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Summary

This thesis is based on the analysis and interpretation of spectropolarimetric observations
obtained in the He 1 lines at 10830 A. In particular, we refer to observations of an active
region filament located close to the solar disc center, during its phase of activity. The aim
of this study is to provide novel observational results on the magnetic field measurements
in solar prominences and filaments to give constraints to the theoretical models of their
support in the solar corona. The main goal is to interpret the behavior of the atmospheric
parameters retrieved from the spectropolarimetric data to give a picture of the magnetic
structure of the observed filament. It is the first time that the magnetic structure of a flar-
ing filament has been determined.

The correct inversion of the He Stokes profiles requires their formation in the incomplete
Paschen-Back effect regime to be studied. In order to take this effect into account, we
have improved the numerical code for the synthesis and inversion of Stokes profiles and
investigate the influence of this effect on the inversion of polarimetric data. A comparison
between the results of inversions based on synthetic profiles calculated with and without
the inclusion of the Paschen-Back shows that when taking into account the incomplete
Paschen-Back effect, on average 16% higher field strength values are obtained. We also
find that this effect is not the main cause for the area asymmetry exhibited by many He 1
10830 Stokes V-profiles. This points to the importance of velocity and magnetic field
gradients over the formation height range of these lines.

The analysis of the observed polarization of the He 1 10830 A multiplet in the filament,
carried out by inverting the Stokes profiles, reveals the presence of different unresolved
atmospheric components of the He lines, coexisting within the resolution element (~ 1.2
arcsec). The different components, belonging to different magnetic field lines, show su-
personic up- and downflows, sometimes within the same resolution element. The He
blueshifted components belong to mostly transversal field lines in the body of the fil-
ament. These field lines are found to be curving upwards on both sides. This picture
suggests the presence of dipped field lines that are moving upward, carrying with them
the filament material. During this movement, we also observe filament material flowing
down along field lines having the same polarity as the photospheric field (i.e. they have
the opposite inclination with respect to the dipped field lines). These downflows are faster
at the filament end points and can reach values close to 10 times the speed of sound. The
field lines are found to be almost parallel to the filament axis in the plane perpendicular
to the line of sight. This is in agreement with previous measurements. The two main
theoretical models of prominence support (dip or flux rope models) have been used to in-
terpret the results obtained. Even if the observed dipped field lines are predicted by both
models, globally our observations can be explained better in terms of the flux rope model
than the dip model.






1 Introduction

Solar prominences (or filaments when they are observed on the solar disc) are relatively
dense and cold objects, located in the surrounding much hotter and less dense corona.
Although prominences have been observed and studied for decades, there are still many
open questions about their formation, structure and stability. Magnetic fields are known
to play a key role in supporting the prominence material against gravity and acting as a
thermal shield for the cool plasma against the million-degree coronal environment. The-
oretical models have been proposed to explain how the cold prominence plasma can be
supported by a magnetic field. These models are based on only few measurements of
the magnetic field vector obtained mainly through spectropolarimetric observations in the
He 1 Ds line seen in emission in prominences at the limb and in the Ha line. In order
to provide more statistics needed in order to set constraints on the theoretical models of
prominence support and to discern between them, new observational results are required.
Recently, the He 110830 A lines were indicated as diagnostics of magnetic field in promi-
nences observed at the limb but also in filaments on the disc (Lin et al. 1998, Trujillo
Bueno et al. 2002, Merenda 2006). Similar to the Ha line, in fact, filaments appear as
dark absorption features also in the He 1 10830 A line. Measurements in these lines could
help to obtain information on the magnetic field, particularly in the case of the low-lying
active region filaments, difficult to be observed at the limb since hidden by chromospheric
spicules.

The He 1 10830 A triplet is formed in the upper solar chromosphere. Its components
are sensitive to the magnetic field via the Zeeman effect and therefore are suitable for
spectropolarimetric measurements. In the last years, spectropolarimetry in these lines has
become one of the key tools to determine the magnetic field vector in the upper chromo-
sphere (Trujillo Bueno et al. 2002, Solanki et al. 2003).

In this context, we present this thesis work with the main aim of analyzing spectropolari-
metric data (the full Stokes vector) obtained in the He 1 triplet at 10830 A of an active
region filament observed close to disc center, during its phase of activity. The data were
recorded with the second generation Tenerife Infrared Polarimeter (TIP-11) at the German
Vacuum Tower Telescope (VTT) on 2005 May 18. The activation of the filament (in-
creased internal turbulent motions accompanied by a rising motion of the whole promi-
nence), followed a nearby flare eruption that most probably destabilized the magnetic
configuration of the filament supporting field lines, causing its activation. The observa-
tions follow the change of the magnetic structure of the filament resulting in a row of
interesting features visible in the He 1 10830 A Stokes profiles. We retrieve the values of
the atmospheric parameters like the magnetic field vector and the line-of-sight velocity
for the profiles we have observed, by means of an inversion procedure. This is done by
applying to the observed Stokes profiles a numerical code for the synthesis and inversion
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1 Introduction

of Stokes profiles in a Milne-Eddington atmosphere (Lagg et al. 2004). In previous pa-
pers (Solanki et al. 2003, Lagg et al. 2004), the analysis of the observed polarization in the
He 1 10830 A multiplet was carried out considering the linear Zeeman splitting approxi-
mation. Socas-Navarro et al. (2004) pointed out the importance of treating the formation
of the He 1 10830 lines by considering the wavelength positions and the strengths of the
Zeeman components in the incomplete Paschen-Back effect regime. The Paschen-Back
effect influences the Zeeman sublevels, leading to changes in strength and in position of
the Zeeman components of these lines. The code for the inversions of the Stokes profiles
has been improved to take into account the Paschen-Back effect and its influence on the
inversion of polarimetric data has been investigated.

The overall behavior of the retrieved atmospheric parameters in the observed filament is
interpreted to give a picture of its magnetic structure during the activity phase.

The thesis is organized as follows. In the first chapter, the basic properties of solar promi-
nences and the physical processes that govern their structure and dynamics are described,
together with the proposed models of their magnetic support. In the second chapter, the
theory of polarized radiation is introduced. At the end of the chapter, the concept of
the inversion technique, the mathematical formulation and the description of the code we
used to invert the Stokes profiles are also presented. In the third chapter, we illustrate the
relevance of the Paschen-Back effect in the formation of the He 1 10830 A multiplet lines
using synthetic Stokes profiles. We also investigate the influence of the Paschen-Back ef-
fect on the retrieved value of the atmospheric parameters. The results of inversions based
on synthetic profiles calculated with and without including the Paschen-Back effect are
compared. The observations of the full Stokes vector in the filament are presented in the
fourth chapter. In the fifth chapter we discuss the results of the inversions of the observed
Stokes profiles to find an overall description of the magnetic field supporting the filament.
A comparison is then made with the theoretical models of prominence support. Finally, in
the last chapter, we summarize the results presented in the previous chapters and identify
future steps that need to be taken to improve on the results of the present study.



2 Prominences and Filaments

In this introductory chapter we will describe the basic properties of solar prominences
and filaments and the physical processes that govern their structure and dynamics. In the
last 20 years, different theoretical models have been developed to explain how the cold
prominence plasma can be supported by magnetic field in the solar corona. This brief
review will introduce the main characteristics of these models and also the measurements
of prominence magnetic fields obtained mainly through spectropolarimetric observations.

2.1 General properties

Solar prominences are relatively dense and cold objects, embedded in the surrounding
much hotter corona (Tandberg-Hanssen 1974, 1995), the outer layer of the solar atmo-
sphere. Prominences are located at heights of ~ 10° km above the photosphere of the
Sun and their temperature is ~ 10* K, a hundred times lower then the temperature of the
surrounding corona. The particle densities range from 10 to 10*” m=3, a hundred times
greater than coronal values. While the corona consists of extremely hot fully-ionized gas
(plasma), prominences contain much cooler and denser ionized gas, similar in composi-
tion to that of the chromosphere.

Prominences are usually observed above the solar limb in emission in the Ha line (the
first spectral line of the Balmer series of neutral hydrogen) at a wavelength of 6563 A, ap-
pearing as bright features against the dark background (see Fig.2.1). When seen projected
against the solar disc, prominences show up in absorption in He, looking as dark, elon-
gated features against the bright disc, referred to as filaments (see Fig.2.2). Nowadays,
we know that the two terms, prominence and filament, refer to the same structure but
historically they were used to identify what were thought to be different objects. In this
work we will use the general term prominence when dealing with common properties of
both objects and we will use the term filament only referring to prominences seen against
the solar disc.

A prominence forms over timescales of about a day and can be stable with lifetimes rang-
ing from several days to months or can be a transient phenomenon that lasts hours or less.
Prominences differ also in morphology and typical size. A variety of classifications has
been proposed over the years regarding prominences, based on their morphology and ac-
tivity. Commonly, they have been placed in two basic categories (Tang 1987, Zirin 1988,
Martin 1990, Tandberg-Hanssen 1974, 1995): quiescent and active region prominence.
The former are generally associated with the decaying phase of an active region, form-
ing from its remnants (Gaizauskas et al. 2001). They are long, thin sheet-like structures,
nearly vertical to the solar surface, with typical length of 10% km, height of 10* km and
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2 Prominences and Filaments

Figure 2.1: A typical quiescent prominence observed at the edge of the Sun in 1970.
Quasi-vertical plasma threads are well visible. Source: BBSO/NJIT.

thickness of 10* km. They are suspended high in the corona and are stable objects, living
for a long time (days to months). Active region prominences form in and around active re-
gions in correspondence with newly emerged magnetic fields. They are shorter in length,
low lying and evolve very fast compared to the evolution of the associated active region.
Their density is rather large (101 m=3). A quiescent prominence may begin life as a rela-
tively small active region prominence and as the active region disperses, it grows thicker
and longer to become a quiescent prominence. It may continue growing for many months
up to 10® km in length, and during the process it migrates slowly towards the nearest solar
pole.

Prominences are always located above the neutral lines that separate regions of opposite
magnetic polarity in the photospheric field (Babcock & Babcock 1955) and beneath the
coronal arcades connecting these opposite polarity regions. In the case of active regions
prominences, their shape follows the complicated magnetic field structure of the active
region and they have the curved shape of their associated polarity inversion lines.

2.2 Motions and velocities in prominences

The speed of the prominence material determines whether a prominence can be defined
an active or a quiescent object. A prominence can be subject to two different kind of
motions: an overall motion, e.g., an oscillation or an eruption of the whole structure, or
internal motions that do not alter its shape. Prominences exhibit a large variety of fine
structures and information about their morphology and dynamics comes above all from
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2.2 Motions and velocities in prominences

Figure 2.2: Filament observed in the He line on 2000 May 6, at the NSO, Sacramento
Peak. Source: National Solar Observatory/AURA/NSF.

high resolution (~ 100 km) ground based observations obtained mostly in the Ha line.
Quiescent prominences show both internal and global motions. Images and movies show
that the material is concentrated in thin vertically oriented threads of diameter of few
hundreds km with the material slowly either streaming down or rising up the threads. Su-
perimposed on this vertical velocity, different threads of plasma exhibit a random motion
with velocities of 5-10 km/s. On the disc, the high resolution Ha images and movies
show fine structure fibrils of different lengths. They move sideways with velocities up to
3 kmy/s. Stronger horizontal motions of ~ 15 km/s are also recorded. For quiescent promi-
nences with one end interacting with a sunspot, it has been observed that the material is
streaming out of the prominence, going down into the sunspot. In this case, the vertical
velocity is much higher than 5 kmy/s.

Active region prominences show considerable internal motion. They are characterized by
a continuous flow of material along the body axis. This is one of the strongest descriptive
differences between active and quiescent filaments.

11



2 Prominences and Filaments

2.2.1 Activity and eruption

Active region and quiescent prominences can become ‘activated’ and exhibit several types
of large-scale motions. For example, a prominence can show its activity by becoming
larger and darker (when viewed on the disc as a filament) or brighter (at the limb). This
activity can correspond to an increase in turbulent motion or to flows along the promi-
nences. This type of activation sometimes fades away after a short period or it can hap-
pen that the prominence becomes completely unstable and erupts, eventually followed
by ejection of coronal material escaping from the Sun, while some material descends to
the chromosphere along helical arches. In this case the prominence can eventually disap-
pear. In two-third of eruptions, the prominence reforms in the same place and with minor
changes of the shape.

In case of ‘activated” quiescent prominences, velocities of 30-50 km/s are observed. The
increased internal turbulent motions are characterized by a chaotic behavior of the fine
structure details of the prominence plasma and are often accompanied by a slow rising
motion of the whole prominence (few km/s). Depending on the case, the prominence can
return to its original quiescent state or be subject to very strong internal motions of the
plasma, up to 300 km/s, and then come at rest again.

The eruption of an old quiescent prominence starts with a slow rise at a few km/s and may
take several hours. It is accompanied by an X-ray brightening and occasionally by the ap-
pearance of Ha flare ribbons. One interesting case of eruption, in which high velocities
are measured happens when a quiescent prominence undergoes a sudden disappearance
due to an ascending motion. The phenomenon is referred to as ‘disparition brusque’. The
prominence material starts to exhibit increased random internal motions (velocities of 30—
50 km/s) and then the whole prominence starts to rise with increasing velocities of several
hundred km/s and the prominence is ejected into the corona. The cause is generally not a
flare-induced activation.

As in the case of quiescent prominences, the activation of an active region filament can
happen with increased internal motions that can lead or not to an eruption or a disparition
brusque. The eruption of an active region prominence is much more rapid and takes about
half an hour or less; while the prominence is still ascending at high speed, a two ribbon
Ha flare begins and, in this case, the prominence generally reforms after only a few hours.
Motions and velocities in active region filaments were observed also in the He | lines at
10830 A. Observations of an erupting active region filament presented by Penn (2000),
saw the He | absorption line blue-shifted to velocities between 200 and 300 km/s. In
the same observation, the filament showed also internal motions with multiple Doppler
components shifted by +25 kmy/s. Very high velocity redshifts (30-60 km/s) were instead
reported by Penn & Kuhn (1995) in an active filament during the decay phase of a flare
always in the He 1 10830 absorption lines.

2.3 Magnetic field in prominences
Although prominences have been studied for decades, there are still many open questions
about their formation, structure and stability. Magnetic fields are known to play a key

role in supporting the prominence material against gravity and also acting as a thermal
shield for the cool plasma against the million-degree coronal environment (Kippenhahn
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2.3 Magnetic field in prominences

& Schluter 1957, Tandberg-Hanssen 1974, 1995). Quiescent and active prominences are
thought to share the same basic magnetic structure and mechanisms, although they dif-
fer in magnetic intensity, structural complexity, structural length scale and evolutionary
timescale (Low & Hundhausen 1995).

The magnetic field in solar prominences has been measured since several decades. Most
of our knowledge is derived from direct prominence polarization observations using first
the Zeeman effect and later on the Hanle effect (see Chap. 3). First measurements, ob-
tained in the 80’s and still valid today, found on average a measured magnetic field
strength typically of 10-20 G and with the magnetic field vector almost parallel to the
body axis of the prominence, forming with it an angle of ~ 20° in the horizontal plane
(Leroy 1989, for a review). The observations analyzed were obtained in the He 1 D3 line
at 5878 A seen in emission in a quiescent prominence observed at the limb. Practically,
the measurements have indicated the predominance of horizontal field lines threading the
prominence whose principal component is directed along the long axis of the prominence.
Much of the theoretical work in modeling the magnetic field in prominences, that followed
in the 90’s, was based on these measurements. It is based on the idea that a prominence is
composed by cool plasma which has come to rest at the lowest points of upward-concave
(dipped) or nearly horizontal field lines. The presence of a magnetic force in the promi-
nences (and the surrounding corona) is made possible by the fact that both consist of
ionized gas, in which there is a high concentration of free electrons. The high electrical
conductivity of the plasma allows electric currents to easily flow through it, forcing the
material to move along the magnetic field lines. Therefore the cool prominence plasma
will stay on the field line on which it was originally located, being not allowed to easily
cross from one field line to another. Under the influence of gravity it will slide down
along the field line until it reaches the chromosphere or encounters a “dip’ in the field line
where the field is locally horizontal and curved upward.

Models of prominence magnetic structures have been discussed by a number of authors
and among these models of magnetic configurations many propose the existence of these
dipped field lines (Kippenhahn & Schliiter 1957, Wu et al. 1990, Antiochos et al. 1994,
Choe & Lee 1992, Van Hoven et al. 1992). Some of the models describe also the mecha-
nisms of prominence formation. Actually, the way in which a prominence is formed can
determine the mechanisms of its support. For the purpose of this thesis, we will give an
overview of these models only from the point of view of the support of the prominence
material, without going into the details of prominence formation.

2.3.1 Models of prominence support

The first authors to propose and develop a model for the equilibrium and stability of
prominence plasma in a magnetic configuration with dipped field lines were Kippenhahn
& Schliter (1957). They assumed a main field configuration in which the polarity of the
magnetic field lines threading the prominence material is the same as the polarity of the
underlying photospheric field (see Fig. 2.3a). In this case the prominence has a normal
polarity field. In their paper the authors suggested that the prominence can be stably sup-
ported only at places where the field lines are locally horizontal and curved upward. So,
the prominence material sits in the dip at the top of the magnetic field lines connecting the
two opposite polarity photospheric regions. More recently, the model has been referred

13



2 Prominences and Filaments

//m\\ \
W\

(a) (b)
normal polarity model inverse polarity model

Figure 2.3: Two models of the magnetic field supporting a solar prominence: (a)
Kippenhahn-Schliter model (normal polarity model). (b) Kuperus-Raadu model (inverse
polarity model). These figures show the projection of the field lines into the plane per-
pendicular to the long axis of the prominence (shaded region). The horizontal line at the
base indicates the solar photosphere. The picture has been adapted from van Ballegooijen
(2000).

- flux tube model

Figure 2.4: Twisted flux tube model for solar prominences. The prominence sheet is
indicated by the shaded region. The picture has been adapted from van Ballegooijen
(2000).
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2.3 Magnetic field in prominences

to as the normal polarity dip model.

Later, Kuperus & Tandberg-Hanssen (1974) proposed a different field configuration de-
veloped by Kuperus & Raadu (1974). A closed-loop magnetic field supports the filament
material and shields it from the hot coronal plasma (see Fig. 2.3b). In this model the
magnetic field lines threading the prominence material are in the opposite direction than
the photospheric magnetic field. In this case the prominence has an inverse polarity field.
Both models are two—dimensional with the magnetic field confined in a vertical plane with
respect to the solar surface. The work of Leroy (1989) showed that prominences possess
a strong magnetic field along the axial direction. These led to the development of three—
dimensional models: a magnetic field component normal to the plane of the Fig. 2.3 is
assumed to exist, and this field component transforms the closed field lines in the inverse
configuration model (b) into helical fields in three-dimensional space forming flux ropes.
The flux rope naturally presents dips (troughs of the helical windings) where plasma can
accumulate in a stable manner. The prominence material sits in the lower part of the flux
rope.

The idea of quiescent prominences supported by helical flux ropes that lie horizontally
above the polarity inversion line on the photosphere, with the main axis roughly parallel
to it (see Fig.2.4) has been discussed and developed later by many authors. Research has
also moved into the detailed description of the magnetic topology of the flux rope. A large
twisted magnetic flux rope is indeed an appealing prominence model because its helical
field lines provide support for the mass of the prominence and isolate the cold prominence
plasma from the hot corona. A coronal flux rope can be defined as a magnetic structure
that contains field lines that twist about each other by more than one winding between the
two ends anchored to the photosphere (Priest et al. 1989, Low 2001). Most of the present
models are based on flux tubes that possess some degree of twist (van Ballegooijen &
Martens 1989, Antiochos et al. 1994, Priest et al. 1989, Priest 1990, Amari et al. 1999).
Such models comprise also a coronal arcade that is overlying the helical field. Depending
on the class of models (normal or inverse polarity, see Fig. 2.3) the coronal magnetic field
around prominences will have different characteristics and likely, it plays an important
role in the equilibrium and stability of the field. In order to have an idea on how such a
flux rope model appears in a realistic situation, we show in Fig. 2.5 an example of model-
ing of a filament magnetic topology as it was obtained by Aulanier & Schmieder (2002).
The lower twisted lines represent the magnetic field lines passing through the filament
body while the upper loop-like lines are the coronal magnetic lines.

Interpretation of polarimetric data have suggested that most quiescent prominences have
inverse polarity. The normal configuration happens only for a small minority of promi-
nences, generally low-lying (Bommier et al. 1994). The measurements also show a ten-
dency for the field strength and the alignment of the magnetic vector with the prominence
axis to increase with height inside the prominences observed at the limb. These two prop-
erties have been explained in terms of the magnetic field of a prominence embedded in
a flux rope in the inverse configuration. These models have been successful also in ex-
plaining other observational constraints on prominences, including the fact that when a
prominence erupts it sometimes looks like a twisted tube.

In this section about prominence models we have also to mention that even if most of the
present models are based on flux tubes, there are still some models that claim for vertical
fields constrained in current sheets (curtain models, Osherovich 1989, Jensen 1990, Péc-
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2 Prominences and Filaments

Figure 2.5: Example of modeling of a filament magnetic topology. The picture has been
adapted from Aulanier & Schmieder (2002).

seli & Engvold 2000) based on the observation at certain wavelength of vertical structures.

2.4 Recent results and outlook

After the first results obtained in the 80’s, on the determination of magnetic field in promi-
nences, not many measurements were performed for about 10 years. Only recently, with
the advent of a new generation of spectropolarimeters and the development of new tech-
niques for analyzing and interpreting the data and a better understanding of the physics
of the formation of spectral lines, there was a renewed interest in the diagnostics of the
magnetic field in prominences.

In recent years, Casini et al. (2003) presented the first map of the magnetic field in a
prominence observed at the limb. They retrieved the magnetic field vector values by in-
verting spectropolarimetric data obtained in the He 1 D3 line seen in emission. The average
magnetic field is mostly horizontal and varies between 10 and 20 G. These results confirm
previously measured values. However, the maps also show that the field can be signifi-
cantly stronger than average, up to 80 G, in clearly organized plasma structures of the
prominence. They also found a slow turn of the field vector away from the prominence
axis as the edge of the prominence is approached.

Recently, some authors pointed out the diagnostic potential of another He 1 line, the triplet
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2.4 Recent results and outlook

at 10830 A, seen in emission in prominences (Trujillo Bueno et al. 2002, Merenda 2006).
Measurements of the polarization of the He 1 10830 A radiation are also indicated as a
useful new tool for the diagnostics of magnetic field in filaments (Lin et al. 1998, Truijillo
Bueno et al. 2002). Similar to the He line, in fact, filaments also appear as dark absorp-
tion features in the He 1 10830 A line. This is not the case for the He 1 D5 line, in which
filaments do not show strong absorption on the solar disc. There are strong motivations
to extending the magnetic field diagnostics to filaments observed on the solar disc, par-
ticularly in order to better study also the low-lying active region filaments, difficult to be
observed at the limb since hidden by chromospheric spicules. Trujillo Bueno et al. (2002)
found practically horizontal fields in a filament located at the very center of the solar disc,
with a strength of 20 G.

While the magnetic field in quiescent prominences has been widely investigated, less is
known about the field in active prominences. Some recent measurements of magnetic field
in an active region filament obtained in the He 1 10830 line by Martinez Pillet appeared
in a recent review of Lopez Ariste & Aulanier (2007). The magnetic field strengths re-
trieved by fitting the spectropolarimetric observations with a Milne-Eddington model (see
Chap. 3) are of the order of hundreds of G. These values are much higher than previous
measurements which found a field ranging from 20 to 70 G (Tandberg-Hanssen 1974).
New observational results are required to provide more statistics in order to give con-
straints to the theoretical models of prominence support.

17






3 Spectropolarimetry

In this chapter the theory of polarized radiation will be described starting from the defini-
tion of the Stokes vector and the introduction of the Zeeman and the Paschen-Back effect.
Then the Radiative Transfer Equation (RTE) in the presence of a magnetic field will be
presented. We will mainly follow the approach and the notation of Landi Degl’Innocenti
& Landolfi (2004) and del Toro Iniesta (2003). At the end, a description of the inversion
technique we applied to the spectropolarimetric data in order to retrieve information on
the magnetic field vector will be given.

3.1 Stokes parameters

Let us consider the electric field vector E of a quasi-monochromatic electromagnetic plane
wave propagating along the z-axis, with mean frequency v (mean wavelength 1) and spec-
tral width Av < v. The components of E in the plane perpendicular to the direction of
propagation are

Et) = act)expli(ee(t) — 270t + 272/0)], (3.1)
E(t) = at)expli(py(t) — 2mvt + 272/2)]. (3.2)

The Stokes parameters are defined in terms of the amplitudes, ax and ay, and the phases,
¢x and ¢, of E, and Ey, as follows:

| = <a>+<a>, (3.3)
Q = <&>-<a >, (3.4)
U = 2<aaCcoss >, (3.5
V = 2<aasing >, (3.6)

where § = ¢y — ¢, and <> stands for the time average. The rotation of the electric field
in the plane xy is counterclockwise if sing < 0 and clockwise if sin¢g > 0.

A condition for | is that the intensity of polarized light cannot be larger than the total
intensity of light:

12 > Q*+U?+ V2 (3.7)

The equality holds when the radiation beam is completely polarized.

All four Stokes parameters are real and have dimensions of intensity. They are thus mea-
surable and they can also be defined operationally. If we consider two perfect linear
polarizers whose transmission axes are oriented at an angle 8 measured counterclockwise
to the x-axis as viewed by the observer receiving the light, then:
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e | represents the sum of the measured intensities transmitted through the perfect
linear polarizers whose transmission axes are mutually orthogonal, i.e. the linear
polarizers are oriented at angles 0° and 90°, respectively.

e Qs the difference between the measured intensities transmitted through the linear
polarizers oriented at angles 6 = 0° and 6 = 90°.

e U represents the difference between the measured intensities transmitted through
the linear polarizers at angles § = 45° and 6 = 135°.

e V is the difference between the measured intensities transmitted through a quarter-
wave linear retarder, followed by the two linear polarizers at 6 = 45° and 6 = 135°.
By this definition, V measures the difference between right (clockwise) and left
(counterclockwise) circularly polarized light.

The polarimeters we used to record the observations analyzed in this work (Tenerife In-
frared Polarimeter, TIP-1 and I1) are based on this principle. A description will be given
in Chapter 5.

3.2 Zeeman effect

The Hamiltonian H of an electron in an atom in an external, uniform magnetic field can
be written as the unperturbed Hamiltonian Hy of the electron plus an additional term Hg,
called the magnetic Hamiltonian, that takes into account the interaction of the magnetic
moment of the electron with the magnetic field.

The unperturbed Hamiltonian Hy is characterized by two contributions: Hc describes the
Coulomb interaction of the electron with the nuclear charge and the electronic cloud, and
H, s represents the coupling between the spin angular momentum of the electron S and
the orbital angular momentum L.

We are interested in the effect of the new term Hg on the unperturbed Hamiltonian Hy to
study how the energy levels of the atom change in the presence of a magnetic field. The
magnetic Hamiltonian is given by

HB = IUB’ (38)
u = (L +2S), (3.9)
eh
= A1
Ho ym— (3.10)

where eand m are, respectively, the charge and the mass of the electron, B is the magnetic
field strength, h is the Planck constant, ¢ the speed of light and 1o = 9.27 107! ergs G1
is the Bohr magneton.

In the total Hamiltonian H = Hy + Hg = He + Hi s + Hg the terms H, 5 and Hg are much
smaller in magnitude than Hc. In order to calculate the corrections to the energy levels of
the total Hamiltonian H due to the magnetic field, we can apply the perturbation theory.
We can distinguish three possibilities:

1. Weak magnetic field case, H s > Hg: in the calculation of the new energy levels,
first, H_s has to be considered as a perturbation to Hc and then Hg to Hc +H s = Ho.
This is the so-called Zeeman regime.

20



3.2 Zeeman effect

2. Strong magnetic field case, Hg > Hs: first, Hg has to be considered as a perturba-
tion to Hc and then Hy s to He + Hg. We are in the Paschen-Back regime.

3. Hg ~ His, the two contributions are comparable. H, s + Hg is a perturbation to Hc.
We are in the intermediate regime.

In this section we will concentrate on the first case, describing the Zeeman effect regime;
in the next section the theory of the Paschen-Back effect will be introduced.

In order to estimate the effect of Hg on the unperturbed Hamiltonian Hy in case of weak
magnetic field, as we already mentioned, we can apply the perturbation theory. Accord-
ing to this theory, the corrections to the degenerate energy E; (eigenvalues of Hy) of any
atomic level of total angular momentum quantum number J can be obtained by diago-
nalization of the magnetic Hamiltonian on the basis of the degenerate eigenvectors of Hg
corresponding to the eigenvalues E;. Since the unperturbed Hamiltonian Hy is invariant
under rotation, J and M (the projection of J along an arbitrary z-axis) are good quantum
numbers so that the eigenvectors of Hy can be written in the form |[JM). This means that
the corrections to the degenerate energy E; can be obtained by diagonalization of the ma-
trix (JM|Hg|IJM’). By choosing the quantization z-axis of total angular momentum along
the magnetic field vector, one finds

<JM|HB|JM’> = ﬂoBgMéMM/, (311)

where g is the so-called Landé factor. In the Russell-Saunders coupling scheme (or L-S
coupling scheme, where L and S are good quantum numbers) g can be written as:

3 S(S+1)-L(L+1)
g:{§+—2‘3(‘]+1) ifJ#0

0 otherwise (3.12)

We find that to the first order of perturbation theory, the magnetic field removes the de-
generacy of the atomic level, introducing the splitting of any atomic level of quantum
number J in (2J + 1) equally spaced sublevels with possible values for M = —J, ..., +J.
The splitting is proportional to the Landé factor g and to the magnetic field.

Let us now describe the Zeeman pattern arising in the transitions between two atomic lev-
els, split by the presence of the magnetic field. We will consider the case of an electric-
dipole interaction, which is the simplest and the most common case in the solar atmo-
sphere. According to the selection rules for electric-dipole transitions, new transitions
can occur between the new levels if AJ = J, - J, = 0,1 and AM = My - M, =0, +1
(indexes u and | stand for upper and lower energy levels of the transition). Transitions
with AM = 0 are called 7-components, while the ones characterized by AM = +1 are
called o, and o, components, respectively. The wavelength position corresponding to the
n transition is the same as the original one while the wavelengths corresponding to the o
and o, components are shifted towards shorter or longer values (blue or red side of the
spectrum) with respect to the unperturbed  transition. The shift is:

eliB

Ad =
4rmeC

(O M; — guMy). (3.13)

The simplest case (referred as normal Zeeman effect) occurs when one of the levels in-
volved in the transitions has angular momentum J = 0 or when the two levels have the
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h=J+1 Ju = h=J-1

_ 3(Ju+My+1)(Jy+My+2) 3(Ju—My)(Jy+My+1) 3(Ju—My)(Jy—My-T1)
Mu =M, +1 (o) 20+ D)(23,+1)(23,+3) 23,3+ 1)(23,+1) 23u(23—-D(235+1)

_ 3(Ju=My+1)(Ju+My+1) 3My 3(Ju—Muy)(Ju+My)
Mu B MI (7[) (Ju+1)(2J,+1D) (2, +3) Ju(Ju+1D)(2J,+1) 2Ju(23,-1)(2J,+1)

— 30— Mt DG—Mut2) | 30t MO (Gu—Mu+ D) T 3030+ Mu) et Mi=1)
My = M -1 (o) 20 D(2340(23,53) | 23,0+ D23+ 1) 23,(23,-D(23,+1)

Table 3.1: Analytical expressions for the normalized strength of the Zeeman components.

same value of the Landé factor. The number of the Zeeman components is 3 (o, 7 and
o). Other cases are referred to as anomalous Zeeman effect and more complicated pat-
terns occur.

The normalized strengths of the various components can be written as algebraic functions
of M, and M. They are summarized in Table 3.1. The strengths have symmetry prop-
erties, this means that for any o, (o) component there is a o, (07,) component of the
same strength symmetrical about line center, and for any 7 component (except the one
corresponding to M = M’ = 0, when it exists) there is another 7 component of the same
strength symmetrical about line center. Note that the symmetry in wavelength is only
valid in the Zeeman regime.

3.3 Paschen-Back effect

The case in which the magnetic field is strong enough to produce a J-level splitting com-
parable with the energy separation between different J-levels, is called the Paschen-Back
effect. The perturbation theory presented for the Zeeman effect cannot be applied any
longer. The energy levels have to be found by diagonalization of the total Hamiltonian
H on the basis of the eigenvectors [JM) of Hy. This implies the evaluation of matrix
elements of the form

(IMHglI M) = uo(IM|(L + 2S)BlI'M"). (3.14)

The eigenvalues and the eigenvectors of H can be found only by numerical methods in the
general case. By choosing the quantization z-axis of total angular momentum along the
magnetic field vector and assuming that the atomic system is exactly described by the L-S
coupling scheme, the eigenstates of Hy are of the form [LSJM). In this case the analyti-
cal calculation can be pushed further. We are not interested in showing the details of the
calculations, that are completely described in Landi Degl’Innocenti & Landolfi (2004),
our aim is to evaluate how the positions and strengths of the Zeeman components, in par-
ticular in the case of the He 1 triplet, are affected when we are in the Paschen-Back effect
regime. As a results of these calculations, it is found that the magnetic field produces a
J-mixing of the various levels belonging to a particular term (L, S) so that the eigenvalues
of the levels start to cross each other. J is not a good quantum number as it was in the
Zeeman effect regime.

We have to distinguish between the incomplete and the complete Paschen-Back effect
regime. The calculations (Landi Degl’Innocenti & Landolfi 2004) show that for inter-
mediate values of the magnetic field, as we said, the eigenvalues of the levels start to
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Line | Wavelength (A) Transition

He 1a 10829.0911 | 23S, - 23P, (Trl)
He ib 10830.2501 | 23S; - 23P; (Tr2)
He ic 10830.3397 | 23S; - 23P, (Tr3)

Table 3.2: Line parameters.

cross each other and the linearity with the magnetic field is, in general, lost (incomplete
Paschen-Back regime); for large values of the magnetic field, the positions behave again
linearly with B (complete Paschen-Back regime). In the last case, the spin-orbit interac-
tion can be considered as a perturbation in comparison to the magnetic interaction. The
magnetic Hamiltonian is diagonal on the basis |LSM_Ms) and the corrections to the en-
ergy eigenvalues are given by

(LSM_Mg|Hg|LSM Ms) = uoB(M_ + 2Msg), (3.15)

which explains their linear behavior with the magnetic field in the complete Paschen-Back
regime. The term (L, S) splits into a number of components corresponding to particular
values of (M + 2Ms). As the magnetic field increases, going from the incomplete to the
complete Paschen-Back regime, the energy eigenvectors gradually evolve from the form
ILSIM) to |[LSM_ Ms). The magnetic field induces a gradual basis-transformation on the
energy eigenstates.

Since the spin-orbit coupling increases rapidly with increasing nuclear charge, the condi-
tions for a strong field are met at much lower field with light atoms (such as helium) than
with heavy atoms.

3.4 The He110830 A lines

As an example of how the Zeeman effect acts on the atomic levels we consider the behav-
ior of the lines that are the subject of this work: the He 1 10830 A triplet. They originate
between the atomic levels 22S; and 23P, ; o, comprising a ‘blue’ component at 10829.09
A with J, = 0 (Tr1), and two ‘red’ components at 10830.25 A with J, = 1 (Tr2) and at
10830.34 A with J, = 2 (Tr3) which are blended at solar chromospheric temperatures.
The line parameters are summarized in Table 3.2.

The formation of the He 1 triplet in the solar chromosphere is due to two competing
mechanisms (Andretta & Jones 1997). First, coronal photons penetrate in the upper chro-
mosphere and photoionize neutral He atoms; these ions then recombine producing the
He 1 lines. The second mechanism is due to direct collisional excitation produced by col-
lisions with electrons at temperatures above 20000 K, in regions between chromosphere
and corona. The major advantages of analyzing the He 1 lines are due to the fact that
they are optically thin, narrow and are formed almost entirely in the upper chromosphere,
meaning that there is no presence of any significant photospheric contributions (Avrett et
al. 1994). We will see in the next paragraphs that in these conditions the radiative transfer
equation for these lines can be solved analytically.

The components of the He 1 lines are sensitive to the Zeeman and the Paschen-Back
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Figure 3.1: Positions and strengths of the Zeeman components as a function of the mag-
netic field. The solid lines represent calculations considering the incomplete Paschen-
Back splitting (IPBS), while the dashed lines represent those using the linear Zeeman
splitting (LZS) approximation. In the IPBS case, the Zeeman components exhibit asym-
metric displacement and strengths. This figure has been produced using data kindly pro-
vided by Socas-Navarro et al. (see Fig. 1 of Socas-Navarro et al. 2005).

effect. Figure 3.1 shows the behavior of the positions and strengths of the Zeeman com-
ponents as a function of the magnetic field for the three transitions from which the triplet
originates. The calculations are performed in two different ways, by using the linear Zee-
man slitting (LZS) approximation (dashed lines) and by taking into account the incom-
plete Paschen-Back splitting (IPBS; solid lines). The figure has been obtained using data
kindly provided by Socas-Navarro et al. (Socas-Navarro et al. 2005). In the LZS case we
can see that the behavior of the positions of the Zeeman components is the one we have
described with central 7 components and symmetric o, and o, components shifted by
the same amount with respect to the unperturbed = transition. The strengths are constant,
they do not depend on the magnetic field.

In the IPBS case, the positions of the transitions are strongly influenced by the Paschen-
Back effect, especially for magnetic field strengths above a few hundred Gauss. The
relative strengths of the transitions also depend on the field strength. The incomplete
Paschen-Back effect is to be considered for magnetic field strength values between 400
and 1500 G (Socas-Navarro et al. 2004).
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3.5 Radiative transfer equation

3.5 Radiative transfer equation

The radiative transfer equation (RTE) in the presence of a magnetic field describes how
a polarized light beam is transferred in a magnetized medium taking into account the
changes of its polarization state due to the magnetic field. In the particular case of this
thesis, the magnetized medium is the solar atmosphere. If we choose a z-axis along the
direction of propagation of light and perpendicular to the solar surface, the RTE, usually,
IS written as

19 - i@ -s@) (3.16)

dz

where | is the Stokes vector 1= (I, Q, U, V) emerging from the magnetized medium and
S(2) the source function vector. In the case of local thermodynamic equilibrium (LTE),
S(2) is the Planck function with a temperature corresponding to a local height z in the
atmosphere, B(T(2)). Its radiation field is unpolarized: S(2) =(B(2),0,0,0). k is the so-
called propagation matrix.
Some manipulations can be done in order to shape the RTE into a useful form to describe
the formation of spectral lines in an anisotropic medium. k can be rewritten taking into
account contributions from both the continuum and line forming processes, so that

k = kl+Kkin . (3.17)

where k. is the continuum absorption coefficient, 1 is the 4 x 4 identity matrix, ki, is the
line absorption coefficient and ¢ contains only the normalized absorption and dispersion
profiles. Defining the line to continuum absorption coefficient ratio, ng = '% we can
write

k = k(@ +m). (3.18)

Introducing the continuum optical depth scale, dr. = —k.dz we can write the RTE in this
form:
di(zc)
dr.

= K[I(re) - S, (3.19)

where

m 7nqQ TMNu nv

’7Q n PV —pPu ) (320)
Nu  —pv 1 PQ

v. Pu  —PqQ M

=
Il

Following the calculus by Landi Degl’Innocenti & Landolfi (2004), the elements of the
propagation matrix are expressed as:

m= 14 opsinty + 30+ o)1 + cost ). (321)

1 .
o = (60 3lon+ o) sin?ycos2y 322
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n = (60~ Glon+ onsintysinay, (3:23)
VIS %[cﬁr—rbb] cos 7, (3.24)
po = no(wp—%[wbwr])sinzycosz)(, (3.25)
pu = (v~ 3lon+ usind ysinzy. (3:26)
pv = Gl —unlcosy. (3:27)

The absorption and anomalous dispersion profiles are given by:

N;j
¢; = ZSJH(&V+VD+Vij), (3.28)
ij=1
N;j
2 Z s,F(a,v +vp + 7)), (3.29)

ij=1

vj

In equations 3.21- 3.29, j = b, p,r refer to the Zeeman components op, 7 and o. §;
are the normalized strength of the various Zeeman components summarized in Table 3.1
and the summation over i; = 1, ..., N;, indicates that in the calculation of the absorption
and dispersion profiles, all the Zeeman components have to be taken into account. The

functions H and F are the Voigt and the Faraday functions at a given damping a and a

given distance from line center, 1o, in units of Doppler width, v = %=2.
—+00 _y2
a e
H@ ) = 2 - ,
@) = 2 oty (330)

+00 / —y2
1T ner (331)

F@v) 21 ) (V —Yy)2+a2

For each component of the Zeeman pattern we have a shift of the central position due to
two factors: the Doppler effect and the Zeeman splitting. The first takes into account the
wavelength shift, equal for all the Zeeman components, due to a net macroscopic velocity
along the vertical axis, v, so that:

Vz/lo

= . 32
Vp CA/ID (33 )

The Zeeman splitting causes a shift of the absorption and the dispersion profiles of each

component of the Zeeman pattern by: v;, = % with A4;, given in Eqg. 3.13.
The damping a and the Doppler width Adp are expressed as follows:

a = % r (3.33)
~ 4mcAdp '
o (2KT 172
Alp = ? V'erzn'c , (334)
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where T is the damping factor given by two contributions, I';5g and Iy, respectively, the
radiative and the collisional line broadening parameters. AAp is calculated for a given
temperature T and microturbulent velocity vp,ec.
The angles y and y are the inclination and azimuthal angle of the magnetic field vector
with respect to the observer line-of-sight (LOS).
When the LOS is not aligned with the z-axis then, in a plane parallel atmosphere, the RTE
has to be written as:

2D - k) - s (335)
with u = cos @ and @ is the angle between the line-of-sight (LOS) and the z-axis. In
the Eq. 3.32, v, becomes v, os and in order to write the RTE in the same form as in the
Eq. 3.19 we have to define the optical depth scale along the LOS as d75°5 = —(k./u)dz

C

3.6 Solution of the RTE

In order to solve the RTE we introduce the evolution operator O(re, 7;) that, in absence of
any emission along the path, acts on the Stokes vector transforming it as seen at an optical
depth 7. to another optical depth location 77, in this way:

I"(1¢) = O(re, T (7). (3.36)

The index * indicates the solution for the homogenous equation associated with the non-
homogenous differential equation 3.19.
O(re, ;) fulfills the following properties:

O(tete) = 1 (3.37)
O(re, 77 O(re, 7)O(tL, 72)). (3.38)

It can be used as an integration factor of the Eq. 3.19 to obtain:

) = Ors. o)l(r0) = [ Oles,rl{e)S(rdre (339)
where 7o and 7, are two optical depth points, indicating the bottom and the top points of
the medium under study. Considering that the observer is located at 7; = 0, then if the

inner point is chosen to be deep enough (79 — ), the atmosphere is so optically thick
that no radiation emitted at 7 can reach the observer:

lim O(0, 70)1(7o) = 0. (3.40)
Finally, combining Eq. 3.38 and 3.39 we obtain the formal solution of the RTE:
0= [ 60.rokeS(rdre. (3.41)
0

There are no analytical ways to know the evolution operator for a general atmosphere. It
has to be evaluated numerically.
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3.6.1 Milne-Eddington approximation

In the case in which the propagation matrix is height-independent k(zc) = ko, i.e. con-
stant throughout the atmosphere and the source function varies linearly with optical depth
S(7¢) = (So+S17¢, 0,0, 0), we are in the Milne-Eddington approximation. In this case, the
expression of the evolution operator can be evaluated. From its properties we can derive
the following differential equation:

dO(re, 72)

= k(ro)O(r%, 7o) (3.42)
dr.

In the particular case of the Milne-Eddington approximation the equation can be inte-
grated and we obtain:

O0,7) = e b kod (3.43)
The Eq. 3.41 becomes:

1(0) = fo ) e ok (Sp + Sire)de (3.44)

It is possible now to solve this equation analytically and to obtain the explicit expressions
of the 4 Stokes parameters. The solution is also known as the Unno-Rachkowsky solution
of the transfer equation (Unno 1956, Rachkowsky 1962, 1967):

Q) = So+Rlr +pG+p5pl1S: (3.45)
QO) = ~Snq + mlaveu — mop) + poR (3.40)
VO = -2 +mlnopy ~moo) + puRl (3.47)
VO) = Xl + mlnupo - nopu) + AR (3.48)
where
A = ni —ng—ny — v +po+po +pY) - R (3.49)
R = ngpq +nupu + mvpv. (3.50)

3.7 Inversion of Stokes profiles

In this thesis we are interested in retrieving information on the full magnetic field vector,
the line-of-sight velocity and other physical quantities in the solar upper chromosphere
by inverting the Stokes profiles of the He 1 10830 A multiplet lines starting from their
spectropolarimetric observations. The basic idea of an inversion code is to produce syn-
thetic profiles using an atmospheric input model by solving the RTE. The initial guess
atmosphere is a given set of parameters defining the relevant physical quantities of the
atmospheric layer under study, in which the lines are formed. Once the synthetic pro-
files are obtained, they are compared with the observed ones and the initial atmosphere is
then iteratively modified by means of a y? minimization algorithm until a best fit to the
observations is achieved.
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