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The results are given of a statistical treatment of the sizes of local sources of radio emis-
sion associated with sunspot groups of small area. The investigation is based on observa-
tions of the sun at a wavelength of 4.5 cm with a resolution of about two minutes of arc
made with the large Pulkovo radio telescope during 1962-1965. It is found that local sources
associated with unipolar sunspot groups are 1.5 times larger than local sources associated
with bipolar sunspot groups. For bipolar sunspot groups the local sources have dimen-
sions of the same order as the sizes of the groups in the photosphere: inthe unipolar case
the local sources are 4-6 times larger than the associated groups. The correlation coeffi-
cient of the sizes of the local sources with the areas of the sunspot groups and also with
the intensity of the magnetic field in the spots is found to lie between the limits 0.5 and 0.7.
The dependence of the sizes of the local sources on their distance from the center of the
disk of the sun is close to but a little weaker than a cosine law for the unipolar groups: in
the case of bipolar groups practically no dependence at all is found.

The determination of the sizes of local sources
of solar radio, emission associated with active re-
gions has attracted the attention of many investiga -
tors. Christiansen et al. found [1] that the contours
of the local sources at a wavelength of 21 em
closely coincided with the contours of the flocculi,
having the dimensions 3'-10'. Observations in the
range 8 mm to 10.7 cm [2-14], made with radio
telescopes of high resolving power, show that the
sizes of the local sources are less than at 21 cm
and lie within the limits 1' and 3', sometimes up to
5'. It follows from eclipse observations of the sun
in the centimeter range [15] that the sizes of the
local sources closely coincide with the optical sizes
of the associated sunspot groups. The dependence
of the sizes of the local sources on the wavelength
was specially investigated by a number of authors
[16] for ten large sources on the sun, and in [17]
was investigated on the basis of observations of the
eclipse of the sun on February 15, 1961. It was found
that for large sources in the centimeter range their

" sizes showed practically no dependence on the wave-

length and only increase at the wavelength 21 cm.

In [14] a case is mentioned in which the sizes of the
local sources differed considerably for two neighbor-
ing wavelengths. In[8,9,11] itwas shown that the local
sources have the form of a bright region of small dimen-
sions (nucleus) surrounded by a weak aureoles; an
extended source with dimensions up to 10'. The
nucleus is apparently connected with the sunspots
and the aureole with the flocculi surrounding the
corresponding sunspot group. Such a structure can
also be seen in examples of detection of solar
radio emission carried out in the investigations [5,
7, 13, 14]. Some observations reveal the presence
of fine structure in the composition of the bright part
of the local sources. In nonpolarized radiation
local sources were observed which consisted of

two nuclei,corresponding to the leading and follow-
ing parts of a bipolar group [2, 7, 11, 27]. Observa-
tions in polarized radiation reveal that a local
source associated with a bipolar group is also bi-
polar [18-20]: it also follows from eclipse observa-
tions [18, 19] that a local source breaks up into sev-
eral very small parts, reflecting the structure of
the associated sunspot group.
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ng. 1. Cross section of the directional diagram of the large Pul-
kovo radio telescope on the celestial sphere at levels 0.5 and 0.05 -
of maximum power, AB is the trajectory of the center of the solar
disk through the directional diagram; A'B' is the trajectory of the
local source. The curves @ and b show the size of the directional
dia'gra'm at the level 0.5 of maximum power in sections parallel

to AB.

In this paper we investigate the dependence of
the sizes of the bright regions of the local sources
found by observations with high resolution on vari-
ous optical characteristics of the associated sun-
spot groups. ’

The investigation is based on observations
made at a wavelength of 4.5 cm by N. G. Peterova
with the large Pulkovo radio telescope during 1962-
1965. As is known [21, 22], the -"beavertail®™ direc -
tional diagram, of the large Pulkovo radio tele-
scope has a rather complicated form (see Fig. 1),
which changes depending on the angle of the point
of observation. The antenna of the radio telescope
was directed so that the center of the sun passed
through the center of the diagram. The sources
situated on the sun could intersect the directional
diagram of the antenna at different distances from
the central section AB of the diagram, and therefore
for these the size of the diagram in these sections
differed from that of the central size of the diagram.
Thus, in order to take proper account of the influ-
ence of the width of the antenna diagram on the
determination of the size of the local sources, it
was necessary to khow, for each local source, at
which diagram width it was observed. The sizes of
the corresponding diagram sections were deter-
mined by calculations from the known field distribu-
tion in the antenna aperture. It was found that the
sizes of the sections of the antenna directional di-
agram for different source detections varied with-
in the limits 1'.70 and 3'.30.

The effective size of the local sources was de-
termined by the known formula (assuming a Gaus-
sian form of the antenna diagram and a one-dimen-

sional distribution of the radio brightness of the
local sources)

By =7VB:— 02(h, y),

where B; is the size of the source; B is the

size of the source for detection at the half-power
level; 6 (h, y) is the size of the diagram section

at the half-power level in the given section, which
depends both on the height h of the sun above the
horizon and on the distance y of the source from the
diurnal circle of the center of the solar disk.

In Fig. 2 we give the histograms of the sizes of
the local radio sources for bipolar and unipolar
sunspot groups respectively. Inthe bipolar groups
we included groups of the classes C, D, E, F, and
G according to Waldmeier's classification and in the
unipolar, groups of the classes A, J, and sometimes
H (of simple structure). The mean size of a local
radio source for bipolar groups was equal to 1'.4
and for unipolar groups By = 2'.2. Thus, inthe
mean, the sizes of local sources associated with
unipolar groups are approximately 1.5 times great-
er than for those associated with bipolar groups. It
is clear from the given histograms that the dis-
persion of the sizes of the radio sources is fairly
large (0 =0'.8). The sizes of the radio sources
can attain 4' and at the same time there are alsoa
number of cases when the sizes of the local sources
are less than 0'.5 (the error in the determination of
the size of a local source is of the order of 0'.5).
For bipolar sunspot groups the number of radio
sources with dimensions less than 0'.5 attains 15%
of the total number of cases, whereas for unipolar
sunspot groups only 5%. The unipolar sunspots as-
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Fig. 2. Histograms of the sizes By of local sources at a wave-
length of 4.5 cm associated a) with bipolar sunspot groups, mean
size §o =1'4, o = +0'.8; b) with unipolar sunspot groups, mean
size Bg= +2'.2, 0 = £0'.8,
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Fig. 3. Correlation diagrams of the relation of the sizes By of the local sources at the wave-
length 4.5 cm to the quantity Sd/(Sp)‘/‘ = 2L cos@: a) for bipolar sunspot groups (r =
0.62 + 0.06) b) for unipolar sunspot groups (r = 0.67 + 0.08)., The dashed lines give the

regression equations.

sociated with the local sources investigated by us
had areas which basically fell within the limits of
100 to 300 millionth parts of the solar hemisphere,
whereas the bipolar sunspot groups had areas up to
1000 millionth parts of the solar hemisphere. It is
interesting to compare the dimensions of local
sources associated with both types of sunspot groups
forthe same values of the area. The mean size of

‘local sources associated with unipolar spots having

areas from 100 to 300 millionth parts of the solar
hemisphere was equal to 2'.4, For bipolar sunspots
with areas lying in the same interval, the mean size
of the local sources was equal to 1'.1, which is 2.2
times less than the first.

In order to find the relation of the sizes of the
local radio sources with the optical characteristics
of the associated sunspot groups, we constructed
the dependence of the sizes B of the local sources
on Sp (the area of the group in millionth parts of
the solar hemisphere), on Sy (the apparent area
of the group in millionth parts of the solar disk),
and on the quantity Sq/(Sp)/ = 2Lcos6. Here 0 is
the angle seen from the center of the sun between
the directions to the earth and to the sunspot group,
and L is a certain effective size of the sunspot
group, related to Sq and Sp by the equations

Sp =I/z’
S¢ = 2L2cos 6.

The quantity Sq/ (Sp)V2 to a certain degree takes ac-
count of the perspective contraction of the linear
dimensions of the sunspot groups along the radius
of the solar disk depending on the angle 6. In Table
1 we give the correlation coefficients of the sizes
By of the local sources with the quantities Sy, Sd,
,Sd/'(Sp)’/z, and also with H, the maximum intensity
of the magnetic field in the sunspot group. The val-

ues of Sp, 84, and H were taken from the bulletin
"Solnechnye Dannye."

It is clear from this table that the correlation
of By with Sq/(Sp)¥? is the best compared with S
and Sq both for bipolar sunspot groups and es-
pecially for unipolar sunspot groups. Evidently
this is related to the dependence of the sizes of the
sources on their position on the solar disk. In Fig.
3 we give the dependence of the sizes of the local
sources on the quantity Sd/ (Sp) ¥2 for bipolar and

unipolar sunspot groups. Apart from our data, we
have also marked in Fig. 3 (with crosses) data taken
from [16]. These data refer to large sunspot groups
(we had only a few such groups): evidently it con-
forms to the general dependence between B; and

Sq/ (Sp)’/z, somewhat amending it. The correla-

tion coefficients in Table 1 were evaluated taking
account of these data.

From Table 1 it is clear that the correlation
coefficients of the sizes of the local sources with
the maximum magnetic field intensity in the sun-
spot groups are about the same for bipolar and
unipolar fields and equal to 0.5. In Fig. 4 we give
the correlation diagrams for bipolar and unipolar
sunspot groups respectively. Generally speaking

“the unipolar spots have magnetic field intensities

within the limits of 2000-3000 Oe. The mean size

TABLE 1

Correlation coefficient r

Correla- :
tion of By | bipolar groups |unipolar groups

Sp 0.49540.075 | 0.275+0.123
S 0.513+0.070 | 0.570+0.090
SJVSs | 0.623+0.062 | 0.670+0.077
d/H r 0.5101-:0.079 | 0.490+0.110
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Fig. 4. Correlation diagrams of the relation of the sizes By of the local sourees at a wave=-
length of 4.5 cm to the maximum magnetic field intensity H in the sunspot group: a) for
bipolar sunspot groups (r = 0.51 + 0,08); b) for unipolar sunspot groups (r = 0.49 + 0.11).
The dashed lines give the regression equations.

of the associated local sources is about 2'.4. For
bipolar groups with the same values of the mag-
netic field intensity the mean size of the local
sources is approximately 1'.5, which is 1.6 times
smaller than the first.

We also carried out a comparison of the sizes
of the local sources with the sizes of the associated
sunspot groups. The sizes of the sunspot groups
were determined from prints from the photo-helio-
grams made at the mountain station at Kislovodsk.
We only had at our disposal photographs of the sun
from July 1964 onward, so in view of the lack of data
we give here only preliminary results of this com-
parison. For bipolar sunspot groups the sizes of
the local sources proved to be of the same order
as the optical dimensions of the associated sun-
spot groups. This corresponds to the results found
previously by various authors [2-15]. For unipolar
sunspot groups the sizes of the local sources were
approximately 4 to 6 times greater than the size of
the associated sunspot group: here one should re-
member that the distance between the spots is in-
cluded in the size of a bipolar group, whereas a uni-
polar group is mostly represented by only one spot.

The data obtained enabled one to estimate the
dependence of the sizes of the local sources on their
position on the sun. The perspective contraction of
a plane source along the radius of the disk of the sun
is expressed by the function cos 6 . It is possible
to obtain such a dependence for a uniform plane
circle also when detecting a one-dimensional
brightness distribution at an arbitrary orientation
of the radius-vector of the source with respect to
the direction of the diurnal motion of the sun. As
can be shown (see Fig. 5), the size of a source with
coordinates (¢, 6 ) along the axis OX is equal to the
size of a source situated on the axis OX and having
the coordinates (0, '), whereby sin6' = sinf cos ¢,
and the size of the source is equal to Lcosé"'.

<
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Fig. 5. Explanation of the determination of the size of the local
sources. The large circle is the solar limb. The circle and the
ellipses are images of a plane circular source with diameter L
situated on the sun, projected onto the celestial sphere. It is shown
that the size of the source along the axis OX (the direction of the
diurnal motion of the sun) depends only on sin 6' = sin 6cos ¢

and is equal to L cos9'. The heavy line segments are the diam-
eters of the circles, parallel to the solar equator and equal to
Lcos L. :

In the case of a plane source significantly
elongated in longitude (or, for example, a source
consisting of two parts separatedin longitude), the
perspective contraction of dimensions is expressed
by the function cos I, where ! is the longitude of
the source from the central meridian. However,.
since observations of the sun with the large Pulkovo
radio telescope are carried out at the meridian, and
since the sunspots are situated in the equatorial zone
of the sun, it follows that, taking the average over
all possible angles P (the position angle of the axis
of rotationof the sun, less than 27°) and all possible lati-.
tudes of the sunspots, one obtains a dependence an-
alogous to cos 6. .

_ For all local sources we determined the values
of p = Rpsing' and cos 6', and for the intervals of
p equal to 0-0.3Rp, 0.3-0.6R¢, and 0.6-1.0Rp we
evaluated the mean values of By, §;, cos ¢and p. In
order that our data should be more or less uniform
we restricted ourselves to sources for which the
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Fig. 6. Dependence of the radio sizes of the local source on their position
on the solar disk ("directional” effect). E, is the mean size of the local
source for the intervals of p from 0 to 0.3R¢, from 0.3 to 0.6R, and from
0.6 t0 1.0Rc. L cos @” is the computed mean size of a plane circular disk
with diameter L for the same intervals of p. Sy is the mean area of the
sunspot groups associated with the local sources for the same intervals of
p. From a comparison of the behavior of By and L cos 6" it is clear that:
a) the. "directionality” of the unipolar local source sizes is close to but a
little weaker than a cosine law (at p = 0 the size of the local source is
equal to 2'.5, and at p = 1 the size of the local source is of the order 0'.5
to 1'.0); b) the size of a bipolar local source is practically independent of
p (at p = O the size of the local source is equal to 1'.5, and at p = 1 the
size of the local source is of the order 1',0 to 1'.5).

areas of the unipolar and bipolar sunspot groups
were Sp < 200 and Sp < 400 millionth parts of the
solar hemisphere respectively, rejecting the rare
cases during our observations of large areas. It
turned out that for unipolar sunspot groups the val-
ue of the quantity S'p was approximately the same in
all three intervals, and that for bipolar sunspot
groups the value of §p in the first interval was slight-
ly lower than in the other two (see Fig. 6). The re-
sults of the calculation are given in Fig. 6a for uni-
polar sunspots and in Fig. 6b for bipolar sunspot
groups. L has been chosen such that in the first
interval By = Lcos 6'. It is clear from these fig-
ures that By does not change as fast as cos 8, but it
is not clear how 'Eo varies for p close to unity (in the
angular limits of 6 from 50-90°). Formally, in
order to elucidate this, one can make use of deter-
minations of the sizes of local sources at p = 1.
The separation of a limb source in the detection

is difficult, since the local source is situated in

the section where there is a rapid fall in bright-
ness from the "quiet" sun; however, with accurate
analysis it is still possible to separate a source re-
liably and to determine its size. We have two deter-
minations of the sizes of local sources for unipolar
sunspot groups situated on the limb, giving By = 1'.0,
and four determinations of the sizes of local sources
for bipolar sunspot groups, giving By within the
limits 1'.0 and 1'.5. Taking account of these deter-
minations of the sizes, we found that for local

sources associated with unipolar sunspots the size
B, does depend on their distance from the center

of the solar disk, but weaker than should be the

case for plane sources. For local sources asso-
ciated with bipolar sunspot groups there is prac-
tically no dependence ofthe size By on their posi-
tion on the solar disk. Sources associated with sun-
spot groups can be both circular and also significant-
ly elongated in longitude (these alternatives can be
distinguished by two-dimensional observations of the
sun), but in both cases they are apparently fairly
extended in height.

It is clear from what we have said above that
the local radio sources associated with bipolar and
unipolar sunspot groups have significantly differ-
ent characteristics. In Fig. 7 we give schematic rep-
resentations of the possible form of radio sources
based on the geometrical relationships found above.

If one assumes that the height of the layer re-
sponsible for the emission at the wavelength 4.5
cm of the "quiet" component of the solar radio
emission is about 10 to 15 thousand km, and that the
local sources are situated above this layer, then,
taking account of the extension in height of the local
sources found above, we find that the height of the
radio emitting region must be about 30 thousand km
for unipolar sunspot groups, and 40 thousand km
for bipolar sunspot groups. Local sources situated
at the edge of the solar disk and having dimensions
of 2' to 3' have also been observed by a number of
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Fig. 7. Schematic representations of the possible form of local sources
at a wavelength of 4.5 cm associated with a) unipolar and b) bipolar
sunspot groups. The thick line segments represent the sunspots on the
photosphere; the dashed areas represent the local sources situated above
a level of 15-10° km over the surface of the photosphere; the curved
lines represent the magnetic lines of force, which penetrate the local

sources.

other authors, for example [2, 3]. Thus, on the basis
of the sizes of the local sources situated at the solar
limb, one can conclude that the heights of the radio
emitting regions attain 40 thousand km. One may
also mention that such values for the heights are in
good agreement with the determinations of the
heights of coronal condensations by optical methods,
and also with certain height determinations from
radio observations of local sources, for example,
in [3-5].

In [23] a model of a local source is constructed,
based on the assumption that regions with the tem-
perature of the corona descend to just above the sun-

spots. Although this model explains some character-

istics of local sources, itis in disagreement with the
relatively large heights of local sources as deter-
mined from the observations. However, if one at-
tributes an important role in the radio emission of
local sources to coronal condensations, it may be
possible to avoid this difficulty. The form and di-
mensions of a coronal condensation are evidently
closely interconnected with the structure of the
magnetic field in the corona above the sunspots.
Thus, information about the form of local radio
sources gives some indication of the form of the
magnetic field above the sunspots. The increase
in the sizes of local sourceson going from bipolar
to unipolar sunspot groups would appear to be re-
lated to the change in the structure of the magnetic
field supporting the coronal condensation. Since
the local source associated with a unipolar spot

is considerably larger than the spot itself, it is
necessary for the lines of force of the magnetic
field which penetrate the local sources to diverge
considerably to the sides of the sunspot (see Fig.
7a), covering a large area on the photosphere. This
conclusion is qualitatively in agreement with the
results of investigations made with the help of a
magnetograph of the magnetic field structure of

unipolar sunspots [24-26]. The lines of force of
the magnetic field of a bipolar group must, ap-
parently, form a more compact system in-the co-
rona (Fig. Tb).

We mentioned above that a fairly large number
(15%) of local sources associated with bipolar sun-
spots had dimensions less than 0'.5. One might
imagine that such small dimensions resulted from
the predominant radiation of just one principal sun-
spot in the group. In order to check this supposi-
tion we give in Fig. 8 the dependence of the sizes
of the local sources in bipolar groups on the ratio
of the area of the principal sunspot Spr to the area
of the whole group S,. From the diagram it is
clear that any sort of prevalence of small sizes for
groups with a dominating principal sunspot is miss-
ing. This makes the above supposition doubtful
and shows that the small source size is connected
with the complete structure of the group and not
with a separate detail of it. However, for a final
solution of the problem it is necessary to have a
direct comparison of the coordinates of the small
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Fig. 8. Dependence of the sizes B, of the local sources on the
ratio Spr/sp for bipolar groups. Sources having dimensions less
than 1°,0 are associated with groups in which the area of the princi~
pal sunspot makes up 0.3 to 0,6 of the area of the whole group.
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local sources with the detailed structure of the
group.

Thus, from the statistical evaluation of the ob-
servations of the sizes of local radio sources
at a wavelength of 4.5 cm, carried out during the
years of minimum solar activity for sunspot groups
of small or medium area, we obtain the following
results. .

1. The sizes of the local sources associated
with bipolar sunspot groups are on the average
1.5 times less than the sizes of the local sources
associated with unipolar sunspot groups. The
mean size of a bipolar source is equal to 1'.4 and
that of a unipolar source to 2'.2. The dispersion in
size is in both cases rather large and is £0'.8. One
obtains a more pronounced difference of the sizes
of the local sources if one compares local sources
for groups of sunspots with the same areas. For
areas Sp from 100 to 300 millionth parts of the
solar hemisphere, the unipolar radio source is
2.2 times larger than the bipolar source.

2. The sizes of the local sources associated
with bipolar groups are of the order of the dimen-
sions of the groups themselves on the photosphere.
Local sources associated with unipolar groups are
4 to 6 times larger than the spots themselves.

3. The sizes of the local sources are correlated
with the areas of the associated groups of sunspots.
The largest correlation coefficient is that for the
sizes of the local sources with the quantity
Sa/ (Sp)’/2 ~ cos 6 and is equal to 0.6 to 0.7.

4. The correlation coefficient of the sizes of
the local sources with the maximum value of the mag-
netic field intensity in the group is equal to ~0.5
for the unipolar and bipolar sunspot groups.

5. A comparison of the sizes of the local
sources situated at the center of the solar disk with
those at the limb shows that the extension of the
local sources associated with unipolar groups along
the surface of the sun is 2 to 3 times greater than
that in height. Local sources associated with bi-
polar groups have a form which is nearly spherical.

The authors express their sincere gratitude to
G. V. Gelfreikh for suggesting this investigation
and for constant interest during its execution and
also thank M. N. Gnevyshchev for photographs of the
sun.
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