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Abstract

Spectropolarimetric observations of an irregular sunspot are analysed in this
thesis. Two areas covering umbral cores, which are divided by light bridges
and surrounded by a penumbra, were scanned in magnetically sensitive iron
lines by the La Palma Stokes Polarimeter attached to the 0.5 m Swedish
Vacuum Solar Telescope, configuration of instruments producing one of the
best spectropolarimetric data available.

Stratifications of the temperature, magnetic field vector, and line-of-sight
velocity are retrieved in the observed areas using the Stokes Inversion based
on Response functions (SIR) technique, the inversion code developed at the
Instituto de Astrofisica de Canarias.

The resulting values of these plasma parameters are in a good agreement
with previous studies of photospheric layers of sunspots. The irregular um-
bras behave the same way as expected from the regular occurrences of these
phenomena.

Although only parts of the penumbra were observed, the behaviour of
the plasma quantities stratifications is found there in agreement with previ-
ous studies. Even better spatial resolution than in previous analyses is not
sufficient to directly resolve the expected filamentary structure of the penum-
bra. Nonetheless, strong evidences for such configuration of the penumbra
are presented supporting the theoretical simulations of the rising flux tubes
by Schlichenmaier et al. (1998).

The light bridges are studied with advanced inversion technique (pro-
viding the stratifications of plasma quantities) for the first time. Known
facts, like the decrease in magnetic field strength and the increase in incli-
nation with respect to the surrounding umbrae, are confirmed along with a
temperature increase in these structures. Moreover, the behaviour of these
parameters with height indicate the presence of a canopy structure above
the light bridges.
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1 Introduction

Sunspots are the first known phenomena observed on the solar disc. If we
do not consider the ancient observations, the sunspots were rediscovered by
Galilei and others around the beginning of 17*" century. From that time
on, the sunspots were closely studied. The first important discovery about
the nature of the sunspots was made by Wilson in 1769 who found that the
visible radiation from the umbra and the penumbra emerges from a deeper
layers than that from the quiet photosphere. At that times, it led to wrong
conclusion that the central parts of the sun are dark and therefore cool. The
fundamental discovery was made by Hale who measured a magnetic field in
sunspots (Hale 1908). Since then, the magnetic field is considered to be the
main cause of sunspot formation. Present knowledge about the sunspots is
summarised in Sect. 2.

The instrumental equipment has been developing together with the un-
derstanding of sunspots phenomena. Starting with the naked-eye obser-
vations and ended nowadays with various satellite missions and ground
telescopes observing in broad range of wavelengths. This thesis is based
on data observed with the La Palma Stokes Polarimeter (LPSP) attached
to the 0.5 m Swedish Vacuum Solar Telescope (SVST). This configuration
of instruments produced one of the best spectropolarimetric data available
nowadays, although similar data with higher spatial resolution should be
available in near future through the Solar-B mission. This satellite will be
launched in summer 2006 and will carry the 0.5 m optical telescope with the
Focal Plane Package (FPP). One of the instruments included in the FPP
will be the spectropolarimeter which will produce similar data sets as are
analysed in this thesis. The observation and data reduction are described
in Sect. 3.

All the information about the sunspot magnetic field, velocity, and tem-
perature are retrieved from the radiation we receive from the sun. Over
the time, various techniques have been used to estimate the magnitude of
various plasma parameters. From the simplest estimation of line-of-sight
velocity from the shift of the Stikes I profile, to one of the most advanced
inversion codes: Stokes Inversion based on Response functions (STR). The
description of this inversion code is summarised in Sect. 4. The reliability
of the inversion is also discussed in that section along with the examples of
the response functions to various plasma parameters.

The results of the inversion are described in Sect. 5. The results are
compared with previous studies of sunspots and some new conclusions are
made.

10



2 Sunspots

The presence of intense magnetic field is the fundamental condition required
for the formation of the umbra and the penumbra, two main components
creating the sunspot. The convective motions, which heat the photospheric
layers, are greatly reduced in the presence of the magnetic field and therefore
the cool and dark area emerges on the solar surface.

The discovery of magnetic field in sunspots also explained the origin of
the Wilson depression, or better to say, the depression of the unit continuum
optical depth (7 = 1) in sunspots. The depth, from which is the radiation
coming, depends on the opacity of the photospheric layers. The main con-
tribution to the opacity in the visible light is the H™ bound-free opacity,
which is proportional to the plasma temperature and gas pressure. The
temperature is lower in the sunspots and accordingly is the opacity. As will
be shown below, the gas pressure is smaller in the sunspots and the opacity
of the plasma is thus further decreased.

The smaller value of the gas pressure in sunspots can be derived from
the radial component of the magnetostatic force balance equation written
in cylindrical coordinates (Solanki 2003)

P B, <8BT 8BZ>

- _Zz — 1
or 4w \ 0z or (1)
where P is the gas pressure, r and z the radial and vertical coordinates, and
B, and B, the corresponding components of the magnetic field strength.
The difference between the gas pressure in the quiet sun (P(Rs)) and in the
sunspot (P(r)) can be estimated from the integration of this equation

1 (B _ 9B,

Py = g2 L _ L
P(R) = P(r) = o B2r) + - | B hdr = o BXn) + F, (2)

where F, symbolises the radially integrated curvature forces. In the absence
of these forces, it implies lower gas pressure in the sunspots due to the
presence of magnetic pressure there.

The amplitude of the Wilson depression could be deduced using this
force balance equation as was firstly proposed by Martinez Pillet & Vazquez
(1993). However, they found out that the unknown curvature forces play
as a big role as the gas pressure itself. This method could be used tenably
only at restricted conditions which certainly do not hold in the irregular
sunspot which is studied in this thesis. A full derivation of the pixel to
pixel fluctuations of the local Wilson depression (an effect not considered in
this thesis) must wait until a model with an assumed MHD configuration
is constructed and the correct correspondence between optical depths and
heights is made.

In next sections, the present knowledge of the magnetic field and of
the velocity structure of sunspots is described. The nomenclature of the

11
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Figure 1: The basic nomenclature of the sunspot fine structure.

sunspot fine structure, which is commonly used is shortly described here (for
detailed description see e.g. Sobotka 1997). In Fig. 1 the irregular sunspot
analysed in this thesis is shown with the description of the fine structure.
The penumbra is created from two components, dark and bright filaments.
The fine structure can be usually found also in the umbra. The umbral
dots are bright points visible there and the light bridges (LBs) are bright
structures penetrating deep into the sunspot umbra or separating the umbra
into the umbral cores.

In the following summary of the present knowledge of the sunspots, the
thermal properties are not depicted. However, the thermal structure of
the sunspot fine structure can be estimated from the continuum intensity,
since the bright structures must have higher temperature at unit continuum
optical depth. The review written by Solanki (2003) reports not only about
the thermal structure of sunspots, but also describes in more details the
present knowledge of sunspots.

2.1 Magnetic field of sunspots

The magnetic field of sunspots can be deduced from the Zeeman splitting
of various lines. The field strength is largest near the geometrical centre of

12



the umbra reaching values up to 3700 G. This statement is true only in case
of the regular sunspots, where the umbral centre corresponds also with the
darkest part of the sunspot. Example of the magnetic field in an almost
round sunspot is shown in Fig. 2. In Fig. 3, the average values of magnetic
field strength and inclinations (from Fig. 2) are plotted as functions of the
radial distance from the sunspot centre.

The magnetic field strength (Fig. 2 a, Fig. 3 left) is decreasing outward
with no detectable jump on the umbral-penumbral boundary. The shape
of the radial dependence of B has been studied by many authors, among
others, Beckers & Schroter (1969) and Westendorp Plaza et al. (2001a). The
shape is dependent on the sunspots size and regularity and also on the height
in the atmosphere as is shown in Fig. 3 (left). The magnetic field inclination
shows similar behaviour as the field strength, just in opposite sense, the field
is vertical in the central parts of the umbra and almost horizontal on the
outer boundary of the sunspot (Fig. 3 right).

From Figs. 2 and 3 is clear that the magnetic field continues beyond
the white-light boundary of the sunspot. It forms a horizontal canopy and
overlies the field-free plasma. The formation of the magnetic canopy is a
result of the expansion with height of the magnetic flux tube which could
be used as a simple model of regular round sunspots (see Sect. 2.3).

2.1.1 Penumbral fine structure

A simple model of the magnetic flux tube cannot be used to explain the
fine structure of the magnetic field in the penumbra. The averaging process
which was used to create Fig. 3 smoothed the inhomogeneities of the mag-
netic field strength and mainly of the inclination. The radial structures in
the inclination map could be seen in Fig. 2 (b). Beckers & Schréter (1969)
found differences between the inclination in bright and dark filaments. With
increasing spatial resolution came other observations that support the rapid
changes of inclination by 10-40° on arcsec and sub-arcsec scales (Lites et al.
1993; Title et al. 1993; Rimmele 1995a; Wiehr 2000; Westendorp Plaza et al.
2001a). The fluctuations of the magnetic field inclination is apparent, how-
ever, mentioned studies found various correlations between the inclination
and brightness. Higher values of inclination in dark structures (more hor-
izontal field there) have been found by Rimmele (1995a); Wiehr (2000);
Westendorp Plaza et al. (2001a); Bellot Rubio et al. (2004) and Langhans
et al. (2005). Sénchez Cuberes et al. (2005) also found similar dependence of
inclination on the line-core intensity (i.e. steeper field in bright structures),
but not on the continuum intensity. The positive correlation between the
brightness and the inclination have been found by Title et al. (1993) and
Stanchfield et al. (1997), although the dependence is very weak and the
correlation coefficient does not exceed 0.2. Lites et al. (1993) determined
higher inclination in bright filaments in the inner penumbra and weak corre-
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Figure 2: The magnetic properties of regular sunspot, the magnetic field
strength (a), inclination (b), and azimuth (¢). The arrows indicate the course
of magnetic field vector and the length is proportional to its amplitude. Solid
lines represent the umbra-penumbra and penumbra-quiet sun boundaries.
Figures are taken from Westendorp Plaza et al. (2001a) by permission.

lation in the sense that inclination is higher in dark structures in the outer
penumbra.

The situation becomes even more confusing if the dependence of the mag-
netic field strength on the continuum intensity or on the inclination is inves-
tigated. Some authors found no strong fluctuations in B either because of
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Figure 3: The azimuthal averages of magnetic field strength (left) and incli-
nation (right) at three optical depths in the atmosphere at given distances
from the sunspot centre. The vertical lines represent the umbral and penum-
bral boundaries. Shaded areas show the rms variations of the parameters at
the upper and lower layers. Kindly provided by Westendorp Plaza (West-
endorp Plaza et al. 2001a).

employed technique or because of insufficient spatial resolution (Lites et al.
1990; Schmidt et al. 1992; Rimmele 1995a). Title et al. (1993) observed
the fluctuations in magnetic field strength, but interpreted them as fluctua-
tions in inclination. Other authors found the fluctuations of magnetic field
strength. Beckers & Schroter (1969) and Wiehr (2000) provide evidences
for higher values of B in dark filaments. Westendorp Plaza et al. (2001a),
however, argue for the opposite dependence, i.e. stronger field is associated
with warmer gas. Sanchez Cuberes et al. (2005) found stronger magnetic
field in bright structures in the line-core intensity but not in the continuum
intensity.

Regarding to the connection between the inclination and the magnetic
field strength, Lites et al. (1993) and Stanchfield et al. (1997) found that
the less inclined field (with respect to the local vertical) is slightly stronger
(by 100-200 G). The possible complexity of the problem is shown in Fig. 4,
where the dependence of the correlation coefficient between the magnetic
field strength and inclination on the depth in the atmosphere and on the
position in the penumbra is plotted.

Langhans et al. (2005) described penumbra as consisting of two compo-
nents. They found more vertical and stronger magnetic field in bright fila-
ments, where the difference in strength of the magnetogram signal appears to
peak in middle penumbra and decrease toward the outer penumbral bound-
ary. The most advanced two magnetic components inversion of penumbral
profiles has been made by Bellot Rubio et al. (2004). They separate the
penumbra into two components, the background field interlaced with the
system of more inclined flux tubes. They found that the magnetic field of

15



0.5

—moocooo
—ow~m»

,‘.‘l‘.‘.
|
i
EETTviNn

/

0.0

/S T VR |

Correlation coefficient

-0.5

\

\ :
\
\ |
-
\< .
i
LN .
i ‘. \
\ . \
i 3 \
) :
|
| 5
|
o

1oL
-2.5 -2.0 -1.5 -1.0 -0.5
log (1)

Figure 4: Variation of the correlation coefficient between the magnetic field
strength and inclination with the depth in the atmosphere and for different
azimuthal paths. Kindly provided by Westendorp Plaza (Westendorp Plaza
et al. 2001a).

the background component remains relatively vertical all the way from the
inner to outer penumbra with maximum inclination about 60°. The incli-
nation of the magnetic field in the flux tubes changes from 70° near the
umbra to 100° on the outer penumbral boundary, i.e. the tubes go upward
in the inner penumbra, become horizontal and finally dive. Borrero et al.
(2004) found similar results even from the one-component inversion. See this
work for comparison between the one- and two-component inversion of the
penumbral photosphere. This configuration of the penumbra magnetic field
is called uncombed structure. See Sect. 2.3 for proposed physical models
producing this magnetic field configuration and empirical argumentation in
favour of this uncombed structure.

2.1.2 TUmbral fine structure

The observations of umbral dots suggest that the magnetic field strength is
weaker there. The lowest magnetic field was found by Beckers & Schroter
(1968) reaching 10% of B in the surrounding umbra and having opposite
polarity. However, Wittmann (1971) argued that Beckers & Schroter (1968)
misinterpreted magnetooptical effects as the umbral dot contribution. Var-
ious values of the magnetic field decrease have been found by other authors
depending on the used lines and position of the dot in the umbra, ranging
from 50% of the umbral field strength up to no reduction of B (Kneer 1973;
Buurman 1973; Pahlke & Wiehr 1990; Schmidt & Balthasar 1994; Tritschler
& Schmidt 1997; Socas-Navarro et al. 2004). Schmidt & Balthasar (1994)
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point out that the small reduction of the magnetic field strength can be just
an apparent decrease, because magnetic field strength is decreasing with
height and bright (and therefore hot) umbral dots emitted the radiation
from higher layers than the surrounding umbra (due to the temperature de-
pendence of the opacity). See the review by Sobotka (2003) and references
therein for the problem of magnetic “invisibility” of umbral dots. The strat-
ification of the magnetic field strength found by Socas-Navarro et al. (2004)
suggests the canopy structure above the field free material which may be the
cause of the umbral dots. See Sect. 2.3 for more details about the possible
origin of umbral dots.

Previous papers report about weaker magnetic field in light bridges and
also about higher values of inclination there. The decrease of the magnetic
field strength and the change of inclination is dependent on the width of a
light bridge, i.e. Beckers & Schréter (1969) found the decrease of 300 G in
the weak light bridge and an increase in inclination around 5°. Riiedi et al.
(1995) found a difference of B between the light bridge and the surrounding
umbra around 1000 G and maximum difference of inclination around 70° in
the LB centre. Leka (1997) found a range of decreases in the magnetic field
strength from 300 G to over 1200 G and increased inclination by at least
10° in 11 different light bridges studied in her paper.

2.2 Velocity field of sunspots

The velocity structure of sunspots is somehow similar to the magnetic field
structure. The umbra is very easy to describe on the contrary to penumbra
which is much more complicated.

The umbra exhibits steady and strong magnetic field in which the plasma,
is frozen. Therefore no significant motions are observed in the unperturbed
umbra. The umbra is usually used as a zero reference point (see Rimmele
1995b, and references therein) if no quiet region of solar photosphere or no
distinct terrestrial atmospheric lines could be used for this purpose.

The dominant signature of the dynamical behaviour of the penumbra is
the Evershed effect named after its discoverer (Evershed 1909). The Ever-
shed effect consists of a blueshift of the photospheric spectral lines in the
discward part of the penumbra and a corresponding redshift in the limbward
part of the penumbra (Dere et al. 1990; Rimmele 1994, 1995b; Schmidt &
Schlichenmaier 2000; Westendorp Plaza et al. 2001b; Bello Gonzélez et al.
2005). Such orientation of the flow is valid at the photospheric layers, the
flow of an opposite orientation with larger velocities is observed in the chro-
mosphere. The magnitude of the velocity increases from the inner parts of
the penumbra to its outer edge, where it stops abruptly according to e.g.
Wiehr et al. (1986) and Title et al. (1993). On the other hand, Bérner &
Kneer (1992); Rimmele (1994) and Rimmele (1995b) found evidences for Ev-
ershed velocities extending beyond the white-light boundary of the sunspot.
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Figure 5: Time-averaged Doppler velocity image of a regular sunspot (from
Georgakilas & Christopoulou (2003)). The umbral and penumbral bound-
aries are marked by the white lines and the arrow points to the disc centre.

An example of the Evershed flow in the regular sunspot is shown in Fig. 5,
where almost no velocities are recognisable in directions perpendicular to
the centre-limb direction. This suggests that the flow is nearly horizontal
in the photosphere with inclination (defined with respect to the local verti-
cal) larger than 80° (Dere et al. 1990; Borner & Kneer 1992; Schlichenmaier
& Schmidt 2000). This is unexpected since the plasma flow should follow
the orientation of the magnetic field vector which is more vertical in the
penumbra (see Sect. 2.1). This discrepancy can be explained by the un-
combed structure of the magnetic field, which is described in Sect. 2.1 and
is theoretically depicted in Sect. 2.3.

2.2.1 Penumbral fine structure

Rimmele (1995b); Schlichenmaier & Schmidt (2000); Schmidt & Schlichen-
maier (2000) and Tritschler et al. (2004) found upflows 300-600 m s~! in
the inner penumbra and downflows of about 200-400 m s~! in the outer
penumbra. On the contrary, Shine et al. (1994) deduced small upflows (200
400 m s~ !) near the outer penumbral boundary. Such small values of the
vertical velocities could be heavily influenced by the error in the zero-level
velocity, which is typically uncertain by 200 m s~! or even more.

As is said above the plasma flow should follow the orientation of the mag-
netic field vector, therefore the observations of Rimmele (1995b); Schlichen-
maier & Schmidt (2000); Schmidt & Schlichenmaier (2000) and Hirzberger
et al. (2005) confirm the shape of the magnetic flux tubes derived by Bellot
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Rubio et al. (2004) from the two-component inversion of the penumbral pro-
files. Bellot Rubio et al. (2004); Borrero et al. (2004) and Langhans et al.
(2005) also found that the Evershed flow is connected with the horizontal
flux tubes with lower magnetic field strength.

If the Evershed effect is really restricted to horizontal flux tubes, than
rapid change of velocity must be seen on small scales. Observations which
confirm this expectation were studied by many authors (Beckers & Schroter
1969; Wiehr et al. 1984; Title et al. 1993; Shine et al. 1994; Rimmele 1995a;
Westendorp Plaza et al. 2001b; Langhans et al. 2005). They found a cor-
relation between the velocity of the Evershed flow and the dark filaments.
However, there are some studies that have not found any significant corre-
lation between the brightness and the flow velocity (e.g. Lites et al. 1990).
On the other hand, Hirzberger et al. (2005) found the correlation between
the flow channels and the bright penumbral filaments. The results are not
dependent only on the technique which is used for the derivation of the
line-of-sight velocities, but mainly on the absorption lines which are used.
For example, the velocity measured in the line cores (highest layers of the
atmosphere) correlate with the intensity fluctuations measured in the line
core, but not with the continuum intensity.

2.2.2 Umbral fine structure

The measurements of velocity fields in the umbral dots is problematic, since
these structures are on the resolution limit of the current spectrographs. The
umbral dots are either at rest or exhibit small upflows up to 400 m s~! with
respect to the surrounding umbra (Lites et al. 1991; Rimmele 1997; Tritschler
et al. 2004). Faster upflows were reported by Rimmele (2004) (1 km s~!),
although Socas-Navarro et al. (2004) infirm this result. Recent study by
Socas-Navarro et al. (2004) found very small upflows in several umbral dots
from 0 to 200 m s—! with typical uncertainties around 100 m s~ .

Concerning the light bridges, there are no systematic findings. Beckers
& Schroter (1969) found blueshifts with respect to the umbral velocities,
Riledi et al. (1995) found redshifts, and Leka (1997) found either blueshifts
or redshifts in the light bridges studied in her paper. Convective elements
similar to the granulation with upflows in bright granules and downflows in
dark lanes are observed in granular light bridges (Rimmele 1997). In com-
parison with photospheric granulation, cell sizes and velocities of light bridge
granulation are smaller and lifetimes longer, which may be a consequence
of remaining weak magnetic field. Observations of evolution and horizon-
tal motions of bright granules in light bridges also indicate the existence of
convective motions (Hirzberger et al. 2002).
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2.3 Models

This work is based on the analysis of observations and no computation of
sunspot models are made here. The short description of various models
presented here serves only as a comparison for observational results. See
Solanki (2003) and references therein for detailed description of theoretical
sunspot models.

2.3.1 Global sunspot models

As was already said, sunspots are thought to be vertical flux tubes inter-
secting the solar surface. Such models, aim of which is to reproduce the
global properties of sunspots, are computed in the magnetohydrostatic ap-
proximation. Such assumption is satisfactory for the overall structure of the
magnetic field since the changes in mature sunspots are slow (see Jahn 1997,
for further arguments in favour of the static description).

The global models of sunspots differ in one basic assumption, if the
sunspot is monolithic below the solar surface (Cowling 1957) or if it breaks
up into many small flux tubes (cluster or so-called spaghetti model, Parker
1975). The solar layers below the unit continuum optical depth cannot
be directly observed, but the investigations using the technique of local
helioseismology favour a cluster model (Chen et al. 1997; Zhao et al. 2001).
The complex fine structure of the penumbra also suggest that the magnetic
field is concentrated into many small flux tubes. Arguments for the cluster
model are presented by Choudhuri (1992) and arguments in favour of the
monolithic model come from Spruit (1981).

The first quantitative model of sunspot magnetic field was introduced
by Schliiter & Temesvary (1958) who prescribed the radial dependence of
the magnetic field vector at given geometrical height and assumed it to be
the same at all heights, except for a scaling to describe the expansion of
the field lines with height (therefore it is also called self-similar model).
This allows to separate the vertical and radial components of the magnetic
field strength and only an ordinary differential equation for By(z) needs to
be solved. The results are dependent on the particular choice of so-called
shape function f(r/R(z)), which is usually considered to be a Gaussian
shape function. This model was very successful in reproducing the observed
distribution of the magnetic field strength and therefore studied by many
authors. Disadvantage of this kind of models is the problem with repro-
ducing the continuum intensity. These models usually create a bright ring
on the umbra-penumbra boundary, which intensity may be influenced by
the choice of the shape function (see Murphy 1990). Other limitations of
self-similar models are discussed by Steiner et al. (1986).

Osherovich (1982) included to the self-similar models the field lines that
return to the solar surface just outside the visible sunspot. However, this
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model is not supported by the observations, the return flux in the close
surrounding of sunspots is small (Solanki et al. 1992; Lites et al. 1993) and
recent studies suggest not negligible amount of return flux in the penumbra
itself (Westendorp Plaza et al. 2001a; Bellot Rubio et al. 2004; Borrero
et al. 2004). The continuum intensity predicted by the return flux models
is not much better than that predicted by the standard self-similar models.
Only by reducing the Wilson depression to improbable low value of 250 km,
Murphy (1990) derived the continuum intensity qualitatively comparable
with the observations at the disc centre, near the limb the unrealistic bright
rings appeared nevertheless.

Other group of models is based on the simplification of the force balance
equation. If the terms describing the influence of the gas and gravity are
neglected, the force balance equation reduces to

V x B = aB. (3)

A potential field is obtained if the force-free parameter « is set to zero.
The problem is that the purely potential field predict no natural boundary
of the sunspots and must be artificially bounded by the magnetopause. The
pressure difference Ap and its derivative must be matched to the external
atmosphere at the magnetopause. Such model was computed by Simon &
Weiss (1970) for the first time. Their results could give a suitable description
of magnetic field in pores, but are not able to simulate the magnetic field of
the sunspots.

The first force-free model was computed by Schatzmann (1965) who used
constant «. The solution approximately described the radial dependence of
magnetic field strength, indicating that the constant value of « is sufficient
for the modelling of the visible layers of simple sunspots (Martens et al.
1996). This model was used by Martens et al. (1996) who added terms de-
scribing the flutedness (the small-scale structure of the penumbra). Similar
approach has been applied by Neukirch & Martens (1998). The results ob-
tained with these models reproduce the observations of Beckers & Schroter
(1969) and Title et al. (1993), but need to be compared with observations of
broad-band circular polarisation, because such observations contain infor-
mation on the vertical structure of flutted fields (Sanchez Almeida & Lites
1992; Solanki & Montavon 1993; Martinez Pillet 2000).

Pizzo (1986) computed set of two-dimensional models, where the hy-
drostatic equilibrium is hold along each field line. Such models are more
advanced than the self-similar or return-flux models and the results come
closer to the observations. For example, the continuum intensity distribu-
tion is well described by this model. However, the presence of magnetic
boundary suggested by the observations (Beckers & Schroter 1969; Solanki
& Schmidt 1993) is not confirmed by this model.

Simon & Weiss (1970) used for the first time the model bounded by the
current sheet at the magnetopause. The shape of the magnetopause they
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used was just an approximate solution of the free boundary problem which
was generally solved by Wegmann (1981). This solution was applied by
Schmidt & Wegmann (1983) to the sunspots, in this case the current sheet
bounded a potential field. This model does not describe the presence of the
penumbra. Jahn (1989) includes the body currents to the area corresponding
to the penumbra. Combined current sheet and body current models give
results similar to the distribution of magnetic field observed in sunspots.
The inclination angles predicted by this model are in a good agreement
with the measurements analysed by Bellot Rubio et al. (2004). However,
the thermal structure has no distinct difference between the umbra and the
penumbra. Therefore, Jahn & Schmidt (1994) simplified the previous model
and replaced the body currents by the second current sheet on the umbra-
penumbra boundary. The resulting thermal structure is more realistic, but
the disadvantage is the emergence of the jump in the magnetic field strength
at the umbra-penumbra boundary. Such jump is in discrepancy with the
observations.

2.3.2 Penumbral models

The complex fine structure observed in the penumbra by many authors (e.g.
Beckers & Schroter 1969; Lites et al. 1993; Title et al. 1993; Rimmele 1995a;
Wiehr 2000; Westendorp Plaza et al. 2001a; Bellot Rubio et al. 2004; Borrero
et al. 2004; Langhans et al. 2005) requires more detailed models than those
presented in the previous section.

At first, the empirical model introduced by Solanki & Montavon (1993)
and developed by Martinez Pillet (2000) is described. They constructed un-
combed structure in the penumbra from the horizontal flux tubes embedded
in a more vertical background field. Such configuration of the penumbral
magnetic field was suggested to explain the observed net circular polarisa-
tion. The Evershed flow is carried mainly by the horizontal flux tubes in
this empirical model, but some flow must be also carried by the background
field. Otherwise the centre- and limb-side net circular polarisation curves
would be the same but with different signs, what is in discrepancy with the
observations (Martinez Pillet 2000). Recent analysis of observations found
evidences for such configuration of the magnetic field (Bellot Rubio et al.
2004; Borrero et al. 2004; Langhans et al. 2005).

Jahn (1992) proposed that the complex magnetic fine structure of the
penumbra, is caused by the convective exchange of the flux tubes. There exist
two physical scenarios which suggest the possible origin of the convective
motions in the penumbra.

First, a flux tube is initially positioned at the penumbra—quiet sun
boundary. It is heated by the field-free convection and rises developing
a flow along the tube that points upward beneath the photosphere and out-
ward above the photosphere. The part of the flux tube emerging above
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the surface is filled with hot gas and therefore appears bright. The inter-
section of the flux tube and the photosphere is moving towards the umbra
and could be interpreted as the penumbral grain which could also move in
this direction (Sobotka et al. 1999). The part of the flux tube above the
surface cools down by radiative losses and becomes more horizontal and the
outward flow resembles the observed Evershed effect. Up to this point, the
scenario has been confirmed by the two-dimensional simulations made by
Schlichenmaier et al. (1998). The loss of buoyancy and the expected dive of
the flux tube has not been produced by the simulations. In this scenario,
the flux tube is embedded in the background field taken from the model
by Jahn & Schmidt (1994). This background field is in rest and accord-
ing to Martinez Pillet (2000) such configuration could not properly explain
the discrepancy between the shape of the centre- and limb-side net circular
polarisation curves.

Second scenario has been suggested by Wentzel (1992). He starts with
the homogeneous inclined field. By producing a density inversion he causes
the flux tube to fall and become horizontal over most of the penumbra.
Higher density in the fallen flux tube causes a horizontal outflow that re-
sembles the Evershed effect. However, this scenario has not yet been studied
in detailed numerical simulation.

The first mechanism which was suggested to explain the penumbral ve-
locity field is called the siphon flow model by Meyer & Schmidt (1968). The
authors considered an existence of a flux tube which footpoints have differ-
ent field strength. If the first footpoint is located in the penumbra and the
second in area with stronger magnetic field strength (e.g. umbra of another
spot), than due to horizontal pressure balance the flow is started and kept by
the imbalance in the gas pressure. Such model could also explain the inverse
Evershed effect at higher layers of the atmosphere. However, the length of
the loops produced by the siphon flow model is too short compared to the
size of the penumbra. The longest tubes could not exceed roughly 3000 km
(Degenhardt 1991) which is still less then the width of a large penumbra.
The recent observations show downflows in the outer part of the penum-
bra (Bellot Rubio et al. 2004; Borrero et al. 2004; Langhans et al. 2005),
it would mean that both footpoints supporting the siphon flow are located
in the penumbra. Since the field strength is decreasing outwards, the flow
should be directed towards the umbra as implies the pressure balance ar-
gument. If the Evershed flow is really driven by the siphon flow then it is
probable that the pressure difference between the footpoints is not caused by
the difference in the magnetic field strength, but through the temperature
and density difference, as in the model by Schlichenmaier et al. (1998).
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2.3.3 Umbral dots models

The explanation of the existence of umbral dots depends on the considered
global model of the flux tube, i.e. if the monolithic or cluster model is
considered. The model by Wentzel (1992), which was suggested to explain
the formation of the uncombed structure of the penumbra, could also explain
the presence of the umbral dots and is not dependent on the subsurface
structure of the sunspot.

Weiss et al. (1990) simulated the umbral dots as tops of the magneto-
convective structures inside the monolithic magnetic flux tubes. The umbral
dots suggested by this model have weaker magnetic field and show upflow
motions. Such behaviour is really observed in umbral dots, but is also pre-
dicted by models based on the cluster configuration.

In the spaghetti model, the umbral dots are considered to be intrusions
of field-free gas rising and pushing numerous thin flux tubes aside (Parker
1979; Choudhuri 1986). With amount of rose materials rises also the pres-
sure from above which should close the protrusion of hot gas. Choudhuri
(1986) derived that at the continuum layer the field-free area should be de-
tectable, but 200 km above that level the field is practically homogeneous
again (Degenhardt & Lites 1993a,b). The spatial resolution of the spec-
tropolarimetric measurements is not sufficient to found the field-free area,
but see Socas-Navarro et al. (2004) for observational arguments in favour of
this configuration.

The only known semi-empirical models of the light bridges were proposed
by Sobotka (1989), who derived lower temperature in the light bridges com-
pared to the mean penumbral model by Kjeldseth-Moe & Maltby (1969).
In the article by Spruit & Scharmer (2006), the authors proposed the ex-
planation of the fine structure of the penumbra as the field-free gaps and
interpreted light bridges as wider representation of the same effect. They
also refer to the 3D radiative magnetohydrodynamic simulation of the light
bridge computed by Nordlund & Stein (2005), which are not yet published.
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3 Observations and data reduction

On May 13, 2000 two areas in an irregular sunspot in an active region NOAA
8990 were observed with the La Palma Stokes Polarimeter (LPSP, Martinez
Pillet et al. 1999) attached to the spectrograph of the 0.5 m Swedish Vacuum
Solar Telescope (SVST) (Scharmer et al. 1985). The SVST was operated
on the island of La Palma by the Institute for Solar Physics of the Royal
Swedish Academy of Sciences in the Spanish Observatorio del Roque de
los Muchachos of the Instituto de Astrofisica de Canarias. The diffraction
resolution limit of the telescope was 0.32” at A = 630 nm and 0.25" at
A = 500 nm. The data analysed in this thesis were obtained by Valentin
Martinez Pillet and Michal Sobotka.

The optical scheme of LPSP attached to SVST is shown in Fig. 6. The
linear polariser (T'CsC) and the instrumental polarisation unit (ICsC) are
components serving for the instrumental calibration. The important parts of
the Analyser sub-System (AsS) are two ferroelectric liquid crystals (FLCs).
The orientation of the optical axis in FL.C has two possibilities and changes
in response to the voltage ramps. Two FLCs with two possible orientations
of optical axes produced four modulation states (each with different linear
combinations of the Stokes parameters) with polarisation efficiencies (see
Martinez Pillet et al. 2001) of g = 0.38, ey = 0.41, and ey = 0.57. For
each slit position, 20 accumulations with 33.3 ms exposure time for each of

LPSP@SVST ﬁ

UV rejection filter] qputter
\

Savart Ferroelectric
plate LCs
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)

window  (folding mirror)

Figure 6: The optical layout of the La Palma Stokes Polarimeter attached to
the Swedish Vacuum Solar Telescope. Kindly provided by Martinez Pillet.
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Figure 7: White-light image of the leading sunspot in NOAA 8990 with
marked areas under study. The arrow points to the north direction.

the four modulation states were taken to increase the signal-to-noise ratio.
This setting gives 3 s exposure time for one position of the spectrograph
slit with S/N ratio of the reduced data equal to 600 for the linear polari-
sation profiles (@, U) and 800 for the circular polarisation profile (V). The
telescope instrumental polarisation is fully accounted for, as explained by
Martinez Pillet et al. (2001).

As mentioned above, the object of the observations was an irregular
leading sunspot in active region NOOA 8990. The spot was located near
the disc centre, at heliocentric position 14° N and 17° W (heliocentric angle
p = 0.907). One of the white-light images recorded simultaneously with
the spectral scans is shown in Fig. 7. Two areas marked in the figure were
scanned in the magnetically sensitive lines Fe I 630.15 nm (Landé factor
g = 1.67) and Fe I 630.25 nm (g = 2.5). The scans were taken at 9:03 and
9:13 UT for the first and second area respectively.

The pixel size of the white-light imaging camera working at A = 525 nm
was 0.083", the resulting resolution including the seeing was around 0.3",
and the exposure time was 11 ms. The pixel size of the spectropolarimetric
camera was 0.078”. The width of the spectrograph slit was equivalent to
0.32"” and the scanning step was 0.24”. The resulting spatial resolution,
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including the effect of the seeing, is about 0.7” for the spectropolarimetric
observations.

The resulting field of view (one area approximately of 13" x 19”) was
composed of 80 slit positions in steps of 0.24”. The steps were made by
the tip—tilt mirror that was always in closed loop with the sunspot-tracker
camera during these two scans.

Flat-fields were created separately for each polarisation modulation state
because they display different interference patterns. The flat-field data are
used to derive the line curvature produced by the spectrograph and passed
to the real data for its correction. After the dark-field subtraction, the flat-
field division, and the line curvature correction, the data are demodulated
with a matrix inferred from the polarisation calibration optics used by the
polarimeter. Finally, the Mueller matrix is corrected with the convention
of positive () orientated parallel to the solar rotation axis. Data reduction
ends with an ad-hoc correction for crosstalk with intensity that forces the
continuum portions of Stokes (), U and V to zero. The data preprocessing
was made by Valentin Martinez Pillet.

Regarding the white-light image in Fig. 7, the nomenclature of various
parts of studied areas, which is used in next sections, is clarified here. The
area 1 and area 2 are also called first and second area respectively. Umbra
in the first area can be called first umbra, similarly the second umbra is the
umbra in the area 2 and accordingly are called the penumbras. The light
bridges in the areas are called first and second light bridge, abbreviations
are LB1 and LB2 respectively.
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4 Inversion code

The inversion code SIR (Stokes Inversion based on Response functions) is
used to analyse the observed data. The SIR code was developed at the In-
stituto de Astrofisica de Canarias (Ruiz Cobo & del Toro Iniesta 1992). It
is a one-dimensional inversion code working under the assumption of local
thermodynamic equilibrium (LTE) and hydrostatic equilibrium. Other lim-
itations and assumptions are described in the article by Bellot Rubio (1999)
which was written as a user guide to this inversion code. See also the survey
studies by Ruiz Cobo (1998) and Westendorp Plaza et al. (2001a,b).

The inversion code returns the stratification of temperature (7'), mag-
netic field strength (B), inclination (y1,0s), azimuth (11,0g), and line-of-sight
velocity (vp,0g). More about the input and output parameters is written in
Sect. 4.4.

4.1 Theoretical background

SIR is using the radiative transfer equation (RTE) for polarised light in the
line-forming region (see del Toro Iniesta 2003)

dI
—=K(I-8), (4)

where I samples the Stokes profiles I, Q,U, and V, K is the propagation
matrix (including the absorption and dispersion components), and S is the
source function vector. In our simplified case (LTE assumed), the source
function is not equal to zero only for the Stokes I profile and is dependent
only on the temperature T, thus S = (B,(T),0,0,0), where B,(T) is the
Planck’s function. The formal solution of RTE can be written as

um:/omﬂKmmﬂm, (5)
0

where I(0) is the intensity at the surface of the atmosphere and O(0,7) is
the evolution operator (Landi Degl’Innocenti & Landi Degl’ITnnocenti 1985;
del Toro Iniesta 2003).

4.1.1 Response functions

The emerging intensity and shape of the Stokes profiles I(0) depend on the
initial model of the atmosphere Z. A small change of the initial plasma
parameters 0Z(7) (e.g. temperature, velocity, magnetic field strength or
orientation) at the optical depth 7 causes the change of the propagation
matrix and the source function. At first approximation, these changes can
be written as
m m
IK(1) = Z g—Ki&Ei(T) and dS(71) = Z 3—25%(7), (6)

i=1 9% i=1
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where m is the total number of the parameters. The associated changes in
intensities follow the transfer equation formally identical to RTE (4)

dol

5= K(6I —08) + dK(I —8S), (7)

where the second order terms are neglected. Following the analogy, the
emergent change of intensity is

/o 7)68(7) — 6K (7)(I — S)] dr. (8)
0

Taking into account the equations (6), the response function (RF) of the
parameter ¢ is defined as
d8(r)  OK(r)

R;(r) = O(0,7) [K(T) [I(7) —S(7)] (9)

and the equation (8) can be rewritten as

m

0) = /RZ )i (7 (10)
0

=1

See Ruiz Cobo & del Toro Iniesta (1992, 1994) or del Toro Iniesta (2003)
for detailed derivation. The inversion code is named after these functions,
because their role is crucial as is shown in the next section.

4.1.2 The inversion process

The scheme of the inversion process in case of a one-component model atmo-
sphere is shown in Fig. 8. In the following paragraphs, the inversion process
is described according to this scheme.

The emergent Stokes spectrum is derived from the equation (5) using
the initial model of atmosphere, the atomic parameters, and the abundances
given in the input files. The synthetic profile I is then convolved with the
gaussian profile, which simulates the effect of the macroturbulence (Bellot
Rubio 1999), and with the instrumental profile, if this one is known (MAC
and IPS in Fig. 8). Obtained synthetic spectrum (I*) is then mixed with
the stray-light profile (I*!") given by the user. The portion of the stray light
is given by the parameter s (stray-light factor), which value is fitted during
the inversion. Resulting synthetic spectrum I*¥" is then compared with the
observed spectrum (I°**) and the merit function (x?) is computed.

4 n

X&) o 30D IR () = I (g, D) (11)

k=1j5=1
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Figure 8: The scheme of the inversion process. Adapted from Koza (2003).

where k samples the 4-component vector of Stokes profiles and n is the total
number of wavelength points ().

The goal of the inversion code is to minimise the merit function, there-
fore we need to change the initial model of the atmosphere Z by §Z to move
in the space of the free atmospheric parameters closer to the global mini-
mum. Close to the minimum, the merit function of the new model can be
approximated by the Taylor series of the old merit function, so that

XA(& 4 07) ~ x2(%) + 62(Vx* + HoZ), (12)

where Vx? represents the partial derivative of the merit function and H is a
so-called curvature matrix. It is one half of the Hessian matrix containing the
second partial derivatives of the merit function (H;; = 1/2 9*x?/0z;0z;).
The components of the curvature matrix and Vy? are expressed as the
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functions of RFs (Ruiz Cobo & del Toro Iniesta 1992), thus the role of RF's
in this inversion code is emphasised. SIR uses a Marquardt algorithm which
implies that if we are close to the minimum then we can move to it by simply
equating the term in brackets in equation (12) to zero and thus

of = —H'Vy?, (13)

where H™! is the inverse of the curvature matrix. The situation is more
complicated if we are far from the minimum. In this case, a parameter s
must be introduced to control the speed of convergence. The magnitude of
this parameter depends on the distance from the minimum and can be up-
and down-scaled according to the change between x?(Z) and x?(£+ 0%) (see
the scheme in Fig. 8 and del Toro Iniesta (2003) for the detailed theoretical
description of this method).

The computation of the equation (13) is not trivial especially because
of the large dimension of the curvature matrix. The inversion of large ma-
trixes is a difficult numerical task and is also computationally demanding.
To decrease the size of the curvature matrix, we do not compute the per-
turbation d% at all optical depths of the model, but only at few grid points
called nodes. The perturbation at remaining depths is approximated by the
cubic-spline interpolation between the equidistantly distributed nodes.

The number of nodes is given by the user for each atmospheric parameter
and could be increased when the new cycle of the inversion is started. The
number of cycles is also defined by the user and the inversion code proceed
to the next cycle if no significant variation of x? occurs in few last iterations.
This option also stops the inversion process and returns the resulting model
of the atmosphere if there is no additional cycle to proceed.

4.1.3 Error estimation

Bellot Rubio (1999) has shown that the error of the plasma parameter x; at
the optical depth 7 is

2

o T S, Sa— 14
ir) Z?:le?()‘jvT) 14

where 2 is the merit function and R; is the response function of the plasma
parameter z;. Only the approximate relation is presented here to show
that the uncertainties are proportional to the merit function and to the
inverse of the response function, therefore poor fits have larger errors and
parameters that have little influence on the emergent intensity show the
largest uncertainties.

The precise form of the equation (14) is shown by e.g. del Toro Iniesta
(2003) who also described the assumptions and limitations required for the
derivation of this equation. For example, this equation is valid only if all
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model parameters are independent, so changes of one parameter do not in-
fluence the remaining plasma quantities. The reliability of the equation (14)
was tested using the Monte Carlo simulations and it was found out that the
uncertainties are well estimated (Westendorp Plaza et al. 2001a).

4.2 Ranges of line sensitivity

The response functions can be also derived in a more simple way which takes
on the other hand a long time. The synthetic Stokes profiles are derived from
the input model of atmosphere, one of the parameters is changed in a small
range of optical depths and a new Stokes spectrum is computed. Then the
ratios between the differences of the new and old synthetic spectra and the
perturbation of the parameter are computed. These ratios are in fact the
response function of that parameter at the optical depth where the param-
eter was changed. This process has to be repeated for all optical depths to
retrieve the absolute RF to that plasma parameter. It is clear then, that
RFs behave the same way as partial derivatives of the spectrum with respect
to the physical quantities. Therefore, within the linear approximation, RFs
give the sensitivities of the emerging Stokes profiles to perturbations of the
plasma parameters of the atmosphere. If the value R;(7, \) is close to zero,
then the change of the plasma parameter dz; at the optical depth 7 does
not influence the emerging intensity at the wavelength A. The uncertainty
of the parameter x; at the optical depth 7 will be large, if R;(7) is close to
zero at all wavelength points of all Stokes profiles of all inverted lines. This
statement is just the description of the equation (14).

Regarding the importance of the response functions in the inversion code
SIR, the examples of RFs to temperature, magnetic field strength, and ve-
locity are shown. Because the propagation matrix and the source function
is dependent on the plasma parameters, RFs are dependent on the atmo-
spheric model (i.e. they are different at each pixel of the inverted area). To
present some typical RFs, the average models of different areas were made.
In Fig. 9 the average stratifications of temperature, magnetic field strength,
and velocity of the limbward penumbras (blue lines), umbras (violet lines),
narrow light bridges (orange lines), and broad light bridge (red lines) are
shown together with the areas from which these average stratifications were
obtained.

In Figs. 10, 11, and 12, the response functions to temperature, magnetic
field strength, and velocity are shown. Each of these figures contains four
panels: RFs of the I profile to the appropriate plasma parameter (upper
left), RFs of @ (upper right), RFs of U (lower left), and RFs of V' (lower
right). Each panel contains eight shaded figures, the left columns correspond
to the RF's of Fe I 603.15 nm and the right to Fe I 603.25 nm, the first rows
are RFs of the average umbral model (violet lines in Fig. 9), the second
rows correspond to the penumbral model (blue lines in Fig. 9), and the third
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Figure 9: The average stratifications of temperature, magnetic field strength,
and velocity from the limbward penumbras (blue), umbras (violet), narrow
LBs (orange), and broad LB1 (red).

and fourth rows are RF's of the narrow and broad light bridge respectively
(orange and red lines in Fig. 9). On the z axis is the wavelength, where
the white tick marks correspond to the line centres. On the y axis is the
logarithm of the optical depth in the range from 1 to —3.8 and the dotted
line corresponds to the unit optical depth (log7 = 0).

The units of the response functions are the direct inverse of their corre-
sponding quantities, because they are normalised to the continuum intensity
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Figure 10: The absolute response functions to temperature. The four pan-
els correspond to the different Stokes profiles (I upper left, ) upper right,
U lower left, and V lower right). Each panel contains response functions of
Fe I 630.15 (left column) and 630.25 nm (right column) and of four differ-
ent models of atmosphere (first row — the umbral model, second row — the
penumbral model, third and fourth row — the models of narrow and broad
light bridges respectively). See detailed description in the text.

of the Harvard Smithsonian Reference Atmosphere (HSRA, Gingerich et al.
1971) at the disk centre at the central wavelength of each spectral line (sim-
ilarly to the observed Stokes profiles entering the inversion code SIR and to
the resulting synthetic profiles).
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Figure 11: Same as Fig. 10 but for magnetic field strength.

If the magnitudes of RFs to the different plasma parameters need to be
compared, the relative response functions are easily defined as

R; (1) = Ri(7)zi(T). (15)

It means, that the (absolute) RF computed from the equation (9) is mul-
tiplied by the appropriate value of the plasma parameter x; at the optical
depth 7 resulting into dimensionless (relative) RF.

The examples of relative response functions are shown in Figs 13 and 14.
These figures are practically RFs to temperature of the average umbral
model (Fig 10 top rows) visualised in 3D plots. In reality, relative RFs to

35



RFIV(LEIS) [10—5 (m S—‘\)—I]
RFQV(LDS) [10—6 (m 5—1)—1]

Figure 12: Same as Fig. 10 but for velocity.

temperature, magnetic field strength, and velocity are compared and the
highest absolute value of RF at each coordinate of wavelength and optical
depth is plotted. On the xy plane of these 3D figures is marked which RF is
the biggest at these coordinates; light gray corresponds to the temperature,
and dark gray to the magnetic field strength. The absolute values of rela-
tive RFs to velocity are everywhere smaller than the RFs to temperature
or magnetic field strength. The contours in the xy plane serve for better
orientation in the plot.

It is clear, that the temperature is the most important plasma parameter
for the emerging shape and intensity of the Stokes profiles. This statement is
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Figure 13: The relative response functions of Stokes I and Q). See the text
for details.

true not only for the average umbral model visualised in Figs 13 and 14, but
also for the other three average models in Figs. 10, 11, and 12. The reason
is that the absolute RFs to temperature are one order higher than RFs to
the other two parameters and that the magnitude of magnetic field strength
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Figure 14: Same as Fig. 13 but for Stokes U and V.

(evaluated in G) or velocity (m s~!) is not higher than the magnitude of
temperature (evaluated in K) in the sunspot photosphere. Therefore, the
relative RF obtained by the multiplication of these values must be biggest for
temperature at almost all depths and wavelengths for all shown atmospheric

models.
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The difference between RF's to temperature and RFs to other parameters
is caused mainly by the LTE assumption. In this case, the source function S
depends only on the temperature, thus the first term in brackets on the right
side of the equation (9) is zero for all other parameters (Ruiz Cobo & del
Toro Iniesta 1994). The factor (I —S) in the second term can be considered
as a weighting factor dependent on the optical depth. If the thermodynamic
equilibrium prevails beneath the photosphere, then the difference between
the Stokes spectrum and source functions diminishes at lower layers. There-
fore, the response functions to temperature have the slowest trend to zero
at large depths and the temperature is practically the only parameter that
can be determined at the sub-continuum layers. RFs to other parameters
are significant below the unit continuum optical depth only in the presence
of the velocity gradient (see Figs. 11 and 12).

The response functions to temperature and to magnetic field strength
have the same wavelength symmetry as the appropriate Stokes profiles, i.e.
RFs of I, ), and U are even functions and RFs of V' are odd functions.
The RF's to velocity have the opposite wavelength symmetry. This becomes
clear, if we imagine the role of the temperature and velocity on the shape of
the Stokes I profile. The increase in temperature means also the increase in
the emerging intensity, which would be the same in both line wings. On the
other hand, the presence of velocity shifts the line core and breaks down the
symmetry of the line, it means that one of the line wings becomes darker
and the other brighter.

Moreover, the presence of the velocity gradients infracts not only the
symmetry of the line profiles, but also the symmetry of the response func-
tions. Therefore, the 3D representation in Figs. 13 and 14 corresponds to the
average umbral model, because these RFs are the most symmetric. How-
ever, RFs of the umbral model are more complicated than RFs of other
atmospheric models because of higher magnetic field strength in the um-
bra. This can be seen e.g. in the upper left panel of Fig. 10, where RFs of
the umbral model in the highest row are broader and more complex than
RFs of the broad light bridge model in the lowest row (if the asymmetry is
neglected).

Many others conclusions, similar to that already pointed out, could be
made just by studying RFs shown in Figs. 10, 11 and 12 and comparing
them mutually to acknowledge not only the effects caused by the change of
various plasma quantities, but also the role of the atmospheric model on the
shape of the response function.

4.3 Reliability of the inversion

In the article by Ruiz Cobo & del Toro Iniesta (1992), which introduced the
inversion code SIR, the authors proved that the results are confident. Many
other studies confirmed the reliability of the inversion code SIR (Ruiz Cobo
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Figure 15: Two profiles differing in noise (thin lines in the left part) were
fitted resulting into similar atmospheric models (thick lines in the right part).
See the text for detailed description.

1998; Westendorp Plaza et al. 2001a,b).

Two different simple tests are presented here to show that the resulting
model of atmosphere is almost independent on the initial model and that
the noise does not influence the retrieved model of atmosphere significantly.

In the left part of Fig. 15, the observed Stokes profiles from the broad
part of the first light bridge (thin red lines) were inverted, resulting into the
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Figure 16: Two different starting models of atmosphere (red and blue lines
in the left part) were used together with the same set of observed Stokes
profiles resulting into similar atmospheric models (thick lines in the right
part). See the text for details.

atmospheric model from which the stratifications of temperature, magnetic
field strength, velocity, and inclination are shown in the right part of Fig. 15.
The thick red lines represent the inverted values and the thin red lines show
the error limits of these parameters. The synthetic Stokes spectrum of this
atmospheric model is represented by the thick red lines in the left part of
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Fig. 15. If the SIR code is applied to this synthetic spectrum, the resulting
stratifications of plasma parameters will be exactly the same. Therefore, a
random noise was added to this synthetic spectrum and these noisy Stokes
profiles are represented by the thin blue lines. The resulting stratifications
of the plasma parameters inverted from these noisy Stokes profiles are repre-
sented by the blue lines in the right part of Fig. 15 and the synthetic profiles
are represented by the thick blue lines in the left part of Fig. 15 where the
thin blue lines show the corresponding error limits.

The synthetic profiles are almost the same. The difference is biggest in
the Stokes U profile, which is also the most noisy one. The resulting stratifi-
cations of the plasma parameters are very similar, what proves the reliability
of the inversion and the small influence of the noise. The differences between
the stratifications are in the ranges of errors almost everywhere except the
higher layers of the atmosphere, where RFs to the plasma parameters are
diminishing. The sensitivity of the Stokes profiles to appropriate plasma
parameters can be estimated from the ranges of errors, i.e. the temperature
is the most accurately predicted parameter, the magnetic field strength and
velocity have similar ranges of reliability and therefore similar magnitudes
of influence on the emerging Stokes profiles, and the inclination is the most
uncertain parameter from the shown plasma quantities and has the smallest
impact on the observed intensity and shape of the Stokes profiles.

In the left part of Fig. 16, two different initial models of atmosphere are
shown. The red line corresponds to the average penumbral model, which
was finally used as the initial model of atmosphere for all pixels in the field
of view; the details about this model are presented in the next section. The
second initial model (blue lines) is based on HSRA, where the magnetic
field strength was set to constant value of 100 G, the velocity stratification
corresponds to the negative values of the velocity stratification of the first
model, and the inclination is 1 degree at all atmospheric depths.

These initial models of atmosphere were used to invert the same set of
Stokes profiles, which were observed in the narrow part of the second light
bridge. Neither the observed profiles nor the synthetic Stokes profiles are
shown here, because they fit the observations very accurately and the fits
do not differ much between each other.

The resulting models of atmosphere are compared in the right part of
Fig. 16. The stratifications of temperature, magnetic field strength, and
velocity have very similar shapes. The differences between the stratifications
are smaller than the ranges of errors up to the higher layers of atmosphere
giving confidence into the reliability of the inversion code SIR. However,
the shapes of the stratifications of inclination are different and because of
that, there is a discrepancy of inclination values about 10° in otherwise
trustworthy range of heights from log 7 = —1 to log 7 = —1.8. As was
already pointed out, the radiation is not very sensitive to the changes of
inclination and therefore, such discrepancy is possible.
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4.4 Parameters of the inversion code SIR
4.4.1 Input parameters

The first step in the inversion process is the computation of the synthetic
Stokes profiles. To do that, the input files, which were the same for all
inverted points, are needed.

The abundances of various chemical species were quoted by Thevenin
(1989). The abundance y of a chemical specie z is given relatively to the
number of hydrogen atoms H as y = 12 + log(z/H). In this scale, the
abundance of the hydrogen is evidently 12 and e.g. the abundance of the
iron is 7.46. Totally, the abundances of 92 chemical species are included in
the SIR code.

The atomic parameters of the neutral iron lines used for the inversion are
listed in Tab. 1. The values of central wavelength were taken from the work
by Nave et al. (1994), the excitation potential and log(gf) from the work by
Thevenin (1990), and the last two parameters describing the broadening of
these lines by neutral hydrogen were computed using the method and code
described in the article by Barklem et al. (1998).

As was said in the previous section, the initial model of atmosphere is the
same for all inverted points. This model is taken from the work by Martinez
Pillet (2000) where it was used as the background model of the penumbral
atmosphere in which the horizontal flux tubes were embedded. The strat-
ifications of temperature, magnetic field strength, velocity, and inclination
are shown in the left part of Fig. 16 (red lines). Moreover, there are other
parameters in the input file. The micro- and macro-turbulence are set to 1
km s~! at all depths. The macro-turbulence is not a free parameter of the
inversion and remains constant. The azimuth is 238 degrees everywhere and
the values change during the inversion process. The last stratification in the
input file corresponds to the electron pressure (Fig. 17), but this parameter
is not fitted, because after each iteration step the electron pressure of the
already perturbed atmosphere is put into the hydrostatic equilibrium by us-

Aab EPow | log(gf) atomic oy o
[nm)] [eV] transition [cm?]

6301.5012 | 3.65 -0.59 | SP5—"Dy | 0.2428 | 2.344 x 1014
6302.4936 | 3.69 -1.16 | 5Py—"Dy | 0.2406 | 2.973 x 10~ 4

Table 1: The atomic parameters of the neutral iron lines: Aj,p, is the central
wavelength in the air, EPjy, the excitation potential of the lower level,
log(gf) the logarithm of the multiplication of the degeneracy of the level
and the oscillatory strength, «y the velocity parameter, and o the line
broadening cross section.
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Figure 17: The initial stratification Figure 18: The Stokes I profile of
of the electron pressure. the stray light.

ing the equation of state of an ideal gas with variable mean molecular weight
to take into account the partial ionisation of the various atomic elements.

The synthetic Stokes profiles can be mixed with the stray light to increase
the accuracy of the inversion. The stray-light profile is the same for all
inverted points, although the portion of the stray light is a free parameter
of the inversion and differs at each pixel. The profile of the stray light was
taken from the quiet sun. Therefore, only the I profile, which is shown in
Fig. 18, is not equal to zero. However, the exact stray-light profile depends
on the location in the sunspot and is generally unknown. For example,
close to the umbra, there must be also some stray light of Stokes @, U,
and V profiles. The dependence of the resulting stratifications of plasma
parameters on the stray light profile is discussed in Sect. 5.3.2.

4.4.2 The number of nodes

The inversion process is directed by the control file. In this file is described
e.g. the possible source file with the stray-light profile, the initial model of
atmosphere, the source files for the abundances and atomic parameters, and
if the inversion will consider one- or two-component model of atmosphere.

As was already mentioned in the description of the inversion process, the
number of cycles and the numbers of nodes for each physical parameter is
specified by the user and these numbers are given in this file. The version
of the SIR code, which was used in this thesis, does not take the number of
nodes as an obligatory value, but as the maximal possible value. A practical
example of this can be seen in Fig. 16, where both inversions were directed
by the same control file, but the resulting stratification of inclination has in
one case two nodes (red line) and four nodes in the second case (blue line),
which causes the discrepancy of the inclination values.
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The number of nodes for:
Cycle | T | B | vLos | 7Los | YLos
1 211 1 1 1
2 3| 2 2 1 1
3 91| 4 4 2 2
4 9|5 5 4 3
) 9|7 5 5 4

Table 2: The numbers of nodes for temperature, magnetic field strength,
velocity, inclination, and azimuth for all cycles.

The number of nodes cannot be arbitrary, because the nodes must be
distributed equidistantly in the atmosphere. Therefore, the number of nodes
is a function of the total number of depth points. The used initial model of
atmosphere, which determines the number of depth points, was defined at
49 optical depths starting at log 7 = 1 and going up in the atmosphere with
steps of 0.1 till log 7 = —3.8. Therefore, the number of nodes can be: 0 (the
parameter is not inverted), 1 (the parameter is height-independent), 2, 3, 4,
5, 7,9, 13, 17, 25, and 49. If another number of nodes is specified, the SIR
code decreases this number to the first possible value listed above.

Higher number of nodes usually means smaller merit function, although
the precise form of equation (11) contains the number of degrees of freedom,
which may be used as a “warning key” to remember that the number of
nodes cannot be unreasonably large.

The chosen number of nodes corresponds to the expected complexity of
the stratification of the appropriate parameter. The aim of this thesis lies
mainly in the analysis of the light bridges and penumbra, where the complex
stratifications are expected. On the other hand, no breakthrough could be
expected in the analysis of the umbra, which photospheric layers are quite
simple. Therefore, high numbers of nodes were chosen to cover the possible
complexity in the stratification of plasma parameters. The numbers of nodes
for the important plasma parameters are listed in Tab. 2, these numbers were
used for all inverted points. From this table is also evident that 5 cycles of
the inversion process were computed.

In the left part of Figs. 19, 20, 21, and 22 the average Stokes profiles (red
lines) are plotted. These average profiles were taken from the areas marked
in the lower right part of Fig. 9. The average profiles are inverted and the
synthetic Stokes profiles (left part) and stratifications of the temperature,
magnetic field strength, velocity, and inclination (right part) are plotted
with the blue lines in Figs. 19-22 . The stratifications coming from the
inversion are compared with the average of individual stratifications in each
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Figure 19: The average umbral profiles (red lines) are inverted and resulting
stratifications of the plasma parameters (blue lines) are compared with the
average umbral stratifications (red lines).

pixel of the selected areas. From this comparison, the suitable numbers of
nodes can be estimated.

It cannot be expected that the average stratifications will be reproduced
by the fitted ones, because the inversion process is not linear. However, the
stratifications coming from the inversion should not be much more complex
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Figure 20: Same as Fig 19, but for average penumbral profiles.

than the average ones, because that would mean that the number of nodes is
too high. On the other hand, the average stratification could smooth some
interesting characteristics of the atmosphere which occur only in some small
part of the area, from which the average is made.

In Fig. 19 the profiles and stratifications from the umbra are plotted.
As was expected, the resulting stratifications (blue lines) are much more
complex than the average one, because the umbral photospheric layers are
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Figure 21: Same as Fig 19, but for average profiles from the narrow light
bridge.

almost homogeneous and the chosen number of nodes is inappropriate for
the plasma parameter stratifications in this region.

In Fig. 20 the penumbral profiles and stratifications are shown. Although
the averages are made only from the limbward part of the penumbra to avoid
the different line-of-sight velocities, the profiles from the bright and dark fil-
aments are mixed and some fine differences in plasma stratifications between
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Figure 22: Same as Fig 19, but for average profiles from the broad light
bridge.

these two components of the penumbra can be smoothed out. Although the
number of nodes seems to be too large for the plasma parameters, except of
the velocity, the penumbral stratifications needs a detailed discussion, which
is given in Sect. 5.2.

In Figs. 21 and 22 is shown the reason for the high number of nodes for
the temperature stratification. It can be seen, that even the average profiles
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from the light-bridge areas carry some information about the complex tem-
perature stratification there and the fits reproduce correctly the height of
temperature enhancements, which origin is discussed in Sect. 5.3. However,
the average stratifications of the other plasma parameters seems to be more
simple than the inverted ones, i.e. the numbers of nodes are inappropriately
high in case of magnetic field strength, velocity, and inclination.

According to the comparison between the average stratifications and
the fitted ones, the chosen number of nodes for temperature is needed for
the description of the light bridge atmosphere and the number of nodes for
velocity is needed in the penumbral atmosphere. It seems, that the numbers
of nodes for the magnetic field strength and inclination are higher than it is
necessary. However, the conclusions are not based on the individual models
of atmosphere, but on the maps of plasma parameters and on the average
models of atmosphere from small regions, where the effect of too many nodes
is imperceptible and reduced respectively.

4.4.3 Output parameters

There are three output files. The first one contains the synthetic Stokes
profiles. The second file corresponds to the resulting model of atmosphere,
which corresponds to the altered initial model where three more columns
with plasma quantities are added. The last file has the same structure as
the file with the atmospheric model, but contains the errors of the plasma
parameters.

As the resulting model of atmosphere is the most important, the detailed
structure of the file follows. The first line contains three numbers, the macro-
turbulent velocity, which is not the parameter of iteration and remains equal
to 1 km s~!, the filling factor, which in case of one-component model of
atmosphere is equal to 1, and the fraction of the stray light given in percents.

Then 11 columns follow. The first one defines the optical depths in which
the magnitudes of the plasma quantities are computed and this column is
the same as in the input model of atmosphere. The stratifications of the
temperature (T'), the electron pressure (P,), micro-turbulent velocity (vmic),
the magnetic field strength (B), the line-of-sight velocity (vr,0s), inclination
(7Los), and azimuth (¢1,0s) are evaluated in columns 2 — 8. These columns
correspond to the altered initial values of these parameters given in the
starting model of atmosphere.

The ninth column contains the geometrical height h in the atmosphere
above the unit continuum optical depth. The SIR code takes into account
the influence of the plasma parameters on the opacity, thus e.g. the op-
tical depth logT = —1 corresponds to the different geometrical height in
the umbra and in the penumbra. This parameter does not solve the pixel
to pixel fluctuations of the local Wilson depression, because the SIR code
expects that log 7 = 0 is equivalent to 0 km everywhere, which is not true
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according to the observations. The tenth column contains the gas pressure
P,, which is computed from the temperatures and electron pressures under
the assumption of LTE. The last column contains the density p.

Some output parameters cannot be directly used and need to be modi-
fied. The transverse-field component direction is unsigned, so that there is a
180° ambiguity in the azimuth values. In each of the analysed areas, the sum
of differences between the azimuths was minimised, and thus the ambiguity
problem was solved. The corrected values of azimuth along with inclination
of the magnetic field vector coming from the SIR code are evaluated with
respect to the line of sight. The transformation of these variables to the
local reference frame was made; hereafter, the inclination «y is the angle be-
tween the magnetic field vector and the local normal line, and the azimuth
1) is reckoned from the north and increases counterclockwise. Hereafter,
the stratifications of the plasma parameters will be plotted with regard to
the geometrical height, because this enables to compare the layers in the
atmosphere which are in reality closer than layers with the same optical
depth.

It was not yet mentioned that one of the input parameters is the helio-
centric angle y. The problem is, that the STR code is working properly only
with this parameter equal to 1, but the correct value for the observations
analysed here is around p = 0.91 (depending on the position in the sunspot).
Therefore, the retrieved values of plasma parameters are not evaluated at
heights listed in the files with the resulting model of atmosphere, but these
heights must be shifted by log u, which is around 0.04 for our observations.
As this value corresponds roughly to 7 km at the photospheric layers and
the shift is almost the same everywhere, this correction of heights is not re-
alised. In the inversion process, only the equation of hydrostatic equilibrium
is influenced by the incorrect value of the heliocentric angle. According to
Basilio Ruiz Cobo (private communication), this effect is nearly negligible
for p = 0.91.
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5 Results

The resulting values of various plasma parameters were obtained at all points
in the areas marked on the white-light image shown in Fig. 7. As is described
in the previous sections, the retrieved values of plasma quantities are trust-
worthy at a restricted range of heights. Therefore, the results at six different
geometrical heights are shown in Figs. 38, 39, 40, and 41 for the first area
and in Figs. 42, 43, 44, and 45 for the second area. All of these figures are
shown in the appendix Colour plates. The white contours in these figures
correspond to the umbral, the penumbral, and the light bridge boundaries.

The geometrical heights 0, 50, 100, 150, 200 and 250 km correspond to
the average optical depths logT = 0, —0.34, —0.68, —1.02, — 1.38, and
-1.74 respectively. The SIR code sets the geometrical height z = 0 km to
the optical depth logT = 0, i.e. the effect of different temperatures and
gas pressures on the opacity is not taken into account at this layer. The
geometrical heights of other layers are computed at each of the analysed
pixels separately with regard to the local stratification of temperature and
gas pressure. Therefore, the same geometrical height corresponds to different
values of the optical depth at each pixel and the average values of optical
depth must be listed.

The range of uncertainties can be roughly estimated from previous fig-
ures, if we know the approximate values of the optical depths corresponding
to the shown geometrical heights. The validity of the results can be also
estimated from the smoothness of the resulting maps of various plasma pa-
rameters, as the values of the plasma quantities at each pixel were computed
with no regards to the surrounding pixels (SIR is a one-dimensional code).

The results are discussed in separate sections with regard to the loca-
tion in the sunspots, i.e. the umbra, the penumbra, and the light bridge.
This separation is based on the continuum intensity (Iympra < 0.4 X Inax,
Ienum,b > 0.55 X Inax) and is marked in Fig. 37 (Colour plates). The
average values of the plasma parameters in these areas are summarised in
Tab. 3 at heights, which are shown in Figs. 38-45. The first light bridge is
separated into the narrow and broad parts according to the contours in the
lower left part of Fig. 9.

5.1 Umbra

As was shown by previous studies (see e.g. Westendorp Plaza et al. 2001a
and references therein) and as is predicted by all sunspot models, the umbra
is the coolest area in the sunspot with the most intense magnetic field. These
general characteristics are confirmed by the results also in the case of a highly
irregular sunspot, where the umbral cores are separated by the light bridges.

The temperature is decreasing with height in the umbra, as everywhere
in the photosphere. This trend is fastest at the low layers as can be seen in
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Parameter | z[km] | Umbra | Penumbra | LB (narrow) | LB (broad)
0 4850 5837 5593 5829
50 4565 5398 5239 5386
T 100 4330 5218 5142 5193
K] 150 4210 5085 5014 5114
200 4132 4902 4811 5013
250 4012 4731 4674 4874
0 2268 1284 1220 918
50 2198 1085 1371 1070
B 100 2163 1019 1520 1199
[G] 150 2163 1071 1632 1274
200 2162 1188 1704 1312
250 2133 1299 1740 1352
0 29 78 38 45
50 24 72 31 41
y 100 21 67 26 37
[deg] 150 20 63 24 35
200 19 59 22 32
250 19 56 21 30
0 135 3235 1090 1770
50 -35 1630 240 455
VLOS 100 -70 745 -165 -185
[m s~ 150 -40 300 -280 -415
200 -20 160 -245 -400
250 -30 140 -225 -325

Table 3: Summary of the average values of temperature, magnetic field
strength, inclination, and velocity in different regions of the studied areas.

Figs. 38 and 42 and in Tab. 3. From these figures is also evident that the
coolest areas correspond to the darkest parts of the umbra at all heights.
This dependence of temperature on the height in the atmosphere and on the
continuum intensity is also shown in the upper left part of Fig. 23.
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Figure 23: The dependence of temperature (upper left), magnetic field
strength (upper right), velocity (lower left), and inclination (lower right)
on the height in the atmosphere (z axis) and on the continuum intensity (y
axis) in the second umbra.

In the upper right graph of Fig. 23, the same diagram is plotted for the
magnetic field strength. The visual impression is similar to the temperature
behaviour, but note that the intensity axis has the opposite orientation, thus
the darkest parts of the umbra have the strongest magnetic field strength,
as can be seen also in Figs. 39 and 43. The average values shown in Tab. 3
decrease with height in the atmosphere, although this trend is negligible if
the uncertainties are accounted for at the middle and upper layers. Similar
conclusion can be estimated also from Fig. 23, where the decrease in the
magnetic field strength is hardly distinguishable. Same results were obtained
by Westendorp Plaza et al. (2001a), although he found steeper decrease of
magnetic field strength in low layers (1.5-2 G km~!) compared to the average
gradient computed from the values in Tab. 3 which is around 1 G km™!
between 0-100 km (positive gradients with height mean the decrease of the
values with increasing height).
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In places of the brightest umbral dots, which can be seen in the first
area in Fig. 37, the temperature is higher (Fig. 38) and the magnetic field
strength is smaller (Fig. 39) than in the surrounding umbra at geometrical
heights 0 km and 50 km. At high layers these small structures disappear
as is predicted by all umbral dot models (Parker 1979; Weiss et al. 1990;
Wentzel 1992; Degenhardt & Lites 1993a,b) summarised in Sect. 2.3.3. The
properties of the umbral dots in the first area were already studied in the
article by Socas-Navarro et al. (2004). Therefore, the stratifications of the
plasma parameters in these umbral dots are not analysed in this thesis.

The magnetic field is almost vertical in the darkest parts of the first and
second umbra (Figs. 40 and 44). The inclination increases with brightness
as is shown in the lower right diagram of Fig. 23. This is consistent with the
increase in inclination when moving from the darkest central parts to the
edges of the umbra. The magnetic field is expanding with the height in the
atmosphere, it means that the inclination is increasing along the magnetic
field lines. However, the resulting values of the inclination are computed
above some fixed position and with the height in the atmosphere different
magnetic field lines are sampled by the line of sight and the averaged incli-
nation of these field lines is decreasing as suggest the values in Tab. 3. This
decrease in the inclination is restricted only to low layers of the photosphere
and the gradient at these low layers is on average 9 - 10~2 deg km ™!, which
is much larger than the value found by Westendorp Plaza et al. (2001a)
at the outer parts of the umbra. However, the values of inclination are
rather uncertain at log 7 = 0, which makes it difficult to rely on them. The
nice example for the unlikely behaviour of the inclination can be seen in
Fig. 23 for the darkest parts of the umbra as these average stratifications
were computed from only two points.

The velocities are close to the zero at all heights in the umbras as can
be seen in Figs. 41 and 45 and in Tab. 3. The dependence of velocity on the
height in the atmosphere and on the continuum intensity shown in the lower
left panel of Fig. 23 suggests that brighter areas exhibit downflows around
200 m s~! and the darkest regions upflows around 200 m s~! in the lowest
layers and that the velocity is around 0 at the highest layers. However,
small absolute values of velocity reached in the umbras have relatively large
uncertainties and the resulting dependence of velocity shown in Fig. 23 have
not as smooth behaviour as the other quantities shown there. Therefore,
the retrieved behaviour of line-of-sight velocities is not trustworthy and the
umbra can be still considered to be at rest.

The description of the umbral structure given above confirms the ex-
pected behaviour of plasma quantities there. No surprising or unknown
facts are discovered. Therefore, the values of the plasma parameters in the
umbra listed in Tab. 3 are hereafter used as the reference magnitudes for
the light bridges enclosed by these umbras.
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5.2 Penumbra

The average values of plasma quantities from the limbward parts of the
penumbras are listed in Tab. 3. These values give us the roughest informa-
tion about the penumbral structure as they are computed from the whole
areas. More detailed information can be seen in Figs. 38-45, where the be-
haviour of the plasma quantities with regard to the position in the penum-
bra at six heights is shown, and in Fig. 24, where the continuum intensity
is considered. Note that in spite of the umbra, the continuum intensity is
not dependent on the position in the penumbra and thus Fig. 24 cannot be
interpreted as easily as Fig. 23.

Regarding the irregularity of the sunspot studied in this thesis, the az-
imuthal averages, which were usually used for the description of the penum-
bra in previous studies (e.g. Fig 3 taken from Westendorp Plaza et al.
2001a) cannot be created. Moreover, only the parts of the penumbras are
observed without the penumbra—quiet sun boundary, and thus the absolute
values of plasma parameters, which are highly dependent on the position
in the penumbra (that cannot be specified precisely), cannot be compared
with previous results. Therefore, the comparison is mainly based on the
behaviour of the plasma parameters with the height in the atmosphere and
with the distance from the umbra.

5.2.1 General properties

The obtained results are in general in a good agreement with previous studies
of the penumbral structure (e.g. Westendorp Plaza et al. 2001a,b; Bellot
Rubio et al. 2004; Borrero et al. 2004; Langhans et al. 2005). As can be seen
in Figs. 39, 40, 43, and 44 the magnetic field strength is decreasing with the
distance from the umbra and becomes more horizontal or even dives back
to the sun at some regions far from the umbra. The line-of-sight velocity
increases with increasing inclination, i.e. towards the penumbra—quiet sun
boundary (Figs. 41 and 45).

From the high-resolution observations is clear, that the structure of the
penumbra is filamentary. The widths of the filaments were estimated to be
around 160 km (Scharmer et al. 2002) close to their point of origin at the
unit continuum optical depth. Also the empirical models (Solanki & Mon-
tavon 1993; Martinez Pillet 2000), the theoretical simulations (Schlichen-
maier et al. 1998), and the results from the advanced inversion techniques
based on the two-component model of atmosphere (Bellot Rubio et al. 2004;
Borrero et al. 2004) predict the filamentary structure of the penumbra using
the uncombed model. The horizontal flux tubes are embedded in the back-
ground field and their diameters are around 100 km (even smaller than the
estimates coming from the observations) and therefore well under the reso-
lution limits of the current spectropolarimetric observations (around 500 km
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Figure 24: Same as Fig. 23, but for the limbward part of the penumbra in
the first area.

for measurements analysed in this thesis). However, we see that the result-
ing maps of the plasma parameters exhibit more or less distinct filamentary
structure at all heights with sizes around 1” (Figs. 38-45). This fact is con-
sistent with previous observations at lower spatial resolution (Westendorp
Plaza et al. 2001a,b; Sdnchez Cuberes et al. 2005) and indicates a possible
large-scale spatial modulation of the plasma parameters in the penumbra.
The theoretical and empirical models predict, that the flux tubes are
positioned in the low layers of the penumbral photosphere and the high layers
contain only the background component. With the fine height resolution
(that the inversion code possesses), one can expect, that the filamentary
structure of the resulting plasma parameters will be restricted only to the
low layers. As is said above, this is in the contradict with the results. The
best examples of the filamentary structure of the penumbra are the resulting
maps of the temperature (Figs. 38 and 42) and the inclination in the second
area (Fig. 44). It is clearly shown, that the filaments are narrowest at the
lowest layers of the atmosphere and they are diffusing in the case of the
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inclination and diminishing in the case of the temperature.

There are two explanations for these filaments at high layers. Either they
are real or they are artifacts of the inversion code. There are some properties
of the inversion code SIR which infirm the verity of such structures. As was
shown by Borrero et al. (2004), even the one-component inversion can be
used for the analysis of the unresolved structures. It can be expected, that
the ratio between the background and the flux tube component is changing
from one resolution elements to another in the penumbra and thus influ-
encing the resulting values of plasma parameters. This argumentation can
explain the filamentary structure at low layers.

On the other hand, the height resolution of the inversion code SIR seems
to be fine enough to reveal the expected sizes of the flux tube, as the at-
mospheric parameters are evaluated with step of log7 = 0.1 (corresponds
roughly to 15 km at low photosphere). But the exact height resolution is
dependent on the number of nodes. Therefore, only the temperature has
enough nodes in the analysed region of heights to resolve the layers of the
atmosphere which are intruded with the flux tubes and which are not. On
the other hand, the inclination has only one node and the magnetic field
strength has two nodes in the analysed region of heights (0-250 km) and
the values of these plasma parameters are computed by cubic splines at all
other heights. It means, that the plasma quantity can be evaluated at the
height of the first node, where the flux tube component can prevail at some
resolution elements and thus the filamentary structure is retrieved. The sec-
ond node above this one is already at height, where only the background
component is present, and the maps of the plasma parameters are theoreti-
cally smooth. As the values of the plasma parameters are computed by cubic
splines between these two nodes and the upper values are possibly the same
everywhere, then the differences between the filaments should be decreasing.
Exactly this behaviour can be seen in Figs. 28 and 29 in Sect. 5.2.3. The
mechanism described above also explains why the filaments at high layers of
the atmosphere are much more distinctive in the inclination and magnetic
field strength maps than in the temperature maps.

Another interesting feature are the differences of the absolute values of
plasma parameters between the limbward and discward parts of the penum-
bra, as can be seen in Figs. 43-45. As the observed areas are highly irregular,
these discrepancies can be just apparent. However, Westendorp Plaza et al.
(2001a) obtained similar results, i.e. higher values of inclination and line-
of-sight velocity in the limbward parts of the penumbra in the case of a
regular sunspot. He interpreted these differences as the consequence of the
“differential opacity effect”, i.e. different geometrical heights are probed on
each side of the penumbra at a given optical depth. Martinez Pillet (2000)
has shown that the difference in geometrical height would be only a few km
and proposed another explanation based on the geometrical configuration
of the uncombed field. It is difficult to estimate the influence of this effect
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in case of an unconnected and irregular parts of the limbward and discward
parts of the penumbra, but the possibility of this effect must be taken into
account to avoid wrong conclusions.

The most evident is the discrepancy in the case of the line-of-sight ve-
locity (Fig. 45), which has a simple explanation since this parameter is not
evaluated with respect to the local vertical. If the Evershed flow is symmet-
ric, as can be supposed, then the absolute values of the line-of-sight velocities
would be the same only if the flow is exactly horizontal. All other values of
inclination would mean different projection angles from the limbward and
discward parts of the penumbra to the line of sight and thus result into
the asymmetry of the velocity values. Using the values of inclination, the
component of velocity along the magnetic field lines can be computed, but
such process emphasises the values of inclination which are more uncertain
than the line-of-sight velocities themselves and is not implemented. Never-
theless, this process is used in Sect. 5.2.3 to explain some characteristics of
the line-of-sight velocity fine structure.

Although the plots in Fig. 24 are based on the values from the limb-
ward part of the first penumbra only, they are quantitatively the same as
analogous plots from the second penumbra. The most evident behaviour
of the plasma parameters with height is the restriction of the line-of-sight
velocities to the low layers of the photosphere, as is shown in the lower
left part of Fig. 24. This was predicted by the theoretical (Schlichenmaier
et al. 1998) and empirical models (Solanki & Montavon 1993; Martinez Pil-
let 2000), since the Evershed flow is almost horizontal (see e.g. Tritschler
et al. 2004, and references therein) and must follow the magnetic field lines.
The magnetic field is expected to be horizontal only in the flux tubes, which
are also restricted to low layers. However, the behaviour of the line-of-sight
velocity corresponds to the model of the embedded flux tube only in the
case of general point of view. In Sect. 5.2.3, the results in favour of the
model of the rising flux tube are discussed along with the results which are
not supporting this model.

To estimate the reliability of the resulting values of velocity, the line-of-
sight velocities were computed from the shifts of the Stokes I profile of both
lines (Juréék et al. 2003). In Fig. 46 (Colour plates) are shown the results
for the first and second area (left and right columns respectively), whereas
the first row corresponds to the line-of-sight velocity derived from the Fe I
line at 630.15 nm and the second row to 630.25 nm. Before the penumbral
velocities are studied, it must be noted, that the umbral velocities obtained
by this method are close to zero as expected.

The results confirm the expected redshift on the limbward part of the
penumbra and blueshift on the discward part. The asymmetry between the
limbward and discward part of the second penumbra is also present, i.e.
higher absolute values of velocity in the limbward part. The position of the
maximal and minimal values of the velocity is comparable with the velocity
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Figure 25: The correlation coefficients between the line-of-sight velocities
derived from the shifts of Stokes I profiles and velocities obtained by the
inversion code SIR (lines) are plotted along with the sum of differences
between the absolute values of these velocities (symbols). The blue and red
lines (symbols) correspond to the first and second area respectively. Solid
lines and plus signs correspond to the Fe I 630.15 nm, dashed lines and
asterisks to 630.25 nm.

maps shown in Figs. 41 and 45, although the absolute values of velocity
obtained by this method are much smaller than those from the SIR code.
These velocities are computed almost from the whole line wings, and
therefore it is impossible to specify the average height which is mainly re-
sponsible for the obtained value of the line-of-sight velocity. Therefore, the
correlation coefficient between these maps of velocities and those retrieved
by the SIR code at studied heights were computed along with the sum of
differences between the values. The results are shown in Fig. 25, where the
blue and red lines (and symbols) correspond to the first and second area
respectively. The solid and dashed lines correspond to the correlation coeffi-
cients computed using Fe I 630.15 nm and 630.25 nm respectively. The plus
sign corresponds to Fe I 630.15 nm and the asterisk to Fe I 630.25 nm. The
maximal correlation coefficients are reached at heights between 20-40 km,
but the sum of differences is elevated at these heights. Coming out from
this figure, the values of the line-of-sight velocities retrieved from the SIR
code are probably overestimated at low layers of the atmosphere and become
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reliable at heights around 50 km.

In the upper left part of Fig. 24, the behaviour of the temperature with
regard to the continuum intensity and the height in the atmosphere is shown.
The dependence of temperature on the continuum intensity is thoroughly
discussed in the next section. The temperature decreases on average faster
with height in the penumbra than in the umbra, as suggests the tempera-
ture gradient computed from the values in Tab. 3, which is higher in the
penumbra (4.42 K km 1) than in the umbra (3.35 K km~!). This can be
also explained with the presence of the hot flux tubes, which increase the
temperature more at the lower layers than in the upper parts of the analysed
region.

The behaviour of the magnetic field strength with height is heavily in-
fluenced by the presence of the unresolved fine structure. The correlation
with continuum intensity is discussed in next section, but regardless the in-
tensity we see (upper right part of Fig. 24), that the magnetic field strength
is decreasing with height everywhere and from some geometrical height in-
creasing again. It seems, that the turning point is dependent on the con-
tinuum intensity, it is around z = 100 km at the darkest parts and roughly
150 km in the brightest parts. To explain this behaviour, the model by
Schlichenmaier et al. (1998) is assumed. The rising flux tubes have smaller
magnetic field than the background component. In bright areas, these tubes
are rising and reaching there higher layers of the photosphere and then they
become dark and horizontal, and according to Schlichenmaier et al. (1998)
they remain roughly 100 km above the unit continuum optical depth. This
is in a good agreement with the behaviour of the magnetic field strength.
On the other hand, it would mean that the inclination should be smaller in
the bright areas than in the dark ones, because the average inclination of
the rising flux tube mixed with the background field should be smaller than
the inclination of the lying horizontal flux tube mixed with the background
field. In the lower left part of Fig. 24 is shown, that some dark parts of
the penumbra have higher inclination than the brightest areas at the lowest
layers, but the difference is very small. Moreover, the large uncertainties
infirm the values of inclination mainly at lowest layers which are compared
here. This problem is again discussed locally in Sect. 5.2.3

The presence of the flux tubes, which are probably restricted only to the
low layers, makes it difficult to estimate the characteristics of the background
component. Therefore it is hard to say, if the magnetic field strength of the
background component is increasing with height or not. Note, that the
retrieved increase in the magnetic field strength continues also at higher
layers than are those shown in Fig. 24, and thus agrees with Westendorp
Plaza et al. (2001a), who found a decrease in the magnetic field strength
in the inner penumbra and an increase in the outer penumbra (left part of
Fig. 3) and interpreted it as a sign of a canopy structure. The absolute
values of the inclination of the magnetic field in the background component
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are also unknown, since the presence of the flux tubes at low layers affects
the obtained values of inclination at high layers more than it influences the
magnitudes of the other plasma parameters (according to the lowest number
of nodes for inclination). Following the argumentation about the inclination
in the umbra given in Sect. 5.1, the inclination should be decreasing with
height as is shown in the lower left part of Fig. 24 even if the resulting
stratifications are not influenced by the flux tube component.

The azimuth of the magnetic field is shown only in maps of the magnetic
field strength (Figs. 39 and 43). The errors of this parameter are even larger
than the errors of the inclination. Moreover, the 180° ambiguity of the az-
imuth values further infirm the reliability of this parameter. The orientation
of the magnetic field corresponds to the orientation of the penumbral fila-
ments. The azimuths in the discward part of the second penumbra seem
to be quite unorganised mainly at the low layers, where the uncertainties
are largest. The opposite orientation of some of the arrows would be more
suitable in this region. This can be ascribed to the method used for the
solution of the ambiguity problem, but even if opposite orientation of the
magnetic field is considered, the resulting values are not aligned in this re-
gion. As only one discward part of the penumbra is analysed, it cannot be
said why are the resulting values of the magnetic field azimuth so dispersed
only there and what could be the cause for this.

5.2.2 Correlation coefficients

In Fig. 26, the correlation coefficients between the continuum intensity and
various plasma parameters in different penumbral regions are shown with
regard to the height in the atmosphere. Note, that the main cause for the
discrepancy between the values of the correlation coefficients in different
areas is the different range of distances of the points in the penumbra from
the umbra. The dependence of the correlation coefficients on the position in
the penumbra was already pointed out by Westendorp Plaza et al. (2001a)
as is shown in Fig. 4 on the correlation coefficient between the magnetic field
strength and the inclination.

It is clear that only the temperature has a clear relation to the contin-
uum intensity. Why the other plasma quantities have only a weak relation
to the continuum intensity? There are some reasons for the small correla-
tion between the intensity and the plasma parameters. The first argument
regards only the temperature. This parameter was computed with the high-
est number of nodes, so there are some enhancements in the temperature
stratifications, which can be seen at some intensities in the upper left part
of Fig. 24. These enhancements cause the decrease of the correlation coef-
ficient at the heights in the atmosphere where they are present. Therefore,
only the correlation coefficients of temperature in Fig. 26 show oscillatory
behaviour with height. Such temperature enhancements can have the same
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Figure 26: The correlation coefficients between the continuum intensity and
temperature, magnetic field strength, inclination, and line-of-sight velocity
respectively. The colours of the lines correspond to different plasma quan-
tities and the styles of the lines to the different parts of the penumbra as is
explained in the right part of the figure.

reason as the one shown in Fig. 20, i.e. too high number of nodes for this
plasma parameter. However, the spatial and height arrangement of these
enhancements seems to be organised and they are discussed in the next
section.

Other argument regards the correlation coefficients of all studied plasma
parameters. It was suggested by Schlichenmaier et al. (1998) that the dark
parts of the penumbra consist of two components. Even if the model pro-
posed in their work is not correct, the white-light observations of the penum-
bra show the appearance of spatially unresolved clusters of penumbral grains
with the tail which gradually darkens with the distance from the umbra until
it is not recognisable from the surroundings. It can be easily supposed, that
the physical conditions in this darkened tail differ from the dark parts of the
penumbra where no tails are presented and thus different values of plasma,
quantities correspond to similar continuum intensities. Also the bright ar-
eas can have different plasma conditions, since the areas occupied by slightly
darkened bunch of flux tubes and those occupied by the smaller amount of
rising flux tubes would have comparable continuum intensities.

Some weak anticorrelation between the continuum intensity and mag-
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Figure 27: The mutual correlation coefficients between magnetic field
strength, inclination, and line-of-sight velocity. The styles and colours of
the lines are explained in the right part of this figure.

netic field strength can be found in Fig. 26. This anticorrelation is restricted
to low layers of the photosphere in the case of the first penumbra (solid
line). It means that the magnetic field is stronger in the darker parts of the
penumbra as can be seen in the upper right graph of Fig. 24 (note the inverse
orientation of the y axis which indicates the continuum intensity). Similar
dependence of the magnetic field strength on the continuum intensity was
found be e.g. Beckers & Schréter (1969) and Wiehr (2000), but recent stud-
ies by Westendorp Plaza et al. (2001a) (same inversion technique applied on
data with moderate spatial resolution) and Langhans et al. (2005) (analysis
based on the magnetograms with higher spatial resolution) found stronger
magnetic field in bright filaments in contradiction. Our result supports the
model of the rising flux tubes computed by Schlichenmaier et al. (1998), as
already mentioned in the previous section.

In Sect. 5.2.3, this problem is discussed in more details along with the
local dependencies of the inclination and the line-of-sight velocities, which do
not show any strong global correlation with continuum intensity. Although,
slightly higher values of correlation between the continuum intensity and
inclination can be found at high layers of the discward part of the second
penumbra.

In Fig. 27 are shown the mutual correlation coefficients between the mag-
netic field strength, the inclination, and the line-of-sight velocity. These cor-
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relation coefficients are not influenced by the argument listed above. Note,
that the correlation coefficients that consider the line-of-sight velocity loose
their meaning with increasing height, as the velocity is decreasing to zero
with height and the uncertainties dominate at high layers.

The most evident is the correlation between the inclination and the line-
of-sight velocity in the limbward parts of the penumbras and a weaker anti-
correlation in the discward part of the second penumbra. This behaviour fits
the expected configuration of rising flux tubes suggested by Schlichenmaier
et al. (1998), where the Evershed flow is carried only in the flux tubes. The
flow is slowest near the emerging point of the flux tube and becomes faster
with increasing distance from this point, where the tube is theoretically hor-
izontal. In our case, the angle between the line of sight and normal to the
surface is 25°. If we suppose the inclination of the rising flux tube to be
e.g. 70°, what is around the minimal value of inclination obtained at low
layers, than the projection of the velocity to the line of sight is obtained
by multiplying this velocity with factor cos 95° (0.09) on the limbward side
of the penumbra and cos45° (0.7) on the discward part. With increasing
inclination, this factor is increasing on the limbward side and decreasing on
the discward side of the penumbra. If we realise, that the redshifts on the
limbward part of the penumbra have positive sign and the blueshifts nega-
tive sign, than it results into the strong correlation between the inclination
and the line-of-sight velocity on the limbward side and the weaker anticor-
relation on the discward side of the penumbra. Note, that the decrease of
the coefficients with increasing inclination (i.e. increasing distance from the
umbra) on the discward side of the penumbra is more than compensated by
the increase of velocity with the increasing distance from the umbra. Simi-
lar results were already found by Westendorp Plaza et al. (2001b), i.e. the
fastest flow is associated with areas, where the field lines are diving back to
the sun.

The anticorrelation between the magnetic field strength and the incli-
nation becomes significant at high layers, i.e. the strong magnetic field is
more vertical there. This fact is consistent with the uncombed model of the
penumbra, where the background component is stronger and more vertical.
This anticorrelation is apparent at high layers, because neither the magnetic
field strength nor the inclination have sufficient height resolution to com-
pensate the presence of flux tube at low layers. It must be noted, that the
anticorrelation is not obtained at low layers, where the more vertical field
can be found also at areas with weak magnetic field (see the next section).

The correlation coefficients between the magnetic field strength and the
line-of-sight velocity do not exceed the absolute value 0.4. Moreover, the
correlation coefficients of these parameters computed from the limbward
parts of the penumbras do not show similar behaviour, which should be
opposite to the behaviour of the correlation coefficient from the discward
part of the second penumbra like in the case of the correlation coefficient
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between the line-of-sight velocity and the inclination. Therefore, the relation
between the magnetic field strength and the line-of-sight velocity is discussed
only with regard to the fine structure of the penumbra.

5.2.3 Fine structure

In previous sections, some indirect evidences for the flux tubes, which are
restricted to low layers of the photosphere and spatially unresolved, are
discussed. The general results also support the theoretical model of the
rising flux tubes by Schlichenmaier et al. (1998). The local properties of the
penumbra are closely studied in this section.

In Figs. 28 and 29, the behaviour of plasma parameters along vertical
cuts through the limbward and discward parts of the second penumbra are
shown. The colours of lines in the plots of temperature, magnetic field
strength, inclination, and line-of-sight velocity correspond to the different
heights in the photosphere as explained on the right side of these figures.
The dashed black line in all of the graphs corresponds to the continuum
intensity along the cuts. On the x axis is shown the horizontal length of the
cuts, where the spacing between the minor ticks is 500 km which roughly
corresponds to the spatial resolution of our observation. The position of the
cuts is marked in the upper right part of these figures, where the arrows
correspond to the dashed lines in the graphs of plasma parameters. These
lines correspond to local minima and maxima of the continuum intensity and
are used as reference points for the orientation in the graphs. The lines are
enumerated from left to right, e.g. the second line corresponds to the local
maximum of the continuum intensity in Fig. 28 and to the local intensity
minimum in Fig. 29.

In the previous section is claimed that the correlation coefficients are
decreased because similar values of plasma parameters are reached in areas
with completely different continuum intensities. This can be seen in graphs
of the inclination in Figs. 28 and 29, where the low values of inclination
are found both in the darkest and brightest areas (compare e.g. the second
and sixth line in Fig. 28 which corresponds to the intensity maximum and
minimum respectively). The magnitude of the fluctuations between bright
and dark filaments is decreasing with height, as can be seen in graphs of
the magnetic field strength, inclination, and line-of-sight velocity. As is ex-
plained in Sect. 5.2.1, the insufficient height resolution for these parameters
can be the explanation for the filamentary structure at high layers.

The differences between the two kinds of the dark components (Sect. 5.2.2)
are easily seen in graphs of magnetic field strength and inclination. In
Fig. 28, the fourth and sixth lines correspond to the deep minima of contin-
uum intensity, the first one being deeper. The inclinations are comparable
at high layers of the atmosphere and so are the magnetic field strengths.
On the other hand, the low layers of atmosphere exhibit different values
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Figure 28: The behaviour of temperature, magnetic field strength, inclina-
tion, and line-of-sight velocity along the vertical cut through the limbward
part of the second penumbra, which is marked in the upper right part of
this figure. Detailed description is given in the text.

of these atmospheric parameters. In agreement with Schlichenmaier et al.
(1998), the dark area around 4400 km can be associated with the darkened
tail of the flux tube, as the inclination is high and the magnetic field weak at
low layers. The background component dominates in the dark region around
7200 km, as the inclination and magnetic field strength are almost the same
at all heights in the analysed region of atmosphere. The difference should
be observable also in the case of the line-of-sight velocities at low layers.
The velocity is high at the first intensity minimum at the geometrical height
z = 0 km as suggests the models of the flux tubes, but the absolute values
of velocity are not trustworthy at this layer. At z = 50 km, the line-of-sight
velocity is still higher at the first intensity minimum than at the second one,
but the difference is only 0.3 km s~ ! which is only slightly more than the
uncertainties at this layer.

No significant example of the darkened tail can be found in the dis-
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Figure 29: Same as Fig. 28, but for the discward par of second penumbra.

cward part of the second penumbra (Fig. 29). This does not mean, that
the model is wrong, just that the background and flux tubes components
are comparable in the resolution elements inside the dark areas along the
cut. The background component dominates in Fig. 29 around the eight line
(8000 km), where the small values of line-of-sight velocities and inclinations
can be seen at all studied heights and the magnetic field is the most intense
there.

This separation of the background and flux tube component enables the
comparison with the results obtained by the two-component inversion made
by Bellot Rubio et al. (2004) and Borrero et al. (2004). Although the back-
ground component is also changing with the distance from the penumbra,
the values of inclination smaller than 40° found in areas where the back-
ground component dominates corresponds to the values found by Borrero
et al. (2004) and Bellot Rubio et al. (2004) (inner penumbra). The magnetic
field strength obtained in these areas (around 1800 G) is also in a good agree-
ment with these studies, although the field strength is much more dependent
on the position in the penumbra and thus hardly comparable.
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Regarding the line-of-sight velocity, it is better to look for the increased
values of velocity at higher layers, since the values at z = 0 km are over-
estimated, as explained in Sect. 5.2.1. In Fig. 28, it corresponds to the
bright areas around 1000, 5000, and 8500 km. In the white-light image of
this figure can be seen that these areas correspond to extensions of bright
grains. The spatial correspondence between the bright filaments and the
flow channels was found also by Hirzberger et al. (2005). All these regions
have very similar stratification of all shown plasma parameters. The temper-
atures at z = 50 km and z = 100 km are close to each other. The magnetic
field strength decreases from z = 0 km to z = 50 km, than remains almost
constant and increases from z = 100 km to z = 250 km. The inclination
is decreasing with height in these areas. Similar behaviour can be found
in Fig. 29 around 3000 km and also around 800 km, but not so evidently.
These stratifications of plasma parameters correspond to the existence of
the flux tubes located around the heights 50-100 km.

In Fig. 28, the second arrow points roughly to the border between the
bright grain and some darker background. According to Schlichenmaier
et al. (1998), the flux tubes are rising in bright grains. The resulting values
of inclination are low and close to each other at all heights. If the flow
is carried by the rising flux tube, than the projection to the line of sight
would result into the negative values of velocity which can be seen around
2200 km with maximum at the geometrical depth 100 km (in agreement
with Hirzberger et al. 2005). On the other hand, such configuration should
result into weaker magnetic field at this height which is not confirmed, as
the value is comparable with the magnetic field strength at z = 250 km.

The area around 3000 km in Fig. 28 was not described earlier on purpose,
because very strong and improbable flows were obtained there. Strong flows
at highest layers are also obtained in the discward part of the penumbra
(Fig. 29 around 6000 km), but this area is closely related to the extension
of the light bridge to the penumbra and a strange behaviour can be ex-
pected there. Such extension is not observed in the continuum intensity on
the limbward part of the penumbra. Therefore, the retrieved stratifications
in this area are considered as wrong, also because such strong oppositely
oriented flows are highly doubtful.

The last interesting area mentioned in previous paragraph is located in
the discward penumbra located around the sixth line in Fig. 29. Although
the line-of-sight velocities are significant also at highest layers, no shear in
the orientation of the flow is presented and makes the results more trustwor-
thy. From the white-light image is clear, that the area spatially corresponds
to the extension of the light bridge to the penumbra. The temperature
stratification is not unusual in this region, a smooth decrease with height,
only the absolute values of temperature are higher than in the surrounding
areas at some layers. The magnetic field is weak in this region, but surpris-
ingly it is decreasing with height and the field strength remains low at high
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Figure 30: The behaviour of temperature, magnetic field strength, inclina-
tion, and line-of-sight velocity in the vertical cut along the bright filament
in the limbward part of the first penumbra (marked in the upper right part
of this figure). Detailed description is given in the text.

layers. The peculiarity of this behaviour becomes clear, if we compare it
with the stratification of magnetic field strength in the light bridges, which
is described in Sect. 5.3. The magnetic field is almost horizontal at all lay-
ers and the flow velocity is decreasing with height. The formation of this
structure must be closely related to the formation of the light bridge, but in
the penumbra is moreover influenced by the rising flux tubes.

In Figs. 30 and 31, the vertical cuts through the bright grains are shown.
Both figures start in the umbra, cross the grain and continue towards the
quiet sun as shown in the upper left part of these figures. The arrows
correspond to the dashed lines in the plots of temperature, magnetic field
strength, inclination, and line-of-sight velocity (named from top to bottom).
The colorbars in the left part of the figures enable to estimate the magni-
tudes of plasma quantities. The solid black line in the temperature plot
corresponds to the continuum intensity along the cut.

We try to interpret the previous results with the model of rising flux tube
as was proposed by Schlichenmaier et al. (1998). Although there are other
models for the filamentary structure in the penumbra which can explain our
results, Figs. 30 and 31 closely resemble the theoretical maps of plasma pa-
rameters shown by Schlichenmaier et al. (1998). Therefore, this theoretical

70



4 s
Q 500 1000 1500 2000 2500
km

Figure 31: Same as Fig. 30, but for a different bright filament.

model of the filamentary penumbra is preferred for the comparison with our
results.

The temperature along the cut shows the rising hot flux tube, which
is rapidly cooled down to the temperature of the surrounding plasma and
becomes horizontal. However, this cool flux tube can be followed in the
plot of magnetic field strength, as the field is weaker inside it. The flux
tubes seem much broader in the maps of magnetic field strength than in
the temperature maps. This is caused by the different height resolution, i.e.
different numbers of nodes for these plasma parameters.

It must be mentioned here that we detect rather a bunch of rising flux
tubes than a single one. With our spatial resolution around 500 km a single
tube would be unrecognisable. In fact, we observe a part of penumbral
atmosphere penetrated by rising flux tubes with filling factor sufficiently
high to give their signature to the observed Stokes profiles.

The presence of the flux tube is indistinguishable in the map of the
inclination, as the height resolution is lowest for this quantity. In places
of the flux tube, which can be estimated from the magnetic field strength
map, the inclination reaches values around 70° from 2000 km further. The
inclination can be also estimated from the tracing of the weak field in the
magnetic field strength map and reaches roughly 80° in this region. The
difference of 10° is comparable with the uncertainties of inclination at these
layers of atmosphere.
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Surprisingly, the flux tubes cannot be identified in the maps of line-of-
sight velocity, although the height resolution is the same as for the magnetic
field strength. Strong velocities are restricted to the lowest layers of the
atmosphere, but only in places, where the flux tube is already horizontal
(i.e. 2000 km in the case of Fig. 30 and 1800 km in Fig 31). In Fig. 30, the
negative velocities (upflows) spatially correspond to the location of the rising
flux tube, which is again in agreement with the model by Schlichenmaier
et al. (1998).

5.2.4 Conclusions

Three incomplete parts of the penumbra are analysed, where two of them
are located on the limbward side of the sunspot. The studied parts of the
penumbra are highly irregular, which makes it difficult to compare the abso-
lute values of plasma parameters with previous results, as the magnitudes of
the plasma quantities are highly dependent on the position in the penumbra.

Nonetheless, the spatial behaviour of the plasma quantities is in a good
agreement with previous studies. The magnetic field becomes weaker and
more horizontal with increasing distance from the umbra at all heights. The
line-of-sight velocities are in general increasing with increasing distance from
the umbra and are restricted to low layers of the atmosphere.

It is shown, that the analysis of the correlation coefficients between the
continuum intensity and plasma parameters is difficult, since the dark parts
of the penumbra consist of at least two components with completely differ-
ent plasma behaviour. The clear correspondence is found only between the
continuum intensity and the temperature. With agreement with older stud-
ies and in contradict with recent analyses, weaker magnetic field is found
in brighter areas. Strongest anicorrelation between these two plasma quan-
tities is found in the discward part of the second penumbra, which is on
average the closest one to the umbra, and thus the dark parts there cor-
respond mostly to the background component, where the magnetic field is
strong, and not to the darkened tail of the bright filaments with reduced
magnetic field.

The correlation between the line-of-sight velocity and the magnetic field
inclination confirms the results obtained for the first time by Westendorp
Plaza et al. (2001b), i.e. the fastest flows are found in regions, where the
field lines are diving back towards the solar surface. The anticorrelation be-
tween the magnetic field strength and the inclination confirms the uncombed
configuration of the penumbral magnetic field.

Although the expected sizes of the penumbral fine structure are well
under the spatial resolution of the observations analysed in this thesis, the
filamentary structure is detected (Westendorp Plaza et al. 2001a observed
similar structures and call them spine/interspine corrugation). It is possible
to reveal the unresolved structure even if one-component model of atmo-
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sphere is used, since the ratios between the filling factors of two (or even
more?) components are changing from one pixel to another and thus the
average Stokes profiles from these areas are different and result into different
stratifications of plasma parameters. The found widths of the filamentary
structures are broader than those observed in the direct white-light images
as they are smeared due to the lower spatial resolution.

The weaker magnetic field is located in bright grains and in the dark areas
which can be traced back as the extensions of the bright filaments. The more
vertical field is correlated with either the bright grains or with the dark areas
filled with the background component (higher magnetic field strength). All
of the results regarding the magnetic field configuration, together with the
localisation of the temperature enhancements, favour the model of the rising
flux tubes suggested in the work by Schlichenmaier et al. (1998).

Due to the height resolution (depending on the number of nodes), the
highest values of inclination are not reached at heights where the flux tube
is expected. On the other hand, the line-of-sight velocity has the same
height resolution as the magnetic field strength, yet, the maximal values of
the line-of-sight velocity are not reached at heights of the flux tube, but
at lowest layers, where they are most probably overestimated. However,
these maxima, of the Evershed flow spatially correspond the location of the
horizontal pats of flux tubes. In places of the bright grains, the upflows
are observed even in the limbward parts of the penumbra (in agreement
with Schlichenmaier et al. 1998). Note that Borrero et al. (2004) found
the maximal velocities around logT™ = —1, the result which supports the
location of the flux tubes around this height in the penumbra and which is
not confirmed by our stratifications of the line-of-sight velocity.

5.3 Light bridges

The configuration of the magnetic field and the temperature properties in the
analysed light bridges are discussed in the article by Jurcék et al. (2006).
The results presented there are almost the same as those discussed here,
although in several cases different methods were used in the data reduction.

5.3.1 General properties

The average values of the plasma parameters in the light bridges are listed
in Tab. 3, where the values for the narrow light bridge represent the averages
from the light bridge in the second area (LB2) and the narrow part of the
light bridge in the first area (LB1, orange contours in Fig. 9). In case of
the broad light bridge, the values are computed from the rest of LB1 (red
contours in Fig. 9). The general properties of the light bridges can be also
estimated from Figs. 38—45. Since the whole light bridges are observed, the
absolute values of various plasma quantities are comparable with previous
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works on light bridges.

Previous results concerning the temperature in the light bridge region
were presented in the article by Rijedi et al. (1995), who studied the change
in temperature along one cut through the light bridge structure and found
a temperature around 6400 K in the LB centre and a difference between the
light bridge and the surrounding umbra of around 1500 K (all these values
referred to 71 56,m = 1).

The temperature values inferred by the SIR code are on average lower
than those in the infrared, which forms deeper in the atmosphere. As can
be seen, the temperatures are decreasing with height in the atmosphere
as everywhere else reaching the highest values at z = 0 km. On average
(Tab. 3), the narrow light bridges are only 240 K cooler than the broad light
bridge at the unit continuum optical depth, but note that the cental parts
of the broad light bridge reach maximal temperatures around 6300 K. The
temperature gradient with height and also the average absolute values of
temperature are comparable with the penumbra at low layers in the case
of the broad light bridge, but the gradient is smaller at high layers as is
shown in Tab. 3. On the other hand, the average temperature gradient of
the penumbra at high layers is comparable with the narrow light bridges.

Such a coincidence is only apparent, since the temperature stratifications
exhibits enhancements shown e.g. in Figs. 32 and 33 in the next section.
These temperature enhancements occur at heights around 100-250 km and
the typical magnitude is around 200 K, i.e. higher than the magnitude of
the temperature enhancements in the penumbra. Around 70% of the profiles
inverted in the narrow parts of the light bridges show the bump at a height
around 120 km (similar to that seen in Fig. 33). The situation for the broad
part of the first light bridge shown in Fig. 32 is different. In this figure, the
bump is higher, nearly 210 km. While 32% of the points inside the bridge
show this temperature bump, 37% of the points in broad light bridge show
a bump at a height of nearly 130 km, as in the case of the narrow light
bridges.

In Fig. 38 can be seen that these two different groups of points are
spatially organised inside the broad part of the first light bridge. At the
geometrical heights 2 = 0 and 50 km, the highest temperatures correspond
to the geometrical centre of the light bridge. However, at the geometrical
height z = 100 km, the temperature enhancements take effect and higher
temperatures are found near the border of the broad light bridge. At this
height, a cold temperature island is seen in the middle of the bridge. The
temperature inside the island is 4850 K, whereas in the bright rim it reaches
5400 K. As we move to high layers, the points with temperature enhance-
ments are observed closer to the centre of broad LB1, closing down the island
mentioned before. The bright regions at this height are as hot as before,
near 5400 K. At the highest analysed layer (z = 250 km, Fig. 38), the cooler
island surrounded by the hotter plasma is not clearly distinguishable. The
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origin of such a temperature structure is considered to be related to the
canopy topology described in Sect. 5.3.4 and is also discussed in Sect. 5.3.5.
Also, it is interesting to note that light bridges are known to have bright-
enings in the chromosphere representing local heating sources (Berger &
Berdyugina 2003). The temperature bumps found here may be thought of
as the upper photospheric counterpart to these temperature enhancements.

It is well known that the light bridges harbour magnetic fields with lower
strengths and more inclined field lines. Beckers & Schroter (1969) found a
decrease in the magnetic field strength of 300 G in a weak light bridge as
compared to the surrounding umbra and an increase in inclination y > 5°.
Riiedi et al. (1995) found a difference of the magnetic field strength between
the umbra and the light bridge around 1000 G and a difference in inclination
around 70° in the light bridge centre. Leka (1997), using a Milne-Eddington
inversion (which gives the results equivalent to the height of log 75000 = —1.5
, approximately z = 200 km), found a range of decreases in B from 300 G
to over 1200 G and increased inclinations, usually by at least 10°.

The results presented in this work show a similar behaviour which is
shown in Figs. 39 and 43. One of the most striking features is how the
light bridges (defined here as the regions with lower field strengths), in both
figures, are seen to become narrower as we move to high layers; this is
also evident in Figs. 32 and 33. At high layers, the light bridges are less
conspicuous as a field strength gap. Additionally, the field strength increases
with height. In the centre of the broad light bridge, the field strength can
be as low as 100 G at z = 0 km and increases to 700 G at z = 250 km.
Averaged values are given in Table 3. All parts of light bridges show, almost
everywhere, the same trend toward increasing field strength with height.
Narrower bridges start from a higher average value at z = 0 km (1000 G in
Fig. 33), but show the same trend.

In order to check if a field free z = 0 km atmosphere would be also
compatible for narrow light bridges, the inversions of the light-bridge Stokes
profiles were performed with the stray-light profiles, which had various de-
grees of umbral core contributions (thus using stray light with nonzero Stokes
@, U, and V profiles). Notably, the field strength near z = 0 km is reduced
considerably, to levels smaller than 500 G (the blue line in the field strength
stratification in Fig. 33). This shows that a completely field-free z = 0 km
condition is not achieved for narrow (1” wide) light bridges. The same pro-
cedure applied to the broad light bridge shows zero field strength in the
range —20-50 km in the photosphere (see Fig. 32). The other influences of
the chosen stray-light profile are discussed in the next section.

In agreement with previous authors, we also observed larger inclinations
in both light bridges. At the centre of the broad light bridge at z = 50 km,
inclinations from 40° to 100° are found (Fig. 40). The tendency for the
inclination is to decrease from this height upwards, ranging from 30° to 70°
at z = 250 km. Averaged inclination values are given in Table 3. The same
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tendency is observed in the narrow light bridges albeit with more vertical
fields.

As shown in Figs. 32 and 33, the stratifications of the inclination are
rather uncertain at z = 0 km. The 1 — o errors are typically + 20°, which
makes it difficult to rely on them. Note also that the field strength is quite
low in these regions and thus the inclination looses its meaning.

The azimuth of the field vector in the light bridges is distorted from the
trend of the outward fanning field set by the dominating umbral core. The
field lines point toward the light bridge structure or along the axis of the
light bridge (Figs. 39 and 43). This trend is more evident in the broad parts
of the first light bridge. It is interesting to mention that Leka (1997), who
observed a larger number of light bridges, found an alignment in several
cases between the vector field azimuth and the direction set by the light
bridge. The azimuth of the magnetic field is closely discussed in Sect. 5.3.4
with regard to the proposed mechanism of the light bridge formation.

As noted in Sect. 2.2, no systematic effects in the velocity structure of
the light bridges were found, as both upflows and downflows are observed in
these phenomena. As is shown in Tab. 3, the downflows prevail on average
in light bridges at low layers and upflows at high layers. The values of
the line-of-sight velocity at z = 0 km seem to be overestimated like in
the penumbra. On the other hand, similar velocity structures are found
by comparing Fig. 46 (line-of-sight velocities determined from the shifts
of Stokes I profiles) with Figs. 41 and 45 and thus giving confidence to the
values of the line-of-sight velocity retrieved by the SIR code at middle layers.

Rimmele (1997) found evidences for the convective movement in the
granular light bridges. We calculated correlation coefficients between the
continuum intensity and the line-of-sight velocities in the light bridges. The
only significant anticorrelation is found in the case of the broad bart of the
first light bridge. Anticorrelation is the sign for the convective motions,
as the upflows (negative values) are associated with hot (bright) areas and
the downflows (positive values) with dark (cool) areas. The correlation
coefficient reaches —0.32 and —0.43 for the line-of-sight velocities computed
from the shifts of the line cores of Stokes I profile of the Fe I 630.15 nm
and 630.25 nm respectively. If the velocities are taken from the SIR code,
the anticorrelation is maximal at the highest layers and crosses the value of
—0.3 at the height z = 120 km in the case of the broad light bridge. The
velocities in the light bridges seem not to be restricted only to low layers,
and thus the correlation coefficient does not loose its meaning at highest
layers unlike the penumbra.

In the narrow parts of the light bridges, the correlation coefficient does
not exceed the absolute value of 0.2, if the velocities are taken from the SIR
code. The velocities obtained from the Stokes I profiles are not correlated
with the continuum intensity in the second light bridge, but there is a rela-
tively strong correlation in the case of the narrow part of LB1; the coefficient
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reaches 0.37 and 0.34 for the Fe I 630.15 nm and 630.25 nm respectively.

The results indicate the possible presence of the convective motions only
in the broad part of the first light bridge, where the granular structure
is most evident in the white-light image shown in Fig. 7. Although the
narrow parts of the light bridges also exhibit the granular structure in the
white light, there is no correlation with the obtained velocities. But see the
following section for the possible influence of the stray light on the retrieved
values of the line-of-sight velocities.

5.3.2 Stray light

The possible influence of the chosen stray-light profiles must be discussed
before the mechanism of the light bridge formation is suggested. The stray-
light problem is the most significant in the light bridges, since these struc-
tures are narrow and surrounded by the umbra. Thus, the general assump-
tion that the stray light comes only from the quiet sun is highly improbable
in these areas.

To show the influence of the stray-light profile, the inversions of some
particular Stokes profiles observed in the light bridges were computed with
different stray-light profiles. The examples of the Stokes profiles and corre-
sponding plasma stratifications are shown in Figs. 32 and 33. In the right
part of these figures, the observed Stokes profiles (black lines) are fitted by
the inversion code, where the initial sets of parameters are the same except
of the stray-light profile. In the right part, the resulting stratifications of
the plasma parameters are compared.

In Fig. 32, the Stokes profiles obtained in the broad part of the first
light bridge are shown. The fit marked with the red lines is obtained by the
standard set of initial parameters, i.e. the stray light is taken only from the
quiet sun and the stray-light Stokes profiles @, U, and V are zero (similarly
also in Fig. 33). The blue lines are obtained with the stray light mixed with
20% of the profile taken from the close umbra and 80% of the profile from
the quiet sun. Higher contamination with umbral stray light caused a rapid
increase of the merit function x? and an improbable stratification of plasma
parameters. The stray-light factor of the quiet sun profile reaches typically
25% in the broad parts of the light bridge and is only slightly higher (35%) for
the stray-light profile contaminated with the umbral profile. The resulting
stratifications of the plasma parameters do not change substantially in the
broad light bridge.

In the case of the narrow light bridge (Fig. 33), the blue fits and stratifica-
tions are obtained by using the stray-light profile only from the surrounding
umbra, because there was no significant increase of the merit function in
this case. However, the stray-light factor is increasing with increasing con-
tamination with the umbral profile reaching the unreasonably large value of
60% in the case of the stray light only from the umbra, which is much larger
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Figure 32: The Stokes profiles observed in the broad part of the first light
bridge (black lines in the left part) are fitted by the inversion code with
two different stray-light profiles: quiet sun only (red lines) and quiet sun
with 20% umbral contribution (blue lines). The resulting fits corresponds
to the red and blue profiles in the left part and different stratifications of the
temperature, magnetic field strength, inclination, and line-of-sight velocity
in the right part.

than the stray-light factor of the standard profile of the stray light (20%).

As is already described in the previous section, the increase in the frac-
tion of the umbral component in the stray-light profile causes a decrease in
the magnetic field strength at almost all heights and a slight increase in the
formation height of the canopy structure (see Sect. 5.3.4). But the main
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Figure 33: Same as in Fig. 32 but these Stokes profiles were obtained in
narrow light bridge in the second area and the blue lines correspond to the
stray light from the umbra only.

result, an increase in the field strength with height, remains unaltered. The
increase of the umbral component in the stray-light profile also causes a
logical increase of the temperature at all heights.

The influence of the stray-light profile on the resulting stratifications of
the inclination and/or the line-of-sight velocity seems to be unsystematic.
However, in the case of the profiles observed in the narrow parts of the
light bridges, similar stratifications of the line-of-sight velocity as those in
the broad light bridges are achieved if the stray light contains some portion
of the umbral profile (compare the blue stratification of velocity in Fig. 33
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with the stratifications of this parameter in Fig. 32). The absolute values
are different, but closer correspondence can be found with smaller portion
of the umbral profile in the stray light. Nevertheless, no conclusions can
be based on this finding as these computations were realised only for a few
points in the light bridge regions.

The stray-light profile is a very important parameter for the inversion
process, but it is impossible even to estimate the right shape of Stokes pro-
files of the stray light. The examples described above show, that the stray
light influences the results mainly in the narrow parts of the light bridges.
In the broad part of the first light bridge, small portion of the umbral com-
ponent in the stray-light profile does not influences the stratifications much
(Fig. 32) and higher contamination is improbable, since the inverted Stokes
profiles become much worse.

5.3.3 Temperature enhancements and the current densities

The temperature enhancements found in the penumbra are most probably
caused by the hot plasma located in the rising flux tubes. However, similar
enhancements in the light bridges cannot be related to such structures. In
the broad part of LB1, the temperature enhancements create an asymmetric
“tunnel” which is seen in Fig. 34. When this structure is followed to the
narrower parts of the first light bridge, the “tunnel” becomes narrower and
lower. Thus in Fig. 35, the hot plasma at the lowest layers is not as nicely
distinguishable from the temperature enhancements that occur at heights
around 120 km in the narrow light bridges. The cooler island in the centre
of the broad light bridge described in Sect. 5.3.1 is the natural result of the
horizontal cuts through the “tunnel” structure.

The only explanation for these temperature enhancements that is sug-
gested here, is related to the Joule heating. The motivation for this concept
is based on the geometrical configuration, where the temperature enhance-
ments correspond to the areas with fastest changes of the magnetic field
strength and orientation. Such changes produces the increased values of the
current density, which is proportional to the Joule heating.

The z component of the current density vector J can be computed from
the inferred values of B, and B,:

0B 0B,
NJZZ(VXB)Zza—xy_ oy’

(16)

where p is the magnetic permeability.

The 180° ambiguity of the retrieved values of azimuth of the magnetic
field lines causes a problem in determining the correct values of current
densities. The method suggested by Semel & Skumanich (1998) is used to
compute the current densities in both areas. This method separates the
contributions to J, due to the line-of-sight field and plane-of-sky field. The
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sign of the first component is unambiguous and the sign of the plane-of-sky
component is specified by the user as explained below. In Figs. 47 and 48
(Colour plates) are shown the resulting maps of current densities in the first
area for the geometrical heights z = 50, 100, 150, and 200 km. The map
at z = 0 km is not shown , because, as noted before, the errors in azimuth
and inclination are too high there. The difference between these figures
is that Fig. 47 represents the largest possible current densities allowed by
the data and Fig. 48 the smallest ones. Similarly, Figs. 49 and 50 (Colour
plates) correspond to the maximal and minimal current densities in the
second area respectively. The largest current densities are obtained, if the
sign of the plane-of-sky component is the same as the sign of the line-of-sight
component. The minimal current densities are obtained with opposite signs
of the two components. Note that the polarity of the current density changes
in the light bridges between Figs. 47 and 48 and similarly between Figs. 49
and 50. This means, that the ambiguous plane-of-sky contribution to J, has
largest absolute value. The maximal current densities are computed only
to estimate the maximal possible Joule heating. On the other hand, the
minimal values of J, represent more realistic configuration of the magnetic
field.

Because the full atmosphere is inferred, one should be able to compute
the full vector J. But this step is non-trivial and will not be taken in this
thesis, because both J; and J,, involve partial derivatives with respect to the
height z. But the z scale is inferred by SIR assuming hydrostatic equilibrium
stratification, which holds only along field lines. At photospheric heights, the
plasma beta (the ratio between the gas and magnetic pressure) is not small
and a force-free situation is hardly justifiable. Under such conditions the
stratification will deviate from hydrostatic equilibrium making the z scale
uncertain. A full derivation of the J vector must wait until a model with
an assumed MHD configuration is constructed (see the discussion about the
Wilson depression in Sect. 2).

Leka (1997) performed the first measurements of electric currents in light
bridges. The importance of these currents is that they provide a quantitative
measurement of the disruption of the normal topology of the magnetic field
in sunspots. She found typical values in a set of bridges ranging from 40
to 100 mA m~2. These currents are larger by as much as a factor of 10
than the normal values found in the umbra. Low-resolution magnetograms
also find typical values not higher than a few times 10 mA m~2 (Georgoulis
& LaBonte 2004). In Table 4 we provide the mean maximal and minimal
absolute values in the narrow and broad light bridge along with the average
values of current densities in the umbra. Typical errors of these averages
are around 5 mA m~2.

The light bridges show the mean values that are very much in the same
range as those found by Leka (1997) at heights around 50 km. As is men-
tioned above, Leka (1997) used the Milne-Eddington inversion which gives
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The current densities in:
Broad | Narrow Broad | Narrow
z [km] | Umbrapyy | LBmin | LBmin | Umbramax | LBmax | LBmax
50 27 50 62 41 91 122
100 14 32 35 26 76 91
150 8 23 23 19 67 64
200 7 24 14 18 65 37

Table 4: The average current densities reached in the umbra and the broad
and narrow light bridge. The minimal and maximal values of J, allowed by
the data are shown.

the results equivalent to the height of approximately z = 200 km, where
only the maximal possible current densities reach the values comparable
with her results. The narrow parts of the light bridges show mean currents
that are much stronger than those in the broad light bridge, which is caused
by the current-free area in the centre of the broad light bridge. But current
peaks are similar in all parts of the analysed light bridges, rarely exceeding
values of £250 mA m~2 and +120 mA m~2 for the maximal and minimal
current densities respectively. These peaks are found more often at the low
layers than above z = 150 km level (see the locations of strong currents
in Figs. 47-50). At high layers, the umbra shows mean currents that are
smaller than 20 mA m~?2, also in agreement with Leka (1997).

The existence of increased vertical currents (and most likely horizontal,
too) suggests that Joule heating may be enhanced in these regions. Using
maximal current densities, we computed mean values of Joule heating J, /o,
where o is the electric conductivity. We use the approximate expression for
determining o (see Kopecky & Kuklin 1969) logo = 15 + 0.93log(P./P,),
where P, (Py) is the electron (gas) pressure computed by SIR.

The maximal estimate of Joule heating is about 1073 erg s~' em™3.
This energy should contribute to the radiative losses (the divergence of the
radiative flux, Priest 1982) in the light bridge region. The magnitude of the
radiative losses, which were calculated only from the z-component of the
radiative flux, was estimated to be 10* erg s~' cm™3. This is seven orders
higher than the Joule heating contribution. Thus, at first sight one would not
consider Joule heating as linked to the temperature enhancements. However,
two considerations must be taken into account in this regard. First of all, the
spatial resolution of around 500 km is still inadequate for resolving relevant
physical scales, as the presence of a current sheet would require. Second, we
only estimate the vertical component of the electric currents. This may be

the smallest of all the three components of the current vector. One might
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Figure 34: Same as Fig. 30, but the cut is made through the broad part of
the first light bridge.

think that the two umbral cores on each side of LB are like close thick
vertical flux tubes. These structures are known to have electric currents
that lie basically in a plane perpendicular to the axis of the flux tube and
distributed either throughout the whole volume or in a thin current sheet
(Jahn 1997). Thus the vertical component that we see is most probably
a small perturbation of the mostly horizontal current surrounding the flux
tubes. In this case we would be heavily underestimating the amount of
Joule heating. A proper account of this aspect can only be made using an
MHD model of a light bridge that estimates the total electric current from
the jumps in the various magnetic parameters found in this work (along the
lines of Hamedivafa 2003).

5.3.4 Canopy structure

A magnetic canopy above the light bridges has already been suggested by
Leka (1997), although her model of the atmosphere gives no stratification
of plasma parameters with height. The basic idea behind introducing the
canopy structure above a light bridge is that if the field-free (or weak-field)
plasma intrudes into the sunspot umbra, the umbral magnetic field fans out
over such a region until it is blocked by the magnetic field of the opposite
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Figure 35: Same as in Fig. 30, but for the narrow part of the first light
bridge.

part of the umbra and forced again in the vertical direction. In Fig. 36, the
illustration of such a canopy structure is shown.

It is seen in Figs. 39 and 43 that the magnetic field strength is weak in
the lowest layers in all parts of the light bridges. The area filled with the
weak-field plasma is contracting with height. This means that the broad
part of the first light bridge reaches at z = 250 km a similar width to the
narrow part of this light bridge at z = 0 km. The narrowest parts of the
light bridges are almost indistinguishable at z = 250 km. The same effect
can be seen in Figs. 34 and 35, where are shown the vertical cuts through
the broad and narrow parts of the first light bridge respectively.

The inclination maps (Figs. 40 and 44) give a similar visual impression to
the magnetic field strength maps. Generally, the inclination decreases with
height in all parts of the light bridges, and in the narrow parts it acquires
values that are similar to those in the surrounding umbra (seen also Figs. 34
and 35).

The arrows in Figs. 39 and 43 indicate the magnetic field azimuth. The
case represented in Fig. 36 is a simplistic, 2D scenario that becomes more
complex in real sunspots. In particular, the field lines do not necessarily
have to meet as nicely as depicted in our 2D picture. This is seen in the
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Figure 36: Schematic view of the magnetic canopy above LB.

light bridges studied here. In both cases, we observe the light bridge sur-
rounded by well-defined umbral cores. The distortion introduced into the
field azimuth by the light bridges causes the field lines to point toward the
light bridge from both surrounding umbras or along the axis of the light
bridge at low layers and resembles the situation shown in Fig. 36. This
distortion does not disappear with height only at the broad part of the first
light bridge. The azimuth directions in narrow light bridges are dominated
by the spread of field lines dictated by the dominating umbral core at the
highest layers.

The presence of this canopy structure has to create disruptions in the
magnetic field and therefore higher values of J,. The highest values of
current densities can be expected at the border between the magnetic field
of the umbra and the field-free plasma in the light bridge. This is what
one can see in Figs. 47, or 48, where the maximum currents do not coincide
with the central part of the broad light bridge, but with its boundaries.
The currents are negligible in the centre of this part of LB1 at this spatial
resolution and resembles the areas of cool island in the temperature maps
(Fig. 38). The areas, where the temperature enhancements are retrieved,
spatially correspond to the areas with highest current densities.

The facts presented in the previous paragraphs are in a good agreement
with the diagram in Fig. 36, i.e. the vertical cuts through the broad and
narrow parts of the first light bridge shown in Figs. 34 and 35 respectively
resemble the expected behaviour of the plasma quantities in the proposed
canopy structure shown in Fig. 36. We can assume that the only difference
between the narrow and broad parts of LBs is the height of emerging field-
free plasma. In the narrow parts of LBs, the field-free plasma reaches low
layers of the line-formation region. In the case of broad LBs, it penetrates
through the line-formation region, and the width of field-free plasma region
decreases with height. It is important to note here that by using umbral
stray light we found that the magnetic field in the lowest layers of narrow
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LBs can be decreased significantly.

Similar structure of the light bridge is also described in the article by
Spruit & Scharmer (2006), which is concentrated on the structure and origin
of the penumbral fine structure. They describe the bright filaments in the
penumbra as the tops of field-free gaps and interpret the light bridges as a
wider version of the same effect. Our results support this configuration of
magnetic field only in the light bridges.

The retrieved stratifications of the line-of-sight velocity are the only
problem as they exhibit relatively fast downflows at lowest layers. It was
already noted, that the amplitudes are not trustworthy at these layers, but
in the case of the canopy structure created by the field-free gas intruding
the umbra, one would expect at least slow upflows in the light bridges, i.e.
the change of sign of the obtained values of the line-of-sight velocity at the
lowest layers. Such upflows are retrieved on average only at the geometrical
height z = 100 km and above and also in the maps of velocity retrieved from
the shifts of the Stokes I profiles of the iron lines.

5.3.5 Conclusions

Two strong light bridges in a complex irregular sunspot were observed spec-
tropolarimetrically. For the first time, the stratification with height of the
plasma parameters is presented. The changes in temperature, magnetic field
strength, and inclination in the light bridges agree well with previous studies
of these phenomena. The line-of-sight velocities retrieved by the SIR code
in the light bridges are comparable with previous studies only at high layers,
where they resemble the maps of velocities obtained from the shifts of the
Stokes I profiles.

The magnitudes of maximal temperature in the centre of the broad light
bridge at the geometrical height z = 0 km are comparable with the pho-
tospheric temperatures of the quiet sun. The local enhancements in the
temperature stratification are found in about 60% of the points inside L.Bs.
This can be seen in Fig. 32 around z = 200 km and in Fig. 33 around z = 120
km. The spatial and height distribution of these enhancements is shown in
Fig. 34. Taking into account the very small uncertainties in temperature
calculated by the inversion code and the magnitudes of these enhancements,
we believe that these enhancements are not artifacts of the inversion method
but real phenomena.

The retrieved results confirm not only the lower magnetic field strength
in the light bridges, but show strong gradients with height too. The magnetic
field strength in the umbra decreases with height (1 G km~!), while in the
light bridges it rapidly increases with gradients reaching —4.7 G km~!. The
field is very weak especially in the broad light bridge at z = 0 km, but is
nearly equal to that of the umbra at z = 250 km in the narrow light bridges.
Also the inclination shows considerable changes with height. The magnetic
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field is very inclined at low levels (especially in broad LB1), but at high layers
it has a similar inclination to the one in the surrounding umbra (especially
for the narrow light bridges). The resulting stratification of a magnetic field
vector with height indicates the presence of a magnetic canopy above the
field-free or weak-field plasma that forms both light bridges. We stress that
this work has indeed found, for the first time, field-free regions in the broad
part of the first light bridge and an evidence of similar conditions in narrower
light bridges.

The light bridges are regions with enhanced vertical electric currents. We
have derived the highest currents found in non-§ spots (up to 150 mA m~2
in maps of the minimal current densities). This is most probably due to
the relatively high spatial resolution achieved by our observations. But even
these currents cannot account (through Joule heating) for the temperature
enhancements found by the inversion code. As pointed out before, better
resolution and an estimate of the full J vector is fundamental for resolving
this issue. This is important in the context of the ubiquitous brightness en-
hancements observed in the chromosphere by TRACE (Berger & Berdyugina
2003). These authors found that the light bridges have chromospheres that
are magnetically heated as they are constantly pervaded by brightenings in
the 1600 A images. This band forms in a temperature range from 4000 K
to 20000 K, that is, from the upper photosphere to the transition region be-
tween the chromosphere and corona. Thus our temperature enhancements
may be related to these chromospheric brightenings. Their physical origin
can be linked to the canopy topology also found in this work. As explained
above, this topology can be very complex in 3D, harbouring field lines that
meet at large angles, where a reconnection can occur.

The line-of-sight velocity in the light bridges exhibits both downflows
and upflows at all heights. Strong downflows and average values of the ve-
locity retrieved at z = 0 km infirm the reliability of this parameter at this
height. Nonetheless, evidences for the convective motions in the broad part
of the light bridge are found on the basis of velocities retrieved by the SIR
code at high layers and also of velocities determined from the shifts of the
Stokes I profiles. It is also interesting to note that convective motions in
the light bridges are very dynamic, so one can see the boundaries between
the umbral cores and light bridges in constant change (Berger & Berdyug-
ina 2003). Accordingly, the canopy structure above is subject to constant
readjustment, which in turn can form the required heating source. From
an observational point of view, the combination of uninterrupted chromo-
spheric TRACE observations and high-spatial resolution spectropolarimet-
ric data from the Japanese-led solar-B mission (launch 2006) represents our
best opportunity to gain further insight into this problem.
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6 Summary

The irregular leading sunspot in the active region NOAA 8990 was observed
with the La Palma Stokes Polarimeter attached to the spectrograph of the
0.5 m Swedish Vacuum Solar Telescope. The resulting spatial resolution
around 500 km is one of the best available nowadays for the full-Stokes
polarimetry. Two areas containing the umbral cores divided by the light
bridges and surrounded by the penumbra were scanned in the magnetically
sensitive lines Fe I 630.15 nm and Fe I 630.25 nm.

The Stokes Inversion based on Response functions technique was used on
these data. All four Stokes profiles were inverted, yielding three-dimensional
information about the plasma quantities in these areas. We have confirmed
that the results obtained by the inversion code SIR are trustworthy in a
broad range of heights.

The resulting stratifications of the plasma parameters are almost inde-
pendent on the initial model of atmosphere and the noise does not influence
the retrieved model of atmosphere significantly. However, the resulting mod-
els of atmosphere are dependent on the stray-light profile, which is changing
from pixel to pixel and it is impossible to determine it properly. The results
are most dependent on the stray-light profile in the narrow parts of the light
bridges, but the main finding discovered in these areas remains unaltered.

No surprising facts are retrieved in the parts of the irregular umbras
analysed here. The darkest parts of the umbras correspond to the most
intense magnetic field, which is the most vertical there. Although the ob-
tained values of the line-of-sight velocity are reaching maximal absolute val-
ues around 200 m s~ ! at the unit continuum optical depth (the geometrical
height z = 0 km), the umbra can be still considered to be at rest, since these
values are comparable with the uncertainties of this plasma parameter at
this height.

The observation of only incomplete parts of the penumbra disables the
comparison of the absolute values of plasma parameters, as they are heavily
dependent on the position in the penumbra. However, the general results
confirm the previous findings of the penumbral structure. The magnetic
field becomes weaker and more horizontal with increasing distance from the
umbra-penumbra boundary. The line-of-sight velocities are restricted to
low layers of the analysed region of heights and the absolute values of the
velocities are increasing with increasing distance from the umbra.

The general results suggest the existence of the unresolved fine structure
in the penumbra, since the obtained maps of plasma parameters exhibit
spine/interspine corrugation which is only loosely correlated with the fil-
amentary structure observed in the direct white-light image. Our results
support the uncombed configuration of the magnetic field in the penumbra,
which was suggested by Solanki & Montavon (1993) and Martinez Pillet
(2000). This configuration consists of the background field (stronger and
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more vertical) interlaced with the flux tubes (weaker and horizontal mag-
netic field). As the expected diameters of the rising flux tubes are around
100 km, they are spatially unresolved. However, the found spine/interspine
corrugation can be explained by the various filling factors of the flux tubes
in the resolution elements of our observations. The regions where either
the background or the flux tube component prevails are distinguishable in
maps of the resulting plasma parameters. Significant portion of the flux tube
component in the resolution element results into weaker magnetic field there
and the inclination is dependent on the continuum brightness of this pixel,
i.e. more brighter areas have more vertical field. The prevailing background
component is characterised by the strong and the most vertical magnetic
field observed in the penumbra. These results together with the localisation
of the temperature enhancements strongly support the model of the rising
flux tubes computed by Schlichenmaier et al. (1998).

The retrieved values of the line-of-sight velocities do not reach the max-
ima at heights, where the flux tubes are expected as suggests the empirical
model by Martinez Pillet (2000). However, these maxima of the Evershed
flow spatially correspond to the location of the horizontal parts of flux tubes.
In places of the bright grains, the upflows are observed even in the limbward
parts of the penumbra (in agreement with Schlichenmaier et al. 1998).

In this thesis, the stratifications of the plasma parameters in the light
bridges are analysed for the first time. It is shown that the known facts as the
increased temperature, lower magnetic field strength, and higher inclination
in the light bridges are dependent not only on the width of the light bridge,
but also on the height in the photosphere.

The temperature enhancements are found in the light bridges, with mag-
nitudes around 200 km. The height of formation of these enhancements is
dependent on the width of the light bridge and on the position in the light
bridge creating a “tunnel” like structure in the broad part of the first light
bridge. We try to interpret these enhancements as the consequence of the
Joule heating, because they spatially correspond to the areas between the
magnetic field of the umbra and the field-free plasma in the light bridge,
where highest current densities can be expected. However, even the maxi-
mal possible values of the current densities (and proportionally of the Joule
heating) are too low to explain the temperature enhancements. However,
the effect of Joule heating could be larger if also the z- and y-component
could be taken into account.

As mentioned above, the decrease of the magnetic field strength in com-
parison with surrounding umbra is heavily dependent on the height in the
photosphere. The magnetic field strength in the umbra decreases slowly with
height, while in the light bridges it rapidly increases. The field is very weak
especially in the broad light bridge at the unit continuum optical depth, but
it is nearly equal to that of the umbra at the highest layers in the narrow
light bridges. Also the inclination shows considerable changes with height.
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The magnetic field is very inclined at low levels, but at high layers it has
a similar inclination to that in the surrounding umbra (especially for the
narrow light bridges). The resulting stratifications of the strength and ori-
entation of the magnetic field indicate the presence of a magnetic canopy
above the field-free or weak-field plasma that forms both light bridges. Sim-
ilar signatures of the magnetic canopy structure were found above umbral
dots by Socas-Navarro et al. (2004).

The line-of-sight velocity in the light bridges exhibits both downflows
and upflows at all heights. Evidences for the convective motions in the
broad part of the light bridge are found on the basis of velocities retrieved
by the SIR code at high layers and also of velocities determined from the
shifts of the Stokes I profiles.
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Figure 37: Continuum image with contours, which correspond to the umbral,
penumbral, and light bridge boundaries. Similar to Fig. 9, but with the same
proportions as the following figures with resulting plasma parameters.
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Figure 38: The resulting maps of temperature for area 1. The white contours
correspond to the umbral, penumbral, and light bridge boundaries. The
heights given in km are the geometrical heights above the unit continuum
optical depth.
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Figure 39: The resulting maps of magnetic field strength for area 1, where
the black arrows indicate the projection of B to the solar surface. Otherwise

same as in Fig. 38.
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Figure 40: The resulting maps of inclination for area 1. Otherwise same as
in Fig. 38.
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Figure 41: The resulting maps of line-of-sight velocity for area 1. The thin
black contours enclose the areas with downflows faster than 2 km s~! and
the thick black lines the areas with downflows stronger than 5 km s~

Otherwise same as in Fig. 38.
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Figure 42: Same as Fig. 38, but for area 2.
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