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X-RAY STUDY OF COMPACT FLARE KERNELS

B. SYLWESTER and J. SYLWESTER
Space Research Center, Polish Academy of Sciences, Wroclaw, Poland

Abstract. We have selected eight compact X-ray sources observed by Soft X-ray Tele-
scope (SXT) during the Yohkoh mission. Respective sequences of images have been de-
convolved in order to remove the instrumental blur. In this way the spatial resolution
on the images has been increased to ~ 1 arcsec. The analysis of deconvolved images
allowed us to study the dynamics and morphology of these compact plasma kernels and
infer their thermodynamic characteristics. Corresponding Hard X-ray Telescope (HXT)
observations were incorporated into the analysis where possible. In addition the standard
X-ray emission in the two channels observed by GOES satellite has been incorporated
into the analysis.
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1. Introduction

The aim of this research was to analyze the thermodynamic structure of a
number of X-ray sources observed to be compact. Usually they are refereed
as flare kernels. One can observe as well the top kernels as the footpoint ones
(Doschek et al., 1995; Sylwester and Sylwester, 1999a). The flare kernels are
the common and dominant features of the flaring regions observed in the
soft and hard X-ray Yohkoh images. The soft X-ray sources seen at the top
got much more attention especially as observed for the limb flares (Doschek
and Feldman, 1996; Jakimiec et al., 1998). For the present research we have
made the flare selection from the catalog of hard X-ray sources covering the
entire duration of the Yohkoh mission (http://solar.physics.montana.
edu/sato/shxtdbase.html). We have chosen flares with the most compact
kernels well covered by the observations. The eight compact flares of differ-
ent GOES class and duration, located as well at the limb as on the solar disk
were selected. They are listed in Table 1 together with their main character-
istics given. Respective sequences of the SXT images obtained in accessible
X-ray filters have been deconvolved before further analysis. The deconvolu-
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Figure 1: An example of the SXT image obtained in the Al12 filter during the rise phase

of 1998 December 14 flare. The left panel corresponds to the original image and the right
to the deconvolved one.

tion (with the oversampling, dividing the SXT pixel into 25 subpixels) has
been performed using ANDRIL algorithm (Sylwester and Sylwester 1998,
1999b) available within SolarSoft. The algorithm removes the image blur-
ring due to the instrument point spread function and increases numerically
the spatial resolution down to ~ 1 arcsec. The examples of what the decon-
volution does can be seen in Figure 1 where a part of SXT image as seen in
Al12 filter is shown before (the left panel) and after (the right panel) the
deconvolution. The color version of all Figures presented in this contribution
one can find on our web side http://www.cbk.pan.wroc.pl/en_ver.html.
It is seen that deconvolution reveals fine details not observed on the origi-
nal images and removes the background. It should be noted that during the
deconvolution the total flux in the image is preserved. Following the decon-
volution the images were carefully coaligned, making use of the spacecraft
pointing data files and additional cross correlation algorithm. This allowed
us to study the structure (the morphology), dynamics and thermodynamic
parameters of individual kernels using the filter ratio technique. Using this
technique we inferred maps of distribution of basic thermodynamic charac-
teristics (temperature T" and density V). Where possible respective HXT
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Table I: The events selected to the analysis

No Date Maximum GOEFES Duration Comments®
[UT| Class [min|

1 1992 Oct 04 22 : 27 M2.4 120 limb, imp. rise

2 1992 Oct 05 09 : 28 M2.0 25 limb, gradual

3 1998 Dec 14 06 : 28 C3.6 32 disc, gradual

4 1998 Dec 14 09 :44 Cr.3 60 disc, gradual

5 2000 Mar 18 21:54 C4.5 60 disc, double

6 2000 May 16 07 :22 C4.0 24 near limb, gradual
7 2000 Jul 13 07:02 C7.0 9 near limb, imp. rise
8 2000 Dec 24 17 : 20 C3.8 20 disc, imp. rise

¢ - flare location, type of evolution

observations were incorporated into the analysis. The HXT images have
been reconstructed using standard maximum entropy method (MEM). They
have been used to overlay the location of harder X-ray components onto the
softer emission patterns from SXT.

2. Data Analysis

Into the analysis of X-ray data we have incorporated the GOES fluxes mea-
sured in the standard wavelength bands as they were available for all flares.
At the top of Figure 2 we present these GOES lightcurves (1 - 8 A and
0.5 - 4 A) for the disc, C3.6 class flare on 1998 December 14 at 06:28 UT
(flare No 3 in Table 1). The grey-background area in Figure 2 indicates for
the interval when respective SXT Yohkoh observations were available. It is
seen that for this flare the main phase is well covered by SXT imaging. A
pair of X-ray fluxes in two wavelength (energy) bands are usually used for
determination of the average plasma temperature and emission measure in
the isothermal approximation by adopting the filter ratio technique. This
was done for “3 87 GOES data and the results are presented at the bottom
of Figure 2 as diagnostic diagram, DD, (Sylwester, 1996). The DD repre-
sents the evolutionary track of the flare temperature versus the square root
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Figure 2: The evolution of flare on 1998 December 14 as seen in the soft X-ray radiation.
At the top GOES lightcurves are presented with the shaded box indicating time interval
corresponding to the SXT observations. The vertical dashed line indicates the time shown
as a full circle in DD below. The diagnostic diagram (DD) is presented as a track joining
points separated each 3 s from cleaned GOES data. The star denotes the beginning of the
time period studied and the full dot corresponds to the time when the vertical dashed line
in the upper GOES lightcurve is placed. The grey shades around the observing points
on DD show the time when SXT images were available.

of emission measure on the (log-log) diagram. The observed pattern of the
evolution in the DD can be interpreted based on the comparison with the
results of the hydrodynamic flare modeling (HD), especially as concerns the
character and duration of flare in-situ heating. This type of the flare heating
rate analysis has been introduced by Jakimiec et al., (1992). The charac-
teristic straight lines drawn in the DD represent two limiting situations in
the modeled flare evolution: so-called quasi steady state (QSS-dashed) and
OFF (dotted) tracks. The quasi steady state evolutionary curve corresponds
to the situation when N and T are related according to the RTV (Rosner
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Figure 3: The displacement of the brightest plasma components as seen on SXT All12
(left) and Bell9 (right) images for the flare on 1998 December 14. The sequence of
contours is drawn at the level of 0.8 maximum intensity for consecutive frames. The first
available non-saturated images are displayed in grey shades at the background.

et al., 1978) scaling law:
Ttopz = const X NiopL

Here the T},, and Ny, denote the values of temperature and density at the
top of the loop of semilength L. The evolution along the curve with OFF
slope corresponds to the flare scenario when the heating has been abruptly
switched-off in the modeling. It is seen that for the investigated flare (Fig-
ure 2) the evolution follows a more complicated path: during some period it
goes along the track with the inclination characteristic for OFF branch (the
heating completely switched-off) but towards the end the additional heating
has been probably switched-on or the radiation from another, slower evolv-
ing, constantly heated loop takes over (the inclination of the evolutionary
curve is observed to be between OFF and QSS phase). A small bump can be
observed on the GOES lightcurve which can be attributed to this additional
heating included preferring the first scenario.

An inspection of the deconvolved SXT images reveals that the flare which
has been selected as equipped with a compact kernel, shows its morphology
to be changing during the evolution. After the deconvolution it was no longer
seen as one source, but consisted rather with a number of emitting patches.
In Figure 3 we present the locations of bright plasma emission as seen in
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Figure 4: A comparison of the soft and hard X-ray emission locations for the two times of
1998 December 14 flare evolution separated by ~ 2 min. The images at the background
and the solid (red) contours correspond to Bell9 emission while contours of the HXT
emission seen in the LO channel (14 - 23 keV) are drawn as dotted (blue) lines.

deconvolved All12 and Bell9 images for about 10 min of flare evolution. We
plotted the contours drawn at 0.8 of the maximum intensity on each image
in the sequence. As the background, the intensity pattern for the first in
the sequence image is shown for the comparison. The rise time contours are
drawn black and their shades become lighter towards the decay. It is strik-
ing how well the pattern coincides between the two Al12 and Bell9 energy
bands selected. After some time the first emission patch is being replaced by
the other in dominating the X-ray emission. The two patches are separated
by ~ 10 arcsec. A systematic pattern of displacements of kernels’ brightness
location is observed in all SXT channels shown here and for the others flares
studied. The transversal displacements are evidently more pronounced for
the limb flares. In those cases the maximum of X -ray emission changes its
position, suggesting the motion of the source outward of the Sun.

In Figure 4 we compare the soft and hard X-ray brightest area locations for
two moments during the rise phase of analysed flare as seen on SXT (de-
convolved) and HXT (MEM reconstructed) images. In about one minute,
the pattern of X-ray emission changed substantially. The additional (dou-
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Figure 5: The distribution of main thermodynamic parameters for three times on the rise
phase (see respective columns) during 1998 December 14 flare. The “isothermal” tem-
perature and emission measure are presented in false shades in the first and second row
respectively. The thin white line delimits a common region for Al12 and Bell9 images
where there is sufficient signal (above 50 DN/subpixel) allowing for a meaningful interpre-
tation. The size of presented images is 50 subpixels. The bottom row shows corresponding
histogram of gDEM. See the text for explanation.

ble) soft X-ray emitting source has been formed about 7500 km apart from
the main emissivity patch which can be also traced in Figure 3. A hard
X-ray emission source became more compact and centered at the position
of the additional, fainter soft X-ray patch. This illustrates a fast rearrange-
ment of the softer and harder X-ray emissivity pattern. As the plasma is
confined into the kernel by the magnetic field this is an evidence of respec-
tive solar magnetic field rearrangement. As concerns the filter ratio analysis
of deconvolved soft X-ray images, of crucial importance is precise relative
coalignment of the images obtained in different filters. A special coalign-
ment correlation technique has been used in this respect which allowed for
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~ 0.1 arcsec accuracy. The filter ratio technique provides the estimates of
the temperature and emission measure in each subpixel (0.5x0.5 arcsec).
The results are presented in the two top rows of Figure 5 for three times
(columns) during the rise phase separated by about 17 sec. The fine struc-
ture of the T" and EM distributions can be seen within the kernels. The
hottest places (the lighter areas in the upper row) are not necessarily the
densest ones (the middle row). In this and many other events an appar-
ent “anticorrelation” exists: the more rarefied regions are hotter then the
denser and more luminous parts of the X-rays kernels. In this, and many
other times and events, the centers of the kernels are cooler and the edges
of kernels are seen to be hotter. This is not the instrumental effect. This
observed property indicates that the energy release is the most efficient at
the kernels boundaries.

At the bottom row of Figure 5 we present a corresponding “quasi” differential
emission measure distribution (QDEM) constructed based on the tempera-
ture and emission measure maps (see Sylwester and Sylwester, 2002). The
gDEM histograms have been constructed as follows: at first the subpixels
have been identified with the temperature falling into the (7', T+AT) range
and next the emission measure for all those subpixels have been summed
together and put at the histogram for appropriate temperature. The aver-
aged temperatures of the entire region occupied by the kernels are indicated
in the Figure. It is seen that the bulk of the plasma is characterised by the
relatively high temperature component seen around T~10 MK. The corre-
sponding plasma densities determined with the assumption of the uniform
filling are: 1.9, 2.5 and 1.7 x 10" ¢cm™3 respectively for the three times
presented in Figure 5. It is also seen that for selected confined region there
exists a small amount of very hot plasma (T>15 MK), with growing im-
portance of this component as the flare’s flux rises. The absence of cooler
plasma (with T<5 MK) in the histogram is a selection effect connected with
the fact, that using Al12 and Bell9 filters the plasma with temperatures
higher than 5 MK is preferentially “seen” through a combination of plasma
emissivity and the filter energy response.

3. Concluding Remarks

In the paper we have analyzed the coronal part of the flaring plasma giving
rise to the X-ray emission. In order to get as full as possible set of flare
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characteristics, we have used multi-instrument database (GOES, SXT and
HXT) and analyzed them in combination. We presented our method of X-
ray data analysis for flare observed on 1998 December 14. A corresponding
analysis have been made for eight selected flares as shown in Table 1. The
following conclusions can be drawn based on the results of the analysis
performed:

1. Deconvolution and precise sub-arc-sec coalignment of SXT images is
necessary in the analysis of flaring plasma kernels.

2. Compact flares usually evolve into a more complicated structures on
time scales of ~2 min. This indicates for substantial reconfiguration
of magnetic fields supporting and confining the heated plasma.

3. The hard and soft X-ray emissions are often seen to be NOT co-
spatial.

4. As a rule the location of the brightest soft X-ray emission changes its
position as the flare progresses.

5. A small amount of very hot plasma (T>15 MK) exists in the flaring
region even during the decay phase, occupying a skin surface of the
plasma kernels.

6. The density of compact kernels’ plasma is rather high ( 10! em™3).

The results obtained confirm a crucial role the plasma kernels play in the
formation of coronal X-ray radiation. Kernel plasma properties are best
revealed through the interpretation of spectral measurements, therefore such
a study will be undertaken soon, based on analysis of high resolution spectra
obtained from the RESIK spectrometer. A good foundation for such analysis
is presented by Phillips et al., (2006).
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