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THE IMPULSIVE X-RAY RESPONSE IN FLARE FOOTPOINTS

T. Mrozek, and M. Tomczak
Astronomical Institute, Wroclaw University, Kopernika 11, PL-51-622 Wroclaw, Poland

ABSTRACT

The impulsive phase of many solar flares well-
observed by Yohkoh has been investigated using im-
ages from the SXT and HXT telescopes. A response
to nonthermal electron beams in the individual flare
footpoint has been localized and measured. Morpho-
logical features such as soft X-ray impulsive bright-
ening and a hard X-ray footpoint emission source
have been considered. A correlation between these
features has been studied and their dependence on
the energy spectrum of nonthermal electron beams
has been discussed.

1. INTRODUCTION

The observations of impulsive soft X-ray (SXR)
brightenings offer a new diagnostic tool of the non-
thermal electrons precipitation in solar flare foot-
points. Since the Yohkoh discovery of impulsive SXR
brightenings (Strong et al. 1994, Hudson et al. 1994)
a new method of velocity estimation of the chromo-
spheric evaporation has been developed (Tomczak
1997a). Tomczak (1999) showed that the impulsive
SXR brightenings are caused mainly by non-thermal
electrons with moderate energies (10-20 keV). He de-
rived also an explanation of the Neupert effect as the
result of impulsive SXR brightenings.

In this paper the analysis of Tomczak (1999) was re-
peated in more comprehensive way for a large num-
ber of events.

2. ANALYSIS

For this study we chose flares which impulsive phase
were well-observed by Yohkoh, their impulsive SXR
brightenings were visible after a prompt inspection of
the observations and their hard X-ray (HXR) emis-
sion in the channels M1 (23-33 keV) and M2 (33-53
keV) had sufficient number of counts for an image
reconstruction.

We have investigated the SXT images made with the
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Figure 1. Sample image of the 14-Feb-92 flare ob-
tained at the mazimum of the HXR light curve. Grey
scale represents the SXT(Al12) emission distribu-
tion. The regions of the SXR response, F1, F2, F3
and F4, are marked. Contours of the HXR emmi-
sion are overplotted (90, 70, 50, 30 and 10% of the
magimum intensity).

Al12 filter in which the impulsive SXR brightenings
are most evident. The light curves of the individ-
ual pixels have been carefully analyzed and those
which reached the statistically important maximum
of brightness during the impulsive phase were taken
into consideration. Neighbouring pixels has been as-
sumed to be a part of the same brightening.

Every such a brightening was identified to be the
footpoint of the flaring magnetic structure. It has
been found that usually in these footpoints also
HXR emission sources were seen in the images re-
constructed using the maximum entropy method
(MEM) with new modulation patterns computed by
Sato et al. (1999). In Fig. 1 we present an example
of the relative position of the SXR brightenings and
HXR. emission sources in the case of the 14-Feb-92
flare. It should be remarked that there is no visible
HXR emission in the footpoint F4. This could be an
effect of low dynamic range of the HXT instrument
(Sakao 1994).

For the HXR emission sources analysis the time in-
terval near the maximum of the main burst has been
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Figure 2. The SXT(Al12) light curves for the foot-
points marked in Fig.1. The total as well as the
net light curves are presented. The subtracted back-
ground is marked by the dotted line. Moreover, the
total HTX(H) light curve is showed.

Table 1. List of selected flares

(1) (2) @ @ 6 6

1 24-0Oct-91 22:41 M98 1IN S12E46

2 02~Nov-91 06:53 X9.0 1B S13W6l

3 10-Nov-91 20:13 M79 1N SI15E43

4 19-Nov-91 09:32 C85 1F S12W60

5 13—Jan—92 17:34 M20 -  S15Wlimb
6 26-Jan—92 15:33 X1.0 3B S16W66

7  14—Feb—92 23:10 M7.0 2B SI3E02

8 17T—Feb—92 15:46 M19 SF N16W81
9  08-Jul—92 09:50 X12 1B S11E46

10 06—Sep—92 09:07 M33 1IN S11W38
11 16-Jan—94 23:25 M6.1 1B NO9ET3
12 02—Sep—97 21:13 C41 SF N32W4l
13 14—Sep—97 02:55 C2.8 SF S23W79
14 28 - May—98 19:12 C87 SF S20W07

(1) - Number of event; (2) - Date; (3) - GOES
maximum time [UT]; (4) GOES class; (5) - Ha
importance; (6) - Coordinates;

chosen. Images synthesized for different channels
were compared and the borders of HXR emission
were carefully determined.

For further analysis, we selected the impulsive SXR
brightenings and the HXR emission sources which
showed good spatial correlation (F1, F2 and F3 in
the case of the 14-Feb-92 flare) and their light curve
peaks showed good temporal correlation (Fig. 2).

Except the impulsive component, caused by non-
thermal electron beams, the SXR light curves con-
tain also a long-time, slowly-varying component. We
pressumed that this component is caused by other
factors, than non-thermal electrons, (e.g. thermal
conduction, instrumental factors) and assumed its
linear rise in time during the impulsive phase (Tom-
czak 1999). Such a background was subtracted and
net signal, describing a pure SXR response due to
non-thermal electrons, has been obtained (Fig. 2).

The HXR photometry was made using images recon-
structed with MEM-Sato (Sato et al. 1999) method.
We concentrated our attention on the images ob-
tained in higher energy channels (M1, M2 and, H),
excepting less thermal contribution.

3. RESULTS

In summary, we found 31 footpoints showing simul-
taneously the impulsive SXR brightenings and the
HXR emission sources. These footpoints come from
14 flares which list is presented in Table 1. Fig. 3
shows a relation between the HXR intensities ob-
tained in the channel M2 and the SXR responses
recorded in the Al12 filter. In Fig. 3 also the total
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Figure 3. Relation between two kinds of response to
the non-thermal electron beams in footpoints observed
in HXT(M2) channel and SXT(Al12) filter. R is the
correlation coefficient. Total values for the complete
events has been marked by squares. See tezt for fur-
ther details.

values for the complete events are presented. For
this aim, the peak values of the HXR light curves
(no imaging) and the total SXR signal from the all
detected brightenings have been used.

The ranges of uncertainties on the both axies were
estimated as follows. For SXR the lower limit is the
value of the maximum of the net light curve e.g. the
light curve with subtracted background. The upper
limit is the value of the maximum of the total light
curve obtained for the investigated impulsive SXR
brightening. For the HXR emission source the lower
limit is simply the aggregated flux from all pixels
composing footpoint. The upper limit was calculated
under the assumption that all faint sources (having
intensity below 10 % of the most intense pixel) are
produced by any developed reconstruction method
(Metcalf et al. 1996, Alexander & Metcalf 1997)
and its signal was manually redistributed between
the strong sources. These estimated ranges of uncer-
tainties can be considered as a maximal (3¢) error of
the SXR response and the HXR emission.

The calculated correlation coefficient, R=0.81,
strongly suggests that both observables are the man-
ifestation of a common physical reason, namely non-
thermal electron beams. The points representing val-
ues for complete events, marked by squares, show
better correlation (R=0.91) than those calculated for
all values (R=0.81). The main reason of this differ-
ence is probably an additional source of errors in-
cluded by the HXR image reconstruction methods.

There is a scatter, seen in the Fig. 3, which can be
caused not only by observational uncertainties and
any systematical errors. Points representing indi-
vidual footpoints of the same event are often sit-
uated along a line that is almost perpendicular to
the general trend. This effect could be seen in the
Fig. 1 where the footpoint F'2 seen brighter in SXRs
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Figure 4. Plot of relative productivity of soft X-rays
SXT(Al12) with regard to hard X-rays HXT(M2) and
power-law indezes that were taken from single power-
law fit. Total values for the complete events has been
marked by squares. R is the correlation coefficient.
See text for further details.

shows the lower HXR emission, while the footpoint
F3 shows the opposite relation between those fea-
tures.

Tomczak (1999) explained this behaviour by com-
paring values of the power-law index (derived from
the hardness ratio M1/M2) for the events showing
comparable SXR responses and different HXR inten-
sities. We have repeated this using y factor obtained
from the single power-law fit to the HXR photon
fluxes. There is a clear dependence: lower 7 is asso-
ciated with higher HXR intensity.

If we assume that the above relation really exists,
then correlation between the relative productivity of
SXRs with regard to HXRs and power-law index,
also should exist. We divided the mean values of
the SXR response by the mean values of the HXR
emission for each footpoint. The results are plotted
against the power law-index in Fig. 4. The value of
the correlation coefficient (R=0.67) is good enough
to conclude that the relative productivity of SXR
signal with regard to HXR signal rises for higher v
(softer energy spectrum).

Generally speaking, such a relation is a function of
the energy of HXR photons. Using values obtained
from single power-law fit we calculated photon flux
[photons s=t em ™! keV 1] for the each footpoint for
several values of the energy. For each value of the
energy we calculated correlation between the HXR
photon flux and the SXR response. The result is
presented in Fig. 5. As we see that the best corre-
lation is for the range 12-15 keV. This is in a good
agreement with other observational results (Farnik
et al. 1997, Tomczak 1999). Such a value suggests
that the impulsive SXR brightenings are caused by
relatively low energy electrons.
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Figure 5. The variability of the correlation between
HXR fluz [photonss~'cm™'keV~!] and SXR re-
sponse [DN s~1]. See text for further details.

4. CONCLUSIONS

The Yohkoh instruments offer a possibility to inves-
tigate impulsive phase using simultaneously the SXR
and HXR images. A generally good spatial and tem-
poral correlation between impulsive SXR brighten-
ings and HXR emission sources suggests that they
are a manifestation of the same effect, namely non-
thermal electron beams. For this reason the SXT
images are complementary with the HXT images in
the monitoring of the non-thermal electron precipi-
tation during the flare impulsive phase. The role of
the SXT in such an ivestigation is very important
because this instrument offers better spatial resolu-
tion and dynamical range than the HXT. Moreover,
there is no spurious sources in the SXR images.

For large number of events we compared the impul-
sive response in flare footpoints observed in the SXR
and the HXR images. There is a clear relationship
between these parameters which allows to expect the
common physical origin, namely non-thermal elec-
tron beams (Tomczak 1999).

However, there is some evidences, for example the
scatter in Fig. 3, suggesting a more complicated rela-
tionship between the ivestigated observables. It has
been found that a stepper energy spectrum of HXR
photons causes a higher SXR productivity (Tomczak
1999). We showed for greater number of events that
this correlation is still evident. This means that the
previous result, obtained by Tomczak (1999), was
correct in spite of a small number of the investigated
events.

We found that the SXR brightenings are caused
by relatively low-energy electrons. More energetic
electrons should reach the denser atmospheric layers
(Farnik et al. 1997) and produce an impulsive reac-
tion seen in the UV radiation. Such a scenario may
be examined by using simultaneously the Yohkoh,

the SOHO/EIT and the TRACE images.

It can be seen (Fig. 2) that footpoints show response
to non-thermal electrons but they react in different
moments of time. Such an effect can be explained by
the turbulent kernel model (Jakimiec et al. 1998). In
this model non-thermal electrons are able to escape
outside the turbulent kernel only during reconnection
with external magnetic lines of force. If the external
lines are rooted somewhere in the chromosphere we
observe there the SXR and HXR response.
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