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Abstract. The powerful X9 class flare was investigated
using interferometric data of Nobeyama Radioheliograph
(17 GHz) and SSRT (5.7 GHz). According to images ob-
tained in circular polarization, it was found that the mi-
crowave burst was generated consequently in the sites,
where opposite magnetic loops were in the close contact.

Steady exponential growth of the total microwave flux
in the initial stage of the flare under significant reconstruc-
tion of the radio sources certifies that the development of
the flare was conducted by some large-scale instability.

Radiation during the impulsive phase was produced
by gyrosynchrotron emission of electrons trapped within
a wide dome-like volume with B ~ 300 G and n =~
2 10'% cm—3.

In the decay phase, the emission at higher frequencies
was mainly produced by bremsstrahlung from high loops
emitting soft X-rays. There is evidence of the energy re-
lease long after the impulsive phase: an intensive, rather
compact microwave source in the locus of contact of two
oppositely polarized regions in these loops and sub-bursts
during 2 hours after the peak at low heights.

For the first time, a compact source of the sub-second
pulses at 17 GHz was found to be located as high as
15 103 km. They were due to gyrosynchrotron emission.
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1. Introduction

There is a great interest to limb flares which show
development of flares in height above the photosphere
with emphasis of the coronal part of emission. An X9 class
flare occurred on November 2, 1992 in the active region
NOAA 7321 behind the western limb. It was a prominent
Long-Duration Event at the decline of the 22 solar cy-
cle: its decay lasted over 30 hours. The flare was recorded
both by the Nobeyama Radioheliograph (NRH, 17 GHz)
and the Siberian Solar Radio Telescope (SSRT, 5.7 GHz).
The interest in this powerful flare is motivated, first, by the
possibility to study microwave emission mechanisms which
manifested themselves in extremely wide range of four or-
ders of magnitude together with evolution of the spatial
structure of microwave burst sources using two frequen-
cies. Second, sub-second pulses were observed at both fre-
quencies. So it is possible to estimate the heights above the
photosphere and plasma parameters of sub-second pulse
sources observed in this limb flare.

Some papers have been published devoted to study of
different aspects of this flare: observations of sub-second
microwave spikes at 5.7 GHz (Altyntsev et al. 1995); ac-
celeration of high-energy electrons (Nakajima & Metcalf
1995); long-duration decay stage with large system of as-
cending H, and soft X-ray (SXR) loops (Ichimoto et al.
1993; Feldman et al. 1995). The most powerful part of the
impulsive phase of the flare was studied by Nakajima et al.
(1998) using mainly hard X-ray Yohkoh and NRH data.

However, some aspects and features of the flare remain
obscure. The overall scenario of the flare is still vague.
The structure of the magnetic field and the physical con-
ditions in the flaring plasma were not sufficiently inves-
tigated. These points constitute the main subject of the
present paper.

Some specific issues we would like to address are as fol-
lows: observational material (Sect. 2), physical conditions
derived from the observations (Sect. 3), the magnetic con-
figuration and the proposed scenario for the flare (Sect. 4).
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2. Observations

According to GOES data, the flare started at 02:30 (all
times are given in UT). The latitude of flare site was 25°.
The time interval of analysis is 00:23 — 06:00.

We used in this study primarily the following data.

— Radio maps of brightness temperature in intensity
(I-images, I = BCPHLOP with RCP and LCP being
right- and left-handed circular polarization) and po-
larized emission (V-images, V = W) obtained
at the NRH with 1 s temporal and ~ 10" spatial res-
olution (Nakajima et al. 1994). Data of 50 ms time
resolution was also available.

— A series of 1-dimensional spatial profiles of
intensity and polarization distribution across the
Sun (1-D scans) obtained at the SSRT with an
interval of down to 56 ms (Smolkov et al. 1986;
Altyntsev et al. 1994). The angular resolution of the
SSRT varied during the flare from 15" to 22”.

— Total flux time profiles at 3.75, 9.4, 17, and 35 GHz
recorded at the polarimeters of Nobeyama Radio
Observatory with the integration time of 0.3 s.

— Soft X-ray images obtained by the soft X-ray telescope
onboard Yohkoh spacecraft (SXT; Tsuneta et al. 1991)
after 03:05.

To avoid the influence of different spatial resolution, side
lobes at 17 GHz, and saturation in some SSRT scans and
soft X-ray images, we measured the height as a weighted
centre of 1-D scans.

We must note that all estimates of height refer to the
plane perpendicular to the line of sight. As the active
region was already behind the limb, may be, all heights
should be increased by < 2.7 10% km.

2.1. Development of the burst

Time profiles of flux at frequencies 3.75, 5.7, 9.4, 17, and
35 GHz are plotted in semi-logarithmic scale in Figs. la
and 2. The flux density measured with the 35 GHz po-
larimeter is affected by the atmospheric absorption, so the
flux density may be overestimated after 05:00.

The profile recorded at the SSRT (5.7 GHz) is not
plotted around the peak of the burst since it is not reli-
able there due to multiple shifts of gain and presence of
saturated records. Values of brightness temperature are
available in NRH images. Peak brightness temperature
was 1.2 10° K at 17 GHz.

We can distinguish three main stages of the flare
according to the behaviour of the microwave burst
(Table 1). Before the rapid increase, flux at 5.7 and
9.4 GHz exceeded flux at other frequencies, and the spec-
tral peak vpeax was lower than 10 GHz. Then, in the in-
terval near the burst maximum, vpe.x was between 17
and 35 GHz. During the rapid decrease of the flux vpcak
shifted again to a frequency of lower than 17 GHz. In the
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Fig.1. Microwave time profiles: a) total flux at

different frequencies and maximum of brightness temper-
ature at 17 GHz; b) effective height according to microwaves
and Yohkoh/SXT data

long-duration decay phase (after 03:22), the spectral index
changed its sign again, and the relative value of flux in-
creased with frequency. An exception — the interval during
the sub-burst of 04:08 — 04:12 when the peak frequency
was about 4 GHz.

Variations of the height of microwave and soft
X-ray sources above the limb are shown in Fig. 1b. Large
height of the emitting region at 17 GHz before the flare
is explained by the fact that this region was amorphous
and extended up to significant heights without promi-
nent brightness centres. When the flare started, two mi-
crowave sources became prominent: one close to the op-
tical limb (17 GHz) and another one — at a height of
about 10 103 km (5.7 GHz). Later the relative brightness
of the upper source increased, and this source began to be
dominant at both frequencies.

Further, during more than two hours, a rising motion
of the 17 GHz source was observed with the average ve-
locity of about 3 km s~1. Two intervals were outstanding:
one during sharp rise of flux, when the velocity reached
15 km s~!, and another one (03:16 — 03:22), during which
the sources’ height slightly decreased.

Variations of the height at 5.7 GHz during the first
two stages were similar to that ones at 17 GHz. Near the
peak of the burst, the low-frequency source was mainly
higher. After that, the source at 5.7 GHz descended. In
the decay phase, the weighted height of the sources at
5.7 GHz increased similarly to the height of 17 GHz ones,
but it was about 15 10% km less.

The soft X-ray source was located lower than the
microwave (17 GHz) one during the impulsive phase, and
close to it in the decay phase after 03:22.

Let us consider the stages of the flare in detail.
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Table 1. The stages of the flare
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uT Characterisation Flux Vpeak Height Emission mechanism
(s.fu.) (GHz) (10® km)
before 02:30 pre-flare stage: <5 free-free
approach of
oppositely-polarized
regions
15 stage — Rise of radio flux
02:30 — 02:49  exponential growth, 5—100 < 10 3—-15 gyrosynchrotron
7~ 160 s
02:44 — 02:46  sub-second pulses <10 <10 15 gyrosynchrotron
at 17 GHz, 7 < 1s
02:49 — 02:54 impulsive rise, 10% — 4 10* 17 < Vpeak < 35 15— 25 gyrosynchrotron
T~10s
02:53 — 02:55 spikes at 5.7 GHz, ~10? 5.7 ~ 30 plasma
7<01ls
02:54 peak of the burst 4 10* 17 < Vpeak < 35 23 (17 GHz)  gyrosynchrotron
at 17 GHz, the dome-like
source began to grow
02:58 2" peak at 17 GHz 2 10* 17 < Vpeak < 35 25 (17 GHz)  gyrosynchrotron
274 stage — Relatively fast decrease of the flux gyrosynchrotron
02:59 — 03:10  decrease with 2 10* —110*  spectrum shifted 25 — 29
7 =10 min leftwards
03:10 — 03:12  stop of the growth 110* —4 103 29
of the area,
disappearance of the
upper 5.7 GHz source
03:12 — 03:23  decrease with 4103 — 500 ~ 10 29 — 26
7 = 4.1 min
3'4 stage — Long-duration decay
03:23 — 06:00 slow decay of the 500 — 20 > 35 26 — 45 free-free
upper source,
7 ~ 60 min
03:40 — 05:40  series of sub-bursts < 150 ~4 gyrosynchrotron
04:08 — 04:12  most powerful sub-burst 350 (5.7 GHz) ~4 gyrosynchrotron

2.1.1. The first stage

Figure 2 shows expanded time profiles of total flux at
different frequencies and the maximum of brightness tem-
perature (Tg) at 17 GHz. It is remarkable that, on the
average, the time profile of flux followed closely the expo-
nential shape exp (t;to) during the first 17 minutes. For
the flux 7 ~ 160 s, so this interval exceeded 57.

At 17 GHz, 7 ~ 200 s for the maximum of T and
the origin t¢ corresponds to 01:55. Note that before 01:50
the maximum of the brightness temperature within the
flaring region decreased. It suggests that the real onset of
the flare started at 01:55 indeed.

Growth rate of microwave emission after 02:48:53 went
sharply up and both Tp and the flux increased in an

order of magnitude within one minute at all the considered
frequencies. The largest increase was observed at higher
frequencies. After that, time profiles at 9.4 and 17 GHz
became smoother.

Fine time structures were observed at all the frequen-
cies on the background of the exponential growth. The
shortest structures detected at 17 GHz in the records with
50 ms resolution were two similar prominent series of sub-
second pulses around 02:44:50 and 02:45:10.

The first set (Fig. 3, trends subtracted) consists of
two rapidly damped pulses with duration of ~ 0.5 s.
Corresponding enhancement of flux was also observed at
5.7 and 9.4 GHz. The pulses were weakly positively polar-
ized (some percent) and were well above the noise level.
The decline was steep (< 0.5 s), but its start was delayed
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Fig.2. Extended time profiles of the total flux at different
frequencies and the brightness temperature at 17 GHz in the
initial stage
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Fig. 3. Fine temporal structure at different frequencies. Time
resolution is 50 ms at 17 GHz, 56 ms at 5.7 GHz, 0.1 s at
9.4 GHz. The record of 9.4 GHz was averaged over 0.3 s

at the lower frequencies. The second set was similar to the
first one, but at 5.7 GHz record it could not be detected
above the noise level.

A series of sub-second pulses (spikes) observed at the
end of this stage in SSRT 1-D scans since 02:53:45 to
02:54:45 was described by Altyntsev et al. (1995). The
minimal duration of those spikes was less than the tem-
poral resolution of the receiver (56 ms) and the maximal
one was about 100 ms. Their flux ranged from 700 up to
1800 s.f.u. In this case, no corresponding pulses exceeding
noise level were detected at the other frequencies.

Let us consider relation between features in time pro-
file and changes in spatial structure of the emitting region
observed at 17 GHz (Fig. 4). Frames of the upper row
correspond to the phase of exponential growth. It is re-
markable that the structure of microwave sources varied
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considerably during the steady exponential growth of both
Tg and flux.

In the frame of 02:37:00, the only compact positively-
polarized (up to 38%) source (1) was seen, and it was
located close to the limb. Later the region of increased
emission expanded along the limb to the north. Another
positively-polarized source (2) appeared in the northern
direction at 02:39:50 also close to the limb. Its polarization
was up to 20%. At 02:40:00, the third source (3) emerged
above the second one at a height of 15 10 km (the frame of
02:43:50). This source had relatively low (~ 5%) positive
polarization (RCP).

Time profiles of brightness temperature for the three
low-lying sources observed during the exponential growth
are given in Fig. 5. The bottom of the figure is the result
of subtraction of the exponential trends from each of the
curves. We can see that the time profiles of the sources 2
and 3 are very close, and the profile of the source 1 differs
significantly from them. The sources 2 and 3 were located
radially with a distance between them of 14 10% km. From
the bottom of this figure we can see similar oscillations of
the brightness temperature with a period of 70 s occurred
in these sources. There is a delay of peaks in the source 3
with respect to the source 2 by ~ 6.6 s. If these sources
corresponded to the same loop, then the delay may be due
to difference of trapping time in these sources. It also can
be explained by motion of some exciting agent from below
with a velocity of > 2 103 km s~!. Another geometry was
also possible. The sources 2 and 3 may correspond to dif-
ferent loops intercrossing and interacting behind the limb.

The increase of flux in the interval 02:44:00 — 02:44:30
was connected with appearance of a new positively polar-
ized source at the same height as the source 3 towards
south-east (Fig. 4, the upper right frame). The bright-
ness centre in I-images moved in the southern direction,
to a position between the regions of opposite polariza-
tion. Note, that both sets of sub-second pulses occurred at
17 GHz were located in this brightness centre (15 10% km
above the limb). Sizes of their sources were close to the
beam size of NRH (7 thousand km x10 thousand km).

The sharp increase of Ts and flux at the end of the
first stage corresponds to a fast extension of an RCP
source pressed to the negatively polarized region from
below (02:49:50). Starting from this time, the source
in I-image became dome-like with the lower edge lo-
cated ~ 15 103 km above the optical limb. This emit-
ting region rapidly expanded to the south-west direc-
tion and then varied negligibly till 03:20. The peaks at
02:53:55 and 02:58:50 were associated with reconstruction
of the LC P-source and enlargement of the nearest part
of the RC'P-source (see Fig. 4, 02:53:50). The degree of
* polarization did not exceed 20% for these sources.

To compare structures visible in 2-D images at 17 GHz
and 1-D scans at 5.7 GHz, let us consider the Figs. 1b
and 6. During the first stage of the flare, the height of the
sources above the limb increased at both 17 and 5.7 GHz.
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Fig. 4. Structure of microwave sources in intensity and polarization observed at 17 GHz. Dashed lines — RC P, dotted — LC'P.
Three first sources are marked by digits in the upper row. Contour levels are (0.2,0.5,0.8) of the maximum of each polarity.

The north is up

The sources were close till the sharp rise of flux (Fig. 6,
02:45:00). A short-duration increase of the height promi-
nent at 5.7 GHz and faint at 17 GHz occurred at 02:54.
The brightness centre at 5.7 GHz became 10 103 km higher
than the 17 GHz source at this time. It indicates appear-
ance of a new source which contributed considerably to
the total flux at 5.7 GHz, but was not seen at 17 GHz.
Note that the source of 5.7 GHz sub-second spikes coin-
cided with the brightest point of the background burst
at this frequency, i.e. with the source located above the
region emitting at 17 GHz.

2.1.2. The second stage

During this stage, the flux at 17 GHz decreased in about
two orders of magnitude. At first, the flux declined till
03:09 with a time scale of 7 = 10 min. After that, the de-
crease quickened more than two times (7 = 4.1 min). The
source seen in I-images had a dome-like shape and varied

slowly during this stage. The area of the source gradually
grew till 03:10 when its size reached ~ 37" and then be-
came constant. Extended polarized sources encircled this
source (Fig. 4).

Increasing of the flux continued at lower frequencies.
At 5.7 GHz, this increase was due to appearance once
more of the higher source invisible at 17 GHz (Figs. 1b
and 6). Its height was close to that one at 02:54. This
source disappeared near 03:10 when the decay at 17 GHz
was accelerated.

After 03:00, Yohkoh data is available. At 03:00, a
compact hard X-ray source was observed whose height
34 10® km (Nakajima et al. 1998) was close to the height
of the upper source at 5.7 GHz. The soft X-ray source was
significantly lower than the microwave sources at both fre-
quencies and the HXT one at this time. The height of the
soft X-ray source above the limb was increasing, and in
the end of the second stage, the heights of the microwave
sources and the soft X-ray kernel became close.
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2.1.3. The third stage

It lasted until the end of the observations. The behaviour
of the burst at 17 and 35 GHz was characterised by
large time scales of variations (except for rather faint sub-
bursts). Note also that the time profiles at lower frequen-
cies were not smooth: a series of sub-bursts during two
hours is detectable in semi-logarithmic profiles at 3.75 and
5.7 GHz. Corresponding enhancement was observed at 17
and 35 GHz only for the most powerful sub-burst (04:12).
Microwave emission of at least two components was obvi-
ously present within the interval 04:08 — 05:40, i.e. slow
decay of high-frequency residual emission of the upper
source, and weaker low-frequency sub-burst emission of
the lower sources.

The upper source at 17 GHz shifted above the
LCP-region and moved upwards extending to the north
(Fig. 4, the bottom row). Polarization was small, but, as
before, the marked brightness centre in I-images was sit-
uated between the regions of opposite polarization. The
brightness centres in soft X-rays and in 17 GHz image
became close in this stage. The lower source can be seen
in 17 GHz map during the relatively short interval near
04:10 (Fig. 4). In Fig. Ta, the difference of two images
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Fig.6. A set of 1-dimensional scans obtained at the SSRT and
computed from images obtained at the NRH during the flare

obtained at 04:10 and 04:08 is shown. We investigated
time profiles of T in different points of the image. No
direct relation between the lower impulsive and the upper
quasi-stationary sources was found: the impulsive increase
of the brightness temperature in the lower source had no
response in the upper one, although it marked a loop en-
veloping the upper source. The impulsive brightening in
the enveloping loop was delayed with respect to the lower
source. It may be interpreted as trapping of the electrons
in the upper part of the loop with ~100 s.

The behaviour of the effective source’s height at
5.7 GHz (Fig. 1b) is due to variations of relative bright-
ness of two sources separated in height. They can be dis-
tinguished in SSRT 1-D scans in the interval 04:12:51
— 05:54:49 (Fig. 6). The lower source had a height of
~10 103 km and the upper one moved upward together
with the 17 GHz source. The degree of polarization at
04:10 was 29% for the lower RC P-source, and 13% for
the LC P-region.
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levels of polarization are (0.2,0.4,0.6,0.8) of the maximum of
each polarity (—10% and +25%). Contour levels of I-image of
04:06 are (0.5,1.5,2.5,3.5) 10° K

2.1.4. Summary of the development of the spatial
structure

A region of enhanced microwave emission was observed a
few hours before the flare high in the corona, where the
flaring sources appeared later. Extended weakly polarized
regions existed on the periphery of this wide area. The pos-
itive ones were lower, close to the optical limb. In the first
three pictures (Fig. 8), two oppositely-polarized regions
moved towards each other. This motion indicates move-
ment of components of the magnetic structure, and also
suggests a shear motion at footpoints of magnetic loops.
The structure of the polarized region in the last picture
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became similar to that observed at the beginning of the
flare. The degree of polarization did not exceed 10%.

Generalised pictures of the flare development are
shown in Fig. 9. These pictures were obtained by addition
of all the frames, each of which was previously normalised
to unit.

Low-lying sources with high degree of polarization
were observed in the beginning of the flare. During the
first stage, sources in I-images (Fig. 9a) moving towards
north-west got the dome-like shape and then enlarged to-
wards south-west. In the second stage, when the intensity
decreased, the shape and the size of the microwave source
were not changed considerably. In the third (last) stage,
the source in I-images expanded slowly and moved to-
wards north-west. Note that sometimes in this stage also
a source located close to the optical limb was observed.

More complicated structure is seen in the V-map
averaged during the flare (Fig. 9b). RCP-sources ap-
peared one by one around the LCP-sources. This large-
scale structure as a whole did not change itself significantly
during the flare, and its parts came subsequently in sight.

Consequently, the main structural components of the
area emitted in microwaves before and during the flare
were large-scale systems of intercrossed magnetic ropes.
Cross sections of, at least, three of them were seen in
polarization structure. The first system was represented
by the low-lying strongly polarized RC'P sources which
corresponded to the top parts of low loops. The other
two large-scale systems were represented by the regions
of weak opposite polarization which were seen high in the
corona in the main impulsive phase (in the late first and
second stage) and in the third stage. In general, the situa-
tion can be characterised as a multi-level and a multi-loop
one both at the onset and in the end of the flare.

3. Estimates of physical parameters
3.1. Plasma parameters

3.1.1. Magnetic field

The general structure of magnetic field before the flare can
be seen in Fig. 8. Fujiki (1997) has shown that the pre-
flare emission at 17 GHz for the series of flares including
the event of November 2, 1992 was optically thin and had
free-free origin. The observed averaged degree of polariza-
tion (~ 5%) leads us to an estimate of the line-of-sight
component of magnetic field B) ~ 150 G.

At 03:07, a bright SXR kernel was located inside the
dome-shaped microwave source. In the bright SXR kernel,
plasma density wasn < 4 10! cm ™2, and temperature was
1.4 107 K (Feldman et al. 1995). Demand for magnetic
pressure to exceed the plasma one leads us to a limitation
of B > 200 G in the SXR kernel in the second stage of the
flare.

We assume that the emission of the burst around the
peak had gyrosynchrotron origin as it is usual for this
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Fig. 8. The structure of microwave sources in intensity (I; colour) and polarization (V; contours, dotted are negative) before the
flare. Each frame was averaged over 49 minutes. Contour levels are (0.2,0.5,0.8) of the maximum of each polarity

spectral range. The power-law spectral index at 02:57:25
obtained from data of 35 and 80 GHz radiometers of
Nobeyama Radio Observatory, was 1.5, and the power-
law index of the electron spectrum, was 3. Fit of the mi-
crowave spectra with the help of Ramaty’s code (Ramaty
1969; Ramaty et al. 1994) shows that the magnetic field
of 200 G is rather low to fit the turnover frequency of
more than 17 GHz. Sufficiently good fit of the total flux
data can be achieved with B = 300 — 800 G (Nakajima &
Metcalf 1995).

Low degree of polarization of the 17 GHz source (as a
rule, less than 10%) near the peak of the burst shows that
the magnetic field did not exceed a few hundred gauss.
Hence we believe that the value of the magnetic field was
about the lower boundary of this range (300 G).

3.1.2. Density of background plasma

The observed spectra do not reveal any marks of
suppression of emissivity at frequencies down to 3.75 GHz.
So we can obtain the upper limit of the background
plasma density in the main microwave source assuming

2

that the Razin-Tsytovich frequency v = :_Z was less than
3.75 GHz. This upper limit equals to 4 10° cm™3.

Another estimate of the background plasma density
can be obtained from the decay time of the emission at
17 GHz (4.1 min) within the interval 03:12 — 03:22. As
we will show below, the bulk of emitting electrons had
the energy of about £ ~ 2 MeV in this time interval. We
assume that the decay time was equal to the life time of
electrons. We can estimate the energy loss time from the
expression (Bai & Ramaty 1976)
Tioss = 2.6 109 & /n.



A.T. Altyntsev et al.: The limb flare of November 2, 1992

arc sec

arc sec

-20 0 20 40 60 80
arc sec

Fig.9. The maps averaged over the whole sets of 17 GHz maps
in intensity (I; a) and polarization (V; b) obtained during the
flare are shown by colour. Half-height contours of the sources in
I- and V-images are shown for some instants. Three different
stages of the burst are marked by different line styles: solid —
the 1% stage, dotted — the 2" stage, dashed — the 3'¢ stage

Then the background plasma density was n =
2.110'%cm ™2 which is in accordance with the estimate
from the Razin-Tsytovich effect.

3.1.3. Emitting electrons

To analyse parameters of emitting electrons, we used
Ramaty’s code (Ramaty et al. 1994) for modelling of
gyrosynchrotron emission. Changing the energy bound-
aries of electron distribution and correlating the calcu-
lated spectrum with the observational data, we estimated
the energy range of electrons that radiated the bulk of the
observed microwave emission.

The turnover frequency during the exponential growth
was about 9 GHz, and the flux before the rapid rise (at
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02:47) was 450 s.f.u. at 9.4 GHz and 58 s.f.u. at 35 GHz.
So the spectral slope was the same as that around the
peaks which were considered above, and then the spec-
tral index of electrons was equal to 3. For the size of the
upper source of ~ 20” and the magnetic field of 300 G,
the Ramaty’s code gave the estimate of the distribution of
non-thermal electrons as dN/d€ = 1.3 1030 £73 MeV~1L.
The main contribution to the observed microwave emis-
sion was given by electrons with energy in the range of
0.1 — 3 MeV.

The modelling of the electron distribution in the main
dome-like source in the second stage (source size 37")
showed that the shift of the turnover frequency to a value
above 17 GHz was connected with the increase of dN/d€
by more than two orders of magnitude in the energy range
of 0.5 —5 MeV. This source became optically thick for the
emission of 5.7 GHz.

The upper source above the dome-like one was
observed clearly in 1d-scans at 5.7 GHz during the inter-
val with spikes recorded by SSRT. The turnover frequency
in this source was considerably less than 17 GHz, and the
number of high-energy electrons in it must be considerably
less than that number in the main dome-like source.

In the last stage, the main sources at 5.7 GHz and
at 17 GHz differed essentially in time profiles, emission
spectrum and height.

The main source at 5.7 GHz was located at a height
of about 10 10% km. At the frequencies below 9.4 GHz,
it manifested itself in a series of sub-bursts with a mag-
nitude of tens s.f.u. occurred till 05:40. The spectra had
a turnover frequency of < 3.75 GHz. This source had a
gyrosynchrotron origin. It appeared at 17 GHz during the
most powerful sub-burst at 04:12 as a radially elongated
source.

The main 17 GHz source was close to the soft X-ray
one in the decay phase. The values of the flux increased
with frequency, which points to free-free emission mech-
anism. The brightness temperature was (3 —5) 10% K at
17 GHz. Plasma parameters in the emitting SXR region
were estimated by Ichimoto et al. (1993) and Feldman
et al. (1995) from Yohkoh/SXT data. They have obtained
for the bright kernel a temperature of 107 K, a density of
10! em™2, and a size of 10° cm. The corresponding cal-
culated value of the brightness temperature for free-free
emission, T = 3 10% K, agrees with the observed one.

3.2. Sub-second pulses

For the first time, we have found a 17 GHz source of sub-
second pulses to be located well above the photosphere.
The source size < 7 103 km. The time profiles of the
observed sub-second pulses show simultaneous onset at
the lower frequencies. Assuming that the duration of sig-
nal’s rise (0.6 s) was equal to the propagation time with
Alfven velocity (4.6 108 cm s™! using the ambient density
of 2.1 10'° cm~3 and the magnetic field of 300 G) across
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the region of energy release, we obtain that its size was
about 2.8 10® km. This estimate does not contradict the
apparent size of the microwave source.

The microwave spectrum had a maximum in the
frequency interval of 5.7 — 9 GHz. The degree of polar-
ization for the pulses was a few percent. The simultane-
ous enhancement of the total flux at 5.7 — 17 GHz can be
interpreted in terms of gyrosynchrotron emission of non-
thermal electrons. At the peak of the pulse, the power-
law index estimated from the ratio of the flux at 9.4 and
17 GHz, was about 2, and the electron spectrum was
harder than that one of the background burst.

For the source size of 2.8 10> km and the magnetic
field of 300 G, the observed microwave flux corresponded
to a small density fraction of accelerated electrons with
dN/d€ =5 10* €72 MeV~!. To emit the observed flux at
17 GHz, the upper cutoff energy of the electron spectrum
must be > 2 MeV. With the typical energy of radiating
electrons of 1 —2 MeV, the observed duration of the decay
at this frequency was much less than the life time due to
Coulomb collisions (~ 102 s using the ambient density of
2.1 1019 cm™3). Since the observations suggest that the
electrons were accelerated and confined in a small region
high in the corona, these processes were controlled not
by Coulomb collisions, but by other mechanisms such as
some plasma turbulence. This fine time structure may be
indeed a manifestation of a fragmented energy release in
a flaring site (see, e.g., Benz 1986).

Another situation was for sub-second pulses at 5.7 GHz
occurred in the source above the dome-like one. There was
no corresponding brightening at the other frequencies, so
the bandwidth of the emission must be rather narrow. A
detailed description of these pulses was made by Altyntsev
et al. (1995). The size of the source of these pulses ap-
peared to be ~50”. It was found that the apparent size of
the source was affected by a significant scattering of the
microwave emission at this frequency due to turbulent in-
homogeneities of plasma density. (It certainly could affect
the observed sources at 5.7 GHz.) From the low degree of
the observed polarization and rather high magnetic field
needed for electron cyclotron maser mechanism, a con-
clusion was made that a plasma emission mechanism is
favourable. In this case plasma density in the source must
exceed 10 cm—3.

From the study of similar pulses observed during the
flare of September 6, 1992 occurred on the solar disk
(Altyntsev et al. 1998), it has been shown that the source
was projected onto a loop emitting soft X-rays with suffi-
ciently high density. In the limb flare of November 2, 1992,
we see that the dense SXR loop-top was located inside the
optically thick dome-like source, and the sub-second im-
pulsive source was much higher. The estimate of plasma
density in the dome-like source was ~ 2.1 10'° cm=3. If
the plasma density in the surroundings of the impulsive
source was of the same order, then, to realize the density
of > 10 ¢cm™3, the background plasma in the impulsive
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source must be compressed a few times. Such a compres-
sion is reasonable for a reconnection site, where the energy
release occurred.

4. An interpretation of the flare

4.1. Magnetic configuration

The magnetic structure of the flare region can be
derived from the polarization structure in microwaves
(see Fig. 9b). The observations of the present event sug-
gest that the main structural components were large-scale
systems of intercrossed magnetic ropes during the whole
development of the flare, as described in the Sect. 2.1.4.

Figures 10 and 11 show an illustration of a possible
magnetic configuration in this event. In Figs. 10a—c, dia-
grams of the most significant magnetic structures in the
three stages of the flare are presented. The orientation of
these schemes is the same as that one in Fig. 4. Figure 11a
shows a sketch of a possible spatial configuration of some
foremost loops to give a conception of their disposition.
Figure 11b is an H, image of post-flare loops to com-
pare it with that sketch. The orientation of the sketch in
Fig. 11a is chosen to show the entire loops whose parts
were in fact hidden behind the limb. The orientation of
the H, image in Fig. 11b is chosen to match the sketch.

In the beginning of the first stage (Fig. 10a), the low-
lying sources located near the limb represented closeness
of the brightness centres in I- and V-images. High degree
of their polarization (up to 38%) indicated orientation of
the corresponding magnetic loops close to the line of sight.
These loops represented the low-lying magnetic system
whose most part was hidden by the limb.

Further, sources appeared higher. A bipolar
structure in polarization became typical late in the
first stage and the second stage. A possible magnetic
configuration seems to be two intercrossed magnetic
ropes as shown in Fig. 10b. In this configuration, energy
release is caused by magnetic reconnection between the
two ropes.

In a reconnection of the two original magnetic ropes,
two new sets of loops must be created: short loops, de-
scending from the reconnection site, and long ones, slowly
expanding upwards, which were braided within the orig-
inal ropes. The shape of the short loops was closer to
the circular one which was seen as the dome-like source.
Cross sections of the long loops were seen in polarization.
After the reconnection, the long loops did not change their
orientation drastically, and the polarized emission which
escaped from them delineated the magnetic structure.

The magnetic tension tended to lift reconnected long
loops which could force the interaction between the orig-
inal ropes in the first stage of the flare. Their upward
motion can explain the gradual growth upwards of en-
ergy release sites and the appearance of the upper mi-
crowave source coincided with the hard X-ray one at the
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Fig.10. Schemes of the most significant magnetic structures in
the three stages of the flare. Reconnection sites are marked
by stars. Some of magnetic loops are shown schematically by
lines with arrows indicating direction of the magnetic field.
The parts of loops which were not hidden by overlain ones are
plotted by solid lines. Those parts of loops which could not
be seen because of overlain loops are plotted by broken lines.
Dotted and dashed closed contours reproduce the polarization
observed in microwaves (see Fig. 4). a) the 1°* stage, the sources
1, 2, and 3. The N polarity region is located farther behind the
limb than the S polarity footpoints. The region of interaction
(marked by stars) is also behind the limb. b) the 2°¢ stage,
02:49:50 UT. Rapid increase of energy release. c) the 34 stage,
05:02:01 UT

peak of the burst. Different elementary flux tubes were
subsequently reconnecting, and new microwave sources
appeared. As a result, their sites shifted clockwise along
the boundary between the oppositely polarized regions
performing almost total revolution.

4.2. A scenario of the flare

Relative motion of two oppositely-polarized regions
before the flare reflected corresponding motion of the mag-
netic configuration. It suggests a shear motion at foot-
points of interconnecting magnetic ropes which provided
energy storage for the flare.
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Fig. 11. Spatial configuration of the magnetic loop system. a) A
sketch of possible spatial disposition of some foremost loops.
The sources 1, 2, 3 are marked by digits. b) The photograph of
the post flare loops made at Baikal Astronomical Observatory
(Ha, 06:05 UT) can help to obtain a picture of the loop system

The flare began from below. Probably, the region of
energy release in the beginning of the first stage was be-
hind the limb, and we only saw its manifestations in tops
of loops.

The steady exponential growth irrelative to changes of
energy release sites suggests existence of some large-scale
mechanisms forced to increase the rate of energy release in
the first stage of the flare. Existence of the fine temporal
structures shows that there was no efficient trapping of
accelerated electrons.

To the end of the first stage, the trapping became
efficient. Accelerated electrons were accumulated in the
dome-like emitting region which rapidly grew. The time
profile at 17 GHz became smoother. However, a fine (sub-
second) temporal structure was observed to be emitted by
a source appeared at 5.7 GHz above the dome-like one. It
was located well above the soft X-ray kernel. The height
of this source above the limb was close to the hard X-ray
one’s found by Nakajima & Metcalf (1995). So this upper
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source can be classified as a “loop-top source” (Masuda
1994).

In the second stage, when the upper 5.7 GHz source
disappeared, the dome-like source became uniformly
weaker with decreasing of the number of accelerated elec-
trons, but the gyrosynchrotron mechanism continued to
provide the main contribution to the microwave emission.

In the third stage, two different processes of energy
release also went on. Evidence of particle acceleration is
given by the almost continuous series of sub-bursts ob-
served at lower frequencies low in corona. Prolonged par-
ticle acceleration during the late phase of a flare was also
revealed by Akimov et al. (1994). High in corona, a recon-
nection of the two interacting oppositely-polarized ropes
continued, which was marked by the compact hot mi-
crowave source at the place of their closest contact located
near the brightness centre in X-rays. Free-free emission
from the post-flare loops seen in soft X-rays became the
main component at high frequencies.

Ichimoto et al. (1993) analysed this flare in detail using
X-ray and H, data. Calculating the gas pressure and the
magnetic one, they puzzled that the gas pressure exceeded
the magnetic one, suggesting that the magnetic field was
not strong enough to confine the hot plasma as rigidly as
is commonly assumed (30 G). From the degree of polar-
ization at 17 GHz, it follows that even the line-of-sight
component of the magnetic field was > 45 G. So the mag-
netic configuration essentially differed from the potential
one and could be sufficiently strong to balance the plasma
pressure.

In summary, the observations of the present event seem
to give evidence for the interaction of large-scale systems
of multiple intercrossed flare loops during the whole de-
velopment of the flare, and do not seem to be consis-
tent with a merging of magnetic field lines at the tip of
an inverse-Y-type field line configuration in long-duration
events (LDEs) (see, e.g., Sturrock 1966; Kopp & Pneuman
1976; Tsuneta 1996). The flare of November 2, 1992 pro-
vides additional support to the existence of solar flares
caused by interaction of loops (Kundu 1984; Machado
et al. 1988; Hanaoka 1994; Hanaoka 1997; Inda-Koide et al.
1995; Shimuzu et al. 1994; Nishio et al. 1997).

5. Conclusion

1. It has appeared to be possible, to explain the main
qualities of the flare within the framework of a closed
configuration.

2. Studying how the pre-flare spatial structure developed
has revealed the regions in which the line-of-sight com-
ponent of the magnetic field had the opposite direction.
The LCP-region was almost enveloped by the RCP
one. In the course of the flare, energy release sites ap-
peared near the boundary between these regions.

3. Microwave sources of different origin were observed
during the flare. The source with the spectral turnover
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frequency < 10 GHz corresponded to the energy re-
lease site and provided the main contribution into
the total flux of the burst in the initial phase of the
flare. When the burst reached its peak, the turnover
frequency became two times more. Trapped electrons
were responsible for the most part of the microwave
emission during the impulsive phase.

4. The steady exponential growth of the brightness tem-
perature and the flux of the microwave emission went
on in the initial stage of the flare during an interval
as long as almost 5 time constants. Sources essentially
changed their spatial structure during this stage. So
the development of the flare was conducted by some
large-scale instability.

5. Sub-second pulses observed at 5.7 GHz during the
impulsive phase were generated in the optically thin
source which was observed in hard X-rays at a height
of 34 102 km. The compact source of the sub-second
pulses at 17 GHz was due to gyrosynchrotron emis-
sion of electrons with the energy of 1 — 2 MeV. It had
the size of 2 10®> km and was located at a height of
15 102 km.

6. The energy release had not yet terminated during the
post-flare stage till at least 06:00. Two regions of en-
ergy release can be followed in this stage: the upper
one where the two opposite magnetic ropes contacted,
and the lower one where the microwave sub-bursts of
non-thermal origin occurred. Free-free emission from
soft X-ray loops then became predominant.
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