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Resumen

Los filamentos y protuberancias solares han sido el foco de muchos estudios desde hace mas de 200
afios por ser uno de los fenémenos mas fascinantes del Sol. Sin embargo, no es hasta ahora, con la
instrumentacion actual, nuestra potencia de calculo y una consolidada teoria de generacion y transporte
de radiacién polarizada que podemos estudiar estas estructuras con mayor precision.

Las protuberancias aparecen como condensaciones de plasma frio suspendidas a gran altura, con
una estructura filamentosa. En lugar de caer a la superficie debido a la aceleracion gravitatoria, pueden
permanecer varias semanas sin apenas cambios. El campo magnético es el que parece sostener estas
estructuras y a pesar de ser un ingrediente fundamental, el conocimiento sobre su topologia exacta y su
conectividad con la fotosfera es escaso hoy dia. Después de todos estos afios de estudio, los filamentos
contindan presentando un desafio para el andlisis observacional. La razén principal es la dificultad
para obtener datos espectropolarimétricos con una precisién que haga posible estudiar las sefiales de
polarizacién débiles que generan e inferir su campo magnético a partir de ellas.

Dado que en este trabajo no estudiamos los filamentos como eventos aislados sino también su conexién
con el medio, presentamos desde el comienzo de esta tesis una descripcién general de la estructura del Sol
y de los fenémenos caracteristicos de cada capa. Esto nos permite entender la relacién entre los filamentos
y su entorno. También revisamos los aspectos mas relevantes de los filamentos y su naturaleza magnética.

El objetivo principal de este trabajo radica en la inferencia del campo magnético en filamentos a través
de las seflales de polarizacion de las lineas espectrales. Para ello hacemos una pequefia introduccién sobre
las ideas bésicas de transporte radiativo y cémo utilizar el potencial de las lineas espectrales para inferir
las propiedades del plasma. Ademds, discutimos en profundidad las propiedades de las lineas espectrales
usadas en este trabajo: el multiplete He1 10830 A y la linea Ca 11 8542 &; asi como la instrumentacién y
los métodos utilizados para lograr los resultados de este trabajo.

Para hacernos una idea de cdmo se genera la polarizacién y hacer una correcta interpretacion fisica de
las observaciones, sintetizamos los pardmetros de Stokes de algunos escenarios interesantes y estudiamos
las sefiales del triplete He1 10830 A. En concreto, analizamos cémo cambian las sefiales si tenemos varias
estructuras en la linea de visién, un fenédmeno comin cuando observamos el “césped” de espiculas en
el limbo donde cada una contribuye a la polarizacién observada. Este efecto también es importante en
observaciones en el disco donde estructuras (como los filamentos) estan iluminadas desde abajo por una
superficie solar que tiene, en principio, propiedades diferentes.

Hasta la fecha, las sefiales de polarizacién provenientes de los filamentos en regiones activas se
analizaban como si procedieran directamente de él, asignando valores de campo muy superiores (~700 G)
a los esperados de similares filamentos en zonas de Sol en calma (~20G). Basdndonos en la idea de
que un filamento iluminado por una region activa muy magnetizada podria generar una interpretacion
erréonea, proponemos un modelo de dos componentes atmosféricas en la misma linea de visién. Este
modelo permite ademads explicar de forma mucho mads natural las sefiales de polarizacién observada. La
conclusién importante de este experimento sugiere que los filamentos son transparentes a la radiacién que
proviene de la superficie. Consecuentemente, los valores altos de campo magnético podrian pertenecer
al campo magnético producido por la cromosfera activa debajo del filamento y no al filamento en si,
cuestionando las intensidades exactas del campo magnético de estas estructuras medidas anteriormente.

A continuacidn, estudiamos la topologia magnética de un filamento de regién activa mediante ob-
servaciones espectropolarimétricas adquiridas con el instrumento GREGOR Infrared Spectrograph en el
telescopio solar GREGOR. Su rango espectral nos permite mapear simultdneamente la cromosfera con
la linea de He1 10830A y la fotosfera con la linea de Si1 10827 A. Empezamos usando un modelo de
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una sola componente para inferir las propiedades magnéticas del filamento. Dado que el filamento se
encuentra sobre la granulacién, uno no esperaria una fuerte contaminacién desde abajo. Sin embargo,
hemos encontrado evidencias observacionales de la necesidad de modelos més complejos para explicar las
observaciones. Con esto demostramos de nuevo que el filamento es transparente incluso a la polarizacién
circular generada por una cromosfera de apenas unos 200 G. Finalmente, en un esfuerzo por estudiar la
viabilidad de las inversiones de dos componentes, mostramos que el modelo es demasiado flexible y puede
reproducir las observaciones con un alto niimero de configuraciones de campos magnéticos, lo que hace la
interpretacién mucho mas compleja.

Hasta ahora, el estudio magnético de filamentos y protuberancias se ha realizado usando los multipletes
de He1 en 10830A y 5876 A. En la tltima parte de la tesis exploramos el potencial de la linea de Car
en 8542 A para el estudio de las propiedades magnéticas y dindmicas de filamentos solares. Para ello
hemos utilizado el Swedish Solar Telescope, que consigue imagenes de una resolucién espacial excelente
y nos permite realizar mediciones espectropolarimétricas de la linea Ca11 8542 A con el instrumento
CRisp Imaging SpectroPolarimeter. Inferimos las propiedades de un filamento solar observado con este
telescopio y discutimos la validez de los resultados debido a la suposicién de equilibrio hidrostatico
usualmente incluida en los cédigos de inversién. Para estudiar la dindmica global de la regién y la
evolucién del filamento hemos utilizado otros telescopios como el Chromospheric Telescope y el Solar
Dynamics Observatory. Mostramos que los métodos comunmente usados en la fotosfera, como el Local
Correlation Tracking, pueden no ser adecuados para estudiar el movimiento del plasma en la cromosfera.
Finalmente, mostramos cémo un filamento solar a diferentes alturas puede generar perfiles de intensidad
similares, demostrando que su altura no puede ser inferida a partir de inversiones espectroscépicas.

Finalmente, contextualizamos los resultados de este trabajo con la idea de buscar nuevas estrategias
de observacién que ayuden a determinar el campo magnético de los filamentos solares de una manera
mas fiable en el futuro.
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Abstract

Solar filaments and prominences have been the focus of many studies for more than 200 years as they are
one of the most fascinating phenomena of the Sun. However, only now, with the current instrumentation,
computing power, and a consolidated theory of generation and transfer of polarized radiation can we
study these structures with higher precision.

Prominences appear as cold plasma condensations suspended at high altitudes above the solar surface,
with a filamentary structure. Instead of falling to the surface due to gravitational acceleration, they
can remain suspended several weeks with little changes. The magnetic field is what seems to support
these structures and, despite being such a fundamental ingredient, the knowledge about their exact
topology and connectivity with the photosphere is currently poor. After all these years of study, filaments
continue to present a challenge for observational analysis. The main reason is the difficulty of obtaining
spectropolarimetric data with enough precision to study the weak polarization signals they generate and
properly infer their magnetic field.

Since in this work we do not study filaments as isolated events, but also their connection with the
environment, we present in the beginning of this thesis a general description of the structure of the Sun
and the characteristic phenomena of each atmospheric layer. This allows us to understand the relationship
between filaments and their environment. We also review the most relevant aspects of filaments and their
magnetic nature.

The main objective of this work lies in the inference of the magnetic field in filaments from the
polarization signals of spectral lines. To this end we make a short introduction about the basic ideas of
radiative transfer that we apply in this thesis and how to use the polarization of spectral lines to infer the
plasma properties. In addition, we discuss in depth the properties of the spectral lines used in this work,
the He1 10830 A multiplet and the Ca11 line at 8542 A, as well as the instrumentation and methods used
to achieve the results of this work.

To gain some intuition on how the polarization is generated and to do a correct physical interpretation
of the observations, we synthesize and study the polarization signals of the He 1 10830 A triplet for some
interesting scenarios. In particular, we also analyze how the spectropolarimetric signals change when
we have several structures in the line of sight, a common phenomenon when we observe the “grass” of
spicules at the limb and each one contributes to the observed polarization. This effect is also important
in observations on the disk where structures (such as filaments) are illuminated from below by a solar
surface that has different magnetic properties with respect to such structures.

Up to now, the polarization signals received from active region filaments were analyzed as if they came
directly from them, i.e., the signals were generated inside the filament, assigning magnetic field values
much higher (~700 G) than those expected in similar structures on quiet areas (~20 G). Based on the idea
that a filament illuminated by a highly magnetized active region could generate this misinterpretation, we
propose a model with two atmospheric components in the same line of sight. This model makes it possible
to explain observed polarization signals much more naturally. We conclude with this experiment that
filaments are transparent to radiation coming from the solar surface. Consequently, the large magnetic
field values may belong to the active chromosphere below the filament and not to the filament itself,
questioning previous magnetic field inferences of these structures.

In the following, we study the magnetic topology of an active region filament from spectropolarimetric
observations acquired with the instrument GREGOR Infrared Spectrograph installed at the GREGOR
telescope. Its spectral range allows us to simultaneously map the chromosphere with the He1 10830 A
multiplet and the photosphere with the Si1 10827 A line. We started using only one single component

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1371210 Cddigo de verificacion: HSQ6Lr+z
Firmado por: CARLOS JOSE DIAZ BASO Fecha: 29/06/2018 11:26:56
UNIVERSIDAD DE LA LAGUNA
ANDRES ASENSIO RAMOS 29/06/2018 11:56:41
UNIVERSIDAD DE LA LAGUNA
MARIA JESUS MARTINEZ GONZALEZ 29/06/2018 13:04:01

UNIVERSIDAD DE LA LAGUNA

Basilio Ruiz Cobo 29/06/2018 18:28:10
UNIVERSIDAD DE LA LAGUNA

9/171



Universidad de La Laguna
Oficina de Sede Electréonica

Entrada

N° registro: 2018/37907
N° reg. oficina: OF002/2018/33824
Fecha: 29/06/2018 18:42:13

model to infer the magnetic properties of the filament. Since the filament was above granulation, one
would not expect strong contamination from below. However, we find observational evidences of the
need for more complex models to explain the observations. This demonstrates again that the filament is
transparent even to the circular polarization generated by a chromosphere of only about 200 G. Finally, in
an effort to study the feasibility of two-component inversions, we show that the model contains too much
freedom and it can reproduce the observations with a high number of magnetic configurations, making
the interpretation very complex.

Until now, the magnetic study of filaments and prominences has been carried out using the multiplets
of He1 at 10830 A and 5876 A. In the last part of the thesis we explore the potential of the chromospheric
Ca1l line at 8542 A for the study of the magnetic and dynamic properties of solar filaments. We have used
the Swedish Solar Telescope, which obtains images of a remarkable spatial resolution and allows us to carry
out spectropolarimetric measurements of the Ca 11 8542 A line with the CRisp Imaging SpectroPolarimeter
instrument. We infer the properties of an observed solar filament and discuss the validity of the results due
to the assumption of hydrostatic equilibrium to support the structure, usually included in inversion codes.
To study the global dynamics of the region and the evolution of the filament, we have used other telescopes
such as the Chromospheric Telescope and the Solar Dynamics Observatory. We show that commonly used
methods in photospheric diagnostics, such as Local Correlation Tracking, may not be suitable for studying
plasma motions in the chromosphere. In the last part we show how a filament at different heights above
the solar surface can generate a similar intensity profile, demonstrating that its height cannot be inferred
from spectroscopic inversions.

Finally, we put the results of this work in context with the idea of looking for new observation strategies
that will help in the future to determine the magnetic field of solar filaments in a more reliable way.
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Introduction

This thesis deals with the study of solar filaments and their connection with their environment. Here, we present a
general description of the structure of the solar atmosphere and the characteristic phenomena of each atmospheric
layer. This allows us to understand the environment of filaments and their relationship. The following section reviews
the most relevant aspects of filaments and their magnetic nature. Finally, the structure and motivation of this work is

indicated and will be developed in the following chapters.

1.1 Solar atmosphere

The energy produced inside the Sun by nuclear fusion is mainly transported to the outer atmosphere
radiatively (or convection in a thin layer close and below the surface). The amount of solar energy
that reaches the Earth is highly controlled by magnetic activity which generates phenomena at different
scales: from sizes that are almost invisible to our largest telescopes to spectacular large scale high energy
eruptions.

Any reliable prediction of space weather (see e.g. Bobra & Ilonidis, 2016, and references therein),
important to avoid any damage to satellites in orbit around Earth or any disturbance in our technological
society, requires an understanding of how energy is stored, transported and released into the magnetized
solar atmosphere. A robust determination of the solar magnetic field in all atmospheric layers is thus
mandatory. Therefore, studying the radiation emitted by the Sun and, in particular, the spectral lines
that are sensitive to different atmospheric parameters (temperature, density, etc.), allows us to map the
stratification of the solar atmosphere (see e.g. de la Cruz Rodriguez et al., 2016a, and references therein).

1.1.1 Photosphere

The photosphere is the layer in the solar atmosphere from where most of the photons escape in the optical
continuum. This is mainly because the density decreases so fast that photons can travel almost freely to the
Earth. The photosphere is a layer of about 500 km deep, with a temperature of about 6000 K. When the
Sun is observed in the optical continuum or in photospheric spectral lines, the granulation pattern becomes
evident. This pattern emerges as a result of convective motions that transport energy from the interior,
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2 Chapter 1. Introduction

resulting in bright granules where the plasma rises up, surrounded by darker, narrower intergranular lanes
in which the plasma flows downward (Nordlund et al., 2009).

The most visible consequences of the magnetic field in the photosphere are bright magnetic points,
pores, and sunspots (such as the one showed in panel a of Fig. 1.1). Recent studies have shown that there
are not only strong concentrations of magnetic field at large spatial scales, but there also is a background
magnetic field of about 100 G that permeates the entire surface, with concentrations of kG in tiny areas
and small-scale magnetic loops (see Sanchez Almeida & Martinez Gonzalez, 2011, for a review).

An important quantity when studying the solar atmosphere is the plasma-3 parameter, which is defined
as the ratio between the gas pressure and the magnetic pressure (§ = Pyas/Puag). This parameter informs
us whether the evolution of plasma is dominated by convective motions or by magnetic forces. The
photosphere has a high plasma-3 with high densities in which collisions govern the formation of spectral
lines and, therefore, the local thermodynamic equilibrium approximation (LTE) can be used (such as the
Fel5434 A displayed in panel a of Fig. 1.1).

1.1.2 Chromosphere

Following the radial direction outwards, the chromosphere is the layer above the photosphere, with higher
temperatures of around 10 K. In the chromosphere, the pressure decreases by several orders of magnitude,
so the plasma has a low 3 value and the magnetic force dominates the dynamics. Therefore, magnetic
fields play a crucial role in the physics of the chromosphere and the corona. Among other phenomena, the
magnetic field is the origin of the formation and evolution of various chromospheric structures such as
solar prominences or filaments (focus of our study) and spicules. An example can be seen in panels c-e of
Fig. 1.1, where in "a huge field of fiery grass" (Nagy, 2015), a compact filament appears at the bottom part
of the area.

To understand these objects it is essential to compare the magnetic field vector inferred from the
observations with the one derived from theoretical studies. Advances in this field of research have been
hampered by several aspects of the chromosphere itself. First, the decrease of gas pressure leads to
an expansion and subsequent attenuation of the magnetic field. Weak fields and low densities require
spectropolarimetric measurements of even higher sensitivity than the ones for photospheric lines. Second,
while typical velocities in the photosphere are of about 5km s~!, in the chromosphere they can easily be
an order of magnitude higher (due to the conservation of kinetic energy, pv? =const). Shocks can appear
if the speed is above the sonic propagation speed ¢, (Centeno et al., 2009; de la Cruz Rodriguez et al.,
2013a). As a result, the exposure time to freeze the solar evolution for a large aperture solar telescope has
to be very short (Lagg et al., 2017). To achieve these objectives, highly photon efficient instrumentation
on large aperture solar telescopes such as the Daniel K. Inouye Solar Telescope (DKIST; Tritschler et al.,
2015), or the European Solar Telescope (EST; Collados et al., 2013) is under development. Finally, the
chromosphere is typically observed in the core of strong lines of the solar spectrum, such as Ca11 8542 A
(panel c of Fig. 1.1) or Ha 6563 A (panel d of Fig. 1.1) lines. These spectral lines have such large opacities
that the photons of the line core escape from the chromosphere while the photons of the line wing escape
from the photosphere (e.g., panel b of Fig. 1.1 taken in the wing of the Ca 11 8542 Aline). Due to the low
density, collisional rates are lower, so the LTE approach is typically invalid for chromospheric lines, which
is a challenge for the modelling of these lines (see de la Cruz Rodriguez & van Noort, 2017, for a review).
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1.1 Solar atmosphere
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Figure 1.1 — Maps of the solar atmosphere from the photosphere to the corona from filtergram images at the following
wavelengths: a) Fe1 5434 A, b) Ca1 8542 A wing, c¢) Call 8542 A core, d) Ha 6563 A, e) AIA 304 A, and f) AIA171A.
Figure adapted from (Cauzzi & Reardon, 2012) and processed with the enhanced Multi-Scale Gaussian Normalization

(MGN) algorithm (Morgan & Druckmiiller, 2014).

Este documento incorpora firma electréonica, y es copia auténtica de un documento electrénico archivado por la ULL segln la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccion https://sede.ull.es/validacion/
Cddigo de verificacion: HSQ6Lr+z
Fecha: 29/06/2018 11:26:56

Identificador del documento: 1371210

Firmado por: CARLOS JOSE DIAZ BASO

UNIVERSIDAD DE LA LAGUNA
ANDRES ASENSIO RAMOS 29/06/2018 11:56:41
UNIVERSIDAD DE LA LAGUNA
MARIA JESUS MARTINEZ GONZALEZ 29/06/2018 13:04:01
UNIVERSIDAD DE LA LAGUNA

29/06/2018 18:28:10

Basilio Ruiz Cobo
UNIVERSIDAD DE LA LAGUNA

17/171



Universidad de La Laguna
Oficina de Sede Electréonica

Entrada

N° registro: 2018/37907
N° reg. oficina: OF002/2018/33824
Fecha: 29/06/2018 18:42:13

4 Chapter 1. Introduction

1.1.3 Corona

The corona is the outer layer of the solar atmosphere and reaches temperatures of millions of degrees
(~ 109K). The corona is located on top of the chromosphere with a thickness of a few solar radii, with a
thin transition of about 200 km between these two layers, the so-called Transition Region (TR).

In the hot TR and corona all hydrogen (and helium) is ionized. Other ionized species, such as the Si1v
and O1v, are the main diagnostic tools for many studies of the TR using data from the Interface Region
Imaging Spectrograph (IRIS, De Pontieu et al., 2014). The hot corona is studied through spectral lines of
highly ionized species such as Fe1x 171 A (shown in panel f of Fig. 1.1) with space instruments such as
the Atmospheric Imaging Assembly (AIA, Lemen et al., 2012) on board the Solar Dynamics Observatory
(SDO, Pesnell et al., 2012). In these images, observable features of the corona are, for example, large-scale
magnetic loops above active regions that are bright due to heating and density concentrations.

The reason why the chromosphere and the corona have such high temperatures is still under discussion
today, a problem known as the coronal (and chromosphere) heating problem (for recent revisions, see,
e.g., Parnell & De Moortel 2012; Klimchuk 2015). It seems evident that magnetic Alfvén waves can reach
the corona while they are transporting energy that is dissipated in the plasma of the chromosphere and/or
corona by other mechanisms. But additional sources of magnetic heating are also needed, for example,
small-scale reconnection events. Even though most of these models seem plausible, none has been able
to produce a quantitative measure of the energy produced without relying on parameters that were, at
best, uncertain. Then, a combination of MHD modelling, radiative transfer modelling, and high-resolution
observations of the chromosphere and the transition region is needed to advance on this problem and to
gain a better understanding of the solar atmosphere.

1.2 Solar prominences

1.2.1 Introduction

In this section we discuss the actual focus of our research: solar filaments and prominences. They are
fascinating, large arch-shaped magnetic structures on the Sun. They were first observed at the solar limb
during total solar eclipses and recognized in terms of lunar clouds (Tandberg-Hanssen, 1998). In recent
years, filaments have become an interesting topic of research in solar physics. However, they continue to
be a puzzling subject, as their polarization signals are challenging to measure. Even more challenging
is to infer the magnetic field that supports their material. For a more in-depth review of filament and
prominence observations we recommend Parenti (2014), among others.

Filaments appear as dark thready structures seen on the disk as absorption in the core of some strong
chromospheric lines (such as the above-mentioned Ha or Ca1l lines), some weaker chromospheric lines
such as the He 1 multiplets at 10830 A and 5876 A (D3), and in the extreme ultraviolet (EUV) continua.
They are called prominences when they are seen as diffuse bright clouds at the limb, as they scatter light
from the underlying disk. These two terms are often used interchangeably in the literature since they refer,
in principle, to the same phenomenon from different points of view. To clarify these concepts, Fig. 1.2
displays the typical body of an off-limb and on-disk filament in panel a and b, respectively.

From the thermodynamic point of view, they are cool chromospheric plasma over-densities embedded
in the extremely hot and less dense corona, confined by magnetic fields anchored in the photosphere
(Tandberg-Hanssen, 1998). Their body mainly consists of three structural components: a spine, barbs
and two ends (Mackay et al., 2010; Panesar, 2014). The main long and horizontal body of the filament
is known as the spine and it lies above a magnetic polarity inversion line (PIL; defined as the line that
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1.2 Solar prominences 5

Figure 1.2 — a) Ha image of a prominence observed at Big Bear Solar Observatory obtained on 1995 November 22
(van Ballegooijen & Cranmer, 2010); b) an active region filament seen in Ha on disk, obtained from the Swedish Solar
Telescope on 2003 August 22, (Lin et al., 2007); ¢) an active region prominence seen in Ca 11 H, obtained with Hinode
on 2006 November 9 (Okamoto et al., 2007); d) a huge tornado-like feature captured by SDO in the channel AIA
1714 on 2011 September 25 (Li et al., 2012).

delineates magnetic fields of opposite polarity, where the polarity is typically measured with the sign of
the circular polarization). Barbs protrude from the sides of the spine toward both sides and they appear to
be rooted in the photosphere as the legs of the filament. Sometimes the spine is not clearly visible, only
the barbs can be seen as vertical dense pillars (Merenda et al., 2006; Martinez Gonzalez et al., 2015).
Finally, the beginning and end points of the filaments are known as ends or legs.

Prominences are often seen to be associated with coronal cavities. They are the upper coronal parts of
filament channels. They appear darker than the surrounding corona, with a comparable temperature but
less dense than the surroundings as it can be seen in Fig. 1.3. They can be observed in EUV images, above
the PIL, with or without filament material, and are difficult to study because they are not always visible,
depending on the orientation of the filament (Panesar, 2014).

The overall filament structure changes little with time, preserving its more o less homogeneous shape.
However, locally they consist of fine plasma structures, known as threads, that evolve continuously. They
can be detected with high resolution observations as they have a width of ~200km (Heinzel, 2007)
and they can be seen in the panels of Fig. 1.4. Space- and ground-based studies have estimated the
thermodynamic properties of filaments using the above-mentioned spectral lines (Tziotziou et al., 2001;
Stellmacher et al., 2003; Stellmacher & Wiehr, 2005; Tziotziou, 2007; Panesar, 2014; Mackay et al., 2010),
finding temperatures in the range 6000-14000K, a gas pressure of 0.1-1.0 dyn cm~2, unresolved bulk
velocities of ~5km s~! , and electron density values of 10°-10'! cm~2. From space they can be observed
in the EUV as an enhanced hot layer surrounding the body of the structure known as prominence-corona
transition region (PCTR) (Soler et al., 2007). In other lower chromospheric lines such as the Na1 5890A
D, filaments are very difficult to detect (Kuckein et al., 2016).
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Figure 1.3 — Multi-wavelength images taken by SDO/AIA at 17:00 UT on 2012 March 11. Picture taken from Su et al.
(2015). In this image, we can see the filament as a vertical structure surrounded by a dark cavity, easily detected in
the coronal channels 211 A, 193 A and 171 A.

Figure 1.4 — High-resolution He filtrogram of two filaments. The fine-structure fibrils are clearly visible. Images taken
from Lin et al. (2007) and Heinzel & Anzer (2006).

1.2.2 Filament classification

Filaments can be categorized by where they appear on the Sun. Depending on their location, they are
generally considered to have different magnetic structures and formation processes. They differ in the
amount of activity they display throughout their lifetime and the magnetic flux density found around
them (Kilper et al., 2009). They range from quiescent (QS), when the filament has a stable size with a
lifetime of up to a few months (i.e. several solar rotations) and a size of hundreds of Mm of length, to
active region (AR) filaments, when they are formed on active regions or sunspots, develop at lower heights
in the solar atmosphere (<10 Mm, Aulanier & Démoulin, 2003; Lites, 2005), have small lifetimes (hours
to days), short lengths (over 10 Mm) and have magnetic fields superior to QS filaments (of severals tens
of G). They are also very dynamic, mostly associated with flares and coronal eruptions. Sometimes the
term intermediate filaments is used when no clear classification into quiescent or AR is possible (Mackay
et al., 2010). Another subclass of QS filament is used when they are formed close to the solar poles and
are called polar crown prominences.

QS filaments are easily detected at the limb with heights up to 200 Mm, but AR are hardly seen as
prominences because they probably lie lower in the atmosphere (Mackay et al., 2010), and are hidden by
a background of spicules of 6 Mm of height. Although the average length of filaments is around several
tens of Mm, larger filaments exist (>600Mm) but they are scarce (Kuckein et al., 2016).

Also, depending on the shape, we can distinguish between hedgerow prominences, which consist of thin
vertical threads (van Ballegooijen & Cranmer, 2010), and prominences with horizontal threads such as
those observed by Okamoto et al. (2016) (see panel c in Fig. 1.2). Another interesting type is the tornado-
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1.2 Solar prominences 7

like prominence' which appears as vertical spiral structure on the solar limb. The term solar tornado was
introduced by Pettit (1932) and nowadays they are frequently observed because of the availability of both
temporal and spatial high-resolution observations from the Solar Dynamic Observatory (SDO). With them,
a controversy has arisen regarding whether the magnetic field is forming vertical, helical or predominantly
horizontal structures. Concerning their dynamics, we still do not know if tornadoes are really rotating or
the Doppler shifts are just a consequence of plasma oscillations or flows (Su et al., 2014; Schmieder et al.,
2015; Martinez Gonzdlez et al., 2016).

1.2.3 Filament models

In this section we summarize some of the most important filament models. These models try to answer
some of the basic questions about their formation and balance, such as how cold plasma rises to these
heights or how do they live for so long. In all prominence models, the solar magnetic field plays a
fundamental role in the formation, support, and eruption of these structures. The topology of the magnetic
field is a key ingredient because the magnetic force can balance the solar gravitational force and support
the plasma in places where the fields are upward-curved, forming dips. Although it is such a fundamental
ingredient, the details of the topology of the magnetic field in the filaments are not well known.

Generally, in the literature (Gilbert et al., 2002; Kuckein et al., 2012a) models are divided into twisted
and non-twisted field scenarios. However, due to the great variety of models, we think it makes sense to
discuss about them according to two characteristics: the different magnetic topologies and formation, and
the mechanism for filling the filament channel with material.

K-R model K-S model

Figure 1.5 — Scheme of a 3D slightly twisted sheared arcade interpreted from two different views as two different 2D
models. Figure adapted from one Lecture courtesy of Dr. Magara Tetsuya (http://web.khu.ac.kr/~magara).

Magnetic models and formation

The first theoretical models were developed to explain how to support the material and to understand the
magnetic topology of the filament with respect to the photospheric magnetic field. The field configuration
is called normal polarity (NP) if the field lines of the filament follow the same direction as the photospheric
field lines, and if it is opposite it is called inverse polarity (IP) configuration. Two important and opposite
simple 2D models emerged: the K-S model (Kippenhahn & Schliiter, 1957) which has NP configuration,
and the K-R model (Kuperus & Raadu, 1974) which has an IP configuration. However, even being
remarkable and precise models to explain the support of the material, they only represent different 2D
aspects® of the three-dimensional magnetic structure of a filament as we can see from Fig. 1.5.

1This terminology should be used to describe the barbs of the prominence. However it is used for the whole structure when there
is not material in the filament channel.

2The model on the left of the figure does not have an inverse polarity as the real K-R model, but is enough to represent the
complexity of 2D vs 3D interpretations.

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1371210 Cddigo de verificacion: HSQ6Lr+z
Firmado por: CARLOS JOSE DIAZ BASO Fecha: 29/06/2018 11:26:56
UNIVERSIDAD DE LA LAGUNA
ANDRES ASENSIO RAMOS 29/06/2018 11:56:41
UNIVERSIDAD DE LA LAGUNA
MARIA JESUS MARTINEZ GONZALEZ 29/06/2018 13:04:01

UNIVERSIDAD DE LA LAGUNA

Basilio Ruiz Cobo 29/06/2018 18:28:10
UNIVERSIDAD DE LA LAGUNA

21/171



Universidad de La Laguna
Oficina de Sede Electréonica

Entrada

N° registro: 2018/37907
N° reg. oficina: OF002/2018/33824
Fecha: 29/06/2018 18:42:13

8 Chapter 1. Introduction

Since then, more complex 3D models have emerged. For example, the sheared arcade model (Antiochos
et al., 1994) (see panel a of Fig. 1.6) is generated due to a shear motion of the footpoints in opposite
directions, that causes the rise up of the field, generating an arcade (or dip) whose horizontal component
is capable of supporting the plasma. The dipped lines are free of twist or slightly twisted and Aulanier
et al. (2002) showed that IP and NP configurations can be found in the same filament. A similar scenario
is known as flux linkage model (Martens & Zwaan, 2001) where a shear produces, by reconnection of
several magnetic fields, a new and longer body (such as the one detected on polar crown prominences).

a) sheared arcade model b) flux rope model

¢) tornado model d) tangle field model

Figure 1.6 — Scheme of the magnetic topology of some of the most relevant 3D models. The details of each one are
explained in the text.

Another important 3D model is the flux rope model (see panel b of Fig. 1.6) that is believed to be
responsible for plasma support especially in AR filaments. It is defined as a group of helical flux tubes
which carry the prominence material in their local dips. According to van Ballegooijen & Martens (1989),
a flux rope can be formed by shearing motions along the PIL and eventually reconnecting with other
sheared field lines to form a flux rope. This topology usually has an inverse polarity with respect to the
photosphere, but Demoulin et al. (1989) found that it is also possible to generate different configurations
in flux ropes: NP at the top of the helix if another dip is present and IP at the bottom (see also Xu et al.
2012 for an observational interpretation).

It is also possible to generate a flux rope by emergence from the photosphere below (Lites, 2005). This
latest model has been supported by numerous recent studies such as Xu et al. (2012); Okamoto et al.
(2016), detecting evidences of the emergence of the structure or helical topologies (Martinez Gonzalez
et al., 2015). Another example of the complexity of these models is the possibility of coexisting flux rope
and dipped arcade sections along the same solar filament (Guo et al., 2010).

Finally, a new topology has also been proposed to explain the tornado-like prominences. In this tornado
model (see panel c of Fig. 1.6) the Lorentz force can indeed support the plasma if the magnetic structure is
sufficiently twisted and/or significant poloidal flows are present (Luna et al., 2015). In the same way, a
tangled magnetic field model (see panel d of Fig. 1.6) with many dips (van Ballegooijen & Cranmer, 2010)
has been proposed to explain the support of hedgerow prominences, with the observed vertical threads
being the result of the Rayleigh-Taylor instability (Khomenko et al., 2014).

Therefore, neither the polarity with respect to the photosphere, nor their photospheric motions, are
characteristics that can distinguish among models. On the contrary, these features are compatible with
several models and magnetic reconnection can even transform one model into another. This topology
controversy is also connected with the dynamics of the filament. For example, Zirker et al. (1998)
identified streaming and counter-streaming flows in a filament in both spines and barbs. After that,
the same "pattern" has been observed by other authors (Lin et al., 2003; Diercke et al., 2018) and it is
interpreted as plasma flows along not dipped magnetic flux tubes. On the other hand, authors such as
Heinzel (2007), insist on that any analysis of 2D images can lead to misinterpretations just because of the
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1.2 Solar prominences 9

lack of a fully 3D dynamical pattern and the counter-streaming could be explained with oscillations rather
than flows along threads. For this reason, it is very important to study the magnetic field topology from
spectropolarimetric observations and check between the large variety of existent models.

Origin of the filament material

For more than 30 years, we have known that the large masses that hold the prominences should come
from the chromosphere because there is not enough plasma in the corona to fill them (Saito & Tandberg-
Hanssen, 1973). Then, to provide material to the filament channel we can mainly distinguish three
mechanisms: injection, levitation, and evaporation-condensation (Mackay et al., 2010).

b) Levitation

a) Injection ¢) Evaporation-

condensation

Figure 1.7 — Scheme of the three main mechanism which provide material to the filament channel. The details of
each one are explained in the text.

On the one hand, in the injection model (panel a of Fig. 1.7), the cold plasma is forced upwards, by
reconnection in the lower solar atmosphere, with sufficient speed to reach the heights of the filament
channel. This mechanism could be associated with AR filaments as they are low lying and reconnection
events are more frequent in active regions (Chae, 2003). On the other hand, in the levitation model (panel
b of Fig. 1.7) the plasma is lifted by rising magnetic fields at the PIL. This levitation of material could be
happening when a highly twisted flux rope emerges from the photosphere (Rust & Kumar, 1994) or when
U-shaped field lines are generated by reconnection (Welsch et al., 2005). Finally, evaporation-condensation
models (panel c of Fig. 1.7) are based on the fact that concentrated heating near the footpoints of the loop
should produce a cool condensation at the apex. As the radiative losses increase with the density, the
material reaches a critical point and it condensates catastrophically by this thermal instability (Antiochos
et al., 1994). This process does not require the presence of dipped field lines (although it facilitates the
retention of the plasma), as they are formed by the material itself (Keppens & Xia, 2014). This mechanism
is associated with QS filaments since it shows (when it is analyzed in simulations) characteristics such
as lifetime and size achieved similar to the observed ones. Moreover, this process can be cyclic, i.e., the
prominence mass is not static but maintained by condensation at a high rate, comparable to the drainage
rate of the prominence. Therefore, a macroscopic QS prominence can be microscopically dynamic in the
sense of a continuous mass feed that counteracts mass drainage along the threads (Tandberg-Hanssen,
1998; Liu et al., 2012).

Consequently, for the study of prominences it is necessary not only to use 3D models of such structures,
but also realistic MHD simulations including thermal conduction and radiative losses effects (Keppens
& Xia, 2014). They can also be used for generating synthetic spectropolarimetric observations, trying to
distinguish between the mechanisms mentioned above.
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10 Chapter 1. Introduction

Magnetic field measurements

All these theoretical models must be constrained by the empirical determination of magnetic fields in
prominences. Many works have studied prominences with the aim of determining magnetic fields using
spectro-polarimetry. However, the magnetic field vector is very difficult to constrain observationally since
it requires high precision spectropolarimetric measurements and the interpretation of signals coming from
the joint action of scattering polarization and the Hanle and Zeeman effects®.

The magnetic field has been studied since the 1970s and early 1980s. The first measurements*
were done by Leroy et al. (1977, 1983) with coronographs in the Pic du Midi observatory (France) and
Sacramento Peak observatory (USA) with very limited spatial resolution. In their prominences they
measured a magnetic field strength within 3-15 G using the He1 5876 A (D3) multiplet, almost horizontal
and with a small azimuthal angle (~30°) with respect to the long axis of the structure. After these first
daring efforts and using other telescopes such as THEMIS at the Observatorio del Teide, Paletou et al.
(2001) also reported full-Stokes observations of a limb prominence in He D3, and derived magnetic field
strengths of 30-45 G. Later, Casini et al. (2003) published the first vector-field map of a QS prominence with
an horizontal magnetic field of 10-20 G and with the magnetic vector pointing 20-30° off the prominence
axis. Barbs were also interpreted as a series of local horizontal dips sustaining plasma at different heights
(Lopez Ariste et al., 2006).

Mm]

o 20 40 60 80
[min]

Figure 1.8 — Left: Artistic representation of the 3D magnetic field recovered from the observations with the intensity
in the He1 10830 A as a background image. Right: Space-time variations of Hev intensity for an artificial slit parallel
to the limb across the helical structure. Dotted yellow lines trace the periodic movement of the two fibrils in the
double-helix. Figures taken from Martinez Gonzélez et al. (2015).

In contrast, vertical fields have been also diagnosed in prominences. Merenda et al. (2006) observed
in He1 10830 A a polar crown prominence above the limb and found evidence for fields of about 30 G
oriented just 25° from the vertical direction. Recent studies have tried to break the controversy of whether
the magnetic field is vertical or horizontal, but a vertical or horizontal magnetic field generate similar
polarimetric signals under these conditions. Only some studies have achieved this goal by using additional
physical constrains, such as Martinez Gonzalez et al. (2015), by taking into account the stability of the
structure. An example is shown in Fig. 1.8.

All these studies have created a "picture" of what we know about QS solar prominences, always with
magnetic fields strengths of the order of a few tens of G (Casini et al., 2003; Merenda et al., 2006; Orozco
Sudrez et al., 2014; Martinez Gonzélez et al., 2015). However, there are fewer studies about on-disk
filaments (e.g., Lin et al., 1998; Collados et al., 2003; Merenda et al., 2007; Kuckein et al., 2009; Sasso

3These concepts will be explained in detail in the next chapter.
“In this section, the term measurement refers to the inference of the magnetic field from remote sensing instruments by interpreting
signals directly influenced by the solar magnetic field, as it cannot be measured in situ.
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1.2 Solar prominences 11

et al., 2011). Most of these measurements are restricted to a single view and this makes difficult to link
between what we measure at the limb (prominences) and what we measure on the disk (filaments).

Moreover, AR filaments lie lower in the atmosphere and cannot be observed at the limb because
they can be confused with spicules. This, combined with the fact that they have been found under a
higher variety of conditions, generates a debate about the characteristics of these structures. For example,
Kuckein et al. (2009) studied the magnetic field vector of an active region filament above a strongly
magnetized region and found the highest field strengths measured in filaments to date, with values around
600—700 G. After that, Sasso et al. (2007, 2011) studied an active region filament during its phase of
increased activity, finding values for the magnetic field strength in the range 100—250 G. Also, Xu et al.
(2012), who studied the same filament as Sasso et al. (2011), but before the eruption, found a section
of the filament above the granulation with weak inferred magnetic fields (~100 G) and a second section
above a strongly magnetized area, which returned much higher magnetic fields (~700 G).

Therefore, the question that we will discuss in the following chapters is whether this variety is intrinsic
to AR filaments or, on the contrary, there is a bias in the interpretation of the spectro-polarimetric
observations.

Prominence seismology

Analyzing spectropolarimetric observations is not the only way to study the magnetic field of solar
filaments. When the filaments are perturbed by solar energetic events such as distant or nearby flares,
jets, and eruptions, these triggers produce large amplitude oscillations (LAOs) which involve motions with
velocities above 20km s~! (Oliver & Ballester, 2002) and large portions of the filament move in phase,
reflecting global characteristics of its plasma and magnetic field structure. These oscillations (see right
panel of Fig. 1.9) offer a new method for estimating the magnetic field of the prominence by combining
observations and theoretical modeling through a technique known as prominence seismology. Several
studies have started to obtain impressive results (Luna & Karpen, 2012; Bi et al., 2014; Zhang et al., 2017;
Luna et al., 2017). In the future it would be also interesting to improve the estimation of the magnetic
field inferred from spectropolarimetric observations with the values obtained through this technique. This
is a wide new topic that is beyond this work, but we recommend the review of Arregui et al. (2012) if
more information is needed.

Y (arcsecs)
Position (Mm)

0 100 200 300 400 500 16:00 18:00 20:00 22:00
X (arcsecs) Time (UT)

Figure 1.9 — A plot of the Ha data after the eruption of a filament is displayed in the left panel. The white contour
shows the artificial curved slit used to construct the time-distance diagram in the right panel. Images adapted form
Luna et al. (2017).
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12 Chapter 1. Introduction

Neutrals and ions

Another important characteristic of filaments is their composition. The cold filament material is mainly
composed of hydrogen and helium, partially ionized due to the relatively low temperature. A clear example
of the presence of these neutral atoms is the observation of filaments in spectral lines such as Ha, Hel
108304, or Ca1 4227 A (Nikol'Skii & Khetsuriani, 1970; Gilbert et al., 2002)

In previous sections we explored several different magnetic models to explain how cool, dense plasma
can be supported. However, the neutral component of the plasma is not affected by the restoring magnetic
forces. In the past, it has been proposed that the frictional coupling between ions and neutrals is the
main mechanism that produces the support for the neutral species. Gilbert et al. (2002) showed that the
draining effect for a hydrogen—helium plasma is rather small. They found that the drainage timescale for
the neutral hydrogen is 20 times longer than for the neutral helium, in agreement with the differences
detected in comparisons between Ha and Hel images. Besides elastic ion—neutral collisions, another
mechanism to consider is the charge exchange process where a proton captures the electron of a neutral.
Terradas et al. (2015) used a multi-fluid approach implementing both effects finding that the charge
exchange mechanism is about three times more efficient at sustaining neutrals than elastic scattering
between ions and neutrals.

The conclusion of these experiments is that while the ions are supported by the magnetic field against
gravity and are essentially static, neutrals have a very small downflow velocity. The existence of these
drifts between species is thus a direct consequence of the partial ionization, and reflects that the coupling
between the fluids is not strong enough for them to behave as a single fluid. To detect these effects, it is
then necessary to measure as accurately as possible the velocity of different species simultaneously at the
same spatial position. For instance, Khomenko et al. (2016) analyzed a prominence which was oscillating
(see left panel of Fig. 1.10) with spectra of the ionized Ca11 8542 A line and the neutral He1 10830 A line.
The drift velocity between them showed patches of non-zero drift velocity with a typical size of about 2"
and with lifetimes of about 1 minute (right panel of the same figure).
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Figure 1.10 — Left: time series of velocity variations for a fixed position along the slit where black lines are CalI
velocities and red lines are He I velocities. Right: drift velocity as a function of time and distance along the slit. Both
figures are taken from Khomenko et al. (2016).
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1.3 Motivation and overview 13

Filament eruption

When prominences become unstable, the whole energy stored in their magnetic field is suddenly released
leading to an eruption®. The material can be ejected resulting in a coronal mass ejection (CME) or returned
back to the surface. Several studies have focused on determining the mechanism which drives filament
eruptions such as the twist of the field lines, the speed of the event, the size of the cavity, the height of the
filament, or their mass composition (e.g., Filippov & Den, 2000, 2001; Guo et al., 2013; Gibson, 2015).
An example, taken by the Transition Region and Coronal Explorer telescope (TRACE, Strong et al., 1994),
is displayed in Fig. 1.11. If the twist of a flux rope filament is increased, there is a critical point (helical
kink instability) where the filament becomes unstable. Nevertheless, emerging flows, as well as shearing
motions close to the PIL, are also responsible for the destabilization of the filaments. As the present study
is not focused on the filament eruption, we will not go into deeper details. However, understanding these
processes requires precise measurements of the magnetic field both in filaments and their environment, as
well as the dynamics of the region which surrounds the filament, the two main ingredients of the topic of
this work.

Figure 1.11 — Upper row: TRACE 195 A images of the confined filament eruption on 2002 May 27. Lower row:
magnetic field simulation of a kink—unstable flux rope. Images adapted from (T6r6k & Kliem, 2005)

1.3 Motivation and overview

Throughout this first chapter we have explained how magnetic fields govern plasma dynamics in the outer
layers of the solar atmosphere. The same magnetic field supports and determines the evolution of solar
filaments. Therefore, the measurement of the magnetic field is essential to identify the precise topology of
these structures. Many theoretical models have been proposed to understand their characteristics, but only
in recent years have we been able to approach the problem with new high-resolution and very sensitive
polarimetric observations. Thus, this work opens the door to a better understanding of this common but
complex solar phenomenon.

5Movie sequences of quiescent and erupting prominences can be found at the STEREO Web site https://stereo.gsfc.nasa.
gov/gallery/selects.shtml
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14 Chapter 1. Introduction

Throughout Chapter 2, we summarize some theoretical concepts of radiative transfer and spectral line
formation used in this work. We also present the general characteristics of the two studied spectral lines:
He1 108304 and Ca11 8542 A, as well as the characteristics of the telescopes and instruments for the
observations and the methods of data reduction and post-processing. In Chapter 3 we introduce the models
used for the interpretation of polarimetric signals. Later, in Chapter 4 we present the analysis of an active
region filament measured on the He1 10830 A line and the limitations of using single component models
for its study. Chapter 5 is dedicated to the analysis of a second filament measured on the Ca 11 8542 A line
and the problem of using the hydrostatic equilibrium approach during its investigation. Finally, Chapter 6
outlines the main conclusions and presents the perspective for future works.
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Diagnostic techniques

In this chapter we start describing the basic ideas of radiative transfer needed in this thesis and how to use the
polarization of the spectral lines to infer the properties of an astrophysical plasma. We continue discussing the
properties of the spectral lines used in this work: the He 1 10830 A multiplet and the Ca 11 line at 8542 A. Finally, we

present in detail the instrumentation and the methods used to achieve the results of this work.

2.1 Spectral line polarization

In the previous chapter we have shown the complexity of the solar atmosphere, and how in order to study
it we need precise and powerful diagnostic tools. Since our main source of information is the light that
reaches us from the Sun, our goal is to extract the encoded information in this radiation field. For this
purpose, we have to study all the properties of the radiation, i.e., not only the intensity of the radiation as
a function of wavelength (spectroscopy), but also its state of polarization, which contains information
about the preferred direction of the electric and magnetic field vibrations carried by the electromagnetic
wave. The plane which contains these vibrations, is orthogonal to the direction of propagation of the light,
and the phase relationship between the two orthogonal components of the electric field vector in this
plane defines the state of polarization. For example, if these components vibrate in phase there is only a
direction of vibration and the light is described as linearly polarized. Circularly polarized light occurs if
this phase is +7/2 (and the amplitude of these component is the same) since the vibration describes a
circular motion, and depending on its sign it can rotate clockwise or anti-clockwise. For a general case, the
light is elliptically polarized since the end-point of the electric field vector traces out an ellipse. Finally, if
the phase changes randomly with time, the light is called unpolarized.

These privileged directions of vibration contain information about the medium where the light was
emitted, such as, the magnetic fields we want to analyze. These electromagnetic properties can be
efficiently described with only 4 observables (which we will explain later in Sec. 2.1.1), and by studying
them for different spectral lines of the spectrum, we can map different regions of the solar atmosphere at
several heights, as each line is formed under different atmospheric conditions. For this reason spectral
line polarization is so useful for astrophysical plasmas diagnostics. Understanding the mechanisms that
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16 Chapter 2. Diagnostic techniques

generate this polarization (such as the Zeeman effect, scattering processes, and the Hanle effect) is the
purpose of the following sections (we recommend Degl'innocenti & Landolfi 2004 for a detailed review).

2.1.1 Stokes parameters

The state of polarization can be conveniently described using four measurable quantities. These observables
are the four Stokes parameters (I, @), U, V') whose definition is schematically shown in Fig. 2.1. The Stokes
I(\) profile represents the intensity as a function of wavelength. Given a reference direction, Stokes Q(\)
is the difference between linear polarization at +0° and +90°. Stokes U () is the difference between linear
polarization at +45° and —45°. Finally, Stokes V() is the difference between the right- and left-handed
circular polarization. Note that the definition of Stokes @) and U requires choosing a reference direction
for @ > 0 in the plane perpendicular to the propagation direction. To measure these quantities, there are
optical devices such as linear polarizers, which allow the transmission of the component of the electric field
that oscillates along a given direction (transmission axis) while the perpendicular component is filtered
out, and retarders, which modify the phase of the orthogonal components of the electric field. Through a
smart configuration of these devices, all four Stokes parameters can be measured almost simultaneously.
From these parameters, we can infer quantitative information about the magnetic field (among other
aspects) by analyzing the fingerprint generated by each physical mechanism.

N OO

Figure 2.1 - Schematic representation of the definition of the four Stokes parameters, for which the vertical direction
has been taken as the direction for positive Stokes ). The observer is assumed to be facing the radiation source.
Figure adapted from Degl'innocenti & Landolfi (2004). The arrows represent the pictorial definition of the intensities
differences mentioned in the text. In fact, the Stokes I parameter can be defined in the same way as Stokes @, U or V
but with a '+’ sign instead of a ’—’ sign.

2.2 Radiative transfer equation

The radiation from the Sun has traveled throughout the solar atmosphere to reach our detectors. Therefore,
it is not only important to know how these signals are generated, but also how they evolve and interact
with the environment they traverse. This requires calculating the excitation state of the atoms within the
plasma, as well as their interaction with the light generated in the atmosphere under certain magnetic and
thermodynamic conditions.
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2.2 Radiative transfer equation 17

The calculation of the emergent radiation field in any astrophysical plasma requires the solution of the
radiative transfer equation (RTE) of the full Stokes vector I = (I, Q, U, V)T (with the superscript  denoting
the transpose) that depends on the frequency v and the direction of propagation of the ray Q2. The RTE
describes how the radiation (and its polarization) propagates through the medium. This set of equations is
written in a vectorial form as:

dI/ds = e — KI 2.1

where s is the geometrical distance along the ray under consideration along the direction €2, € =
(e1,€q, v, ev)t is the emission vector that accounts for the contribution of the spontaneous emission
process and K is the 4 x 4 propagation matrix. The expanded form of the RTE equation is as follows:

1 €r nroonQ MU v 1
d1Qf_fe|_[ne m v —pu|]|Q 2.2)
ds | U € nwo—pv N pQ Ul

Vv ev nwoopu —pQ NI Vv

The propagation matrix contains two contributions K = K* — K5, where K* results from transitions
from the lower-level towards the upper-level (absorption), while K® is the contribution caused by the
stimulated emission process. The stimulated emission is written as a negative absorption as it depends
on the radiation field as does the absorption. The matrix K* (or K®) can be decomposed into three
different contributions: the diagonal (7;) which is the attenuation (or amplification) of the radiation
beam irrespective of its polarization state; the dichroism, which takes into account the effect of a selective
absorption (or amplification) of different polarization states (1guv), and the dispersion which describes
the attenuated (or amplified) dephasing between different polarization states (pguyv). The general
expressions of the emission vector and propagation matrix components are very complicated and will not
be reproduced here (see section 7.6 of Degl'innocenti & Landolfi, 2004, for the explicit expressions for a
multi-term atomic model). However, some simplified cases will be shown to understand the polarization
generated in some cases of interest. Since this section is a brief introduction to this field, we recommend
the following references to the reader if more information is needed: Trujillo Bueno (2003); del Toro
Iniesta (2003); Degl'innocenti & Landolfi (2004).

2.2.1 Zeeman effect

A spectral line is the result of a radiative transition between two different atomic levels characterized by
the quantum numbers S, L, and J (at least in LS coupling) with the consequent absorption or emission of
a photon. These quantum numbers describe the total spin, the orbital angular momentum, and the total
angular momentum of the electronic configuration, respectively. Each energy level (S, L, J) has (2J + 1)
sublevels characterized by their magnetic quantum number M = +J, ..., —J. The polarization induced
by means of the energy separation of the atomic energy levels into different magnetic sublevels caused
by the presence of a magnetic field is known as Zeeman effect. As a result, a spectral line between a
lower energy level with (J;) and an upper level with (.J,,) is composed of several individual components,
usually referred as Zeeman components, from a sublevel (J;, M;) to another (.J,,, M, ) sublevel. These new
components are shifted in wavelength with respect to the original transition because the magnetic field
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18 Chapter 2. Diagnostic techniques

modifies the energy of the sublevels. This splitting in wavelength (and energy, A\ = hc/AE) A, ]
depends on the magnetic field strength B and the wavelength )\, of the transition:

AXpii,, vy = (M — guM.,). (2.3)

4mmec?
The symbols ¢; and g,, are the Landé factors (g;) of the involved levels and they are calculated
by a simple expression which only depends on the level quantum numbers (S, L, J). This theory and
expressions assumes spin-orbit coupling (LS coupling), which is valid when the electrostatic interaction
between the individuals electrons is stronger than the individual spin-orbit interaction (see section 3.1 of
Degl’innocenti & Landolfi, 2004, for a better description). In this expression e, m. and c are the charge
and mass of the electron, and the speed of light, respectively. For an electric dipole transition, the selection
rules allow only transitions with AL = +1, AS =0, AM = M,, — M; = £1,0,and AJ = J,, — J; = £1,0
(except J, = 0 — J; = 0). The transitions are classified in 7 (AM = 0), o, (blue component, AM = +1),
and o, (red component, AM = —1). In general, the fine structure of the Zeeman pattern (individual
transitions with the same AM value) cannot be spectrally resolved, and they are treated as equivalent
Zeeman triplets having an unshifted 7 component and two symmetrical o component shifted by:

\eB
A= 202 5B, (2.4)
Armec
where (g) describes the sensitivity of the circular polarization of the transition to the magnetic field by
a single number called the effective Landé factor, which is calculated as a combination of those of each
atomic level:

@+ 90+ > (g gD+ 1) — Ju(u 1)) @.5)

9= 1

1
2

The Zeeman effect is usually more sensitive to the circular polarization" 2, quantified by the Stokes
V parameter. The Zeeman-induced polarization sensitive to the line-of-sight component of the magnetic
field, is known as longitudinal Zeeman effect and has an antisymmetric spectral shape. The shape of Stokes
V comes from the sign and the splitting of the red and blue components and can be understood with the
expression of the emissivity in Stokes V' given by:
h

v 1
= YN A= b — i 2.
€V - 12 [(f) ¢}] COs @B N ( 6)

where Op is the angle between the magnetic field vector and the LOS, A,; is the Einstein coefficient for
the spontaneous emission processes, N, the number of atoms per unit of volume of the upper level, and
¢, and ¢, are the superposition of all the individuals Voigt (H) profiles of the o, and o, components
respectively, which are displaced to the red or blue side of the central wavelength ). The later can be
written as ¢ =y, s; H(A — Ao — A)p,), where the sum extends to those transitions with the same AM
value. From dependence on the angle of inclination in the previous equation we see that a magnetic field
pointing towards and away from the observer produces signals of opposite signs. Then, if we have a
turbulent magnetic field with both polarities within the same resolution element, we would observe null
circular polarization.

The Zeeman-induced polarization to the transverse field relative to the line of sight, is referred to as
the transverse Zeeman effect and generates linear polarization (quantified by Stokes () & U parameters).

I This is true when the magnetic field is not highly inclined with respect to the LOS as it will produce a weak circular polarization
signal
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2.2 Radiative transfer equation 19

Linear polarization signals are usually weaker than circular polarization signals®. Linear polarization
signals have a three-lobe spectral shape that can be understood as the combination of two symmetrically
shifted o components and an unshifted 7 component with opposite sign. It can be seen from the Stokes Q
and U components of the emission vector:

_h’/ [y br + S 02 0 .
€Q = 471_]\7u141ul2 {(Dﬂ 3 } sin“ Op cos2Pp , 2.7)
=" N,a,t [gb,, Gt ¢"] sin? O sin 2@ 5 , (2.8)
4 2 2

where ® is the angle between the projection of the magnetic field vector on the plane perpendicular to
the line-of-sight and the reference direction for () > 0. Panel A of Fig. 2.2 illustrates the typical shape of a
Zeeman linear polarization profile and the 7 and ¢ components in a transition with J; = 0 and J,, = 1.
As the populations of the three sublevels are assumed to be the same, the positions of each component,
drawn as dashed lines, generate the 3-lobed profile of the figure: the 7 component at the center and the o
components at each side.

2.2.2 Paschen-Back effect

The above-mentioned theory of the Zeeman effect is valid under the LS coupling. However, for strong
enough magnetic fields, the spin S and the orbital angular momentum L are decoupled. In this case the
energy separation between the magnetic sublevels ()/;) of the same J-level is comparable to the energy
separation of different .J-levels and there is level crossing. In the He1 10830 A multiplet, the transition
between the Zeeman and the Paschen-Back regimes lies between 400 G and 1500 G (Socas-Navarro et al.,
2004). This transition is also known as incomplete Paschen-Back regime. If this effect is not taken into
account in the inference of the magnetic field, the magnetic field strength could be underestimated by
more than 20% (Sasso et al., 2006) since mainly the amplitudes of the Zeeman components are strongly
reduced in the Paschen-Back effect.

2.2.3 Atomic level polarization

In the absence of a magnetic field, there is no Zeeman splitting and in the polarization all the Zeeman
components cancel out because there is no wavelength shift between them. This can be seen in panel B of
Fig. 2.2, where we have drawn the product px¢x (with x the 7, » and b components) in dashed lines.
This cancellation takes place because the contributions of the ¢ and = components to the emissivity have
opposite signs, as we showed in Eq. 2.7.

However, this is only true if the population of each sublevel is identical. If this is not the case, there
is not a complete cancellation and we can generate polarization without magnetic field (zero Zeeman
splitting). This can happen simply because, for example, the strength of the ¢ transitions is larger than
that of the 7 transition due to the difference in populations (see panel C and D of Fig. 2.2). This can be
understood from the Stokes ) & U components of the emissivity for a J,, = 1 — J; = 0 transition, given
by:

_ Prér + pedy

o) sin? 6 cos 2x , (2.9)

hv 1
€Q = EBAuli PrPr

2This is understood when we solve the RTE through a Taylor expansion of the Stokes parameters and circular polarization appears
at the first order, while linear polarization appears at the second order. This is valid in the weak field approximation which consi