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ABSTRACT

Aims. We study the interaction between a downward moving plasmoid and a loop-top kernel recognized in the 30 November 2000
flare. Such an interaction is predicted by some numerical models of solar flares.

Methods. Using X-ray observations from Yohkoh and GOES, EUV observations from SOHO, and radio observations from Ondfejov,
we perform multi-wavelength analysis of this interaction.

Results. The Yohkoh/SXT and SOHO/EIT images indicate that the growing flare loop with the loop-top kernel and the above-lying
plasmoid were formed as a result of the interaction of two extended arcade-loops. While the flare loop was growing upwards, the
plasmoid moved downwards with the velocity of about 16 km s™' and interacted with the loop-top kernel. Many details of this
interaction are found, e.g., an increase of the X-ray and decimetric radio fluxes and an increase of the plasma temperature at the
interaction site. Just after the coalescence of the plasmoid with the loop-top kernel, the 1-2 GHz pulsating radio structure and hard
X-ray source above the coalescence site were observed. The analyzed temperature maps indicate flows of heated plasma around
the plasmoid to the location of the X-ray and radio source. These observations are in agreement with predictions from numerical

modelling.
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1. Introduction

The most common model of large solar flares is that in which
there is an upward moving magnetic rope, below which the
reconnecting current sheet, cusp structure and flare loop ar-
cade are formed (Magara et al. 1996; Shibata 1999; Priest
& Forbes 2000). There are many observations supporting this
model (Tsuneta et al. 1992; Yokoyama et al. 2001; Krucker et al.
2003; Lin et al. 2003; Chen et al. 2004).

The observations of X-ray loop-top sources (loop-top ker-
nels; e.g.: Acton et al. 1992; Masuda et al. 1994) also favour
this model. Namely, as shown by Karlicky & Kosugi (2004) and
Karlicky & Barta (2006), these loop-top sources can be naturally
explained by the electron acceleration in the collapsing magnetic
trap, which is a part of this flare model (Somov & Kosugi 1994).

The observation of the plasmoid ejection further supports
this flare model (Ohyama & Shibata 1998). In the papers by
Kliem at al. (2000), Khan et al. (2002), and Karlicky (2004),
it was found that these plasmoid ejecta are associated with the
drifting pulsating structures (DPS) observed in the decimet-
ric frequency range. These DPSs have both negative and posi-
tive frequency drifts, which correspond to upward or downward
motion of the plasmoids. Furthermore, there are observations
(Karlicky 2004) showing several simultaneous DPSs, which in-
dicates several plasmoids. These observations agree with the
concept of the fractal reconnection proposed by Shibata &
Tanuma (2001) and also with numerical simulations (Barta et al.
2007; Karlicky & Barta 2007), where the interaction of plas-
moids are also shown. Some simulations (Bérta et al. 2007; Riley
et al. 2007) even show that downward moving plasmoids inter-
act with the flare loop arcade. Using unique observations of the

30 November 2000 flare, this process is studied in detail in this
paper.

2. Data sets

The most important data sets we use in our analysis are as fol-
lows (see also Fig. 1):

— Images from the Soft X-ray Telescope (SXT) onboard
Yohkoh (Tsuneta et al. 1991). For the flare, partial-frame im-
ages (PFIs) from 08:58 to 09:24 UT are available in three
filters (Bel19, Al12 and AIMg) and in all SXT spatial res-
olutions. However, in the quarter and half resolution images
(479 and 9”8 per pixel, respectively) the flare is saturated,
therefore we did not use these data. The set of images in
the best, full resolution (2745 per pixel) can be divided into
two time intervals. Before 09:06 UT there are observations
in three filters mentioned-above. After that moment, obser-
vations are only in the AIMg filter. Thus, the SXT diagnostic
of the flare can be performed only for the first interval, be-
tween 08:58 and 09:06 UT. The full resolution SXT images
were utilized to study the flare morphological evolution and
to obtain geometrical, kinematic and physical parameters of
the most interesting flare areas. The selected images were
reduced using SolarSoftWare procedures. To estimate the
emission measure (EM) and temperature (7) of flare plasma,
we used the filter ratio method (FRM), as described by Hara
et al. (1992).

— The measurement of hard X-ray (HXR) flux from the Hard
X-ray Telescope onboard Yohkoh (Kosugi et al. 1991). These
data cover the time interval from 08:56 to 09:24 UT. The
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Fig. 1. The upper panel: GOES/SEM X-ray fluxes for the 30 November
2000 flare (upper curve: 1-8 A, lower curve: 0.5-4 A). Arrows mark
time intervals of available X-ray (SXT, HXT) and radio (ONDR) ob-
servations. The thicker part of the SXT arrow shows the time interval
when the SXT diagnostic can be performed. The observation times for
SOHOJEIT images shown in Fig. 5 are marked by vertical dashes. The
lower panel: temperature (black line) and emission measure (grey dash-
dot line) for the flare calculated from GOES/SEM measurement.

time resolution of the data is 0.5 s before 09:06 UT and 4 s
after that moment. For our analysis, we reduced the higher
resolution in the first time interval to 4 s. The HXT measure-
ments were used to investigate temporal evolution of HXR
emission and its correlation with the flare radio emission. In
addition, we reconstructed images from HXT data to anal-
yse the flare morphology in HXR. The images were synthe-
sized using the maximum entropy method (MEM; Frieden
1972; Gull & Daniell 1978; Willingale 1981; Sakao 1994),
with modulation patterns computed by Sato (Sato 1997; Sato
et al. 1999).

— The radio dynamic spectrum provided by the Ondfejov
(ONDR) radiospectrograph (Jificka et al. 1993). The spec-
trum covers the frequency range from 800 to 2000 MHz and
the time-interval from 09:05 to 09:15 UT. Temporal and fre-
quency resolution is 0.1 s and 4.7 MHz, respectively. The
ONDR spectrum was used to investigate temporal and fre-
quency behaviour of the flare radio emission and its correla-
tion with HXR emission.

In addition to the mentioned data, we also utilized the following
observations:

— Images from the Extreme ultraviolet Imaging Telescope
(EIT) onboard SOHO (Delaboudini¢re et al. 1995). For the
analysed flare, EIT images in 195 A are available. Temporal
resolution of the images is about 7 min. We selected three of
these images made at the beginning and during the rise phase
of the flare. The images were used to study overall structure
of the NOAA AR 9236, which enables us to construct a pos-
sible scenario of the flare formation.
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Fig. 2. Two upper panels: the HXR flux of the 30 November 2000 flare
measured by Yohkoh/HXT in channels L and M1 (black lines). The
flux was divided into two components: impulsive (thiner grey line) and
smooth (thicker grey line). The impulsive component is shown after
background subtraction. The lower panel: integrated radio flux recorded
in ONDR in the range 800-2000 MHz.

— Solar X-ray light curves from the Space Environment
Monitor (SEM) onboard GOES satellites (Donnelly et al.
1977). SEM provides flux measurements in two bands:
1-8 A and 0.5-4 A. Using these measurements, we estimated
total emission measure and mean temperature of the flare us-
ing FRM.

3. The analysis of observations

The flare of 30 November 2000 occurred in NOAA AR 9236
at the location N17 W89. It began at 08:55 UT (see Fig. 1);
earlier (at 08:46 UT) there was a weak X-ray flux maximum,
although connection with the flare is unclear. The analysed
flare had slow increase of brightness and reached the maximum
(M1.0) at 09:26 UT. The flux then decreased for about 2.5 h.
Thus, the analysed flare belongs to the so-called long-duration
events (LDE). From the ratio of signals in the two GOES/SEM
channels, we calculated the mean temperature of the flare using
Chianti 5.1 coronal abundances (see Fig. 1). The temperature
increased from 8 (at 08:54 UT) to 13.5 MK in about 26 min.
The increase was first steeper (4 MK in 11 min) then flatter
(1.5 MK in 15 min). The temperature maximum was reached
at about 09:20 UT, and from that moment, there was monotonic
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decrease of T. The time-profile of 7 was asymmetric: increase
just before maximum was flatter than decrease observed after-
wards. We found that this behaviour was similar to the time-
profile of HXR (see below). Temporal changes of total emission
measure of the flare were similar to flux changes. The maximum
EM was reached at about 09:30 UT.

HXR emission of the flare was recorded by HXT only in
channels L (14-23 keV) and M1 (23-33 keV) and was weak
(less then 10 counts/s/subcollimator; Fig. 2). In both channels,
HXR emission was superposition of a smooth and impulsive
component. To separate the components we fitted a polynomial
to the total HXR flux time-profile. The polynomial was taken as
an estimation of the smooth component. The impulsive compo-
nent was obtained by subtracting the fitted polynomial from the
total flux. The time-profile of the smooth component in chan-
nel L was very similar to the temperature time-profile estimated
from SEM data. This suggest that the component was emitted
by hot plasma. The ratio R of the fluxes measured in the L
and M1 channels (so-called hardness ratio) for this component
was 0.03-0.14. Assuming thermal emission of plasma (single-
temperature thermal Bremsstrahlung), the value of R can be ex-
pressed in terms of temperature of emitting plasma. Using this
assumption, we calculated that plasma emitting the smooth com-
ponent was 20-30 MK hot.

The impulsive component was weaker than the smooth one.
In channel M1 there were only two pulses recorded. More in-
teresting is the time-profile of HXR in channel L, where some
periodicity can be noticed. Before 09:04 UT there were five
weak, short pulses, which occurred with a period equal to about
1 min. After that moment, intervals between pulses became
longer (2—4 min) and less periodic. The ratio R for the impulsive

X (arcsecs)

Fig. 10). The solar limb and heliographical grid
are shown.

960 980 1000 1020

component can be estimated for only two pulses recorded in
both channels (at about 09:12.5 and 09:17 UT). The value of
R is 0.3-0.4 and 0.5-0.7 for the first and second pulse, re-
spectively. Assuming that the impulsive component was emit-
ted by non-thermal electrons (single-power-law non-thermal
Bremsstrahlung), the obtained hardness ratio can be converted
into the spectral index () of the power-law energy spectrum,
equal to 5.3-6.0 and 3.8-4.8 for the first and second pulse, re-
spectively.

The ONDR dynamic spectrum (see Fig. 7) shows so-called
DPS (e.g. Karlicky 2002) with limited frequency bandwidth and
without significant global drift of the whole structure (the change
of DPS global frequency during its duration was as small as
100-150 MHz, i.e., the global drift was only ~0.4 MHz/s). The
first weak pulses were recorded just after 09:06 UT, but the main
brightest DPS ranged from 09:08.5 to 09:14.2 UT. We integrated
the observed radio flux over frequency and reduced temporal
resolution to 4 s in order to compared it with the HXR impul-
sive component (see Fig. 2). The radio emission was more vari-
able than the impulsive component, nevertheless, three pluses
recorded in the L channel at 09:10:10, 09:12:10 and 09:13:20 UT
(time of maximum) had counterparts in radio flux. This indicates
that the impulsive component was emitted by non-thermal elec-
trons in the close location as radio emission.

Figure 3 presents selected SXT images showing time evo-
lution of the flare. In the first SXT images, we see the flaring
loop with a bright source at the top (LTK — loop-top kernel). The
loop had a distinct cusp-shape structure above the LTK. Within
the structure there was another source, which moved downwards
towards the LTK (MVS — moving source). As time passed, the
distance between both sources decreased and finally the MVS
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Table 1. The differences in kinematics and morphology of the 20 November 2000 flare resulting from images made in the AIMg, Al12 and Bel19
filters.

Filter =~ LTK - MYVS distance LTK -MVS Brightness of the The depression The centroids

at 09:00 UT relative velocity  depression at 08:58:20 UT*  disappearance” contact®
[10° km] [kms™] [fraction] [UT] [UT]

Bell9 74+12 -215+23 0.71 09:02:20 (£30s)  09:05:40 (+30s)

All2 88+1.2 -22.6+23 0.57 09:03:20 (£30s)  09:06:30 (+30 s)

AlMg 9.8+1.2 -20.0+ 1.6 0.50 09:03:30 (+£30s)  09:07:40 (+60 s)

¢ Brightness (relative to the brightest pixel) of the depression between LTK and MVS in the brightness profile over the path shown in Fig. 3.

® Moment of the depression between LTK and MVS disappearance.
¢ Moment of LTK and MVS centroids contact.
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Fig. 4. The upper panel: the altitude (above the photosphere) of the LTK
and MVS before the interaction and the LTK after the interaction. The
altitude is corrected on the flare location. The lower panel: the distance
between the LTK and MVS. The results were obtained from images
made in the AIMg filter.

merged with the LTK (for LTK, after the merge with the MVS,
we use the abbreviation LTK,.). After the coalescence, the loop
lost its cusp shape and the top of the loop became rounded.

To study the process of coalescing in detail, we estimated
the altitudes (7) of LTK and MVS and the distance (d) between
them in each available SXT image. The source altitude was cal-
culated as the distance between its centroid and the photosphere.
The obtained altitudes are the corrected altitudes (considering
the flare position on the solar disc), not projected on the image
plane. The results for the AIMg filter are shown in Fig. 4. The
images made in this filter cover a longer time-interval than those
made in the Al12 and Bel19 filters and, this is why they give
us more information on the kinematic evolution of the flare. The
LTK showed typical upward motion. The velocity of the LTK
motion had three stages: 2.5 kms~! before the source’s centroids
contact, 6.5 kms™! after that moment, until 09:16 UT when the
LTK stopped at altitude 2.0 x 10* km. The later decrease of

altitude might not be real. During that time, the loop (and LTK)
lost its cusp shape. This change could affect the determination
of the centroid location. In the first SXT images of the flare, the
MVS was almost at 2.5 x 10* km above the photosphere. Its al-
titude was systematically decreasing and at 09:07:40 (+60 s) the
LTK and MVS centroids contacted. Relative velocity between
these two sources was —21.0 + 1.6 kms™!.

For the three filters, there were differences in the estimated
altitudes, providing us with information regarding the thermal
structure of both sources, and the area between them. To explain
the differences, we must remember the SXT thermal sensitiv-
ity (response) depends on filter: the thicker the filter, the higher
the sensitivity of SXT to more energetic photons and (in implica-
tion) to hotter plasma. From the three filters we used, the thinnest
is the AlMg filter (maximum sensitivity for <10 MK) and the
thickest is Be119 (maximum for >10 MK). Comparison of the
images made in the three filters gives the following differences
in kinematics and morphology of the flare (see also Table 1):

— The thicker the filter, the higher the altitude of the LTK cen-
troid. This means that the LTK had vertical stratification of
temperature: hotter plasma was located higher. Such a differ-
ence was not observed for the MVS, suggesting that in this
source there was no significant vertical thermal stratification.
See also the description of temperature maps below.

— Brightness of the depression between the LTK and the MVS
(in the brightness profile over the path marked in Fig. 3, rel-
ative to the brightness of both sources) was higher in images
made with thicker filters. This suggests that the depression
contained relatively more hot plasma.

— The thicker the filter, the earlier the moment of the source’s
centroids contact. This difference results from the fact that
the LTK centroid was observed higher in the thicker filter
and consequently was closer to the MVS centroid (the rela-
tive velocity of the two sources approaching each other was
similar in all three filters).

SOHO/EIT images can provide information about the overall
magnetic structure of the NOAA AR 9236, where the flare oc-
curred. In the EIT image made just before the flare (see the first
image in Fig. 5), we see several, (4—6)x10* km high, loops form-
ing the arcade. Seven minutes later, the LTK and MVS sources
can be seen (see the second image in Fig. 5). Both sources had
formed within one of the arcade loops. The cusp shape above the
LTK, seen in the SXT images, extended along this loop. In the
last of the selected EIT images, we see (as in the SXT images
made at the same time) the LTK embedded in a distinct loop.
From the the EIT images, a possible scenario of the flare forma-
tion can be inferred. It appears that two loops of the arcade inter-
acted, forming the current sheet between them and here, due to
the tearing mode instability, the LTK and MVS (plasmoid) were
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Fig. 5. The SOHO/EIT 195 A images showing overall magnetic structure of the NOAA AR 9236 in which the analysed flare occurred. The first
image was obtained just before the flare beginning. The second and third show the region before and after the LTK-MVS interaction, respectively.
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sure and density for the LTK and MSV, ob-

tained from the Be/Al diagnostic.

formed (see also the numerical modelling made by Barta et al.
2007).

To estimate the physical parameters of both sources, we ex-
tracted in each All2 image the area containing the sources. The
boundary of the area was taken at an intensity isoline (isophote)
50 percent (Isp) relative to the brightest pixel in any given
All2 image. We then divided the area into two subareas, each
containing one of the sources. The division was made perpen-
dicular to the line connecting the LTK and MVS. In the next
step, in each Al12 and Be119 image, we summed the flux within
these two subareas to estimate the mean 7 and total EM of
plasma inside the LTK and MVS (Be/Al diagnostic). Using the
obtained emission measure, we can calculate the mean elec-
tron density (V) within each source from the simple equation:
N = +EM/V, where V is the volume of emitting plasma.
However, to estimate V we need to know the source dimension
along the line-of-sight. This dimension cannot be determined di-
rectly from the SXT images, it must be reasonably estimated. We
took, as this dimension, the width of each source defined by the
isophote Isq (in the direction perpendicular to the line connecting
the LTK and MVS).

The results of the sources diagnostic are shown in Fig. 6.
The LTK was brighter than the MVS, as seen in the All12 im-
ages, but in the Be119 images (thicker filter), both sources had
a very similar flux. This means that the mean temperature of the
MVS was higher than that of the LTK. This conclusion is con-
firmed by the T estimation. Although both sources had similar
time-variations of temperature, the MVS was about 1 MK hot-
ter than the LTK. Time-variations of the EM of both sources
were also similar, but the LTK had emission measure that were
1.1-1.5 times larger. The mean density of the sources was almost
the same in value and time-profile. Similar temporal variations
of all estimated physical parameters suggest that the LTK and
MYVS were not separate sources; they were physically (magneti-
cally) connected.

The observed interaction and coalescence of the LTK and
MYVS should be similar to coalescence of two plasmoids. As
shown by Karlicky & Barta (2007), such a process leads to effi-
cient electron acceleration and to radio emission (plasma waves
mechanism) in the form of a pulsating structure with a limited
frequency bandwidth. If, in addition, there is a change of den-
sity of the coalescing plasmoids, due to e.g. their upward or
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emission is mainly produced in the external (i.e. less dense)
parts of interacting plasmoids. For the observed and predicted
frequencies to agree, the observed density should be lower, by a
factor ~1.4-2.0, which is a reasonable value. The second dis-
agreement between the observed and predicted frequencies is
that the observed DPS showed no substantial global drift towards
higher frequencies, as the predicted emission. However, this dis-
agreement can be explained if we assume that the drift of a DPS
(or the lack of the drift) is caused by the source altitude change.
At the time of the DPS observation, the plasmoid had practically
stopped due to the interaction with the LTK, possibly leading to
no significant global drift of the emitted DPS.

There is another possible explanation for the observed DPS;
it might be produced by electrons, which after acceleration
during the LTK-MVS interaction, escaped from the coalescent
sources to an other site(s) (Karlicky & Barta 2007). From the
observed characteristics of the DPS, we can conclude that it was
emitted from the region with: (a) a lower density than in the
interacting sources, and (b) a nearly constant density at least
during the time of the DPS (09:08.5-09:14.2 UT). The main
difficulty in finding such an area is the lack of diagnostic after
09:06 UT. During the time of the DPS we only have the AIMg
images. Fortunately, the SXT had higher sensitivity to density
variations than to temperature variations, at least in the typical
flare temperature range. In the case of the AIMg filter, the signal
measured by the SXT (expressed in so-called DN — data number)
changed by only a factor of 1.4 in T range 5-25 MK (see Fig. 9 in
Tsuneta et al. 1991), while the DN is proportional to N2. Using
this characteristic, we can roughly estimate from the AIMg im-
ages the relative changes of density, or even the absolute value
of N by extrapolating the results from the Be/Al diagnostic.

Assuming that all of the observed variations of brightness in
the AIMg images were caused by density variations, we care-
fully analysed the SXT data to find the site from which the DPS

Start Time (30-Nov—00 08:57:44)

Fig. 8. Time-variations of brightness in the Spps. The vertical dashed
lines mark the radio DPS time interval.

could be emitted, i.e., the site where, at least during the radio
emission, there was (almost) no significant change of bright-
ness. From ONDR dynamic spectra we see that the DPS global
drift was about 0.4 MHz/s (the DPS frequency only changed by
100-150 MHz during the DPS duration). Using the relations be-
tween f,, N and DN, we can state that to obtain such a small
change of frequency, the brightness of the area emitting the DPS
should not increase by more than about 1.4 times during that
time. Thus, we searched for areas where (during the DPS) the
brightness increased by no more than 1.4 times.

We found two such areas. The first was a large area limited
by the flare loop (below the LTK) and can be rejected because
it was not connected with the flare. The second site was located
above the LTK ., partially overlapping with the HXR source. As
previously mentioned, since time-variations of the radio emis-
sion were similar to the HXR radiation, we can suppose that the
DPS was emitted from the same location as the HXR flux, i.e.,
from above the LTK,. (see HXT images in Fig. 11). Thus, for
further analysis, we only took the part of the brightness small-
variation site that was in common with the HXR source (Spps;
see the second image in Fig. 11). We determined the brightness
time-variations for the Sppg region. The result is shown in Fig. 8.
As one can see, during the DPS, there was a distinct plateau
in the time-profile of the Sppg brightness. To confirm that the
Spps was the site where the DPS was produced, we tried to es-
timate the density in this region and then transform N to radio
frequency to compare with the DPS frequency. For each pixel
of the Spps, we took the density estimated from the last avail-
able pair of Be119/Al112 images (at 09:05:38 UT) and the AIMg
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brightness at that time, and using the relation DN o« N2, we oF _08:58:50 UT : 20
calculated the density in these pixels during the DPS time. We E - temperature E
then transformed N to plasma frequency and compared the result E -
with the DPS frequency (see Fig. 7). The predicted frequency 3 ERS
and bandwidth are in good agreement with the DPS character- _ 12
istics, thus, we can conclude with high probability that the Spps 3 s 302
was the source of the DPS. - i 3
The interaction between the LTK and MVS should also be JE _55 o
revealed in the thermal structure of the flare, therefore we anal- I
ysed the temperature distribution on 7" maps obtained from the 2 3
Be/Al diagnostic (see Fig. 9). Firstly, there was a difference in G'C') 2'0 4‘0 elo 40

the thermal structures of the LTK and MVS. The first source
had a vertical temperature distribution, i.e., its lower part was
cooler than the upper part. The MVS was not only hotter than
the LTK, but there was also no such vertical stratification of T.
Since the thermal conduction is most efficient along magnetic
field lines, the observed thermal structure provides us with in-
formation about the magnetic structure of both sources. The
structure of the LTK can be explained by the model of the col-
lapsing magnetic trap (e.g. Somov & Kosugi 1994; Jakimiec
2002; Karlicky & Barta 2006). The upper part of the LTK was
closer to the reconnection site; it should be hotter because it was
“made of” newly formed magnetic traps and the most recently
heated plasma. The lower part of the LTK was older, built of
magnetic traps formed earlier and plasma within them that had
time to cool down. The thermal structure is also in agreement
with the common observational fact that very hot plasma is usu-
ally present above loop-top sources, while cooler UV loops are
below them. On the other hand, if the MVS is a plasmoid, it
should have closed, circular magnetic field lines, allowing a tem-
perature balance between its lower and upper parts. Moreover
the MVS, according to our scenario of the flare formation, was

pixels along section

Fig. 10. Temperature (black line) and brightness (grey line) profiles es-
timated for the flare before the LKT and MVS coalescence. The profiles
were obtained over the path shown in Figs. 3 and 9. Temperature was
not calculated for pixels with numbers less than 18 and greater than 47
because low signals within these pixels might give unreliable results.

heated simultaneously from below (reconnection with the LTK)
and from above (main reconnecting current sheet between the
arcade loops; see Fig. 13).

The most interesting observation is the distribution of hot
areas. In the thermal maps, there were two hot regions on op-
posite sides of the interacting sources (areas A and B in Fig. 9).
The areas formed near the brightness depression between the
sources, and as time passed they became hotter. Moreover, be-
fore the sources coalescence, the highest temperature along the
path shown in Figs. 3 and 9 was observed in this brightness
depression (see Fig. 10). The interaction between the LTK and
MYVS led to local plasma heating near the interaction site. Heated



Fig.11. The selected HXT/L images overlaid
as contours (thin lines) on corresponding AIMg
images. The contours have values from 0.4 to
0.9 (with increment 0.1) relative to the bright-
est pixel in a given HXT/L image. For each
HXT/L image, the starting time of integration
and its duration are given. The thick contour in

692 S. Kotomariski and M. Karlicky: The interaction of a plasmoid with a loop-top kernel
09:06:08 +100 s 09:11:20 +120 s
360 T T T T T 360 T T T T T
340 b 340 b
320f . 320f LT ]
» ' im0 '
8 8
S 300f 1 © 300 S
5 5 DPS
> > k(///
280 O b 280 b
260 b 260 T b
HXR
240 ! 1 240 1 1 |SO u ?rCle 1
900 920 940 960 980 1000 1020 900 920 940 960 980 1000 1020
X (arcsecs) X (arcsecs)
09:16:04 +136 s 09:21:32 +172 s
360 T T T T T 360 T T T T T
3401 g 340 ]
320f" ] 320f ]
» ' »
O O
] ]
S 300f . S 300f .
o A
> >
280 b 280 b
260 b 260 b
240 L L 240 1 1 L
900 920 940 960 980 1000 1020 900 920 940 960 980 1000 1020

X (arcsecs)

X (arcsecs)

the upper-right image shows the area S pps. The
solar limb and heliographical grid are shown.

plasma may then have been “squeezed out” of the site, forming
the hot areas A and B.

Only in channel L was the number of counts sufficient to
obtain HXT images for the analysed flare. Figure 11 shows a se-
quence of selected HXT images overlaid on AIMg images. In all
obtained images there is only one HXR source, just above the
LTK,.. Its position was almost stable; there was no systematic
displacement and shifts were smaller than 10 arcsec. The posi-
tion was in good agreement with the position of the hot area B
(compare the last image in Fig. 9 with the first image in Fig. 11),
thus the HXR source (the smooth component) was probably
formed by very hot plasma “squeezed out” of the LTK-MVS
interaction site or/and heated by electrons accelerated in the site.
Keeping in mind that the radio DPS was also emitted from that
location, we can conclude that the impulsive/nonthermal HXR
component was also emitted by particles, which, after accelera-
tion, escaped from the LTK-MVS contact site.

4. Discussion and conclusions

In this paper, we study the unique observations of the
30 November 2000 flare, in which an interaction and coales-
cence of the loop-top kernel with the plasmoid were recorded.
Such a process was predicted by some simulations (e.g. Barta
et al. 2007; Riley et al. 2007). Moreover, Karlicky & Barta
(2007) showed that interaction and coalescence of two plas-
moids leads to effective particle acceleration and plasma heat-
ing. The most energetic particles are located in the external
parts of the plasmoids and some of them can even escape out-
side. Although a loop-top kernel can have a different internal
magnetic structure than a plasmoid, interaction and coalescence
of a loop-top kernel with a plasmoid should be similar to the

interaction of two plasmoids. Thus, the increase of X-ray and ra-
dio (DPS structure) emissions during the event and the increase
of the temperature in the region between the LKT and the MVS
are considered here as evidence that the described event was a
real interaction process.

The very beginning of the flare was not well observed.
However, the formation of the LTK and MVS can be inferred
from the EIT images and known numerical simulations (e.g.
Barta et al. 2007). The flare started due to an interaction of two
loops in the loop arcade. Between these two loops the current
sheet was formed and, due to the tearing-mode instability and
loops fixed in the photosphere, the growing flare loop and plas-
moid were formed. The tension force in the inverted V-shape
magnetic field structure around the plasmoid accelerated the
plasmoid (MVS) downwards, and then after some time it inter-
acted with the growing loop, having the X-ray kernel (LTK) at
its top. The contact between the sources resulted in reconnection
of their magnetic fields, particle acceleration and plasma heat-
ing. In the observations these processes manifested themselves
as follows:

— During the LTK-MVS interaction two hot areas A and B
developed on opposite sides of both sources, near the con-
tact site. Moreover, in this site, between the sources, plasma
was hotter than inside them. The hot plasma was also located
around the MVS.

— Atthe end, and just after the sources coalescence, 20-30 MK
hot plasma appeared in the area B.

— At the same time nonthermal electrons, which escaped from
the LTK-MVS interaction site, emitted impulsive radio and
HXR radiation.
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Fig. 12. Schematic drawing showing the time order of the most impor-
tant observed phenomena.
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Fig. 13. Flare scenario. The arrows represent fluxes of accelerated elec-
trons and heated plasmas.

HXR and radio
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— Periodic HXR pulses were detected during the interaction,
and quasi-periodic pulses at the end and after the coales-
cence.

The location of hot plasma areas observed by the SXT and HXT
and the (same) location of the source of impulsive emission in
radio and hard X-rays, suggests that they might be formed by
electrons, which, after acceleration, escaped from the LTK-MVS
interaction site. The coalescence may also have “squeezed out”
heated plasma outwards.

In summary (see also Fig. 12), the scenario of the processes
under study are shown in Fig. 13. In the space between the
two arcade loops, the flare loop with the LTK and MVS was
formed and then the sources interacted. Note that the main
reconnecting current sheet is between the arcade loops. It differs
from the vertical current sheet below the rising magnetic rope,
as assumed in the standard model of two-ribbon flares (Priest
& Forbes 2000). In this scenario we have two reconnection
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sites: the reconnection between two arcade loops and the recon-
nection between the interacting LTK and MVS. Both acceler-
ated the particles and heated the plasma (the particles and plasma
flows are shown in Fig. 13). These particles and hot plasma ac-
cumulated just above the coalescent LTK-MVS where they pro-
duced the HXR and DPS radio emissions.
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