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ABSTRACT

Recent high-resolution observations in different spectral ranges, particularly
those made for regions inside and above large sunspot umbrae, have been used to
study possible interpretations of the observed emissions. The lower umbral chromo-
sphere was found to be best represented by a model similar to that of Teplitskaya
et al. (1978). The model has been extended to higher levels by a steep gradient of the
temperature T, reaching values of 7 ~ 40000 K and electron density =, ~ 4 x10%°
em~? at a height of 2 ~ 2000 km above the umbral photosphere; these values are
mainly suggested by EUV data from HRTS. At higher levels at least two components
must be assumed: The hot component occupying a fraction of a ~ 0.8 to 0.9 of the
involved volume has a shallow transition layer and coronal values of T ~ 1.8 x10¢ K
and n, ~ 10%m-2 already at 2 ~ 3000 km to 5000 km. These values are consistent
with both the missing X-ray flux above large umbrae and the high brightness tem-
perature of Tp ~ 1.8 x10% K emitted at em wavelengths from the same place. This

“hot coronal matter encloses the feet of cold loops which start in a bundle from the
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umbra and emit the observed EUYV lines at 104 < T < 106 K. In the corona the z--
dependence of all physical quantities including a must be considered as being smalk
over distances of several 103 km. Along the loop axis 7 slowly increases, the loops.
become more horizontal and appear as hot X-ray loops at distances and heights of
several 10* km above the plage region.

The model assumptions have been tested and corroborated by recently published
observations with high spatial resolution obtained in the X-.ray and EUV spectral
range from Skylab, HRTS, and SMM, at centimeter wavelengths from RATAN,
VLA, and WSRT, and by ground-based magnetograms.

1. Introduction

The present paper summarizes the outcome of a workshop on solar
active regions held at the Astronomical Institute of the University of
Wroclaw, Poland, from 28 November to 6 December, 1979, where a small
group of solar physicists from several observatories met to study possible
interpretations of the observed emission from inside and above sunspot
umbrae at different wavelengths. Preliminary results were presented
at two meetings (Bromboszez et al. 1981a, b). The work was continued
during a working session held at the Astronomical Observatory Ondrejov
from 28 September to 3 October, 1981. Some main conclusions from these
meetings and intermediate work are summarized here, while further
detailed results are planned to be published in separate papers (cf. also
Bromboszez et al. 1982). ,

More than a decade ago Livshits at al. (1966) proposed a model of
the atmospheric layers above sunspots. It assumes a transition layer
starting in the umbral chromosphere at a height z of about 2000 km above
the photosphere and approaching coronal values of the electron temperature
T>10% K well below 10* km. This model could explain the observed
microwave spectrum of the S-component from sunspots due to gyromagne-
tic emission as main contribution to the emission of the S-component
in strong magnetic fields. Later on new observations became available
including data with high spatial resolution in X-and EUV-lines obtained
from Skylab (Foukal et al. 1974, Foukal 1975, 1976, 1978, Levine and
Withbroe 1977, Cheng and Moe 1977) and HRTS (Brueckner et al. 1977,
Nicolas et al. 1979, Basri et al. 1979), but also at centimetric radio wave-
lengths from solar eclipse observations (Gelfreikh and Kerzhavin 1975).
Soon it became clear that these data cannot be explained simultaneously
in the frame of a homogeneous model with plane-parallel stratification
of the atmosphere above the sunspot umbra. Therefore, Obridko (1979)
proposed a new two-component model consisting of cold and hot elements
(loops), the fraction of cold elements decreasing with height. This model
seemed capable to solve most of the difficulties which arise from attempts
to interprete observations at different wavelengths by means of a homo-
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-geneous model. But objections even to this model were raised from the

knowledge of afterwards published observations of large sunspots at
X- and centimeter wavelengths (Pallavicini et al. 1979) which stimulated
our discussion very much. Recently new observations with high spatial
resolution at X-ray and EUV wavelengths (see e.g. the Proceedings of
the Sunspot Workshop: Cram and Thomas 1981) and in the microwave
range became available which render new possibilities to check the cor-
rectness of our model assumptions.

In the following sections we shall summarize the constraints to the
wanted model given by the observations and shall outline the proposed
conception. The model will be supported by first detailed calculations
concerning the emission at different wavelength regions. Finally, pro-
posals for further investigations will be given which could help to improve
and extend that working model in the future.

2. Proposed umbral model at photospheric and chromospheric levels

Empiric models of the umbral atmosphere seem to be well established
at the photospheric level owing to observations in the infrared and visible
spectral regions. However, uncertainties increase at larger heigths star-
ting from the temperature minimum. In the following we take as much
as possible only observed data from the quoted papers, while model-
dependent calculations are carried out by means of own procedures con-
cerning e.g. the conversion of different height scales (geometrical height 2,
optical depths in the continuum at i, = 5000 A, 7,, and at other wave-
lengths 4, 7;, mass scale m, etc.). This treatment enables us to obtain
a rather self-consistent model with identical assumptions concerning
chemical composition and the methods to sclve the equations of state,
of hydrostatic equilibrium in the atmospheric layers, deviations from
LTE, absorption coefficients, ete., but, of course, small differences rela-
tive to originally published partial models may also follow. The temperatu-
re T (z,) and the electron pressure P, (7,) in the photospheric layers were
taken from the sunspot model by Stellmacher and Wiehr (1975). For
the low chromosphere different sunspot models have been derived from
observations of medium-strong lines, of H,, and especially from the Call
H and K lines by Baranovsky (1974a, b), Teplitskaya et al. (1977, 1978),
and Kneer and Mattig (1978). Recently EUV observations with high
spatial resolution of < 1” became available concerning chromospheric
lines of CO (Bartoe et al. 1978, Jordan et al. 1979), H, (Jordan et al. 1978,
Bartoe et al. 1979), Ly, (Basri et al. 1979, Kneer et al. 1981), and SiIII
(Nicolas et al. 1979). These data were used to test and extend the existing
chromospheric medels in order to obtain a working model of the umbra
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up to T 5 40000 K: The run of 7'(2) < 11000 K in the model of Teplit-
skaya ef al. (1977, 1978) was found to agree best with the new data, while
our assumend values of P, are somewhat larger. (We assumed hydrostatic
equilibrium taking into account a turbulent pressure P,, = gv?/2 where o
is the mass density and » — the turbulent wvelocity; Teplitskaya et al.
tried to determine the electron density n, = P,/(kT) from observations
without assuming hydrostatic equilibrium; % is the Boltzmann constant.)

Our extension towards larger z and T results in a steep gradient of
T (2) which is at least twice the size of that in facular points and much
larger than in the undisturbed Sun; values of n, at equal T have been
found between those of facular points and bright network points of the
quiet chromosphere. A list of the model is given in Table 1.

Table 1
Umbral Model — photosphere and chromosphere

z/km T/K ne/cm'3 9/(g‘cm'3)
1902,0 4,2 E+h 3,800 E+10 8.425 E-14
1901.6 3.8 4,145 3,507
1901.0 3,2 4,591 1,174 E-13
1900.4 2.6 4,416 1,602
1500.0 2.2 3,476 2.119
1870 2.1 E+4 L ,9L6 E+10 2.139 E-13
1860 2.0 4,862 2.318
1840 1.8 5.605 2.586
1810 1.6 6.970 2,923
1775 1.4 9.121 4,722
1745 1.2 E+b 6.594 E+10 6.931 E-13
1720 1.0 3.829 9.970
1695 9.0 E+3 4,824 1.209 E-12
1640 8,0 6,228 1,712
1515 7.0 7.643 3,661
1480 67C0 5,209 E+10 4,641 E-12
1400 6250 4,121 7.620
1290 5700 3.537 1.558 E-11
1200 5000 7.740 E+9 2.947
1130 4500 2,661 3,846
1050 4000 2,388 E+9 5.570 E-11
300 3500 3,464 1.331 E-10
800 3250 2,898 2,403
650 3100 3,311 6,508
500 3000 6,266 2.563 E-9
298.,0 3091 4,591 E+10 2,738 E-8
231,3 3193 1,083 E+11 6,462
167.6 3341 3,224 1.877 E-7
103.2 3523 8,605 4,410

35.8 3769 2,489 E+12 9.829

0.0 3964 4,775 E+12 1,410 E-6
-37.5 4350 1,260 E+13 1.847
-77.2 5400 5.833 2,041
~115 4 6810 3,688 E+ 14 2,106
-132,9 8520 3,693 E+15 1,850

The reference model of the mean undisturbed photosphere and chro-
mosphere was calculated using the same procedures as those for the sun-
spot model but adopting T (m) from papers by Ayres and Linsky (1976)
and Basri et al. (1979), while the extension to the subphotospheric layers
in both models was already obtained by earlier model calculations for
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the convective zone (Staude 1976, 1978). The resulting models representing
the lower boundary conditions for our further caleulations and discussion
are given in Fig. 1. Here the zero point of the z-scale was chosen in such
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TFig. la. Temperature T vs. geometrical height z for our sunspot model (full line),
the mean undisturbed Sun (dashed line), and the sunspot model of Lites and Sku-
manich (LS, dash-dot line) for comparison.
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Tig. 1b. Electron density n, vs. geometrical height 2. Symbols like in Fig. la.

© Copernicus Foundation for Polish Astronomy * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1983AcA....33..441S

3AGA ;193 [A4LST

rt

446 A.A.
: T T [
75 B | : -
! ' [ S(syst.)
v/kms- ~ | : )
S; / mean /
’O | T 'ml /’ // o
- E | /] /
kS ! i/ 4
Q L /
< \ spot 1 i
| | y;
i //
5 I~ : / ]
! /
I / )
I i - LS(micro)
r""‘? I >
0 R D I 1

0 ! 22/706m 3

Fig. le. Turbulent velocity v vs. geometrical height z. Shortly dashed line represents
a systematic velocity not taken into account in the turbulent pressure. Other symbols.
like in Fig. 1a.

a way that a Wilson depression of 700 km is taken into account (z = ¢
at 7, = 1 in the umbra, 2 = 700 km at 7, = 1 in the undisturbed photo-
sphere). Then the mass densities ¢ in both models coincide at z = 0 as
it has been suggested by Maltby (1977). More details on this part of the
model calculations and the used procedures and assumptions were publis-
hed elsewhere (Staude 1981), while a preliminary version of the models
has been used already in another paper (Staude 1980). Afterwards ana-
logous model calculations have been carried out also for a plage model
and for several variants of umbral models assuming different extents
and therefore also different densities n, and different gradients of T' (figures.
of such models can be found in a paper by ZugZda et al. 1983); also various
models of v(2) have been tested. Full numerical tables of such models.
have been published in a recent paper by Staude (1983) where also the:
used computer programs are described in detail.

Meanwhile a complete chromospheric umbral model has also been
derived by Lites and Skumanich (1982), hereafter referred to as LS;
the T (z) from this model has been adopted by Avrett (1981) for his re-
ference model atmosphere calculations resulting in the Sunspot sunspot
model. Figs. 1 include the LS model for comparison with our model:
Fig. 1a shows that T'(z) is similar in both models, but some differences
are introduced by the assumption of 2 plateaus of 7T in the LS model
resulting in higher values cf 7' in the lower chromosphere but somewhat
smaller T in the upper chromosphere; consequently the same is valid
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for n, (Fig. 1b). The assumed run of v(z) is given in Fig. 1c: Only the
fraction labelled ‘micro’ has been taken into aecount in P, for the LS
model, but the fraction of systematic velocity (‘syst.’) is close to our
assumed v(2) in the upper chromosphere. In another recent model of the
lower umbral chromosphere (Yun ef al. 1981, Beebe et al. 1982) the extent
of the chromosphere is much smaller, therefore 7' and n, are larger than
in the models discussed above. Nicolas ef al. (1982) derived P, values
for the upper umbral chromosphere and transition region; these values
are 2 to 3 times larger than those in our original medel but about 10 times
larger than those in the LS model.

3. Extension of the model towards the transition layer and corona

In a paper by Pallavicini ef al. (1979) high-resolution X-ray images
from Skylab (2" resolution, 2-60 A spectral range) are compared with
radio data obtained with the Stanford interferometer (spatial resolution
16" in one direction) at 2.8 ¢cm wavelength. Hence two features are to
be noted:

Firstly, as expected, increased microwave emissicn is observed above
plage areas with brightness temperatures of T, ~ 2 x10% K; on the disk
these regions coincide with those of increased X-ray emission. The inter-
pretation of these emissions seems to be quite straightforward as pointed
out by the authors: The X-rays are emitted from hot loops above the
plage areas (T ~ 2.5 x10¢ K, n, ~ 10° ... 10*® em~3). These regions are
optically thin and negligible at microwaves since the magnetic fields
are not sufficient to emit thermal gyromagnetic emission. For thermal
bremsstrahlung, on the other hand, the main microwave flux originates
deeper in the atmosphere where the temperatures are much lower. It
should be mentioned, however, that in a recent paper Kundu et al. (1980)
gave evidence for gyroresonance absorption at the apex of hot loops.
This result was obtained from 3.7 and 11 ¢m radio maps with resolutions
of 175 x3/4 and 476 x10"2, respectively, EUV spectroheliograms, and
X-ray photographs. The observed T, ~ (2.4-3.0) x10¢ K from the ma-
ximum radio emission agreed with the 7' values derived from the X and
EUYV data. The derived field strengths of B ~ 300 G at heigths of some
10* km are compatible with our earlier force-free magnetic field extra-
polations from active regions with large sunspots (Seehafer and Staude
1979, 1980). There is no agreement, however, concerning the extent of
such an interpretation: Felli et al. (1981) used VLA observations of plages
at 6 cm (intensity I and circular polarization V) and derived T ~ 2.5 X
x10¢ K, n, ~ 5 x10° em—3, B ~ 250 G assuming thermal bremsstrahlung
comprising the vast majority of 6 cm flux from active regions. On the
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other hand, according to Schmahl et al. (1982) gyroresonance absorption
at low harmonics (B ~ 600 G for the 3rd harmonic) is the main mechanism
for the bulk of the 6 cm emission.

Secondly, the picture is more complicated above or close to the central
regions of large sunspots: Here the peaks of radio flux with 7', ~ 1.8 x106
K coincide with holes in the X-ray emission (Pallavicini et al. 1979), con-
trary to the surrounding plage area. A hint for reduced X-ray emission
above a large sunspot may be also found in other Skylab data (Pye et al.
1978). Calculations for the X-ray emission in the considered spectral
range carried out by the Wroctaw group result in an upper limit of 7' <
< 2 x10¢ K above sunspots, otherweise X-ray emission should be observed.
Model calculations by Gelfreikh and Lubyshev (1979) show that such
values could also be compatible with the high-resolution microwave
observations: They assumed a simple model of the sunspot corena with
T =18x10% K and n, =2 X10° cm~2 at 2z =2 = 2000 km, where 2
is the height of the transition layer between chromosphere and corona
above 7, = 1. Emission from the transition layer (assumed to be infinitely
small) and chromosphere (7' = 0) were neglected, the magnetic structure
of the sunspot was represented by a dipole, and expressions for the optical
depths of the gyroresonance levels were taken from Zlotnik (1968), assum-
ing gyroresonance absorption to be the main process responsible for
the observed microwave emission in the strong umbral magnetic field.
The calculated spectra and spatial distributions of T, from this model
are for the most part compatible with existing observations. Pallavicini
et al. (1979) sometimes reported values of 7', well above the average value
of T, = 1.8 x10% K, single values ranging from 4 x10% K up to 4.7 x10¢ K.
These larger values would be incompatible with the model explaining
the missing X-ray emission as well, but the large range of the T, values
is, at least partly, due to uncertainties in the determination of the source
size (strong short-term fluctuations of 7', observed from single sunspots
support this suspicion), moreover, some of the listed high T, values are
either connected with a non-vanishing X-ray emission or X-ray data
have not been published. In recent high-resolution radio observations
at 6 cm (Alissandrakis and Kundu 1982, Lang and Willson 1982) rings
and horseshoe-like structures have been detected in the maps of the inten-
sity I and circular polarization V which agree with the predictions of
the model by Gelfreikh and Lubyshev (1979), however, they are no proof
for a strong depression of T or »n, above the umbral centre as it has been
sometimes erronecusly assumed.

The hitherto outlined model designed for explaining both X-ray and
microwave emission is further complicated by the high-resolution EUV
observations quoted in Section 1 and showing strongly enhanced line
emission directly above umbrae, by contrast to the surrounding plage,
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at temperatures of some 104 < T < 10% K. This means that cool plasma
in loops at transition layer temperatures coexists with the hot corona
above the umbra, and our model must then be extended to include such
inhomogeneous structures. Concerning the different emissicns our esti-
mates are supporting the following conception: Starting from values
of the mean chromosphere of n, ~ 4 X10° ¢m-3 and 7 ~ 40000 K at
2z ~ 2000 km we have a hot component with a steep transition layer and
coronal values of T ~ 1.8 x10¢® K and 7, ~10° cm~3 already at z
~ 3000 to 5000 km, occupying a fraction of a ~ 0.8 to 0.9 of the volume
and enclosing the feet of cold loops which start in a bundle from the umbra.
The residual 10 to 20 per cent of cold loop matter renders possible

(4) to explain the observed EUV emission measures within the limits
of observational errors and

(B) to consider the effect of the cold fraction f = (1 —a) of the volume
on the resulting radio flux in a first approximation only as a dilution
factor.

In the corona the z-dependence of 21l physical quantities including
a may be considered as being small over distances of several 102 km, while
strong gradients of T and P, do exist in horizontal direction, ¢.e. perpen-
dicularly to the magnetic field lines all transpert mechanisms are strongly
reduced. Along the direction of loops 7T slowly increases. Those loops
reaching greater distances tend to become hotter correspending to the
occurrence of hot loops at distances and heights of several 10¢* km above
the plage region. Models of such loops have been discussed e.g. by Rosner
et al. (1979) and by Vesecky et al. (1979). The cold H, loops with inverse
Evershed effect representing the superpenumbra (Maltby 1975) ars low-
-lying structures leaving sideward the umbra at low chromospheric levels
(2 ~ 2000 km).

The outlined model is in agreement with latest sunspot investigations:
Pallavicini ef al. (1981) derived a lower limit of a 2 0.7 for most umbrae.
The cool loops obviously consist of unresolved filamentary structures;
hot loops do not appear to be wrapped around the cocoler loops but both
are separate structures (Dere 1982, Dere ¢t al. 1982, Nicolas et al. 1982).
Especially the observations during the SMY period are able to corrobo-
rate our assumed model parameters: Kingston et al. (1982) found wvalues
of log (n, T|/K cm~3) ~ 15.0 to 15.3 in the umbral transition region and
lower corona. The unexpected high values of B ~ 1.0 to 1.4 kG at 10° K
(Henze et al. 1982) indicate a deep-set transition layer at a height of a few
103 km. A height of the 6 cm emission of 2 = 3.5 x10* km above the spot
has been derived by Lang et al. (1983) from projection effects which would
contradict our assumption of a deep-set and thin transition layer, but
values of B ~ 600 G (900 G) are required to explain the observed I and V
data by gyroresonant emission at the 3rd (2nd) harmonie; such an extre-
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mely small gradient of B contradicts all existing magnetic field extra-
polations (¢f. Seehafer 1982). At the Crimean SMY Workshop, March
1981, F. Chiuderi-Drago presented a compilation of observation of AR
2490 from June 10, 1980, including high-resolution radio maps at 2 cm
(I from VLA) and 6 cm (I and V from WSRT), and spectroheliograms
in C IV and X-ray lines from the UVSP and XRP instruments onboard
SMM, respectively (Chiuderi-Drago et al. 1982). The strong and polarized
6 cm radiation but missing or only weak emission at the other wavelengths
near a sunspot group, contrary to the plage region, support the proposed
model with a shallow transition layer and the absence of plasma with
T > 2 x10% K above sunspots.

A well defined quantitative model with 7'(z) and 7, (2) extended above
the upper boundary of our original mode (7 = 40000 K, see Section 2)
may be obtained by assuming:

(4) hydrostatic equilibrium and

(B) a constant conductive heat flux F, in the transition region (cf.
Alissandrakis et al. 1980), or P, = const. instead of F, = const. Values
of P, and d7/dz for different values of T have been derived by Nicolas
et al. (1982) assuming a filling factor of § = 1.0 for the EUV emission.
I we assume a smaller value, say f = 0.1, the value of P, would hardly

Table 2

Hot component (e = 0.9), F, = 107 erg cm~—2 g1

z/km T/K ne/cm'}
1903,00 5,000 E+b4 3,170 E+10
1903.05 8,607 1.841
1903,10 1.026 E+5 1,544
1903,25 1.314 1,206
1903,50 1.5%4 9.939 E+9
1903,75 1,787 E+5 8,866 E+9
1904,0 1.939 8,173
1904 .5 2,175 7.285
1905.,0 2,361 6,712
1906.0 2.649 5.980
1908 3.065 E+5 5.169 E+9
1910 3.374 4,695
1915 3.935 4,025
1920 L, 346 3,643
1930 4,960 3,190
1950 5.811 E+5 2,721 E+9
1970 6,430 2,457
2000 7.147 2,209
2100 8.751% 1.800
2200 9,840 1.597
2300 1,069 E+6 1,467 E+9
2500 1.201 1,301
2750 1,327 1,173
3000 1.429 1,085
3250 1,516 1,020
3500 1.591 E+6 9,628 E+8
3750 1.659 9.259
4000 1.720 8.902
4362 1.800 8.471
4500 1.828 8,327 !
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Table 3
Cold component (8 = 0.1), F, = 10* erg cm~2 51

z/km T/K n,/en™>
1903 5.000 E+4 3.170 E+10
1910 5,91 2,674
1920 6.801 2.317
1930 7.469 2.104
1950 8,479 1,844
1970 9.255 E+4 1.682 E+10
2000 1,018 E+5 1.519
2050 1,137 1,348
2100 1,231 1.234
2200 1,379 1.085
2300 1,495 E+5 9.868 E+9
2500 1.676 8.579
2750 1.850 7.553
3000 1,990 6.837
3500 2,214 5.858
4000 2,393 E+5 5.188 E+9
5000 2.674 4,287
7000 3.082 3.233

1.0 E+b 3,517 2.358

1.5 E+b 4,034 1.574

2.0 E+4 4,424 E+5 1,130 E+9

3.0 5.017 6,497 E+8

5.0 5,849 2.652

7.0 6,460 1,246

1.0 E+5 7.170 4,612 E+7

be influenced (it has been determined from intensity ratios of lines which
are formed at nearly equal values of T') but d7T'/dz and hence ¥, would
be reduced by one order of magnitude in the cold elements which emit
the bulk of EUV lines and appear as cool “plumes” above the umbra.
For the remaining fraction a =1—g of the atmosphere, however, the
assumption of large values of A7 /dz and F,, that is a thin and deep tran-
sition region as it has been outlined above, seems to be justified and
compatible with all available observations. Such models of the hot and
cold components are listed in Tables 2 and 3.

4. Model of X-ray emission

High-resolution X-ray pictures, made from Skylab, showed that
steady-state loops connecting main sunspots of an active region are the
dominant features of the coronal active regions in that spectral region.
An example of such loops was comprehensively investigated by Pye et al.
(1978) (cf. loops Nos. 2-5 in their Figure 9).

The Skylab pictures are known to be not very suitable for investiga-
tion of the temperature structure of the emitting feature (cf. the discussion
on pages 126 and 132 in the paper by Pye et al.). Nevertheless, their ana-
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lysis of the Skylab photographs in terms of temperature distribution
suggests that:

(4) the material of the loops seen in the Skylab pictures obtained
with filter No. 1, is at temperatures of T' = 2.5 x10¢ K (¢f. Fig. 6 in that
paper);

(B) there is some gradual decreage of the temperature towards the
footpoints of the loops.

The temperature structure of the active region loops is investigated
more adequately from more narrow band observations. Parkinson (1973)
used OSO-5 soft X-ray observations of limb transits of coronal active
regions as well as rocket spectral cbservations to investigate the height
structure of the regions. He derived the well-known picture of the loop-
-like structure connecting the main sunspots. An individual loop of this
structure is hottest at the top (i.e. between the sunspots) and the tempe-
rature gradually decreases in the lower part of the loops (legs) (¢f. Fig. 4
in Parkinson’s paper).

Jakimiec ef al. (1978) investigated a large, hot postflare loop observed
on 10 February 1972 by GSFC spectrometer onboard OSO-7. The obser-
vations allowed to construct a map of the temperature distribution, and
gradual decrease of the temperature along the legs of the loop is seen
from the map. In the present paper we investigated the temperature
distribution along the active region X-ray loops using the unique data
presented in the paper by Pye ef al. (1978). It is important that in that
paper not only the Skylab X-ray photographs, but also X-ray spectra.
simultaneously obtained with a rocket-borne spectrometer, are given.
The geometry of the active region X-ray loops can be specified from the
high-resolution Skylab photographs and the temperature structure of
the loops can be determined using the X-ray spectra.

As it is shown in that paper by Pye et al. (1978), four X-ray loops,
connecting the main spots of the active region (loops Nos. 2-5 in their
Figure 9a) give dominant contribution to the reccrded X-ray spectra.
These four loops are very similar in dimensions and X-ray brightness,
therefore we have investigated a “mean” loop, defined as an average
of the four loops. The measured distance between the footpoints of the
loop is 1.12 x10° km, an estimated height of the loop is 3 x10* km, and
we assume that the loop emits 1/4 of the flux recorded in each of the six
investigated X-ray lines (Table I in the paper by Pye et al. 1978).

From these line intensities we have calculated the differential emission
meagsure (DEM) distribution, ¢(T), for the mean loop. The calculations
were carried out using the modified Withbroe iterative procedure (Syl-
wester ¢i al. 1980). The resulting DEM distribution is shown in Fig. 2.

Next we have assumed, following Withbroe (1978), that the temperature
changes are significant only along the loop, 4.e. that we can consider the
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temperature as a function of s only where s is a coordinate along the
loop axis. The definition of the DEM can be written as follows:

¢(T)AT = n2dV,

T T T T T T
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Fig. 2. The differential emission measure distribution in a typical active region X-ray
loop as observed by Pye ef al. (1978).

where n, is the number electron density and dV is the volume of plasma
being at a temperature between T und T +4dT.
Introducing the gas pressure:

p = 2nkT
and writing | y
AV = A(s)ds,
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where A (s) is the cross-section of the investigated tube, we obtain the
following equation:

ar p \? 1
N Z(W) Ay

Integrating this equation under simplifying assumptions: p = const.,
A = const., we have obtained the temperature distribution function
T(s) as shown in Fig. 3 (solid line). For comparison we show in Fig. 3

T[10%]
6 L

5 =

S-S, [10%m)]

Fig. 3. Distribution of the temperature along the active region X-ray loop. s is the

coordinate along the loop, s, is located at the footpoint of the loop. Solid line shows

the empirical model of the typical loop as observed by Pye et al. (1978) Points indicate

theoretical models of active region loops (Rosner et al. 1978). Models for the following

values of the gas pressure are shown: x — for p = 10-5 Nem=2, O — for p = 10-8
Nem -2

also the temperature distribution along the theoretical models of steady-
-state, p = const., flux tubes taken from the paper by Rosner et al. (1978).

It is seen from Fig. 3 that the temperature gradients should be low,
indeed, in the legs of the loops, so that in the lower parts of the loop,
up to the height of a few tens of thousands of kilometers, the temperature
may easily be not higher than 2 x10¢ K as proposed in our model.
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5. Modelling of the S-component of radio emission

The microwave emission from active regions (S-component) can be
regarded as an independent opportunity of checking the present model
assumptions at different height levels. For this reason an emission model
of the S-component has been developed which is described in more detail
elsewhere (Kriiger ef al. 1983). Earlier models were described by several
authors (e.g. Lantos 1968, Zlotnik 1968).

The present model permits the calculation of brightness distribution
across local sources of the S-component at any given fixed frequency.
The calculations are performed for both magnetoionic wave modes by
solving the equation of radiative transfer along straight ray trajectories
thus yielding information about total flux and polarization characteristics.
Thermal bremsstrahlung and gyromagnetic radiation were taken as the
relevant emission processes.

Input quantities for the numerical computations are threedimensional
fields of temperature, electron density, and the magnetic vector. As a first

[16°m1 eo6r] T 96 |
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Fig. 4. Intensity distribution (right) of a eylindric source model of the S-component

(magnetic dipole 1.5 x 107 m below the photosphere reaching B,,,, = 2500 G at the

photosphere, n, and T distributions according to the model of Fig. 1 for different

microwave frequencies) in comparison with the position of gyroresonance layers

(left) in the corona. Full line — total intensity, dash-dot line — ordinary wave, dotted
line — degree of polarization, dashed line — extraordinary wave.
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step a cylindric-symmetric structure of these three basic quantities was
presumed whereas temperature and density were adopted from the model
shown in Fig. 1 and extrapolated towards larger heights by assumption
of hydrostatic equilibrium and a constant conductive flux ¥, Here only
F, or the thickness of the transition layer remains as a free parameter
(¢f. Alissandrakis et al. 1980, and Section 3 above). We assumed F,
= 107 erg-cm—2 s~ for the present sample calculation.

As an example in Fig. 4 the computed cross-sections of brightness
and the degree of polarization over the core region of a sunspot were obtai-
ned for various frequencies (which are in our case operating frequencies
of the radio telescopes RATAN and VLA). The magnetic field model
used here was one pole of a magnetic dipole. The field depends essentially
on two parameters, the maximum field B,,,, at the centre of the bottom
of the considered source volume (R = 0) and the height scale of field
decrease. Since the resulting radiation strongly depends on the aectual
magnetic field distribution, & number of test calculations was carried
ocut with different magnetic field parameters simulating solar activity
at different stages of its development. Fig. 5 shows resulting spectra of
flux density, effective source radii, and the degree of polarization for
different values of B,,,, and two characteristic height scales, providing
a sensitive tool for the diagnostics of regular spotgroups.

S, : —5 . : i
20 Ry=2 | 5 Ry:15)
BmlT]__ r10mr| <7 |BmlTT  r1o7my

035
10 025/_/_% 170 s

025
|03 0 1‘;4\

Homas
10250

2 lox 1
075

! »o:\\ 03

5

03

03
10 7 / 5'J
v[GHz] v[GHz]

Fig. 5. Calculated spectra of flux density (top), degree of polarization (middle), and
effective source radii for different assumed values of B,,, and depths Ry of the magne-
tic dipole below the photosphere (other conditions the same as for Fig. 4).
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Though detailed comparisons with observational results are yet up
to a future work, the general tendency coming out from the calculations
is promising. In particular, a lower boundary of the corona at heights
-of the order of 2000 km above the photosphere may well explain a number
of observational features discussed above. The content of cool matter
indicated by EUV and H, fine structures may not exceed 10 per cent in
the considered frequency range and was therefore not taken into account
by the orientating calculations of the radio model.

First applications of the microwave emission model were made with
Tespect to RATAN 600 observations and measurements in the mm-range
{Akhmedov et al. 1982, Urpo et al. 1983). Hence preliminary results refer
to the derivation of the height scale of the magnetic field above sunspot
umbrae and the degree of inhomogeneity of plage structure seen at mm-
-waves. As a next step the incorporation of force-free extrapolated magnetic
fields from real magnetograms into the S-component emission model
is under way.

6. Conclusions

The presented sunspot model consists of several parts which have
"been consistently put together:

— the umbral model describing the spatial distribution of thermodynamiec
-quantities up to the transition region as derived from EUV and optical
-observations,

— the magnetic field model,

— the model of X-ray emission, and

— the S-component emission model.

Our preliminary estimates of the emission at different wavelength
Tegions have shown that the discussed sunspot model is able to interprete
the basic features of presently available observations. Of course, this
conclusion must be further corroborated by more exact model calcula-
“tions, to begin with computations for the radiation at EUV and X-ray
as well as at radio frequencies. Moreover, the magnetic field model should
‘be improved by applying real magnetic field distributions obtained by
force-free field extrapolations from photospheric magnetograms. Finally,
-the analysis should be extended to greater parts of an active region in-
-cluding the plage region and active region coronal loops. Several of those
proposed steps are being prepared.

Semi-empirical working models such as the present one are required
"in order to study other physical processes in sunspots, e.g. the propagation
and dissipation of hydromagnetic waves and oscillations. Such work
“has been done in a recent paper by Zug#da et al. (1983) using the presént
Ssunspot model.
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In order to test and improve our sunspot working model it would
be highly desirable to have better observed data from active regions
including large sunspots. Such measurements should be obtained with
high spatial resolution and simultaneously (to eliminate errors due to
differences between individual sunspots) at many different wavelengths.
from radio waves down to X-rays. Coordinated simultaneous observations,.
including microwave data from large radio telescopes such as RATAN,.
VLA, and WSRI, EUV and X-ray data as well as groundbased magnetic-
field measurements, that is an integrated campaign similar to that during:
the SMY, would be of high value.
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