fig. 8 represent the location of the de-
tected atypical Stokes V profiles. From this figure it is obvious
that the lifetime of the supersonic downflow was at least as long
as our time series (19 min). We take this time to be a lower limit
but it might, in fact, be much longer, since this supersonic down-
flow was not an isolated event. Other strong downflows have
been detected on all maps from July 5 (albeit not continuously),
starting from 7:36 until 14:51 UT.

5. Discussion

In this paper, we have investigated the LOS velocities inferred
from chromospheric and photospheric spectropolarimetric
inversions of the Stokes profiles measured in and below an
AR filament. The aim of this study, together with the results of
Paper 1, is to clarify the formation and evolution of this AR fil-
ament. In Paper I we reported that the magnetic field configura-
tion of the spine of the filament is compatible with a flux rope
topology (on July 3, and also in the spine portion of July 5).
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Furthermore, the orphan penumbral region of July 5, was also
likely to be the imprint of a flux rope, but with its axis sit-
ting low in the photosphere. These results are supported by
recent magnetic field extrapolations of the same filament by
Yelles Chaouche et al. (2012) who, for July 5, also deduced the
presence of a flux rope structure whose axis lay below the for-
mation height of the Her 10830 A lines. Our AR filament is,
therefore, extremely low-lying.

The next question that needs to be addressed is the mecha-
nism by which flux ropes in AR filaments are formed. First of all,
at the time of the observing run, the filament had already reached
the chromosphere. However, on July 5, the low-lying magnetic
structure and the newly appeared pores and orphan penumbrae
indicated that new flux had emerged between the two days of ob-
servation. This flux was mainly horizontal due to its proximity to
the PIL, as reported in Paper 1. Thus, we placed special empha-
sis on the study of the photospheric LOS velocities associated
with these transverse fields, i.e., inferred from what we called
the silicon “magnetic” inversions, which provided information
similar to that of the Dopplergrams of the magnetic compo-
nent presented by Okamoto et al. (2009) and Lites et al. (2010).
There is a very good agreement among the velocities from all
maps of July 5 (see Table 3). All the maps but one pointed to
an upward movement of the photospheric transverse fields, with
average velocities between (v'sniag) = —0.21 and -0.28 kms~!,
the last map being the exception, where slower upward mo-
tions (~—0.10 kms™!) are shown. These velocities agree sur-
prisingly well with the ones presented by Okamoto et al. (2009)
(=0.30 + 0.20 kms™"). However, when carrying out “standard”
inversions (weighting all four Stokes parameters in the inversion
equally) the average inferred velocities were close to zero or pos-
itive (downflows), with values between (vg;) = 0.02—0.11 kms™!
and 0.21 kms™' for the last map. Note that the differences be-
tween both inversions is, on average, of around 0.3 km s~!. This
is indeed a small number. It corresponds to 11 mA or, equiv-
alently, a sixth of the spectral resolution. The fact that we ob-
tain velocities that are more redshifted when we weight Stokes /
and V equally in the inversion indicates that a longitudinal com-
ponent harboring downflows is present, to some degree, in all
pixels. While no evidence for this is provided here, we hypoth-
esize that the same chromospheric downflow that is observed
almost everywhere in He 1 has an impact on the Si1 data, produc-
ing slightly more redshifted values when all Stokes parameters
are equally weighted in the inversion code.

In the chromosphere above the orphan penumbrae, the re-
trieved mean LOS velocities are dominated by downflows in
the range of (vg.) = 0.18-0.55 kms™'. Nevertheless, these
averaged velocities need to be interpreted with caution since
the helium velocity maps of Fig. 3 clearly show localized up-
flows and slower downward motions at the PIL (inside the
green contours). These upward motions at the PIL reach ve-
locities of about —1 kms~™' in all the maps of July 5. A con-
tinuous upflow of mass, lasting at least ~7 h, is detected at
some locations of the PIL. Since helium traces the upper part
of the flux rope (whose axis is lying below, in the photo-
sphere), these localized upflows strongly suggest that the ma-
terial is being pushed upward by the magnetic field lines of
the top of the flux rope (similar to what is seen in the sim-
ulations by Martinez-Sykora et al. 2008). This is in agree-
ment with previous simulations of flux rope emergence (e.g.,
Fan 2001; Manchester et al. 2004; Archontis et al. 2004; Fan
2009), where only the upper field lines are able to rise and
expand in the corona, leaving the main body of the flux tube

behind. This process is driven by the so-called Parker instabil-
ity. This interpretation would lead to plasma drainage wher-
ever the field lines are not horizontal or dipped, and, hence,
would explain the photospheric downflows close to the PIL.
Sometimes, the downflows at the orphan penumbrae produce
atypical multilobed Stokes V profiles. Examples of these were
found in some areas near the PIL (see Fig. 5). Two-component
inversions of these Stokes V profiles yielded mainly supersonic
speeds, in the range of 6-12 kms™', for the redshifted compo-
nent. Similar strong downflows have been detected in the past
(e.g., Martinez Pillet et al. 1994; Lites et al. 2002; Shimizu et al.
2008) and have also been found in numerical models of emerg-
ing flux regions (Cheung et al. 2008). The case described by
Martinez Pillet et al. (1994) is particularly relevant to this paper
because it describes a downflow below an AR filament, similar
to the ones studied here. Magnetic reconnection is one of the
proposed mechanisms to cause these supersonic downflows as
suggested from the simulations of Cheung et al. (2008). In our
data sets, this could only have taken place in the photosphere
which is where we see them clearly. The long periods of time
(tens of minutes) during which the redshifted flows persist basi-
cally unaltered, almost rule out any link with a fast process such
as reconnection. The downflows might also be interpreted as a
combination of plasma draining from the flux rope’s body during
its emergence process at the photosphere and/or the continuation
of the ubiquitous chromospheric downflows.

The filament formation model of van Ballegooijen &
Martens (1989) would expect horizontal field lines submerging
at the PIL after a magnetic reconnection event (van Ballegooijen
& Mackay 2007). While strong downflows in our observations
are clearly detected at several positions along the PIL, they
are never co-spatial with transverse magnetic fields. The incli-
nations retrieved from the inversions of the atypical Stokes V
profiles, showed that the second component (the strongly red-
shifted one) was much more longitudinally orientated (y, €
[21°,58°]) than the first one (y; € [68°,95°]) (see more details
in Table 4). Our test inversions support the reliability of these
results (see Fig. 6). Therefore, we can safely say that our AR fil-
ament presents no evidence of submerging horizontal field lines,
thus, challenging some features of the aforementioned models.

Let us consider now the spine of the filament, which was
seen in the middle of the FOV on July 3 and only in its lower
part on July 5. This portion of the filament is what we would
call a classical case of AR filament, “classical” meaning that it
has a thin elongated shape presenting a flux rope topology and
is located in the chromosphere (it is perfectly discernible in the
He1 absorption image of Fig. 2). There is a distinct difference
between the chromospheric LOS velocities of both days. On
July 3, the spine is completely dominated by upflows which per-
fectly trace the transverse fields (see black contour in the lower
left panel of Fig. 3). The average upward velocity inside this
black contour was (vpe) ~ —0.24 kms~™'. On July 5, however,
the spine is not as strongly blueshifted, characteristic that con-
tinues throughout the day (see Fig. 3). Downflows in the range
of (ve) ~ 0.81 and 1.09 km s~!, are detected in the ~7 h between
the first and last maps. We interpret this result as a halt in the rise
of the filament’s axis. This event makes the spine area be domi-
nated by the same ubiquitous chromospheric downflows that are
seen in the rest of the FOV.

The photospheric motions of the spine on July 3 show the
same trend as the chromospheric ones, with average upflows of
the transverse fields of (vg °) ~ —0.15 kms~'. We interpret this
as a coordinated upflow of the entire flux rope. This is compati-
ble with the flux rope emergence simulations, in which the whole
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structure is very low-lying. On July 5, the transverse fields begin
the day moving upward (vg;¥) = —0.19 kms™', but after ~2 h
they seem to stop, still remaining at rest by the end of the ob-
serving run, four hours later.

We found ubiquitous downflows in the chromosphere, on
both sides of the PIL. This was consistent throughout all of
our observations. The average LOS velocity in the faculae, for
all maps, was 1.6 kms™' with a dispersion of ~1.2 kms™'. We
hypothesize that these downflows are a manifestation of the
so-called coronal rain. This phenomenon occurs when plasma
condenses in the corona and then flows along coronal loops,
down into ARs (Tandberg-Hanssen 1995). So far, however,
our knowledge of this process is still rather poor (but see
Antolin & Rouppe van der Voort 2012). Recent studies reveal
that the velocities found in coronal rain are in a range be-
tween 20—120 kms~! (Antolin et al. 2010; Antolin & Verwichte
2011; Antolin & Rouppe van der Voort 2012). This is much
faster than the velocities obtained from our data (Fig. 3), al-
though our measurements correspond to lower heights. There
is a strong possibility that more than one atmospheric compo-
nent, along the LOS, contributes to the He1 10830 A triplet for-
mation. This can be deduced from the shape of the red wings
of the intensity profiles in the faculae (lefthand panel; Fig. 7).
However, the signature is weak and, hence, it is unclear whether
strong downflows, such as those reported by previous authors in
the Her triplet (~42 kms™', e.g., Muglach et al. 1997; Schmidt
et al. 2000; Lagg et al. 2007), would be inferred in a multi-
component analysis. Another explanation could be that material
is falling from the slowly rising flux rope structure on July 3,
or from the expanding field lines above the orphan penumbrae on
July 5, following vertical magnetic field lines (in a similar way
as the draining of rising loops proposed by Lagg et al. 2007).
However, these processes can also be considered to be different
manifestations of the coronal-rain phenomenon.

6. Conclusions

For the sake of clarity we divided the study of the AR fila-
ment into two parts, the main distinction between them being
the height at which the filament axis lies. The first part cor-
responds to the spine (seen mainly on July 3, and also in the
lower half of the FOV on July 5), where the filament axis lies
in the chromosphere. The second corresponds to the diffuse fila-
ment (seen only in the upper half of the FOV on July 5), which
sits above the orphan penumbrae and pore regions, and has a
much lower-lying filament axis. In this latter case, the helium
10830 A only traces the upper part of the flux rope, as explained
in Paper I. The main conclusions of this study are:

1. On July 3, the LOS velocities inferred from the helium and
“magnetic” silicon inversions (that trace the behavior of the
horizontal magnetic fields) in the spine region, show gen-
eralized upflows, which we interpret to represent the emer-
gence of the flux rope structure as a whole. Two days later, on
July 5, the spine shows downflows in the chromosphere, sim-
ilar to those seen elsewhere in the facular region. Yet the
photospheric velocities in this region present upflows for the
first few hours of the day that drop to velocities close to zero
toward the end of the observing run.

2. On July 5, in the chromosphere, above the orphan penum-
brae, the LOS velocities are on average redshifted. This
redshift is, however, smaller than the dominant redshift
seen in the facular region. Indeed, blueshifted patches are
present along the PIL in all data sets. We propose that the
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blueshifted patches seen in the chromosphere are due to
field lines which expand from the lower-lying flux rope into
the chromosphere, similar to what is found in the flux rope
emergence simulations (e.g., Martinez-Sykora et al. 2008).
The photospheric transverse field lines along the orphan
penumbrae are clearly moving upward. This is consistent in
all seven data sets. Therefore the sheared field lines (the flux
rope axis) are rising.

3. Atypical multilobed Stokes V profiles were found in the
photosphere near the PIL. Two-component inversions of
these profiles revealed localized supersonic downflows in the
strongly redshifted component. These downflows last for at
least 19 min, ruling out any episodic origin. Furthermore,
the retrieved magnetic fields associated with this compo-
nent are oriented along (or very close to) the line of sight.
Therefore, we cannot identify this component with submerg-
ing loops that harbor horizontal fields as in the models from
van Ballegooijen & Martens (1989) and van Ballegooijen
& Mackay (2007). It is also important to point out that
the number of detected two-component profiles was only
a small percentage of the total number of points inside
the PIL (12%), which, on average, showed an upward motion
of the transverse fields.

4. Almost ubiquitous redshifts of the chromospheric
He 110830 A triplet, with average downflows of ~1.6 km s~
and a dispersion of ~1.2 km s~!, were found in the faculae
in all data sets.

The global picture resulting from the Doppler shifts studied in
this paper can be summarized as follows. AR faculae are im-
mersed in a global rainfall of mass from the upper layers, as in-
dicated by the redshifted Her line. We have tentatively associ-
ated this redshift with coronal rain. This process has no evident
counterpart in the photosphere, being some localized supersonic
downflows the only possible candidate. In this environment,
the transverse field lines (including the filament axis observed
either in the chromosphere or in the photosphere) display up-
flows. The only case where this does not hold true is that of
the chromospheric spine region on July 5. In this area, only the
global downflow is observed.

As we have learned from the simulations, the process of flux
rope emergence through the photosphere is not an easy one and
will often be aborted. We propose that this is what might have
happened on July 5 at the spine region. Note, however, that the
rest of the filament for this day displayed clear upflows at both
heights. All in all, the present study supports the scenario of an
emerging flux rope from below the photosphere. Vector magne-
tograms, as well as LOS velocities in the photosphere and chro-
mosphere, agree with the proposed scenario. Whether or not this
emergence process is common to all AR filaments, or at least to
those that present a photospheric manifestation (orphan penum-
brae), needs to be proven by using further multi-wavelength and
multiheight observations.

There are some limitations in this work that need to be con-
sidered. First, an important observational gap on July 4 ex-
ists. Data from that day would have contributed to a better
understanding of the inferred magnetic structure observed on
July 5. Another limitation to this work is the small FOV of the
polarimeter that we had at the time of the observations (nowa-
days the slit is twice as large). This work has proved that there is
an imperative need for multi-wavelength instruments and larger
FOVs in order to understand the formation process and evolu-
tion of AR filaments. It is crucial to have magnetic field infor-
mation of at least two heights, e.g., in the photosphere and in the
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chromosphere, to carry out a simultaneous and co-spatial analy-
sis of the evolution of the filament.

The flux rope that constitutes the studied AR filament is
extremely low-lying, especially the portion observed on the
second day. This result makes it hard for the filament formation
models that build flux ropes in the corona by reconnection (e.g.,
van Ballegooijen & Martens 1989; DeVore & Antiochos 2000)
to reproduce the scenario that we observe. In particular, the large
scale submergence of photospheric transverse field lines is not
observed in our data. While a rather complete picture of the evo-
lution of this AR filament (favoring a flux rope emergence from
below the photosphere) has come out of this series of papers, we
would like to stress that the formation process of AR filaments
in general could differ, maybe substantially, from this case.
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Appendix A: Velocity calibration

In order to obtain LOS velocities on an absolute scale,
our Doppler shifts have to be calibrated to high precision and
corrected for the systematic effects introduced by the Earth’s
rotation, the orbital motion of Earth around the Sun, the solar
rotation, as well as for the solar gravity redshift.

The final accuracy and precision have to be high enough to
be able to measure typical photospheric Doppler shifts which,
in the case of the Sir line, correspond to velocities in the range
of few hundred ms~!. Since our spectral range comprises two
telluric H,O lines, we can use these to calculate our sampling
(A per pixel). A Gaussian function with six terms was fit to
the deepest part of these lines in our data in order to determine
the position of their centers. The difference, Ax, is the distance
between both lines in pixel units. The same process was car-
ried out on the Fourier Transform Spectrometer (FTS) spectrum
(Kurucz et al. 1984) from the Kitt Peak National Observatory,
obtaining Al = 1.873 A for the distance between both lines.
The spectral sampling is merely calculated by dividing AA/Ax.
This was done for each map using the average spectrum from a
small non-magnetic region (containing about 1000 pixels). The
mean spatial sampling of all maps is 11.035 + 0.010 mA/px.
Ideally, the sampling should always be the same. It can be theo-
retically calculated using the specifications of the telescope and
of the spectrograph. A comparison with the theoretical sampling
(11.240 mA/px) reveals that the calibration delivered a slightly
smaller value, but not too different.

We are now able to construct the wavelength array using
the calculated spectral sampling and a telluric line whose cen-
tral wavelength is known, as a reference. According to the solar
spectrum atlas of Swensson et al. (1970), the telluric line closest
to the Her triplet has a wavelength of 10832.120 A, although
the authors also provide another value: 10 832.150 A. However,
when we calculate the line center position using the Gaussian
fit to the FTS spectrum we find a wavelength of 10832.099 A.
Note that the wavelengths of the FTS atlas are not corrected for
the gravity shift. This is perfectly adequate for telluric lines,
which are, indeed, not affected by it. Other wavelength val-
ues, differing slightly from those mentioned previously, can also
be found in the literature. These discrepancies led us to make
our own estimate for the center wavelength of the H,O telluric
line. The process, explained in Appendix B, results in a wave-
length of 10832.108 A. This value is supported by the work
of Breckinridge & Hall (1973), who inferred a wavelength of
10832.109 A with an accuracy approaching +1 mA.

The newly constructed wavelength array is referred to a ter-
restrial reference frame, that does not account for any relative or-
bital motions. We followed the calibration procedures presented
in Appendix A of Martinez Pillet et al. (1997), and references
therein, adapted to the Observatorio del Teide, to obtain absolute
LOS velocities. Line shifts due to Earth’s rotation, orbital motion
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of Earth around the Sun and solar rotation have been corrected.
In the same way, the gravitational redshift, Alg = (GMg/Roc?)A
(which translates into 23 mA for this spectral range), was also
corrected in our calibration. The effect of convective blueshift
has been studied for the photospheric Sir1 line, however, after
reviewing the literature and studying the response function to
various physical perturbations of this line, we concluded that the
correction is rather negligible owing to the formation height of
the Si1line, which happens at a considerable height (log 7 ~ -2)
above the surface.

Appendix B: Determination of a new telluric line
wavelength

As mentioned in the previous Appendix, the literature quotes
several different values for the central wavelength (Ar) of the
H,O telluric line next to the He1 triplet. We calibrated our spec-
trum using this telluric line as a reference, but the resulting ve-
locity maps were clearly shifted to the red (when using Ar =
10832.120 A) or to the blue (when using At = 10832.099 A).
This is, we found systematic photospheric redshifts or blueshifts
(depending on the wavelength used for the calibration) in the
faculae, where velocities are expected to be around zero (see
Fig. 12 in Martinez Pillet et al. 1997, where high filling fac-
tor faculae show no velocity shift). Shifts on the same order
of magnitude were found when compared to new data from a
recent observing campaign in 2010 with the Tenerife Infrared
Polarimeter at the VTT. We attribute this inconsistency to an
incorrect value of the central wavelength of the telluric line
and therefore we corrected its wavelength using the following
method: we took three flat fields from our 2010 campaign with
TIP-II (August 21 and 22); two from the morning and one from
the afternoon. All of the flat fields were taken at disk center
in the quiet sun, with a random circular movement of the tele-
scope pointing of up to 50”. These maps were then used as in-
put data for the standard reduction procedure including flat field,
dark current and polarimetric calibration corrections (Collados
1999, 2003). The spectral sampling for each flat field was in-
ferred using the same procedure described in Appendix A. Using
Ar = 10832.120 A as the reference telluric line, a mean red-
shift of the Si1 line of AA ~ 0.0117 A was found. As mentioned
above, this line is not expected to show any convective blueshift
due to its formation height. Also no redshifts are expected at disk
center. Thus, this systematic redshift was subtracted from the
Ar = 10832.120 A telluric line, yielding a new wavelength of

ANEW = 10832.108 A. With the new reference, the average pho-
tospheric facular velocity for all maps resulted in ~—0.06 kms™'.
Since the faculae observed here are very compact and have large
filling factors (typically, higher than 50%), this value is expected
to be zero. We thus conclude that the systematic effects of our

velocity calibration are smaller than 60 ms™! or around 2 mA.
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study was carried out mainly analyzing full Stokes spectropolarimetric data sets in

the 10830 A spectral region, acquired with the Tenerife Infrared Polarimeter at the
VTT in Tenerife. Inversions of the chromospheric He 1 10830 A triplet and the photospheric
Si1 10827 A line have been performed using a Milne-Eddington and a LTE inversion code,
respectively. Further analysis of the evolution of this active region has been fulfilled us-
ing images from different ground based and space-borne instruments / telescopes: MDI
(SOHO), TRACE, DOT, Big Bear Solar Observatory, and VSM (SOLIS). Magnetic field
extrapolations complemented the observational results.

This thesis presents an observational study of a solar active region filament. The

6.1 Conclusions

The main scientific conclusions drawn from this work are:

e We have inferred the largest magnetic field strength values in active region filaments
ever detected before. The Stokes profiles of the filament were dominated by the Zee-
man effect and field strengths around 600-700 G are inferred. Longitudinal fields are
in the range of 100-200 G, in agreement with past measurements. Therefore, AR fil-
aments have much stronger magnetic fields than expected in the past. This result
was confirmed by three different techniques (magnetograph analysis, ME inversions,
and PCA inversions). Strong magnetic fields of the same order of magnitude as the
ones presented in this thesis were inferred afterwards from spectropolarimetric inver-
sions by Xu et al. (2012) (600-800 G) and from extrapolations by Guo et al. (2010)
(~ 700 G), thus confirming our results.

e The magnetic structure and evolution of the observed AR filament is in agreement
with a flux rope emergence scenario from below the photosphere. Further observations
need to be carried out to confirm if this scenario is common to all AR filaments.
However, this study supports earlier observations presented by Okamoto et al. (2008,
2009) and Lites et al. (2010), who found a photospheric signature compatible with an
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emerging flux rope below an AR filament. The recent work by Xu et al. (2012) also
favors the emergence of a flux rope that generated an AR filament.

The magnetic structure of an AR filament has been inferred for the first time simulta-
neously in the chromosphere and in the photosphere. In the chromosphere we observe
the filament’s axis (spine) and a normal polarity configuration that corresponds to
the top of the flux rope. At the same time, in the photosphere we observe an inverse
polarity configuration (bottom of flux rope) and the spine (see Fig. 6.1).

The extremely low-lying spine of the filament, which is seen in the photosphere, leads
to the creation of an orphan penumbrae. We propose that orphan penumbrae are
systematically indicative of flux ropes that have emerged at the PIL of active regions.

Thoroughly inferred and absolutely calibrated Doppler velocities (along the line-of-
sight) show that the filament axis is moving predominantly upwards in the photo-
sphere and in the chromosphere.

Photospheric transverse magnetic fields also show upward motions along the PIL. This
contradicts filament formation models that show downward motions of the transverse
component of B at the PIL, such as the one presented by van Ballegooijen and Martens
(1989). These models generate the flux rope via magnetic reconnection processes in
the corona.

An ubiquitous systematic downflow (redshift), of 1.6 kms~—! on average, was detected
in the chromosphere surrounding the filament (in the faculae). The origin of this
redshift is unknown.

Concentrated supersonic downflows detected in the photosphere along the PIL might
be the counterpart of the chromospheric downflows. Magnetic reconnections are short-
lived events. Therefore, reconnection seems to not be the origin of these supersonic
downflows that last for at least ~ 19 minutes without interruption.

A new wavelength for the telluric line closest to the He 110830 A triplet red component
has been determined: 10832.108 A. This wavelength agrees well with a historical value
(10832.109 A) proposed by Breckinridge and Hall (1973). We propose that from now
on the scientific community uses our inferred wavelength and rejects other alternative
values that have been recently used.

NLFF field extrapolations taking the Si1 10827 A and the He 1 10830 A vector mag-
netograms as boundary values, confirm the flux rope topology deduced from the ob-
servations.

The photospheric extrapolations, in combination with the chromospheric vector mag-
netograms, allow to give an average formation height of the He 110830 A triplet: 2 Mm
above the solar surface in these particular observations.

In the context of the 180° ambiguity, the selected solution of the azimuth in the
observations is confirmed by the magnetic field extrapolations. Hence, a new method
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Figure 6.1 Cartoon showing the inferred magnetic structure of the AR filament. The surface corre-
sponds to a continuum image of the DOT. The red field lines are representative of what we inferred
from the Si1 10827 A vector magnetic field whereas the light blue lines represent the He 1 10830 A
vector magnetic field. The filament is outlined by the black structure taken from the Ha image of
the DOT. Green field lines on both sides of the filament represent the fields in the positive (upward
arrow) and negative (downward arrow) faculae.

to solve the 180° ambiguity, when vector magnetograms are available at two heights,
has been developed.

6.2 Future work

The results presented in this thesis have given rise to new questions that should be addressed
in the future.

Firstly, we have not been lucky with the many observing campaigns that we had along
the duration of this thesis (not only due to weather conditions, but also because of the
long and “well-know” solar minimum between cycles 23-24). AR filament observations
are extremely scarce in the literature and therefore are a promising target in the near
future to test old (and new) filament formation models. Especially, multi-layer observations
involving different spectral lines that map several heights are required. New space-borne
telescopes, such as SDO, and future ground based facilities, such as GREGOR, ATST, and
EST, will perfectly complement the various available telescopes and substantially improve
our understanding of filaments. In particular, the question of whether all AR filaments
have a photospheric counterpart underneath, i.e., orphan penumbrae, is of interest. The
strong magnetic fields firstly presented in this study need to be further confirmed with new
observations.
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Secondly, a detailed analysis of the orphan penumbrae phenomenon needs to be carried
out. These features, originally mentioned by Zirin and Wang (1991), seem to have been
forgotten by the solar community. In our study, orphan penumbrae are directly related to
the emergence of the flux rope. Hence, flux emergence along the PIL of decaying active
regions might trigger the formation of AR filaments.

Finally, the intriguing facular downflows observed everywhere in the chromosphere need
to be clarified. Are they found in all faculae independently of their evolutionary stage or are
they only found adjacent to AR filaments? As mentioned at many points throughout this
thesis, the origin of this downflow might be coronal rain. However, the inferred velocities of
our data sets are much slower than the ones expected from coronal rain, which are about
one order of magnitude higher. It is therefore not clear that these ubiquitous downflows
are the chromospheric manifestation of the coronal rain. Consequently, they need to be
thoroughly analyzed in the future.

There are of course many more questions regarding AR filaments that need to be an-
swered. Among others, are AR filaments formed in a different way than the quiescent ones?
Where does the filament’s plasma come from? Is it lifted up from the photosphere into
the chromosphere by a specific physical mechanism? Or is the filament channel filled by
plasma due to condensation? These are all open questions that need to be addressed and
will maintain filaments as a puzzling topic for many more decades to come.
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activa (RA). El estudio se ha llevado a cabo principalmente analizando datos espec-

tropolarimétricos de los cuatro parametros de Stokes, adquiridos con el polarimetro
TIP acoplado al telescopio VI'T en Tenerife, en la region espectral de 10830 A. Para llevar
a cabo esta investigacién se realizaron inversiones del triplete cromosférico del He 1 10830 A
usando un cédigo de inversion que opera con la aproximacién de Milne-Eddington (ME), asi
como de la linea fotosférica del Si1 10827 A, usando un cédigo que supone ETL. El anglisis
de la evolucién de la RA se ha completado usando iméagenes obtenidas de diferentes instru-
mentos / telescopios terrestres y espaciales: MDI (SOHO), TRACE, DOT, el observatorio
solar de Big Bear, y VSM (SOLIS). Los resultados observacionales se complementaron con
extrapolaciones del campo magnético.

E n esta tesis se desarrolla un estudio observacional de un filamento solar en una region

7.1 Conclusiones

A continuacién se presentan las principales conclusiones cientificas que se han obtenido en
esta tesis:

e Los valores del campo magnético que hemos obtenido son, hasta el momento, los val-
ores mas fuertes detectados en filamentos en regiones activas. Los perfiles de Stokes en-
contrados en el filamento estan dominados por el efecto Zeeman y el campo magnético
deducido alcanza los 600-700 G. Los campos longitudinales alcanzan valores entre 100-
200 G, lo cual concuerda con estudios anteriores. Por lo tanto, y al contrario de lo
esperado, los filamentos en RAs poseen campos magnéticos muy fuertes. Hemos com-
probado la fiabilidad de este resultado usando diferentes técnicas y todas ellas han
confirmando la presencia de fuertes campos magnéticos (andlisis de magnetdgrafo,
inversiones ME e inversiones de PCA). Recientemente se han encontrado campos
magnéticos fuertes en otros filamentos en RAs, del mismo orden de magnitud que
los presentados en esta tesis, a partir de inversiones espectropolarimétricas realizadas
por Xu et al. (2012) (600-800 G) y de extrapolaciones llevadas a cabo por Guo et al.
(2010) (~ 700G). Teniendo en cuenta esto, podemos decir que nuestros resultados
han sido confirmados también por otros autores.
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La historia evolutiva de este filamento en RA concuerda con la emergencia de lineas
de campo magnético en forma de hélice desde debajo de la fotosfera. Esta histo-
ria evolutiva debe ser confirmada por nuevas observaciones para comprobar si este
proceso es comun a todos los filamentos en RAs. Este estudio apoya observaciones
anteriores de Okamoto et al. (2008, 2009) y Lites et al. (2010), que encontraron evi-
dencias fotosféricas compatibles con la emergencia de campos helicoidales debajo de
un filamento en una RA. El trabajo recientemente publicado por Xu et al. (2012)
también apoya la emergencia de campos helicoidales que dan lugar a la formacién de
un filamento en una RA.

Por primera vez se ha deducido la estructura magnética de un filamento en una RA
simultdneamente en la cromosfera y fotosfera. En la cromosfera observamos el eje del
filamento y una configuraciéon de polaridad normal que representa la parte superior de
la hélice. Al mismo tiempo, en la fotosfera se observa una configuracion de polaridad
inversa (correspondiente a la parte inferior de la hélice) y el eje del filamento (ver Fig.
7.1).

Las penumbras huérfanas que se observan en la fotosfera son creadas por el eje del fila-
mento que se encuentra extremadamente bajo en la atmdsfera solar. Proponemos que
las penumbras huérfanas son siempre indicios de la existencia de campos magnéticos
helicoidales que han emergido en lineas de inversién de polaridad (LIP) fotosféricas
de regiones activas.

Se han deducido y calibrado rigurosamente las velocidades Doppler a lo largo de la
linea de visién en una escala absoluta. El andlisis de estas velocidades revela que,
predominantemente, el eje del filamento asciende en la fotosfera y cromosfera.

En la fotosfera, los campos magnéticos transversales muestran también movimien-
tos ascendentes a lo largo de la LIP. Este resultado contradice algunos modelos de
formacién de filamentos, por ejemplo, el modelo presentado por van Ballegooijen y
Martens (1989), que encuentran campos transversales en sentido descendente en la
LIP. Estos modelos crean campos helicoidales en la corona a través de reconexion
magnética.

En la facula cromosférica, alrededor del filamento, se detectan sistematicamente, y
de manera omnipresente, velocidades en sentido descendente (corrimientos al rojo)
con un valor promedio de 1.6kms~!. EIl origen de este corrimiento al rojo es atin
desconocido.

En la fotosfera se encuentran agrupaciones puntuales, a lo largo de la LIP, con veloci-
dades supersodnicas en sentido descendente que podrian ser la manifestacion fotosférica
de las velocidades descendentes encontradas en la facula cromosférica. Debido a que
el fenémeno de reconexién magnética es un proceso rapido, éste no parece ser el cau-
sante de estas velocidades supersénicas ya que la duracién de éstas es de al menos
~ 19 minutos sin interrupcion.

Se ha deducido una nueva longitud de onda, 10832.108 A, para la linea teldrica més
préxima a la componente roja del triplete de He 1 10830 A. Este valor se aproxima
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mucho a otro valor histérico, 10832.109 A, propuesto por Breckinridge y Hall (1973).
Proponemos que, a partir de ahora, la comunidad cientifica use la longitud de onda
determinada en esta tesis y rechace otros valores alternativos que se han usado re-
cientemente.

e Se han realizado extrapolaciones magnéticas, bajo la aproximacién no lineal y libre
de fuerzas (NLFFF por sus siglas en inglés), tomando los magnetogramas vectoriales
de Si110827 A y He 1 10830 A como condiciones de contorno. Estas extrapolaciones
confirman la topologia en forma de hélice de las lineas de campo deducida a partir de
las observaciones.

e La combinacién de las extrapolaciones desde la fotosfera con los magnetogramas vec-
toriales de la cromosfera ha permitido calcular para estas observaciones una altura de
formacién promedia del triplete de He 1 10830 A cuyo valor es 2 Mm por encima de la
superficie solar.

e Se ha propuesto un nuevo método para resolver la ambigiiedad de los 180° mediante
las extrapolaciones magnéticas, siempre y cuando se disponga de magnetogramas
vectoriales a dos alturas diferentes. Dicho método confirma la solucién del acimut
elegida a través de las observaciones.

7.2 Trabajo futuro

Tras los resultados presentados en esta tesis han surgido nuevas preguntas.

En primer lugar, no hemos tenido suerte con las diferentes campanias de observacién
llevadas a cabo a lo largo de esta tesis (y no solamente debido a las condiciones meteoro-
l6gicas desfavorables sino también por la larga duracién del “conocido” minimo solar entre
los ciclos solares 23 y 24). Dado que se encuentran muy pocas observaciones de filamentos
en RAs en la literatura, nuevas observaciones de estos fenédmenos solares seran un objetivo
prometedor en el futuro cercano para comprobar la validez de modelos viejos (y nuevos)
de formacién de filamentos. En concreto, se requieren observaciones a multiples alturas y
con diferentes lineas espectrales. Para aumentar nuestro conocimiento sobre los filamentos
solares, los nuevos telescopios espaciales, por ejemplo SDO, y futuras instalaciones terrestres
como GREGOR, ATST y EST, complementarén a la perfeccién los telescopios existentes
hoy en dia. Es de especial interés determinar si todos los filamentos en RAs tienen un
homologo fotosférico debajo, es decir, una penumbra huérfana en la fotosfera. Los campos
magnéticos fuertes que se han encontrado por primera vez en filamentos de RAs en esta
tesis deben ser confirmados por nuevas observaciones.

En segundo lugar, se deberia hacer un analisis detallado del fenémeno de las penumbras
huérfanas, observadas originalmente por Zirin and Wang (1991) y aparentemente olvidadas
por la comunidad solar. En nuestro estudio hemos visto penumbras huérfanas que estan
directamente relacionadas con la emergencia de campos magnéticos helicoidales. Por lo
tanto, es posible que la emergencia de flujo a lo largo de la LIP de regiones activas en fase
de decaimiento pueda dar lugar a la formacién de filamentos en RAs.
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Figure 7.1 El dibujo representa la estructura magnética deducida para el filamento en RA.
La superficie gris corresponde a una imagen del Sol en la banda del continuo obtenida con
el DOT. Las lineas rojas representan las lineas de campo magnético deducidas del vector
de campo magnético de Si 110827 A mientras que las azules representan el vector de campo
magnético obtenido del andlisis de He 1 10830 A. El filamento estd representado por una
estructura negra, encima de la superficie, recortada de una imagen de Ha del DOT. Las
lineas verdes verticales a ambos lados del filamento representan las lineas de campo en
la facula de polaridad positiva (flecha hacia arriba) y de polaridad negativa (flecha hacia
abajo).

Finalmente, es necesario clarificar y entender el origen del intrigante y omnipresente
corrimiento al rojo observado en la cromosfera de la facula. ;Se encuentra en todas las
faculas independientemente del estado evolutivo de la RA o solamente se encuentra cerca
de los filamentos en RAs? Como ya se ha mencionado a lo largo de esta tesis, el origen
podria ser la lluvia coronal, pero nuestras velocidades son mucho més lentas que las ligadas
al fenémeno de la lluvia coronal (aproximadamente en un orden de magnitud). Por lo tanto,
no esta claro que el corrimiento al rojo facular sea la manifestacién cromosférica de la lluvia
coronal. Se deberia llevar a cabo un analisis detallado de este fenémeno.

Obviamente hay mds preguntas sin resolver relacionadas con los filamentos en RAs.
Entre otras: jes el proceso de formacién de filamentos en RAs el mismo que el que da lugar
a los filamentos de Sol en calma?, jde dénde viene el plasma que forma los filamentos?,
Jexiste un mecanismo fisico que eleve el plasma desde la fotosfera hasta la cromosfera?, o
por el contrario, jes la condensacion del plasma el mecanismo responsable de que se llene
el canal del filamento? Todas estas preguntas siguen sin resolverse por lo que el fenémeno
de los filamentos solares seguird siendo un tema interesante y con trabajo por delante para
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las proximas décadas.
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