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Abstract. An overview of empirical models of sunspot thermal struc-
ture is presented. First a few remarks are made on empirical modelling
in general. After that the literature on the various types of models, 1-
and 2-component models of the umbra and penumbra, is reviewed. The
evidence for or against the dependence of umbral temperature on various
parameters like sunspot size, magnetic field strength and phase of the
solar cycle is critically reviewed.

1. Introduction

The aim of this paper is to provide an overview of the empirical modelling
efforts aimed at determining the thermal structure of sunspots. Previous reviews
bearing on this subject have been given by Schréter (1971), Muller (1987, 1992),
Solanki (1990), Maltby (1992a, b) and Sobotka (1996).

A knowledge of sunspot thermal structure is important for a variety of rea-
sons. For example, it is needed for accurate line profile calculations, which in
turn underly studies of sunspot dynamics and magnetism. Also, the empirically
derived thermal stratification can constrain theoretical models of energy trans-
port mechanisms. Questions that may be addressed by comparing empirical
with theoretically predicted thermal stratifications concern the factor by which
convective energy transport is inhibited in umbrae and penumbrae as a function
of height, the layers at which mechanical (e.g., wave) energy transport and de-
position become important, mechanical heating rates in sunspots compared to
other solar magnetic features, etc. Although investigations aimed at answering
these questions are still in their infancy their importance will certainly increase
in the future.

The umbra and penumbra are always modelled separately, with umbrae
grabbing the lion’s share of the modelling effort. This review is structured
accordingly, with most of the space devoted to umbrae.

2. Empirical Modelling

The main objective of empirical modelling is to determine the physical state of
a solar feature (i.e. the magnetic and velocity vectors, temperature, pressure,
etc. as a function of 3 spatial coordinates and time) from a given set of obser-
vations, i.e. from one or more of the Stokes parameters I,Q, U,V as a function
of wavelength, location on solar surface and time. Of course, the final objective
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EMPIRICAL MODELLING AND THERMAL STRUCTURE OF SUNSPOTS 179

is a physical understanding of solar structures and processes. This, however,
involves an additional step, namely the comparison with theoretical predictions.

Empirical modelling generally involves radiative transfer calculations and
model-atmosphere construction under some set of constraints (e.g., hydrostatic
equilibrium, pressure balance across magnetic field lines, LTE, choice of the mag-
netic geometry, number of atmospheric components). In the past the modelling
process has generally been carried out on a trial-and-error basis. For example,
an initial guess of the model atmosphere is constructed and used to calculate line
profiles. These are then compared with observations. If the correspondence be-
tween synthetic and observed profiles is insufficient the model is changed. This
process is repeated until a satisfactory fit is achieved.

More recently, so-called inversion techniques have become increasingly pop-
ular. Note that in general only linear dependences can be analytically inverted
(Craig & Brown 1986), in the sense that from a set of known integrated quan-
tities (such as the Stokes profiles) the integrand (contribution function) can be
determined as a function of the free parameter (optical depth). Unfortunately,
the quantities of interest — temperature, magnetic field, velocity — are rarely
related linearly to the observed quantities. Hence the inversion of Stokes param-
eters is basically an automated version of the trial-and-error approach described
above. In general, some minimisation technique is employed to find a minimum
of the x? hypersurface (x? is proportional to the squared difference between
observed and synthetic Stokes parameters). Nevertheless, the various Stokes
inversion codes have been reasonably successful. ! It should be borne in mind
that even the best inversion code can only derive the information present within
the data and is restricted to deducing the free parameters within the frame-
work of the prescribed model (recall that there are always prescribed model
constraints, even if they are only implicit). The reality and physical significance
of the inverted model atmosphere thus depends on the data and the employed
model.

An important parameter of the solar feature to be modelled is its size rela-
tive to the spatial resolution element. If it is spatially resolved then 1-component,
i.e. purely plane-parallel modelling is sufficient. In the case of solar magnetic
features, however, usually 2 or more components are required.

Consider first the case of magnetic elements, i.e. the small-scale magnetic
features forming plages and the network. Since the individual magnetic elements
are not resolved the simplest description is in terms of a 2-component model.
Then the observed Stokes profiles (which are averaged over the spatial resolution
element) can be written as

Ips = aIm + (1 - a)Is ) (1)
Pops = obPp, (2)

1One well known inversion code has been writted by the HAO group and is named the “Stokes
Profile Inversion Routine” or SPIR. The IAC group calls their inversion technique SIR for
“Stokes Inversion with Response-functions”. Yet another possible name is “Stokes Advanced
Magnetic Inversions”. Working out the resulting abbreviation is left as an excercise to the
reader.
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where I, is the intensity profile arising from the magnetic feature, I is the
intensity from the surroundings, o is the magnetic filling factor (i.e. the fraction
of the surface area within the resolution element covered by magnetic field) and
P = @,U, or V represents the 2 linearly and the circularly polarized Stokes
parameter. It is clear from Eq. (1) that in the context of this simple model
Qobs, Uobs and Vypg are formed in the magnetic element only.

Consider now a sunspot. Although a sunspot as a whole is resolved, it con-
tains considerable unresolved fine structure. The closest one comes to a single-
component situation is in the dark umbral core, which is often spatially resolved.
However, its low intensity means that stray light from the much brighter sur-
roundings can influence the observations. If a part of the stray light comes from
the penumbra then it may also affect the polarized Stokes parameters:

Iops = aly+ (1 - a)Is y (3)
Pyps = apPy+(1—ap)Fs. (4)

Here o, > a, where oy, is the “filling factor” derived from the polarized radiation.
It can be larger than a because a part of the stray light may be unpolarized.

Finally, in the penumbra and the brighter parts of the umbra at least 3 com-
ponents are present, a bright component denoted in the following by a subscript
b (bright filaments in the penumbra, dots in the umbra), a dark component de-
noted by a subscript d (dark filaments and the umbral background, respectively)
and the stray light. In the simplest case we can therefore write

Ibs = oply+agla+(1—-oap—aa)ls, (5)
Pobs = ab,pr + ad,de + (]- — Opp — ad,p)Ps . (6)

Again oy, p > ap, and agp > ag. Clearly, a good stray-light correction is central
to the correct modelling of sunspot thermal structure. Although the polarized
Stokes parameters are less affected by stray light than the intensity, the situation
is nevertheless more complicated than in plages.

3. Single Component Umbral Models

Umbrae have been modelled as either one- or two-component structures (the
stray-light fraction of the total radiation is in general not counted as a separate
component). The total number of empirical umbral models, in particular of
1-component models, is large, although not all models are independent of each
other; many have grown out of older models by way of minor or major changes.
In the present section I discuss single-component models. The 2-component
models are the subject of Sect. 5.

It is well known that sunspot umbrae are not homogeneous (e.g., Sect. 4.2).
Hence single-component models can only describe a part of the umbra (or an
average over it). Usually such models are meant to describe the dark umbral
cores, which are thought to be relatively homogeneous.

In addition to the assumption of homogeneity another important assump-
tion underlying almost all single-component models is universality, i.e. the as-
sumption that a single model is valid for all umbrae, or at least all umbral cores.
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This assumption has been advocated by Albregtsen & Maltby (1981a), who
contend that the brightness of the dark cores of large umbrae (with diameters
dy 2 10”) is independent of size or other umbral parameters and depends only
on the phase of the solar cycle. This assumption is scrutinized in Sect. 4.

We need to distinguish between models restricted to the photospheric layers
of umbrae and those including the chromosphere or transition zone. I’ll therefore
treat purely photospheric models separately.

%

3.1. Models of the umbral photosphere

Models of the umbral photosphere are based on LTE modelling of continuum
contrast, weak spectral lines, or in some cases the wings of strong spectral lines.
Both the centre-to-limb variation (CLV) and the wavelength dependence of the
continuum intensity (I.) or continuum contrast (¢y = I u/I.phot) umay be
used, although the latter provides information only on a very limited height
range unless a very large wavelength range is considered. Note that I, is often
obtained from a relatively broad-band measurement and may be significantly
affected by line blanketing.

Early models were generally based on the CLV of continuum contrast and
belonged to either the class of rarified (Michard 1953, Van t"Weer 1963, Fricke
& Elsdsser 1965, Zwaan 1965) or the non-rarified models (Mattig 1958, Jakimiec
1965, Zwaan 1965). Near the 7 = 1 level the gas pressure in rarified models is
generally reduced by some factor (2-10) below that given by hydrostatic equi-
librium. The 7. = 1 level lies 2000-3000 km deeper inside sunspots than in
the quiet sun according to these models and it is not obvious how they can be
reconciled with Wilson-effect measurements, which reveal Wilson depressions of
400-800 km (e.g., Gokhale & Zwaan 1972). Rarified models are also expected
to be unrealistically bright near the solar limb (Jensen & Maltby 1965). Such
models were seemingly required to reproduce the observations, mainly due to the
neglect of the contribution of line opacity to the total opacity. The non-rarified
models usually build on the assumption of hydrostatic equilibrium. At least in
the photospheric layers such models are expected to be far more realistic. Early
umbral models are discussed in detail by Bray & Loughhead (1964).

Models since the end of the 1960s have been constructed by Hénoux (1969),
who derived his temperature stratification from continuum measurements and
the Na I D line wings and checked it using equivalent widths of medium-strong
lines (cf. Hénoux 1968); Wittmann & Schréter (1969), from the CLV of I. at
different wavelengths between 4680 A and 7900 A; Mattig (1969), who chose a
simple linear T'(7) to reproduce the CLV of his I, observations; Stellmacher &
Wiehr (1970), who modified Hénoux’s model to reproduce I.(A) and line ob-
servations made by the authors; Dicke (1970), from the temperature vs. field
strength relation derived from observations by von Kliiber (1947) under the as-
sumption that the field is truly cylindrical below the solar surface (this model
covers the low photosphere only), Yun (1971), based on the CLV of I, for differ-
ent A < 1.6 pm and on the wings of Na I D; Webber (1971), from molecular lines
of MgH and TiO; Kneer (1972), from the proﬁles of three Fe I lines and contin-
uum (this model turns out to be very similar to that of Stellmacher & Wiehr
1970); Kjeldseth-Moe & Maltby (1974b), based on I, observations (this model
explains differences between measured I, values of different sunspots by temper-
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ature fluctuations in the upper photosphere); Zwaan (1974, 1975), constructed
to reproduce the wavelength dependence of I, taken from different sources, Stell-
macher & Wiehr (1975), based on Na I D lines wings, Fe I 5434 A, 2 infrared
C I lines and I.()); Kollatschny et al. (1980), from the wings of Ca II 8542 A
and other strong lines, as well as I.(A); and Boyer (1980), a model based on the
equivalent widths of 147 TiO lines, which is similar in T(7) to the Stellmacher
& Wiehr (1975) model.

3.2. Chromospheric models

These models are based on either strong spectral lines in the visible or on lines
in the UV. The radiative transfer is always carried out in NLTE. Since the
calculation of upper atmospheric lines usually also requires a knowledge of the
photospheric thermal structure almost all chromospheric models include a pho-
tospheric part. In many cases this is simply taken from one of the photospheric
models listed in Sect. 4.1. In this section I also include models of the transition
zone and the corona.

Early observations (Hale 1892) showed that the Ca II H and K lines have
emission cores, suggesting that sunspots also possess chromospheres (see Lin-
sky & Avrett 1970 for a review). First exploratory models of sunspot umbral
chromospheres were constructed by Baranovsky (1974a, b; cf. Staude 1981) and
later by Kneer & Mattig (1978), based on general properties of the Ca IT H, K
and IR lines, and by Teplitskaya et al. (1978), based on the inversion of Ca II
H and K line profiles.

This early work set off a spate of modelling, which resulted in a model based
on Ca Il H, K and 2 IR triplet lines, Ha and Na I D (Yun et al. 1981, Beebe
et al. 1982), an umbral chromospheric and transition zone model based on the
cores of Ca IT H and K, Mg Il h and k, H I Lye and 8 and C IV observations
made with the OSO 8 satellite (Lites & Skumanich 1981, 1982), a model due to
Staude (1981), which agrees closely with the Stellmacher & Wiehr (1975) model
in the photosphere, the Teplitskaya et al. (1978) model in the chromosphere
and reproduces HRTS and OSO 8 data (see Staude et al. 1983, 1984), a model
of the transition zone above an umbra that is based on HRTS spectra of FUV
lines of various ions formed mainly in the temperature range 2 x 10%*-2 x 10°
(Nicolas et al. 1981), and an investigation of the coronal temperature structure
above umbrae by Foukal (1981).

In their chromospheric layers the various models can differ significantly.
For example, Staude (1981) finds an almost steady increase of the temperature
throughout the chromosphere, while Lites & Skumanich (1981, 1982) deduce a
flat chromospheric temperature plateau. All models show, however, an increased
height of the umbral temperature minimum relative to the quiet sun, needed to
explain, e.g., the narrow Ca II H and K emission peaks in umbrae.

The efforts of a number of different modellers have been synthesized into
a single model by Avrett (1981) and Staude et al. (1983). Avrett’s “Sunspot
sunspot model” of the umbral photosphere, chromosphere and transition zone
combines the low photospheric model of Albregtsen & Maltby (1981b) with the
upper photospheric and chromospheric parts of the Lites & Skumanich (1981,
1982) model and the transition region model of Nicolas et al. (1981). Staude et
al. (1983), cf. Staude (1981), produced a comprehensive umbral model covering
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the full height range from the photosphere to the corona. It is based on a
large set of observations (radio, optical, EUV, x-ray), but takes its photospheric
structure largely from Stellmacher & Wiehr (1975), while its lower chromosphere
is similar to that of Teplitskaya et al. (1978).

Since the mid 1980s the largest effort in single component umbral modelling
has been invested into testing and improving the model of Avrett (1981). First
Maltby et al. (1986) improved Avrett’s model in the deep layers using photo-
metric data obtained at Oslo. Their set of 3 models (each for a different phase of
the solar cycle, see Sect. 4.3) has become something of an industrial standard.

Lites et al. (1987) compared the observed Stokes V profile shape of the
Mg I intercombination line at 4572 A with the synthetic profile resulting from
the Maltby et al. (1986) atmosphere (for the atomic model of Altrock and
Canfield 1974). Since the synthetic profiles show a strong inversion in the Stokes
V core whereas the observations do not, they concluded that the chromospheric
temperature rise must begin at a considerably greater height than in the Maltby
et al. model. The conclusion of Lites et al. (1987) has been criticized by
Mauas et al. (1988), who argued that the true transition probability of the Mg I
intercombination line is significantly smaller than the value employed by Lites
et al. (1987). Briand & Solanki (1995) obtained good fits to quiet-sun profiles
of this line with log(g f) values close to those of Mauas et al. (1988), so that the
criticism may be well-founded.

Caccin et al. (1993) constructed a modified version of one of the Maltby
et al. (1986) model with a steeper temperature gradient in the photosphere,
resulting in a minimum temperature of 2500 K. Their modification is based on
fits to Na I D and K T 7699 A profiles. The Caccin et al. (1993) model was
in turn slightly modified by Severino et al. (1994), who raised the minimum
temperature to 2900 K, without otherwise significantly changing the model.
The temperature in the middle and upper photosphere of the Maltby et al.
(1986) model is constrained mainly by the CO first overtone lines at 2.35 pm.
These were used to fix the minimum temperature at 3400 K, giving a very flat
temperature stratification through most of the photosphere. Support for the
steeper photospheric temperature gradient in umbrae comes from Ayres (1996),
who constructed a modified LTE version of the Maltby et al. (1986) model
(i.e. a version without a chromosphere) that reproduces fundamental band CO
lines at 4.67 pm. Since these lines are stronger than the first overtone lines
at 2.3 pm they are more sensitive to upper photospheric temperatures. In the
photospheric layers his model turns out to be much closer to that of Caccin et
al. (1993) and Severino et al. (1994) than the original Maltby et al. (1986)
model. The only recent model that agrees well with that of Maltby et al. (1986)
in the upper photosphere is that of Collados et al. (1994), which, however, is
not well constrained in the upper photosphere by the data it is based on (Ruiz
Cobo, private communication).

Severino et al. (1994) point out the good agreement between the photo-
spheric temperature stratification of their model and a non-grey radiatve equi-
librium model. The Maltby et al. (1986) umbral photosphere, on the other
hand, corresponds more closely to a grey radiative equilibrium. Riiedi et al.
(1996) confirm that the (non-grey) radiative equilibrium atmospheres of Kurucz
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(1991) reproduce observations of Ti I lines at 2.2 pm much better than the
Maltby et al. (1986) model.

It thus appears that at least in photospheric layers the energetics of sunspot
umbrae are determined by radiation. The fraction of the total energy flux trans-
ported by radiation is fairly large in all observable layers of umbrae (greater
than 70% for log7 < 1). In contrast, this fraction drops rapidly with depth
in the quiet photosphere (e.g., Maltby et al. 1986, Maltby 1992a, Collados et
al. 1994). This implies that convection, although definitely present (as pointed
out already by Zwaan 1974, 1975), plays a much smaller role in sunspot umbrae
than in the quiet sun and stresses the need to properly incorporate radiation
into simulations of magnetoconvection aimed at understanding the umbra.

4. Dependence of the Umbral Temperature on Other Parameters

4.1. Dependence on sunspot size

Let us now address the question whether the umbral brightness and temperature
depends on umbral size or not, since it touches on a basic assumption underlying
almost all single component models, namely whether it is possible to describe
all umbrae (or at least those above a certain size) by a single thermal model.
An excellent review of the relevant work up to the end of the 1980s has been
given by Maltby (1992a).

Early observations suggested that large sunspots are darker than small
sunspots (continuum observations prior to 1963 are listed and discussed by Bray
and Loughhead 1964). Such observations were often insufficiently corrected for
stray light produced in the earth’s atmosphere (seeing) and in the instrument
(scattered light). Zwaan (1965) first pointed out that the amount of stray light
affecting the umbra increases rapidly with decreasing umbral size. Observations
made since then have usually been corrected for stray light with much greater
care. For sunspots with umbral diameters greater than 8-10" subsequent obser-
vations did not reveal any significant dependence of umbral core brightness on
sunspot size (e.g., Zwaan 1965, Rossbach & Schréter 1970, Albregtsen & Maltby
1981a).

More recently, however, evidence against this result has been mounting.
Kopp & Rabin (1992) present observations that show a clear relationship be-
tween the umbral brightness at 1.56 um and sunspot size after correction for
stray light (note that their correction is much larger for small sunspots than for
large, in agreement with the expectations). All their observations were obtained
on the same day, but the umbral contrast ¢y, = I,,/Iphot shows a dispersion as
large as over the whole solar cycle according to Albregtsen & Maltby (1978). In
Fig. 1 the Kopp & Rabin results (triangles) are shown together with measure-
ments of the minimum brightness at 1.56 um of 2 sunspots (filled squares and
stars) made by Solanki et al. (1992) and Ritedi et al. (1995), by the latter on 3
different days. The linear dependence on sunspot diameter is evident.

Martinez Pillet & Vdazquez (1993) confirm this result for 7 sunspots ob-
served within 2 weeks of each other in 1989 at similar p = cos @ values (6 is
the heliocentric angle). They correct carefully for stray light. Collados et al.
(1994) have inverted spectra from the darkest parts of 3 sunspots of this sam-
ple, two large spots and a smaller one. The 2 larger spots (umbral diameters
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Figure 1. Umbral normalized continuum intensity ¢y = Iy/Iphot at
1.56 um plotted vs. umbral diameter. Plotted are the lowest stray light
corrected ¢, values of 8 umbrae. The 6 umbrae represented by triangles
were observed by Kopp & Rabin (1992), the umbra represented by the
filled square by Solanki et al. (1992). The 3 stars represent an umbra
observed on 3 different days by Riiedi et al. (1995). The solid line
indicates the trend.
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of 22") give similar results, T'(7 = 1) = 3940 K, while the small spot returns
T(r = 1) = 5030 K. The stray-light problem in the small spot was avoided by
fitting only Stokes V (note, however, that Stokes V may still be contaminated
by polarized stray light from the penumbra).

Stellmacher & Wiehr (1988) found that 2 small spots with d, = 7" have Teg
values 600 K higher than model M4 of a large sunspot umbral core (Kollatschny
et al. 1980). They take stray light into account in their modelling of lines which
have mutually opposite temperature sensitivity.

A final line of evidence for a dependence of T on d,, comes from the nearly
universal relationship between B and T', with T being lower when B is larger
(see Sect. 4.2). Since the maximum field strength Bp,ax of sunspots scales with
their size (Brants & Zwaan 1982, Kopp & Rabin 1992) this relationship implies
that larger spots should also be darker.

4.2. Dependence on magnetic field strength

Alfvén (1943) first predicted a relationship between the vertical component of
the magnetic field, B,, or alternatively the field strength, B, and temperature,
T, at a given geometrical height. It was later extensively investigated, both the-
oretically and observationally. Much of the observational work prior to 1992 has
been reviewed in the introduction to their paper by Martinez Pillet & Vazquez
(1993).

Investigators have either considered the relationship between the maximum
field strength Bpax of a sunspot and the associated minimum temperature (or
continuum brightness), or the B vs. T relationship at different locations within
a single sunspot. I first review investigations of the former type.

Cowling (1957) considered the theoretical aspects of this relationship. Dein-
zer (1965) compared the observations of Stumpff (1961) via a relation given by
Houtgast and van Sluiter (1948), with the predictions of his self-similar sunspot
model (cf. Schliiter & Temesvary 1958), which includes a mixing length formal-
ism to describe energy transport. The model qualitatively reproduced the data.
Dicke (1970) provided an alternative formulation of the theoretical prediction
and used the data of von Kliiber (1947) to test it. Maltby (1977) published a
clear derivation. He also compared the well calibrated and stray-light corrected
intensity measurements of Ekmann & Maltby (1974) and Ekmann (1974) with
routine field strength measurements made at Rome observatory (which are un-
corrected for stray light). Unsurprisingly he found only a small variation of T,
but a large variation of Bpax from spot to spot. Chou (1987) presented a Buax
vs. Pu(A = 6100A) relationship for stable spots, as well as showing that growing
sunspots depart from this relationship. His stable spot relationship falls between
those of Deinzer (1965) and Dicke (1970), but must be treated with caution since
some of his measurements are obviously systematically incorrect (e.g., he claims
Bmax ~ 600 G and ¢, ~ 0.6 for sunspots having d, ~ 6-10". This Byax is much
too low and the ¢, probably too large).

The most careful and thorough studies of this type has been made by Kopp
& Rabin (1992) and Martinez Pillet & Vizquez (1990, 1993), the former at
1.56 pm, the latter around 6300 A. Their results show a clear relationship, as
illustrated for the infrared data in Fig. 2, in which data from the same spots is
plotted as in Fig. 1.
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Figure 2. Umbral field strength B vs. umbral normalized continuum
intensity ¢y. Plotted is the the maximum value of B minimum value
of ¢, of each of the sunspots represented in Fig. 1 (same symbols).
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The first to investigate the T vs. B relationship for different locations within
a single sunspot was Von Kliiber (1947), who published figures of B and I, along
slices through sunspots. Abdussamatov (1971, cf. 1973) plotted I, vs. B for a
sunspot pair. Although both his intensity and magnetic-field measurements are
affected by stray light, his results for the preceding spot look similar to the best
infrared observations and show the separate signatures of the umbra and the
penumbra, including the relatively sharp transition in brightness between the
two.

Gurman & House (1981) carry out a Milne-Eddington inversion of Fe I
6302.5 A to determine the magnetic parameters at a large number of locations
in 4 sunspots. They find a linear relationship between B and I. for all their
data sets. Although they correct for stray light their relationship remains linear
all the way from I, = 0.3 to 1.0 and from B = 1800 G to 0 G. In the absence
of stray light and a correctly measured B one would expect to see a break in
the relationship at the umbral boundary. Lites et al. (1991a) conclude from
their high spatial resolution observations (of Stokes I only) that on scales larger
than those of umbral dots B is inversely correlated with continuum intensity.
Martinez Pillet & Vazquez (1990, 1993) and Del Toro Iniesta et al. (1991) have
also presented such relationships. In particular Martinez Pillet & Vazquez ob-
served at many locations in 8 sunspots and carried out a thorough stray-light
analysis. They found a nearly linear relationship between B? and T through-
out the umbra and into the penumbra. Again no break is seen at the umbral
boundary. Note that the scatter in B2 vs. T between different sunspots is not
significantly larger than the scatter between individual positions in one spot. A
linear trend of B% vs. T is also presented by Lites et al. (1993), but for the
umbra only of a small, symmetric sunspot.

Using infrared data Kopp & Rabin (1992) and Solanki et al. (1993) also
find, like the rest of the investigators, that the brightness of the umbra is clearly
a function of location, with the darkest part usually coinciding with the strongest
magnetic field (which is particularly well determined using infrared data). This
position need not coincide with the centre of the sunspot, but may lie quite
close to the edge of the penumbra (Solanki et al. 1993), which suggests that
the brightness variation is not due to stray light. In addition, the strengths of
various spectral lines were also monitored. Since different spectral lines exhibit
very different correlations with I, stray light can be ruled out as the source of
these strength variations.

Hence the umbra does not have a unique temperature. Rather, it is a
function of position within the umbra. Furthermore, the minimum umbral tem-
perature varies from one sunspot to another, and closely follows the maximum
field strength. Both quantities are linear functions of sunspot size.

The first unambiguous sign of a change in the B-T relationship across
the umbral boundary was provided by Kopp & Rabin (1992). They found one
linear relationship between B and T in the umbra, but another (steeper) linear
relationship in the penumbra. The break at the umbral boundary is even more
clearly visible in the data of Solanki et al. (1993). They find, however, that the
vertical component of the magnetic field, B,, varies almost linearly with 7" across
the whole sunspot. This suggests that older studies showing a linear relationship
between B and T may have been measuring B, rather than B. The break in the
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B vs. T relationship at the umbral boundary is also clearly visible in the work
of Balthasar & Schmidt (1993). According to their high-resolution observations
the B in the penumbra changes by nearly a factor of 2, while 7' remains almost
constant. Hence, unlike the umbra, the penumbra appears to be almost free of
radial large-scale variations of T'. There are, of course, considerable small-scale
variations (visible as penumbral filaments) and according to Grossmann-Doerth
& Schmidt (1981) there probably are large-scale azimuthal variations as well.

Let me now outline how the 7" vs. B relationship may be used to estimate
the Wilson depression and the curvature forces within a sunspot. By integrat-
ing the radial component of the MHD force-balance equation (over the radial
coordinate r) one obtains

Poz) = P(r,7) = o= (BX(r,2) 4 B(r,2)), (7)

where P, is the gas pressure outside the sunspot, P the gas pressure in the
sunspot, B, the vertical component of the magnetic field and F, an integral de-
scribing the magnetic curvature forces. Eq. (7) is valid for a given geometrical
height z. B, is directly observed at some optical depth 7 corresponding to an
unknown 2, P(r,7) is a more or less unique function of the temperature strati-
fication in the sunspot (in hydrostatic equilibrium), while Py(z) is known fromn
standard quiet sun atmosphere and convection zone models. With this infor-
mation it is possible, in a first step, to determine the Wilson depression Zw(r)
(Martinez Pillet & Vazquez 1990, 1993) and its variation across the sunspot
(Solanki et al. 1993) if one assumes that F, = 0. Basically, one searches for the
depth in the quiet sun at which Py equals the combined measured magnetic and
gas pressure inside the sunspot. This depth is approximately the Wilson depres-
sion. In a following step one can compare the Zw/(r) derived in this manner with
other measurements of this quantity and therefrom set limits on the curvature
forces and magnetic gradients in the sunspot. Two results of such an analysis
are: Curvature forces are of a similar magnitude as gas pressure gradient driven
forces, and at 7. = 1 the Gas pressure in a sunspot is always larger than the
magnetic pressure (i.e. plasma § > 1).

The sensitivity of the T vs. B relationship to magnetic curvature forces is
illustrated by Riedi et al. (1995), who analysed it on 3 different days for the
same (relatively young) sunspot and found evidence for a relaxation process.
This is visible in Fig. 2 in which this sunspot is marked by the three stars. The
symbol lying furthest from the solid line represents the observations of the first
day, when the sunspot also showed extreme magnetic gradients (dB/dz = 1400
G/arc s) corresponding to currents almost as large as the largest seen in a flaring
§-spot (Zirin & Wang 1993). On the other days no such large gradients are seen
and the T vs. B relationship of this spot also looks more similar to that of other
mature sunspots.

4.3. Dependence on the solar cycle

One of the most surprising discoveries related to sunspots has been the depen-
dence of the umbral core brightness of large sunspots (d, > 8”) on the phase of
the solar cycle found by Albregtsen & Maltby (1978), cf. Albregtsen & Maltby
(1981a). Sunspots are darkest early in the cycle. According to Albregtsen et
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al. (1984) the solar cycle variation is approximately of the same magnitude as
the difference in brightness between sunspots at high and low latitudes (5-35°).
Since the average latitude of sunspots changes over the solar cycle it is conceiv-
able that the solar cycle dependence is mainly a latitude dependence. Albregtsen
et al. (1984) have therefore carefully corrected for this effect and found that the
cycle dependence clearly holds also when ¢, is extrapolated to u = 1. Also,
Maltby (1992a) has pointed out that the scatter of ¢, vs. latitude is larger than
¢u vs. solar cycle phase. Unfortunately, no other group has made a similar
study. Confirmation of these intriguing results appears particularly important
in the light of the recently found dependence of sunspot brightness on size.

Two explanations have been put forward. Schiissler (1980) proposed that
the umbral brightness may be influenced by the age of the sub-photospheric flux
tube (formed and wound up at the bottom of the convection zone over the solar
cycle). Yoshimura (1983), on the other hand, suggests that it is rather the depth
in the convection zone at which the flux tube is formed which is responsible for
the umbral temperature. He proposes that this depth varies over the solar cycle.
Current thinking, however, anchors the flux tubes in the overshoot layer below
the convection zone, making the second explanation less plausible.

5. Umbral 2-component Models

The temperature is a function of position within the umbra. This follows both
from low-resolution observations (see, e.g., Sect. 4.2) and high-resolution ob-
servations, which often show umbral dots (see the reviews by Muller 1992 and
Sobotka 1996). Although some umbrae appear to be free of dots and reveal only
filaments (Livingston 1991) the majority are thought to be composed of bright
umbral dots and a dark umbral background.

Hence the obvious next step in umbral modelling is the construction of 2-
component models. The advantage of this simple scheme is that by varying the
filling factors of the two components it is possible to produce a whole range of
brightnesses. This strength is at the same time also a weakness of 2-component
models due to the fact that umbral dots are generally not spatially resolved and
there is an ongoing debate regarding their true temperature and field strength
(or the height variation of these quantities). Since the temperature of the hot
component cannot be determined with certainty, the filling factor is equally
uncertain (the measured intensities cannot distinguish between the two param-
eters). Due to the unknown B(z) of umbral dots, it is not clear how the filling
factor varies with height. Also unknown is whether hot features in the upper
atmosphere are at all related to hot features in the lower photosphere.

Early 2-component models of the umbra have been constructed by Makita
(1963) and Obridko (1968). More recent 2-component models are due to Ad-
jabshirzadeh & Koutchmy (1983), Staude et al. (1983, 1984), Obridko (1985),
Obridko & Staude (1988), Pahlke & Wiehr (1988), Sobotka (1988) and Sobotka
et al. (1993). Note that the models of Staude et al. (1983, 1984) possess 2-
components in the higher layers only. In the photosphere and chromosphere
they are single component models.

The most comprehensive 2-component model is the working model of Obrid-
ko & Staude (1988). They propose that different mixtures of cool and hot gas
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describe the observed umbral core and the umbral dots. In the umbral core
the hot and bright component must occupy a volume fraction of 8 = 5-10%
in order to reproduce the observations of Albregtsen & Maltby (1981a), while
in the dots 8 = 50% in order to reproduce the high-resolution observations of
Wiehr & Stellmacher (1985). The filling factor of the secondary component
varies with height according to horizontal pressure balance assuming a weak
secondary-component field at the 7, = 1 level and a height-independent field of
3000 G in the umbral core. The basic philosophy behind this choice is that the
thermal structure follows field lines.

In conclusion, 2- or more component models are important and some good
models of this type have been constructed. Nevertheless, a basic uncertainty
remains and the prime need at the moment is for observations that allow the
properties of umbral dots to be determined, not just in continuum-forming layers,
but at all heights in the atmosphere.

6. Penumbral Models

The most striking feature of the penumbra are the fibrils. It is therefore not sur-
prising that the major fraction of the effort devoted to the study of penumbral
brightness has concentrated on the fine structure. l.e. the effort has focussed
on the horizontal variation of the temperature rather than on its vertical strat-
ification. Consequently, empirical penumbral models are rare.

The first penumbral model was that of Kjeldseth-Moe & Maltby (1969). It is
a single-component scaled quiet-sun model (with 66 = 0.055, where § = 5040/T’)
that can reproduce weak spectral lines and observations of penumbral continuum
intensity (normalized to the quiet sun value) ¢pen(A) = Ipen(A)/Iphot(A). It is
only meant to be a model of the lower photospheric layers of the penumbra.

Models that include not just the photosphere, but also the chromosphere
have been published by Yun et al. (1984) and Ding & Fang (1989). These
models are based on observations of strong spectral lines (Ca II H and K, two of
the Ca II IR triplet lines and the Na I D doublet in the case of Yun et al. and Ca
IT H and K, the Ca II IR triplet, Ha and HfB in the case of Ding & Fang). Most
of the effort has gone into modelling the chromospheric layers. In particular
the authors have not taken into account weak lines or continuum observerations
to reliably fix photospheric temperature and hence both models are too cool in
the photosphere. A promising way of producing a better penumbral model is to
consistently combine the chromospheric part of such a model (that of Ding &
Fang 1989 appears less arbitrary) with a photospheric penumbral model, such
as that of Kjeldseth-Moe & Maltby (1969).

Judging from white-light images of penumbrae a 2-component penumbral
model seems obvious. Such a model has indeed been constructed by Kjeldseth-
Moe & Maltby (1974a), with one component describing the bright filaments
and the other the dark. It is a straightforward extension of the Kjeldseth-
Moe & Maltby (1969) model to 2 components, being partly based on the same
data. The weighted sum of the ¢pen of both components is compared with
the observed, low-spatial-resolution data of Maltby (1972). The temperature
stratification of both components is scaled down from the photosphere. The
difference between the 2 components is given by the continuum observations of
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Muller (1973), which indicate I, = 0.3-0.7[not and a filling factor of 0.6 for
the dark component, and I. &~ 0.7-1.0Iph0t with a filling factor of 0.4 for the
bright. These observations were criticized by Grossmann-Doerth & Schmidt
(1981). Their observations showed that the actual distribution of brightness in
a penumbra is single peaked. Collados et al. (1987) argue that both points of
view are justified. A single peaked distribution can also be produced by the sum
of two distinct brightness components, if each component exhibits a sufficiently
wide distribution of brightness.

Finally, Del Toro Iniesta et al. (1994) have inverted many line profiles (801
to be precise) of Fe I 5576.1 A. The profiles were constructed by scanning a
narrow-band filter through the line. For each spatial location a temperature
structure is obtained. The scatter of the temperature of all the models around
the mean temperature stratification varies between 200 and 500 K at different
heights, with the scatter being smallest in the low and mid photosphere, i.e. in
the layers best constrained by the observations.

Del Toro Iniesta et al. (1994) have also constructed average temperature
stratifications at different distances from the umbra. The temperature generally
increases somewhat as the distance to the umbra increases (which may well
be the result of stray light). They have also created a model of the average
penumbral temperature stratification by combining the T'(7) of 411 of their
models. This average is very similar to the Kjeldseth-Moe and Maltby models.
Interestingly the standard deviation of the individual Del Toro Iniesta et al.
models is smaller than the difference between the 2 Kjeldseth-Moe & Maltby
(1974a) components, suggesting that the spatial resolution of the observations
underlying the Del Toro Iniesta et al. (1994) models was lower than of Muller’s
observations.

7. Conslusion

Observations of sunspot brightness and spectra at high or low resolution are
numerous and quite a number of these have found their way into the various
models of sunspot temperature. These in turn have evolved to the point that a
single umbral model (or a pair of them in the case of 2-component models) can
now reproduce a large variety of observations. In the penumbra the situation is
less satisfactory. Currently no model exists which gives a good representation
of both the photospheric and the chromospheric layers. Inversions of large data
sets (such as pioneered by Del Toro et al. 1994, but ideally based on more
spectral lines) and detailed numerical simulations whose output can be directly
compared with observations may well be the direction in which this field will
move in the future.

Acknowledgments. I thank A. Brkovic for helping with Figs. 1 and 2, as
well as K. Harvey for giving new meaning to an old abbreviation.
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