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The circularly polarized magnetobremsstrahlung at centimeter wavelengths from regions
above sunspots requires a field H~ 1000 Oe and a coronal temperature ~ 10°°K. Direct
observations of photospheric and chromospheric fields and theoretical indications for

strong broadening of the magnetic tube of force in rarefied atmospheric layers imply
that H~ 1000 Oe only below 3000-km height. Thus the corona evidently begins at a small
height above spots. A model radio source is computed from observed radio spectra and
information on circular polarization. A hydrostatic density distribution is assumed. The
radio data furnish a fairly reliable T(h) curve. A natural explanation is also obtained for
the directivity of the radiation, the sharp source boundary, and the correspondence be-

tween sources and spot umbrae. The chromosphere above spots differs from the ordinary
chromosphere because of the poor dissipation of Alfvén and accelerated waves in a strong
field. Retarded (sound) waves decay low in the chromosphere, generating no appreciable
heating. Apparently only accelerated waves can penetrate the corona, where they are
transformed into other types of wave and decay at a great height. Energy is thence

transported by heat conduction into the low coronal layers responsible for the radio emission.

1. Height of Radio Sources above

Sunspots

Observations during eclipse and with high-re-
solution radio telescopes have revealed that the
sources of the slowly varying component of radio
emission are related to active formations on the
solar surface. Within the wavelength range 1-10
cm the source consists of a nucleus, of sunspot
size (®1') and with a brightness temperature T~
10% °K, and a halo above the active region with a
diameter of ~5' and T£10°°K. The lifetime of the
source above a spot agrees with the spot lifetime.

The spectra of sources above spots exhibit
considerable variety [1-3], but in all cases the
energy flux rises from A=3 cm to A=5 cm. The
flux reaches a maximum at A=5-10 cm [1-3]. The
radiation is partially circularly polarized, with the

degree of polarization increasing from ~10% at
A=10 cm to 30% or more at €3 em. The direction
of rotation corresponds to emergence of the extra-

ordinary wave from the spot field. The size of the

sources in polarized light agrees with that of spot
umbrae [4]. The radiation is directional, with the
flux varying as cos 6 at the longer wavelengths.
From the displacement of the center of the radio-
emitting region relative to spots, different authors
have obtained different heights, in many cases ex-
ceeding 20,000 km [5, 6]. However, these measure-
ments demand very high resolving power and pos-
sess low accuracy.

The intensity, spectrum, and polarization of
the radio emission above spots can be explained
only through the magnetobremsstrahlung mech-
anism [5, 7]. The absorption coefficient of the ex-
traordinary wave increases sharply for the har-
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monics of the gyrofrequency. Hence the brightness
of this wave is determined by the half of the Planck
function for the temperature of the layer,where the
second and third harmonics of the gyrofrequency
correspond to the frequency received.

In order for this mechanism to explain the
radiation at 3-6 cm, gas at a temperature > 10° °K
must be subject to a magnetic field H~ 1000 Oe.

So high a field strength is apparently inadmissible
at coronal height (20,000 km). Indeed, at the
photospheric level H~ 3000-4000 Oe in large spots.
However, even the earliest measurements of the
height dependence of the field revealed a fairly
sharp decline in the field strength: dH||/dh~—0.5
to —1 Oe/km [8-10]. Direct measurements of the
field above spots yield for the Hx and HB lines
(heights 1000-3000 km) the values H= 1000-1500

Oe [10, 11). Detailed studies of the total H vector
in spots, as carried out in the past few years both
photographically [12, 13] and with a magnetograph
[14, 15], have shown that at the photospheric level
the lines of force diverge quite rapidly from the
spot axis. The field gradient dH||/dh~—0.5 Oe/km
has been computed from the divergence of the lines
of force (div H=0) [14, 15]. Thus various observers
have found a rapid decline in intensity with height.
From a theoretical standpoint it would also be very
difficult to believe that any substantial part of the
magnetic flux of a spot could rise to a height 20,000
km without appreciable broadening because of mag-
netic pressure. In the rarefied chromosphere there
are in fact no forces that could contain a narrow
tube with a field H~ 1000 Oe. For quantitative esti-
mates we may use the fact that the accumulated ob-
servations of spot fields can be represented approxi-
mately by a dipole submerged 10,000-15,000 km
beneath the photosphere [15]. The dipole compo-
nent should naturally be the basic one for the bundle
of lines of force emerging from beneath the photo-
sphere surface. With this representation the value .
H~1000 Oe would be reached at heights of 2000-
3000 km.

If we adopt the magnetobremsstrahlung mech-
anism to explain the radio emission above spots,
we would then suppose that regions of coronal tem-
perature sink to these low heights above spots. So
unusual an assumption would of course conflict with
the radio-source height determinations mentioned
above. Nevertheless, these determinations were
made with low resolving power and hence are sub-
ject to large error. Moreover, in some cases the
same measurements yield a considerably smaller
height [2]. The rise of a radio source from behind
the limb usually leads the appearance of the spot
by about one day, but the low surface temperature

and apparently the weak polarization imply that the
emission is related not to magnetobremsstrahlung
but simply to bremsstrahlung from the overlying
coronal regions above the spots (coronal condensa-
tion). Polarization measurements secured during
the 1958 eclipse yielded a height of 35,000 km [4].
However, a careful comparison of the radio-emitting
regions with optical photospheric observations that
were made at the Pulkovo Observatory has shown
that the regions of polarized radiation coincided
very accurately with the position of the spot umbrae.
This result indicates that the heights have small
values (G. B. Gel'freikh and R. S. Gnevysheva).

An analysis of the radio sources compels us,
then, to conclude that the corona sets in at a height
of 2000-3000 km above spots. As will be shown
below, this configuration would provide a natural
explanation for the basic properties of these sources..
The small thickness of the chromosphere above a
spot is apparently associated with its low tempera-
ture as far as the layers where the density has al-
ready approached 10° cm™3. This situation would
require that the wave flux emanating from the
photospheric spot layers be weakly dissipated in
the chromosphere. A qualitative finding of weak
wave dissipation in the chromosphere above a spot
was obtained previously in [16].

2. A Model Radio Source

The spectra of radio sources and the wave-
length dependence of the polarization in principle
enable us to compute a model for a radio source.
For these computations we shall adopt the radio-
source spectra given in [1-3], taking the radio flux
at A=3 cm as unit. These spectra are characterized
by an approximately twofold rise in the radiant flux
from A=3 cm to A=5 cm, and by a subsequent de-
cline with increasing A. The displacement of the
maximum from A=5 cm to A=10 cm could be as-
sociated with an increasing source size toward
longer wavelengths, or with an increasing contri-
bution of floccular radiation during noneclipse ob-
servations [17]. In absolute value the flux of in-
dividual sources can differ by a factor of 3-5, be-
cause of the differing number of spots in a group
and the differences in dimensions and physical con-
ditions. In accordance with the Pulkovo observa-
tions we shall henceforth assume that at A=3 cm,
Teff=5-10° °K. For a source diameter Dg=17,000
km this temperature would correspond to a flux Ip=
1.4-1072W-m-2-cps~! (a source above a small
group or a single spot).

The most important item for the model is the
height dependence of the magnetic field. We shall
assume that the spot field is represented by the
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Fig, 1, Model atmosphere above a spot umbra.

field of a dipole located at 13,000 km depth. At the
photospheric level this would correspond to a spot
with a penumbral diameter D~ 37,000 km and Hyyax=
3100 Oe. For particular spots the height depen-
dence of the field may, of course, differ somewhat
from that adopted here, although the qualitative
picture should remain the same. The distribution
of density with height will be taken as a hydrostatic
distribution, extending from n(0)=2.5- 10 cm-3 in
the upper photosphere to n=5-10° cm=® at h~ 3000
km. The first value results from the fact that the
gas pressures in spot and photosphere cannot be
very different (see, for example, [18]), the second,
from optical observations of coronal condensations,
leading to n=10°-10'" ¢cm™3. In order for the hydro-
static distribution to yield so steep a decline in
density in a short distance, the temperature in the
chromosphere must hardly rise at all up to these
heights, despite the low density. We shall adopt
T~ 4000 °K at the base of the chromosphere above
the spot. The exact behavior of T and n at low
heights is unimportant in our case.

From an analysis of the radio spectrum one
can compute the function T(H), which for a known
height dependence of the field will yield T(h). The
appropriate formulas for magnetobremsstrahlung
are given in [5]. In our case we must include the
radiation for the second and third gyrofrequency
harmonics. To simplify the computations we shall
assume that the mean value of the angle between
the field and the line of sight over the whole radio
source is 30°. The characteristic dimension L=
wdl/dwy for field variations is fairly small in our
case (L~ 6 -10% cm for A=5 cm and h~ 3000 km);
its height dependence between 3000 and 10,000 km
can be neglected. The values for the optical thick-
ness Tjg of a layer with given Ly (j =1 for the ex-
traordinary wave, j=2 for the ordinary wave, and
s.is the number of the harmonic) will then be (n in
em=3, T in °K):

T = 7.8-10~8 nT,
Top = 4.0- 10715 nT,

Tys = 2.5-1022 nTz,
T3 = 1.3-1072 nT2,

Having Tjg, we can compute the combined flux
of thermal radiation at a given frequency resulting
from the contribution of both harmonics. By com-
paring the flux with the observed spectrum and
polarization of the radiation, we can find the tem-
perature T(H) corresponding to a given field
strength. Although the method of trial and error
used to allow for the simultaneous contribution of
both harmonics is somewhat arbitrary, observa-
tions at several wavelengths would establish the
T(H) relation, and hence T(h), fairly accurately.
For example, if an appreciable drop in intensity
(and a very high degree of polarization) occurs not
at A®2 cm but at A® 3 cm, then T (H) will change
markedly (Fig. 1, dashed curve). The results of
the computation are given in Table 1.

As a check, this model has been used to com-
pute the radio flux for different A and the polariza-

TABLE 1
s | H | “as T Tett, Tett, | Tett | In | P
A=2|cm
2100| ~3.10°) 15 13.6.10
e ]1 3,10-,,]3 2‘105‘1.05-105 l3.6-108| 5-10 l 0.4 |100%
A=3lem
21 800(2.5-108| 12.5 {3.2-10%| 5.8-105 |13.2-1osl4.5-105 1.4 | 309
3 1200 1.02 \510-3 9.108 4
A=5 cm
107054108 |27 )1.35-100 2.65-10“11.35-103 2-108 ‘2.2 , 309
713 5.10- |2.65.108 |

A =10 cm
21 535/1.3. 104 3.3-108| 4.0.108 3.3.10%(3.65-108 1.0 | 10%
13600 50" | oo [&:GaGe| 01 BP0 1

4.0-108
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tion of the radiation (Table 1). The table includes
the harmonic number s, the magnetic field H [Oe]
at the level where the radiation is produced, as
determined from the condition w=swy=1.76"107"
sH, the optical thickness Tjg (j=1 for the extra-
ordinary, j=2 for the ordinary wave), the kinetic
temperature Tg at the level considered,
. 8 ’
Tert, = 2 Tis(1—e %),  Tegp=(Tetr, + Tert,) /2,

§=2

the radio flux I [107?2 W'm™2-cps~!], assuming
Dg=17,000 km, and the degree of polarization p =
(Teff,~ Teffy)/ (Teff, + Teff,) - 100(%). Figure 2 shows
the relative radio spectra from the eclipse data
(strong and weak sources [1]) and from observa-
tions with the large Pulkovo radio telescope [3]. A
theoretical spectrum is also given in Fig. 2, as
computed assuming a constant source size for dif-
ferent wavelengths. The spectrum agrees well
with observations, although the computed flux at
A=5-10 cm should evidently be increased because
of the increased source size (see below). The com-
putation indicates total polarization at A=2 cm,
p~30% at A=3-5 cm, and p~10% at A=10 cm.
However, the value for A=3 cm is found to be very
sensitive to the model adopted, and for the distri-
bution T(h) shown by the dashed curve in Fig. 1,
p=100% for A=3 cm. These results agree with the
polarization observations [1, 2, 4].

On our model a radio source is represented by
an extended plane region ~20,000 km in diameter
and several thousand kilometers thick. Because of
changes in the projected source area the radio
emission should vary ~cos#, in agreement with ob-
servation [5]. If the source were located at a gre:
height and had a disordered magnetic field and a
thickness comparable with its diameter, then the
cos @ variation would be absent.

The law I~ cos@ breaks down for 6~ 90°. The
reason is that at the limb the role of the magneto-
bremsstrahlung mechanism diminishes, and brems-
strahlung from coronal condensations is apparently
observed, Adopting n=5"- 10%-h/ hy, where hy =
KT/mg=4.3-10° cm, T=2.5-108 °K, and L~ 10! ¢m,
we obtain for A=5 cm a temperature Teff~ TT =
2.5-10%.0.025~6 - 10°K. For the bremsstrahlung
mechanism the spectrum of limb sources should
be flat for A=1-20 c¢m, and the polarization should
be weak.

The eclipse observations exhibit a sharp
decline in radiant flux at the edges of the sources
[4]. This sharp boundary occurs because with in-
creasing distance from the source axis the forma-

tion levels of the working harmonics sink down-
ward, following the magnetic-field isolines. Near
the spot axis dH/dh is small, the formation levels
remain at T = const, and the radiant intensity suffers
little variation. As the formation levels emerge
into the region of strong temperature gradient, a
sharp decline in the radio-emission intensity sets
in. To explain this intensity decline by a field
variation alone, one would have to assume a sharp
cutoff in the field at the boundary of the emitting
region, which seems improbable from certain ex-
perimental and theoretical considerations.

Thus the mere presence of a sharp boundary
provides further evidence for the existence of a
region with a large temperature gradient in the
radio source.

These considerations also furnish an indepen-
dent estimate, within the scope of our model, for
the dimensions of the radio-emitting region. For a
single spot and for &=30°, we obtain the following
values: D<10,000 km for A< 38 ¢m, D~ 16,000 km
for A=5 cm, and D~ 23,000 km for A=10 cm. Since
this result depends materially on our adopted ide-
alization for the spot field (possibly the field varies
more smoothly near the axis), the strong increase
we have found in the source size with A is some-
what exaggerated. In particular, for A€ 3 c¢cm only
an upper estimate on the size is obtained. However,
the dimensions of the source actually should in-
crease for A=3-10 cm, and as radio-telescope re-
solutions improve this effect will probably be
detected.

The increase in source size with A allows us
to increase somewhat our computed values for the

L ] L 1 Il 1 | 1 1

0 ’ J X.cm M0

Fig. 2. Radio spectrum of sources above spots.
Dots, observations with the large Pulkova radio
telescope; circles, eclipse data; thick curve,
spectrum computed from the model, assuming
a constant source diameter for different A, For
each spectrum the radiant flux at A=3 cm is
adopted as unit,
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radio flux at 5-10 cm with respect to the 3-cm flux.
In the same manner we can explain the slight dis-
placement in the maximum of the spectrum in the

" region of longer wavelengths. However, there

would hardly be any point in making a detailed com-
parison of the theoretical spectrum with any of the
observed spectra, in view of the indefiniteness of
the observations and the semiqualitative character
of our proposed model.

The source dimensions derived above corre-
spond to the sizes of spot umbrae, in accord with
the polarization observations [4]. For sources
located above spot groups the combined flux corre-
sponds to a diameter D~ 70,000 km atA =7 cm
(Ir= (30-35) - 1072 W.m~2-cps™¥); for faint sources
the dimensions at A=7 c¢m practically coincide with
the values we have obtained.

3. Heating of Chromosphere and

Corona above a Spot

Heating of the chromosphere occurs through
dissipation of the energy of weak shock waves. In
a magnetized plasma these waves comprise ac-
celerated and retarded modes. The energy flux
varies with height both through dissipation and be-
cause of refraction and reflection of waves, with
violation of the conditions of geometric optics. This
situation creates difficulties. For example, in an
active region accelerated waves are primarily

formed, but they are strongly reflected and cannot

account for the heating of the upper chromospheric
layers [19]. This difficulty is removed if one con-
siders the interaction of waves and their transfor-

‘mation from one type to another [20]. The trans-
" formation is most efficient in layers where the

velocities are comparable, that is, where VAR Vg.

The generation of waves from a spot region
and their dissipation above a spot have been treated
in [16, 21]. It has been shown that in the upper lay-
ers of the convective zone under a spot, Alfvén and
retarded waves are primarily formed. With allow-
ance for reflection, the value 7F~ 3 -10% ergs/cm™2.
sec™! has been obtained for the flux emerging from
a large spot. This estimate has shown that for H=
2000-3000 Oe the dissipation in the chromosphere
is smaller than in active and undisturbed regions,
and that a large Alfvén-wave flux escapes into the
corona. The estimate utilized a model for the un-
disturbed chromosphere, since a model for the
region above a spot had not yet been computed.

Let us consider the propagation of waves above
a spot. In the interaction region below the photo-
sphere, where VA~ Vg, the_ energy should be re-

distributed, since all three types of wave emerge
from the spot. The mean period for these waves
should be no less than 10° sec, since the wave-
generation layer lies deeper than the layer respon-
sible for the granulation [21]. With this period the
wavelength of the sound and particularly the Alfvén
waves will considerably exceed the scale height, so
that the waves in general cannot be considered
harmonic.

We shall now examine the propagation of each
type of wave. The sound waves move along H and
are already weak discontinuities when they emerge
into the chromosphere. Their amplitude increases
with height so long as the gas velocity V remains
below the sound velocity Vg. As V approaches Vg
the dissipation increases sharply, and we may sub-
sequently take V=Vg. The energy flux of the waves
will then be

nF = apV?Vg = a-1.TmunVg, @)

where o is the mean volume occupied by the gas
moving in the wave relative to the entire volume of
a column of the chromosphere. Since the period is
long and the waves follow each other at intervals of
more than 10% sec, the value of o should be less
than 0.1. The coefficient 1.7 characterizes the con-
tribution of He and other elements to the value of
the density.

Since the model considered has a temperature
nearly constant to the transition region, Vg=const
and reflection of sound waves will not take place.
The flux will therefore vary because of dissipation
alone, and we may write for the dissipation (per
cm® the equation

dnF dnF dn
—_ —_—— —_ = 3, —~1
Ed = an = dn dh a 1-7”7'HVS nho

= q-1.Tmy"y’g (kT)"n, T @)

Here we have used theequations for VS and hy. The
quantity 7 is the adiabatic index. Equation (2) gives
E{ directly for a level with prescribed n, if the
wave amplitude is not small there. Taking T =5000
°K and a< 0.1, we find for the level with n=10% ¢mi3
a value Eq<10™? erg/cm™3-sec™. For n=10" cmi3,
the upper bound on E( is one order greater. The
radiation of the upper chromosphere (n=101-10!!
cm™% amounts to 2rF/I~2 1042 -108=10"2erg/cm -
sec~! [20, 21], which is another order greater than
this upper bound. Thus dissipation of sound waves
cannot substantially raise the temperature of the
chromosphere, and our assumption of an isothermal
chromosphere is supported.
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Alfvén waveg will experience strong reflection;
their flux 7F ~ p72. Although one cannot speak of
regular reflection here, since the wavelength con-
siderably exceeds the thickness of the chromosphere,
the physical meaning of reflection in this case is
that the lines of force will travel, preserving their
shape, so that the gas velocity V~ const. The en-
ergy density will then decline rapidly with height
and, as can readily be estimated, will be insufficient
to heat the chromosphere.

Accelerated waves should also experience
strong reflection. Here, however, the motions will
have a more complex character, and the reflection
law has not been investigated for the conditions of
a thin layer. The dissipation of these waves under
chromospheric conditions is small in any event,
but to explain coronal condensation we would have
to assume that about 1% of the flux emanating from
a spot penetrates into the corona. The accelerated
waves will not be dissipated in the corona either,
but at heights h>100,000 km the field weakens so
much in our model that Vo= Vg. Dissipation will
then be enhanced; moreover, some of the energy
will be transformed into retarded waves, which
will also dissipate, becoming weak shock waves.
Thus a qualitative model, which so far is difficult
to confirm by quantitative computation, could be
described as follows. Part of the energy in the
waves emanating from a spot would penetrate to
the intermediate coronal layers and dissipate there.
Energy will thence be transported by thermal con-
ductivity into lower coronal layers—into a coronal
condensation. This process will set up the small
temperature gradient in the corona that is needed
to explain the polarization at longer wavelengths.

Let us estimate the value of the mean tempera-
ture gradient in the corona. The radiation of a
coronal condensation (primarilv in the x-ray region)
amounts to about 2 + 108 ergs/ecm™2 - sec™1[22, 23].
This energy is radiated primarily by the low, dense
layers, and then enters the upper layers. It should

~ therefore be transported by thermal conduction.

The conductivity coefficient n=2- -107¢ T/2 [24]. Hence
Q=uVT =2-108T°:VT = 2-108. _ 3

- Setting T=2-10°°K and VT =AT/I, we have
AT/l1~2-107%, which for I=5-10° cm (a condensa-
tion as described in [25]) yields AT=108°K. This
would explain why the corona above spots radiates
in the green line, but at the top of the tube, coupled
to a spot, in the yellow line, corresponding to a
higher temperature [25].

The authors are grateful to G. B. Gel'frelkh
and E. Ya. Zlotnik for valuable discussions of
several topicstreatedinthe paper.
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