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Abstract

Large solar flares with intense soft X-ray emission (i.e., high GOES class) generally tend to show a strong hard X-ray emission. How-
ever, there are examples of low GOES class events with unusually strong hard X-ray emission. In this paper, we analyse the morphology
and physical parameters of such small GOES intensity flares with strong hard X-ray emission, using Yohkoh SXT images and photomet-
ric data obtained from INTERBALL-TAIL RF15-1 X-ray Photometer. We observe a great variety in the soft X-ray morphology of such
flares (a large diversity of loop configurations). Some of these flares do not differ greatly in their morphology from large intense flares, but
most flares are generally compact. In spite of their low intensities in soft X-rays, the significant hard X-ray emission is observed by
INTERBALL up to 30-60 keV. We briefly discuss some of the possible causes of the soft and hard X-ray emission ratio of these events.
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1. Introduction

Solar flares with intense soft X-ray (SXR) emission (i.e.,
high GOES class) generally also show an intense hard
X-ray emission. This is a manifestation of so-called ’Big
Flare Syndrome’, which states that statistically all energetic
flare phenomena are more intense in larger flares, regard-
less of the detailed physics (Kahler, 1982). The relation
between hard and soft X-ray emission can be simply
explained by non-thermal electrons. Electrons accelerated
in the reconnection site in the corona, deposit their energy
in the chromosphere via bremsstrahlung process and the
hard X-ray emission is observed in the footpoints. These
electrons also heat the chromosphere which evaporates, fill-
ing the magnetic loops and producing soft X-ray emission.
Neupert (1968) found that the time derivative of the soft X-
ray flux curve approximately matches the microwave flux
of a flare impulsive burst. Similar effect was observed for
hard X-ray emission (Dennis and Zarro, 1993). Since hard
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X-rays and microwave emission are produced by non-ther-
mal electrons, and the soft X-ray is the thermal emission of
the hot plasma, the Neupert effect suggests that the non-
thermal electrons are the direct source of plasma heating.

Lin et al. (1984) were the first who observed hard X-ray
emission above 25 keV from microflares using balloon-
borne observations. Later studies using RHESSI observa-
tions (Qiu et al., 2004) show that temporal, spatial and
spectral characteristics of microflares are similar to those
of large flares.

However, there are examples of flares with low SXR
intensity (low GOES class events), but with an unusually
strong hard X-ray emission (Gburek and Siarkowski,
2002; McDonald et al., 1997, 1999; Siarkowski et al.,
1999). There are numerous examples showing that the hard
X-ray spectra of GOES B class flares are harder than C or
even M class flare spectra. This effect is especially visible in
RF15-1 X-ray photometer observations made by the
INTERBALL-TAIL satellite. In this paper, we analyse
morphology and physical parameters of these small flares
with intense hard X-ray, using the Yohkoh SXT images.
Many of these flares may be interpreted as resulting from
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the interaction of magnetic loops. The interaction of mag-
netic structures and conversion of magnetic free energy
into plasma heating and particles acceleration is commonly
regarded as the origin of solar flares. The configurations of
the interacting loops observed on the Sun may be described
using three main models only: the I-type coalescence (inter-
action of two nearly parallel loops), the Y-type coalescence
(interacting loops are in contact only along a part of their
lengths), and the X-type coalescence, when some parts of
two loops crossed approximately perpendicularly (Sakai
and de Jager, 1996). Most analyses of the observational
data concerning the coalescence of loops describe the
I-type interactions (e.g., Inda-Koide et al., 1995; Takahashi
et al., 1991), some are related to the Y-type (e.g., Farnik
et al., 1996; Hanaoka, 1994) and only a few describe X-type
(e.g., de Jager et al., 1995; Rudawy et al., 2001).

2. Observations and instruments

The RF15-1 Soft and Hard X-ray Photometer (Sylwester
et al., 2000) was developed jointly by the Astronomical
Institute of the Czech Academy of Sciences and the Space
Research Centre of Polish Academy of Sciences. It was
placed aboard the INTERBALL-TAIL spacecraft
launched on August 3, 1995 and operated up to October
15, 2000. The photometer performed observations of the
whole solar disk X-ray flux in the energy range
2-240 keV. It had two detector systems: a proportional
argon gas-filled counter and the Nal(TI) crystal scintilla-
tion detector. The proportional counter detected the soft
X-ray solar flux in the three energy channels 2-3, 3-5,
5-8 keV (nominal bands) every 2s. By the end of 1997,
these energies decreased owing to a decrease in the strength
of the Fe radioactive calibration source. No such effect
was observed for the scintillation detector (see Sylwester
et al., 2000 for details). Instead, the scintillation detector
operated perfectly up to the end of the mission and mea-
sured the hard X-ray fluxes in five bands 10-15, 15-30,
30-60, 60—120, 120-240 keV (denoted as hl, h2,...hS). In
the lowest hard X-ray energy range (channel hl:
10-15 keV), the data were collected synchronously with
the soft proportional detector channels every 2 s.

In the remaining hard X-ray energy channels (h2-h5,
i.e., 15-240 keV), X-rays were detected every 0.125s as
long as the rate threshold (40 c/s for all channels) was
exceeded. During the first three years of observations,
RF15-1 detected about 1800 significant flares (Siarkowski
et al., 1999). “Significant” means that the entire flare time
profile was observed without interruption by magneto-
spheric particle contamination. All the photometer data
from August 1995 to the end of 1999 are available online
at www site: http://www.cbk.pan.wroc.pl/RF15-1_www/
default.htm.

The database forms a valuable source for analysis of
X-ray solar events that appeared during the rise phase of
the 23rd cycle of solar activity. Among the observed flares,
6 were of X, 48 of M, and 576 of C GOES class. All flares

with GOES class above C3 (256) have a clear emission
component seen in the h2 channel and all flares above
M3 class (20) have a noticeable emission in the h3 channel.

The spatial structure of the flares analysed was exam-
ined (when possible) using Yohkoh Soft (SXT) and Hard
(HXT) X-ray Telescope data. The ‘“full resolution”
SXT partial frame images, i.e., with spatial resolution
2.46" or 1800 km (Tsuneta et al., 1991) were used. Unfortu-
nately, as the soft X-ray emission is often low for these
events, images were co-added, so producing a low time res-
olution. For several flares, Yohkoh observations were
unavailable (the SXT was viewing an other active region
on the Sun). Nonetheless, using the available flare images
we found that there was a great variety in possible loop
configurations.

For most flares studied, the HXT count rates are small
(a few counts/s/subcollimator in the M2 channel), prevent-
ing image reconstruction. In Fig. 1 we present a compari-
son of X-ray light curves as measured by GOES, SXT,
RF15-1 and HXT for two of analysed flares. One can
notice the higher RF15-1 sensitivity in comparison with
Yohkoh HXT. GOES and SXT light curves in this figure
indicate that SXT observed the proper flaring active region.

3. Results

There are many flares for which the GOES class does
not necessarily represent a measure of the slope for the cor-
responding X-ray spectra. This effect is especially visible in
RF15-1 measurements. This photometer detected many C
class flares without significant emission above 15 keV and
several M class flares without significant emission above
30 keV. By contrast, we observed numerous flares of class
B with significant emission above 30 keV. An example is
presented in Fig. 2 (Siarkowski et al., 1999) where the
M1.0 flare has no significant emission above 30 keV. This
event is compared with a very weak B8.8 flare having a sig-
nificant emission above 60 keV.

Using the X-ray data from the INTERBALL photome-
ter we found 151 events with significant hard X-ray emis-
sion above 30 keV and a relatively low emission in soft
X-rays (GOES class C5.0 or lower) (Gburek and Siarkow-
ski, 2002). A list of these events with their light curves
recorded by RF15-1 photometer can be found at:
http://www.cbk.pan.wroc.pl/RF15-1_www/super_hard RF__
events/smallsuperhard.htm.

Fig. 3 shows the distribution of the peak count rates
measured in channels hl and h2 as a function of GOES
class for these events. There is a clear correlation between
the GOES class and the peak count rate in h1 channel. This
is simply a manifestation of ‘BFS’, i.e., the hard X-ray peak
count rate increases with the GOES class of the flare. For
higher energies (right panel in Fig. 3) there is still a corre-
lation, but the dispersion increases, particularly for chan-
nels h3 and higher.

Below we present some examples of SXT images we
have found up to now.
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Fig. 1. X-ray light curves for two analysed flares. From top to bottom the flux variation as measured by GOES, SXT, RF15-1 and HXT for 9 December
1997 (left) and 12 January 1998 (right).
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Fig. 2. Comparison of the X-ray fluxes observed by the RF15-1 photometer onboard INTERBALL spacecraft, plotted for M1.0 (left) and B8.8 (right)
flares. The unusual hard X-ray emission was observed for the B8.8 flare.
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Fig. 3. Peak count rates in channel hl (left) and channel h2 (right) as a function of GOES class.

In Fig. 4 (left panel), we present an image of the flare on
December 9, 1997 at 00:46 UT (time of maximum emis-
sion). This B7.9 flare has a total duration of 6 min. It is
one of a few examples of very compact events with real siz-
es probably well below the SXT resolution limit. Only up
to four SXT pixels (one pixel = 2.46 s) are located within
the 50% contour level of the peaks of the individual images.
As the flare emission decays, a small loop appears to devel-
op (Fig. 4 — right panel) which is too faint to notice at flare
maximum. The comparison of both images suggests that at
the maximum of the flare, the soft X-ray emission occurred
predominantly in the vicinity of one of the footpoints of
this loop. Assuming a semi-circular loop model we estimat-
ed the half length of this loop (Lg) to be less or equal to
15,000 km and height /4 <10,000 km.

It is interesting to note that the temperature obtained
from the SXT All1/Bell9 filters ratio (7. = 8.8 MK) is
much lower than the temperature from the ratio of the two
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GOES channels (T, = 11.9 MK). For this event, we estimate
that the total volume V" and emission measure £M of the soft
X-ray source are respectively V' =4.5x 10* cm? and emis-
sion measure EM = 5.8 x 10*” cm 3. This lead to a mean
density of 5.7 x 101 cm 2.

In Fig. 5 two next examples are presented. The left panel
shows the C2.5 flare on January 12, 1998 with maximum
emission at 08:37 UT. In the SXT/Bel19 filter image taken
at 08:31 UT (during the impulsive phase), we can see a typ-
ical example of the single loop flare, where loop top kernel
dominates the SXT emission. In the right panel of Fig. 5
the C1.4 flare of July 25, 1998 with a more complicated
loop geometry is presented. In this case we estimate that
Ly <20,000 km and ~ < 12,500 km.

Fig. 6a shows an SXT/Bel19 image for the B6.9 flare on
July 23, 1998 which peaked at 23:24 UT. Two nearly par-
allel loops are seen, with footpoints close together. To
show the reality of these two loops we deconvolved this
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Fig. 4. SXT/Bel19 filter image of the December 9, 1997 flare close to the time of flux maximum (left) and near the end of the flare (right). The dotted lines

represent a heliographic grid with spacing of 2 degrees.
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Fig. 5. Example of single loop flare as seen with SXT/Bel19 filter on January 12, 1998 (left). On the right a SXT/Bel19 filter image for class C1.4 flare on
July 25, 1998 is shown. The dotted lines represent a heliographic grid with spacing of 2 degrees.
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Fig. 6. (a) Full resolution SXT/Bel19 filter image for July 23, 1998 event. (b) The same image after deconvolution. (c) Proposed scheme of loops seen
during this flare. The dotted lines represent a heliographic grid with spacing of 2 degrees.

image by removing the instrumental profiles with standard
Solar Soft software: see Fig. 6b. Fig. 6¢ shows a possible
schematic loop configuration. Again we obtain
Ly < 15,000 km and /4 < 10,000 km for these loops. We
interpret this event as a good example of the simple Y-type
interaction of two loops with contact regions situated in the
vicinity of their footpoints. Impulsive hard X-ray emission
in such a scenario occurs simultaneously with a Y-type
reconnection between the two loops.

An Y-type interaction occurs when the reconnection
area between the two loops is small when compared with
their lengths. Two other types of loop interactions are pos-
sible (Sakai and de Jager, 1996): I-type (interactions
between two parallel loops) and X-type (one loop intersect-
ing a second nearly perpendicularly). An example of an
X-type configuration can be seen in Fig. 7, showing an
SXT/Al12 filter image for the August 2, 1999 flare. This
flare was of GOES C3.0 class and had significant emission
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Fig. 7. (Left) SXT/AI12 filter image taken on August 2, 1999 at 09:16 UT. (Right) Possible schematic loop configuration for this event. The dotted lines

represent a heliographic grid with 2 degree spacing.

in INTERBALL channel h4, i.e., above 60 keV. The dura-
tion of the event observed in soft X-rays was about 4 min;
the peak of the impulsive, hard X-ray burst was at 09:16
UT. A possible schematic loop configuration for this event
is shown in the right panel of Fig. 7. In this case the loops
are larger. The determined length of the flaring loop is
Lo ~ 36,000 km and / < 23,000 km.

4. Conclusions

Using SXT images we have shown that the morphology
of the soft X-ray emitting region highly varies from flare to
flare showing nearly all-possible loop configurations:

e compact structures which probably constitute small
unresolved loops, loop’s footpoint or loop systems with
sizes below the telescope resolution;

e single loops;

e two or more loops interacting mainly as Y-type and in
one case X-type configuration;

e system of loops without clear configuration, more com-
plex, sometimes small arcade-like sources.

These flares do not differ significantly in their morphol-
ogy from large intense flares for which the strong soft and
hard X-ray emission is observed. However, all the struc-
tures presented are generally compact. All presented flares
also have significant emission at least in INTERBALL
channel h3 (30-60 keV). The Y-type loops’ interaction
occurs low, near the loops footpoints, where the plasma
is denser; this provides a possible explanation for the unex-
pectedly strong hard X-ray emission observed in these
events. Only in the case of X-type interaction the loops
are larger. As pointed out by Sakai and de Jager (1996),
strong hard X-rays can be produced by the process of an
X-type interaction.

The fact that the high-energy X-ray spectra of the ana-
lysed flares are harder than usual can explain their lack
of the intense soft X-ray emission. Intensity of the soft
X-ray emission corresponds directly to the process of chro-

mospheric evaporation, and the efficiency of this evapora-
tion is strongly affected by the energy spectrum of the
incident electron beam. It was shown (Antonucci et al.,
1993; Mariska et al., 1989; Ranns et al., 2000) that for
steeper spectra more of the input electron energy would
be converted into chromospheric evaporation than can be
radiated or conducted away from the energy deposition
site.

Moreover, McDonald et al. (1999) present an example
of four small flares with intense hard X-ray emission for
which only a small percentage of the non-thermal electron
beam energy was deposited above the flare transition
region (i.e., at locations where the heating rate of the elec-
tron beam exceeds the radiative cooling rate of the ambient
plasma). It seems that in the case of flares analysed by
McDonald et al. the electron beam penetrates very deep
into the dense chromosphere where its energy is so effec-
tively radiated away that it cannot power the chromospher-
ic evaporation, thus reducing the soft X-ray emission.
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