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ABSTRACT.

Spectropolarimetry is one of the mgwwerful techniques to study the magnetic
structures in the Sun. Specially, the spectropolarimetry has been very useful to increase
our knowledge about sunspot, these structures have the higher magnetic field in the Sun
so, the study of the polarized Higis essential to understand their formation and
evolution.

Using a code able to synthesize Stokes spectra from a model atmosphere (the SIR
code) we have studied how changes of several physics variables (temperature, magnetic
field strength, inclinatiorand azimuth, and the velocity of the plasma) affect the Stokes
profiles (I, V, U and Q). We have applied this knowledge to study a set of real data, in
particular the Stokes spectra of two photospheric iron lines observed in an active region
including a bg sunspot. The data were taken by the spectropolarimeter SP on board of
the Japanese satellite Hinode. This allowed us to identify and analyze some photospheric
structures, such as the umbra and the solar granulafitso, we have applied two simple
appraaches in order to obtain two maps of the variation of temperature andflisight
component of the velocity from the observe data. The results allow us to confirm the
convective character of the solar granulation.

RESUMEN.

La espectropolarimetria es umi lastécnicagnas poderosas para el estudio de las
estructuras magnéticas en el Sol. La espectropolarimetria ha&skrialmentétil para
aumentar nuestro conocimiento sobre las manchas solares. Estas estructuras tienen los
mayores campos magnéticas el Soly, por lo tanto, el estudio de la luz polarizada es
esencial para entender su formaciénonfiguracion

A través de urodigocapaz de sintetizar el espectro de Stokearér de un mode
de atmosfera (el codigo SIR), hemos estudiado comoalmbics de ciertasvariables
fisicas (temperatura, intensidad, inclinaciéragimutdel campo magnético y velocidad
del plasma) afectan a los perfiles de Stokes (I, V, Uy Q). Aplicamos este conocimiento
para estudiar un conjunto de datos reales, en paldicel espectro de Stokes de dos
lineas de hierro formadas en una zona activa de la fotosferanglieye una mancha
solar de gran tamafio. Los datos fueron tomados con el espectropolarimetro SP a bordo
del satélite japonés Hinode. Nos permitié identifigaainalizar algunas de estructuras
presentes en la fotosfera, como la umbra y la granulacion sbéembiénaplicamos dos
simples aproximaciones com ebjetivo de obtener dos mapde las variaciones en
temperatura y de la velocidad &nlinea devisiona partir de los dabs observacionales.
Los resultads nos permiten confirmar el caracter convectivo de la granulacion solar.



1. INTRODUCTION.

La fotosfera del Sol presenta dos estructuras caracteristicas de gran intesé
manchas solares con unartperatura mucho menor que la temperatura media ¢
fotosferay la presencia de campos magnéticos de gran intensididgranulacion
que cubre la mayor parte de la superficie del Sajug es la manifestacién d
movimiento de conveccion que sucede bajoperficie de la fotosfera.

Ademasintroducimosvarios conceptos fisicos que seran rsacms en el avanc
del trabajo:los parametros de Stokescesariopara trabajar con luz polarizadeel
desdoblamiento de las lineas espectrales en presencia danymo magnéticoug
conocemos como efecto Zeemata Ecuacion de Transporte Radiativo que nos
evolucion de la radiacién (en funcion de los pardmetros de Stakaggractuar con
la materia a lo largo de una capa y en presencia de un campo magnético.

In this first chapterwe are going to introduce some of the theoretical concepts we
will need in the work. The material presented in this chapter has been extracted from Stix
(2002).

1.1 GRANULATION .

When we observe the Sun with images with regHial resolution, it is possible to
observe a cellular pattern that covers all the surface of the Sun, except for the sunspots.
There are many bright elements, caligdnules which are surrounded by a dark network
usually calledntergranulesor intergramilar lanes.
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Figure 1. Image of the granulation taken by the sétell
HINODE.

Bright granules consist on parcels of hot of plasma moving upwards, at the same
time that the darker intergranules harbor cooled downwasng plasma. These
spatial fluctuations of temperature and velocity produce an observable effect on
photospheric spectral lines: mainly, the spectral lines observed in a granule will appear
blue-shifted (Doppler effect) while those observed on a intergranule will appear red
shifter. The vertical velocities measured reached the 1.5 km/s. The solar goaniglati
produced as consequence of convective motions just under the solar surface (Stix, 2002).
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The granulation is a system in constant evolution. Most of the granules have their
origin in the fragments of the disintegration of older granules. A typicalggaevolves
growing in size and frequently (explosives granules) it develops a dark spot in the center,
that later connects with the intergranules. Finally, the granule splits up forming new
fragments that will be the origin of other granules. The mdatinfie of the granules is
approximately 6 minutes.

1.2 SUNSPOTB.

Sunspots are structures in the photosphere of the Sun that can be identified as
darkenings in some zones of the solar disc. Sunspots can remain in the photosphere
between some days and a fewnths, and have an extension that, varying during their
life, is between 1500 and 50000 km.

Sunspots are cooler regions created by the presenceinfease magnetidield
(20003000 G). Due to the high conductivity of the plasma, the material canroug
along the magnetic field lines (Alven theore@pnsequentlythe presence of a magnetic
field inhibits convective motions producing these caldrk structures. The temperature
in the spot descends until the 38800 K (compared to the 57@800 K of the
surrounding photosphere).

The magnetic field in the Sun evolves following ay&ars cycle. In one of the
phases the magnetic fields®red bellowhe convection zone un huge toroitdbes. As
the presence of magnetic field produces a magpesssure these tubes have a lower gas
pressure, and consequently a lower density. That situation is unstablevantijally
these tubes develop loops which ascend, crossing the photosphere and creating a dipolar
structure.

Sometimes, a leg of the loopdecomposed in multiple weak tubes, in this case the
sunspot looks like a monopole, i.e., ony a single spot is observed.

Sunspots are divided into two zones, the umbra and the penumbra. The umbra is the
central zone of the sunspot, it is the darkest orily &20% of he quiet photosphere
luminosity,and a temperature lower than 4500 K. Here, the magnetic field is more intense
(above than 2000 G) and practically perpendicular to the solar surface.
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The penumbra is the part that surrounds the umbra. lhesathe 75% of the
luminosity of thequietSun, brighter than the umbra, and its temperature is around 5500
K. In this zone, the magnetic field is lower than the umbne, between 1000 and 2000
G, and the magnetic field vector is nearly horizontal (pelréab the solar surface).
Sunspot penumbra is constituted by bunches of dark and bright filaments arranged
radially (from the umbra). These filaments are associated with a raaafrtm the
umbra to the exterior of the sunspot (Evershed effect).

With these definitionsa classification of the sunspots can be preseniéis
classification is known as Zurich Classification and presents 7 different groups:

1 Group A:a single spot or a group of spots, without a clear penumbra or a
visible configuration of aipole.

1 Group B:a group of spots without penumbra. These groups are dominated
by two spots that define the group magnetic polarity, which means that the
group has a very marked dipolar configuration.

1 Group C:dipolar groups like the previous one but nome of the principal
spots have a zone of penumbra.

1 Group D: like the previous one but now the two spptesent gpenumbra.
The group extends in less than 10° on the surface of the Sun.

1 Group E:dipolar groups that occupy more than 10° of the solar Seirfehe
two principal spots have penumbra and are surrounded by many spots of
lower size.

1 Group F:big size and complexity. Dipolar groups span more than 15°.

1 Group G:groups spanding more than 10° in the solar surface but the smallest
spots between the twprincipal ones have disappeared.

1 Group H:monopolar spots with penumbra and a size higher than 2,5°.

1 Group I: like the previous but now less than 2,5°.
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Figure3. Table with examples of the different grou,
of sunspots in the Zirich Classification.



The last three groups represent the last steps in the evolution of the sunspots until the
sunspot comlete disappearance.

1.3 POLARIZED LIGTH AND STOKES PARAMETERS.
The polarized light can be describ@techt, 1998with the Stokes vector

0
© U (1)
1)) y

W

In this vector,/ gives informatiorabout the total intensitypand Uabout the linear
polarization and/informs about the amount of circular polarization. In more detail:

1 /represents the sum of the intensities of the two components of the electric
field that are transmitted through pefelinear polarizers with two
perpendicular transmissions axes.

1 @show the difference in intensity between these two linear polarizers.

1 Uis the difference between two linear polarizers that are at 45° respect to the
previous ons (used to defin€).

1 Vrepesents the difference between the intensities transmitted through a
quarterwave plate followed by two linear polarizers at 45° and 135°. With
these definitions, V measures the difference between right (clockwise) and
left (counterclockwise) circularly patized light.

It is possible to do a mathematical description of the Stokes parameters for a
monochromatic wave with the electric field amplitudes in the perpendicular plane to the
direction of propagation. The components x and y can be expressed as:

006 8 O0AT G % - 0o (2)
006 0 oAl @G % - 0o (3)

Where k is the wave nuxmnhegrthddptmse inkelic fr e qu e
component.

| f we lidtestte diffeenc&between the phases of both comporignts,i U,
we can express the Stokes parameters in function of the electric field amplitudes (in the
expressions) Odesignate the temporal main value):

"0 600 O 6 O
'Y &0 O wérD
w &0 O i Y

If we analyze the expressions we can deduce the relation:
O 0 Y w

In the case of not polarized ligho O 80 Oand the temporal average afd)
and thesinJare Zero, we obtai® = U=V =0y"0 ¢8O O



In the other hand, when we work with completely pakd light the previous
equalityis fulfilled, sa /=Q + U + V.

1.4 ZEEMAN EFFECT.

The Zeeman effect, described for the first time in 1897 by Pieter Zeeman, studies the
splitting of a spectral line into several components when the source is in presence of a
static magnetic field. Also, it was observed that the magnetic field affecistarization
of the light.

The classical explanation (see for instance Bellot Rubio, 1998 or Ruiz Cobo 1992),
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Figured4. Example ofhe split in two
spectral lines. Anomalous Zeeman effe

of the Zeeman effect, based on the Lorentz's theory of the electron, assumes that the
oscillation of an electron (with frequenay) is perturbed in the presence of a magnetic
feldB. The new oscillation can oia, gasnpdressent ed

3L where we introduce the Larmor frequengy: ——. The central component keeps

its natural frequecy and the direction of the magnetic fi@d( t h-aomponent). The

f requelN ¢arecscular components perpendicular to the direction of propagation

( &omponents). The spectral lines are produced by bbooddtransitionsi.e., by the

absorptim (and emission) of a photon as a consequence of a jump of an electron between

two bound levels. In the presenceaainagnetic field these levels split in several sublevels

of different energy, in such a way that in a classical point of view an electeogiven

sublevel oscillates with one of the previous frequencies. Consequently, the emitted
photon will become circular polarized and with a different frequency, depending of the

energy of the sublevels: i.e. one photon will become circular polarizecaviitlguency

3+ Land the other count er coh a.dérkevthirscemponerd w wi t h
i's |linearly polarized and has a frequency 3
the direction oB we are going to see linear polarization pexpeular toB at frequency

30 and linear polarization parallel ®i n t he f ¢Negsthis effect ie what sve

namenormal Zeeman effect.

Some lines in presence of a magnetic field split into four or more components, in
these cases we will talk alicanomalous Zeeman effetdr this effect does not exist an
explanation in the classical theory and we need to make a quantum mechanical description
of the process of atomic absorption.



In the quantum mechanical descriptiore representdifferent statesn a base
WHY A h)  with quantum numberS|L;J,M> (these numbers describe the spin, the
orbital angular moment, the total angular moment and the third component of the total
angular moment or magnetic moment). The effect of the magnetic ifielthis
representation will be to change the energy of the state, this means to break the
degeneration, in function of the values of the number M. Also, the polarization of the
photon produced in each transition is well defined with the difference betheealue
of M in the states of the transition.

We will usethe notation § L, k and Mcwith k = 1,2 for the levels up and down in
the transition (k=1 thdevel with more energy, and k=the less energetic. For the
transitions, we are goingtoconsidem t hi s wor k exi st the rule
and oM = 0, N1.

A transition between states with oM = 0 w
‘-component . I f oM = 1 the phot e-componehtl have
Lastly, withpM - we obtain an el fcomponent. ri ght pol ar

S o, ostarids fer the wavelength of the transition without a magnetic field, each of
the components produced by the split in the Zeeman effect is given by:

v

. ——=0"Q 0 Q6 )
= t"a w

Where B denotes the intensity of the magnetic field and the subindex i stands for
each component that the split produces. The g coefficients are the Landé factors produced

in the interaction spHorbit of the eletron in the atom and can be described as:

o Y'Y p 0°Y p

"0 c D0 b Q® ™ ©6)
] M

Withk=1,2

Finally, due to the éécts of widening of the spectral lingbérmal motions of the
atoms, collisions between the atoms and effects of turbylemdg difficult to see the
fine structure of the Zeeman effect. For this reason, we can group all the transitions in
justthreeccomp;ment s: a nodmpmo rseni ta caottponentsdisptaced G
symmetrically. We can redefine the difference between the wavelengths of components

and O (with the_ inah léenAyBinGauss constant s,
Y. t®oeyppm Q16 7)

Where"Q is the effective Landé factor, that indicates the $iitgi of a spectral
line tothe magnetic field.

1.5 THE RADIATIVE TRANSFER EQUATION.

The radiative transfer equation (RTE) defines how the Specific Ityens. the
radiation field, evolves after interactingith the matter inside a given layer. In the
presence of a magnetic field (or if we ¢akto account the effect of the scatterinigs



needed to modify this equation in order to consider how tblkeStvector evolves after
crossing a given layer. It is not the purpose of this work to resolve in detail the RTE, but
following the work of Bellot Rubio (1998) we can show some interesting results that will
be important in the next chapters.

The first st@, is to define the vector of Stokes parameters like in equation (1), the
total absorption matriX (a 4x4 matrix describing the absorption properties of the solar
atmosphere) and the source function vector which, in analogy with the Stokes vector, can
bedefineas

¥ : (8)
i
If we assume a plargarallel atmospher¢he RTE takes the form:
AOa 9
A ggan v ©)
o L a X a
In a magnetic medium, the absorption matrix has some properties of symmetry and,
with only seven indgendent parameters, takes the next expression:

o (10)

Here— describes the absorption of the radiation regardi€gs polarization state.
— ,— and- the coupling of the intensity | with the component Q, U and V due to
absorption. And the ternis ,” and” the crosstalk between the polarized components
Q,UandV.

To make a matheatical description of the absorption matrix elements we need first
assume somleypothesis:

1 We are working in regimen of strong magnetic field, this mé&ahsw
wherew represents the interaction sgirbit of the electron. In this case
does’'t exist interferences between sublevels when the Zeeman effect is
applied.

1 Atomic polarization must be negligible. This condition means that the
collisional rates are high enough, which ensures that the various sublevels to
the same energy are equallyptated.

1 The frequency and direction of photons scattered are independent of the
direction and frequency of incomings electrons.

Under these conditionghe elements of the absorption matrix are:

10
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Where the subindex p, r and b regplefesent

respectively. To describe the magnetic system we use, in all the work, the next system of
coordinates, where the z axes is directed towards the observer.

A
<

/
v
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2. SYNTHESIS OF POLARIZED LINES IN FUNCTION
OF PHYSICAL PARAMETERS.

A partir del codigo SIR podemosngetizar el espectro de Stokagartir de un
modelo de atmésfera solar. Observamos el efecto que tienen sobre los per
Stokes (I, V, Uy Q) de una linea de Fel la variacion de algunas magnitudes
como temperatura, intasidad, inclinacion y azimut del campo magnético vy
velocidad en la linea de vision del plasma.

In this section, we are going to analyze the variations suffered by the Stokes profiles
when some physical parameters are varied. In special, we will stedggphonse of one
spectral line of Fel (the line at 6302.49 Angstravith a high Landé factor and seery
sensitive to the magnetic field) to variations of temperature, magnetic field vector, or line
of sight velocity at photospheric layers (where this is formed).

In the synthesis, we use SIR (Stokes Inversion based on Response function, Ruiz
Cobo & del Toro Iniesta, 1992). SIR is a package for the synthesis and inversion of
spectral lines formed in the presence of a magnetic field. In the syntiadts the code
calculates the Stokes spectra (I, V, U and Q), from a given model of solar atmosphere.
This is done by numerically solving the RTE that we presented in (eq. 9). To more
information you can see Ruiz Cobo & del Toro Iniesta (1992) and Blioio (2003).

In order to study the dependence of 8tekesparameters to changes of different
physical quantities we have used the VALC model (Vernanza, 1981), after changing by
a constant either its temperature, magnetic field (strength, inclinatemrouth) odine
of sight velocity.

2.1 TEMPERATURE.
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In this first step, we are going to analyze the changes in the Stokes profiles when we
vary the temperature ithe solarsurface. We showive profiles synthetizedafter
increasing the temperature ®y300, 700, 1000, and 1200 Klso, we keptthe magnetic
field constantat a field strength a800 G arninclinationo o f  azZimuthea nodf 0 U .
this configurationnone profile is null.

We can observe that the | profile suffer strong changes whemarvease the
temperature. On one hand, we can see an increase of the continuum intensity, Ic produced
by an increase of the number of botfrek and fredree photons. This effect is produced
by an increase of the source function, which is approximatedyRlanck function
eval uated at t h ehebottomq the phadtospheze). Orf thedther hadd, (
the equivalent widthfahe line (the area of the depression introducethbégpectral line
once we have normalized to the to the continuum) dsh@s when the temperature
grows. The reason of this is that this is a neutral line (Fel), so the number of neutral iron
atoms absorbing photons is lower when the ionization increases (Gray, 1992).

In our case (remember we are working with thelipel at6302 Angstromk the Fe
| is almost completely ionized: only between the 2% and 5% are Fe | and between the
98% and 95% are in form of Fell. In these conditions, when we increase the temperature
the Fe | will be ionized in Fell so, the population of Fesamnds and the spectral line
will be less deep.

Other effect is the change of theoadeningof the line due to the change of the
thermal velocity of the atoms (Doppler width). When the temperature is higher the
thermal velocity of the atoms increasesgpproportional to the square root of T). But this
effect is too small to be appreciated in the figure, because the dependence of the size of
the line with T introduced by the ionization is clearly dominant.

The other Stokes parameters change only whemumber of photons increase or
diminish. As an example, we can evaluate the amount of right or left circular polarized
light, I and | respectively. As V =I- ljand | = | + |, we can evaluat® —andO
—. Doing that wecan see that these profiles are equal to half of stokess it & shifted

to the right (ordeft) by an amount that depends only on the magnetic fieldl;Band [)
changes with temperatures in the same way that | does.

0.8 N ’///

0.7

- Ir +300K
— 1l +300K

021 — Ir +1000K
1l +1000K

-200 -100 0 100 200 300

Figure 6. Right and left polarization{&nd [) at 300 K and 1000 K
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2.2 MAGNETIC FIELD STRENGTH.
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Figure 7. Stokes profile normalized with the continuum intensity Ic with magnetic field strength between 0 and 3000 G.

Now, in this section we are going to keep the temperature, the inclination and
azimuth of the magnetic field constant and to vary the magneticdieddgth We are
going to study the effect of magnetic field intensity in an interval between 0 and 3000. In
this range,we can distinguish two regimes, a strong magnetic field regime (lower than
1200 G) and a strong field regime to fields strengths of 2000 and 3000 G in our study.

In Solar Physics, the term strong field approximation it is used when the tk® pea
of Stokes V are clearly separated, i.e., when the distance between both peaks is clearly
larger than the width of each component. In this case it is possible to obtain the magnetic
field directly measuring the distance between peaks (see for instaxc208R). In the
other hand, the weak field approximation consists on a series expansion of I+Wand |
as a function of the Zeeman splitting (see for instance Stenflo, 1985). This approximation
is valid when the Zeeman splitting (eq. 7) is very smallgamd with the Doppler width
of the line. In this case we can retain only the first term in the Taylor expansion of I1+V
and FV. Following the work of Stenflo we define the amount of right and left circular

polarized light asO —andO — also, if the field is homogenous eq. 7 is vailid
and we define these components as:

Q -0 w_ (12)
So, the V component can be written as:

® -(0. w_ 0O (13)

= = v =

And if we do aTaylor expansion in function of the Zeeman splitting we obtain:

14



- - . (14)

T Jy.—y —JYT E

We can conclude that V is proportional to the Zeeman splitting times the derivative
of | with respect tq..

This is to ay, in the weak field approximation, the peaks of Stokes V are always in
the same position and its size increases linearly with the field. This fact it is used to have
a measurement of the magnetic field, simply by calibrating the Stokes V size (tfs is th
rationale behind the magnetogram technique). It is important to clarify that the
weak/strong field approximations are valid depending on the ratio between the Zeeman

splitting and the Doppler width. This ratio depends—a&, i.e., for a given B the weak

field approximation will be valid for lines with a very small Landé factor, g, and for small
wavelength, lambda. On the other hand, the strong field regime will be easily reached for
larger wavelengths (fanstance in the infrared region of the spectrum).

Now, we are going tatart the analysis @tokes profilesWhen the magnetic field
Bis 0G, the linesV, U andQare null, asve can see in black in figure As a consequence
of the Zeeman effect, nemull Stokes profiles will appear in presence of a magnetic field,
B.

As we said before, &vcan distinguish two regimes in the behavior of Stokes profiles
with B. First a weak field regimeZlower than 1200 G). Thiecomponent does not show
any change inhis first interval and the profileB, tand Qappear.

The circular profile,V, increases its height when the magnetic field intensity is
increased. In this regime of weak magnetic field, the height of the peaks in this profile is
linearly proportional tahe field intensity 5. Both QandUgrow quadratically with B for
small magnetic field strengthgsee for instance Landi Deglinnocenti & Landi
Degl'Innocenti, 1973 or Landi Degl'Innocenti, 1994). Terofiles changes its shape
from two to one lobe. Lstly, the Qcomponent has three peaks and their shape has no
change with the field. They only increase their height (atsthe regime of strong
magnetic field).

The strong field regime in our study includes the 2000 and 3000 G cases, In Stokes
| it is possible to distinguish the formation of the twiacomponents and the central
component (remember: circular and linear polarized, respectively) with 3000 G, while for
2000 G these components start to be distinguished. Th& temponents can also be
observed in theJ profile for these fields, the @ular components are clearer but the
central peak associated to the linear component does not change.
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Figure8The profiles | and U at 3000 G.

If we study thebehavior of Stoked”when we change the magnetic field the
regimen of strong magnetield, we can see thatvenmagnetic field sengthis higher
than 2000 Gsee figure 9)the two peaks of th¥ start to separate and other two lower
peaks appean the center of the profile

— 3000¢G
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—1000 -500 0 500 1000 1500
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Figure 9 Profile V at 3000 G ith the two peaks secondary peaks

2.3 INCLINATION .

Now, it is the turn to study the changes of the Stokes profiles when the inclination of
the magnetic field is changed. We are going to work with the base temperature in the
VALC model, an intensity of 500 G and an azimuth of 0°.
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Figure 8. Stokes profiles normalized to the continu

Starting with the profile |, we do not observe significant variations when we change
the magnetic field inclination.

In the case of the profile V, the line is null wien w1t @ X.1f we look at the
expressions for the absorption matrix in the RTE (eq. 10 and 11) the elémeants
— are always zero, and in this case the eleméntand — are also zero. So, the
absorption matrix takes the form:

- - T T
v—  — 'r[ T 6y
) A ~ (15)
VU % o - 0 B
, U T =
(o (0

It is easy to see in the RTE (eq. 9) that the compoWenthe Stokes vector will be
zeroin this case.

Whent  mi @ the V line is maximum’ and— are zero and and— are
maximum. The absorption matrix has this form:

. Tt - Tt
U ”
Tt Tt

(16)

As” and- are maximum the component V in the Stokes vector lvél also
maximum.

For other inclination angles we find an intermediate behavior. Moreover, as the
elements of the matrix depend on the cosine and the square of the sine of inclination the
line with 120° will be symmetric to the 240° one, for example,artisymmetric to the
lines with a relation of 180° (in the plot we observe that the line of 30° is antisymmetric
to the line of 240°).
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The next step is to analyze theeomponent. As we have already seen, with angle of
azimuth? Tttfixed,the” and- are alwayszera So, we can only observe lines in the
Uprofile due to the elements of crosstalk with the compongatsd @ ” and” . This
happens in the intermediate angles (30°, 60°, 120°, 240°) withriimeetsies which we
have already commented.

Finally, in thecase ofQprofile we observe that the it is maximum when the
elements’ and— are maximum, i.ef wMI=@Q X3tin this case the absorption
marix takes the form of the eq. 1% the ame way, these profiles are null with
nti @ Y.1The absorption ntex becomes like that of eq. Bhd thus, the Q component
must bezera
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Figure 9. Stokes profiles normalized to the continuum intensity Ic with various values of Azimeit.

In this section, in analogy with the previous one, we are going to keep the initial
temperature othe model constant, a magnetic field intensity of 500 G and an inclination
of 45°,

Stokes/ does not suffer any change when we vary the azimuth. In the p¥file
cannot observe any change with the azimuth, either. We can explain this if we look at the
elements and— of t he absorption matrix, they only

Th next step is to analyze tliéand Qcomponent in the extreme cases. If we look at
the eqg. 9 the dependence with the dei mut h i
angles that make 0 or 1 the sine and the cosine.
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When ¢ = 45U or 135U, sin26 = 1 and cos?2gc

and” are maximum and; and” are null. The absorption matrix takes the form:

5 mn - (17

As the terms- and” are null, theQprofile will be minimum. It is not null because
in this case the elements and” are not Oand, in consequence, introduce crosstalk
betweelVand Qanr/or U, i.e., along the atmosphere, a fraction of the circular polarized
radiation it is transformed to linear polarized one This phenomenon it is known as Faraday
rotation. In the case of the prigfil, the elements and” are maximum and we could
expect that the profile is also maximum but, if we study the plot we can observe that the
line of 30° is a bit higher than the line of 45°. A reason for this is that with 30° all the
elements of the absorption & are different to 0, and the sum of all the crosstalk
elements is higher than the maximum value-ofand”

In the opposite case, when 6 =0U-0or 900U
and” arezeroand— and” are maximum. In this situation, the absorption matrix is:

My — - ey
’ a8

o
Now, the profileQis maximum because elemertsand” are also marmum. In
the profileUthe lines of 0° and 90° are minimum but retodue to the crosstalk elements
as in the previous example.
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2.5 VELOCITY.
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Figure 10. | profile normalized to the continuum Ic with different velocities of the source bety
5and 5 km/s.

Finally, we are going to study the effect in the profiles of the plasma velocity in the
direction of the obgger. We define the velocity as positive when the source is coming
to the observer and negative when it is moving away.

We can observe that when the velocity is positive the line is the same but displaced to a
greater wavelength, i.e, to the red (this lsmhis phenomena is known as a redshift) and
when the velocity is negative the line is blueshifted, i.e., it is displaced to a lower
wavelength. The effect in the profilé$ Uand Qis the same.

This effect is described by the Doppler Effect, that gugethe change in the wavelength
of a wave when the source and/or the observer are in motion. In this case, we can suppose
that the observer is static and the Doppler Effect can be represented as:

y ) (19

=

= T w
Where_ is the wavelength we are observing, v the-tifisight component of the source

(the photosphere surface in our case), and c the speed of light.
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3. SUNSPOT STUDY WITH DATA FROM HINODE.

Estudiamos los datos obteosl por el satélite japonés Hinode de una reg
activa de la fotosfera con una mancha solar de gran tamafio. La informacioén ob
en el capitulo anterior sobre a variacion de los perfiles de Stokes frente a dife
valores de temperatura, de intengiglanclinacion y azimut del campo magnético y
velocidad en la linea de vision del plasma nos servira para identificar algunas |
caracteristicas tanto de la mancha solar como de la granulacion en el Sol en «
De esta forma los perfiles de Stokédtenidos por Hinode nos permitir&@structuras
interesantes comta existencia de un campo magnético de gran intensidad e
regiones de la umbra o que la granulacion es una manifestacion de movimier
conveccién bajo la superficie de la fotosfera.

Figure 11. Representation of the normalized intensity (I/Ic)
the sunspot

In this chapter, we are going to use data taken withsieetropolarimete6P
on board of the japanesatellite HINODE (Lites et al. 2001; Kosugi et al. 2007).
The observed region includes the active region NOAA 10953 which, during the
observations (207 Apr . 30) , was at an average hel.
very close to the disk center. This active region has recently been analyzed by
Ruiz Cobo and Asensio Ramos (2013). The region was scanregapioximately 1000
steps, with astep widthof 0."148 and a slit width of 0."158, recording the full Stokes

vectorof t he pair of the neutral iron |l ines a°
mA. The spatial resolution waspproximately0."32. The integration time was 4.8 s,
resultinginan pprax i mat e noi se3 | evel of 1.2 110

In the upper image, we observe a representation of the intensity information given
by this data
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Figure 12. On the right are represented the | profilesmalized to the continuum Ic for different positions. On the
these positions are labelled: A and B correspond to quiet Sun regions; C to the umbra; and E and D to the penumbra

In the first place, we look at the | profiles forming in different zones of the sunspot
region. In the figureld the chosn zones and the resulting ds are shown. Ifve
approximate the Sun like a black body, for a given wavelength the intensity will be higher
when the temperature is also higher. Using #igproach,we can determine the
temperature of the different zones.

When we compare the point A, representative of granules, with the point B, the
intergranule, we observe that the continuum is higher in A than in B. According to the
black body assumption, this means that the temperature is higher in the granule and coole
in the granule. This result is in accordance with the theory of the granulation seen in
section 1.1, the granules are sections of hot plasma moving upwards and the intergranule
harbors cooled downwargsoving plasma. The level of the continuum shows this
difference of temperatures.
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Figure 13. Stoked profiles from the two poirgtin a quiet Sun region. We ¢
observe a shift in wavelength due to the different velocity of thedfrgght
velocity.
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