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ABSTRACT

Simultaneous observations at 2 and 6 cm wavelengths of a solar active region and of microwave bursts were
carried out with the Very Large Array. We find that the quiescent 6 cm emission is strongly associated with
photospheric sunspots and is dominated by gyroresonance radiation. The emission at 2 cm, on the other hand,
is due to free-free mechanism, and it originates from the chromosphere-corona transition region. From the
degree of polarization at the two wavelengths, the magnetic field is estimated in different parts of the active
region as 1000-1500 G.

The bursts observed could be divided into two categories depending on their spatial location and the rela-
tive times of maxima at the two wavelengths. The 6 cm burst emission is always spatially located close to the
magnetic neutral line, whereas the corresponding 2 cm emission could be either cospatial with the 6 cm source
at the top of a flaring loop or near the footpoints of the loop. We interpret the observations in terms of a
two-component flare model involving both thermal and nonthermal electrons. During a flare there is bulk
heating of the plasma to high temperatures as well as acceleration of the electrons. The 6 cm emission is
dominated by the gyrosynchrotron radiation of the thermal electrons, while the 2 cm emission is due to the
nonthermal electrons having a power-law energy distribution. The polarization data are used to estimate the
magnetic field in the flaring region as 160-350 G. The best-fit value of the power-law index of the nonthermal
energy distribution is ~4.

A DC electric-field flare model is invoked to explain the delay between the peaks of emission at the two
wavelengths. We show that, depending on the physical conditions in the flaring region and the strength of the
electric field, delays in either sense, i.e., higher frequency emission occurring earlier than the lower frequency
emission and vice versa, can be observed. From the delay, the strength of the electric field at the energy

release site is estimated to be 0.2-4 ustatvolt cm 1.

Subject headings: interferometry — radiation mechanisms — Sun: flares

I. INTRODUCTION

High-resolution multifrequency solar observations at centi-
meter wavelengths can provide important information on the
variation of temperature and magnetic field as a function of
height above quasi-stationary active regions; they also provide
information on the region of energy release during flares and
consequently on their triggering mechanisms. The generating
mechanism of active-region radio emission is wavelength-
dependent. The high-frequency radiation (above ~10 GHz)
and the low-frequency radiation (below ~1 GHz) are due to
thermal bremsstrahlung (e.g., Shevgaonkar and Kundu 1984;
Lang and Willson 1983), whereas for the intermediate fre-
quencies the radiation is dominated by low harmonic gyrore-
sonance absorption (Kundu et al. 1977; Velusamy and Kundu
1981; McConnell and Kundu 1983). The total intensity (I) and
circular polarization (V) maps at different wavelengths can
provide important information on the strength and structure of
magnetic fields in the corona. Indeed, the V maps can be
regarded as coronal magnetograms (Kundu et al. 1977).

In a flare the energy release region is usually located in the
low corona, and therefore the microwave observations can be
used to derive source parameters such as the ambient electron
density, the magnetic field strength, and the number of
gyrosynchrotron-emitting electrons. With a resolution of a few
arc seconds as presently available with the VLA, it is possible
to locate the flare energy release region within the complex

! On leave of absence from Indian Institute of Astrophysics, Bangalore,
India.

733

magnetic structure of the flaring region. The observations con-
ducted in the past (e.g., Alissandrakis and Kundu 1978; Marsh
and Hurford 1980; Lang, Willson, and Felli 1981; Kundu,
Schmahl, and Velusamy 1982; Willson 1983) indicate that the
radio bursts are generally located over the magnetic neutral
line, whereas their Ha counterparts are located in oppositely
polarized regions, which are identified as the footpoints of the
flaring loop. The changes in polarization structure and the
degree of polarization during the preflare and impulsive phases
have been exploited by Kundu et al. (1982) to infer the mag-
netic field topology in the flaring region. The observations by
Kundu et al. (1982), Velusamy and Kundu (1982), and Kundu
and Shevgaonkar (1985) have provided observational evidence
for evolving magnetic structures which interact with the pre-
existing magnetic field structures and trigger the flare. The
close association of hard X-ray bursts with the microwave
bursts suggests a common origin of energetic electrons radi-
ating in the two spectral domains. The energetic electrons
escape from the energy-release region at the top and are guided
along the magnetic field lines to the footpoints of the loop and
produce hard X-ray bursts. Simultaneous multifrequency
observations at microwaves and in hard X-rays are needed to
properly understand the radiation mechanisms operating in
different spectral domains and are therefore of much impor-
tance in modeling a flare. A two-component model with
thermal and nonthermal particles has been proposed by
Bohme et al. (1977); on the other hand, the dissipative thermal
model (Brown, Melrose, and Spicer 1979; Dulk, Melrose, and
White 1979) is also capable of explaining some observations,
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and the question of thermal versus nonthermal model is not
fully resolved at present.

In this paper, we present simultaneous VLA observations of
microwave bursts at 6 and 2 cm; we also discuss the observa-
tions of the active region in which the bursts occurred. Using
the full-day synthesis, I and V maps of the active region have
been produced. The radiation mechanisms at these wave-
lengths are discussed and the upper and lower bounds on the
magnetic field of the active region are derived. The radiation
mechanisms inferred from the observations are consistent with
the previous interpretations (Kundu and Alissandrakis 1984;
Shevgaonkar and Kundu 1984; Lang, Willson, and Gai-
zauskas 1983; Lang and Willson 1983). The bursts studied by
us have multiple peaks. The two-dimensional I and V snapshot
maps have been produced at 6 and 2 cm. From the brightness
temperature and the degree of circular polarization, the mag-
netic field in the microwave burst sources has been estimated.
The generating mechanisms responsible for 6 and 2 cm radi-
ation are discussed; it is concluded that the 6 cm radiation in
the bursts studied here originates from the bulk heated plasma,
whereas the 2 cm radiation is due to the nonthermal particles
generated in the energy-release process. Using a DC electric
field model of flares, we attempt to interpret the delay between
the peaks of emission at the two wavelengths. We show that
depending on the strength of the electric field and the density in
the flaring region, delays in either sense, ie., the lower fre-
quency occurring earlier than the higher frequency and vice
versa, can be observed. For the first time, an estimate of the
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F16. 1.—Full-day synthesis maps of the active region at 6 cm. For I map,
contour interval = 2.45 x 10° K; for ¥ map, contour interval = 0.91 x 10° K.

electric field in a flaring region is given using the microwave
observations.

II. OBSERVATIONS AND RESULTS

Simultaneous microwave observations at 2 and 6 cm wave-
lengths of a flaring active region and bursts were carried out
with the VLA in the C-configuration by dividing the 27
antennas into two subarrays. Fourteen antennas were used at 6
cm, and the remaining 13 were used at 2 cm. The two subarrays
over a 12 hr period provided a UV coverage of 600 -130 k4 at
2 cm and 600 1-60 kA at 6 cm. The observations were per-
formed with a receiver bandwidth of 12.5 MHz, and all the
visibilities were recorded with a minimum integration time
constant of 10 s. During the periods of burst observations,
snapshot maps were produced every 10 s. Excluding the times
during which the transient bursts occurred, the visibility data
over the entire day were used to produce the active-region
maps. The maps produced by Fourier transforming the visibil-
ities were CLEANed, using the standard routines available at
NRAO, and the CLEANed maps were convolved with a
Gaussian beam of appropriate size. The synthesized beam was
5" x 3" for the active region at both wavelengths, while for the
bursts it was 5” x 3”at 6 cm and2” x 176 at 2 cm.

a) Active Region Observations

Figures 1 and 2 show the total intensity and circular polariz-
ation maps of the active region AR 2992 at 6 and 2 cm. The
peak brightness temperatures are 2.8 x 10° K and 2.5 x 10° K
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F1G. 2—Full-day synthesis maps of the active region at 2 cm. For I map,
contour interval = 4.14 x 10* K; for V map, contour interval = 2.07 x 10*K.
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F1G. 3a

FiG. 3b

Superposition of the I map at (a) 6 cm and (b) 2 cm over off-band Ha picture

F1G. 3.
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F1G. 4a
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FiG. 4—Superposition of the I map at (a) 6 cm and (b) 2 cm over KPNO magnetogram (courtesy J. Harvey)
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at 6 and 2 cm respectively. The degree of circular polarization
at 6 cm is ~25%, and the maximum degree of polarization
occurs at the edge of the total intensity map. The polarization
is negligibly small in the region where the brightness tem-
perature is maximum. The 2 cm radiation exhibits a higher
degree of circular polarization, ~50%, and the peak of the
polarization spatially coincides with the total intensity
maximum. Superposition of the 6 and 2 cm maps over the
off-band Ha picture shown in Figure 3 indicates that the 6 cm
radiation shows fairly similar structure to the underlying sun-
spots, whereas the agreement between the 2 cm and sunspot
maps is not good, the 2 cm map being much smaller in size
than the overall extent of the sunspot group. On the right side
of the phase center of the map, the sources could be partly
attenuated due to the small primary beam (3') of the antenna,
but on the left side the absence of sources should be real and
cannot be due to attenuation by the primary-beam gain varia-
tion.

Comparison of the maps with the photospheric magneto-
gram (Fig. 4) reveals that the three 6 cm total-intensity peaks
do not lie over the magnetic poles but more or less coincide
with the magnetic neutral line. At 2 cm, the intensity peaks
coincide rather well with the regions of high magnetic fields;
two peaks coincide with positive polarity and the remaining
peaks with the negative polarity regions. The 2 cm map essen-
tially consists of the three regions I, II, and III. Region I orig-
inates from a strong polarity region in the magnetogram. This
source has a positive circular polarization of ~50%, the
polarization peak spatially coinciding with the total intensity
peak. Sources II and III are complex sources, each having two
strong peaks lying in oppositely polarized regions of the mag-
netogram. This indicates that the 2 cm radiation in sources II
and III originates from the footpoints of two magnetic loops.
For source II the degree of circular polarization is very small,
~12%, and for source III only one footpoint is polarized, by
~25%.

b) Burst Observations

On the day of observation (1981 November 13), several
bursts were recorded. We present here the results of study of
only two bursts, for which we had good visibility data. One
burst was observed between 18:20 and 18:35 UT and a second
one between 19:20 and 19:30 UT. The shortest baseline of
2000 wavelengths was used to plot the time profile of the bursts
at 6 and 2 cm. Figure 5 shows the time profile of the first burst
at the two wavelengths. This burst has six peaks, 4, B, C, D, E,
F,at2cm and five, A, B, D, E, F, at 6 cm, each lasting for about
60 s. The time profiles at 2 and 6 cm have one-to-one corre-
spondence except that peak C was observed only at 2 cm
without any corresponding signature at 6 cm. It is also clear
from the time profiles that the first two peaks, 4 and B, at 6 cm
occur later than the corresponding 2 cm peaks, whereas for the
later three peaks, D, E, and F, just the reverse is true, ie., the 6
cm radiation seems to peak before its 2 cm counterpart. Snap-
shot maps for every 10 s were produced over the period 18:21
to 18:35 UT. The structure of an individual burst source does
not seem to change much during its rising and decaying phase;
therefore only 10 s snapshot maps around the individual burst
peaks are presented here. Figure 6 shows the I and V maps for
all the burst peaks at 2 cm, and Figure 7 shows the correspond-
ing I maps at 6 cm. At 6 cm, the observed polarization was less
than ~ 10% ; therefore the polarization maps are not presented
here. The crosses in the 6 cm maps indicate the positions of the
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F16. 5—Flux vs. time profile of the first burst. At 6 cm vertical scale
normalization factor is 14.0 sfu; at 2 cm scale normalization factor is 0.7 sfu.

corresponding 2 cm emission peaks. It is clear from Figure 7
that for peaks 4 and B the 6 and 2 cm burst sources are not
cospatial. The burst peak B has its 6 cm I maximum lying
between the two isolated bright components of the 2 cm burst
source. Burst peak C at 2 cm has a structure similar to that of
peak B; however, it rises and decays more slowly than peaks 4
and B, and it has no 6 cm counterpart. For the first three burst
peaks A, B, and C, the degree of polarization is ~25% at 2 cm,
and the polarization peaks spatially coincide with one of the I
peaks. The later three burst peaks, D, E, and F, have somewhat
different characteristics. The maxima at 6 and 2 cm are cospa-
tial, and the 2 cm map shows a bipolar structure, with the
maximum degree of polarization being ~60%. In the V map,
the two peaks with opposite polarities lie on either side of the I
peaks, and the polarization is essentially zero at the intensity
peaks. For burst peaks D, E, and F there also exists a weak
source in the eastern direction of the main burst source at 2 cm.
There is no detectable emission from this source at 6 cm. From
Figure 8 it can be seen that the 6 cm sources are always located
approximately over the magnetic neutral line; however, for the
2 cm sources this is not always the case. For burst peaks A, B,
and C the I peaks are spatially coincident with the high mag-
netic field regions of the magnetogram; and the sense of
polarization is same as the underlying photospheric magnetic
field. On the other hand, for burst peaks D, E, and F, the
sources appear to be aligned more or less along the magnetic
neutral line. The burst sources are bipolar; however, the two
oppositely polarized regions appear to be aligned approx-
imately parallel to the preexisting neutral line of the active
region. The first three burst peaks, A, B, and C, and the later
three burst peaks, D, E, and F, appear to constitute two distinct
groups, for which the delays between 6 and 2 cm peaks have
opposite sign; also, the structures of these two sets of burst
peaks are different. Although peak C does not have any
counterpart at 6 cm, we group it along with the first two burst
peaks because it has characteristics similar to those of peak B
at2cm.

The second burst consists of two peaks. The first peak is
much stronger than the second one. The same burst was
observed by the SMM-HXRBS experiment. The hard X-ray
burst has a sharp rise and a comparatively slow decay. Figure 9
shows the time profiles of the burst at 6 cm, 2 cm, and in hard
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F1G. 8a

FiG. 84

F1G. 8—Superposition of I maps at the peaks of the first burst at 2 cm over KPNO magnetogram
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Fi1G. 9—Flux vs. time profile of the second burst. At 6 and 2 cm the
shortest baseline of ~ 2kA is used. The hard X-ray time profile in the energy
range 30-60 keV is also shown. For 6 cm, the normalization factor is ~ 8.5 sfu
and at 2 cm the normalization factor is ~0.9 sfu. For hard X-rays the
maximum count is 120.

X-rays. The hard X-ray and 2 cm radiations peak more or less
simultaneously, but the 6 cm intensity peaks later by ~15 s.
The 2 cm and hard X-ray emissions decay to preburst levels
within 3—4 min after the peak, but at 6 cm the postburst radi-
ation exists for a much longer duration at a level of ~20% of
its peak value. Figure 10 shows the 6 and 2 cm maps around
the peak of the burst. It is clear from the figure that this burst

(b) 2cm | (T)

—
10"

F1G. 10— maps around the stronger peak of the second burst at 6 and 2
cm. Contour interval = 2.6 x 10° K at 6 cm, 9.70 x 10* K at 2 cm.

also has characteristics similar to the first three peaks of the
first burst. That is, the 6 cm emission peaks after its 2 cm
counterpart; the 6 cm and 2 cm burst sources are not cospatial;
the 2 cm maxima are spatially coincident with strong magnetic
regions of the magnetogram; and the 6 cm burst source has its
maximum located close to the magnetic neutral line, and
between the two peaks of the 2 cm source. This burst will be
discussed along with the first set of burst peaks of the first burst
(18:20-18:35 UT).

III. DISCUSSION

a) Active Region

From the overlay of the 2 cm map over the magnetogram, it
is clear that the 2 cm radiation occurs in regions of strong
magnetic fields. Source I coincides with the base of a strong
unipolar region in the magnetogram, and the emission from
sources II and III originates from the footpoints of two mag-
netic loops. The brightness temperature Ty of source I is ~2.5

x 10° K, and for sources II and III it is ~1.2-1.5 x 10° K.
Computations (see Shevgaonkar and Kundu 1984) show that
for such low brightness temperatures, gyroresonance absorp-
tion cannot provide the required opacity. For a magnetic scale
height of ~10° cm, an electron temperature T, the same as the
observed Ty, an electron density N, ~ 10 ' cm™3, and the
angle between the magnetic field lines and the line of sight
0 ~ 30°, i.e., the same as the heliocentric angle of the active
region, the gyroresonance absorption even for the third harmo-
nic is optically thin, with 7, =~ 0.1 and 7, ~ 10~ %, On the other
hand, assuming a source size of ~5 x 10® cm and the same
values of N, and 6, the radiation due to thermal bremsstrah-
lung could be optically thick. Similar conclusions were reached
by Shevgaonkar and Kundu (1984) and Lang, Willson, and
Gaizauskas (1983). For the source parameters assumed above,
an electron temperature T, ~ 2.5 x 10 K and a magnetic field
of ~2000 G, 7, is only ~0.5, and the observed Ty will be only
~10% K. By simply increasing T,, the observed brightness tem-
perature of 2.5 x 10° K cannot be explained, since in the opti-
cally thin domain Ty varies as T, 2. The only possible
alternative is the enhancement of the electron density. An elec-
tron density of 1.5-2 x 10!° cm~3? is needed to make the
region optically thick. If the region is optically thick in the
extraordinary mode (ie, 7~ 1), the observed polarization
requires t, =~ 0.4, which implies a lower limit of ~1500 G for
the magnetic field in the radiating source. This value of mag-
netic field is consistent with the photospheric magnetic field of
2200 G in that region. For sources II and III, Ty of ~1.2-1.5
x 10% K could be originating from regions where N, ~ 10'°
cm™? and T, is the same as the observed Ty. The absence of
polarization in source II puts a lower limit of 10'° cm 3 for N,
and an upper limit of ~1000 G for the magnetic field strength.
In source III the observed polarization of ~25% over one pole
requires a magnetic field of ~1500 G which is also consistent
with the magnetic fields at the photospheric level in that
region.

At the altitude from where the 6 cm radiation originates,
taking N, ~ 10° cm ™3, it can be seen that for an electron tem-
perature T, > 2 x 10% K, thermal bremsstrahlung is optically
thin and the radiation must be due to gyroresonance absorp-
tion. The same conclusion was derived from the previous
observations of Kundu et al. (1977), Shevgaonkar and Kundu
(1984), and Lang and Willson (1983). The 6 cm V map shows
significant polarization only on the rim of the I map, probably
because away from the center of the active region the optical
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depth in general decreases, making both extraordinary and
ordinary modes or at least the ordinary mode optically thin.

b) Microwave Bursts

High spatial resolution observations of microwave bursts at
6 and 2 cm can provide information on the magnetic-field
topology of the region where the flare energy is released. The
two sets of the burst peaks, i.e., 4, B, C and D, E, F, as discussed
earlier, have different source morphology. Therefore they will
be discussed separately.
i) Burst Peaks I

Comparison of the radio maps with the photospheric mag-
netogram clearly indicates that the 6 cm burst source lies over
the magnetic neutral line, whereas with the positional accuracy
presently available it is difficult to say if the corresponding 2
cm sources are located in regions of opposite magnetic
polarity. Assuming that they are, it is easy to associate the
event with a single magnetic loop. However, if the northern
source at 2 cm lies in the region of same polarity as the
southern source, the event could be associated with multiple
loops, the northern source being a miniloop by itself. In that
case there must be a large loop presented between the two
regions of opposite polarities, as suggested by the 6 cm burst
position. Thus, if the energy is released in a large flaring loop,
the 6 cm emission seems to originate from the top of the loop,
while the 2 cm emission arises from the footpoints. For burst
peaks B and C, one of the 2 cm sources coincides with a region
of strong magnetic field in the magnetogram, and the other lies
in a comparatively weaker field. This is probably similar to the
case where the energy release takes place in an asymmetric
loop, as discussed by Kundu and Vlahos (1979). The polariz-
ation map is also consistent with this model, which accounts
for the unipolar burst radiation arising from the strong mag-
netic field. At 6 cm the brightness temperature Ty is ~3-7
x 107 K, and the degree of circular polarization is very low.
This low degree of circular polarization may imply that the 6
cm emission is thermal. Before discussing this point any
further, it is important to consider quantitatively the relative
contributions of the thermal and nonthermal emissions in the
total burst radiation.

First we shall compute the brightness due to the nonthermal
particles produced in the flare. It is believed that the flare
energy release region is located somewhere in the low corona,
where the magnetic field is a few hundred gauss. For fre-
quencies greater than ~5 GHz and magnetic fields of a few
hundred gauss, the approximate formulae given by Dulk and
Marsh (1982) can be used to compute the brightness tem-
perature. For the nonthermal electrons having an isotropic
pitch angle distribution, the effective electron temperature T,
the absorption coefficient k, ., and the degree of circular
polarization p for the optically thin case are given by

k ~ 14 % 10-7.6—2.1862 81.3+O.98¢7
% (sin 0)—0.09+0.726BZO.3+0.98&v1~01.3—-0.986N6 , (1)

o A 2.2 x 101070-148) g0.5-0.08(jp ) ~0-36-0.065

v 0.5+0.0856
‘ (#) L
2
p=~02

i -o. .056-0.74sin0+1. -1. 2
X 2.80.21+0.37sm010 0.42+0.056-0.74sin0+1.93 cos6—1.16 cos2 8

Vi) 021037 sin0 ;
X B, . 3

VNT

T,

€

Vol. 292

The electrons are assumed to have a power-law distribution of
type n(E) = KE~?, and K is related to N, the number of non-
thermal electrons per cm® with E > E, (10 keV), by the rela-
tion K = (5 — 1)E,°" !N, while v,,=v(Hz)/10'°, B, =
B(G)/10%, Ng = N(cm™3)/10°, and @ is the angle between the
magnetic field and the line of sight. Using formulae (1) and (2),
the brightness temperature T, = T, [1 — exp (—k, L)] (L is
the source dimension in cm) at 6 cm has been plotted against
the magnetic field strength in Figure 11. The values chosen for
the source parameters are N = 10° cm 3,6 = 3-5,0 = 25° and
70°, and B = 100-600 G. It can be seen from the plot (Fig. 11)
that for reasonable parameters, the emission at 6 cm is opti-
cally thin even for magnetic fields as high as 600 G, and there-
fore using equation (3) one obtains a degree of circular
polarization p 2 30% for a magnetic field greater than ~ 100
G. This means that the nonthermal particles if, there are any at
all, are trapped near the top of the loop—cannot account for
the observations which show very small polarization in the 6
cm source. The other possibility for the 6 cm radiation is that
the region is heated to a high temperature of ~1-7 x 107 K,
and the particles with a Maxwellian energy distribution
produce the emission due to the gyrosynchrotron mechanism.
The expression for the absorption coefficient for the mildly
relativistic case is (Zheleznyakov 1970; Dulk, Melrose and
White 1979):

s\ T2 1.796 x 10'°N,
van = 7'[1/2<5) ‘———‘—w‘c———
x (4811 x 107 1P T~ Y(sin 6)> (1 + cos 0)>, (4)

where @ = 2nv, T, = thermal temperature of the plasma, N, =
electron density of the thermal particles (cm™3), and

10°

T T 1T TTIT

T CK)

|06 1 L 1 Vd 1 I
0] I00 200 300 400 500 600
B (Gauss)

Fi1G. 11.—Brightness temperature due to gyrosynchrotron radiation of
nonthermal electrons having a power-law energy distribution vs. magnetic
field. 0 is the angle between the magnetic field and the line of sight. 6 = power
law index of the electron energy distribution. 4 = wavelength used for compu-
tation (6 cm).
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s = harmonic number = v/(2.8 x 10°B). For N, ~ 10'° cm 3,
v=5 GHz (A =6 cm), § = 70° and 25°, B = 100-600 G, and
T, = 1-7 x 107 K, the brightness temperature Ty(= T,[1 — exp
(—ky L)]) as a function of the magnetic field is plotted in
Figure 12. For the temperature range 3-7 x 107 K, the radi-
ation is optically thick for a magnetic field as low as ~160 G,
and the degree of polarization should be zero with Ty ~ T,.
These computations clearly indicate that the observations pre-
sented here require that the 6 cm radiation must be caused by
the bulk heating of the plasma up to temperatures of ~3-7
x 107 K in the energy-release region where the magnetic field
is 2160 G. Similar estimates of the magnetic field in the flaring
region were obtained by Velusamy and Kundu (1981) from the
lifetime of the electrons in the postflare loops. It should be
noted that for T, ~ 3-7 x 107 K, and an electron density of
101° cm 3, the free-free emission is negligible.

Using formulae (1), (2), and (4), one can show that at 2 cm
neither thermal not nonthermal particles in the 6 cm source
can produce high enough opacity due to gyrosynchrotron radi-
ation if the magnetic field is <200 G and 6 2 4. Thus from the
lack of spatial correspondence between the 2 cm and 6 cm
burst source and the absence of circular polarization at 6 cm,
we estimate a magnetic field of 160-200 G in the flaring region.

Since the 6 cm emission originates from near the top of the
loop, while the 2 cm emission comes from its footpoints, the
nonthermal particles with initial low pitch angle generated
during the flare are probably beamed along the field lines to
the footpoints of the loop. The possibility of a conduction front
moving down the loop is ruled out, because in that case the 2

10° T L T T T T
I
L A=6cm
6 =70°
6 =25°
8l
107 Te/107
C 7
o 6
- 5
. 4
— - 3
<
\'_"’n o 2
107 - |
r
|OG 1
0 I00 200 300 400 500 600

B(Gauss)

F1G. 12.—Brightness temperature due to gyrosynchrotron radiation of
thermal particles with Maxwellian energy distribution vs. magnetic field. 0 is
the angle between the magnetic field and the line of sight. T, is the thermal
temperature of the particles. A = wavelength used for computation (6 cm).
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cm emission will peak after the 6 cm emission and therefore
will not be consistent with the observations. The emission at 2
cm could be due either to gyrosynchrotron radiation of the
beaming electrons in the high magnetic field or to low harmo-
nic gyroresonance radiation in the thermal plasma produced
by thermalization of the nonthermal electrons. However, the
observed brightness temperature and polarization cannot be
explained by the gyrosynchrotron mechanism. For a high mag-
netic field of ~1000 G near the footpoints of the loop, the
degree of circular polarization is almost 100%, whereas the
observed degree of polarization is only ~40%. On the other
hand, the alternative possibility that the emission at 2 cm is due
to gyroresonance mechanism in the thermal plasma produced
by thermalization of the beam of the nonthermal particles can
explain the results better. Therefore, it appears that in this case,
although the emission at 2 cm is not due to the gyrosynchro-
tron radiation of the nonthermal tail, it indirectly supports the
presence of the nonthermal electrons.

It may be possible now to explain why in Figure 5 there is no
6 cm burst peak corresponding to peak C at 2 cm. Similarity of
the 2 cm maps for burst peaks B and C leads us to believe that
the energy-release site is probably the same for both burst
peaks, and only their temporal evolutions are different. By the
same energy-release site we mean that if the 6 cm source was
present for this burst peak it would have been approximately
at the same position as that of the 6 cm source for peak B, and
the absence of the 6 cm emission in this case is not due to a
change in the ambient physical conditions like electron density,
magnetic field, etc. It is possible that due to the long heating
time, the dissipative losses last long enough to prevent the
plasma from bulk heating to as high a temperature, and the
temperature does not rise to more than ~107 K. For this
electron temperature and a magnetic field of ~160-200 G, the
radiation at 6 cm is optically thin (Fig. 12), with Ty a few times
108 K, which corresponds to a flux of ~1 sfu, less than the
detection limit.

i) Burst Peaks I1

For burst peaks D, E, and F (Fig. 5), the 2 cm sources are
cospatial. (The weaker eastward component is discussed later.)
Like the peaks in the first set, the 6 cm sources for the second
set of peaks are also located over the magnetic neutral line, and
they are practically unpolarized. The 2 cm maps clearly exhibit
structural changes from one burst peak to another. The two
polarities of the bipolar structure observed at 2 cm appear to
be aligned along the neutral line of the photospheric magnetic
field. The change in polarization during the burst compared to
the preburst active-region polarization indicates that during
the burst an extra magnetic field emerges from the photo-
sphere, and the flare was probably triggered due to the inter-
action of this evolving magnetic flux with the quiescent
magnetic field of the active region. Triggering of a flare due to
the interaction of emerging flux with the field of a quiescent
active region has been suggested by Heyvaerts, Priest, and
Rust (1977) and suggestive observational evidence for such
interaction has been provided by Kundu et al. (1982) and
Kundu and Shevgaonkar (1985). Due to the bipolar nature of
the source and lack of polarization at the maximum of the I
map, the 2 cm radiation seems to come from the top of the
emerging loop.

Following arguments similar to those discussed for the first
set of burst peaks, one can show that the 6 cm emission is due
to the bulk heated plasma emitting gyrosynchrotron radiation.
From Figure 12 it is clear that the emission is optically thick
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for a magnetic field greater than 160 G. This means that the
absence of polarization at 6 cm provides only a lower limit of
~ 160 G on the magnetic field strength in the emitting region.
A better estimate of the magnetic field can come from the
observed Ty and the degree of circular polarization at 2 cm. As
discussed for the set of I burst peaks, the thermal particles at
temperatures ~3-7 x 107 K cannot contribute significantly to
the burst emission at 2 cm, which should be mainly due to the
nonthermal particles trapped near the top of the loop. This
indicates that the emitting region consists of bulk heated
plasma with the trapped nonthermal particles having power-
law energy distribution. A two-component model having a
core of nonthermal particles surrounded by a thermal halo has
been suggested by Bohme et al. (1977) from soft and hard X-ray
observations; however, they deduced a relatively high mag-
netic field of ~ 1500 G in the flaring region.

The brightness temperature of a uniform source having
homogeneously mixed thermal and nonthermal particles can
be given as

1, TNT)]}
Tg=—<1—exp| —1 1+—
P+ TNt/ TTH { pl: TH( TTH
el IR (1}
+————<1 —exp| —tnrl 1 + — , (5
1 + try/tnr T TNT, ®

where try = k., L; tyy = k,, L. L is the linear dimension of
the source, and k., k., and T, are given by formulae (1), (2),
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and (4). Using formula (5), the variation of brightness tem-
perature against the magnetic field is plotted at 6 and 2 cm
(Fig. 13) for source parameters T, = 10’-108 K, B = 100-600
G, 0 = 70° (appropriate for the source located near the top of
the loop at longitude ~30°), and 6 =3, 3.5, and 4. From
Figure 13 it is evident that even in a two-component source
model the 6 cm radiation is dominated by optically thick
gyrosynchrotron radiation from thermal particles in a mag-
netic field of greater than ~160 G. The 2 cm radiation is
optically thin for B < 400 G and becomes thermally optically
thick for B > 400 G and § < 3.5. To get the observed bright-
ness temperature of ~10° K at 2 cm, the value of § should be
between 3.5 and 4, and the magnetic field should be ~350 G
(cf. Fig. 13). For this magnetic field, since the 2 cm brightness is
essentially due to optically thin gyrosynchrotron radiation
produced by nonthermal particles, the degree of circular
polarization is given by equation (3). Near the top of the loop
located at S14W24, taking 6 ~ 45°, the degree of polarization
should be ~50%, which is quite consistent with the observed
degree of polarization at 2 cm.

As the eastern source at 2 cm shows enhancement in bright-
ness along with the main burst source, probably there are
multiple loops which flare simultaneously. The absence of the 6
cm source corresponding to this eastern component at 2 cm
can be explained by assuming that the flaring loop lies lower in
the solar atmosphere, and therefore the 6 cm emission is
absorbed by the higher optically thick layer of the active
region.

108

107

g
o
108
|05 1 1 1 1 1 1
0 00 200 300 400 500 600
B (Gauss)
FiG. 13b

F1G. 13.—Brightness temperature at (a) 6 cm and (b) 2 cm from a plasma volume with both thermal and nonthermal particles vs. magnetic field. T, is the thermal
temperature of the plasma and J is the power-law index of the nonthermal particle energy distribution. The angle between the magnetic field and the line of sight is

70°.
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iii) Time Delays between 2 and 6 cm Burst Peaks

From Figure 5 it is clear that the two groups of burst peaks
have delays of opposite sense between 2 and 6 cm. For the first
group (A4, B, C) for which the sources at the two wavelengths
are not cospatial, the lower frequency emission peaks later.
However, for the second group the lower frequency emission
peaks earlier than the high frequency emission. It should also
be noted that the rise time of all burst components at 2 cm is
~30 s and the apparent delay of the 6 cm emission peak must
be due to its initial slow rise time. Since the 6 cm burst radi-
ation is believed to be due to gyrosynchrotron radiation from
thermal electrons, it should be interesting to investigate
whether the delay is related to some characteristic heating time
of the plasma.

Brown et al. (1983) have tried to explain large delays
between the peaks of 5 and 15 GHz emission by a multiple
kernel model. In this model the source is assumed to be com-
posed of small kernels with different physical parameters. The
small kernels flare sequentially to produce minibursts with
much shorter duration. The rise time of an individual mini-
burst is ~L/V, (where L is the kernel size and V, is the Alfvén
velocity), whereas the rise time of the ensemble of the mini-
bursts could be much longer. With a low-temporal-resolution
instrument, only the ensemble of the minibursts is observed.
Since the different kernels have different physical conditions,
they have different spectral characteristics, with the result that
the spectral index changes with time. This change in the spec-
tral index during the burst appears in the form of a pseudode-
lay. Depending upon the physical conditions of the kernels,
there may be hardening or softening of the spectrum with time;
consequently either type of delay, i.e., high frequency emission
peaking later than the lower frequency emission or vice versa,
can occur.

Although this model is capable of explaining large delays in
either sense, it requires that the physical conditions must
change appreciably from one kernel to another. For flares
which occupy a large physical area, the presence of kernels
with substantially different physical conditions seems possible;
however, for compact flares this situation may not be realistic.
Further, the multiple-kernel model could apply if the burst
emission at the two wavelengths starts simultaneously but their
rise times are different. For burst peak A (in Fig. 5) and the
burst of Figure 9, it is striking that for about 10-20 s after the
onset of the 2 cm burst and hard X-ray burst (in Fig. 9), the 6
cm emission rises slowly and then it rises almost as impulsively
as the 2 cm emission (see also Shevgaonkar and Kundu 1984).
For the burst peaks in the second set (D, E, F), this initial
slow-rise phase is absent, and the 6 cm emission starts almost
as impulsively as the 2 cm emission.

As discussed earlier, our observations of the two flares are
consistent with the general understanding of the impulsive
phase of a flare which is characterized by the production of
energetic particles and rapid heating of a thermal plasma.
Some current solar-flare models propose a high DC electric
field to accelerate the particles. The high currents associated
with the electric fields in turn produce Joule heating of the
thermal plasma (Holman 1984). Since the low-frequency emis-
sion (6 c¢cm) is dominated by the emission due to thermal
plasma and the high-frequency emission (2 cm) is due to non-
thermal particles having a power-law energy distribution, it is
worthwhile to see if it is possible to attribute the observed
delay to the time difference between the heating of the plasma
and the acceleration of the particles (Shevgaonkar and Kundu
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1985). Using the relations given by Holman (1985), the Joule
heating time (¢;) and the nonthermal particle production time
(ty) are given as

N, T (v, \?
ty=4x 1071412 (=<) | 6
! X ABv, \v, ©)
N T1/2 v —-11/4
= -13 'rfe [Zc
ty=11x 10 ABv, <0e>

X exp [1.4<9£> ¥ 0.25<ﬂ>2] )
v, v,

where v, = critical velocity = 6(n/E)'/? (cm s~ '), N, = total
number of electrons in the thermal volume = N, V, N, = total
number of accelerated electrons, T, = thermal temperature of
the plasma (K), 4 =area of the current sheet (cm?),
B = magnetic field (G), v, = electron thermal velocity =
(kT,/m,)'"* (cm s™1), v, = collision frequency in the current
sheet = 300n, T,”*'* (s~ '), n, = electron density in the current
sheet (cm ~3), E = DC electric field in the current sheet (statvolt
cm™!), and V = volume of the thermal source (cm3).

Since the 6 cm radiation is due to a thermal plasma and the 2
cm radiation is due to nonthermal particles, ¢; and ¢, represent
the rise times of the 6 and 2 cm emissions. From formulae (6)
and (7),

tJ NT Ve 1o Ve Ve 2
S i —14{ =) —025(=<) |.
” 0 N <v> exp| —L4{ 3] = 025 . ®)

It is clear from equation (8) that the ratio t,/ty could be less
than or greater than 1 (i.e., the heating time could be less than
or greater than the acceleration time) depending upon the
thermal-to-nonthermal particle number ratio (N/N,) and
(v./v.). A typical microwave flare requires that 1032-103° elec-
trons be accelerated to energies ~ 100 keV, and from the 6 cm
source size (~ 1027 cm?®) and an ambient electron density 10°—
10'° cm~3, the total number of thermal particles is
~103%6-1037. This gives an approximate value of N;/N, of
~10*. Since the 6 cm emission originates from the top of the
loop, it is reasonable to assume that the thickness of the
thermal source is of the same order as the projected dimension
of the source. However, it should be noted that the conclusions
derived here do not critically depend on the choice of the
source volumes but are rather strongly governed by v /v,.
With a value of (N;/N,) = 104, for t; = ty, the value of (v,/v,)
is ~5-6. If (v./v,) <5 the acceleration time is smaller than
the Joule heating time (¢;); on the other hand, it is greater than
t, if (v,/v,) = 6. Therefore, depending on the source parameters
(ie., Ny/N,, E, n,, T,), delays in either sense are possible.

To make a more quantitative analysis of the delays, we con-
sider the two groups of burst peaks separately.

Group I (A, B, C)—From 6 cm observations of the burst
peaks A, B, C, and the burst in Figure 9, the volume of the
thermal plasma is ~3 x 102® cm?3. If the density in the 6 cm
source is ~10!° cm ™3, the total number of thermal particles
N =~ 10%%, The relatively unknown parameter is the area of
the current sheet, 4. Since the bulk heated plasma should be
surrounding the current sheet, the area of the current sheet is
less than or of the order of the dimension of the bulk heated
plasma (6 cm source). Taking the area of the current sheet (A4)
equal to the area of the 6 cm source, ie., 5 x 10'7 cm?, and
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magnetic field of ~160 G (see discussion), the mean rise time
is:

2
ty =~ 15 x 105ve"1<%) . )

e

Since ¢, is a function of T,, the mean rise time is at the mean
temperature. If the number of nonthermal particles is ~ 1032,

-11/4 2
ty & 350ve_1<%> exp [1.4(%) + 0.25(%) ] . (10)

Even if we take v./v, ~ 2 (i.e., particles with velocity =2v,
form a nonthermal tail), an electron density of ~2 x 10'*
cm 2 is needed in the current sheet to get the correct order of
magnitude for ¢; although ty could be of the right magnitude
for lower densities. The other alternatives are (a) the presence
of a plasma turbulence in the current sheet, creating an anom-
alous resistivity which is many orders of magnitude higher
than the classical value; (b) multiple current sheets ~10%, as
suggested by Holman (1984) to generate nonthermal hard
X-rays. However, the multiple current sheet model alone is
unable to explain the presence of an initial slow-rise phase
compared to the impulsive phase which starts a few seconds
later at 6 cm. On the other hand, if the anomalous resistivity is
present at the onset of the burst, ¢, and ty < 1 s; then with a
low-temporal-resolution instrument the emissions at both
wavelengths will be observed to rise simultaneously, with no
delay. This will not explain the initial slow-rise phase observed
at 6 cm, however. Therefore, at the very beginning of the burst,
the resistivity should be classical. The generation of anomalous
resistivity depends on instabilities which are excited if the drift
velocity (v,) of electrons in the current sheet exceeds the thresh-
old velocity v, = fC;; C, = ion sound speed (kT,/m;) and f'is a
function of the ratio of electron to ion temperature (7,/T)). For
T,~ T,f~ 35;for T, ~ 8T, f = &;and for T, > 10T,,f = 1.

Since vy, oc T,'* and v, oc T,>* (see Holman 1984), the ratio
Vg/Uu, ¢ T, 1., as the temperature increases the ratio v,/vy,,
increases, and after a threshold temperature at which v, = vy,
the instabilities are induced, the resistivity increases greatly,
and the emission at both frequencies increases impulsively.
Therefore, during the slow rise phase, to get the correct order
of magnitude for the 2 cm rise time, we need n, ~ 101°-10*!
cm™? in the current sheet. From the relation v./v, < 5 and
04/Vs > 1, we have 1071 S ET,/n, $2 x 107 1% ie, forn,
101 cm™3 and T, =~ 5 x 10° K (assuming that at this tem-
perature the anomalous resistivity is generated), we can esti-
mate the electric field in the current sheetas 2 x 1077 < E <
4 x 10~ ® statvoltcm ™!,

Group 11 (D, E, F)—For the second set of burst peaks (D, E,
F), the emission at both wavelengths rises impulsively and the
rise time at 2 cm is greater than that at 6 cm, i.e., t; < ty. From
equation (8), for t, < ty, v,./v, should be =6 if N;/N, ~ 10
For peaks D, E, and F the 2 and 6 cm observations give the
volume of the thermal plasma ~ 1027 cm?® and the volume of
the nonthermal source ~2 x 102® cm3. For a density of 10'°
cm ~ 2 for the thermal electrons and a density of ~10° cm ™~ for
the nonthermal electrons, N ~ 1037 and N, ~ 10*3. The esti-
mated magnetic field for these bursts is ~350 G. Since (v, /v,) is
large, for any reasonable value of electron density in the
current sheet, t; and ¢t are much larger than the observed rise
times if the resistivity is classical and if we assume a single
current sheet. Therefore it appears that at the onset of the burst
either the anomalous resistivity should be present or the flaring
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region should consist of many current sheets. If T, = T; (i.e., to
induce instability v, 2 35C,) in the flaring region, the condition
for getting anomalous resistivity is

ET,
£>2x 10710,

11
. (1)
Further, if t; < ty, the condition v,/v, 2 6 gives
ET,
£<04 x 10719, (12)

n

e

From equations (11) and (12) it is obvious that the anom-
alous resistivity cannot be obtained unless vy, is reduced. A
reduction in v, in turn means that T, > T;. Even with this
condition, v./v, cannot be higher than ~7. If electrons are
much hotter than ions (T, > T;), the ion acoustic instability
dominates and the collision frequency is (Holman 1984):

Verr & 300n,12 571, (13)

To get a rise time of ~30 s at 2 ¢cm, if n, = 10*°~10!! cm 3
in the current sheet, (v./v,) should lie between 6 and 7. From
equation (12) the estimate of the electric field in the current
sheet is <1.3 x 1077 statvolt cm ™! if N, ~ 10'° cm ™3, and
< 1.3 x 10~ 8 statvoltem 2 if N, ~ 10'! cm 3,

In the alternative possibility, if we assume the classical resis-
tivity but a large number of current sheets, ~ 10*, there is no
lower bound on the strength of the electric field as given by
equation (11), and therefore one need not conclude that in the
flaring region the electrons are much hotter than the ions.

IV. CONCLUSIONS

a) Active Region

1. The emission at 6 cm is due to gyroresonance absorption
and is strongly associated with the sunspots.

2. The edge of the 6 cm source exhibits a higher polarization
because away from the center of the source both extraordinary
and ordinary modes become optically thin.

3. The peak of the 6 cm radiation is located close to the
magnetic neutral line; this indicates that if the emission is
associated with magnetic loops it originates from near the tops
of the loops.

4. The radiation at 2 cm is in general due to thermal brems-
strahlung. Mostly the extraordinary mode is optically thick,
whereas the ordinary mode could be optically thick or thin
depending on the strength of the magnetic field in the 2 cm
source.

5. The electron density at a height from where the radiation
at 2 cm originates is = 10'%cm 3,

b) Microwave Bursts

1. The 6 cm burst source is located close to the magnetic
neutral line of the quiescent active region, whereas the 2 cm
source occurs either close to the magnetic neutral line or near
the magnetic poles.

2. The 6 cm radiation could be accounted for by the
gyrosynchrotron emission due to thermal electrons heated to
3-7 x 107 K.

3. The radiation at 2 cm is associated with nonthermal elec-
trons having a power-law energy distribution. Depending on
the density and magnetic field, the 2 cm radiation could be due
either to gyrosynchrotron radiation of the nonthermal par-
ticles or to low harmonic gyroresonance radiation in the
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thermal plasma produced by the thermalization of the non-
thermal particles in the dense plasma.

4. From the degree of circular polarization at 2 cm, the
magnetic field in the flaring region is estimated to be 160-350
G.

5. The best-fit value of the power-law index J of the energy
distribution of the nonthermal particles is ~ 4.

6. Some of the burst components show emergence of new
magnetic structures around the peak.

7. The observations presented here support the two-
component model with thermal and nonthermal particles.
During the impulsive phase the electrons are accelerated along
with the bulk heating of the plasma, but the heating time of the
plasma and the nonthermal particle production time could be
different.

8. The time delays between the peaks of emission at two
wavelengths could be due to the time difference between the
heating of plasma and the production of nonthermal particles.

9. Depending on the physical conditions and the strength of
the electric field in the current sheet, delays of either sense can
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be obtained. The magnetic field does not play a dominant role
in deciding the value and the sense of the delays.

10. The classical Coulomb resistivity is not always adequate
to explain the observations, although a flaring source with
multiple current sheets without turbulence can approximately
account for the rise time of the burst. During the impulsive
phase, along with the large number of current sheets, turbu-
lence could be present to produce anomalous resistivity which
is many orders of magnitude higher than the classical value.

11. Delays between the peaks of emission at different wave-
length can give an estimate of the electric field if the electron
density in the current sheet is known. For an electron density
of 10'! cm ™3 the electric field is 0.2 < E < 4 ustatvolt cm ™ L.
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