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Summary

“No es perfecta, mas se acerca a lo que yo.. . simplemefié’ so
(El Breve EspaciopPablo Milanés

Sunspots, the most prominent manifestation of the solametzgn, are fascinating
research subjects. Especially sunspot penumbrae, withhigg structuring, have at-
tracted much attention from which ample observational deretical scientific work
has originated. Recent observations with improved sokirumentation have revealed
that sunspot penumbrae possess much finer structures tednought a few decades ago.
Thus, we are still at the beginning of understanding penamlith their still enigmatic
intensity pattern, their magnetic field structures, andosic processes which cause the
structuring and the Evershed flow (Evershed 1909).

This Thesis work is based on two-dimensional high-spaéablution spectropolari-
metric observations of sunspot penumbrae. They were aatamApril 2002 and May
2003 with the “Gottingen” Fabry-Pérot spectrometer & Wacuum Tower Telescope at
the Observatorio del Teide (Tenerife). Speckle method®aeplied for image recon-
struction which resulted in a spatial resolution 65 @h the magnetograms of the penum-
brae. Stoked andV profiles of the Fel 6149A line, which exhibits no instrumental
Stokes@)/U — V crosstalk, and of the Reline pair at 6302, have been analysed.
From the analysis of intensity maps corresponding to aifieatmospheric layers it has
been found that, on scales larger thdB,dhe intensity pattern of penumbrae stays the
same in the continuum and core images of the 6381iBe, which stem from 0 km and
300km (abover = 1), respectively. Yet at scales of ®and smaller the pattern in the
two spectral features it is found to be different.

From the comparison of velocity and intensity maps, one @mtbat in the limb
side of sunspots the Evershed flow is carried by dark filamemdson the centre side by
bright features and their somewhat weakened tails. Thideaexplain in terms of the
picture in which the velocity of hot rising gas is best seeth@ncentre side, while on the
limb side the horizontal outward and possibly downward flanessseen when the gas has
cooled down.

Strong line-of-sight components of the magnetic fields aefound in bright fila-
ments but in dark structures, somewhat displaced from tHeedbparts. Their positions
do not coincide with those of the strongest velocity fields.géneral, these results are
compatible with the picture of low lying flow channels coitent with the horizontal
magnetic field, or possibly emerging and diving down into-plibtospheric layers, like
a “sea serpent”.



Summary

To complete the analysis on the penumbral fine-structuneyai@ modelling has
been performed. The aim has been to synthesise Stokes pnofiieh account for the
asymmetries of the observed profiles. For that purpose, @ncahcode was developed
from existing ones to solve the one-dimensional radiataedfer problem. The assumed
penumbral model contains two atmospheric components stiaxiin the same resolu-
tion element. It has been possible to rule out “cool upflowsaa appropriate scenario
of the penumbral structure. Moreover, synthetic profilesegated from the assumption
of hot upflows have lead to the simulation of observed profil@s prenumbral grains.
This would mean that the grains do indeed carry hot mategitthé photosphere in up-
flows. However, strongly asymmetric profiles are not eagifroducible with the consid-
ered model.

Some further dynamic phenomena are discussed along thgses, pghich demon-
strate the richness of processes in penumbrae, and reveqlected properties.



1 Introduction

1.1 Sunspots

Sunspots are known since ancient times (Wittman & Xu 198fgyTare observable with
naked eye e.g. during the dawn and the sunset or through aatangphere. They ap-
pear as dark spots on the solar surface. It was not until theithe first telescopes by
Galileo Galilei and others in the early 17th century that @éiswdiscovered that sunspots
indeed represented solar structures and that the Sungothitesunspots a dark umbra
and a less dark halo, the penumbra, could be distinguishede Man one century after,
in 1769, Alexander Wilson observed on sunspots near the kolla that the side of the
sunspot closer to the disc centre decreased in size urgbpearing while the sunspot
was approaching the limb. Nowadays it is known that the $led&Vilson depressiors
due to decreased densities caused by the magnetic pressui@ the lower opacities in
the sunspot photosphere which makes it appearing deegerasgipect to the quiet-Sun
photosphere by some 400-800 km (Gokhale & Zwaan 1972).

During the 19th century works by Schwabe, Carrington andf\Waohong others,
demonstrated the existence of the solar cycle of about 1k ydaring which the helio-
graphic latitude of the appearance of sunspots decreasestomically, while the number
of sunspots increases reaching its maximum at the middleeofycle before decreasing
until the minimum of activity at the end of the cycle, when Hwar disc can be observed
without any single sunspot. Sunspots are mainly restricigde activity belts extended
to heliographic latitudes of about 4@n each side of the equator. This behaviour can
be explained by models in which active regions are the emesggef large magnetic flux
tubes through the solar surface where they are split intoyraaraller tubes, the larger of
which constitute sunspots (e.g. Zwaan 1978), the most premhiexample of solar flux
tubes on the Sun. Today it is widely accepted that the magfietds are generated in
the solar interior by a dynamo mechanism driven by diffae¢motation and convection
(Charbonneau, 2005).

The first step to know about the physical nature of sunspossmade by G. E. Hale
who, in 1908, measured magnetic fields from spectroscomerohations of the Zeeman
effect in spectral lines. Since then, magnetic fields arevnto be the main cause of
sunspots and the key for the development of physical modimpting to explain the
structure of sunspots and their evolution. The main gelyeaatepted assumption was
that magnetic fields inhibit, at least partially, the cortixextransport of energy and there-
fore sunspots appear cool and dark (Biermann 1941).



1 Introduction

1.2 Sunspots: General properties

Sunspots, as seen in white light, show a central dark umbrehwhdiates about 20%
of the energy flux of the quiet Sun, surrounded by the penurditating 80% of the
energy flux of the quiet Sun. In terms of temperature, the arhas an effective temper-
ature ofT,.x ~ 3900 K and the penumbrB s ~ 5400 K (the effective temperature of the
quite Sun photosphere is 5780 K). The lower temperaturestmereted to be caused by
the inhibition of convective energy transport by the magni¢lds. Average magnetic
field strengths in a sunspot at photospheric level are foandty from umbral values
of 1800-3700 Gauss (Livingston 2002) to 700—-1000 Gausseabuker penumbra. The
strongest field associated with the darkest part of the umlaiso close to vertical while
at the outer boundary of the sunspot is inclined by 70-8the magnetic field strength
also decreases with height. Chromospheric observatiave #tat the magnetic field ex-
tends beyond the sunspot limit, as outlined in white-lighages, forming a “canopy”
(Giovanelli & Jones 1982). The base of this canopy is almosizbntal and is located
in high photospheric layers. It has been detected in obBengwith photospheric spec-
tral lines (Solankiet al. 1992, Liteset al. 1993). Observations also suggest that in the
upper chromospheric to lower coronal layers, the maximufd 8&ength at the centre
of regular sunspots still has values of 1000-1800 Gauss.edder, sunspots appear to
be the photospheric counterpart of the footpoints of mageetonal loops which, when
disturbed and interacting with other coronal loops, geeditares and coronal mass ejec-
tions. These observed properties of sunspots supporteébedtical concept that sunspots
as seen in white light are the intersections of the solaiasartvith large magnetic flux
tubes emerging from the solar interior into the atmosphsra manifestation of the so-
lar dynamo. The structure of sunspots beneath the photosphstill unclear in detalil,
mainly because of our lack in understanding the relevantneiagconvective processes
(see the reviews of Weiss 1997, Weiss 2002, Jahn 1997, aadhasrecent work by
Schussler & Rempel, 2005). The sub-photospheric strecsuaccessible observationally
by local (time-distance) helioseismology (e.g., Lindseg&un 1998).

The size of sunspots varies from 3 500 km of diameter, forithalest sunspots (Bray
& Loughhead 1964), to 60 000 km for large sunspots. Aboutitifes, the time scale of
formation of a sunspot is from a few hours to several days,taey can live from some
hours to months.

We refer to reviews by Wiehr (1999), Schlichenmaier (20&@8)anki (2003) and Bel-
lot Rubio (2004) which contain many relevant references.

1.3 Penumbral fine-structure

Penumbrae, as seen in continuum images, are formed by a fisi@ntary structure
of alternating bright and dark fibrils with the bright fibrishowing point-like heads or
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1.3 Penumbral fine-structure

penumbral graingsee Figl.T1). In any case, ‘dark’ and ‘bright’ only has losignifi-
cance, since bright features in one part of a penumbra magerdthan the dark struc-
tures in another part. Scharmetral. (2002) and Rouppe van der Voat al. (2004)
have presented finest broad-band observations from the wedi§h 1 m solar telescope
in La Palma. After image reconstruction, penumbral filareeaaitthe diffraction limit

of 0’1 show the newly detected “dark cores”. Sitterlin (200Inatedes from G-band
speckle-reconstructed images that 250 km should be a typreafor the penumbral fine
structure. Scharmest al. (2002) measure a width of the penumbral filaments of 150—
180 km claiming that the penumbral filaments have thus besoived.

Figure 1.1:Broad-band image of sunspots NOAA 0875 at heliocentriceadgl. Observation
with the Vacuum Tower Telescope at Observatorio del Teiéaéfife) on April 26, 2006, image
size94” x 83" (courtesy of B. Sanchez-Andrade Nufio, K. G. PuschmannBlahco Rodriguez).

Penumbral filaments live from 10 min to 4 hours, and penumdmahs from 20 min
to one hour. Following the temporal evolution of penumbi@ss can observe that the
penumbral grains move radially inward in the inner penumiataile outward motions
of structures are seen in the outer penumbra (Denker 199®t0 & Sutterlin 2001).

11



1 Introduction

The observed inward motions oftensity structuresn the inner penumbra must not be
associated with mass motions since flow velocities are avaaected outward in the
penumbra, as will be described below.

Small-scale structures are also found at chromosphemghtsialthough larger scales
tend to dominate. These structures often appear in the-papemmbra visible in H line
core observations. The fibrils seen iavldre associated with inflow material, the inverse
Evershed effect (see below, Moore & Rabin 1985, Bray & Lowegth1964).

1.4 Penumbral dynamics: The Evershed effect

The strong dynamics shown by sunspot penumbrae at photospghwe! is known as the

Evershed effect (Evershed 1909). It is characterised byeshift of photospheric spec-
tral lines in the centre side penumbra (part of the penunibsgecto the solar disc centre)
and a corresponding redshift in the limb side penumbra @fdtte penumbra farer from
the solar disc centre). Often, the shifts in wavelength asempanied by line asymme-
tries. These line shifts and asymmetries in the lines irsdgom the inner to the outer
penumbra. The Evershed effect is dependent on height ingharpbral atmosphere.
In the photosphere the line shifts decrease rapidly witghiteiBorner & Kneer 1992,

Rouppe van der Voort 2002). Above the temperature minimima line shifts change
sign, i.e. redshits are observed in the centre-side perauama blueshifts in the limb-side
penumbra. This is the so-call@d/erse Evershed effecAlso the Evershed effect is bet-
ter seen in sunspots off disc centre. Thus, the Evershect éffenterpreted as a radial
outflow of material from the inner penumbra to the outer peloranat photospheric level,
and an inflow with larger velocity in the chromosphere. Yetthmass flux associated with
the inverse Evershed effect is only a few percent of the gpdteric Evershed flow, due
to the lower gas density in the chromosphere.

Attempts to find a correlation of the Evershed effect with pemumbral structures
at small scales has lead to controversial results. Someisutind that the Evershed
flows correlate with dark filaments (e.g. Schroter 1965,Kex 1968, Stellmacher &
Wiehr 1971, Wiehret al. 1984, Titleet al. 1993, Rimmele 1995, Rouppe van der
Voort 2002). Other authors do not find a significant spatiatedation (Liteset al. 1990,
Hirzberger & Kneer 2001). Degenhardt & Wiehr (1994) and Rieter(1995) find a good
anti-correlation between velocity and brightness whely tmmpare these magnitudes
at similar atmospheric levels. Similarly, no obvious ctatien between brightness and
magnetic field strength and field inclination can be esthblis

When the Evershed effect is considered to be caused by theoflamaterial, one
possible explanation of the driving mechanism is given lgysiphon flow modelsrig-
inally proposed by Meyer & Schmidt (1968) and developed byniMeinos & Thomas
(1993, 1997). The siphon flow assumes that the mass flow isrdnvflux tubes along
the magnetic field lines, by the difference in gas pressutbeif footpoints. Such pres-
sure imbalance is caused by the difference in magnetic fistthgth at the footpoints at

12



1.5 The penumbral magnetic fine structure

the same geometric height. Thus, if one of the footpointsaatied in the penumbra with
some field strength of 1000 Gauss and the second in a smallehagtement outside

the sunspot with concentrated magnetic flux with field stiiero 1100—-1500 Gauss, the
material would be driven by the higher pressure in the pemarbtwards to the exter-
nal magnetic element. In the case that the footpoint weratéacnot in the penumbra
but in the umbra with a magnetic field strength of 2500 Gaus=) the material would

be driven inwards from the external magnetic flux conceiutngiinverse Evershed flow).

This model can explain the wavelength shifts of the spetitrat but it has some diffi-

culties to explain the observed asymmetries. In additibis, mot yet established from
observations that, at the same geometrical height, thedisddgth in the inner penumbra
is lower than in the outside magnetic flux elements.

Studying the dynamical properties of thin flux tubes wittia penumbra, Schlichen-
maieret al. (1998) presented numerical simulations of the evolutioa diin flux tube
embedded in a two-dimensional background model. The tuingtieslly lying along the
sub-atmospheric magnetopause, which separates the penénmim the non-magnetic
quiet Sun. The tube is radiatively heated by the underlyiotheln quiet Sun, it becomes
buoyant, and due to the high inclination of the magnetopaiterespect to the vertical,
the buoyancy forces overcome the stabilising magnetie®end the tube starts to rise
from sub-photospheric layers. In the photosphere, the flavdb into horizontal direction
and continues radially outwards. Since the radiative heztiange is very efficient in the
photosphere, the plasma flow cools down. The effect of thidimg means a reduction
of the gas pressure in the tube and hence a gas pressurengi@digg the tube which
accelerates the plasma outwards (the syphon mechanismpgDhe emergence of the
tube through the sub-photospheric penumbra, the footpbitite tube migrates towards
the umbra reproducing the observed inward motions of theménal grains. Schlichen-
maier (2003) has presented new simulation results in whiehtube is considered to
be not horizontal but a wave along the photospheric part®tibe, resembling a “sea
serpent” which merges and submerges in the photospherepessented in a snapshot
in Fig.[L.2. Thus, the model does also account for the obdesuéwvard motion of the
penumbral structures in the outer penumbra.

1.5 The penumbral magnetic fine structure

Penumbrae show also a filamentary structure when seen ingealdight, from visible
and infrared lines (see Bellot Rubio 2004). With increasiegplution such filamentary
structure becomes narrower, indicating that magnetic finetsire has not yet been re-
solved. To characterise the sunspot magnetism, many aghaty thenet circular polar-
isation, NCP= [ V/(\) d\, which accounts for the degree of asymmetry of the circular-
polarisation profiles. Sanchez Almeida & Lites (1992) fduhat the amount of NCP of
visible lines emerging from the penumbra is so large, thatignts in velocity as well
as gradients in magnetic field inclination have to be presetite penumbral structure to
account for it.
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1 Introduction
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Figure 1.2:The evolution of a thin magnetic flux tube. Snapshots of the twith its diameter
magnified by a factor of 4, are shown every 1000 s. Initialig, tube lies along the magnetopause,
is heated by the hotter quiet Sun, and rises through the pamausaich that its footpoint migrates
inwards. The gray coding represents temperature. The bladkvhite arrows correspond to the
flow velocity along the tube. The = 1 level of the quiet Sun and the penumbra with a Wilson
depression of 150 km are marked with horizontal lifeem Schlichenmaier (2003).

1.6 Penumbral atmospheric models

Several penumbral models have been proposed and developied # account for the
penumbral fine-structure. Del Toro Iniestaal. (1994) have inverted 801 profiles of
the Fel 5576A line to derive the temperature stratification at each sblatiation. They
have created a model of the average penumbral temperatatdicsition by combining
the temperatures of 411 of their models. Rouppe van der @06@2) constructed three
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1.7 Aim and outline of this work

models to represent cool, hot and intermediate structarései penumbra. He discusses
the difference in stratification between the disc- and lside penumbra, with the former
being slightly hotter.

Solanki & Montavon (1993) proposed thmcombed penumbral modgéle. a three
layered model consisting of horizontal flow channels (ar&yer) embedded in an in-
clined magnetic field (lower and upper layers). Forward nlodghas been used to
successfully reproduce the center-to-limb variation @& MCP in penumbrae (Solanki
& Montavon 1993, Martinez Pillet 2000), and to explain tlaglial dependence of the
amplitude asymmetry of Stokds profiles (Schlichenmaier & Collados 2002) and the
azimuthal variation of NCP within the penumbra (Schlichamenet al. 2002, Mulleret
al. 2002).

Recently, Spruit & Scharmer (2006) proposed a new modelferpenumbral fine
structure as an extension of models proposed for umbral ddts model, the “gappy
penumbra”, possesses field-free convective, radial gapkeirsub-atmospheric layers
with their cusps intruding into the visible layers. The miodecounts for the energy
supply needed to balance the radiative losses from pen@mhralso aims at explaining
the origin of the dark cores as the top of the cusps where titedpacity makes them to
appear dark between the bright filaments, i.e. the hot wallseoconvective layers. This
model does not deal with dynamics of sunspot penumbrae.

1.7 Aim and outline of this work

After one century of investigations since the first obseovet! evidences of their mag-
netic and dynamic nature were found, sunspot penumbraanetibenigmatic. We still
do not understand in detail the origin of their formation wrgs and their stable struc-
turing at small-scales where magnetic fields and mass flom seeoexist. As pointed
out by Bellot Rubio (2004), the penumbra can be understoadcadiection of small flux
tubes embedded in a magnetic background atmosphere amdishgrowing evidence
that, even at high spatial resolution of current spectrpcobservations, the tubes are
still unresolved horizontally.

Therefore, the key for the study of the penumbral dynamicsmaagnetic fields con-
sists in spectropolarimetry at high spatial resolution.n&ed to obtain and to analyse the
information carried by suitable spectral lines, we need &asure and interpret the po-
larised radiation from the penumbra. In this respect, tlugkvaims at contributing to the
understanding of the penumbra at small-scales from theysisadf spectropolarimetric
observations with spatial resolution better thdh.0

In the following pages, the concepts and mathematical ftatimns commonly used
in spectropolarimetry as well as an introduction to the atde transfer in magnetised
atmospheres are reviewed along Chddter 2. Chidpter 3 isatktotthe description of
two-dimensional spectropolarimetric observations, i deduction and the reconstruc-
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1 Introduction

tion of the two-dimensional filtergrams. The reconstruttomrrects the images for the
degradation caused by the terrestrial atmosphere leaalihg tachievement of the above-
mentioned high angular resolution. Next, in Chapler 4, thadyesis of the data from the
calculation of magnetograms and velocity maps from difiemeethods and the results ex-
tracted from them are described. Chaflier5 contains theegaestial step following the
data analysis, the synthesis of spectral lines by solviegatiative transfer equation for a
penumbral atmospheric model containing a background arteteded inhomogeneities.
The final Chaptdrl6 concludes this Thesis and gives an outlook

16



2 Introduction to spectropolarimetry

2.1 Zeeman effect

P. Zeeman discovered in 1896 that, in the presence of a mad@eéd, spectral lines are
split into several polarised components. This Zeeman effevides also information
about the magnetic fields on the Sun. It was used by G.E. Hadl@08 to detect strong
magnetic fields in sunsp(ﬂ.

The origin of the phenomenon can be explained when analysafyeaction” of atoms
exposed to a magnetic field. For that purpose it is sufficierdansider theRussell-
Saunders or LS coupling approximation (which only takes into account the electro-
static interaction of the electrons). In this case, the gwanmumbersL, S, J, M de-
fine the state of an atomL is the quantum number for the total orbital angular mo-
mentum of the electronsy for the total spin angular momentuni,for the total angu-
lar momentum { = L + S) and M is the magnetic quantum number taking values of
—J,—J+1,...,J — 1, J. The state of an atom is usually written’as' Z ; and for given

L andS there arg2L + 1) x (25 + 1) possible states.

In the absence of magnetic field, the energy of the state datedepend onV/. In the
presence of a weak magnetic field (weak in the sense that ebamigjch it produces in
the energy of the state are small compared to the energyetffe of the levels), the
increment of energy of the state is given by

ehB

4mrmec

0E = gM (2.1)
wherem, ande are the mass and charge of the electfotine Planck constant,the speed
of light, B the magnetic field strength agdhe Landé factor defined by

S(S+1)—L(L+1)
2J(J +1)

When a transition occurs from a higher, or upper, energyl léxem now on denoted by
subindexu) to a lower energy level (denoted by subindgxa photon isemitted, and
a photon isabsorbed when the transition goes from the lower energy level to theeup
energy level. In both cases the energy of the emitted or Bbdgshoton is

(2.2)

3.
9=73

lIn the astrophysical literature, the Gauss system of usitgidely in use. Besides, in the solar atmo-
sphere H = B, and throughout this thesi8 is measured in Gauss, whele! Gauss = 1 T (Tesla).

17



2 Introduction to spectropolarimetry

AE = AE, — P
47

(9:M; — guM.,) (2.3)

meC

whereA Ej is the energy difference between the upper and the loweriletiee absence

of magnetic field, and,, g, andM;, M, are the Landé factors and the magnetic numbers
of the lower and upper states, respectively. The waveleshift of the photon with
respect to the un-shifte}, (not affected byB) is given by

\o’eB
A= hy = 20 €

 dam.c? <glMl B guMU) = )\B(glMl - guMu> . (24)

We denote\p = A\2eB/4mm.c* as the Zeeman splitting and inserting the values for the
constants, with\z and )\ in A and B in Gauss we have

Ap =4.67x 1078\ B. (2.5)

The selection rules for electric dipole transitions whigplg for the “allowed” spectral
lines areAL =0, +1, AS =0, AJ =0, +1 (except forJ,=J;,=0) andAM =0, +1.

It is then possible to distinguish three components of atspldne in the presence of a
magnetic field according to the values®fi/:

e Transitions withA M/ = 0 produce ther-components or linearly polarised compo-
nents of the light.

e Transitions withAM = +1, i.e. M, = M, + 1, produce the+oc-components or
circularly polarised components in the plane perpendidaldhe direction of the
linear polarisation of the-components.

e Transitions withAM = —1, i.e. M, = M, — 1, produce the—o-components or
circularly polarised components opposite to the-components.

Summarising, in the absence of magnetic field, all compa@dedcribed above are at the
same wavelength\(), and if all the atomic leveld/ are equally populated (as in Local
Thermodynamical Equilibrium, LTE), the different statépolarisation are compensated
and there is no polarisation. However, in the presence ofgnete field, the degeneracy
of the states with different quantum numb¥ris broken, and the ando components
occur at different wavelengths, as depicted schematicalyg.[Z1. It is then possible to
observe the states of polarisation of the various compsnent

Denoting the +o-component by, (for blue) and the—o-component by, (for red),
the displacement of each component is given by:

A)\w = Ml(gl - gu) >‘B
A)\Ub = [Ml(gl - gu) - gu] )‘B (26)
AXg, = [Mi(g1 — gu) + 9u] X5 -

The Zeeman effect was discovered before the developmeheajuantum theory and,
therefore, its origin was initially explained through daselectrodynamics which only
could account for the Zeeman patterns with one centredmponent and two displaced
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2.1 Zeeman effect

B=0 B=0
y Y Mu=+1
Ju=1 —— Y Mu=0
y Mu=-1
J=0 —m—m— M =0
o, m O

Figure 2.1:Schema of energy levels for a Zeeman triplet: one un-shiftedmponent (green)
and two shiftedr-components (blue and red).

o-components, today still denoted by “normal” Zeeman eff€@atcasionally, it is useful

to approximate the pattern of a Zeeman multiplet by a “notrdaleman triplet. For
that purpose, the,, 0, andw components are substituted by averages in intensity and
displacements of the individual components. The averag@atiements are zero for the
m-components due to the symmetry of the Zeeman pattern arnldeoro-components it
follows

AX(to) = FGet AB (2.7)

or in absolute value and substituting,
Alp = 4.67 x 107 )\2Bgeg (2.8)

where theeffective Lané factorg.g is introduced as

g = (00 = ) + 300 = ) [JulJu+ 1) = A+ ). 29)

4
It accounts for the magnetic sensitivity of a spectral lithez higher the value gf.¢, the
higher the response of the line to the magnetic field effélitss expression is also valid
beyond the approximation &fS coupling but then empirical values fars are needed.

Longitudinal Zeeman effect. When the magnetic fiel® is parallel to the line of sight
(LOS), the observer sees only thecomponents which are circularly polarised in both,
the clockwise and counterclockwise sense. In the case «fsawni, the light travelling
into the direction ofB is left-circularly polarised (seen from the observer) foe blue
o-component and right-circularly polarised for the redomponent, as sketched in the
left part of FiglZ2. In the case of absorption the polaiisattates are reversed. The
right part of FiglZ.P depicts the Stokésand V" profiles for the case of absorption. By
convention, positivé” means right-circularly polarised light (see Secl 2.2 fer $tokes
parameters).
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2 Introduction to spectropolarimetry

Longitudinal Zeeman effect \

f— Stokes |
Y
0 s

\w B _/ | \ Stokes V

|
Ao +A7\.Gb Mo Ao +A7\.Gr

Figure 2.2:Schema of théongitudinal Zeeman effect.

Transverse Zeeman effectin the case wheiB points in the direction perpendicular to
the line of sight, the observer sees theomponents and the.components (Fif.2.3). In
emission, ther-component(s) is (are) linearly polarised parallel to theation of B and
the o-components show light linearly polarised perpendicwaBt i.e. the projection of
the circularly polarised light into the direction of the elpger. In absorption, the oscillat-
ing electrons reduce, i.e. take out linearly polarisedtliginus, the (partial) polarisation
is reversed compared to the case of emission as sketched aiglt part of FiglZI3.
Again by convention, positive) means horizontal linearly polarised light.

Transverse Zeeman effect Stokes |
I | |
Op | |Cr

b

H | |
NN
G > VEAW Stokes Q
Gy TR
|

| |
hM+Ahg, Ao ho+AAg,

Figure 2.3:Schema ofransverse Zeeman effect.

When, in the most general cad8,is pointing in some arbitrary direction, the projection
along the line of sight of the ando components will be seen. This effects will be treated
again in the next section when introducing the Stokes paems® understand the mag-

netic field information which can be inferred from the palaeiric observational data.
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2.2 Stokes parameters

2.2 Stokes parameters

Let us consider the representation of electromagneti@atiadi in terms of a monochro-
matic plane wave propagating in thalirection. The electric vector can be then charac-
terised by

E. = E, cos(wt + kz), E,=E, cos(wt+kz+¢), E,=0, (2.10)

where E, and E, are the amplitudes) the difference of phase between the two com-
ponents of the electric field. The Stokes parameters intedilby Sir George Stokes in
1852, are defined by

[:E§+E§, U=2FE,E, cos¢,
Q=E;-E., V =2E,E, sing.

In practice, natural light is never perfectly monochromalti we consider now a beam of

small enough bandwidth it can be treated as a wave packehidrcdse, the Stokes pa-
rameters are defined as averages of the superposition otigandependent plane waves
forming the wave packet. Hence, we can write

I=(El+E), U =2(E,E,cos ),

Q= (E;—-E), V =2(E,E, sing) .

The Stokes vectdr = (I, Q, U, V)T characterises completely the polarisation state of the
radiation:

- I represents the total intensity,
- @@ and U describe the linearly polarised light of the beam and
- V' the circularly polarised radiation

Therefore, when the light is unpolariséd= U = V = 0. At the other extreme, when
the light is completely polarised we havé= Q? + U? + V? and, in the general case of
partial polarisation the degree of polarisation is given by

1/2
p_(@ErU+VE /
=]

2.2.1 Measurements of Stokes parameters

The polarisation of the radiation field under study is causgdhagnetic field in the re-

gions from where the radiation originates. Therefore, mesaments of polarised light

through measurements of the Stokes parameters are the &giraat information about

the orientation and strength of the magnetic fields houséteimagnetic solar structures
under observation.
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2 Introduction to spectropolarimetry

Retarder Polariser

fast axis

acceptance axis

slow axis |

Figure 2.4: Scheme of a polarimeter composed byetarder and alinear polariser The u;
and uy vectors define the plane of the electric field of the incidexttiation. The retarder is
characterised by &astand aslow axis and the angle.. The polariser is characterised by the
acceptancexis and the anglg.

The Stokes vector can be measured in various manners. Fodjaandi degl’lnnocenti
(1992), we can consider a prototype polarimeter by means@ioptical devices: ae-
tarderand apolariser.

An ideal polariseris totally transparent to a radiation whose electric fieldtoevi-
brates along a given axis, the acceptance axis of the palaaisd opaque to electric fields
vibrating in perpendicular direction to this axis. An idealarderis characterised by a
fastand aslow axis and divides the incident ray in two linearly polarisesnponents
along the two axes, dephases one component with respea tihtbr and then reunites
back the two components. Thus, the electric field of the tfastandslow, components
inside the retarder (along is described by

Ef(Z, t) — gf e(kfz—wt)’ ES(Z,t) =g, e(ksz—wt)

wherek; = nf%” andk, = ns%’f andn, > n; the refractive indices along the axis and
A the wavelength in vacuum. Therefore, if the electric fieldhponents of the incident
radiation is given by, = ¢, e~ ! and E, = £, e~ then, at the entrance of the retarder

E; = (g1 cosa + gg sina)e ™", E, = (—&; sina + &5 cosa)e ™! (2.11)

and at the exit of the retarder

E; = (g1 cosa + ey sin oz)e_m, Es = (—¢&1 sina + €5 cos a)ei‘se_m (2.12)
where o]
5= (n, — nf)% (2.13)

is the dephasing term between both componentsiasdhe length of the retarder. A
retarder such that = /2 is called aquarter-wave plateand one such that = = is a
half-wave plate
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2.3 The radiative transfer equation

When the ray crosses the polariser, only the component odldwtric vector along
the acceptance axis is transmitted, that is

E, = {cos(B — a)le; cosa + &5 sina] +sin(f — a)[—¢; sina + 5 cosale® e !
The intensity of the output beam measured by the detector is
[meaiaa 57 5) = < EZ(O[, 67 t) Ea(aa 67 t) >

or introducing the definition of the Stokes parameters

Imead v, 3,9) = %{I + (Q cos 2a + U sin 2«) cos 2 (6 — a)] —
(@ sin 2a+ U cos 2a) sin[2 (3 — «)] cos § +
Visin[2(8 —a)] sin d}.

The measured intensity is thus a linear combination of the &okes parameters of the
input beam. Adequate values®f 3 and¢ allow to determind, @, U andV.

Measurement of circular polarisatioriFor measurements of the StoRéparameter,
a quarter-wave plate (= 90°) is needed. And, for example, keeping the polariser fixed
atg = 0° yields:

1
Imead ) = 5{[ + @ cos2a + U sin 2« cos2ae — V' sin 2ar}

and thus) andV can be measured as

I — _[mea&_45o) + _[mea&45o) 5
V — [mea<_450) - mea<45o) .

2.3 The radiative transfer equation

The study of the radiative transfer in stellar atmosphesedasically, the study of the
interaction between radiation and matter. Following thetext representative of penum-
bral atmospheres, let us concentrate in the descriptioneoétjuations and concepts for
the case of a radiative medium (atmosphere) in the presdnoagnetic fields, and let
us refer to the extensive literature, e.g. Landi degl'lremdc(1992) and del Toro Iniesta
(2003), for a detailed and complete development of the thebiransfer of radiation.

If we initially consider the case of isotropic radiationethmount of energylF,
transported through an areéal, at the location- in a time intervaldt, in the frequency
banddv, into the solid anglel(2 around the directiohis given by

dE, = L,(r,1,t)(I-n)dAdtdvdQ = I,(x,y, 2,0, p,t) cosdAdtdvdQ. (2.14)

Here,n is the normal talA andl is described by polar coordinatés ) with respect
to n. I, is the specific intensityor surface brightness and represents the macroscopic
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2 Introduction to spectropolarimetry

counterpart specifying the energy carried by a bunch oftidalphotons along the beam.
Thus, it is the quantity to use in the formulation of the rég@transfer.

We can extend the concept of specific intensity to the conafepblarised radiation
(anisotropic case) by means of the Stokes vetttafined in the previous section. Then,
theradiative transfer equatio(RTE) describes the variation of the radiation fiélalong
the path through the atmosphesgas a sum of the various effects produced in the inter-
action between radiation and matter and it can be writteolasifs

dI
— = —KI +j, (2.15)
ds

whereK represents thpropagationor absorption matrixand the vectoj characterises

theemissivityprocesses.

2.3.1 The propagation matrix

The propagation matriX accounts for the removal of energy from the electromagnetic
field (propagating light) by matter (atmosphere) by suppiyheat (kinetic energy) to the
material particles. To account quantitatively for this pbeenon one can start analysing
the changes in the refractive index produced by a planereleegnetic wave propagating
within a stellar atmosphere. From this analysis, one findsikhcan be expressed as sum
of three matrices:

n 0 0 0 0 ng nu v 0 0 0 0

| 0O m 0 0 ne 0 0 0 0 0 pv —pu
K=l 0 0 m o lm o 0 ofTlo-pn 0o o
0 0 0 m nv 0 0 0 0 pv —pg O

The diagonal matrix correspond to tabsorption matrix It accounts for absorption phe-
nomena: the Stokes parameters evolve the same way withaogek in the polarisa-
tion state of the light. The second is known @dishroism matrix It accounts for the
different degrees of absorption suffered by the differesiapsed components of the
beam. The third corresponds to tbespersion matrix phase shifts during the propa-
gation ormagneto-optical effectisansform different states of linear polarisation among
themselves and into circular polarisation. Examples ofmeéaroptical effects are shown
in Fig.ZB below and shortly described in 9ec.3.4.3.

Initially, the expressions for the propagation matrix edents in a magnetised atmosphere
can be derived from the equation of motion of a bound eleatrdhe presence of a mag-
netic field under the classical assumption: the electroth(eharge ¢, and massn,,
neglecting relativistic effects) is bound to oscillateward the nucleus with frequency.

In the case of a gas consisting&fatoms per unit volume, the matrix elements read
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2.3 The radiative transfer equation

2
megN

= g0 [bp sin® 0+ 5(dy + ¢,) (1 + cos?0)]

7'('62N . 7'('62N X
Q= Smec [6p — 5(d6 + ¢1)] sin” 6 cos ¢ PQ = T [ — 3 (¢ + r)] sin? ) cos ¢
_ megN _ 1 '29- _ me2N 1 ,29 .
Nu = 2mec [(Z)p 2 ((bb + (bT)] Sim- G s @ PU = 2mec wjp D) (wb + 1/17«)] Sin sin @
71'62 71'62
v = 2772:\c[ [¢r — @] cos O pv = 2”2:\6[ [, — 1] cosB

The matrix elements are made up of the absorptigragd dispersiomf) profiles char-
acteristic of the medium and of the geometry of the problerteims off and ¢, i.e.
the inclination and azimuth angles of the magnetic field wetbpect to the direction of
propagation of the light.

The absorption and dispersion profiles

For the case of a simple Zeeman triplet, the absorpti@nd dispersion) profiles in
terms of frequency read

1 r —1_ wv—v _
Op(V) = ¢ o (V) = 2ot
1 T 1 vo—Vp—V
¢r(V) = 2 e Vr(V) = 2 Gomvs e
1 T _ 1 votvp—v
(V) = 7 Gorrr—EeTE Vo(V) = 2 ot o

wherel" is known as thelampingconstant and, is theLarmor frequency

€0 B
drmec’

The indiced (blue) and- (red) refer to the profiles displaced to larges,(1),) and smaller
(¢r, ) frequencies byArv = v, with respect to the un-shifted(, v,) profiles centred
atry. Note that the use of thig p, r terms is equivalent to applying the selection rules
for electric dipole transitions given in SECR.AM; = 0 characterised the un-shifted
m-componenty) and theAM ; = +1, —1 cases the shifted component$b) ando (r),
respectively. The absorption profilesare Lorentzian profiles and the dispersion profiles
1) are antisymmetric.

vy

The given profiles as they have been introduced do not acéoutitermal motions of
the atoms and ions of the medium. The effect of such thermtdtamn is introduced by
convolving thep(v) and they(v) profiles with a Maxwellian distribution function whose
typical width orDoppler width vp, is related to the temperature of the mediliroy

2kT
vp =] o 2 (2.16)

mA maic
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2 Introduction to spectropolarimetry

wherek is the Boltzmann constant; 4 the rest mass of the atom afg;., or microtur-
bulence velocityaccounts for those motions on scales smaller than the meampé#th of
photons. In terms of frequency shifts we have

Up R Avp e . (2.17)

Yo
Another effect which influences the shape of thend profiles is the meamacro-
scopic velocityf the medium in the direction of the line of sight. Such gaharotion of

the medium shifts the frequency of the photons (Dopplecéfiey

AVLOS = V(]’O{UL% (218)

Taking both effects into account, we can express the abiearand dispersion profiles
for a normal Zeeman triplet in the compact form as

Ga(Ug,a) = % H(uy — upos, @) (2.19)
and .
Vo (Ug,a) = ﬁ F(uy — upos, @) (2.20)

where the reduced variables for the frequency shifts anddhging constant are

o —V A — )\070{ AVLOS A)\LOS r r )\g

ua - = 5 Uu = = — y a = — ,
AVD A)\D Los AVD A>\D AVD CA)\D

with vy, = 1y + av, anda = —1, 0, +1 for r, p, b. The Voigt and Faraday-Voigt

functions are defined by

H

400 1
@ / e*yQ—dy
VT J oo (u—y)?*+a?

_a [T e u—y
reie ) A

In the more general case of operating with a spectral lineacierised by a Zeeman
multiplet formed in a magnetic field3, we must use the correct quantum mechanical
treatment. One has to superpose, i.e. to sum upp,theb absorption processes of all
AM = 0,41 transitions with their statistical weights and with theisglacements. Let
us present here only the representation of profiles appeteienby those of aeffec-
tive tripletwhose splitting is that of a normal triplet times the effeetLandé factoy.«
(EqIZ9)

Ga(Un,a) ~ H(u+ agegup — uros, a) (2.21)

and

Vo (Ug, @) >~ F(u+ agegup — uros, a) (2.22)

S~ 5l

where
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2.3 The radiative transfer equation

vy — UV v A
0 and up = —2- — B

AVD AVD A)\D
where\g, the Zeeman splitting, was defined by Eql 2.5.

u =

2.3.2 Emission processes

We now introduce theterm and with it the emissive properties of the medium whih c
be expressed as a Stokes vector:

i= U Jas jus jv)" (2.23)
Since the formation of a large number of spectral lines ingblar photosphere is
adequately described in conditiondatal thermodynamic equilibriufl. TE), departures
from such equilibrium will be neglected and thus, strong@ifications can be applied to
the general radiative transfer equation.

Local thermodynamic equilibrium

Under the LTE hypothesis it is assumed that only radiati@md not matter -, is allowed
to deviate from the thermodynamic equilibrium situatiocdgse of transport. Thus, the
thermodynamic properties of matter are governed by thertbéynamic equations with
local values of the temperature and density. Some consegs@f the LTE approxima-
tion are then

a) local Maxwellian distribution of the velocities: the nber of ions with velocities
in the velocity intervalv aroundv are given by

N
_\/7_TUD

b) the local number of absorbers and emitters in the difteygantum states are given
by the Boltzmann equation for level population densities, the ratio of the atom
densities: in excitation levels, and!

{@} _ v /AT (2.25)
" J1TE g

N(v)dv e~ (/) qy, (2.24)

and by the Saha equation for the population ratio betweestwoessive ionisation
stages andr + 1

Ny 1 Uy (21mc kT —xr /KT
N N, U 2 ° (2.26)
r ) LTE e Ur

wherem, is the electron massy, the electron density; the Planck constant;
the Boltzmann constant arild= 7, the local temperature. The termsandg, are
the statistical weights for both levels, afb@ the partition function of the stage
U, =Y g.eX/* andy,, y; andy, the excitation energy of levels and/ and
ionisation energy of stage respectively.
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2 Introduction to spectropolarimetry

c) Kirchhoff’s principle allows to write the emission coefint in the form

jT = BV(T)<77[7 NQ, Mu, 77V) (227)
whereB, (T) is the Planck function

o T (2.28)
Hence, the emission is considered to have the isotropi&tdady form. The emis-
sivity vectorj includes only the; terms which affect the modification of the total
intensityl of the light beam.

Collisions between the material particles are an efficieatimanism to impose the LTE
conditions and therefore it is expected that the higher émsitly of the medium the closer
is the medium to the LTE conditions. The solar photosphenebesstudied, to a wide ex-
tent, under the LTE approximation which is not the case ferdiwromosphere of the Sun
whose density is not high enough.

2.3.3 The RTE for a magnetised atmosphere

The radiative transfer equation including the emissiwatyrt can now be written in matrix
form as

I noong Mo v I—B,(T)
d Q Ng N1 Py —pPU Q
— = — . 2.29
ds | U noo—pv N PQ U (2.29)
V nwoopu —pPQ NI Vv

To cast the RTE into a more useful form for the analysis of fectal line formation,

let us introduce some concepts and manipulations. Comtiviimifrom both continuum-
forming processes and pure line-forming processes have smbed in the propagation
matrix, and thusK = K,,,; + Kj;,. where

Nrelf
_ 0
Koont = Keont1 and Kiine =

P, (2.30)

Me C
wherek..,; IS the frequency-independent absorption coefficient ferabntinuum and
1 the unity matrix. N is the total population of absorbers, the charge of the elec-
tron in absolute valuey. the electron massf the oscillator strengthi.e. a quantum-
mechanical correction factor, arl contains the normalised absorption and dispersion
profiles¢(u,, a) andy(u,, a). Therefore, the total propagation matrix turns out to be

Kcont = Hcont(l + nO(ﬁ) (231)
where, by definitiony, is theline-to-continuum absorption coefficient ratio
n N 2
o= i Neo] (2.32)

Reont MeC Reont
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2.4 Solutions of the RTE and magnetic field measurements

Thecontinuum optical deptls then defined

S0
Te E/ Keont A8 (2.33)
where the originy, = 0 ats = s(, corresponds to the location of the observer.

If we also introduce theource functiorvector

S = (B,(T), 0,0, 0)", (2.34)
the RTE can be written in terms of the new variables as
I
d =K(I-19S) (2.35)
dr.

where the symboK has been kept for the propagation matrix. Thus, the m&frisle-
ments follow now the form

n,:1-+%1{¢p$n%%+%[@f+¢AO-+am2m}, (2.36)
o =g {sbp ~5lo qm} sin” ) cos o, (2.37)
=0 {cbp St asr]} sin? 0 sin . (2.38)
nv = % [fr — @] cos, (2.39)
and
pQ = % {% - % [y + @Dr]} sin” 6 cos ¢, (2.40)
oy =" {wp Sl wr]} sin? 0 sin g, (2.41)
p = 2 [thr =] cos . (2.42)

2.4 Solutions of the RTE and magnetic field measure-
ments

2.4.1 Integration of the RTE: the DELO method

For the numerical integration of the radiative transfer amun (Eq[Z3b) the DELO
(Diagonal Element Lambda Operator) method by Reted. (1989) is used. It consists in
introducing amodifiedpropagation matri¥’ = K/n; — 1 with zeros on its diagonal and
a modified source vect® = j/n; and, thus, forr = 7. the RTE reads as

ar

T=1-5 (2.43)
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2 Introduction to spectropolarimetry

whereS = S’ — K'I.. We useN grid points through the atmosphere with point number
1 at the top. The solution of this equation between two camsexpoints of the gridr,
andry, fork=1,... N —1,is

Tk+1
I(1) = e T ™) (14 4) + / e TR S(r)dr .
Tk
Here, a linear approximation fdf it is introduced

S(T)=[(Th1 = 7) Sk + (7 = 71) Sky1 |/ (Thsr — 7o) -

The emergent Stokes vector for every grid point can be egptesfter some algebra, as

where
Pr = [1+ (Fr— Go) K'u ] [(Fu — Gr) S’k + G Sis1 |,
Dy = [14 (F— G K] e ™1 -G Ky ]
and
F, = 1- e (Th+1—Tk) ,
(;k = [1 —-(1-+'Tk+1 - Tk)€4(7k+17Tk)]/ (Tk+1-—-Tk).

We assume no inward radiation at the surfac&@f) = 0, and deep in the atmosphere
the asymptotic (diffusion) approximation

dB,
I (1y) = (B,, —K! y ) eq

T

as boundary condition, with, = (1,0,0,0)?. Now, equation[[Z44) can be calculated
recursively to obtain the emergent Stokes vector at theasedrI(0) = I(7).

Macroturbulence velocity

The observed Stokes profiles often appear to be wider tharetpgivalent synthetic pro-
files. This effect is due to the presence of macroscopic mstan scales larger than
the mean free path of photons but unresolved in the spasaluton element. In the
astrophysical literature it is often calledacroturbulenceand it is often assumed to be
constant with depth. For analytical simplicity the macasc motions are assumed to
have a Gaussian distribution of velocities with the paramgt,.. Their effect is then in-
troduced as a convolution of the Stokes profiles with thisgsaun in terms of wavelength
displacements:

1 2/ 2
Gmac [ 6_((>‘_>‘0) /T mac)
\/7_To'mac
where
o )\0 gmac
Omac = .

C
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2.4 Solutions of the RTE and magnetic field measurements

2.4.2 Stokes profiles

Once the RTE is integrated and the macroturbulence effestsineen taken into account,
we dispose of the synthetic Stokes profiles of the emergedrdtran that characterise the
modelled atmosphere. The Stokes profiles show many iniegestoperties which are
very helpful to extract information about the magnetic falehich cause the polarisation
of the radiation field:

- Stokesl andV do not depend on the azimuthal anglevhile StokesQ andU do
(Egqs[Z.3P). Hence, the linearly polarised components eeeled to fully charac-
teriseB.

- The Stoked/ parameter changes its sign if the component along the lisghbf of
the magnetic field changes in polarity. The dependen&éwith cos 6 (Eqs[Z3PB,
whered is the angle between the LOS ai?) is the reason. This reversal of the
V lobes will be a diagnostic for the changes in polarity®fos in the observed
structures.

- In the presence of gradients of velocity along the atmosgplibe Stoke¥ looses
its anti-symmetry, i.e. the blue and red lobes are differeramplitude. These
asymmetries may also be caused by a mixture of changes afityeémd B along
the LOS. The origin of such asymmetries in penumbrae, adeitreated in detalil
in Chaptelb, lies in the dynamic and magnetic nature of thecttres at small
scales. Therefore, the synthesis or forward modelling tokés profiles including
such gradients will be a powerful tool to understand the nleseStokes profiles.

2.4.3 Stoked and V profiles with varying magnetic field strength

The radiation that reaches the observer is the result obplsdhat are emitted, absorbed
and re-emitted or scattered while travelling along andadeng with the medium. Thus,
it is conceivable that different photons at various wavgtea are “formed” in different
parts of the medium. For the solar atmosphere, it is use@u th perform observations
in different spectral lines in order to learn about the pbgigproperties at different depths
of the medium. As an example, StokeandV for three different spectral lines synthe-
sised for the same atmosphere model assumptions are shatvit hey possess different
characteristics in line depression and width. The respohsech lines to variations of
the magnetic field strength can also be seen in this figure.

Figure 25 depicts, for three spectral absorption lines,libhaviour of the Stokes
I andV profiles with increasing magnetic field strength from 0 Gassk blue) up to
3200 Gauss (orange). The LOS is parallel to the vertical enaimosphere and an incli-
nation angley= 45" with respect to the vertical is considered for the magnegid fiThus,
a case intermediate to the longitudinal and the transveesendn effect is treated. The
synthetic profiles for the different spectral lines undedgtare calculated from a mean
penumbral model by del Toro Iniesth al. (1994). The left panels depict the profiles of
the Fer 6301.5A line. The strongest magnetic fields cause a broadening dfitbiesity
profile of this line which is not strongly sensitive to magodields (g.¢ = 1.67) while
the Stoked/ profiles increase in amplitude, become saturated at ab@MG8uss and the
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Figure 2.5:Synthetic StokesandV profiles for the lines discussed above and used in the study.
The change of colours from dark blue to orange indicates@ease of the magnetic field strength
from 0 to 3200 Gauss. TheandV values are relative to the continuum intensity, v is the
inclination angle ofB with respect to the vertical direction in the model atmosphe

extrema separate up to 28@mat 3200 Gauss. For the F6302.54 line (central panels
of Fig.[Z3), the Zeeman triplet can be clearly seen at figlehgths of 2100 Gauss and
larger. The Stoke¥ profiles reach the saturation at approximately 1500 Gahes, the
separation of thé” extrema becomes the dominant effect with increasing fiehgth
and reaches 325 at 3200 Gauss. Th¥ profiles show small lobes with opposite sign
close to the central wavelength. They are associated witineta-optical effects intro-
duced through the anti-symmetrical terms of the propagatiatrix (Sed_2.3]11). The
magneto-optical effects are important for a correct irmetgtion of spectropolarimetric
data from sunspots, as pointed out by Wittmann (1971). The &&49.3A line (right
panels in Figd_2Z15) exhibits a separation ofdt€omponents in the intensity (Stokéy
profiles, starting at field strengths of 1600 Gauss and thdiames of the Stoke¥” ex-
trema reach 0.18 of the continuum intensityin this case. The values of the magnetic
field strengths at which the-components become visible ihand theV extrema start
separating depends on the width of the spectral line, mosbitantly on the Doppler
broadening by thermal and non-thermal motions. The abowtettiog of synthetic pro-
files demonstrates the behaviour of the Stokes parametexgpenumbral atmosphere
which was assumed static (velocities set to zero) and witistemt magnetic fields.

The measurements of the magnetic fields from observati@ensemed on calibrations
using the solutions of the radiative transfer equationseumtifferent approximations.
The various considerations and methods of calibration ®intlagnetic field are next in-
troduced.
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2.4 Solutions of the RTE and magnetic field measurements

2.4.4 \Weak field approximation

Theweak field approximatioWFA) considers that broadening caused by the magnetic
field (AXg) is much smaller than the Doppler broadenidg\p),

okT
A < A\p = ,/Li (2.45)
ma C

with k& the Boltzmann constant, the gas temperature amd, the atomic mass. In this
case it is not possible to detect from the splitting of themsity profiles the effect caused
by the magnetic field. Under this assumption and followingdiadegl'lnnocenti (1992)
we can expand the absorption and dispersion profile equgitioseries up to first order
in AAB:

op(A =) = do(A=20),  dra(A— Do) = do(A = Xo) F Mw |
1/117()\ — )\0) = %(A - )\0) ) wr,bO‘ B )‘0) - 1/100‘ N AO) T A)‘BW 7

whereg, and, are the profiles relative to the line centkg. The propagation matrix
elements read then

nr =1+ n000(A — o), ng=nmv = pg = puv = 0,
3¢0()\ — )\0) 8w0(A — )\0)
o\ ’ o\

Substituting these in the radiative transfer equations[ZEZ$) for the Stokes parameters
we have

nv = —1o AAp cosl pv = —no AXg cos

dl

dr, dr,
The equations for) and U have no source term. Since, deep in the atmosphere, the
radiation is unpolarised the = U = 0 through the whole atmosphere. Also, the

nvV term is of the order of A\g)? and therefore negligible. Thus, the equation for the
intensity/

=n(I — Br) +nvV, =nV +nv( — Br).

dl dly
= (1 I — Br)= 2.46
ar. (L4 n1)( T) ar. (2.46)
and for the Stoke®” parameter
av Opo(A — A
o= (14 n)V —no AXg cosb %([}] — Br). (2.47)

Equatio 2.4k tells us that the intensity of a line formedhmpresence of a weak magnetic
field can be approximated by the intensity of the same linméafin the same atmosphere
but in the absence of magnetic fielgl, It is now straight forward to see that if we take the
spectral derivative of the intensity, equivalent to thalt,pnd multiply by a—AAp cosf
term we obtain the equation
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2 Introduction to spectropolarimetry

0o (A — No)
oA

(lo—DBr)

(2.48)
If we now compare equations(2147) abd (2.48) we find idehdiifrential equations for
V and for—A\g cos 0%. Therefore we conclude that

d dl, dl
. (—A/\B COSHd—)?) = (14n;)(—AXp cos@d—)(\))—no A)p cosf

dlo(N)
dx

or writing A\ explicitely (EqZ8), we arrive at the well known formula

V = —A)\p cosf

dIp(A
V(A) = —4.67 x 1013geﬂAgBeﬂ% , (2.49)
when B¢ is measured in Gauss and wavelengthin A. I,()\) is the un-split, i.e. to first
order magnetically unaffected, Stolegrofile in the observed magnetic structure on the
Sun. The effective magnetic field strength is given by

B = a cosf B, (2.50)

with a factora < 1 accounting for parasitic light anfithe angle between the magnetic
field and the LOS. The parasitic light may be stray light cdusyg scattering in Earth’s
atmosphere and telescope optics and it may stem from noneatiagolar structures con-
tained in the spatial resolution element during obseruatio

The WFA applies only for lines with moderate to small Landétérs,g.q, like the
Fell 6149.3A and the Fe6301.5Alines, and in weak to moderate magnetic fields of
strength of B < 1000 G for the two above lines. For stronger fields the strende-
termined with the WFA are systematically underestimated.

2.4.5 Strong field regime

Opposite to the WFA described above, in the presence ofgstragnetic fields or when
spectral lines strongly sensitive to the magnetic field aedy thestrong field regime
(SFR) is considered. In this case, the spectral lines undgrgng Zeeman splitting and
the V' profiles have reached the point of saturation. Accordingi¢olES, thel” ampli-
tudes first increase with the magnetic field strength untitewalue ofB is reached at
which theV amplitudes cease increasing and the extrema of'thebes start to separate.
Then, it is possible to make estimates of the total magneiid trength from the separa-
tion of the lobes or Zeeman splitting.

The formula for the Zeeman splitting\(\g) gives
AXp = 4.67 x 107 B gg\2B, (2.51)

B can be measured from the separatiax\g of theV extrema. It depends neither on
the stray light nor on the angte In the case of the Fe&6302.54 line, with ¢ = 2.5,
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Figure 2.6:Left StokesV amplitudes (from peak to peak, relative to continuum initgns,) vs.
magnetic field strengttMiddle: StokesV separation vsB. Right V separations v/ amplitudes.

All three panels correspond to values®ffrom 0 to 3200 Gauss and for three different spectral
lines. For more information see the text.

for sufficiently strong magnetic fielde\(\g > A\p, or approximately3 > 1500 Gauss)
the separation of th& extrema starts to increase linearly withwhile the amplitude of
StokesV becomes independent &,

The left panel of Fid.Z]6 shows thé amplitudes vs. the magnetic field strengths
considered in the model atmosphere of a sunspot penumbralblo Iniestaet al.
(1994) already used above. The inclination angles assumed to be 4&gain. The
amplitudes ofl” increase withB until some value where they become independent of the
magnetic field strength. This effect is most clearly seerhindpectral line at 61493
(orange). The middle panel shows the separation oYteetrema vs.B. For all lines, an
increase of th& separation withB can be seen. However, the separation for the Fee
does not show a linear dependence below 1800 Gauss whishusahat the SFR cannot
be used in this regime for the estimations of magnetic fieldsifobservations in this
line. For field strengths below approximately 800 Gauss vmeaqgply the WFA. For field
strengths between 800 and 1800 one needs calibration clikeethe ones in Fid. 216.
For strongB, as expected in sunspot penumbrae, the separation &f therema of the
6302.5A line increases almost linearly with. For measurements of the magnetic fields
from observations in this line, the SFR will be applied. Foe tase of the 63015
line we will apply the WFA, although, as it will be seen latehservations in this line
will be mostly used for the measurement of intensities and®@§ velocities. On the
right panel of Figi.Zl6, the separations of tHieextrema vs. their amplitudes show how
both quantities depend aB in different regimes. The highest values of separatiol of
extrema and saturation &f extrema are reached by the magnetically senski§@02.54
line. The lowest values stem from6149.3A with Jer=1.33.

2.4.6 Centre of gravity method

An efficient method for determining the longitudinal companhof the magnetic field is
the centre of gravity (COG) method. Semel (1967) and Reesn8eb€1979) have shown
that the wavelength separation of the COG of the profiigs + V) and 3(I, — V5)
gives the average field component along the LOS. Here, thageeneans a mean value
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2 Introduction to spectropolarimetry

over the height of the line formation in the atmosphere arel ¢tive area of the spatial
resolution element.

The COG of each of the two profile components is defined as theaié of the
respective intensity profiles:

o A= (£ V) A
8T T = vy
where I, is the continuum intensity. The determination of the cadgas completely

unaffected by spectral broadening. The longitudinal canepd of the magnetic field (in
Gauss) is then determined through the relation

(2.52)

Acog+ — Acog—
2

= 4.67 x 10" gexr \j BLos (2.53)

where, again), is the central wavelength of the line &, ger the effective Landé factor
andB,os = B cos 6, with 6 the angle between the LOS aii?l

B_meos [G]
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Figure 2.7:’'Measured’ magnetic field strengtBineasvs. input values of magnetic field strength
B, numerical simulations for Fe6302.5.Le ft: from the COG methodlM iddle: from separation
of minima of circularly polarised profiles,/2(I, + V)). Right: from separation of Stokeg
extrema.Dashedine shows a one-to-one correspondence.

Some calculations with the COG method have been performes$tohe accuracy of

the method applied to synthetic profiles of the line at 6382.5or vertical LOS and for
different inclination angles, the magnetic field strengib heen estimated using Eq.2.53.
Once more, the profiles used for that purpose have been sysegddrom a mean penum-
bral atmosphere. The results for three different anglestawen in FiglLZI7 le ft). There,
'measured’ magnetic field strengtli.casvs. (real) magnetic field strengths used as
input for the modelling are plotted. The factass v was assumed to be known in the
'measurements’. Therefore, total strengths are repredeiihe dashed straight line gives
a one-to-one correspondence. For longitudinal magnetitsfieg = 0°), the estimation
Is almost exact, slightly underestimating the highestesluFor angles around 4@nd
within the considered range of field strengths, the undenesion is of the order of 400
Gauss. And fory around 80 and forB > 1500 Gauss the field strength is overestimated
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2.4 Solutions of the RTE and magnetic field measurements

gradually up to~ 400 Gauss.

For comparison, tests have been made for measurementsteseparation of the
minima of both polarised components as well as from the s¢iparof the Stoke¥ ex-
trema (FigLZl7middle andright panels ). For the former, there is a good correspondence
for inclination angles up to 6Grom 1300 Gauss on. For more transverse fields, the deter-
minations only fit from 2000 Gauss on. From the separatioh®¥textrema, for values
smaller than 1000 GausB,,... come out too large. FaB larger than 1000 Gauss, mea-
sured magnetic fields are also overestimated following alyeaear behaviour with an
offset increasing withy, up to 500 Gauss foy =80°.
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3 Observations and data reduction

This chapter deals with the description of the observatreatized during the different
campaigns and the processing of the data which are the Wdhis thesis work.

The German Vacuum Tower Telescope (VTT) located in the Giterio del Teide
(2400 m, 16 30 West, 28 18 North) in Tenerife, is equipped with a coelostat which
directs the Sun’s light to the main mirror (70 cm) in the imdeof the evacuated telescope
tank. The evacuation down to 1 mbar avoids turbulences franm&d-up air. A series of
flat mirrors redirects the light achieving an effective fldeagth of 46 m, an image scale

of 4/6/mm and a diffraction limited spatial resolution at 6G06f \/D = (/'177.

3.1 ’'Gottingen’ FPI data

The 'Gottingen’ Fabry-Pérot interferometer (FPI) is atable optical setup to perform
two-dimensional (2D) speckle spectroscopy and polarynétmvas built by the Univer-

sitats-Sternwarte in Gottingen (Germany) in the ear@(Bendliret al. 1992, Bendlin

& Volkmer 1995) and it is mounted at the VTT. A general scherhthe spectrometer is
shown in Fig331.

l 1IF2 FPI1 FPI2 VP
N HHHHE

T | !

FS L1 L2

= |

CCD2

‘/v'avelength

Figure 3.1:Basic schema of optical setup of the 'Gottingen’ FBS beam splitterNF, neutral

density filter;IF1 andIF2, interference filtersi=S, field stop;L1, collimator lensL2, camera lens;
FPI11andFPI 2, Fabry-Pérot etalond/P, Stokesl” polarimeter;,CCD 1andCCD 2 detectors for
the broad-band and narrow-band channel, respectively.
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3 Observations and data reduction

The Sun’s light coming from the telescope is directed to fexgometer. A beam splitter
(BS) takes out about 5% of the incoming light to the broadebarannel. The broad-band
(BB) channel consists of an interference filter (IF1) witpigal FWHM (Full Width at
Half Maximum) of 50-100A and a proper neutral density glaéx) to filter out an ex-
cess of photons which would saturate the CCD detector. ThetaBnel provides us with
integrated-lightimages of the solar surface, at the piptiee, needed for the restoration
of the images distorted by the turbulence of the terrestitimosphere or 'seeing’ as will
be explained in SeC.3.2.

The Fabry-Rrot interferometerFor spectroscopy and polarimetry, the narrow-band (NB)
channel is equipped with two Fabry-Pérot interferometdrgh scan in wavelength. A
Fabry-Pérot interferometer (FPI) consists of two patallates with reflecting surfaces of
reflectancek and transmittanc&. A beam incident to the parallel plates, will be reflected
several times. Upon each reflexion, part of the intensity &l transmitted to some
fraction and all these transmitted fractions interferehim dutgoing beam giving rise to a
final intensity distribution, the Airy function (see e.g. fBa% Wolf)

1
I =14 - (3.1)
1+ (12—‘;)2 stg
where, neglecting absorptiof,.. = 77/(1 — R)?, and the phase
4
0= Tﬂndcos@. (3.2)

The varying transmission function of the FPI is caused bgrietence of the light rays,
or waves, multiply reflected at the high-reflectivity sugac Constructive interference
occurs if the transmitted beams are in phase, correspotaiadpigh-transmission peak.
If the transmitted beams are out-of-phase, destructiesfarence occurs corresponding
to a transmission minimum. Whether the multiply-reflectedins are in-phase or not
depends on the wavelengthof the light, the anglé&® of the direction of the light with
respect to the normal of the etalon, the spacingf the etalon plates and the refractive
indexn of the material between the reflecting surfaces.

A second, broader (with largdree spectral rangeFPI etalon is used to filter the
transmission function of the narrower one in order to isotate single transmission peak.
Thus, the two tunable FPIs allow 2D imaging of the Sun at tiffé¢ positions of a given
spectral line, preselected by a narrow interference filte2)(with typical FWHM of 3—

10A.

Spectral resolutionThe free spectral range (FSR) of the FPI gives the distanagayve-
length) between adjacent transmission peaks, which instefithe observed wavelength
A and the distance of the FPI platéss given by

FSR = A\2/2nd (3.3)

with n = 1 the refraction index of air an@f:p;, = 1.5 mm anddpp;; = 125 um. After the
multiplication of the three transmission functions — IFseission and both FPI 1 and
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3.1 ’'Gottingen’ FPI data

FPI2 Airy functions — the resulting function will be charaxsed by the FWHM of the
narrowest one as seen in Hig.13.2.

Airy functions of broad— and narrow—band FPI

1500 T

Figure 3.2:Transmission of the used interference filter (green cudey, function of the broad-
band FPI (black solid line), Airy function of the narrow-lthRPI1 (dashed line). FSR and FWHM
denote thdree Spectral Rangand theFull Width at Half Maximumrespectively ffom Okunev
2009.

The FWHM (A)) is calculated from the ratio,

A\ = FSR/F (3.4)

whereF is thefinesseof the FPI, i.e. a figure of merit for the transmission bandtviof
the FPI. Imperfections in the reflecting surfaces, errogzarallelism, and imperfections
in the material between the reflective surfaces will degthdénesse

The measured (and derived) values of these parameters f@rdtfhe different spectral
lines we use are

MA) FSRA) Fur  AX(MA)

6149.3 1.26 30 42
6301.5 1.32 30 44
6302.5 1.33 30 44

Hence, the spectral resolution characteristic of our aptietup is\/ A\ ~ 140 000.

The choice of the sampling along a given spectral line, tohreéhe best compromise for
a given observational purpose, will depend on various fadtmtake into account:

a) the narrow transmission of the spectrometer needed forpespectroscopy and
the short exposure time{(20-30 ms) required for speckle imaging and speckle re-
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3 Observations and data reduction

construction (see below), make it necessary to take moneaih@frame per spectral
position in order to improve the signal to noise ratio,

b) for proper sampling of the line and to avoid strong overslang, the step width of
the sampling must be A\/2, and

c) the number of frames which can be taken in one scan (15@sisicted due to
limitation in memory of the hardware in e

d) A data set oscan consists, then, in narrow-band images from several wagéte
positions in a spectral line with some 5-10 frames per positbtrictly simultane-
ously with the narrow-band images, broad-band images keatd he lower part of
Fig.[31 shows the type of data one obtains. Thpolarimeter in the narrow-band
channel separates the images in left and right circulardgrised light.

In the next section the selected parameters for the obgmmgadf the data used in this
work will be described.

3.1.1 Description of the observations

The observations were performed during different cammaignApril 2002 and May
2003. Theseeingconditions were excellent for the first and moderate for theoad

ones. They correspond both to polarimetric data with theateristics shown in Table
B. The full size of the field of view (FOV) (384 x256 pixelsps/used in both de-
tectors, CCD1 and CCD 2. The pixel size corresponds’io<@’1, or approximately
76 kmx 76 km on the solar surface.

Date Spectral Iinefi) Exp. time Step width Nod,..;+ No. im/posit. Spectral range
29.04.02 Fe6301.5+63025 30ms  31.8W 33 5 410 + 410 A
02.05.03 Fel 6149.3 20ms  27.8A 18 8 4720

Table 3.1:FPI spectrometer settings with dates of observations trgpdines, exposure times,
scanning step widths, number of spectral positions in oaa,stumber of frames taken at each
wavelength position and the total sampled spectral rande té&lluric O, line at 6302.8\ has
been also scanned with five spectral positions for calitmgburposes.

As it was mentioned in the previous section, the data of theaB&the NB channel are
taken simultaneously, with the same exposure time and nuaibfeames per scan. The
cadence of each scan is about 50 seconds, including stofdge data which is shorter
than the time scale of variation of the solar structures uadalysis. In the case of the
data obtained aX6149.3A , several scans were taken and thus, a study of the time evolu-
tion of the penumbral structure during the observing timeloa performed.

The hardware and software have been recently upgraded toethéGottingen” Fabry-Pérot Spec-
trometer (FPS) including a new etalon with improved spécésolution.
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3.2 Data reduction and image restoration

The positions of the sunspots corresponded to a low heliocesngles,f ~ 20°
(n=cos0=0.93) for NOAA 9919 and)~ 23 (u=0.92) for NOAAQ346. Thus, the
sunspots were not located far from the solar disc cBnttes important to note that the
viewing angle of the observations plays an important rolemgtudying three-dimensional
structures on the Sun. In the case of sunspots it is commastioglish betweerentre-
side(CS) andimb-side(LS) penumbra, meaning wittentreandlimb side the part of the
sunspot nearer to the disc centre and further away from swecdintre, respectively. The
relevance of the projection effects will be explained inadlevhen discussing the results
obtained from these data (SEC]4.1).

-
NOAA 0346

NOAA 9919

Figure 3.3:Continuum images with NOAA active region numbers showirggdhserved sunspots
NOAA9919 (April 29, 2002), left, and NOAA0346 (May 2, 2003)ght. From theMichelson
Doppler ImagenMDI) on board of the Solar and Heliospheric ObservatoryH&9.

The size of the detectors (384286 pixels) equivalent to 40< 30" on the solar surface
limits the FOV. When using the polarimeter eag(rrrkV) and %(I-V) circularly polarised
component takes half of the detector. Then the FOV, redugealfactor of 2, is not big
enough for the observation of an entire sunspot of typica at once. Therefore, we first
observe one half of the sunspot and then the second onE-@jig\dwadays, these limi-
tations have disappeared with the use of larger detectstallied in the described optical
setup of the 'Gottingen’ FPI.

3.2 Data reduction and image restoration

Next | describe the procedures to correct the images froneffieets introduced by the
instrumentation and by Earth’s atmosphere. The treatnféhealata has been performed

20 is used here, as is common in the literature, for the helimceangle or angle between LOS and
vertical in the atmosphere. It must not be confused with tigleabetween LOS and the magnetic field,
which is also commonly denoted loy
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Figure 3.4:Examples of NOAA0346 raw data. Left: broad-band image. Riglarrow-band
image in continuum showing botty2(I + V') and1/2(I — V') polarimetric components.

usinginteractive Data Languag@DL) programs and packages, many of them developed
at the Universitats-Sternwarte Gottingen.

3.2.1 Broad-band channel

The first step is to reduce and to restore the broad-bandiehdata. We proceed as fol-
lows:

Dark correction. We subtract an offset of counts introduced by the read-eatrenics
and by thermal electrons in the CCD chip. For that we use arage€dark’ image ob-
tained by taking a series of frames with the same exposueedsror the data frames but
blocking the light path.

Flat fielding. It corrects for the different response of each pixel exgddsea homoge-
neous radiation. The ’flat field’ images are exposures ofrdaat while moving the
telescope pointing in 'random walk’ manner near the Sursg dentre region, trying to
avoid solar structures such as sunspots. A large amounesétftames (always taken
with the same characteristics in time and number of framekeadata images) will give
a good average without any kind of solar structure such agrédreulation pattern. This
flat-fielding process will also correct for dust on the detectors and dileerd other ef-
fects (interference fringes, ...) associated with theiimsentation. The common way to
correct the data is then

raw data — dark
corrected data = Tlat ficld —dark (3.5)
Speckle reconstruction Ground-based observations are strongly affected by tiheitu
lences in the terrestrial atmosphere, sleeing The changes of the refractive index along
the line of sight cause a variation of the light path througd atmosphere. As a result,
a degraded object intensity is observed. With long exposbeeimage is blurred. The
information on structures at small scales is thus lost. Toecd for such effects, many
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technigues have been developed in the last years. On theamige &daptive optics sys-
tems coupled to the telescopes can partly correct in real i distorted wave fronts of
the incoming light. On the other hand, image reconstrudiahniques allow to correct
for the degradatiom posteriorias part of the data reduction. Both, the use of adaptive
optics and reconstruction techniques are providing thé bygatial resolution which is
required for the research into the solar fine-structure.

The optical transfer function (OTF) is the Fourier transiasf the point spread func-
tion which characterises the atmosphaeeingand the telescope diffraction and aberra-
tion effects. The solid angle on the sky in which the OTF dassvary is calledsopla-
natic patch It has a diameter of’5-8” in daytimeseeing Within an isoplanatic patch, the
Fourier transform’ of the observed intensity distribution can be expressed

I(q) = Io(q) S(q) (3.6)

I, I, andSS are functions of the spatial frequency vector in the Fout@main,q=f/ f.,
wheref.= D /AR is the cut-off frequency, calculated from the diameter ef {tircular)
entrance pupiD, the wavelength of the light and the focal length of the telescape

The time scale, of variation of the terrestrial atmosphere is sheft30 ms), so that
images with short exposure time, affected only by the irtstaous random OTF are
taken. The average of a series\§ingle exposures gives

> lila) = lo(a) D Sila). (3.7)

It would result in a long exposure image, /;(q) in the Fourier domain, where the infor-
mation at high frequencies is lost by the cancellation incini@plex Fourier components
in >". Si(q) with a cut-off at approximately’ /A R. Here,r, is the Fried parameter (Fried
1966). It may be interpreted as the diameter of a telescotbetiae same diffraction limit.
For daytimeseeingits value is in the range of few cm to 50 cm.

Labeyrie (1970) proposed to perform the average by sumnhi@gquared modulus
of the Fourier components in order to avoid cancellations:

%Z L{a)f? = uo<q>|2§§; 5@l 3.8)

Now, the speckle transfer functiofSTF), Zf;l |Si(q)|?, preserves high-frequency
components in the average and extends up to the telescdprctiloin limit. The STF
contains the Fried parametey.

The basis of the speckle reconstruction technique usedsnmbrk and developed
at the Universitats-Sternwarte Gottingen is, workinghe Fourier space, the separate
restoration of the amplitudes and the phases of the image.afiplitudes are restored
using thespectral ratio methogroposed by von der Luhe (1984) and the phases through
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the speckle masking methaitially introduced by Weigelt (1977) for astronomical-ob
servations.

Spectral ratio methodTo avoid the use of the object transfodgwhich is the unknown,
von der Liuhe proposes to divide the squared modulus of tamged observed Fourier
transform by the average observed power spectrum,

[(T(@)* _ [Ho(@)* [{S(a))|?
(I(@)*y  Ho(a) (IS(a)]?)

which depends only on the telescope and seeing conditiooevdluater, theoretical
expressions are used for the two averages, the STF (KorB)1&7d the average short-
exposure transfer functidi¥(q)|? (Fried 1966, see also de Boer 1993, and Denker 1996).
The behaviour expected for this ratio is a slow monotoniaese for low frequencies
and a steep decreasejat o/ D. For givene(q) the Fried parametey, can be determined

by comparison of the models ef which containry, and with the observed Then with
ro/ D known, the model STF can be evaluated and the amplitudésazn be retrieved
according to EQ.3]8. The number of images N taken shouldrge kenough to ensure
that arithmetic averages approximately equal ensemblages. The larger N the better
the approximation and the better will be the determination,drom the quotient.

e(a) = (3.9)

Speckle masking methold consists in recovering the phases of the object transfor
I, from a quantity calledbispectrum

B(q,p)) = {{(a)I(p)I(—q —p)) - (3.10)

We may consider the image as Arx L matrix of pixel intensities. Then, the bispectrum
can be written in discrete form

where averages are taken over all N speckle images. Eqi@librtan be written

B(i, g, k1) = Io(i,9) Io(k, 1) Io(—i — k,—j — 1) x (S(1,7) S(k, 1) S(—i —k.—j —=1)).
(3.12)
It can be shown that, upon sufficient averaging, the bispecof .S becomes a real func-
tion, i.e. its phases are zero. Thiiscontains the phases &f only. The essential speckle
masking signal resides in a region where the spatial fretjesqn, p andq + p exceed
the seeing limit. Here, information on the object transfanaccessible to conventional
technigues can be recovered. Using Euler's formulationctonplex numbers we can
equate the exponential factors in both terms through treucboequation

eigo(i+k,j+l) — ez’go(i,k)eigo(j,l)efi@(i,j,k,l) (313)
wherey is the object phase, i.e. the Fourier phase of the final réxearted image and

is the bispectrum phase. The initial value to start the s#eercalculation isp(0,0) = 0.
Thus, step by step, the object phases are recovered.
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3.2 Data reduction and image restoration

The reconstruction is applied to each subimage of the sizlbeoisoplanatic patch, into
which the images were divided. Afterwards, they are resseirio recover the original
size of the image. Fig-3.5 shows and example of the data bafat@fter reconstruction.
In the snap-shot or ‘speckle’ image from the original ded#, the good quality of the data
taken under good seeing conditions can be seen. In (b) tmage/ever the whole series
of 150 frames shows a smoothed image, analogue to a longuepiosage. Finally, (c)
shows the reconstructed image with a clear enhancementtrast and good definition
in the small details. The spatial resolution achieved coochese to the diffraction limit
of the telescope, i.e”®. Thus, the information of the small structures is recegeawith
high signal-to-noise ratio.

(a)

1=

Figure 3.5:Broad-band reconstruction of NOAA 991Beft speckle image with short exposure
time. Middle: average image from 150 speckle imageght speckle-reconstructed image.

Once the broad-band channel data have been reduced andtracted, we continue
with the narrow-band ones. These images also need a carediiient since the light
path passes through several optical devices which intedifferent effects to be taken
into account.

3.2.2 Narrow-band channel

Continuum correction. Taking images from a homogeneous source of white light¢hal
gen lamp) it is possible to measure and correct the effettigatransmission curve of
the interference filter (IF2 in Fig_3.1) introduces into #pectral line profiles under ob-
servation.

Narrow-band reconstruction. Since the narrow-band (NB) images contain spectral in-
formation, they possess highly valuable information alibatdynamics of solar struc-
tures. The broad-band data set provides also interestiognation about the structure of
the deep layers in the solar photosphere. Yet, an addition@drtant purpose why they
are taken simultaneously while scanning with the FPI is tope the reconstruction of
the spectroscopic data as is explained next.

The speckle reconstruction method described above denadadge number~ 100)
of images for reasons of the statistical properties of Eadtmosphere. The method
cannot be applied to the NB images from each wavelengthiposihere only 4-8 images
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3 Observations and data reduction

can be taken. The reconstruction method, proposed by K&lNen der Liihe (1992), and
implemented, e.g. by Janssen (2003), is based on the faadtataken simultaneously
suffer from the same atmospheric effects. Thus, we can writee Fourier domain

Igsi(q) = lose(a) Si(q) (3.14)
[NB,i(q) = [O,NB(Q) Sz'(‘l) (3.15)

where every single exposutkg ; andIyg ;, i.€. the Fourier transforms of every observed
intensity distribution in BB and NB are the result of the sasffect of the instantaneous
optical transfer functiorb; on the object transformsy gg and I, ng. The above speckle
reconstruction gives an estimate of the true broad-bamksgé, 55 on the Sun.

We use the error metric for the narrow-band images

E=> |Ixsi— TonsSil*. (3.16)
Replacings; by means of Eq3.16 and minimisitgyields
> IngiS]
1 =H=—"1] 3.17
O,NB(q) ZZ |IBB,i|2 O,BB(q) ( )

where an optimum filtef/ is included to reduce noise. To constriéitthe level of noise
is estimated from defocused flat-field images which, taketeurdentical observational
conditions as the data, do not show solar structures.

The procedure of restoration is applied to both circuladiapsed componenaHV)
and1(I-V).

Blueshift correction. Our FPIs are mounted in the collimated parallel beam closat
image of the telescope pupil. This introduces changes iwtdnelength of maximum
of transmission of the FPI across the field of view. The wawgtle shift depends on the
angle of incidenced) on the FPIs through (from a second order expansion diEly. 3.2
2

AN ~ —/\0% (3.18)
where )\, is the wavelength of the maximum of transmission at normeidence. The
wavelength displacement visible in the line profiles as & sklative to the scanning po-
sition (and apparent redshift to higher wavelength valbas)been quantified across the
whole field of view from the flat-field images which should nbow any kind of shift re-
lated to solar structures. Then, itis only needed to apm@yctirection in displacement to
the data set for each spatial position (pixel). More det#ilhis effect and its correction
can be found in the thesis works of Koschinsky (2001) andsiEam&003).

Alignment of %(|+V) and %(I-V) . The intensity and the magnetic information of the data
will be provided by the analysis of the Stokesind Stoked” parameters obtained from
the addition and subtraction, respectively, of both cadylpolarised light components:
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3.2 Data reduction and image restoration

Thus, a precise alignment (to sub-pixel accuracy) in spdiiaction between the com-
ponents has been done to make sure that no false signal waduo¢d when adding or
subtracting.

Second orderflat-fielding. We calculate the Stokés signal from the flat-field images in
use. We expect it to be zero since these images are obsedthgwsolar structures and
a large amount of them has been used to get a proper averagievetpa small signal of
the order 0f).04% of the continuum intensity remains due to small errors @ilét fields
(gain tables) and to a residual wavelength shift in one E@drlight channel with respect
to the other. Thus, a second order flat-fielding correctialdgen applied as explained in
the thesis by Socas Navarro (1999), following the expr@ssio

yeorr =yt et (3.19)
whereV'! andI! are the Stokes data profiles after first order flat-fielding thiedcorrec-
tion factor% (Fig.[3.8) is calculated from the Stokes signals of the ayefkat field.

0.0006

0.0003

0.0000

Vrm/ leuar

—0.0003

—0.0006

0 5 10 15
step in wavelength

Figure 3.6:Example of correction factor used in the second order flédifig obtained from the
Stokesl” and! of the average flat field.

3.2.3 Deconvolution with a PSF

Tests have shown that the speckle-reconstructed broatliinages become nearly identi-
cal with the narrow-band continuum images when the formecanvolved with a Gaus-
sian of FWHM of 04. The reason for the reduced spatial resolution of the nab@nd
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3 Observations and data reduction

images comes, presumably, from additional imaging thrabeHiltergraph (via lenses,
folding mirrors, interference filters, polarimeter). Th@éad-band images possess a spa-
tial resolution certainly better thafi® A spatial resolution of the narrow-band continuum
images of better thaf0.3% + 0.42)'/2 arcsec = 06 follows.

To further improve the resolution, we deconvolved the nafb@and images at 6302
with a Gaussian point spread function §86 FWHM, applying a Tikhonov regularisa-
tion. The width of 035 was chosen conservatively to keep noise at a low levels Thi
yields a spatial resolution of the narrow-band images b#ttn 035.

3.2.4 Instrumental polarisation

The study based on polarised light requires a detailed sisaby the instrumental polar-
isation orcrosstalkintroduced by retardation upon oblique reflections of thedming
light in the optical system. The observed Stokes vektor terms of the incoming, solar
| is given by

I' =MI (3.20)

whereM is the Mueller matrix describing the polarisation propestdf the optical system.
In terms of the elements of the matrix

r Mll M12 M13 M14 I
Q/ _ M21 M22 M23 M24 Q
U’ B M31 M32 M33 M34 U
%4 M41 M42 M34 M44 V

The instrumental crosstalk of the VTT has been measurey gathe nineties by Hof-
mann (2000) and later by Collados (1999). Also recently Betcil. (2005) have pre-
sented a polarisation model for the VTT. With the values &f Mueller matrix of the
telescope from these papers some estimates have been madavork is focused on
circularly-polarised-light data, therefore, only the s of the crosstalk introduced in
the Stoked andV signals is needed. For the 6382ine pair we estimated the influence
of the instrumental polarisation on the measurements ifolleving way: We calculated
Stokes profiles emergent from the penumbra model by del Toesthet al. (1994) ap-
plying reasonable values of magnetic fields, of their iratiion and gas velocities. From
these profiles and the relevant elements of the instrumighualler matrix of the VTT the
effects of the crosstalk on the measurements were caldulate

The small amplitudes of the polarisation signal compargtdeontensity give approx-
imately 1% ofQ, U, V— | crosstalk which gives only negligible influence on the véioc
measurements. For the measured Stadkesgnal we obtain

V' = Myl + MpQ + MU + My V . (3.21)

The contribution froml — V' is small as can be seen from Higl3.6. Besides, this effect
has been taken into account during second order flat fieldihg. main concern comes
from theQ,U — V crosstalk, i.e. from the elemenid,, and M,3, which are of the
order of 0.3, while the) and U amplitudes, are of the same order of 0.1 (relative to
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3.2 Data reduction and image restoration

the continuum intensity,.) as theV amplitudes. In the upper panels of Eigl3.7 three
examples of the amplitudes of synthetic Stokes profilesHerspectral lines at 6302A
are shown. They have been calculated from the mean penuatiirasphere model by del
Toro Iniestaet al. (1994), for different angles (between the magnetic fieléation and
the observer). In the lower panels the Stokesignals unaffectedi{) and affected ()
by crosstalk are represented. ThHeamplitude of Fe 6301.54 is changed by crosstalk
by approximately 10 % in average. This will be the error of éfffective magnetic field
estimates when applying th&eak Field Approximatio(Chapteflt). The values of the
effective magnetic field calculated from tkentre of gravitymethod (COG) of the Fe
6302.5A profiles, described in the next chapter, will be underedtihay 20%, at most,
because of crosstalk, while the distance ofithextrema of this line is not affected.

A6301.5A y=60° A6301.5A y=75° A6302.5A y=75°

0.10f V— 1 0.101 7 0.10
Q----
U-mme

0.051

0.00 = 0.00 0.00 =

-0.05 -0.05 b -0.05

-0.10 1 -0.10 b -0.10

0.10 b 0.101

0.101
0.051 0.051 ] 0.051
0.00F 0.00 0.00 F
—-0.05 -0.051 ] -0.05
-0.10 b -0.10 b -0.10
-0.4 -0.2 0.0 0.2 0.4 -0.4 -0.2 00 0.2 04 -0.4 -0.2 0.0 0.2 04
Wavelength [A] Wavelength [A] Wavelength [A]

Figure 3.7:Examples of the effect of the instrumentabsstalkon Stokes profilesJpper panels

StokesQ, UandV signals at different inclination angles for the line paiﬁaoz,& . Lower panels
StokesV signal pure {') and affected by crosstalk/().

Fell 6149.3A : line with no instrumental polarisation

The Fell 6149.3A line, among others (see Vela Villaher al. 1994), has a special be-
haviour that makes it interesting for the present studys ilhgensitive to instrumental po-
larisation. The ionised iron line is formed through the mann4D1/2 — 4P1/2. The total
angular momentum of the lower and the upper levels of thesitian are then/; = 1/2
andJ, = 1/2 and the Landé factors age = 0 andg, = 4/3, respectively. Therefore, if
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3 Observations and data reduction

we calculate the displacements of thendo components through Hg. 2.7, we find that
they coincide in wavelength. Moreover, thecomponents have twice the strength of the
m components and hence it follows for the absorption and dsgpe profiles that

d)b + Qbr w _ wb + 1/}7“

2 P 2
This means by EqE-ZB9 ahd 2.42 that= 1y = pg = py = 0. Finally, it follows from
the RTE that) = U = 0. The result is a spectral line which shows no linear poltinsa
of solar atmospheric origin. Thus, no instrumental crdkstaU — V' can occur.

¢p:

The absence of information about the linear polarisati@n,af the orientation of the
magnetic field, could be a disadvantage, but in this work théyshas been concentrated
in the observed circular polarisation signal.

3.2.5 Scattered light

The photons coming from the Sun suffer scattering by the pladicles in the terrestrial
atmosphere and also in their path through the telescopenlyvtlie scattered light from
the quiet Sun photosphere introduces some false light ismaia and may contaminate
the calculations of the velocity field. For the fF&149.3A line, the contribution of the
scattered light has been estimated from its umbral profikea Icool’ atmosphere like
a sunspot umbra the formation of this ionised iron line is eqiected. Therefore, the
observed profile is assumed to be pure scattered light. lieis possible to account for
the correction needed to remove this effect from the profiiethe penumbra. For the
6302A lines this effect is estimated by assuming that the faldw ligaches a reasonable
level of 10 % of the continuum intensity in the penumbra arad ihcarries an un-shifted
line profile from the quiet Sun. Simulations have shown tfratn the influence of this
spurious light, the line shift measurements, without aotiog for the scattered light, turn
out to be underestimated by 10 %.
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4 Penumbral fine-structure: data
analysis

The dynamics and magnetism of sunspot penumbrae appearhoused in the fine-
structure. Spectroscopic data with high spatial resaluéie those described in the pre-
vious chapter are therefore needed to extract the infoomatontained at such small
scales. The present chapter is devoted to the analysis abdervational data. In the
first section, the intensity fluctuations of the penumbraltdees will be treated. Then,
the magnetic field calculations by means of polarimetriadhatl be described. Next, the
Evershed flow will be studied applying different methods $tireate the velocity fields.
The last section will treat the relation and possible catreh between the three different
parameters —intensity, magnetic fields and velocities —racieristic of the penumbral
fine-structure (cf. Bello Gonzalex al. 2005).

4.1 Intensity maps

From the data, two different kinds of intensity maps can lesented, maps from broad-
band images, which originate essentially from continuunmiag atmospheric layers,
and maps corresponding to different wavelength positioors the narrow-band images,
i.e. from different heights in the sunspot atmosphere. Rtwerbroad-band images a first
analysis of the penumbral structure can be done.[El. 4resepts examples of such
images for both NOAA 0346 and NOAA 9919 sunspots, both at enbehtric angle of
0 ~20°. One can notice the higher definition of the image for NOAA®@bmpared to
the one for NOAA 0346. The difference stems from the difféss=eing conditions during
observations.

The intensity maps from the narrow-band channel are oldaiyeadding the two-
dimensional circularly polarised components after theicidn and proper treatment of
the data described in previous sections. These maps willllldelow filtergrams, since
they are obtained by observation with narrow filters.

Differentiating centre- and limb-side penumbra

Let us first emphasise the importance of the differentiatibthe penumbra ircentre-
andlimb-side penumbra. From broad-band intensity maps, such ag iR, one can
notice that penumbral grains, i.e. penumbral bright poiytpear brighter in one side of
the sunspot than in the other. Also, the fact that the Evelrsfffiect is characterised by
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4 Penumbral fine-structure: data analysis

2 4 6 8 10 12
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Figure 4.1:Examples of intensity maps of sunspots, NOAA 0346 (uppeelsjiand NOAA 9919
(lower panels), from broad-band images. Arrows point talsatisc centre.

blue-shiftedcandred-shiftedspectral lines, i.e. flow velocities towards and away from th
observer, respectively, indicates the need for such ardifteation.

Since the Sun is a sphere, the imaging of the solar surfasetgtes implies projection
effects. The heliocentric angle accounts for the positiiba solar structure with respect
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4.1 Intensity maps

to the disc centre and therefore, it accounts also for thgegtion effects. For sunspots,
thecentre-sidgoenumbra will refer to the region of the sunspot which is etds the disc
centre and thémb-sidepenumbra to the region closer to the solar limb.

4.1.1 Photometric properties of penumbrae
Penumbra in broad-band images

A penumbra, as seen in broad-band images, is mainly chasstdy its bright and dark
alternating filamentary structure laying along the radieg¢ation of the sunspot. When,
for a given radius, an azimuthal cut is considered, the sitgrvariations look like it
is shown in FiglZR. It is difficult to say whether the brigHafents lie on a darker
background or vice versa.

o

|
%\\\\\\\\\\\

Intensity

o
o0

o
o

-60 -40 -20 (9}
azimuth [degrees]

Figure 4.2:Azimuthal cut of NOAA 9919 center-side penumbtzaeft region of the spot where
a ring of given radius crossing the mid penumbra is markedadokh Right Intensity variation
along the azimuthal cut. Intensity values refer to the matansity value of the surrounding quiet
photosphere. The dashed line gives the mean intensity #hencut.

The heads of the bright filaments or penumbral grains shamsity values above the
mean continuum intensity. of the ambient photosphere and, therefore, comparable to
the intensity of bright granules. These very bright streesuappear more frequently in
the limb-side than in the centre-side penumbra, which wasady noticed by Tritschler
et al. (2004) and Sutterliet al. (2004). The tails of such filaments, apparently attached to
the bright heads, have an average intensity of Owith some achieving values of 0/9

Radial dependence of penumbral intensities

Before discussing in detail the small-scale propertiesoijnbrae we point out, differen-
tially for centre and limb side, some global properties thegpiend on the radial distance
from spot centre. Such global variations should certaihdp &e explained by viable
models of penumbra dynamics.

Taking advantage of the high symmetry of the sunspots NOA¥6GEd NOAA 9919,
it is also interesting to study the intensity variation a@dhe radial direction. Moreover,
by using the various filtergrams, i.e. intensity maps takatiféerent wavelengths within
the different spectral lines, such a study can be extendemhtpare the radial dependence
of the intensity originating from different layers of thespot atmosphere. The procedure
consists in measuring the average intensity along the daahdirection of the sunspot
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4 Penumbral fine-structure: data analysis

for a given radial position. We have performed the averaginmany radial positions
by 'scanning’ from the surrounding photosphere until thekdanbra within the field of

view. This procedure is appplied separately for both, th@reeside and the limb-side
filtergrams. For NOAA 9919, in order to avoid effects in theemge intensity values
from ’irregular’ structures in the penumbra, only the petwah area shown in Fig. 4.2
has been taken into account, for the centre-side averaging.

The result are curves of average intensity at various wagéhs within spectral lines
along the radial distances. Some examples are shown ibLBigT4ere, curves for the
limb and the centre side are shown separately in the leftight panels, respectively.

In all cases the general behaviour is the expected incrédse intensity from the um-
bra to the photosphere. The minimum mean intensity valuthisumbra of NOAA 9919
varies from 0.2 to 0.4 relative to the mean continuum intgrisithe surrounding photo-
sphere for the various filtergrams along the Fee pair. In the case of NOAA 0346 the
umbra average minimum intensity value is of the order of Old.changes in this value
for different wavelengths occur since thelFéne is not expected to form in the 'cool’
umbral atmosphere. The above relative intensity values)areorrected for spurious
light originating from scattering in the Earth’s atmosphand in the telescope. Thus,
they should not be takezum grano salis

From the curves presented in HiglJ4.3, we notice in both satasp non-monotonic
behaviour of the intensity within the penumbral boundaries

- In NOAA 9919 this phenomenon is better seen in the limb-sidensities (left
panels) showing similar behaviour in the two neutral irame8. The minimum
of intensity occurs at 0.85 normalised radial distance fthencentre of the spot.
The phenomenon is observed in intensity curves from filtergrat all - line core,
line wing and continuum - wavelengths. However, it is beseen in the line core
of A6302.54 than in the line core of 6301.5A . This may be due to the different
heights of formation of the two lines. As will be seen in thextngection, the line
core of\ 6301.5A forms in higher layers than that 416302.54 . This would mean
that this decrease in intensity occurs less pronouncedensities from higher lay-
ers of the penumbral atmosphere. The stronger enhanceifrt@etiatensity in the
core of A 6302.5A in the limb side could also be interpreted by the Zeeman-split
ting and weakr-component of this line, due to a strong longitudinal congurof
the magnetic field. Very likely, this interpretation is irapliate since such a strong
intensity enhancement is not observed in the centre sideeafunspot.

- Inthe centre side, the average intensity values oscilfeh oscillations may result
from the statistically low numbers of bright and dark stures along the azimuth
at fixed radial distance. Yet we emphasise that they are mresall wavelengths.
Therefore, the phenomenon occurs at atmospheric layersevithe Fe lines are
formed, which indicates that this phenomenon covers a lagge of atmospheric
heights.

- In NOAA 0346, observed in 6149.3A , the brightness peak in the penumbra ap-
pears closer to the umbral boundary in the limb-side penartitan in the centre-
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Figure 4.3:Curves of mean intensity along the radial directidimp mean intensity along ra-
dial distance from sunspot centre for various filtergramsaitelengths close to the line centre of
)6302.5A (given in the box) for limb sideléft) and centre sideight) of the sunspot NOAA 9919.
Middle: same as top panels but for wavelengths arolBB801.5 . Bottom same as top pan-
els but for indicated wavelengths aroun®149.3A for NOAA0346. Abscissas are in units of
normalised radial distance to the centre of the spot and ¢htical lines denote the penumbral

boundaries
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Intensity

Intensity

side penumbra. Itis also seen that the effect of enhancamerre pronounced in
the curves corresponding to line centre filtergrams.

This brightness enhancement, also observed by Tritsehlal: (2004) and Westen-
dorp Plazeet al. (2001a), is still not well understood. Differences betwbg side and
centre side may be due to the presence of bright penumbiabkgrarrying hot material
from deeper layers to the photosphere and which are betarisghe limb-side penum-
bra. Thus, along such an interpretation, thermal and opaffects varying with distance
from the spot centre would underlie the intensity variagion

If we compare intensity curves along the radial distancel@r§irams from the blue
and the red wings of a given spectral line some addition&mihces are found. They
are depicted in Fig.4l4. When both curves follow a similandéour but with differ-
ent intensity values we can interpret this by 'glodallieshiftingor redshiftingmotions.
Blueshifts, as those characterising the centre-side pbrajjproduce an enhancement of
intensity in the red wing and a decrese of intensity in thebling. Likewise, redshifts
(as those in the limb-side penumbra) produce an enhancevhémiensity in the blue
wing and a decrease in the red wing.
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Figure 4.4:Radial dependence of average intensity in sunspots fardiit wavelenghtsTop
Curves of average intensity in the limb side of the sunsggd$étom Curves of average intensity in
the centre sideSolidlines represent curves at wavelengths close to continlashedines rep-
resent curves at wavelengths close to the line ceReelandbluelines represent curves from the
red and blue wings of the spectral lines, respectively. Tuisaas give values of normalised radial
distances from the centre of the sunspot. Vertical lineotiethe inner and the outer penumbral
boundaries.
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4.1.2 Spectroscopic properties of penumbral intensity

Let us now make use of the spectroscopic information fronobservational data through
the Stoked (or intensity) profiles to infer some more general propsréileout the sunspot
atmosphere and more specifically about the penumbral atreospAs we know, Stokds
profiles give us information along the spectral directiod,aherefore, along the different
layers of the atmosphere where such lines are formed.
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Figure 4.5:Intensity (Stokes) profiles for the Fe6302A pair (in sunspot NOAA 9919) and the

Fell 6149.3A (sunspot NOAA 0346) spectral linesSolid lines show mean penumbral intensity
profiles along the spectral lineBottedlines show the mean intensity of sourrounding quiet-Sun
photospherelqs. Zero position on the wavelength axis, denoted by the \artiashed line, is set
to line centre offs. Intensities are normalised 1@ continuum values.

In Fig.[ 43 mean intensity profiles for umbra, penumbra arrdosmding quiet-Sun
photosphere are shown for NOAA 9919 observed in the line @air6302A and for

NOAA 0346 observed in the ionised iron line6149.3A , in representations for the limb
and the centre side. The intensity profiles are normalisede@ontinuum of the quiet-
Sun photospherg, os. Let us summarise the main properties of the intensity @fil

- penumbral profilessplidlines) exhibit in the continuum about QL8,s, while um-
bral profiles ashed-dottedines) show~ 0.45]; os. As mentioned before, these
values are not corrected for scattered light;

- the Fall 6149.3A line is absent in the cool umbra;

- for all three lines, the mean intensity profiles from theliside penumbra are
displaced towards higher wavelength valuesighifted with respect to the mean

reference’l. s profile;

- the mean intensity profiles from the centre-side penumteadesplaced towards
lower wavelength valuesb(ueshiftedl with respect to the mean 'referencg’ g
profile.

These wavelength displacements of the mean intensity @radioss the whole penum-
bral area are a first indication of the strong dynamics chearatic of penumbrae.

Normalisation of the profiles to their local continuum leaddo other interesting proper-
ties shown in Fid.4l6:
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4 Penumbral fine-structure: data analysis
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- penumbral intensity profiles (as well as umbral profile)esgy broader than the
I. s profiles. The broadening may be caused by both, magnetiar(@eeand
thermal motion (Doppler broadening) effects;

- in the Ferl 6149.3A line, intensity profiles show weaker line depression thag.
This is an indication of the lower degree of ionisation in teeler penumbra com-
pared to the surrounding hotter photosphere. For the saaseme Fe 6301.5A
line profiles show stronger line depression in the penumbra;

- however, the line depression shown by B802.54 , which stems from the same
multiplet as\ 6301.5, is comparable to that of the surrounding photospbrerfiles.
This line undergoes a strong Zeeman broadengrg.5) which reduces the line
depression.
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Figure 4.6:Same as in Fig.4l5 but intensity profiles normalized to tieallcontinuum.

Theumbralline profiles are not reliable. The observations were notnheastudy
sunspot umbrae. So, the counts in the umbral profiles werethms the noise is high,
and the spectral scans were too short to reach true contineamsplit lines.

4.1.3 Temporal evolution

Apart of the evolution with time of the surrounding granidat the inward movement of
the radial penumbral filaments, near the umbra-penumbdebaran be already observed
within an image time sequence of about 8 min (10 consecutaesswith time cadence of
50 sec). The migration of the penumbral grains into the uraledhe most clear evidence
of such dynamics in this time interval and it has been eveniplesto estimate an average
motion speed of 0.6 knTs by tracing the distance covered within such time, in agregme
with measurements by Sobot&tal. (1999) and Sobotka & Sutterlin (2001). An example
of radial motions is shown in Fig.4.7 where an enlarged slab&iethe inner limb-side
penumbra of NOAA 3046 can be seen. Thefg,and B) represent the best images of the
sequence with a time difference of 5min. Every structurecappdisplaced inB) with
respect toA) by an inward motion.
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4.1 Intensity maps

Figure 4.7:Example of radial motions of penumbral filaments close toutmbdra border.Left
Continuum image of the limb side of NOAA 034Right enlargement of the marked region. Time
difference betweend) and @) is 5 min. Distance between white lines 15 1

4.1.4 Intensity fluctuations

The intensity structure of the sunspot NOAA 9919 at a hehtee angle ofd =20° is
shown in FiglZT0 (upper panel). To suppress noise, forrttage from the outer wings
of the 6301.% line an average of frames at line centfé ¢ 256 mA andlc — 224 mA
Is taken. Images from pure continuum are not available irdtta. Yet, for short, this
latter image is denoted as ‘continuum’ image. Likewise it centre image is actually
an average of the three images taken closekt to

Temperature response functions

To answer the question from which height in the atmosphesentbasurements come,
we have to know which layers of the atmosphere are contrigut the formation of the
spectral lines in use or simply tieight of formatiorof the given lines.

One possibility is to calculateesponse function@Mein 1971; see also Kriegt al.
1999). Response functionB [’) describe the effect that perturbations of a given physical
parameter characteristic of the medium have on the emeligenintensity. Following
Eibeet al. (2001), if RF,, is the response function for a certain paramgtéhe intensity
fluctuation generated by a small perturbatidp can be written as

AI(N) = /+00 RE,(\, 2)Ap(z)dz (4.1)

where z represents the height variable within the atmosphere. &{eRé’s are usu-
ally determined along a given spectral range (or specina)) land they depend on the
atmospheric height.

Here, intensity fluctuations are adopted as proxies for &atpre fluctuations and,
therefore, the interest is centred@mperatureR F's. The average penumbral-atmosphere
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4 Penumbral fine-structure: data analysis

model by del Toro Iniestat al. (1994) is used to obtain the average intensity profilgs,
Then small temperature increas&§’, at specific heights;, are applied. Temperature
response functiong? Fr can then be calculated as

aL;(N)
% I.AZ
wheredI; are the intensity fluctuations for a small perturbatidif’ affecting a depth
interval [z, z; + Az]. In the actual calculationg,/; has been obtained from

0Li(A) = (Lis1(N) = Law) = (Li(A) = Law) = Liza(A) — Li(A). (4.3)

I; and;,, are obtained from\T" perturbations at heights > z; andz; > z;., respec-
tively.

RFp(\, %) = (4.2)

The response functions were convolved in wavelength wehrdmnsmission function
of the spectrometer (see Secl3.1) to account for its infi@mcthe observed profiles.
Calculations of the temperatuiel's have been performed for the three spectral lines
of interest. Figur€4l8 shows examples of curves for fiveediffit wavelength positions
and for three different magnetic field strengBisThe solid lines represeiitf at wave-
lengths in the continuum close to the spectral linesréldecoloured ones represent con-
tribution functions from the line centre and the other theggesent values at wavelengths
within the wings: line centre + 404 line centre + 80 M and line centre + 120 A. As
expected, different spectral lines as well as differentasperic conditions (variations
in B in this case) show different response to temperature fations within the atmo-
sphere.

Intensity fluctuations in the line centres)a6302.5A and ) 6149.3A occur quite low
in the photosphere, at about 100-200 km for the specific nagiedd configuration with
constant field strength which was chosen. This tells us teabbserved intensity fluctu-
ations in the maps of the line centres correspond to laydrianabove those layers from
which the continuum originatess(=1 or z=0km, 75 is the continuum optical depth at
5000&). However, R F; for the line centre ah 6301.5A occurs heigher above the con-
tinuum forming layers.

Surprisingly, RFr for A6302.54 at line centre has its maximum at lower heigths
than REr in the wings of this line. The effect is also seen, but lesspunced, in the
) 6149.3A line. The solution of this paradox comes from the strong Zaemsplitting
which lowers the height of formation at the line centre.

Temperature response functions for the Fe6301.5A line

Figure[.9 depicts temperature response functiéis: for several wavelengths in the
Fel 6301.54 line. For typical penumbral field strengths within the ranéj& 000—2 200 G
and field inclinations the response functions for wavelesgtear the centre of this line
are similar. Therefore only one set Bf’; is shown.

The line core fluctuations are formed in the height range 6450 km (above; = 1).
There exists a small overlap with the response functiongh®mwings of the line (‘con-
tinuum’ image). The temperature response functions neslirtle centre look different
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4.1 Intensity maps

Fel 6302.54 Fel 6301.5A Fell 6149.3A

B = 1000 Gauss

B = 1000 Gauss B = 1000 Gauss
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Figure 4.8:Examples ofRFr for each of the three spectral lineSolid curve represent® Frr
in the continuum near the lineed at the line centre wavelengtdashedat 40 mA from the line

centre;dashed-dottedt 80 mA from the line centre andashed-dot-doat 120 mA from the line
centre. All calculations were performed for= 45°.

for strong magnetic fieldsx2 000 G) oriented closely along the LOS. Then the Zeeman
splitting becomes strong and the light at wavelengths atdhe line centre comes from
deep layers of the atmosphere. Thus, the response funaiéng.[£.9 are not designed
for features in an umbra like, e.g., umbral dots, observedecto disc centre and with
nearly vertical magnetic fields.

Small-scale intensity fluctuations

Since the origin of the intensity fluctuations, as proxiedeshperature fluctuations, is
known, one may study the variation of the penumbral strireguwith height. Figur&4.10
shows intensity maps of the sunspot NOAA 9919 at continuwmal land line centre of
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4 Penumbral fine-structure: data analysis

A=6301.5 A, B=1500 Gauss, y= 60°, y= 0°, wu=0.940

N
L I L B L LA NN B R IR L L R B
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Figure 4.9:Temperature response functions fon BBO1.5A in the penumbral model of del Toro
Iniestaet al. (1994). The units of the response functions are ergsn! Hz ! ster ' K=l km~!.
Solid curve continuum response functioR Fr; dash-dotted average from wavelengths in the
outer wings;dashed average from wavelengths around line centgiis the angle between the
magnetic field and the LOK,the azimuth of the magnetic field apd= cos 6 (0 is the heliocentric
angle).

Fel 6301.54 . The penumbral small-scale fluctuations in the continuuthlare centre
images are of the same order, 20—30 % peak to valley. Besiugsshow a close corre-
spondence, nearly one to one. At scales’dba-@5 and larger, the penumbral structures
at deep photospheric levels are persistent up to height8G$400 km. This agrees with
the results obtained from inversions of filtergram data & Bel 5576A line (del Toro
Iniestaet al. 1994) and of Cal K spectrograms (Rouppe van der Voort 2002).

One notices that at scales larger thdb the structures, or conglomerates of struc-
tures, retain their identity through the atmospheric pavieced by the observations. Yet,
very importantly, when moving from low to high layers, perana fibrils with diameters
of 0’4 and less tend to change position, orientation, length agtitness relative to other
ambient fine structures. Close inspection of Eig. .10 shinassome of the very fine
structures are visible only in one of the two images origingafrom two different atmo-
spheric heights. At scales belo0the penumbral intensity fine structure changes with
height in the atmosphere.

Examples of changes in intensity at small scales are shotigid.T1. The upper two
panels to the right represent the enlargement of the matkdebid of a region in the limb-
side penumbra of NOAA 9919 for both, continuum and line eettensitites. The small
faint structure close to the bright filament changes itstpmsin one image with respect
to the other. The lower panels show the same representaitdiorba subfield from the
centre-side penumbra. The relative enhancelneinthe bright structure is clearly seen
in the line core image. Similarly to these two examples, maimer differences in the
fine-structure can be found in the whole penumbral area.

Note that each intensity subfield is scaled to its local matensity.
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4.1 Intensity maps
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Figure 4.10: Examples of intensity maps of NOAA991Qpper panel at continuum level.

Lower panel at line centre of\ 6301.54 (height of formation 300-400 km abovg= 1 in penum-
bral atmosphere). Arrows point towards disc centre.
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4 Penumbral fine-structure: data analysis

Figure 4.11:Details limb side fop) and centre sidebpttor) of NOAA 9919 in the) 6301.5A .
Left "continuum’ intensity mapRight subimages of the same region at continuum and
line centre wavelengths, respectively. Small tickmarlksarQ1 distance.

4.2 Magnetograms

In this section the different procedures to calculate thgmeéc field maps are described.
All procedures are based on the physical fundament of thenZeeffect and the analysis
of the state of polarisation arising from the presence ofme#g fields. Such polarisa-

tion phenomena can be measured from observations to ob&information about the

orientation and strength of the magnetic fields.

From Weak Field Approximation

The calculation of the effective magnetic fiel&fs; from the WFA in Fal 6149.3A is
based on the amplitudes of the extrema of théobes as described in SEC.214.4. The
algorithm conceived for that purpose fits the Stokegrofiles to two Gaussian functions
(one per lobe) and a second order polynomial according to

Y(\a)= age” A0/ (203) 4 o= (Aa0)?/(2a3) 4 gy oA 4 ag)2 . (4.4)

The parametera = (aq, . . ., ag) were initialised with characteristics of the observa-
tional profiles. Constraints were applied to avoid inforim@trom pixels, i.e. positions
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4.2 Magnetograms

on the Sun, with signal below the noise level or which doedihtai the expected Stokes
V' shape with two lobes. We thus excluded more complicétquofiles, e.g. with three
lobes which can arise under complex dynamic conditions.mFiee fitted analytic”
profiles we extract the separation of the lobes and their itundgls. The lower limit of
detectable Stokds signals in one pixel in the FOV, i.e. the noise leveBis. 5 x 10731,
wherel. is the average penumbral continuum intensity.

Examples ofB.¢ as contours over-plotted to the corresponding continuuagerare
shown in FiglZIPR. The measurable signals are essent@tfigentrated in the inner and
middle penumbra and absent in the outer penumbra exceptdoegion (represented as
black contours) in the limb-side penumbra, where a changmlairity has ocurred, i.e.
negative values oB.g are seen.

[Gauss]
1800

1325

850

375

-100

Figure 4.12:Contours of effective magnetic fielfl.¢ from WFA in Fell 6149.3 over-plotted
onto continuum image of NOAA 0346. The arrow points towards dentre.

From COG method

In the magnetograms from the COG method (Eig.4.13) the pbrairfilamentary struc-
tures can be seen, despite the weakness of the@&9.3 line. At the outer penumbra
the magnetic signals are often too low for a reliable measarg. The grainy appearance
of the map at scales of'B-0'4 arises from noise due to the weakness of the magnetic
signals in this Fa line.

Similarly as forB.¢ from WFA (Fig[4.12), theB; o5 signals are mainly detected in the
inner and middle penumbra. Also, magnetic fields orientealyawom the observer in the
limb-side penumbra, indicated by the negative field sttengt the magnetograms, can
be interpreted as the horizontal fields of the uncombed niagsteucturing, i.e. changes
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Figure 4.13:LOS magnetic field from COG method in Fe5149.3 of NOAA 0346. The arrow
points towards disc centre.

of inclination with respect to the vertical (Solanki & Mortan 1993, see also in Introduc-
tion). Close to this negative-polarity region, a long magn@amentary structure witti
oriented towards the observer and intruding into the umbrabe seen. It is interpreted
as a structure with small magnetic field inclination (witBpect to the vertical to the solar
surface) in the picture of the uncombed fields.

4.2.1 Magnetic field maps from Fe 6302.5
From COG method

Line-of-sight magnetic field o5 maps calculated from the COG method of NOAA 9919
are shown in Fig.-Z14. Quantitative values from500 Gauss up te-2200 Gauss are
obtained using E@.Z53. By close inspection of hg,s map, we find the following
properties:

- Bros exhibits a filamentary structure, it originates from smalhls penumbral
features.

- The limb side (left panel) shows an inversion of polarityasd one sees filaments
in the middle and outer penumbra of negative magnetic fietds &lso visible
in small-scale negative polarities in the surrounding &guphotosphere. They are
intersected by positive polarity filaments. The negatiMdéi@dave LOS components
with extremal values of-300 Gauss.

The magnetic characteristics of F8302.58 make this line a powerful diagnostic of
Br,os In penumbrae.
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Figure 4.14: Magnetograms of NOAA9919 obtained applying the COG method~é
6302.5A . The arrow points towards disc centre.

From the Strong Field Regime approximation

The SFR approximation provides estimates of the total magfield strengths. Fig.4.15
shows an example of a magnetogram obtained in this way. Dlientiations of the
algorithm used to fit the Stokeg profiles through expressidn_#.4, the magnetic map
shows areas set to zero where the signal is too low or whereasonable fits to the
measured’” profiles could be found.

20

[Gauss]
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1675

-975

0O 2 4 6 8 10 12
[arcsec]

—2300

Figure 4.15:Magnetograms of NOAA 9919 obtained from the separation efithextrema in
Fel 6302.5A . Itis padded with zero shade where the signals are too lowffeliable determina-
tion. The arrow points towards disc centre.
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4 Penumbral fine-structure: data analysis

In this magnetogram, the filamentary structure cannot be ae®bviously as found
with the COG method above. The values of magnetic field strengn from —2300
Gauss up te+3000 Gauss, the latter field strengths are found in the unmtaery inner
penumbra where they are expected. Here again negativdatigsldound on the limb
side of the area are confirmed although they cannot be pyopsdted to any specific
penumbral structure.

4.3 \elocity maps

Calculations of LOS velocities have been also performedingakse of the spectral in-
formation contained in the observed profiles of the threetspdines in use, i.e. the iron
pair at\ 6302A and the ionised iron line ax6149.3A . Different methods have been
applied providing us with various two-dimensional mapse Pnocedures and the results
are described next.

4.3.1 Bisectors and line minimum

Bisectorsand line minimum positions are used to measure LOS velsditien the Stokes

I profiles. At a certain intensity level, the line bisectorgg\the mean wavelength posi-
tion of the two intersection points with the line profile aridi$ measures the Doppler
shift. The minima of the measurddprofiles were determined with a parabolic fit. Their
wavelength positions give also velocities. Fidure¥.16ashthe representation of a bi-
sector (in red) for a given intensity profile calculated frimee different intensity levels
and connected to the line minimum. From its definition, the-mertical shape of a line
bisector entails the existence of asymmetries in the lioélpr

Stokes 1
T
1

Wavelength

Figure 4.16:Representation of hisector(in red) of a given Stoke$ profile (solid black). The
horizontal dotted lines represent the different intensity levels (equivalendifferent positions
in the atmosphere) where the bisector is calculated. Theaterertical dotted line marks the
wavelength reference position of the line minimum from vhicavelength shifts are measured to
estimate LOS velocities. The ordinate represents intemasitl the abcissa the wavelength direc-
tion.
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4.3 Velocity maps

Intensity profiles from the Fe56301.5A are used for the calculation of two-dimensional
LOS velocity maps. This line is used for two reasons. Fitstlawer sensitivity to the
magnetic field effects (Landé factos;=1.67) and second, the large range of formation
(from 150—400 km, see Fid._4.9). Thus velocity maps fromedéht intensity levels will
trace the velocity field at different heights in the atmosphdn order to reduce noise,
maps from two consecutive observational spectrum scars Ib@en averaged. Results
for all four intensity levels are shown in FI[g. 4117 and arsalidoed below:

- Line-minimum mapsypper-leftpanels) show an unexpected (and yet unexplained)
LOS velocity distribution different to the typical Eversh#low pattern, i.e. out-
wards radial flows. At the limb siddefft panel) where one would expect strong
redshifts, mainly blueshifts are found. Only along the Iperpendicular to the
centre-to-limb line, strong redshits in the mid-outer pabua are visible. In the
right panel (centre side), blueshifts corresponding tocites up to-1kms™! are
located at the outer penumlﬂathe redshifts present in the upper part of the right
panel appear to be associated with the intruding dark unfbaalires seen in the
intensity maps.

- LOS velocity maps from intensity levelon Fig[4.1®, are shown in theoper-right
panels. Velocities of the order of 0.5 km'sare now found in the outer limb-side
penumbra. Those, together with the blueshifts in the cesitte penumbra are now
recognised as the Evershed radial outflow.

- Continuing with the intensity level 3 on Fig_4l16oer-left panel in Figl417),
LOS velocity maps show a more extended region of redshifthénlimb-side
penumbra with the highest values (.8 km s™!) at the very outer border and stronger
blueshifts corresponding to LOS velocities up-td.5 km st in the outer, centre-
side penumbra.

- LOS velocities from the wings of the spectral line (leveldkig [£16) are shown
in thelower-right panel of Figl41l7. Here, one sees the homogeneous extasfsion
redshifts in the outer limb-side penumbra. The blueshiftthe inner penumbral
boundary are also present. In the centre-side penumbraHifieehave become
stronger achieving higher values corresponding to vetscitp to—2kms*.

From the behaviour shown by the LOS component of the veldigtgt when tracing its
contribution from the different atmospheric layers, onéaots the general picture of a
radial Evershed flow which is better seen in deep layers antedses with height, as
reported by Borner & Kneer (1992, and references therein).

2The sign of velocity is used in this thesis such that posiigcities correspond to a redshift, i.e.
A\ > 0. We thus follow the traditional astronomical use.
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Figure 4.17.LOS velocity maps of NOAA 9919 obtained from bisectors ané Ininimum posi-

tion of Fel 6301.5A for four different intensity levels, i.e four different tggnts in the atmosphere.
Values in the umbra are set to zero. The arrows point towasdsceéntre.

4.3.2 Stokes/ zero crossing

Another possibility for the estimation of the LOS velocigythrough the measurement of
the displacement in wavelength of the zero-crossing pdithe Stokesl” profiles with
respect to a given reference wavelength, in this case, vt the mean Stokesprofile
from the surrounding photosphere. Results are shown iIE§.

The LOS velocity maps appear with some noise. Similarly éotlagnetic map shown
in Fig.[4L15, the representation of the distribution oftheero-crossing shifts is quite sen-
sitive to the strength of the magnetic signal componentgtbe LOS as well as to the fit
of the Stoked/. The applied fitting procedure is analogous to that expthin&ec[Z. 44,
i.e. fitting the lobes to two Gaussian functions and by a secoder polynomial.

For a higher reliability the various consecutive scansridiethis sunspot were com-
pared. Thus, the final maps shown in [Eig.%.18 are the resthieo$election of the com-
mon regions of the different scans where the StdKgsrofiles could be measured and
properly fitted. Therefore, although quantitative valuesyrbe affected by noise, the
qualitative distribution of the LOS velocities of the magoestructures is reliable. The
zero-crossings appear blueshifted in both the centreasidehe limb-side penumbra and
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Figure 4.18:LOS velocity map of NOAA 9919 obtained from the StoRégero-crossing of Fe

6302.5A . Values in the umbra and surrounding photosphere are setr¢o Zhe arrow
points towards disc centre.

redshifted in the parts about a line parallel to the limb. sTisi contrary to the wave-
length shifts which are known from the Evershed effect. Thesgmmetric velocity
maps from thé/ zero crossing resemble those from tied circular polarisationcalcu-
lated from infrared lines by Schlichemaier & Collados (2p@ad modelled by Muller
et al. (2002). The latter consider a three-dimensional modeldasethe moving flux
tube model (Schlichenmaiet al. 1998). They show that the antisymmetric variation is
caused by anomalous dispersion (Faraday effect) and tbherdisuity in the azimuthal
angle of the magnetic field, which is due to the relative metion between flux tube and
background field. However, this antisymmetry has so far m&nbobserved in visible
lines. Therefore, no obvious explanation about this phesran can be here given.

4.3.3 Centre of gravity method

The velocities along the LOS were also determined with th&@@ethod applied to de-

termine the Doppler shifts from the circularly-polarisdaserved components, i.e. the
average COG position of tk@] +V) and%([ — V) profiles. The average line position
from the ambient non-spot area was taken as reference,,i,g..0s = 0.

The results are two-dimensional maps of the line-of-sigimhgonents of the veloc-
ity field averaged over the atmospheric heights from whiay tbriginate. The maps
show continuous low noise signal over the whole area of thed-&ieview due to the clear
$(I +V)andi(I — V) profiles associated with each pixel, in contrast to the previ
maps (Figl-4.18, for example) based on an inhomogenoudiyldited Stoked” signal.
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4 Penumbral fine-structure: data analysis

Measurements have been performed for all three lines, thdife pair at 6302 and
the Fell at 6149.3 line. The resulting LOS velocity maps are shown in EIg.14.08 a
Fig.[220.

km/s
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10 12

Figure 4.19: LOS velocity map of NOAA 0346 obtained from the COG method Fan!
6149.3A . Values in the umbra are set to zero. The arrow points towdsdscentre.

LOS velocity maps from thé 6149.3A line on NOAA 0346 (FigiZ119) show the typi-
cal Evershed flow pattern with blueshifts (brighter colpr®. flow of material towards
the observer, in the centre-side and redshifts (darkergploe. flows away from the
observer, in the limb-side penumbra. These wavelengtis<imié the result of the radial
outflow of penumbral material from the inner to the outer pehral boundary. Although
with smoothed appearence over the whole area, the signakshe filamentary distribu-
tion of the LOS velocity components.

The LOS velocity maps of NOAA 9919 (Fig.4120) calculatednirthe neutral iron
lines are scaled to the same values froeth7 up to 1.8 kms!. Some structures (which
appear saturated in the representation, mainly in the ppbtye) possess higher veloci-
ties. These maps show, together with the average Eversivegdibern, the highly fila-
mentary structure of the LOS velocity field. It is better sd®am in the previous maps for
NOAA 0346 due to the bettexeeingconditions during the observations.
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Figure 4.20:LOS velocity map of NOAA 9919 obtained from the COG methodtfe Fel lines
at 6301.5A (upper) and 6302.3 (lower). The umbra is padded with zero shade. The arrows
point towards disc centre.

4.4 Comparison of intensity, magnetic field and velocity
maps

Now that the analysis of the intensity maps, and the proeediar the estimation of the
LOS magnetic and velocity components through differentvoe$ have been described,
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4 Penumbral fine-structure: data analysis

let us combine the information in order to build up a pictuirthe penumbral atmospheres
from the observational point of view. Next, the relationswzen these physical param-
eters characteristic of the penumbral medium are treatel@tal for the both observed
sunspots.

4.4.1 Fel 6149.3 observations af = 23°

Let us now focus on the speckle-reconstructed images[(Hy.#he effective magnetic
fields B.g (Fig.[£I3) and the velocities (FIg.4119) in the sunspot M@846 on 2. May
2003, obtained with the COG method in thelF8149.3A line. The WFA for magnetic
field determinations gave consistent results (EiglJ4.12gaBse of its origin from ionised
iron, this Fal line is very sensitive to the temperatures prevailing ingeeumbra, where
it is weakened compared with the ambient photosphere, astubitld not occur in the
umbra, where its signal was indeed very low. We find from spélihe modelling that its
line centre in the penumbra is formed at heights between—20 km andz = +120km
(abovers = 1).
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Figure 4.21:Speckle-reconstructed image, LOS magnetic field and LO&citglmaps (from
COG method) of NOAA 0346 observed in Fe149.3.

Before discussing details we notice the general propesfise maps:
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4.4 Comparison of intensity, magnetic field and velocity smap

1. In both the magnetograms and the velocity maps, the peralifiiementary struc-
tures can be seen, despite the weakness of thesEd9A line. At the outer penum-
bra, the magnetic signals are often too low for a reliablesueament. The dark,
dot-like structures near the umbra in the magnetogramsgBEL3 are discussed
in the list below under item 4. Beyond these, the grainy stmecwith scales of
0/2—-0'4 arises from noise due to the weakness of the magnetic signtlis Fal
line.

2. The magnetic field is oriented towards the observer at isfeakntre side of the
penumbra and away from the observer in some parts of thediddbpenumbra.

3. Likewise, the Evershed flow is clearly seen, i.e. as veesctowards (blue shifts)
and away from (red shifts) the observer in the centre and kde penumbra,
respectively.

A close inspection of the intensity, velocity and magnetiaps reveals the following
special details:

1. The magnetic fields oriented towards the limb (indicateddgative field strengths
in the magnetograms of Fig.4113) at the limb-side penumbrake interpreted
as the more horizontal fields of the uncombed magnetic striagt. At positions
where they intrude into the umbra, they are located betwaghttelongated struc-
tures. This behaviour continues outwards: more horizdiatals coincide with dark
fibrils or with diffuse structures.

2. Letus now refer to the long magnetic, filamentary striectlose to the negative po-
larity region extended from, y) = (57, 2") in Fig.[AI3 until the umbra-penumbra
border and intruding into the umbra. From its positive pojait is interpreted
as a structure with small magnetic field inclination (witlspect to the vertical to
the solar surface) in the picture of uncombed fields. The taharp border of the
magnetic feature is located close to strong outflows andi@ithe border of a dark
filament all along its path from the umbra to the outer penani@oncerning in-
tensities, the magnetic feature houses bright and darktstes. Thus, we cannot
tell conclusively whether fields with small inclination doeated in bright or dark
structures.

3. Inthe upper left part of the umbra one notices two brigatdignts intruding into the
umbra at(z, y) = (11”7, 13") in Fig.[AI3. The magnetic field component along the
LOS is strongest at their ends and between them. This sigpagain the moving
flux tube model with the most vertical magnetic fields at theryimg point bending
outwards into a more horizontal direction. Also, the uncedhlfield picture is
confirmed if one interprets the observation of strong LO$lfielmponents between
the two bright filaments as a signature of more vertical magfields. Generally,
near the umbra, the magnetic filaments with strong LOS compsrare located in
dark structures. This however contradicts in some senseltabove, where the
“horizontal” magnetic field is also located between two htifijlaments.
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4 Penumbral fine-structure: data analysis

4. Strong LOS magnetic field components near the border torfiea are seen as
dark dots in the magnetograms of Hig.4.13. They are locdtéaeaends of dif-
fuse bright features, not at the bright penumbral graingéintensity maps. We
may identify them with the umbral ends of emerging flux tubeshie model by
Schlichenmaieet al. (1998). In this model, the magnetic field of the tube has the
lowest inclination (with respect to the vertical) and the geside the tube is hottest
at the umbral border.

5. On the disc-centre side, near the border between the fgeawand the quiet pho-
tosphere, the picture is less conclusive. The magnetic ditasnwith strong LOS
components may coincide with dark filaments, or with moréud# or bright struc-
tures.

6. The filamentary structuring of the velocity field is besersaear a dividing line
across the sunspot perpendicular to the limb-to-centection. There, a rapid
change of the LOS velocity occurs. On the disc-centre silde-ghift occurs both
in bright structures and in their outward tails. Yet not gvieright structure con-
tains flows, and the highest velocities do not occur in thgHtéast filaments. This
behaviour is seen throughout the penumbra, from near theautalihe border to
the normal photosphere. In contrast to the centre side,dbiigns of the outward
flows on the limb side exhibit a systematic difference: Théne LOS velocities
are generally largest in dark structures. The interp@tatiay be that the strongest
outflows are concentrated in more “horizontal” magnetid8elCompared with the
ambient, more vertical background field, they occur at pmsst with strong LOS
magnetic components at the limb side and at positions withkwe®S magnetic
field components on the centre side. The more vertical backagt field on the
limb side has only a small LOS component. But, on the centie, $his LOS com-
ponentis larger than the LOS component of the horizontal.fiehe LOS velocities
can attain values of 3 knts$ and thus, accounting for the projection, the velocities
may be in the range of 5-7 kms

7. The pattern of high LOS velocities consists of more stamly a few arcsec long
features with a knotted appearance rather than of elondiétéd, which is espe-
cially well seen in the limb side penumbra.

The inconclusiveness of earlier observational resultshenrélation between intensity
and Evershed flow (item 6 above) thus appears to be an outcbthe wiewing angle,
i.e. from which side, centre or limb side, the analysed daeewaken. The explanation
of the systematic difference, that the higher LOS velositiecur at bright features on the
centre side and at dark features on the limb side, can agdwubeé with the picture of
the moving flux tube in mind: The upflows of hot gas that are seethe centre side are
more vertical. Once the gas has cooled and the magnetic aigieemt into the horizontal
direction, the flow will be seen best in dark structures onliim side. An extension
of this model can also explain the shortness of the higheésp€S flow features (item
7 above). Following Schlichenmaier (2003) it appears neale to assume downward
bending of the flow channels towards subphotospheric layéhsn short distances, as
had been found by Schlichenmaier & Schmidt (2000). The miagfiex tubes carrying
the flows resemble then “sea serpents” (Schmidt 2003).
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4.4 Comparison of intensity, magnetic field and velocity smap

4.4.2 Fe 6302 line pair observations at) = 20°

Let us now turn to the relations between (speckle-recoaistd) broadband intensities,
magnetic fields and velocities measured in the 6802A line pair. These observations
possess a still better spatial resolution than the ones l0feld9.3A described above.
Also, Fel 6302.5 is more sensitive to magnetic fields and makes it ples determine
(within the approximations discussed in §ec.2.4.5) thelimae and polarity of the mag-
netic fields from the separation of thé extrema as well as the LOS components from
COG. It is formed higher in the atmosphere thaniF&l49.3 and thus reflects differ-
ent atmospheric properties. Again, for convenient disomssve combined the relevant
images of both halves of NOAA 9919 into Hig. 4.22.
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Figure 4.22: Speckle-reconstructed imagepper left), LOS velocity (from COG method in

Fel 6301.5A , upperright), magnetic field strength from the separatiori/oéxtrema lpower left)
and LOS magnetic field (from COG methddyerright) of NOAA 9919 observed in the F&302
line pair.
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4 Penumbral fine-structure: data analysis

By close inspection, the following properties are found:

1. The LOS magnetic field calculated from COG (lower right gdarof Fig[Z42D)
shows an inversion of polarity at the limb side where one segative magnetic
field filaments in the middle and outer penumbra (apart froralkstale negative
polarity fields in the ambient “quiet” photosphere). Theg entersected by positive
polarity filaments. The negative fields have LOS componeiits extremal values
of —300 Gauss, and coincide with dark intensity structures in thetinaum (or
broadband) images. The positions of negative polarity dieigd. of their LOS
components, at the limb side in dark intensity structuresade with the outward
velocity described in item 5 below.

2. Again on the limb side, strong LOS magnetic fields of 15@B&LGauss are found
in dark intensity filaments, yet not in their darkest partsrather displaced to the
borders to bright structures. We recall the similar resintisn the A 6149.3 line
observations (item 3 in Seff.41.1). In any case, on the $iad, strong LOS mag-
netic field components amot found in bright structures. These certainly contain
also magnetic fields, but with weaker LOS components.

3. Inthe centre-side penumbra, the strong LOS magneticdattponents are located
in dark intensity structures, or in diffuse intensity patte

4. Negative polarities are also found from tHexmplitude separations, but not in such
fine detail as from the COG method. When comparing the LOS omepts with
the field strengths determined from the separation oftlextrema one notices that
close to the line perpendicular to the limb-to-centre dicgcand crossing the cen-
tre of the umbra the fluctuations of the field amplitude anchefltOS component
coincide spatially. At locations towards the limb, thisrm@dence is mostly pre-
served, but not always. However, surprisingly, at locatitowards the disc centre
there exists an anti-correlation between fluctuations effilld amplitude and of
the LOS component. A possible explanation lies in (ant@ated fluctuations
of the field strength and the field inclination (with respextite vertical) which
have no influence at positions of the line perpendicular ¢dithb-to-centre direc-
tion and are less perceptible on the limb side of the penunitira anti-correlated
fluctuations of field strength and field inclination were atlg found, from lower
spatial resolution data, by Litext al. (1993) and Westendorp Plaeaal. (2001a)
and were discussed by Martinez Pillet (1997).

5. Consistently with the finding for the Fe6149.3 observationghe outward Ev-
ershed flow on the disc-centre side occurs at positions ghbriilaments in the
continuum images or at their somewhat weakened tails, vamlgne limb side the
outward flow is definitely located in dark structurd$e reverse is not true: Not all
bright structures (on the centre side) exhibit strong owslo

6. The outward velocities, i.e. their LOS components, arallemthan those found
in Fen 6149.3, they rarely attain values larger thahkmst. Only a small part
of this difference can be ascribed to observation at a snfadlécentric angle, i.e.
at 20 compared to 23for the A 6149.3 observations, or because the data are from
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4.5 Intensity, LOS velocity and LOS magnetic field correlat

different sunspots. The difference reflects the decreasieedEvershed flow with
height which is observed in the bisector velocity maps @if1) and also reported
by Borner & Kneer (1992, and references therein).

7. The relation between velocities and intensities in the ¢tiore of\ 6301.5 (Figl 4.0
lower panels) is less clear. On the centre side, large wesaan occur where the
line core intensity is less bright than the neighbourhodds Tikely reflects the fact
that the information about the velocities, measured fronGC8&tems from deeper
layers than the 6301.5 line core intensities.

8. The positions of the Evershed flow and the strong LOS maghetd components,
close to each other, but not fully coinciding, in dark inténflaments at the limb
side, discussed in items 2 and 5 above, are not inconsisiém.flow channels
are likely smaller than the spatial resolution of the obatons and strong, more
vertical magnetic background fields need not necessarihcm®e with them. On
the limb side, the velocities are perceptible only when the fthannels are bent
into a more horizontal direction ore even downward, whengg originally hot
and rising, has cooled down.

In general, the high-spatial-resolution data analysed benfirm the uncombed mag-
netic field structure of penumbrae. Tit al. (1993) and Bellot Rubiet al. (2003),
among others, found that the more horizontal flux tubes déweyEvershed flow. The
latter authors applied inversion techniques to full Stqkediles of the magnetically sen-
sitive infrared Fe lines at 1.56%m. Their data had lower spatial resolution than the
ones presented here and the authors concluded indirectbentng the magnetic field
and velocity structure by adopting two-component modeighe inversions. Our high-
resolution data are compatible with this picture.

4.5 Intensity, LOS velocity and LOS magnetic field cor-
relations

One open and strongly debated question concerning penansidtee correlation between
the kinematics and magnetism with the visible penumbraktsires, i.e. bright and dark
filaments. Different works have been carried out trying tal fout possible relations.
About the correlations between intensities and the Everfloes, Wiehr & Degenhardt
(1992), Liteset al. (1993), Rimmele (1995), Stanchfietd al. (1997) and Tritschleet
al. (2004) conclude that the Evershed flow is mainly located glinve dark structures.
However, Wiehr & Stellmacher (1989), Lites al. (1990), Schlichenmaier and Schmidt
(2000), Hirzberger & Kneer (2001) find only small correlatior no correlation at all. In
most of the cases observations achieved rarely resolutietter than 1.

Taking advantage of the high spatial resolution charestterof the velocity, mag-
netic and intensity maps described above it makes senserftarmpeagain a study of
possible correlations between the different parameteccased to the penumbral struc-
ture at small scales. The procedure consists in the congpanisprofiles obtained from
azimuthal cuts on the various maps and the estimation ofraletion coefficient which
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4 Penumbral fine-structure: data analysis

expresses the degree of agreement between the curves. d-setwences of time, or
spaceX,, Y;,i =1,..., N, the correlation coefficient is defined by

NI

i=1 =1 =1

4.5.1 Intensity vs. velocity field

Figure§4.2B andZ.P4 show examples of intensity and LOS:itglf; o5) profiles along
the azimuthal direction for three different azimuthal ¢uts inner, mid and outer penum-
bra (indicated by the black curves on the reconstructeddsbaad images on the left
side). Thevos profiles (curves in blue) are extracted from the velocity mealculated
with the COG method (Fi§.-4.20, upper panel) and the intgmsifiles (curves in black)
from the narrow-band images at continuum level (Eig.4.Tphan panel). The latter are
represented aal/l ..., i.e. fluctuations of intensity around the mean intensitjuea
along the azimuthal cut. Thus, structures with intensitueabove zero will be referred
asbright structures and below zero dark structures. The correlation coefficient is esti-
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Figure 4.23:Representation of azimuthal cuts of intensity at continlewel (in black) and LOS
velocities (in blue), from COG method measurements imn &201.5A for three different radial
positions in the centre side: innarpperpanel), mid (niddle panel) and outerigwer panel), as
denoted by the black curves on the broad-band reconstrimteges on the left side. The data are
taken from NOAA 9919.
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mated from the comparison of the intensity curves with LOBai&es in absolute value,
lvLos|. Thus, the factor will refer to the degree of correlatiorviestn bright/dark struc-
tures with the strength of the LOS velocities, indepengeotiflows towards or away
from the observer (note that curves are represented witledigalues, positive values in-
dicating flows away from the observer). Then, positive datien coefficients tell about
relations betweefvy os| with bright structures, and negative coefficients aboudti@hs
between vy og| with dark structures.
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Figure 4.24:The same as for Fig—ZP3 but for the limb-side penumbra.

For the centre-side penumbra (Hig.4.23) the correlatiefficient shows variable, but
low, values from the inner to the outer penumbra. Howeveemdne refers to the curves
there represented, what one indeed sees is that the higf&tvelocities towards the
observer (thus negative) are associated with bright strest better seen in the mid and
lower panels (for middle and outer penumbra). Thus, theetation coefficient seems
to give a poor average value which cannot account for suchiatyaf distributions in
intensities and velocities. For the limb-side penumbrg.[E24) one finds the opposite
behaviour. The highest LOS velocity (positive) values ap@essociated with dark struc-
tures, which was already pointed out in §ec.4.4.2.

4.5.2 Intensity vs. magnetic field

Figure§Z4.2b and 426 show examples of intensity and LOS atagfield profiles along
the azimuthal direction for three different azimuthal clike LOS magnetic field (B)s)
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4 Penumbral fine-structure: data analysis

profiles are extracted from magnetograms calculated fr@aQ®G method (Fig. 4.14)
and, again, the intensity profiles from the narrow-band iesag continuum level (Fig. 4110,
upper panel).
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Figure 4.25Representation of azimuthal cuts of intensity at continlewel (in black) and LOS

magnetic field (in blue), from COG method measurements ing302.5, for three different radial
positions in the centre side: innarpperpanel), mid (niddle panel) and outerlgwer panel), as

denoted by the black curves on the broad-band reconstrirogagkes on the left side.

The stronganti-correlationshown by the intensity and;Bs in the very inner penum-
bra in both, the centre and the limb side, is expected dueetpibximity to the umbral
border. In this case, the negative correlation coefficienbants for the anti-correlation
of intensity and field strength, and it is a general behavaualong the azimuthal cut.
For mid penumbra, also on both sides, the degree of cowrlatso takes negative values
(correlation of Bos with dark structures). But it is only when one compares iraillet
the curves that one finds the interesting fact that the s&strg s do not coincide with
the darkest structures but somehow slightly displacedt ass already pointed out in
Sec[4.4P. At the outer centre-side penumbra the stromgaghetic fields appear to
coincide with structures of intermediate brightness @ltszero in theAl/l ..., repre-
sentation). In the outer limb-side penumbra a great vaoétyrighter structures with
some ( 200—-400 Gauss) Bys signal, dark structures with;Bs ~ 300 Gauss and dark
structures with Bpg of negative polarity, i.e. magnetic fields with large inelilon, can
be found.
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Figure 4.26:The same as for Fig—4P5 but for the limb-side penumbra.

4.5.3 Magnetic field vs. velocity field

Finally, the comparison between & anduv;,os can be performed in the same manner, i.e.
comparing profiles obtained from various azimuthal cuts @agmnetograms and velocity
maps. Examples for inner, mid and outer penumbra are showigid.ZT for the centre
side and Fid.4.28 for the limb side. Here it is demonstraiguictly once more how the
estimation of a correlation coefficient (represented foazimuthal cuts in Fid.4.29) can-
not account for the variety of associations that can be fawuitiein the penumbra. Only
after a detailed study one can see that in the centre sidstrhrgest (negative) os val-
ues (towards the observer) correspond to lqyEsignal, i.e small LOS component of the
magnetic fields, i.e. magnetic fields with low strength omniaclined. On the limb side,
the strongest positive s values (away from the observer) coincide with the,Bsignal

of inverted polarity, i.e. very much horizontal fields. Thesan be interpreted then as
evidences of the spatial coincidence of the Evershed flow thi strongly inclined mag-
netic field visible in the mid and outer penumbra, which wasady proposed by Kinman
(1952), Maltby (1964), Schroter (1965), Title (1993), Rm@le (1995), Schlichenmaier &
Schmidt (2000) and recently demonstrated by Bellot Retial. (2003) from data taken
in the infrared. Also the displacements should be emphddieee which often occur
between the Bys signal and the g signal.
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Figure 4.27:Representation of azimuthal cuts of LOS magnetic field (actk) from\ 6302.5)
and LOS velocities (in blue, from 6301.5), both from COG method measurements, for three
different radial positions in the centre side: innapjjer panel), mid (niddle panel) and outer
(lower panel), as denoted by the black curves on the broad-bandstegoted images on the left
side.

86



Correlation coefficient

4.5 Intensity, LOS velocity and LOS magnetic field correlat

Correlation coeficient: —0.3

- 1400 F 04 —
§ 1200 02
o 00 =
© )
S _

8 600 023
8 400 1-04 ¢
@a 200 -0.6 >

-60 —-40 -20 0 20 40 60
¢ [degrees]
Correlation coeficient: —0.6

— 800F 08 —
;g", 600 0.6 'yE»
= 400F 04 X
1) - 02 &
S

S 200 0.0 8/
g OF 0.2 g
@ -200E 0.4 >

—-40 -20 0 20 40 60
. ¢ [degrees]
Correlation coeficient: —0.21

— 600 -
3 B n
§, 400 g E‘
S 200 E >
g ° 3705 g
@ —200 E s

—40 =20 0 20 40 60 80
¢ [degrees]

Figure 4.28:The same as for Fig—ZPR7 but for the limb-side penumbra.
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Figure 4.29:Variation of the estimated correlaction factor with radiedtance within the penum-
bra from the comparison of intensity vs. LOS velocity, irgi#gnvs. LOS magnetic field and LOS
velocity vs. LOS magnetic field, respectivelphick curves denote estimations for the centre-side
penumbra anthin curves for the limb side. For more detailed information $extéxt.
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5 Numerical modelling

As already pointed out above, the shape of the observed Sprkéles carries much in-
formation about the magnetism and dynamics of the strustuhere they are formed. To
extract this information a synthesis of profiles simulating observed ones is required.
In this chapter, a numerical modelling of the penumbralcitmes by means of radiative
transfer calculations in penumbral atmospheres is predeniio synthesise Stokes pro-
files a numerical code developed at the Universitats-8tame Gottingen is used. The
one-dimensional radiative transfer problem along a gianis solved assuming local
thermodynamic equilibrium (LTE) (see also Bello Gonzaeal. 2005). As will be seen,
any attempt to reproduce the asymmetries shown by the adspenumbral Stokes pro-
files requires strong changes in velocity and in the magfiielid inclination across the
atmosphere, i.e. it requires a scenario where at least tifereht atmospheres coexist
within the observational resolution element.

5.1 Motivation

5.1.1 Asymmetries in the observed Stokes profiles

Intensities, magnetic fields and velocity fields of the pehrahfine-structure have so far
been analysed in Chaplér4 from the two-dimensional mapsgbf $patial resolution.
The latter were obtained from the application of differemthods of analysis to the ob-
served sunspot area, using the spectropolarimetric irfbom contained in the data. In
the following such valuable information is used more exfllichrough the study of the
individual Stoked andV profiles in penumbrae.

Stokes profiles in penumbrae are mainly characterised lyasgmmetries, actually
caused, as will be seen next, by gradients and variationseofrtagnetic and velocity
fields in the penumbral atmosphere. These asymmetries leaverbcognised since long
by many researchers (e.g. Beckers & Schroter, 1969) anti mak has been devoted to
this topic, mainly based on spectrographic observatiomst with high spectral resolu-
tion, but only moderate spatial resolution. Higher spagablution data provide Stokes
profiles formed in structures that, although they may notullg fesolved, exhibit more
detailed information on physical processes in small-sstilectures. Some examples of
observed penumbral Stokes profiles in the kee pair are given in FigE. 3. 3.2 ahdl5.3
in the Fel line in Figs[52 anf[&l5.
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Figure 5.1:Examples of asymmetries in Stokésnd V' profiles of the Fe lines at 6302 in

the centre-side penumbrdJpper leftpanels represent profiles for a bright penumbral grain
in the umbra-penumbra border, coordinatesy) ~ (1’5, 1d'5) in the broad-band reconstructed
images (FigZl1, lower panel, rightlpper right panels correspond to a bright (locally) penum-

bral filament in the mid penumbra, coordinatesy) ~ (3’5, 8’). Lower leftpanels show pro-
files for a bright penumbral grain in the inner penumbra, doates(z, y) ~ (4’5, 11'5). Lower

right panels show profiles of another (locally) bright filamenthe tmid penumbra, coordinates

(x,y) ~ (8’5, 10’). Redcurves are interpolation to the observed scanning-pasitfgtarg along

the spectral lines. Vertical lines represent the wavelengference, i.e. line centre of the averaged

StokesI profiles in the surrounding photosphere. The narrow sgefeature on the red side of
)6302.5A (atAX~ 0.25A from the line centre) is a telluric Qine.
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Figure 5.2:Examples of asymmetries in StokésindV profiles of the Fe lines at 6302 from

the limb-side penumbrdpper leftpanels represent profiles for a penumbral grain close to the
umbra-penumbra border, coordinatesy) ~ (11”, 10'5) in the broad-band reconstructed images
(Fig.[Z3, lower panel, left).Upper right panels correspond to a dark region in the very outer
penumbral border, coordinatés,y) ~ (5", 14’). Lower leftpanels show profiles from a dark
filament in between to bright filaments the mid penumbra, dioates(x,y) ~ (7”, 5”). Lower
right panels show profiles from a intermediate region betweengiband a dark filament in the
mid-outer penumbra, coordinatés, y) ~ (7”5, 12’). Redcurves are interpolation to the observed
scanning-positionssfarg along the spectral lines. Vertical lines represent theelemgth refer-
ence, i.e. line centre of the averaged Stokesofiles in the surrounding photosphere. The narrow
spectral feature on the red side 06302.5A (at A)~0.25A from the line centre) is a telluric
Oy line.

One notices the big amount of asymmetries which can be foarttle penumbral
Stokes profiles. The examples exposed here are only a smghlesa One notices es-
pecially the last two examples shown in Higl5.3. They bothrespond to a region in
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Figure 5.3:Examples of asymmetries in StokésindV profiles of the Fe lines at 6302 from
the limb-side penumbra. Panels show profiles from interategiositions between dark and bright
filaments in the mid penumbra, coordinatesy) ~ (7'5, 12’) and(x, y) ~ (6'5, 11',5), respec-
tively. Redcurves are interpolation to the observed scanning-paosititarg along the spectral
lines. Vertical lines represent the wavelength referenee line centre of the averaged Stokies
profiles in the surrounding photosphere. The narrow sgdetture on the red side 0f6302.5A
(atAN = 0.25A from the line centre) is a telluric Qine.

the limb-side mid penumbra of coordinates y) ~ (7/5, 12') and (x, y) ~ (65, 11'5)

in the broad-band reconstructed images (Eij. 4.1, loweelpaeft), respectively. The
StokesV profiles, although weak, show clear uncommon shapes. So&e$St profiles
may be formed close to the magnetic neutral line, i.e. theailine along the limb-side
penumbra where more vertical magnetic fields, bending irdcerhorizontal, reach the
perpendicular direction to the LOS. The anomalously shagpefiles observed there, as
those reported by Sanchez Almeida & Lites (1992), amongrsthmay be the compo-
sition of Stokesl” with different polarity, a phenomenon originally called @sssover
effect(Grigorjev & Katz 1972).

Understanding the origin of the asymmetries in the Stokefiles coming from a given
structure means to understand how magnetic and velocitisfaek stratified in the atmo-
sphere along the line-of-sight in such structure. Raddtiansfer calculations by assum-
ing adequate atmosphere models are a useful tool to anhlse asymmetries. Different
numerical methods can be used. Many authors apply the pojpmkrsion techniques
(e.g. Bellot Rubicet al. 2004, Borrercet al. 2004, Sanchez Almeida 2005) consisting
in the retrieve of the atmospheric parameters which begtditsynthetic profiles to the
observed ones, starting from an initial input atmospherdehoAnother possibility is to
apply forward modelling i.e. to develop a semi-empirical model controlled by vasio
parameters (temperature, magnetic field, geometry of thielggm, ...). By varying the
input parameters, one retrieves different synthetic Stqkefiles that can be compared
with the observed ones.
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Figure 5.4:Examples of asymmetries in StokésindV profiles of the Fe 6149.3A line, from

the centre-side penumbra. To reduce noise, profiles awkmage some area of specific penumbral
structures are presented. Fradeft to right: first two panels are related to two penumbral grains
near the umbra-penumbra border with coordinates in thedbbaad images from Fi-4. Lfper,
right) of, (z,y) ~ (2", 13") and(x, y) ~ (3", 10"), respectively; last two panels from a bright head
in the mid penumbra dt:, y) ~ (4", 7/5) and a bright head closer to the outer penumbral border at
(xz,y) ~ (6", 4"). Redcurves are the interpolation to the observed scanningipusi(targ along

the spectral line. Vertical lines represent the wavelenglérence, i.e. line centre of the averaged
Stokes! profiles in the surrounding photosphere.
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Figure 5.5:Examples of asymmetries in StokésindV profiles of the Fe 6149.3A line, from

the limb-side penumbra. Averaged profiles are represem®dn Fig[5H. Fronleft to right:

a dark structure in between two bright filaments in the midupelora, with coordinates in the
broad-band images from FIg#.upper, left), (x,y) ~ (9’5, 4’); the connection between two
visible bright heads atz, y) ~ (10”, 6”); last to panels correspond to the heads of two different
filaments intruding into the umbra at, y) ~ (11’5, 7/5) and(x, y) ~ (10’5, 11”), respectively.
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Effect of crosstalk on the observed asymmetries

One may think that the asymmetries shown by the observed:Stotofiles are the re-
sult of crosstalk effects. It has been already dicussed m[EE&2% that the contribu-
tion of crosstalk fromQ, U, V — I is negligible. About the effect of crosstalk fro@,

U — V, an underestimation of 20%, at most, on the LOS magnetic digiilg the COG
method was found. Now, the effect of the crosstalk on the asgiries shown by the
StokesV profiles is quantified by comparing synthetic profiles unzéd and affected by
crosstalk. The profiles are calculated for a two-compongnachical atmosphere aiming
to have more asymmetric profiles. The profiles are present&igi[5.6 in a sequence
calculated for different inclination angles (of the velgand the magnetic field) for the
background component. The blue curves repreBeptofiles affected by crosstalk. The
crosstalk contribution increases with the inclination lan@vith respect to the vertical)
as expected from the increasing stronger contribution fitwertransverse Zeeman effect.
The difference between affected and unaffected crosstaktimated to a maximum value
of 0.0211, (continuum intensity).
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Figure 5.6:Effect of the crosstalk on the Stok&sprofiles with variation of the inclination an-

gle v,. Curves inblue show synthetic Stoke®™ profiles 'affected’ by crosstalk effects. They

can be compared with synthefi€¢ profiles without crosstalk (itolack). The~, angle is the in-

clination of the background atmosphere component. Thelgsofiere calculated for a dynamic
two-component atmosphere as described in[Secl5.2.2.

The worst case of crosstalk effect has been taken into ataothe above mentioned
estimations. The real contamination can be smaller. Tlgsptain contribution to the
observed asymmetries are in any case of solar origin.
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5.2 Two-component penumbral model

Thearea asymmetris a parameter used by many authors to account for the asyremet
observed in the Stokeég profiles and therefore to account for variations in the mégne
and the velocity field along the line-of-sight (LOS). It isfiled as
JV(A)dA

0A TV (5.1)
Sanchez Almeida & Lites (1992) found that in order to repicalthe large area asymmetry
observed in penumbrae in the Fines at 6302\, gradients for LOS velocities as large
as|d2os| ~1.5kms! and |%| ~ 45° for the magnetic field inclination with respect to
the LOS were needed. Solanki & Montavon (1993) proposeditttembed penumbral
mode] i.e. a horizontal magnetic flux tube embedded in a morecaditiackground field,
in order to introduce the strong gradients needed to repmthe observed area asymme-
try. Later, Schlichenmaiest al. (2002) and Mulleet al. (2002) pointed out that the area
asymmetry observed in the visible lines could be dominategutmps in the magnetic
field inclination.

Following those previous works, the atmospheric model ickaned in this Thesis is
based on the assumption that our resolution element centam different components
corresponding to different atmospheres along the LOS. Téeagio may be described as
follows:

- One component is considered as a static background atmi@spharacterised by
a mean penumbral model by del Toro Iniestal. (1994), a typical magnetic field
inclination of 45 and magnetic field strengtB,,.. as a function of the optical

depth at\5000A as proposed by Martinez Pillet (2000), and

- asecond component given by a ‘flux tube’ embedded in thegvadkd atmosphere
with magnetic field strengtt®,,,. < Bu.cx- Velocities and magnetic field inclina-
tion follow the geometry of the tube which is in lateral pnagsbalance with the
background:

Bu 62 B ac 2
L - Pback + b7k7 (52)

Pue
tube 81 81

where P, and P, are the pressure composed of gas pressure and 'microtur-

bulent’ pressure (cf. Ef.3.6, below) inside the flux tube anthe background
medium, respectively.

5.2.1 Geometry of the model

The geometry of the flux tube as shown in [Eigl 5.7 representstaafpproximation of

the widely used picture of the penumbral fine-structure asisting of small flux tubes
embedded in a magnetic background atmosphere. The flux tarbesthe Evershed
flow. Hot gas emerges almost vertically from deep layers.nTfige flux tube and the
velocity turn into a more horizontal direction. In this hayntal flow the gas cools down.
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And finally the flow carrying cooler material submerges intto-$hotospheric layers.
Emergence and submerging can repeat as proposed in theepiftthe sea serpent by
Schlichenmaieet al. (2002). Thus, the geometry of the flux tube, with typical deten
of ~ 100 km, is divided into three scenarios (cf. FEigl5.7).

- upflow with temperaturé;.;. > Thock»
- horizontal flow with temperaturé,.;. < Tyack,

- downflow with temperaturé,;. < Theck-

Our study is focused on the case of a heliocentric angbe=dt(® which corresponds ap-
proximately to the position on the solar disc of the obsestatspots. This angle is taken
into account to calculate the LOS components of the vectlosfignd in such a way that
one can differentiate between ‘observing’ a centre-sidkaaimb-side modelled penum-
bral atmosphere.

UPFLOW DOWNFLOW

HORIZONTAL FLOW

Figure 5.7:Scheme of the geometry of the model as seen from the 'cenlee si

5.2.2 Atmospheric parameters for the one-component model

In order to solve the RTE for the main model based on only omapoment (‘back-
ground’), the physical quantities as functions of the agtaepth — temperaturé(r),
magnetic field strengt®(7), magnetic field inclination with respect to the vertigat),
magnetic field azimutly(7), line-of-sight velocitiesv;os and microturbulent velocity
¢mic(T) — are needed. The atmosphere code for the computation ofrttesgheric ab-
sorption properties, originally developed at the UniviéitsiSternwarte Gottingen, has as
initial input parameters theemperaturg(T =T,), the column mass densifyn) and the
microturbulence velocit{,,.;.). The computational procedure can be briefly described as
follows:
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5.2 Two-component penumbral model

- The gas is mainly composed of the elemeadiHe, C, O, Na, Mg, Al, Si, &nd
Fe, with standard solar abundances, of the ions of these elsmad of electrons.
The list contains alsblasince it contributes, due to its low ionisation potentiglgs
Tablgh.1), also non-negligibly to the electron density.

El Ag E; E.

H 1.000 13.59 -
He 0.080 24.58 54.40
C 355<10* 11.26 24.38
O 590x10* 13.61 35.11
Na 1.51x10°¢ 5.14 47.29
Mg 3.02x10° 7.64 15.03
Al 251x10°% 598 18.82
Si  3.55«<10° 8.15 16.34
S 1.62<105 10.36 23.40
Fe 3.16<10° 7.83 16.18

Table 5.1: Abundances and ionisation energies for major elements. @bo@dances A =
N.;/Ng have been taken from HSRA (Gingerich et al. 1971) with minodifications according
to more recent determinations. The energiesitd E are ineVand measure the ionisation for
the neutral and singly-ionised stage, respectively.

- To compute the particle number densities for all speciésnfa and ions of all
considered elements), the electron pressgire- N kT (wherelV, is the electron
number density) is needed. Sinég is itself a function of the particle number
density, the problem must be solved iteratively. For thisagssume hydrostatic
equilibrium

dP,,; = gdm (5.3)

which can be integrated to yield
Py = gm + P, (5.4)
or, with the implicit function ofP.
F(P.,T) = Puor(P., T) — gm — Py = 0. (5.5)
Here,g is the surface gravityl, is the pressure at the top of the atmosphere, i.e. in
the corona b, ~ 0). The total pressure is given by

1
Ptot - Pgas + 5,0&3,110 (56)

whereP,,, is the gas pressurgp &Z,. the pressure term associated with the micro-
turbulence¢,,.;., andp the mass density. The gas pressure and the mass density are
calculated from an initial guess éf. Next, the electron pressure is iterated using
Newton’s secant methadtil the hydrostatic equilibrium is fulfilled to a required
precision of 10°. In other words, one seeks, from an initial gues#’gfa zero of

the implicit functionF'(P., T'), for a specific temperatufk.
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- Once the mass density is known, the geometric heights obtained from the

relation
dm = —pdz. (5.7)

The estimate of the continuum opacity or continuum absamptoefficient, ..,
takes into account the contributions dueHo bound-free and free-free transitions
as well as the small contributions from thefree-free transitions and from the
Paschen-, Bracket- and Pfund bound-free transitions ofdggah, as explained in
Pérez Rodriguez & Kneer (2002).

The number density of absorbers is calculated for eachrgppéne under consider-
ation, combining the Saha and Boltzmann equations[{Eq.én@FqlZ.26). They
are calculated using the solar abundance of the elementbfspectral line, the
lower excitation energy, the partition functions of theekgint ionisation states, the
collisional damping and the oscillator strengths. Thewvaa values for the iron

line pair at 6302 and for the ionised iron line at 6149%3are given in TablES]2.

The components of the Zeeman pattern and their splittiagcalculated for each
layer from the electronic configuration of the transition é&ach spectral line and
the magnetic field strengtl®, which are input parameters given to the code.

The absorption and dispersion profiles are evaluated &t leger for each wave-
length in the spectral line, taking into account the appeiprZeeman splitting,
Doppler shifts, Doppler broadening and damping parameters

Thus, the absorption or propagation matrix can be caledlfdr each optical depth
T, I.e. for each atmospheric layer. Finally, the RTE is indéégd using the DELO
method described in Séc.Z1.1.

Initial one-component model

As initial input parameters used for the ‘background’ comgat of the modelled atmo-
sphere, the mean penumbral model by del Toro Inieséd. (1994) has been used. Other
input values needed to characterise the model atmosplhesre ar

the atomic dafhof the spectral lines to synthesise (Tdblg 5.2);
the wavelength grid;

the heliocentric angle. It has been fixed t¢ 20rresponding approximatly to the
heliocentric angle of NOOA 9919 £ 20°) and NOAA 0346 § =23°) during obser-
vations;

the macroscopic broadening velocity, whose effect ioohiced by convolving the
profiles with its associated Gaussian function;

The data (TablETL2) have been taken from the compilatiorhefvialues available in the online
databases: Kurucz Atomic Line Database, NIST Atomic Spebaitabase and the Vienna Atomic Line
Data-Base.
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5.2 Two-component penumbral model

- LOS velocities and magnetic field strength, inclinationl @zimuth. Their values
can be adjusted according to the asymmetries one wantsrimiege.

AA] Z ma  xileV]l x.[eV] log(gwf) T JL,S—J LS

6149.258 26 55.85 7.87 3.65 -2.904 -7.94 |@5.5-051|1.5
6301.498 26 55.85 7.87 3.65 -0.745 -7.62 |[12-22/2
6302.494 26 5585 7.87 3.69 -1203 -7.62 |112-022

Table 5.2:Input atomic values in the synthesis of the given spectnaisli wavelength, atomic
number ), atomic mass4), the ionisation potentialy;), the excitation potentialy(.), the
oscillator strength contribution (wity, the statistical weight of the lower level aridhe oscillator
strength), thevan der Waalglamping constantl{) and the quantum numbers characteristic of the
transition (lower and the upper energy levels, respegfjvel

Atomic parameters

Often the atomic parameters found in the literature are apot accurate. Therefore the
oscillator strengths and damping parameters of the tiansitvere tuned by test calcu-
lations which served also as parts of tests of the code. Rbptrpose, Stokdsprofiles
synthesised for the VALC quiet-Sun atmospheric model (&eraet al. 1981) are com-
pared with those from the Fourier Transform SpectrometéaisAby Brault & Neckel
(cited by Neckel, 1999). Similar to Pérez Rodriguez & Kn@802), in order to obtain a
better fit in the wings of the spectral line, the values of thending constants had to be
enhanced by a factor of approximately 5, compared to theppti®n by Unsold (1955).
Results are shown in Fig.5.8.

Fel 6302.5 A Fel 6301.5 A Fell 6149.3 A
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Figure 5.8:Comparison between synthetic intensity profileslil), calculated for the quiet Sun
VALC model (Vernazzat al. 1981), and observed lines from the Fourier Transform Spewtter
Atlas (dashedl.
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Two-component model

When the second componentfarx tubeis introduced in the model, the procedure con-
sists in integrating the RTE for two independent rays: onessing’ exclusively the back-
ground atmosphereay 1, and a second ray crossing both the background and the tube
atmospheresiay 2 (see Figlhl7). For the second ray, the atmospheric paresnate
calculated in a similar way as for those of the backgroundpmment, but taking into
account its different temperature stratification, velpeaibhd magnetic field as well as the
geometrical specifications of the tube (radius, height enatmosphere, ...). The lateral
pressure balance (Hg.b.2) is required for the calculatfdhe gas pressure, for which
the iterative method described above is also used. The fingiatic Stokes vector/(,,,)

is obtained from the linear combination of the synthetidifes calculated separately for
ray 1 andray 2 and weighted by a filling factorf(), a further input parameter in the code.
Thus, it follows

Isyn - (]- - f)Irayl + fIrayQ . (58)

It is important to remark that the geometry of the two-comgraratmosphere so far
described, i.e. the magnetic flux component embedded in aetiadess inclined com-
ponent in three different scenarios, corresponds to thialirdea the code was developed
for. Thus, all input parameters, e.g. inclination of thekzaound and the flux tube com-
ponent, magnetic field strengths, velocities, filling factadius of the tube, height of
the tube in the atmosphere, etc., are all free parameteichvaain be, and indeed they
are, modified by the user aiming to simulate the observedIgsofiObviously, typical
values found in the literature (e.g. Martinez Pillet 20B0yrero 2004) for inclination
angles, radius of the tubes, etc., are taken into accougrtitece the big amount of output
models.

Reference wavelength

For comparison of the observed and simulated profiles, tieeerece wavelength is im-
portant. We compared the sunspot line positions with thdsbeeoaverage profiles ob-
served in the ambient quiet photosphere. Therctherective blueshifof the latter has

been taken into account. It amounts, according to Sch(b856), tosA ~8mA at these

wavelengths and for a heliocentric angle of 20

2This blueshift of average quiet Sun profiles is caused byuifit intensity contributions from bright
upflowing granules and dark downflowing intergranules. Thardy close to the limb of the Sun, the
gravitational redshift required by General Relativity isasured.
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5.3 Synthesis of Stokes profiles

5.3.1 Reproduction of the observed asymmetries
Non-expected scenario: Cool upflows

It is found from the observed filtergrams that the darkestupdral fibrils show a local
continuum intensity of about 0.75 of the quiet-Sun contmuuatensity!, 5, about 0.1
below the mean penumbral intensity (0.85Ipf)s). When the synthesis of profiles is
performed considering the scenario of an ‘upflow’ {8@ inclination with respect to the
vertical) with temperature®;,,. < Ty..t, and ‘observed’ from a viewing angle that will
be referenced as ‘centre-side’, the continuum intensiti@tpectral lines always achieve
values below 0.7 of. 5, independently of the values of the magnetic field strength,
locity, inclination of the tube, thickness of the tube (ifdar than 100 km), ... Only when
the contribution of the tube component (upflow) is negleassluming a lowilling fac-
tor, e.g. 0.1, the continuum intensity of the synthetic profike increase above 0.75
of I. os. This scenario has to be ruled out since an almost vertidédwjpobserved at
a heliocentric angle of =20° must have a strong contribution along the line-of-sight.
Moreover, synthetic profiles achieve a mean penumbral sitiemalue for the given ge-
ometry of the model and with a filling factor ¢£0.5 (also found from inversions for
the inner penumbra by Borrero, 2004) only wh&' = T}, — Thaer: > 1000°K (from
inversions, Borrero (2004), find§7T' ~ 500—-90 in upflows in the inner penumbra).

Centre side Limb side
1‘0 T T T T 1.0 T T T T
09¢F E
0.8F -
g 8
Y -~ 0.7
0-8F 261493 4 0-6f _26149.3 4
- - A6302.5 A - - \N6302.5 A
0.5F E 0.5¢F
-0.5 0.0 0.5 1.0 1.5 -0.5 0.0 0.5 1.0 1.5
AT [103 K] AT [103 K]

Figure 5.9:Representation of the variation of local continuum inteesil.. ;,..; of the indicated
spectral lines with variations in the temperature of theetuhdicated byl . = Tpacr + AT
whereT..;. Or temperature structure of the background is a fixed inpeft.panel corresponds to
values for the scenario of ‘upflow’ located at- 50—150 km and filling factor of 0.5, observed at
the centre-side penumbra aright for the same scenario at the limb-side penumbra,

However, when the viewing angle is such that one would refdimb-side observa-
tions’ (Fig[5.9,right), intensities from the local continuum of the spectral $irrehieve
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5 Numerical modelling

characteristic penumbral values already at low tempegataiues in the tube. This must
be due to projection effects. When the up-flowing tube is éobaed’ on the centre side,
the contribution along the line-of-sight is much largerrth@hen the same tube is ob-
served from an opposite angle. At low temperatures, theirmauntn opacity in the tube

is low due to decreased electron density, thus decrddsedensity, and therefore more
transparent. At the ‘limb side’ where the contribution oé ttube is less, we might be
observing mainly the hotter surrounding ‘background’ adpitere, and therefore the in-
tensity values are higher in this case. For the same reastes higher temperatures
are considered, the tube becomes less transparent anfbtbene the centre side where
the contribution of the tube is higher, larger intensitiel be achieved. Therefore, it is
plausible to conclude thaipflows with temperatures,J. < T,... are not characteristic

of the penumbral fine-structure

Penumbral grains

Average Stokes profiles of a penumbral grain close to the apdbtructure with coordi-
nates(x, y) ~ (4”, 13’) in the intensity maps (e.g. Fig. 4.1, lower panel, rightg shown

in the lower four
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Figure 5.10:Stoked andV profiles forA6302.5A and )\6301.5&, averaged over/®x 0’3, from

panels of Fig.5.1L0.
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a penumbral grain in the umbra-penumbra border.
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5.3 Synthesis of Stokes profiles

The Stoked at \6302.5A shows clearly the twe and ther components of the Zee-
man pattern of this iron line. Moreover, observed profilesrfrother penumbral grains
near the umbra all around the umbral-penumbral border shewriplet pattern in Stokes
I and a large signal in Stokés (cf. Fig.[5.1, upper left and lower left panels). These are
indications of a strong magnetic field and a strong compoaleng the LOS in the struc-
ture and, since our sunspot is not far from the disc cefitreZ0°), these must correspond
to a strong vertical component of the magnetic field.

It is important to note that the strong observed asymmet@a@s ot be produced by
instrumental crosstalk, as it was explained above. Theyrdrerent properties of the
emergent penumbral profiles and are produced by penumbmahaig processes.

The forward modelling procedure allows to fix some paranselike the geometry
of the model, to vary other parameters like magnetic fieldrngiths and velocities and
to sample the atmosphere with as many grid points as needs&l lafter possibility is
important when one assumes a discontinuity along the ray th®ipresent modelling.
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Figure 5.11:Examples of synthetic StokdsandV’ profiles for\6302.5A and \6301.5A. The
dashedcurves represent profiles synthesised from the ray cross@tbackground’ component,
I,.q4y1, and thedashed-dottedurves the profiles from the ray crossing both compondpig;. The
grey solidcurves represent the combination of the previous ones tezighith the filling factor.
Thered solidprofiles are the result of the convolution of the latter pesfivith the Airy function
characteristic of the spectrometer used in the obsengtidfor comparison with the observed
profiles in FigEEID note the different wavelength rangesher

Fig.[5. 11 shows two examples of synthetic profiles aimingratikating the observed
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5 Numerical modelling

line asymmetries shown by the penumbral grain profiles froagiEELD. Asymmetries
can be simulated by considering vertical upflows of mateflibe temperature in the tube
was assumed higher than in the background as we expect fpidture of an upflow
carrying hot material. The magnetic field strength, as atfanof the optical depth, has
values of~ 2500 Gauss in deep layers for the background. The magndticsfiength
for the tube is introduced by a step in the given background 6€A B ~ —500 Gauss.
The absolute value of the velocity is as high as 10 kinshich gives a component along
the LOS of 3—4kms! (see FiglB12). The filling factor is about 0.5 and the helidtc
angled = +20°, meaning observations from the centre-side penumbra.
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Figure 5.12:Atmosphere parameters along the integration path for théhegis of the Stokes
profiles shown in Fid.5.1.

Example of dark area in centre-side penumbra

Another interesting example of the huge variety of phenaaacurring in the penumbral
fine-structure is characterised by the profiles shown inEEI@. These profiles also are
the averages over an area 6880’3 of the dark (relative to the local intensity) structure
in the mid centre-side penumbra. The Stokesofile of \6302.54 shows a quite dis-
torted shape and therefore it has been selected aimingridiege comparable synthetic
profiles.

The results are shown in Fig?. Although detailed comparison between observed
and synthesised profiles reveals obvious differences,rieeaat simulating, after many
simulating trials, the two components shown by the Stokesfile of \6302.5A has only
been possible by assuming a model with the following charastics (see Fi§.5.15):

- heliocentric angle of = 20° from the centre-side viewing angle;

- initial velocity of the background component,= —0.2kms™, i.e. almost at rest;
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Figure 5.13:Example of temperature, magnetic field strength and LOScitads along integra-
tion path for the two component model.

- inclination of the background component, i.e. inclinataf the background mag-
netic and velocity fieldsy, = 70°, i.e. nerarly horizontal,

- inclination of the flux tube component f = —10° with respect to the vertical,
and therefore with the geometry, as shown in the third paiteigpBE.1;;, = —10°
indicates an in clination of TOwith respect to the vertical but away from the LOS;

- LOS velocity of the flux component varying along the atmasehwith negative
values, i.e. upflowing velocities;

- a diameter of the flux tube componentdéquivalent to~ 0/4, therefore it should
be considered as an upflow component rather than a ‘tubeéprop

- the flux component, as it can be seen from the representtibie various param-
eters, starts at 100 km height in the atmosphere until higher layers whichoarte
of the range of formation of the spectral lines used in theeplzgions;

- moreover, a filling factor for the latter component 6£ 0.8 must be considered,
which represents most of the contribution to the final prefile
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Figure 5.14: Synthetic Stokes andV profiles for the Fe line pair at 6302\. Curves are
represented as in FIg.5]11.
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5.3.2 Summary on the synthesis of Stokes profiles

In the last sections, numerical modellings in the contexgesfumbral atmospheres have
been presented. First, the procedure of calculating thewsatmospheric parameters
from the initial mean penumbral values of temperature, molunass and microturbu-
lence velocity to solve the one-dimensional radiativegfanproblem has been described.
Next, the assumption of a more complex scenario to deal Wwelasymmetries shown by
the observed Stokes profiles has been introduced. It wamaltigbased on the idea of
theuncombed penumbral modaloposed by Solanki & Montavon (1993), i.e. an atmo-
sphere characterised by two different components. One goen consists of a mean
background penumbral atmosphere, originally consideyduktat rest and with a mag-
netic field inclination of about 45 The second consists of a dynamic component inter-
preted as a flux tube with a lower magnetic field strength angenmelined (with respect
to the vertical) than that of the background component. [dege the numerical code was
developed to account for the different scenarios that &mse the picture extracted from
the analysis of the observations. Apparently, we see thegamee of hot material and
the subsequent submergence of the cooled off material etherflows follow their own
magnetic fields within the penumbra. For that purpose, tioengéry of the problem was
implemented for three scenarios: magnetic upflows, maghetizontal flows and mag-
netic downflows characterised by different inclination lasgtunable as input variables.
Thus, the selection of observed single StokesdV profiles of the various spectral lines
showing clear asymmetries was the next step. The main aieoforward modelling
procedure consisted then in the attempt of simulating sbhserwed asymmetries. For
that, a proper selection of the input parameters (magnelit $trength and inclination
of both components, velocity for both components, tempeeatf the tube component in
reference to the input background temperature, diamettreofube, height of the tube
in the atmosphere, filling factor, ...) following the exiglimodels in the literature was
introduced to the code to generate different models. Thepeoison of both, observed
and synthetic profiles was performed by direct visualizatibhus, from systematic vari-
ations of the input parameters and comparison one acqieesajpability of 'guessing’
the atmospheric fine-structure and its dynamics.

We note in passing that the use of inversion techniques (el lfiesta & Ruiz Cobo
1996, Borrero 2004) is not advisable here. Firstly, inagechniques require data with
high signal-to-noise ratio and with high spectral resoluti Albeit of high spatial res-
olution, the data analysed here do not fulfill these needsv-hoise, two-dimensional
spectropolarimetric data with both high spectral and higétial resolution will hope-
fully become available in the near future with new solar obisg facilities. Secondly,
inversion techniques cannot return more than the inputpc{Borrero 2004). If one
prescribes a one-component atmosphere one obtains resihlis the framework of a
one-component atmosphere. If one asks for two componédmsesult will be given in
terms of a two-component atmospehre, etc.

Some examples of our attempts of simulating the observet@mgyries by forward
modelling are shown in S4C.5.B.1. From them, some genespkpties as the absence of
cool upflowsn penumbrae are inferred. After finding a large variety gfmasietries in
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the observed Stokes profiles and the difficulty to simuldtihalr characteristics at once,
the main conclusions one arrives at are the following: Onaihe hand, with a spatial
resolution better than’8 and moderate spectral resolution, one starts to resawvetine
Stokes profiles, the effects of two or more components in greumbral fine-structure,
e.g. strong ‘kinks’ at different intensity levels in the 8&s/ profiles, which, so far, have
not been presented elsewhere. On the other hand, two ateraspbmponent models
are sufficient to explain some general properties of penagleg.g. penumbral grains,
but appear no to be sufficient (as it has been also claimedh®sr authors) to explain
many of those asymmetries. A more complex and developed gfepnpossibly from
numerical magnetohydrodynamic simulations, should theecdnsidered for numerical
modelling.
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Spectropolarimetric observations from penumbrae in the &49.34 line and in the Fe
6302A line pair were analysed. By means of image reconstructioachéeved a spatial
resolution of the spectroscopic data 65@nd better. The data in the two spectral regions
were obtained from two different sunspots. Yet we may asdhatehetypicalpenumbral
properties and dynamics are the same in more or less syneraeirspots. The Heline

is formed deeper in the atmosphere than thelie pair and thus gives information about
deep layers. The main results from the observations mayrnenswised as follows:

1. On scales larger thafi®the intensity pattern of penumbrae does not change when
seen in radiation originating from either deep photosmrmrhigher layers (300 km).
Yet at scales of '® and smaller the patterns in the two atmospheric ranges are
clearly different. The structuring is height-dependenthwiertical extents of the
same scale as the horizontal thickness of the fibrils.

2. Interestingly, the small-scale channels of the Everslogdcoincide with different
features on the limb and the disc-centre side of the sunspbis can be understood
in the picture of rising flux tubes of Schlichenmaggral. (1998). It appears that at
the limb side the flow is best seen in dark structures whentgeally hot, rising
gas has cooled down and the motion has turned horizontaleor d@wnward. On
the centre side, the flow is best seen in bright, rising stirest The asymmetry of
the visibility of flows between centre and limb side was alsersin line bisectors
by Schlichenmaieet al. (2004). This result from high-spatial-resolution obser-
vations confirms and specifies in more detail findings by Wekigp Plazeet al.
(2001b). These authors also find, from lower resolution,datasibility difference
of velocities between limb and centre side and interpreseath an opacity effect.

3. Strong line-of-sight components of the magnetic fielasraot found in bright fil-
aments but in dark structures, somewhat displaced fromadheesdt parts, in both
the limb and the centre side penumbrae. On the limb sider, plositions do not
coincide with those of the strongest velocity fields.

Although observations in Fie 6149.3A and in Fa 6302A were obtained from two
different sunspots, the analysis of the two data sets gawmnsistent picture. Gener-
ally, these findings confirm the uncombed magnetic field sireci.e. the mixture of a
magnetic more inclined and dynamical component embeddadiagnetic more vertical
and almost static background atmosphere. They are alsoatdaigpwith the picture of
low lying magnetic flux tubes, which possibly even submeraekbwithin the penumbra.
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This model was derived from low spatial resolution dataaith full polarimetric infor-
mation by Bellot Rubicet al. (2003) assuming two-component atmospheres within the
spatial resolution element.

The success of our analysis relies on both the two-dimeabtgand the high spatial
resolution of the spectropolarimetric information. Withidwvo-dimensionality one would
not see the differences between limb and centre side balraviantensity, velocity and
magnetic fields and their relations. Also, it was possibly aith sufficient spatial reso-
lution to see in detail these relations and to detect thewdiffces between limb and centre
side.

Many aspects of penumbrae have remained inconclusive. @meot define strict
rules for relations between intensities from various afphesic levels, velocities and
magnetic fields as derived from the study on possible cdioals between these mag-
nitudes. There are special cases which apparently coattheiclear picture of Evershed
flow channels with low lying magnetic fields. Also, high ing#y in continuum or spec-
tral line cores is not a matter of velocity or magnetic fieldt primarily of temperature
which itself also depends on the state of the ambient gasmtiiechistory of the feature.
Thus, bright does not necessarily mean weak (or strong) etegield.

An analysis of individual Stoke$ and V' profiles was performed by means of the
synthesis of spectral lines by solving the one-dimensitadihtive transfer problem. The
modelling included small-scale magnetic flux tubes comagithe Evershed flow embed-
ded in a background atmosphere with little inclined magrigtids. From this analysis,
the following main conclusions can be drawn:

1. Cool upflows are definitely incompatible with the obseord. On the contrary,
the bright penumbral grains and their dynamics can be exgidby hot upflows.

2. Few examples were shown for which the observed asymmnsgigctral profiles
could be reproduced, at least in part, by a two-componentinod

3. The asymmetries shown by a large amount of the profilescrfelfy reproducible.
Thus, forward modelling of a two-component atmosphere medirst step to ex-
plain the observational results found on the penumbraldtngsture through nu-
merical simulations.

The next attempt would be the development of a more complergéy, possibly
from numerical magnetohydrodynamic simulations.

Spectropolarimetric data on sunspot penumbrae with higjlgeal-to-noise ratio and
with better spectral and spatial resolution than thosegortesl here are already available
thanks to the upgraded 'Gottingen’ two-dimensional FaPeyot spectrometer (Puschmann
et al. 2006) in combination with the Kiepenheuer Adaptive Optigsteam (KAOS, von
der Luheet al. 2003) at the VTT. These data and the hopefully soon availadtud-
ing measurements of the full Stokes vector, data from the s@ar observing facilities
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are the next promising step for a more detailed study on tharpéral fine-structure, its
magnetism and dynamics.

The picture of sunspot penumbrae that arise from our obsengand the interpre-
tation is partly compatible with the model of moving flux tgbley Schlichenmaieet
al. (1998): In the penumbra, and possibly with the umbra neap#raimbral border,
magnetic flux tubes rise from sub-photospheric layers gagryot material which moves
outwards within the flux tubes at high speed, the Evershed flblaese are the bright
penumbral grains, or bright heads of the penumbral filamdfusther outward, the flux
tubes and the flow bend into a more horizontal direction wihieematerial cools down.
Within the penumbra, or at the outer penumbral border, thed@and the flows submerge.
the moving tube model also predicts that the tubes rise agathsubmerge again, like a
“sea serpent”. This is still compatible with observatioet gertainly difficult to prove.

However, the structure and the dynamics of penumbrae apgedstantially more
complex. Our high-resolution polarimetric observatiohswg that the penumbrdila-
mentarystructure depends on height. Filaments do exist at heidt#8®km and above,
yet they have different locations and orientation than thellying filaments. And many
spectral profiles from penumbral fine-structures require@eenmvolved dynamical struc-
ture than the above two-component model which contains areéube in an unperturbed
background.

The very recent penumbra model by Spruit & Scharmer (2006 nloa been consid-
ered in the simulation of the observed spectral profiless Timdel, the “gappy penum-
bra”, possesses field-free convective areas in sub-atreaspayers along the radial di-
rection with their cusps intruding into visible layers. Thmdel is capable to account
for the energy supply needed to balance the radiative Idss®spenumbrae. And possi-
bly, the model explains the dark lanes (“cores”) within Iphgght filaments which were
detected by Scharmet al. (2002, and also seen in Fig.¥.1). The dark cores would be
produced by high opacity on top of the cusps and the brighhélats would be the hot
walls of the convective layers. The model is static and, tdoss not deal with the Ever-
shed flow. Besides, there is observational evidence thatrpleral dynamical processes
involve all atmospheric layers. Yet it will certainly be wowhile to study the effects of
such model structures on simulated broad-band intensitié<Stokes profiles.
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