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Abstract. A detailed study of the quasi-periodical post-flare variations on November 6, 1980 in X-rays,
UV lines, microwaves, and metric waves confirms that these variations were predominantly thermal
phenomena and occurred solely in the corona. Only the short-lived impulsive components that preceded
all or most of the individual variations were of non-thermal character and penetrated down to the transition
layer. The chromosphere (in He) did not participate in any part of these events, in contrast to a flare that
appeared at the same place a few hours later. However, the X-ray emission of these variations was so strong
that the transition layer and the chromosphere definitely should have been enhanced through heat
conduction along the magnetic field lines. The expected heat flux at the top of the chromosphere coming
from some of these coronal brightenings was 60—809%, of the flux expected in the flare at 17: 26 which gave
rise to a 2B flare in Ha (Figure 8). Therefore, we suggest that the variations were produced in a coronal
plasmoid with closed field lines completely detached from the lower atmospheric layers (Figure 9b). We also
give reasons why such a detached plasmoid can be expected to be formded in the very late phase (some
4-5 hr after the onset) of a major two-ribbon flare.

1. Introduction

In two earlier papers, Svestka eral. (1982a,b) reported observations of gigantic
coronal arches imaged in > 3.5 keV X-rays above the sites of major two-ribbon flares.
The arches extend along the H = 0 line to altitudes of ~ 1.5 x 10° km, and can be seen
in X-rays for 2 10 hr after the flare occurrence. They appear to be located at the bottom
of flare-associated stationary type IV radio bursts which gradually change into type I
noise storms.

These extensive X-ray arches decay smoothly, for ten or more hours, without any
detectable fluctuations in brightness. In the low corona below them, however, a
strikingly variable region appears a few hours after the flare occurrence. On May 22,

Solar Physics 85 (1983) 313-337. 0038-0938/83/0852—-0313$03.75.
Copyright © 1983 by D. Reidel Publishing Co., Dordrecht, Holland, and Boston, U.S.A.



314 ] Z. SVESTKA ET AL.

1980 (Svestka et al., 1982a, referred to as Paper I) this variable region was detected
6.5 hr after the flare onset (while no Solar Maximum Mission (SMM) data were
available for 4 hr prior to that); on November 6, 1980 (Svestka et al., 1982b, Paper II)
the region was seen to form 5.0 hr after the flare beginning, and it became variable in
brightness 1.5 hr later. The variations lasted for at least two hours on May 22, and for
about 4 hr on November 6.

Both on May 22 and November 6 the brightness variations were seen not only in the
low corona below the X-ray arch (in X-rays, coronal lines, microwaves), but also high
above the arch in the type I noise storm region: at 80 MHz by Culgoora on May 22,
and at 169 MHz by Nangay on November 6. In contrast to that the arch itself did not
participate in the variations. Lower in the atmosphere, the transition layer (OV line)
showed short-lived bursts at the onset of each brightening, but did not increase in
brightness afterwards, when the X-rays and coronal lines reached their maximum.
Nothing at all was associated with these variations in the chromosphere (Ha). Thus,
these variations appear to be purely coronal phenomena which extend from the low
corona below the X-ray arch to the metric radio region above it, but avoid the arch itself,
and do not penetrate through the transition layer to the chromosphere.

The November 6 arch was by an order of magnitude brighter in > 3.5 X-rays than
the arch of May 21/22, and the associated brightenings below the arch were brighter
by two to three orders of magnitude. Therefore, the November 6 variations could be seen
also by the NOAA GOES-2 satellite in the 0.5—4.0 A energy range, which was not the
case on May 22. The GOES data, undisturbed by satellite night gaps, reveal that the
variations were quasi-periodical with a suggested period of ~ 20 min (cf. Table III in
Paper 11).

In the present paper, we want to discuss these peculiar post-flare coronal variations
in more detail.

2. The Variations on May 22, 1980

In Paper I, we supposed that the variable region was the western footpoint of the imaged
X-ray arch. Since then, we had to change our mind: the variable area must have been
a detached region below the arch, whereas the real western footpoint was out of the
HXIS field of view. Two reasons convinced us about that:

(i) While the supposed footpoint varied in brightness, the brightness at the top of the
arch did not change. Since in the apparently analogical case of November 6 the area
below the arch exceeded the constant brightness at the top of the arch by one or two
orders of magnitude, the variable region definitely could not be a footpoint of the arch
(cf. Paper II).

(ii) Since the time we submitted Paper I for publication (more than a year ago) we
have become more experienced in plotting the count-contours of integrated HXIS
images, and Ch. Galama has developed a computer program for it. Therefore, we are
able now to present in Figure 1 much better contours of the X-ray arch than in the earlier
Figure 4 of Paper I. We consider here counts in the 3.5—5.5 keV energy range only, thus
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Fig. 1. X-ray contours of integrated images of the arch observed on May 22, 1980 above the active region
that produced the major two-ribbon flare on May 21, 20: 52 UT. Energy range: 3.5-5.5 keV. HXIS coarse
field of view, spatial resolution 32”. The given times are the mean times of 1525 s integrations. The outermost
contour represents 2 X the background counts, every other step corresponds to a factor of 212 The arrows
point to the variable region below the arch. Center of the FOV is marked by a circle. For relation to the
flare site and filament location cf. Figures 3 and 5 in Paper I. This is an improved version of Figure 4 of
Paper L. (Note that in these computer-made contour plots all borders of the FOV are shifted by 16” inwards
in comparison with the hand-made plots of Paper 1.)

220 | 240 | 260 | 280 | 300 | 320 | 340 | 360 N
219 [ 8"~
1
218 376 | 392
W
217 < ) 391
=] Lo N
N ~—_=
< T AT -
2 = = D
s/ A 1 »_/ \
215 / P = Y \)(/\ \ 415
,’ -~ Vd AN 4 ‘\ \
1 7 7 N A}
| 4 ,’x Ay Y \|
214 vl i Y ) i 414
I p
RN 10 S
\ s J /
213 4 P~ ,"'__--‘\ r’ 413
7/
\\ 7 A \
- A
N _

- \
212 | 232 | 252 | S~-4-~_--7312 | 332 | 352 \‘370 \386| 400 | 412
B ]

M y)

Fig. 2. A part of the HXIS fine field of view showing the numbering pattern of the 8” x 8” field elements.

Heavy lines mark the boundary of the FOV. Dashed lines are the X-ray intensity contours of the coronal

structure in which the quasi-periodic brightenings occurred (cf. Figure 4 in Paper II). Full contours are the

deconvolved images of the brightenings No. 1 and 5. In all three cases we show two intensity contours: 507,

and 12.5% of the maximum flux in 3.5—5.5 keV X-rays. Crosses show positions of two other brightenings

imaged by HXIS: Nos.4 and 10. Brightenings No. 8 and 13 were close to 4 and 5 (cf. Figure 5 in
Paper II).
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suppressing the background noise to 33% of the background value in Figure 4 of
Paper I. These improved contours suggest strongly that the western footpoint, indeed,
was out of the HXIS course field of view or, most likely, just at its western edge. The
variable region, marked with arrows, is clearly situated below the arch; slightly to the
west from the original site of the flare and close to the western end of the visible portion
of the preflare filament (cf. Figures 3 and 5 in Paper I).

Therefore, we can conclude that both on May 22 and November 6, 1980, the bright-
ness variations in X-rays and coronal lines occurred in a region below the arch, without
any apparent connection with the arch itself. Still, the arch and the variable region below
it should be related in some way, because we have found these variations below both
the arches detected so far, and the quasi-periodic variations recorded by GOES appear
to be an extremely rare phenomenon.

3. The Variations on November 6, 1980

3.1. THE SITE OF THE BRIGHTENINGS

As we demonstrated in Paper II, the coronal region that later became the site of
brightness variations, was first visible in X-rays around 08 : 20 UT, i.e. 4 hr 50 min after
the flare onset. Its intensity in > 3.5 keV X-rays was steadily growing, until the first
brightness variation started close to it at 10:00 UT. Afterwards 13 sequential
brightenings could be seen (cf. Figure 3 and Table III in Paper II) and we list them in
Table L.

The region was characterized by two maxima of X-ray brightness about 28" apart
(Figure 2). Four of the brightenings that HXIS could image (Nos. 4, 5, 8, and 13)
occurred close to the western peak. Only one brightening (No. 10, erroneously marked
as No. 11 in Paper II) was imaged near the eastern peak, and the brightening No. I,
somewhat anomalous, occurred more to the north (Figure 2 and Table I). The 100 m
radiotelescope at Bonn recorded the brightenings Nos. 1, 2, 3, 5, 6, 9, and 10 at
10.69 GHz and also measured the microwave polarization. The polarization of the
enhancement No. 10 was negative (—20 + 5% at 13:13 UT), whereas in all the other
brightenings the polarization was positive. Since No. 10 was the only X-ray brightening
which HXTS imaged close to the eastern peak, these measurements indicate that the two
X-ray maxima in the region represent a bipolar structure in the corona.

3.2. CHARACTER OF THE BRIGHTENINGS AT VARIOUS WAVELENGTHS

Table I summarizes the observations of the quasi-periodic brightness variations at
different wavelengths. The variations started quite suddenly at 10:00 UT on Novem-
ber 6, 1980, 6 hr 30 min after the onset of the flare, and could be followed for slightly
more than four hours. SMM data, unfortunately, have many gaps because of satellite
nights and unfavourably timed passages through the South Atlantic Anomaly, when the
instruments had to be switched off.
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TABLEI

Maxima of the quasi-periodic brightenings at various wavelengths

Peak No.*  Location®  Bonn 2.8 cm HXRBS UVSsPpe HXIS GOES-2  Nangay
—_ >29keV  Ov 35-55keV  05-4A 169 MHz
time pol. (%)

1 North 1003.6 - 1002.3 - - -
1007.2 - 1006.0 - - -
1010.3 +15+ 5 1009.6 - 1012.2 1012.0 1010
2 ND 1038.5 +15+ 5 ND ND ND 1039.2 1039
3 ND 1059.8 +10+ 5 ND ND ND 1106.0 1057
4 West? - - ND ND ND 1123.2 -
5 West 1140.2 + 5+ 5 1140.2 1140.7 - — -
1142.7 +10+ 5 1144.6 - 1146.5 1145.6 1145
6 ND 1204.8 + 5+ 5 ND ND ND 1205.2 1205
7 ND ND ND ND ND ND 1218.4 1225
8 West ND ND 12314 ? - - -
- 1.6 s later - — -
21234 - 212325 1235.8 1237
9 ND 1247.7 +40+ 5 ND ND ND - -

1250.0 +15+10 - -
1252.3 +15+ 10 - -

1258.8 +40+ 5 - 1257
10 East 1313.7 -20+ 5 - - ~1309 1308.47 1312
11 ND ND ND ND ND ND 1331.6 1336
12 ND ND ND ND ND ND 1348.2 1351
13 West ND ND 1405.9 1405.8 - - -
1407.6 1408.6 - - -
- 1410.0 - - -
1413.0 - 1412.9 1419.2 1412

@ The last (or only) time for a peak is the maximum of the gradual main burst. This is preceded by time
of impulsive spikes — precursors.

b Location in the western or eastern part of the supposedly bipolar structure in Figure 2.

¢ The UVSP may be uncertain up to + 1 min. In peak No. 8 the uncertainty in absolute timing is so large
that no reasonably safe times can be given.

4 SMM could see only the decaying part of the brightening. Thus one can determine the position, but not
the time of maximum.

ND = no data available; — means no event recognizable.

Figures 3a, b, c show the brightenings Nos. 1, 5, and 13 for which the best set of space
and ground-based data is available. In addition, we also show there the brightenings
Nos. 2 and 6, for which good data could be obtained on microwaves. Table I and
Figures 3 include the following kinds of data:

— 10690 MHz (2.8 cm) microwave flux, recorded by the 100-m radiotelescope at
Bonn. The telescope looked at a limited field of view (1.2 arc min half-power beam
width) centered at the active region we are interested in (the position of pointing was
70° E 15° S). The observations started prior to the onset of the variations, were
interrupted from 11:13 through 11:18 and from 12:18 through 12:43 UT, and
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stopped at 13:14 UT. The recorded flux and polarization data are the sum of the
relatively strong emission of the underlying active region of about 10 sfu
(1 sfu = 10722 Wm~2 Hz~!) and a weak contribution of less than 2 sfu of the flare-like
variations. By subtracting the mean flux and polarization values of the active region, the
excess emission (in Figure 3) and the percentage polarization of the variations (in
Table I) could be derived.

— Hard X-rays in the energy range from 29 through 58 keV, as recorded by the Hard
X-Ray Burst Spectrometer (HXRBS) aboard the SMM. The instrument integrates
radiation from the whole Sun so that some enhancements originated in other active
regions.

— 0.5-4.0 A flux recorded from the whole solar disc by the NOAA satellite GOES-2.

— 3.5-5.5keV X-ray flux as recorded by the Hard X-Ray Imaging Spectrometer
(HXIS) aboard the SMM. These are counts recorded in the whole coarse field of view
of HXIS (6.5’ diam) centered at the region we are interested in.

— Flux in the UV lines of OV (A41371.3 A) and Fexx1 (41354.1 A) recorded by the
Ultraviolet Spectrometer-Poiarimeter (UVSP) aboard the SMM. Unfortunately, these
records are not quite homogeneous. In the brightening No. 1 the UVSP had recorded
flux from an area of 30” x 30" centered on the brightening until 10: 07 when the field
of view was changed to the brightest 10” x 10" element. Thus the curves had to be
adjusted to a joint count-scale. In the brightening No. 5 the observed area was
30”7 x 30" all the time (Figure 3b); in No. 13 (Figure 3c) only the 10” x 10" mode was
used. These changes in mode may cause some uncertainties in comparison with the
other instruments. But, of course, the O v and Fe xx1 records are mutually fully comparable,
because the mode of operation was always the same for both the lines.

- — 169 MHz flux density recorded by the Nangay radioheliograph (60 s integration).
This is radiation coming predominantly from a source complex above the eastern limb,
after having eliminated the contribution of another noise storm region near the disc
center. This other component did not show any indication of the quasi-periodic
fluctuations. ‘

A. Benz and T. Bernold kindly provided us also with 229—-997 MHz radio records
from the ETH Institute of Astronomy in Zirich. Unfortunately, the radio intensity of
the variations was too low to make them recognizable in full-disc records, in particular
when another source was present near the center of the solar disc.

Variations very similar to those in X-rays were seen in all coronal lines which were
under surveillance aboard the SMM during that particular period (C. G. Rapley,
private communication). However, no correlated variations at all could be detected in
the high-resolution Ha pictures of the active region obtained by the SOON station at
Ramey. The Ramey data, on- and off-band, with time resolution better than 1 min, are
available since 11:09 UT. ,

The microwave (2.8 ¢cm) and hard X-ray records (HXRBS, 29—-58 keV and HXIS,
11-30keV) show that the variations usually consisted of two components (cf.
Figures 3): one or more short-lived impulsive bursts at the onset of each brightening,
followed by a long-lived gradual main phase. From this point of view the brightenings
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resemble flares. However, there are two essential features which make these variations
different from flares: (1) no emission at all is seen in Hea, and (2) the OV line, which
generally correlates with the hard X-ray (and thus also microwave) flux (Woodgate
et al., 1982), follows this rule only for the initial short-lived impulsive bursts; it does not
show any enhancement during the main phase of the variations, in spite of the rise in
microwaves and hard X-rays (cf. Figures 3).

Thus, one can conclude that each variation consisted of an impulsive precursor,
which was observed in the low corona (hard X-rays, microwaves) and in the transition
layer (OV), without penetrating through to the chromosphere, and of a gradual main
enhancement, which was seen in the corona only.

103 P
£ 29-58 kev
c HXRBS
HXRBS [ UvsP
ol
107 — 20000
2000 i
—115000
(o] I 4
Hxis | 7
—{10000
1000 i
35-30 keV .
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on v ]
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O|11111114_1_Ll||||'|1||iunl [o]
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Fig. 4. Records similar to Figures 3, but for the flare at 17:26 UT. Same scales as before. The mode of
UVSP operation changed at 17:29:47 UT from a 10” x 10” to 30" x 30" field of view. The main part of
the flare was not seen in the first mode.

3.3. SIZE OF THE BRIGHTENINGS

One of the advantages of the HXIS collimating technique is its ability to study the time
development of the X-ray emission for each individual pixel of the fine or coarse field
of view. We were lucky in this case to see the variations in the fine field of view of HXIS
so that we know the time development for each 8” x 8” square element. An example,
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Fig. 5. Time variations in the individual 8 x 8" field elements of HXIS for the brightening No. 5. In every

square, abscissa gives the time (from 11:24 through 11:51 UT on November 6, 1980) and ordinate the

number of counts per 8” x 8" pixel per second (from 0 to 54 counts s~ !). The system of numbering of the

individual elements of the HXIS fine field of view can be understood from the numbering pattern in
Figure 2.

. Ak b

for the quasi-periodical brightening No.5 (maximum at 11:46 UT) is shown in
Figure 5.

At the beginning, from 11: 24 onwards, we see the declining part of the brightening
No. 4. It had the maximum intensity in the pixel No. 355. Then, afier a minimum at
~11:34 UT the brightening No. 5 sets in, first with its impulsive precursor, at
11:40 UT (cf. Figure 3b and also Figure 7 of Paper II). This component (apparently
non-thermal, as we shall see in Section 3.4) is particularly strong in the pixels 354 and
372 (compare the intensities at the time indicated by the arrows in Figure 5). Only then
the main (probably thermal) component sets in and reaches its maximum (much higher
than the precursor) in the field elements 356 and 374. Hence the initial impulsive burst



322 Z. SVESTKA ET AL.

occurred more to the south, at a distance of §"—24" (6000—24 000 km) from the site of
the main, gradual burst. As far as our limited data show, a similar shift of the gradual
burst to the north, by one or two elements of the HXIS fine field of view, is typical for
the other brightenings as well.

The distinctly isolated high peaks in pixels 356 and 374 show that most of the thermal
emission was restricted to only two 8” x 8” elements of the HXIS field of view. A
deconvolution of HXIS images at the time of the maximum peak, by the method
described in Appendix A, confirms the very small size of the brightened regions. The
deconvolved images of the brightenings Nos. 1 and 5 (observed best by HXIS) are
shown in Figure 2. The areas of the 509, max. intensity contours do not exceed one
8” x 8” element. Without foreshortening, i.e. in the N—S direction, this corresponds to
~ 6000 km on the Sun.

The very localized nature of these quasi-periodic brightenings is not contradicted by
the relatively low degree of polarization on the microwaves (cf, Table I). It indicates that
the microwave source was not optically thin.

3.4. RADIO BRIGHTENINGS IN THE LOW AND UPPER CORONA

We have tried to compare the microwave and metric radio data, in order to obtain some
information about the sequence of events at different altitudes. For that purpose we need
correlated short-lived structures at both frequences; unfortunately, only the impulsive
peak at the onset of the brightening No. 5 (Figure 3b) was strong enough to permit such
a comparison.

Figure 6 shows the 169 and 10690 MHz records of this peak. While we see one broad
maximum in the microwave data (0.5 s average), there are four peaks of ~ 2 s duration

-

10690 MHz

169 MHz

1 i I 1 I I 1
40% 11%0Mo0" 208 40° 11"41Moo*

Fig. 6. High-time-resolution records of the impulsive precursor of the brightening No. 5 on microwaves in
Bonn (10690 MHz) and on metric waves at Nang¢ay (169 MHz).
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each at 169 MHz. The first of these peaks starts at the time of the microwave maximum.
If one defines the center of gravity of the 169 MHz-peaks by the time of the maximum
in the integrated flux (4 s-average), which is equivalent to the time of maximum of the
highest peak, the 169 MHz emission lags the microwave emission by 6 s. The > 29 keV
hard X-ray emission peak coincided with the microwave peak within 1 s.

Nangay could also determine the approximate positions of the 169 MHz sources:
whereas the noise storm (showing the gradual variations) was situated at a projected
distance of =280000km to the north of the site of the X-ray and microwave
brightenings, the distance of the source of the impulsive burst at 11:40:18 was
= 450000 km towards NNW. The delay of 6 s between the microwave and metric peaks
thus corresponds to a velocity of = 75000 km s~! which must be ascribed to electron
streams. Therefore, we can conclude that the impulsive peak at the onset of the
brightening No. 5 was caused by electron streams propagating from the low corona
upwards.

There has been no other clear fine-structure correspondence between the 10690 MHz
and 169 MHz emissions during the brightenings so that this burst at 11:40: 18 is the
only one that yields some information about the time delays involved. Let us suppose
that it is representative also of the other impulsive brightenings at the onset of each
variation. In that case each gradual variation is preceded by a burst of electrons ejected
from the low corona or transition layer around the X-ray arch (it does not affect it)
outwards. But no other burst was strong enough to be recognized at 169 MHz during
the onset phase of the other variations, so that the generalization of this unique
observation is open to some doubt.

But even if there are upward-streaming electrons preceding all the sequential
brightenings, we still have little information about the origin of the main gradual phase.
The 169 MHz data show clearly that the sources of the impulsive precursor and gradual
variations of the noise storm or metric waves are widely separated in the high corona
(by 200000 km in projection). Also the HXIS data show that the X-ray sources of the
impulsive burst and gradual phase are not identical (cf. Section 3.3). Therefore, the
gradual main phase can still be produced by particles streaming downwards from the
noise-storm region and thermalized in the low corona as we suggested in Papers I
and II. Maybe that the onset bursts coming from below trigger instabilities in the
noise-storm coronal region.

3.5. A COMPARISON WITH THE FLARE AT 17:26 UT ON THE SAME DAY

As we said earlier, no flare-like variations in Ho could be discovered below the site of
the quasi-periodical X-ray brightenings on the high-resolution Ramey pictures of the
active region. About 3.5 hr later, at 17 : 26 UT, a flare occurred at about the same place
in the region, with all the expected chromospheric flare effects present. We will compare
this flare with the quasi-periodical brightenings Nos. 5 and 8.

The positions of the maximum brightness in the brightening No. 5 and in the flare at
17:26 UT were exactly at the same place, to within the 8” spatial resolution of HXIS
(the pixel 356 in Figure 2). The brightening No. 8 peaked in the nearby pixel 355. In spite
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of the proximity in position, however, the flare and the brightenings differed diametrically
in their transition-layer and Ha response to the coronal enhancement.

In the Ov line (T ~ 2.5 x 10° K) both brightenings show a rise prior to the gradual
increase in X-rays and coronal lines (cf. Section 3.2; the brightening No. 5 is illustrated
in Figure 3b). While, however, such a rise was only by a factor of 2 or less in the
brightenings, in the flare the O v line intensity increased by a factor of 8 or more, in spite
of the fact that the brightest flare region was not in the UVSP field of view at the
impulsive phase peak. Three minutes after the Fe XX1 maximum, at 17:29:47 UT, the
Ov intensity still showed an enhancement by a factor of more than 7 and was decaying
in a similar way as the Fe xx1 flux (Figure 4). In contrast, in the brightenings (Figures 3)
the OV line does not show any enhancements correlated with the main gradual increase
in X-rays and FexxI. In Ha, the flare produced brilliant emission (McCabe, private
communication) and was classified as of importance 2B (Rust er al., 1982), whereas no
apparent Ho effects at all were detected during the brightenings.

Table II compares the HXIS and HXRBS data for the two brightenings and the flare.
The counts s~ ! are relative values within the two energy bands and cannot be compared
quantitatively. Energy spectra have been obtained only from the HXRBS data above
29 keV. Under the assumption of a power law

E -v
F(E) = F(50 keV) (50 keV)

one gets the F(50keV) and y values shown in TableI. Alternately, one gets the
temperature (7) and emission measure (Y) values for a thermal fit. Note that all the
spectra (including the flare) are all extremely soft for events of this intensity.

Table I shows that the brightening No. 5 was distinctly weaker than the flare, but
the difference in X-ray counts between the flare and the brightening No. 8 exceeds only
slightly a factor of 2. The brightening No. 13, which also occurred during the SMM day,

TABLEII
HXIS and HXRBS data for the brightenings Nos. 5 and 8 and for the flare at 17:26 UT

Event Time HXIS HXRBS HXRBS > 29 keV HXRBS > 29 keV
3.5-30 keV 29-58 keV Power law Thermal fit®
max. counts s~'  max. countss™~!
F(50keVy* T(107K)  ¥(10% cm~?)
Brightening  11:45/46 335 40 7 x 1074 ~8 6.1 233
No. 5
Brightening  12:32/34 1060 440 3 x 1072 ~8 7.2 29.0
No. &
Flare 17:26/27 2540 1045 4 x 1072 ~8 6.4 120

2 Photons em™!s~! keV at 50 keV.

b Keep in mind, in comparison with Table II1, that this is temperature and emission measure deduced from hard X-rays
above 29 keV.
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was still stronger (cf. Table III). The spectral hardness in the brightenings was about
equal to the hardness of X-rays emitted by the flare.

Thus the differences between the flare and the quasi-periodical brightenings in the coronal
emission do not seem to be large enough to be able to explain the completely different
behaviour of the transition layer and chromosphere in these events. We will prove it
quantitatively in the next section.

4. Analysis of the HXIS and UVSP Data

4.1. PHYSICAL CHARACTERISTICS OF THE ENHANCEMENTS

Table III summarizes the physical characteristics deduced from the HXIS data for the
quasi-periodical brightenings observed by the SMM, i.e. Nos. 1, 5, 8, and 13, and for
the flare of 17: 26 UT. In two brightenings, 5 and 13, and in the flare, HXIS yields data
for the period immediately preceding the enhancement (minimum, time ¢#,) and for the
peak (maximum, time Z,); in one variation, No. 8, only data close to the peak were
observed; in the brightening No. 1 the counts s~! prior to the enhancement were too
low to make a statistically significant analysis possible.

The table gives first the counts per second, per element of the HXIS fine field of view,
in the energy bands 1 (3.5--5.5 keV) and 2 (5.5-8.0 keV). The counts always refer to
the 8” x 8” element that showed the maximum brightness during the enhancement; the
same element is then used for the count determination in the preceding minimum.

The count ratio in the bands 1 and 2 yields the effective electron temperature, 7, and
the corresponding emission measure, Y, in the coronal region which was the source of
the 3.5-8.0 keV HXIS emission.* We have seen in Figure 2 that the brightened area
containing flux in excess of 509, of the maximum flux was of the size of one fine-field-of-
view element, i.e. about (8”)?. By assuming that the extension along the line of sight is
of about the same size, we can take (8”)° as the approximate volume of the brightened
coronal source, ¥ ~ 2.6 x 1026 cm?. (Because of the crude estimate the foreshortening
in one direction can be neglected.) Then we can estimate the mean electron density, #,,
inside the assumed compact source from #n, ~ (¥/¥)'/?, and compute the mean gas
pressure, p~ 2n kT,. . '

For a comparison: if the microwave flux of the main gradual components of the
brightenings Nos. 1 and 5 is of thermal origin, one can make the following estimate: the
Fexx1 line source has an effective temperature of 12 x 10° K. With a circular size of
5000 km and optical depth at 10690 MHz close to unity, the microwave flux emitted
from this source by purely thermal free-free bremsstrahlung is .about 2 sfn, close to the

* There is some uncertainty involved in the 7, estimates that use HXIS bands 1 and 2 because of
uncertainties in the energy range of band 1 (Boelee, 1983) and effects of the He-like complex of Fe in band 2
(Mewe, 1983). However, we cannot avoid the use of these bands, because there is no statistically significant
emission in band 3 during the minima of the variations. If the deduced values are indeed subject to a
systematic error, then our 7,’s are too low. Since the only aim of our paper is to prove that the resulting
thermal flux should heat the lower atmospheric layers, this error would even strengthen our conclusions.
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observed value. The electron density corresponding to the optical depth of unity is
2 x 10" cm~3. These are really the values found from HXIS data in Table III.
We further determine the ratio '

r. = £,(3.5-5.5 keV)/f,(3.5-5.5 keV),, (1)

i.e. the amplitude of the X-ray brightening in HXIS band 1, for the three events, for
which not only the flux data f, at the maximum time ¢,, but also the flux data f; at ¢,
are available. (We will denote all quantities at time ¢, by subscript 1 and at time 2
by subscript 2.) A comparison with the ratio p,/p; shows that the relative changes in
gas pressure are by about an order of magnitude smaller than the relative enhancement
r, of 3.5-5.5keV counts in the same element.

4.2. THE X-RAY FLUX

Let us suppose that the gradual main phase of the observed X-ray brightenings can be
interpreted as variations in thermal radiation of the coronal plasma. This supposition
is supported by the gradual (non-impulsive) character of this phase. One is allowed to
consider the variations as slow thermal if the heating continues long enough for the
plasma to achieve hydrostatic equilibrium; i.e. the pressure equalizing time, t,, must be
significantly smaller than the time rise to the maximum, 7, < ¢, — ¢,. With sound velocity
v,, the value of 1, along a scale / of heated plasma can be estimated as

T, =1l/v,~10"41/T"?s. _ ‘ )

With T~ 7.5 x 10° K (from Table III) and / = 6000 km, we find 7, ~ 22 s. On the other
hand, the rise time in the brightenings takes about 10 min = 600 s. Hence, indeed, the
condition

TS < tz - tl (3)

is fulfilled.

For the estimate of the relative 3.5-5.5 keV flux increase we take into account only
the free-free transitions (see Appendix B). Then the spectral emissivity of the high-
temperature coronal plasma can be written in a simple form,

L(E,,T,)=26x10"2°T V2 exp[-E, /kT,] ergem®*s 'keV''. (4)

Here E , is the photon energy in keV, also kT, is expressed in keV, while T, is the plasma
temperature in degrees Kelvin. The power emitted in HXIS band 1 is then, in an
approximation satisfactory for our aim,

P(3.5-5.5keV) = L(E,, T.)n2VAE, ergs™!, &)

where E is the mean energy within the band (taken as 4.5 keV) and 4E, = 2 keV is the
band width.

If the temperature and density of coronal plasma in a volume ¥ change from the initial
values (T,;, #,,) to (T,,,n,,) at the flux maximum, then the relative increase in
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P(3.5-5.5keV) is

r.= (Tel/TeZ)l/z (nez/nel)z €Xp [(Ex/kTe2)((Te2/Tel) - 1J. (6)

Table III compares these theoretical values with the observed ones obtained from (1).
The agreement shows that our assumptions are consistent with the observations.

4.3. THE OV FLUX

Let us now estimate the corresponding flux increase in the Ov line, r,. Because the
condition (3) is fulfilled, we can treat the heating process as a stationary one with gas
pressure p = const. along the column depth 4 (cm 2, defined as the number of atoms
in the column of unit cross-section along the direction of thermal flux) of the heated
plasma. This process was studied in detail by Shmeleva and Syrovatskii (1973, referred
to below as Paper S & S) for the case where the temperature variation with the depth,
h, is determined by heat conduction and radiative cooling (also see Somov and
Syrovatskii (1976) for estimates of characteristic times in this process).

Under the condition that the conductive heating is equal to the radiative cooling of
the heated plasma, the heating process is characterized by two universal functions. One
of them is the temperature decrease with the depth (cf. Figure 4 in Paper S & S). The
second function is a relation between the energy flux F and the temperature at the
boundary where plasma begins to be heated by a thermal conductive flux. One obtains
this function as follows:

The heat flux F from a region with temperature T, into a cooler region with T < T,
can be written as

F(T)=f(T)F, ergem 2s !, )

where

F_~10"°n 2

- ., ergem™2g7! 8)
is the unit of energy flux, taken from Equation (39) and Table II of Paper S& S; n_,
is the plasma density below the transition layer. The dimensionless function f(T) is
shown in Figure 7 for two opposite regimes: slow heating, under the assumption of
p = const. (f,(T)), and very impulsive heating without plasma density redistribution,
under the assumption of »n = const. ( f,(T)).

Since in the case of the quasi-periodical brightenings the condition (3) is fulfilled, we

can use the assumption of p = const. and rewrite (7) as
F(T) =107 (n,T./T,) £,(T)
~ 10" n,T, £,(T) ergem=2g7 1, ©)

by taking T., = 10* K as the temperature in the upper chromosphere. Thus, the heat
flux into the transition layer region with T < 2.5 x 10° K (where the O v line is formed)
is equal to

FQ2.5%x10°K)~ 10" n,, T, £,(2.5 x 10°K) = F, (10)
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before the brightening, and
FQ25x10°K)~10"%n,,T,, ,2.5x 10°K)=F, 1

at the maximum of the brightening.

At both the times ¢, and ¢, the temperature distributions 7'(4#) have the same
(universal) run. The difference is only in the unit of the depth £ (see Equation (19) in
Paper S & S — notation for 4 there is ¢). For this reason, the radiation in the Ov line
is directly proportional to the heat flux F(2.5 x 10° K), and the expected OV line
intensity increase equals

fov=F/Fy=n,T,/n,T, =p)/p; . (12)

Equation (12) cannot be applied in a straightforward way to the observed data,
because some observations in the OV line were carried out by using a (10”)? scanning
area (roughly corresponding to the pixel size in the HXIS fine FOV), whereas other used
a(30”)? area, close to the spatial resolution of the HXIS coarse FOV (cf. Section 3.2).
We can avoid this difficulty by combining our Equations (6) and (12):

r%)v/rx = (TeZ/Tel)z.s/exp[(Ex/kTe2)((Te2/Te1) - 1)] . (13)

We assume here that the area S, through which the heat flux flows from the corona
into the transition layer, is identical with the bottom of the volume V in which the X-ray
radiation is emitted. As long as this is true, Equation (13)is equally valid for the brightest
element in the fine and coarse field of view, irrespective of the real extension of the
brightening. Besides, the relation (13) is independent of density. Thus we escape the
uncertainties involved in the determination of n, from the emission measure, by choosing a
somewhat arbitrary volume V.

In the enhancement No. 5 we have O v data for an area of (30”)? only. Thus we have
to compare the O v observations with the brightest element of the HXIS coarse FOV,
which yields T, = 6.1 x 10K, T,, = 7.2 x 10° K, and r, = 6.12. (Typical errors in the
determination of these quantities can be seen in Table II1.) Thus, from Equation (13),
Yo = 1.58. This is a small increase, but it should be recorded. The Ov data show an
impulsive burst in the onset phase of the brightening, correlating with microwaves and
hard X-rays, but no increase at all during the gradual main phase. The OV intensity even
decreases during this period. For the fine field of view (for which we have not O v data),
Equation (13) gives rq, = 4.6, in reasonably good agreement with the p,/p, value in
Table I11, as required by Equation (12).

The discrepancy between the expected and observed values of r, is still more
pronounced in the brightening No. 1. There we do not have statistically significant
counts in the fine FOV of HXIS before the enhancement, but there are enough counts
in the coarse FOV. In band 1 we get then 1.10 counts s™! at #, and 54.4 counts s ! at
t,, hence r, = 49.4. In band 2, the counts per second are 0.16 at #, land 27.1 at ¢, so’
that 7,; = 6.0 x 10°K and T,, = 7.2 x 10° K. This leads, according to (13), to an
expected value of ro,, = 4.4, in the coarse field of view. In the fine field of view, the
enhancement must be much higher. However, as Figure 6 of Paper II and Figure 2
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show, there was no increase in the O v flux during the main phase of the first brightening.
Three impulsive bursts, correlating with microwaves, could be seen at the onset of the
X-ray variation, but later on, when the X-ray, microwave, and Fe xXI intensities strongly
increase, the O v counts stay on a constant level, enhanced by a factor of about 1.8 in
comparison to the pre-burst values.

In the flare which started at 17:26 UT, the Ov enhancement was measured for a
(10")? area so that the UVSP observations are comparable to data from a pixel in the
HXIS fine FOV. According to Table IlI, 7,, = 7.2 x 10°K, T,,=7.8 x 10°K, and
r, = 270. Hence, according to (13), one expects 7o, = 13.7 for the brightest (8")
element. This is in good agreement with pressure ratio p,/p, in Table II1, and thus with
Equation (12). The observed value was ro, > 8, not including the brightest point of the
flare, hence in reasonable agreement with the expectation. As a matter of fact, one
should not expect too a good agreement in the case of the flare, because the rise in X-ray
flux was much steeper than in the quasi-periodic brightenings. Thus the condition (3)
is not strictly fulfilled any more.
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Fig. 7. Dependence of the heat flux f(T’) on the temperature T for universal temperature distribution T'(})

in plasma heated by conduction and cooled by radiation. Solid line, p = const., corresponds to a quasi-

steady heating; dashed line, n = const., corresponds to very fast, impulsive heating. (After Shmeleva and
Syrovatskii, 1973.)
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4.4. THE Ho FLUX

The heat flux that enters the chromosphere at times ¢, can be estimated from
Equation (9):

F,2x 10°K) = 10~ n,,T,, f,(2 x 10*°K) ergem™?s~"', (15)

where the function £, is to be taken from Figure 7. With the n, and T, values of Table 111
we get the values of F,(2 x 10* K) shown in Figure 8 (and in the lower part of Table III).
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Fig. 8. The heat flux that enters the chromosphere, F(2 x 10* K), in the brightenings Nos. 1, 5, 8, and 13,
and in the flare of 17:26 UT. The dashed line is the energy emitted in Ho in the maximum phase of a large
solar flare.

The net Ha emission in the maximum phase of a major solar flare (area of 25 square
degrees = 3.7'x 10! cm?) is about 10?6 erg s~ ! (Svestka, 1976). Hence, in the case of
homogeneous distribution of the emission, the Ha flux is ~2.7 x 10 ergcm 25~ !,
‘Also the value of F, deduced from (15) assumed homogeneous distribution of the Ha
emission within the (8”)? area so that the computed and observed data are directly
comparable. We find that about 6%, of the energy entering the chromosphere in the
importance 2B flare at 17 : 27 UT was reradiated in the Ho line which seems acceptable:
according to Canfield ez al. (1980, Table A.8) about 109, of the radiative power output
from the chromosphere is emitted in Ho.

However, the F,(2 x 10* K) flux in the quasi-periodic brightenings was comparable
to that in the flare, as Figure 7 shows quite clearly. In the brightening No. 1 the flux was
299, and in the brightening No. 13 even 809 of the flare flux. Thus, without any doubt,
the quasi-periodic brightenings should have produced at least subflares in Ha.
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5. Summary of the Problem

In the preceding sections and in Paper II we have demonstrated the following facts:

(1) The discussed variations on November 6, 1980, between 10:00 and
~14:00 UT, started 6.5 hr after the onset of a major two-ribbon flare.

(2) The variations were recorded at two distinctly different altitudes in the corona:
below the gigantic X-ray arch, quite low in the corona, where they emitted variable flux
in X-rays and microwaves; and high in the corona where they were seen as a modulation
of the radio type I noise storm on metric wavelengths. The arch itself did not participate
in the variations.

(3) The variations in the high and low corona were simultaneous to within the errors
of measurement (up to + 3 min). Both the radio and X-ray records indicate a period of
~ 20 min in the occurrence of the brightenings.

(4) Each variation (as far as the incomplete data show) consisted of two components:
one or more short-lived impulsive bursts at the onset of the brightening, followed by a
more intense long-lived gradual main phase.

(5) Whereas the impulsive bursts could be also seen in the OV line, the main phase
had no response at all in the transition layer. The chromosphere as observed in Ho did
not respond to any of these variations. Thus, these quasi-periodic gradual brightenings
must have been purely coronal phenomena.

(6) In contrast to that, a flare that occurred at about the same place at 17:26 UT
produced an enhancement by a factor of 8 or more in Ov and brilliant Ha
emission.

(7) A comparison of the X-ray flux observed during the variations between 10 and
14 UT and the flare at 17:26 UT makes it clear that the relatively small differences
in coronal emission cannot explain the completely different response of the lower
atmospheric layers to the coronal heating. Therefore, there must be some fundamental
difference in the physical nature between the 10—I14 hr variations and the 17:26 UT

flare.

~ (8) The hard X-ray intensity of the individual brightenings was growing with time,
mainly because of growing emission measure, most probably due to growing density in
the emitting region. Le., No. 1 was the smallest enhancement and No. 13.the strongest
one.

(9) HXIS imaged several of the brightenings in the low corona in 3.5--5.5 keV X-rays,
with spatial resolution of 8” . All brightenings occurred within a small localized area over
the northern part of the active region, but they definitely did not occur all at the same
place.

(10) The region that was the site of the quasi-periodical brightenings showed two
persistent maxima in > 3.5 keV X-rays, with a separation of about 28" It only became
visible in X-rays 5 hr after the flare. The microwave polarization indicates that this
double peak represents a bipolar structure in the corona.

(11) Deconvolved HXIS images reveal that the brightenings in the low corona were
concentrated in small areas, with all the intensity in excess of 50%, of the maximum
count emitted within an area of about 6000 km in diameter.
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6. Conclusion

Item (7) of Section 5 makes it clear that there must be some fundamental difference in
the physical nature between the quasi-periodic variations observed on November 6,
1980, and ‘normal’ flares. We have proved that the enhancements observed in X-rays
in the corona must heat the transition layer and the chromosphere to the extent that
distinct brightenings of these lower layers should be also seen. Since no such enhance-
ments have been observed, the heat conduction from the corona to the lower atmospheric
layers obviously must be inhibited. The easiest mode of inhibition appears if the heated
magnetic regions are magnetically disconnected from the solar surface.

This sitnation is not so unlikely as it might seem to be. As a matter of fact, the original
Kopp and Pneuman (1976) model directly produces detached magnetic field structures:
each reconnection process leaves a loop below and a closed isolated magnetic fieldline
above. Anzer and Pneuman (1982) have shown that such a situation will actually not
exist if the original field lines (which first ‘opened’ and later reconnect) were sheared.
We have used this in Paper I for explaining how the giant X-ray post-flare arches can
be built (cf. Figure 10 in Paper I and Figure 9): the continuing reconnections all
throughout the active region produce a system of disconnected upper loops which are
topologically interconnected along the H| = 0 line (Figure 9a). This is the situation
during the first few hours after the flare onset.

Later on, the reconnection still continues: Petrasso et al. (1979), ¢.g., could see new
X-ray loops still being formed 11 hr after the two-ribbon flare on July 29, 1973, observed
by Skylab. However, at this late time, the reconnection is not accomplished everywhere
along the H) = 0 line; apparently, the process survives and continues only in one or a
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Fig.9. (a) The origin of the giant X-ray arch, during the first few hours after the flare (from Figure 10 in

Paper I): the disconnected upper loops are topologically interconnected along the H = 0 line, because of

strong shear of the original field lines. (b) Some hours later, however, only isolated groups of field lines still

reconnect, without any shear. Therefore, the upper closed loops are now isolated, and can eventually form
a plasmoid in which the observed brightness variations occur.
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few restricted parts of the active region. And at that time, loops rooted very far from
the H; = 0 line reconnect. Such loops, as Ha observations of loop-prominence systems
indicate (e.g., Zirin and Tanaka, 1973), have very small shear, if any. Thus we may come
back to the situation in the original Kopp and Pneuman model: isolated closed upper
loops are formed at each reconnection, which are not interconnected any more along
the H” = 0 line.

As Figure 9b schematically indicates, a system of upper loops may eventually create
a plasmoid around the preexisting arch, extending from the low corona below the arch
to the radio noise-storm region. If, for some reason, this plasmoid becomes unstable and
particles begin to be accelerated in the noise-storm region, they will stream downwards,
heat the low corona, and produce there the observed X-ray and microwave brightness
variations. We do not know the reason why such instabilities should appear and occur
periodically in the plasmoid, but this topic is presently under investigation; we also try
to estimate the particle fluxes needed for the observed heating in the low corona and
we intend to publish the results of these studies in following papers.

It is obvious that the configuration in Figure 9b is capable of explaining qualitatively
essentially all the observed facts (compare the preceding section):

(1) The configuration is formed only late (5 hr on November 6) after the flare.

(2) If acceleration occurs in the noise-storm region, its effects will be observed there,
on metric waves, as well as at the bottom of the plasmoid in X-rays and in microwaves.

(3) The thermal variations have no effect in the transition layer and chromosphere,
because there is no magnetic connection available for the heat flow which strictly follows
the magnetic field lines.

(4) The apparently bipolar structure of the region in which the X-ray brightenings
occur, reflects the lower bending of the plasmoid, below the giant arch. Each of the
individual brightenings apparently occurs only in a limited set of the field lines which
form the plasmoid; this explains the high condensation of the resulting X-ray flux.

The only problem that cannot be easily understood is the origin of the impulsive
non-thermal precursors. In one case, at the onset of the brightening No. 5, this precursor
was clearly produced by accelerated electrons streaming upwards (Section 3.4). If this
is indeed the typical case, then each variation started below the arch with an upward
stream of electrons that perhaps may have triggered the main phase instability in the
noise storm region. We are rather reluctant to leave the concept of acceleration in the
noise storm region, because this part of the corona is the source of acceleration
processes all the time. It is also easy to understand then why the particles thermalize
in the low corona and why no effects are seen in the lower layers. In comparison with
it, it is quite difficult to model an instability below the arch which produces thermal
effects at the site of its origin, ejects streams of particles high into the noise storm, and
has no effect at ail in the nearby transition layer.
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Appendix A: Deconvolution of HXIS Images for Collimator Response

We have developed a quick and reliable procedure for the deconvolution of HXIS
images with respect to the collimator response function. The procedure is well suited
for the treatment of series of pictures on a small computer, and yields results comparable
to those obtained by more complicated procedures like the maximum entropy method.

The brightness distribution of the infalling image is given by ¢(x, y) dx dy. The image
is transformed by the collimator and detector system into a number of picture elements
(pixels). The expectation value for the counting rate in the ith pixel is:

N;=E, j J ¢(x,y) f,(x, y) dx dy, (A1)

where E,'is the overall efficiency of the collimator-detector element, and f;(x, y) the
angular collimator response function. For the sake of numerical calculations the ranges
of x and y are subdivided into a number of discrete steps (in our case each pixel FWHM
is covered by 5 steps), and the image elements thus defined are ordered into a one-
dimensional array ¢,. Then (A1) becomes

N=EY ¢/, (A2)

Given the measured J, a set of ¢; must be found. Since the number of ¢’s is much larger
than the number of N's, a procedure must be followed in which the ¢'s are not allowed
to vary independently one from each other.

The following iterative procedure turns out to give meaningful results. Given the nth
iterate of ¢, ¢, the corresponding counting rates C{™ are computed using (A2). Then
for each pixel a correction factor N,/C{ is determined, and distributed over the
elements of ¢ according to the weights with which the ¢’s contribute to N;:

T N/CP) £y 4

e = : (A3)
>4
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By using correction factors instead of differences negative brightnesses are avoided in
a natural way.

The iteration process starts with a uniform brightness ¢{® = c. The choice of ¢ is not
important, since the brightness distribution is automatically scaled up or down to the
measured values by the first step (A3). Because the measured pixel contents are subject
to counting rate statistics it is not meaningful to carry on the iteration process until all
calculated pixel counts are exactly equal to the measured ones. During the process,
therefore, the quantity

,- G
2 - H I
rer

L

is monitored, and the process is ended when a statistically acceptable value of y” is
reached.

In many instances a solution is reached in no more than 10 iteration steps, but in cases
where the relative errors in the pixel counts are small (strong flares), or large gradients
are present in the brightness distribution, more than 50 iterations may be needed.

Appendix B: Justification of Equation (6)

Equations (4)—(6) do not take into account the free-bound and bound-bound transi-
tions. However, it is easy to show that these contributions may be neglected for relative
variations of a wide-band X-ray flux, i.e. in Equation (6). As an example, let us take the
free-bound transitions into account, thus obtaining r,, instead of r, in (6). Then

) _ GBS T
rx(ﬁ) Gﬁ(Ex’ Tez)

X Gﬁ(Ex’ Tez) + Gfb(Ex’ Tez) _
Gﬁ(Ex’ T,)+ G]b(Exa T,,)

S

AXB, (B1)

where G are the gaunt factors. Clearly 4 ~ 1. To estimate B, let us use the simple
Culhane and Acton’s (1974) empirical expression for the continuum flux at Earth
distance,
exp[-E,/kT,]
1-(E./88)%T/3

photons cm =2 s~ 'keV~!. (B2)

NE) =44 x 100 E; 137702y

The accuracy of this expression is within 159 over 1.5keV < E,_ < 15keV and
4 x 106K < T, < 2 x 107 K. After comparing (B2) with our expression (4) for spectral
emissivity L(E,, T,), we find

B = (T,,/T.))"*[1 - (E,/88)<"/*] x [1~ (E,/88Y"=/]"", (B3)
with k7,/3 in keV.
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Using (B3) for the HXIS brightening No. 5 (7., = 6.4 and T., = 7.6 in 10° K with
E_=4.5keV) we find B = 0.93. For the flare at 17:26 UT we obtain B = 0.96. There-
fore, our approximation is good enough for the ratio r, given by Equation (6). This
advantage follows from the considering of relative (not absolute) variations of a wide-
band X-ray flux in Equations (1) and (6). That is why our theoretically predicted r, is
in good agreement with the observed values.

On the other hand, fb transitions and also lines are, certainly, very important in
cooling processes. For this reason, all transitions (ff + fb + bb) are taken into account
when we calculate heat flux using the model for temperature and density distributions
according to Shmeleva and Syrovatskii (1973).
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