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It is shown that the lower chromosphere of an umbra is best described within the framework of a model close
to that of Teplitskaya ez a/. This model can be extended to higher levels using a large temperature gradient, so
that 7'~40,000 K and an electron density 7, ~4-10'° cm~> are reached at a height z ~2000 km above the
umbral photosphere. These values are defined by the EUV data of the HRTS instrument. At higher levels one
must presume the existence of at least two components: The hot component, which occupies a ~0.8-0.9 of
the total volume, has a narrow transition layer, and the coronal values of 7 ~1.8-10° K and n, ~5-10® even at
a height z = 3000-5000 km. These values are consistent both with the absence of an x-ray emission flux above
large sunspots and with the high brightness temperature 7, = 1.8-10° K of emission in the centimeter range
from the same region. This hot coronal matter surrounds the bases of cool loops emerging from the umbra in
the form of bundles, and they emit the EUV lines observed at 10* < T < 10° K. In the corona the z dependence
of all the physical quantities, including a, over a distance of several thousand kilometers can be taken as
weak. Along the axis of a loop T grows slowly, the loops become more horizontal, and at distances and

The atmosphere of a sunspot based on observations in the x-ray,
extreme ultraviolet, optical, and radio ranges

heights of several tens of thousands of kilometers above a flocculus they appear as hot x-ray loops.

1. INTRODUCTION

A working conference on active regions (AR) on the
sun, which was held at the Astronomical Institute of Wro-
claw University (Poland) from November 28 to December
6, 1979, is summarized in the present article. At the con-
ference a small group of solar physicists from several
observatories took up the discussion of possible interpre-
tations of the observed emission from a sunspot umbra,
from the region above the umbra, in different wavelength
ranges. The preliminary results were given at two con-
ferences.!»? This work was continued at a working con-
ference at the Astronomical Observatory of Ondrejov
(Czechoslovakia) from September 28 to October 3, 1981.
Some of the main results of these meetings are summar-
ized here, while we intend to publish more detailed calcu-
lations separately (also see Ref. 3).

In 1966 Livshits, Obridko, and Pikel'ner* proposed a
model of the atmospheric layers above sunspots which as-
sumes that the transition layer starts in the umbral
chromosphere at a height z of about 2000 km above the
photosphere and approaches coronal values of the electron
temperature, T > 10%K, at heights of ~3-10% km. This
model could explain the observed microwave spectrum of
the S component of sunspots by the fact that gyromagnetic
emission in a strong magnetic field makes the main con-
tribution to the emission. New observational data subse-
quently appeared, including data with a high spatial resolu-
tion in the x-ray and extreme ultraviolet ranges, obtained
on Skylab®™10 and the High Resolution Telescope and Spec-
trograph (HRTS),!!™!® as well as data in the centimeter
radio range, obtained during a solar eclipse.!* It soon
became clear that these data cannot be explained simil-
taneously within the framework of a homogeneous model
with plane-parallel stratification of the atmosphere above
the umbra. Therefore, Obridko!® proposed a new two-
component model consisting of cool and hot elements
(loops), with the fraction of the cool elements decreasing
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with height. This model made it possible to eliminate the
majority of the difficulties arising in attempts to interpret
the observations in the various wavelength ranges within
the framework of a homogeneous model. £ven it required
refinements, however, after results were published on new
observations of large sunspot groups in the x-ray and cen-
timeter ranges,!® eliciting a lively discussion. It is es-
pecially difficult to make more precise the relative frac-
tions of the hot and cool elements and the height depend-
dence of these fractions. New observations of x-ray and
EUV emission with a high resolution (see Ref. 17) and data
on radio sources have recently appeared, a comparison
with which permits one more test of the model proposed
by the authors.

In the following sections, on the basis of observational
data, we shall determine the demands imposed on the mod-
el and describe the proposed concept, as well as present
the first detailed calculations of the emission in the dif-
ferent wavelength ranges on the basis of this model. Fi-
nally, statements are made about the further improvement
and expansion of the model in the future.

2. MODEL OF AN UMBRA AT THE PHOTOSPHERIC
AND CHROMOSPHERIC LEVELS

Reliable empirical models of the atmosphere in the
umbra of a sunspot at the photospheric level exist, based
on observations in the infrared and visible regions of the
spectrum, At greater heights, starting with the tempera-
ture minimum, the uncertainty grows. From now on we
shall try to use only observational data from the cited pa-
pers. All the model calculations are made anew, particu-
larly the conversion of the various height scales (the geo-
metrical depth z, the optical depths in the continuum at
Ay =5000 A [Ty] and at other wavelengths A [T)], the scale
of mass m, etc.). Such an approach allowed us to obtain a
rather self-consistent model with identical assumptions
about the chemical composition and the methods of solving
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the equations of state, the hydrostatic equilibrium in the
atmospheric layers, departures from local thermodynamic
equilibrium, the absorption coefficients, etc., but slight
differences are possible in a comparison with the original
models, of course. The values of the temperature T ()
and electron pressure pg(7 ) in the photospheric layers
were taken from the sunspot model of Stellmacher and
Wiehr.!® For the lower chromosphere we constructed
various models of sunspots based on observations in mod-
erately strong lines, in Ho, and especially in Ca II H and

K (Refs. 19-23). Observational data in the extreme ultra-
violet region with a high spatial resolution of ¢ 1" were
recently obtained.!?,13:24-28 Thege data were used to test
and expand the existing chromospheric models in order to
obtain a working model of a sunspot umbra up to T £
40,000°K. It was found that the trend of T(z) for < 11,000°K
in the model of Teplitskaya et al.?!»® agrees best with the
new data, whereas the values of p, adopted by us are some-
what overstated. (We assumed hydrostatic equilibrium with
a total pressure p = Py + Pyy» aSSUmMing pyy; = pv¥/2, where
pty is the turbulent pressure, p is thedensity,and v is the
turbulent velocity, whereas in Refs. 21 and 22 the electron
density n, = pe/kT was found directly from the observa-
tions, without the assumption of hydrostatic equilibrium; k
is the Boltzmann constant.)

Extension of the model toward higher values of z and
T leads to an increase in the gradient T(z), which exceeds
at least twofold the value of the gradient in facular points
and is considerably larger than for the undisturbed sun.
The values of the electron density ng at different tempera-
tures prove to lie between the values in facular points and
in bright points of the network in the quiet chromosphere.

The models of the average undisturbed photosphere
and the chromosphere were taken from Refs. 29 and 13,
while the extension of both models to subphotospheric
layers was obtained earlier using model calculations and
discussions, are presented in Fig. 1. Here the zero point
of the z scale is chosen so that the Wilson depression,
equal to 700 km, is taken into account (z =0 at 7o =1 in
the umbra, z = 700 km at 7 = 1 in the undisturbed photo-
sphere). Then the densities in the two models coincide
at z =0 in accordance with Ref, 32, This part of the
model calculations is described in more detail in Ref. 33,
while a preliminary variant of the models has already
been used in Staude's paper.34 Analogous model calcula-
tions were also made later for a model of a facula and
for several variants of umbra models, which differ in
their extent in height and hence have different electron
densities ng and gradients of temperature T (see Ref. 35
for the concrete characteristics of these models). Various
models of v(z) were also tried. Complete quantitative
tables of these models are published in Ref. 36, where the
computer calculation programs are also described.

A complete model of the chromosphere above a sun-
spot was recently developed by Lites and Skumanich.%?
This model will be designated below as LS, The height
dependence of the temperature, T(z), in the LS model was
used by Avrett® to calculate the standard model atmo-
sphere (sunspot model). In Fig. 1 our model is compared
with the LS model. It is seen from Fig. la that the T(z)
relations are close in the two models. Certain differences
are connected with the hypothesis of two temperature
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FIG, 1. Temperature, T *+10*K (a), electron density ne, cm™ (), and
turbulent velocity v (c) as functions of the geometrical height z in the
adopted sunspot model (1), the model of the average undisturbed sun @),
and the LS model (3), In c in the LS model, besides the microturbulent
velocity v, the systematic velocity is given (4), which is not taken into
account in calculating the turbulent pressure, The levels of the unit op-
tical depth in the sunspot (7,*) and in the undisturbed atmosphere (1,0)
are designated in the figure,

plateaus in the LS model, which leads to higher values of
T in the lower chromosphere and somewhat lower values
of T in the upper chromosphere. The same thing is true
correspondingly for n, (Fig. 1b). The presumed v(z) trend
is given in Fig. lc. Only part of the velocity, designated
as LSy, in Fig. lc, was taken into account for the calcula-
tion of py, in the LS model. The rest of the velocity, which
the authors of the LS model took to be the systematic ve-
locity (LSg), is close to the v(z) trend in the upper chromo-
sphere adopted in our model. In other recent models of
the lower chromosphere above a sunspot umbra®®>% the
extent of the chromosphere is far less, so that T and ne
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are larger than in the models discussed above. In one
other recent model of the upper chromosphere and corona
above a sunspot umbra®! the values Pe are two to three
times higher than in our model and 10 times higher than
in the LS model.

3. EXTENSION OF THE MODEL TO THE TRANSITION
LAYER AND CORONA

In Ref. 16 the high-resolution x-ray photographs ob-
tained on Skylab (spatial resolution 2", spectral range 2-
60 2\) are compared with the data of radio observations
obtained on the Stanford interferometer (spatial resolution
16" in one direction) at 2.8 ecm. Two peculiarities are
noted.

First,as would be expected, increased microwave
emission with brightness temperatures of ~2 - 10° °K was
observed above facular fields; on the disk these regions
coincide with regions of increased x-ray emission. As
authors point out, the interpretation of these emissions
evidently is not complicated: The x-ray emission comes
from hot loops above the facular fields (T % 2.5 10° °K,
ng & 10°-10'° cm~%). These regions are optically thin and
they can be neglected in the microwave range, since the
magnetic fields are inadequate for the generation of gyro-
magnetic emission. On the other hand, in thermal brems-
strahlung the main microwave flux arises in deeper layers
of the atmosphere, where the temperature is considerably
lower. It should be mentioned that data giving evidence of
gyroresonance absorption in the tops of the hot loops are
presented in Ref. 42, This result was obtained with the
help of radio maps at 3.7 and 11 cm with resolutions of
1".5-3".4 and 4".6-10".2, respectively, EUV spectrohelio-
grams, and photographs in x-ray emission. The observed
values of Tp & (2.4-3.0) - 10%°K at the radio-emission
maximum agree with the values of T obtained from the x-
ray and EUV data. The calculated field strength of B ~
300 G at heights of order 10 km is comparable with our
earlier extrapolations of the force-free magnetic field
from data on active regions containing large sunspots,*,%
There are disagreements about such an interpretation,
however: Thus, in Ref. 45, based on data of observations
of flocculi at 6 cm using the Very Large Array (VLA) —
the intensity I and the circular polarization V —values of
T = 2.5 108°K, ng ~ 5°10° cm™%, and B ~ 250 G were ob-
tained under the assumption of thermal bremsstrahlung.
On the other hand, in Ref. 46 it was shown that gyroreso-
nance absorption at low harmonics (B = 600 G for the
third harmonic) is the main mechanism for most of the
emission at 6 cm.

Second, the picture has a more complicated character
above or near the central parts of large sunspots: Here
the maxima of the flux of radio emission with Ty, =~ 1.8 -
10° °K coincide with the minima in x-ray emission, in con-
trast to what we see above a flocculus. Indications of a
decrease in x-ray emission above large sunspots can also
be found in other Skylab data.*" Calculations of the x-ray
emission in the spectral range under consideration, made
by the Wroclaw group, give an upper limit of T 2 2- 10%°K
above sunspots, or else x-ray emission should have been
observed. The model calculations of Gel'freikh and Luby-
shev® showed that these values are also comparable with
those for high-resolution microwave observations. They
adopted a simple model of the corona above a sunspot with
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T=1.8-10%Kandne =210 cm~? at z = z; = 2000 km,
where zt is the height of the transition layer between the
chromosphere and corona above 7, = 1. The emission
from the transition layer (it is assumed that it is infinitely
thin) and chromosphere (T = 0) was ignored, the magnetic
structure of a sunspot was represented in the form of a
dipole, and the expressions for the optical depth of the
gyroresonance levels were taken from Zlotnik's paper?®
under the assumption that gyroresonance absorption is the
main process responsible for the observed microwave
emission in the strong magnetic field of the sunspot umbra.
The spectra and the spatial distribution of T, calculated
within the framework of this model are comparable, for
the greater part, with the existing observational data. In
several cases'® values of Ty considerably higher than the
average value of Tb =1.8+10%°K have been noted, with in-
dividual values fluctuating from 4-10° to 4.7 10°°K. These
higher values cannot be reconciled with a model in which
x-ray emission is absent, but the wide range of Ty, values
is due at least partly to inaccuracies in determining the
size of the source (this assumption is supported by strong
brief fluctuations in Ty during observations of a single
sunspot). Moreover, some of the high values of T}, cited
are either connected with sunspots above which the x-ray
emission did not disappear or the x-ray data were not
published. In a number of recent papers with a high resolu-
tion at 6 cm (Refs. 50 and 51) ring-shaped and horseshoe-
shaped structures are found on maps of intensity I and
circular polarization V, which are consistent with calcula-
tions from the model of Gel'freikh and Lubyshev,* and in
this ease they cannot be considered as proof of a strong
decrease in T and ng above the center of the umbra, as is
sometimes done erroneousty.

The above-described model, intended for the explana-
tion of both the x-ray and the microwave emission, must
be made more complicated to explain the high-resolution
EUV observations, which are described in Sec. 1 and point
to abrupt enhancement of emission lines immediately above
the umbra as compared with the surrounding flocculus at
temperatures of about 10 < T < 10%°K, This means that
the cool plasma in the loops at the temperatures of the
transition layer coexists with the hot corona above the
umbra, and our model must thus be expanded so that it
includes such inhomogeneous structures. As for the vari-
ous kinds of emission, our calculations support the follow-
ing concept. Starting with values of ng = 4-10'° cm~-? and
T = 40,000°K at z = 2000 km, characteristic of the middle
chromosphere, we have a hot component with an abrupt
transition layer and coronal values of T & 1.8-10%°K and
ng ~ 5-10% cm-® even at z = 3000-5000 km, occupying a
volume « = 0.8-0.9 and surrounding the bases of the cool
loops, which emerge in a bundle from the umbra. The
remaining 10-20% of the material of the cool loops
permit one, first, to explain the observed emission mea-
sure within the limits of the observational errors and, sec-
ond, to treat the influence of the volume fraction g =1 —

« on the resultant radio-emission flux as a dilution factor
in the first approximation, In the corona the dependence
of all the physical quantities, including «, on z can be con-
sidered as insignificant at distances of several thousand
kilometers. At the same time, in the horizontal direction,
i.e., perpendicular to the magnetic field lines, all the
transfer mechanisms are much weakened and very strong
T and pe gradients must actually exist. Along the direc-
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tion of the loops T grows slowly. Loops having a larger
extent are hotter, evidently, which agrees with the appear-
ance of hot loops at distances and heights of several tens
of thousands of kilometers above the facular region, Mod-
els of such loops have been discussed, e.g., in Refs. 52

and 53. Cool Hu loops with the inverse Evershed effect,
forming a superpenumbra,®* consist of low-lying structures
emerging from the sunspot umbra toward the side at a low
chromospheric level (z ~ 2000 km),

The proposed model is supported by the most recent
sunspot observations in the period of the Solar Maximum
Year (SMY). In Ref. 55 a lower limit for the quantity «
of 3 0.7 was established for the majority of umbras. Cool
loops definitely have an unresolved filamentary structure,
while hot loops are not envelopes around cooler loops but
consist of independent structural elements.*%:57 m addi-
tion, observations in the SMY period confirmed the values
of the parameters adopted in our model: log (neT/k*
cm ™) = 15.0-15.3 in the transition region in the lower
corona above an umbra,®

The unexpectedly high values of B ~ 1000-1400 G
based on measurements® in a line formed at T & 105°K
point to a deeply placed transition layer at heights on the
order of several thousand kilometers. In Ref. 60 it is
stated, on the basis of an analysis of projection effects,
that the level of formation of the emission at 6 cm above
a sunspot is 3.5 10* km, which contradicts our assumption
that the thin transition layer is deeply situated. However,
the field strengths required to explain the observations of
I and V gyroresonance emission at the third (second) har-
monic are B = 600G (900 G). Such a small B gradient con-
tradicts all existing calculations on extrapolation of the
field into the chromosphere and corona (see Ref. 61). At
a working conference on the SMY in March 1981, F.
Chiuder-Drago gave an account of observations of AR
2490 starting with June 10, 1980, including high-resolution
radio maps at 2 cm (I —VLA) and 6 cm (I and V — Wester-
bork Solar Radio Telescope — WSRT) and spectroheliograms
in C IV lines and x-ray emission, obtained on the ultra-
violet Spectrometer /Polarimeter (UVSP) and Soft X-Ray
Polychromator (XRP) instruments, respectively, on board
the Solar Maximum Mission (SMM) satellite.’? The strong
polarized emission at 6 cm and the absence of emission
or very weak emission at other wavelengths near sunspot
groups, in contrast to a facular region, confirm the cor-
rectness of the proposed model with a thin, low-lying
transition layer and the absence of plasma with T > 2
108 °K above sunspots.

An adequate quantitative model with T(z) and ng(z)
above the upper limit of our original model (T = 40,000°K,
see Sec. 2) can be obtained under the following assump-
tions: 1) hydrostatic equilibrium; 2) a constant heat-con-
duction flux F in the transition region (see Ref. 63) or
Pe = const instead of F ¢ = const. The values of py and
dT /dz for different values of T were obtained in Ref. 41
under the assumption that the filling factor g equals 1.0
for EUV emission. If we take a lower value of g, such
as g = 0.1, the value of pg hardly changes (it is obtained
from the ratio of intensities of lines which are formed at
almost the same temperature), while dT/dz and hence F,
are decreased by an order of magnitude in the cool ele-
ments from which most of the emission in EUV lines
comes and which look like cool "brushes" above the umbra.
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Then for the rest of the atmospheric volume o =1 — g the
assumption of large values of dT /dz and F o’ i.e., a thin
and deep-lying transition region, as described above,
seems fully demonstrated and consistent with all the
available observations.

4. MODEL OF X-RAY EMISSION

The high-resolution x-ray photographs obtained on
Skylab show that the stable loops connecting the main sun-
spots of an active region are the dominant formations in
coronal active regions in this spectral range. An example
of such loops was studied comprehensively in Ref. 47 (see
loops Nos. 2-5 in Fig. 9 in Ref, 47).

It is well known that photographs from Skylab are not
very suitable for a study of the temperature structure of
an emitting element (see the discussion on pp. 126 and
132 in Ref. 47). Nevertheless, the analysis of photographs
from Skylab presented in that paper, from the point of
view of the temperature distribution, compels us to as-
sume that: 1) The loop material which can be seen in
photographs obtained with a No. 1 filter has a temperature
T =2.5"10%°K (see Fig. 6 in Ref. 47); 2) there is a gradual
decline in temperature toward the bases of the loops.

The temperature structure of loops in an active re-
gion is investigated with higher accuracy using data of ob-
servations in a narrower range. Parkinson®* used data in
the soft x-ray range from OSO 5 on the passage of coronal
active regions through the limb, as well as data of rocket
spectral observations to investigate the height structure
of the regions. He obtained the well-known picture of a
loop-shaped structure connecting the main sunspots. In
this structure the higher part of the loop between sunspots
is the hottest and the temperature gradually decreases
toward its base (see Fig. 4 in Ref, 64).

Jakimiec et al.% investigated a large, hot, post-flare
loop observed on February 10, 1982, using the GSFC spec-
trometer mounted on board on the OSO 7 satellite. The
observations permitted the construction of a map of the
temperature distribution on which one can see the gradual
temperature decrease along a loop toward its base. The
temperature distribution along x-ray loops in an active
region is investigated in the present article using the data
of Ref. 47,

Not only x-ray photographs from Skylab but also x-
ray spectra obtained simultaneously using a rocket spec-
trometer are presented in that paper. The geometry of
x-ray loops in an active region can be established using
the high-resolution photographs obtained on Skylab, while
the loop temperature structure can be determined on the
basis of the x-ray spectra.

As shown in Ref. 47, four x-ray loops connecting the
main sunspots of the active region (loops Nos. 2-5 in Fig.
9a in Ref. 47) make the predominant contribution to the
recorded x-ray spectra. Since these four loops are very
similar to each other in size and x-ray brightness, we in-
vestigated some "average" loop, obtained by averaging the
four loops. The measured distance between the bases of
the loop is 1.12-10° km and the height of the loop is 3 -

10 km by our estimates; it is assumed that the loop emits
1/4 of the flux recorded in each of the six investigated x-
ray lines (Table I from Ref. 47).
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Starting from the intensities of these lines, we calcu-
lated the differential emission measure ¢(T) for the aver-
age loop. The calculations were made using Withbroe's
iteration method modified.*® The results of the ¢(T) dis-
tribution are presented in Fig. 2.

Further, following Ref. 67, we adopted the assumption
that temperature variations are significant only along the
loops, i.e., that the temperature can be treated as a func-
tion only of s, when s is the coordinate along the loop axis.
The definition of ¢(T) can be written as ¢(T)dT =n,’dV,
where n_ is the electron density while dV is the volume of
plasma with a temperature of from T to T +dT.

Introducing the gas pressure p = 2n kT and writing
dv = A(s)ds, where A(s) is the cross section of the inves-
tigated tube, we obtain the equation

daT. P\ .1

@) 4O

Taking p = const and A = const for simplicity, and
integrating this equation, we obtain the temperature dis-
tribution function T(s) shown in Fig. 3 (solid line). The
temperature distributions for theoretical steady-state
models (p = const) of magnetic tubes®? are also presented
in Fig. 3 for comparison.

It is seen from Fig. 3 that the temperature gradients
at the bases of loops actually must be low so that the tem-
perature in the lower part of the loop, up to heights of
several tens of thousands of kilometers, not exceed 2 -
108°K, as is assumed in our model.

5. MODELING THE S COMPONENT OF THE RADIO
EMISSION

The microwave emission of active regions (the S
component) can be considered as an independent oppor-
tunity for testing the proposed model at different height
levels. For this purpose we constructed an emission
model of the S component, which is described in detail
in Ref, 68. Earlier models have been described by a whole
series of authors (e.g., Refs. 69 and 49).

The present model allows one to calculate the bright-
ness distribution in local sources of the S component at
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FIG, 3, Temperature distribution along an x-ray loop in an active region,
s is the coordinate along the loop and s, lies at the base of the loop. The
empirical model of a typical loop based on the observations of Ref. 47 is
shown by a solid line, Theoretical models of loops in an active region’
are shown by points, Models for the following values of the gas pressure
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FIG, 4. Distributions of intensity and polarization Gight) of the S compo=
nent (a magnetic dipole located 1.5 +10" m below the photosphere, Bphax =
2500 G in the photosphere, ne and T are indicated in Fig, 1) and positions
of gyroresonance levels (left): 1) total intensity; 2) ordinary wave; 3)
extraordinary wave; 4) degree of polarization, Frequencies in GHz are
given in the upper right comer of each figure.

any given fixed frequency. Calculations are made for both
magnetoionic wave modes by solving the radiative-transfer
equation along the ray trajectory, which yields information
about such characteristics as the total flux and the polar-
ization. Thermal bremsstrahlung and gyromagnetic emis-
sion are taken into account.

The initial quantities for the numerical calculations
are the three-dimensional fields of temperature, electron
density, and the magnetic vector. As the first step we as-
sumed axial symmetry; the temperature and density are
indicated in Fig. 1 and are extrapolated to greater heights
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FIG, 5, Spectra of flux density S;, (top) and degree of polarization p
(middle) and effective radii R of the source for different adopted values
of Bmax in teslas and depths Ry of the magnetic dipole (other conditions
same as for Fig. 4).

by assuming hydrostatic equilibrium and constancy of the
heat-conduction flux F,. Here F or the thickness of the
transition layer remains the only free parameter (see Ref.
63 and Sec. 3 above).

Calculated cross sections of brightness and degree of
polarization above a sunspot umbra for different frequen-
cies (in our case these are the working frequencies of the
RATAN-600 and VLA radio telescopes) are presented in
Fig. 4 as an example. The magnetic field model used here
consists of one pole of a magnetic dipole. The field es-
sentially depends on two parameters: the maximum
strength B, at the center of the base of the source under
consideration (R =0) and the geometrical scale of field de-
crease. Since the resultant emission depends strongly on
the actual magnetic field distribution, we made a whole
series of trial calculations with different magnetic field
parameters, simulating solar activity at different stages
of its development. The resulting spectra of flux density
and degree of polarization for different values of By ax
and for two characteristic scale heights, which are an ef-
fective means of diagnostics for regular sunspot groups,
are shown in Fig, 5.

Although detailed comparisons with observational re-
sults are still a thing of the future, the general tendency
outlined on the basis of the calculations is promising. In
particular, the lower boundary of the corona at heights on
the order of 2000 km above the photosphere is capable of
explaining a whole series of observational results dis-
cussed above. In the frequency range under consideration
the content of cool material, based on observational data
on the fine structure in EUV and H ¢, scarcely exceeds
10%, and therefore it was not taken into account in the
tentative calculations of the radio model.

The first applications of our microwave emission
model went to explain observations on the RATAN-600
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and measurements in the millimeter range.”*"! The pre-
liminary results are connected with the determination of

the scale height of the magnetic field above a sunspot um-
bra and the degree of inhomogeneity of the facular struc-
ture in observations in the millimeter range. As the next
step it is proposed to use force-free extrapolation of the

magnetic field based on actual magnetograms of concrete AR.

6. CONCLUSIONS

The sunspot. model being offered consists of several
parts, which must be treated jointly: 1) the umbra model,
describing the spatial distributions of thermodynamic
quantities up to the transition region on the basis of op-
tical and EUV observations; 2) the magnetic field model;
3) the x-ray emission model; 4) the S-component model.

Preliminary estimates of the emission in various
wavelength ranges showed that the model under discussion
is capable of explaining the main data of present-day ob-
servations, Of course, this conclusion demands further
confirmation using more precise model calculations, start-
ing with calculations of the EUV, x-ray, and radio emis-
sion. Moreover, the force-free extrapolation of actual
magnetic measurements must be used to improve the mag-
netic field model. Finally, the analysis must be expanded
to the entire active region, including faculae and coronal
loops. Several steps in this direction are already being
made.

Semiempirical working models are required for the
study of other physical processes in sunspots, e.g., for the
analysis of the propagation and dissipation of magneto-
hydrodynamic waves and oscillations. Such work was car-
ried out in Ref. 35 using our model.

For the verification and improvement of this model
it would be extremely desirable to have improved data on
active regions including large sunspots. Such data should
have a high spatial resolution in several wavelength ranges
at once, from radio to x-ray (to eliminate uncertainties
connected with individual differences between sunspots).
Coordinated observations, including microwave observa-
tions on such large radio telescopes as the RATAN, VLA,
and WSRT, EUV, and x-ray observations, as well as
ground-based measurements of the magnetic field could
provide the required information,
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