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Abstract. We have investigated 46 solar flares showing impulsive soft X—ray brightenings in footpoints. To obtain their main
observational characteristics we used YobkoliSXT images. The results are presented in the form of normalized histograms
showing the distribution of the characteristics. For 18 flares it has been possible to make a quantitative comparison between
the footpoint response in soft X—ray images and in hard X—ray images. The latter have been derived Yonkdokiel XT and
reconstructed using the MEM procedure. The evident correlation between these two kinds of response, as well as between the
deposited energies, strongly supports a common physical cause, namely non-thermal electron beams. We present evidence that
in the impulsive phase the chromospheric evaporation is driven mainly by low-energy non-thermal electrons. We show that the
low-energy cut- energy in hard X-ray photon fluxes may vary from flare to flare and may even vary during a given flare.
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1. Introduction Using the imaging capabilities &fohkoh Tomczak (1999)

, . o made the first attempt to study the spatial resolution of the
A relationship between hard X-ray radiation (HXR) and Sofygpert gfect. He showed that impulsive SXR brightenings

X-ray radiation (SXR) of solar flares has been discussed froff, girectly responsible for the Neupeffeet. He also made
many aspects. Very well known is a similarity between the o antitative comparison between the HXR and SXR reac-

time derivative of the SXR flux and the HXR flux calléde i, 15 non-thermal electrons in flare footpoints and concluded
Neupert glect Several statistical studies of the Neupefeet ¢ impulsive SXR brightenings are mainly produced by non-
for a large number of solar flares considering total HXR anflarmal electrons with relatively low energies.

SXR light curves have been performed (Dennis & Zarro 1993; The results of Tomczak (1999) are based on a sample of

Lee et al. 1995; McTiernan et al. 1999; Veronig et al. 2002}y five flares. Therefore, in this paper we repeat his analysis
The main conclusion of them was that the Neupélié® is ¢4, 5 |arger number of events to check if his results depend on
evidence of chromospheric evaporation driven by non-therm@liaction gects. The paper is organized in the following way.
electron beams. Section 2 contains the description of the observing instruments
The Japanese satellifehkoloffered a possibility to inves- gnd characterizes a set of selected events. In Sect. 3 the analysis
tigate the precipitation of non-thermal electrons in solar ﬂar?échniques of the data are presented. The main results are pre-
in a more comprehensive way. Comparing images made durihted in Sect. 4, including histograms of basic observational

the impulsive phase of flares in HXRs and in SXRs, we caharacteristics of impulsive SXR brightenings. The results are
study such a process operating in flare footpoints in two way§mmarized in Sect. 5.

First, we should see HXR bremsstrahlung of non-thermal elec-

trons whlch are stopped at the entrance of magnetic coro ?IObservations
structures into the denser part of the solar atmosphere. This

mechanism, known as the thick-target model (Brown 1971 our analysis we used data from two imaging instruments in-
is responsible for the footpoint HXR emission sources seenstalled on board the Japanese satelibdakoh(Ogawara et al.
HXR images (Sakao 1994). Second, a response is expectedl391). The Soft X-ray Telescope, SXT (Tsuneta et al. 1991),
the environmental plasma due to incoming energy depositeda grazing-incidence telescope equipped with a ¥x1P24

by non-thermal electrons. This response in SXR images takeSD and a set of filters covering the spectral range from 3

the form of a radiation enhancement caltbe impulsive SXR to 45 A. The SXT observed the whole Sun, but during the

brightening(Hudson et al. 1994). flare mode only a part of the CCD was read out, namely the
part where the SXT recorded the strongest signal. Such partial
Send gprint requests toT. Mrozek, frames have a typical size of 884 pixels and a spatial reso-

e-mail:mrozek@astro.uni.wroc.pl lution of 2/45x2’45. The time resolution is determined by the
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time interval between two exposures with the same filter (tyj
cally 2-14 s).

The Hard X-ray Telescope, HXT (Kosugi et al. 1991), i
a Fourier synthesis imager observing the whole Sun. It cq
sists of 64 independent subcollimators which measure spatii
modulated intensities in four energy bands from 14 to 93 ke
(L: 14-23 keV, M1: 23-33 keV, M2: 33-53 keV and H: 534
93 keV). During the flare the intensities were integrated, in ea
energy band, over 0.5 s and this is the maximum time resqg
tion for HXR light curves. Using various reconstruction meth
ods, e.g. Maximum Entropy Method, MEM, (Sakao 1994)
pixons (Metcalf et al. 1996), we can obtain HXR images wil
angular resolutions up td’5The time resolution for HXR im-
ages depends on the counting rate and varies typically from
to several tens of seconds.

There were some flares for which HXR data were not avagtyy 1 image of the 14 February 1992 flare obtained at the maximum
able from the HXT. For these, we used data from the Burst the HXR light curve. The grey scale represents the SXT(AlI12)
Transient Source ExperimerBATSEH on board theCompton emission distribution. The regions of the SXR response are marked
Gamma Ray Observatory (CGRQOhis instrument was more F1, F2, F3 and F4, respectively. The contours of the HXR emission
sensitive than the HXT, thus it allowed us to investigate also thee overplotted (95, 80, 65, 50, 35, 20 and 5% of the maximum inten-
relatively weak flares. Due to a lack of imaging capabilities Gfty)-
the BATSE, we could use its data only to determine temporal
characteristics of flares.

In summary, we analyzed 46 flares (see Table 1) with th -
well-observed impulsive phase showing impulsive SXR brightf_me-smoothed values. If thisféizrence exceededgr and for

enings which have been found during a prompt inspection %?lghbounng points of the light curve exceededh) then we

the SXT images. They cover longitudes from E90 to W90 aﬁgok such an increase of brightness under consideration and

GOES classes from C2.7 to X1.2. The wide range of Iongitud;éﬁsqlcmargigttg: dto':l Se'%nazlt?é:' ILtzgggltaézg?ha;texzefidig t:e
and classes enables us to investigate general characteristica of > ; varue byo= W u wetou
gase of impulsive SXR brightening.

impulsive SXR brightenings, which do not depend on flare pd-
sition or intensity. The threshold values 8 and 030°) that we used can vary
from flare to flare; therefore for each event we had to verify
] manually the results obtained from our program. We excluded
3. Analysis sudden signal jumps in individual pixels caused by statistical

For each flare in Table 1 we chose a time interval from tffl9iS€, cosmic rays, telemetry errors etc.
start of the impulsive phase to about 2 min after its end. The We assumed that neighbouring pixels showing similar time
set of images covering this interval has been processed ugigfiles of impulsive SXR brightenings responded to a common
the standard SXPPREP routine (Morrison 1994). We used th&on-thermal electron beam. We call such a set of pittedse-
SXT images made with the Al12 filter because in this filtegion of the SXR responsehe actual sizes of such regions were
impulsive SXR brightenings are the most spectacular. An esomewhat broadened due to the Point Spread Function of the
ception are events Nos. 19-21, 28 and 40, for which only tBXT (Martens et al. 1995). For each flare we found several re-
SXT images made with the Be119 filter were available. gions of the SXR response (see Table 1, Col. 9) and localized
In the first image of a sequence we determined the aredl#m at footpoints of the flaring magnetic structures (see Figs. 1
the flare including all pixels that show a signal above 10% @nd 3). Sometimes one region of the SXR response showed
the brightest pixel. In the next step, we analyzed the light curgeveral impulsive brightenings. Altogether, 182 regions show-
of each unsaturated pixel from the selected area. We defife@228 impulsive SXR brightenings were found for the investi-
an impulsive SXR brightening as a change of brightness whigated flares. The number of identified footpoints per flare varies
showed a rise to a maximum value with a following drop arféom 1 to 11.
took place not later than 2 min after the end of the impulsive Apart from the impulsive component caused by non-
phase. thermal electron beams, the SXR light curves also contain a
To obtain more information on the behaviour of such gradual, slowly-varying component. We presumed that this is
brightening we compared the light curve for each investigatadmanifestation of the thermal conduction as well as a re-
pixel to its time-smoothed equivalent. We calculated the rusult of instrumental factors and assumed a linear rise in time
ning mean involving 3—7 time points depending on the tinguring the impulsive phase (Tomczak 1999). After subtract-
resolution. Having both time-smoothed and observed valluiag the gradual component we obtained a net signal, describing
available, we were able to obtain the standard deviatign (a pure impulsive SXR response due to non-thermal electrons.
for the light curve of each pixel. Next, for each point of th&xamples of the total SXT signal before subtraction and of the
light curve, we calculated theftitrence between observed andet signal can be seen in Figs. 2 and 4.

14—Feb—92 23:07:30
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Table 1. List of investigated flares.

@) @) ®) (4) ® ©® O ® 9 1) 11 1
1 24-0OCT.-91 22:38 22:41 M98 1IN S12E46 6891 4 6 +
2 02-NOV.-91 06:47 06:53 M9.0 1B SI13W6l1 6891 4 5 1306-150 +
3 09-NOV-91 03:13 0320 M15 SN NOEO8 6918 2 2 -
4 10-NOV-91 20:10 20:13 M7.9 1IN SI15E43 6919 3 3 +
5 19-NOV-91 0929 09:32 C85 1F SI2W60 6919 5 5 2806-560 +
6 13-JAN-92 1729 17:34 M20 - SI15W90+ 6994 2 2 260-310 +
7 26-JAN-92 15:28 15:33 X10 3B S16W66 7012 6 7 3606-640 +
8 14-FEB. -92 23:.07 23:10 M7.0 2B SI13E02 7056 4 4 220-380 +
9 17-FEB. -92 1542 1546 M19 SF MN6w8l1 7050 3 5 +
10 28-JUN.-92 1357 14:24 M16 - NI15E90+ 7216 7 14 4006-720 -
11 08-JUL.—-92 0948 09:50 X12 1B S11E46 7220 4 8 280-450 +
12 15-JUL.-92 02:00 02:03 C42 - SI1IW36 7222 4 6 +
13 11-AUG.-92 13:48 13:51 C72 1IN S11W45 7248 3 3 +
14 11- AUG.-92 22:25 22:28 M14 - NI15E90+ 7260 5 5 380-560 -
15 06-SEP-92 05116 05:19 M24 2N SO09W39 7270 3 5 -
16 06-SEP-92 09:04 09:07 M33 1IN S11W38 7270 3 3 +
17 11-SEP-92 03:00 03:02 M10 - N17E40 7276 3 5 +
18 12-SEP-92 1539 15147 C52 SN N8E21 7276 2 2 +
19 02-FEB-93 03:46 03:49 C63 1IN SI16E13 7412 3 4 -
20 03-FEB.-93 14:59 15:04 C88 1F NI1OE64 7417 2 2 -
21 06-FEB.-93 20:47 20:50 C75 SF S08E54 7420 2 2 -
22 02- MAR-93 1505 15:10 C50 SF S07E82 7440 2 2 240 -
23 27-SEPRP-93 10:52 10:54 C57 SF NIE80 7590 3 5 -
24 30-NOV-93 06:04 06:08 C92 - S20E90+ 7627 5 5 580-630 -
25 16-JAN-94 23:20 23:25 M6.1 1B NO9E73 7654 3 5 +
26 30-JUN.-94 21:21 21:24 M25 1B S12E27 7742 2 3 -
27 13-0OCT.-95 04:58 05:04 M48 1F S11E43 7912 8 11 -
28 25-NOV.-96 00:16 00:19 C80 1F SO03E16 7999 1 1 -
29 29-AUG -97 23:31 23:32 M14 SF N31E16 8076 6 6 -
30 02-SEP-97 21:11 21:13 C41 SF N32W4l1l 8076 2 2 +
31 14-SEP-97 0253 02:55 C28 SF X23wW79 8083 3 3 +
32 22-SEP-97 1810 18:17 C51 SF S28E41 8088 2 3 -
33 05-NOV.-97 10:04 10:06 C81 - S20w45 8100 5 5 -
34 14-NOV.-97 10:32 10:38 C46 SF N21E70 8108 4 4 -
35 17-NOV-97 1506 1510 C86 SF N20E31 8108 3 7 -
36 01-DEC -97 02:35 02:37 M12 1IN N20E24 8113 3 5 -
37 27-DEC -97 16:33 16:38 C32 1F S23W06 8124 7 7 -
38 15-JAN-98 09:30 09:36 C68 SF S24w29 8131 5 6 -
39 15-JAN-98 14:34 14:38 M10 1F S22W30 8131 4 5 -
40 04-MAR-98 21:33 21:39 C27 SF X2W59 8171 2 2 -
41 05-MAR-98 12:34 12:37 C26 - S21W67 8171 4 4 -
42 01- MAY-98 12:58 13:00 M11 1IN N25E40 8214 6 7 -
43 02- MAY-98 04:57 05:00 C54 - S19W08 8210 5 5 -
44 28-MAY-98 19:.05 19:12 C87 SF S0wW07 8210 11 14 +
45 26-NOV -99 13143 13:43 M60 2N S15W59 8771 7 7 -

N
o))

27-NOV -99 05:47 0549 M12 1IN S14W63 8771 5 5 -

(1) Number of event; (2) — date; (3) — HXR maximum time [UT]; (4) — GOES maximum time [UT]; (5) — GOES class; (@)mptrtance;
(7) — location; (8) — NOAA AR; (9) — number of regions of the SXR response; (10) — number of impulsive SXR brightening; (11) — range of
estimated evaporation velocities [k (12) — (+) means that the quantitative analysis of the HXR images has been done.

To verify the source of the gradual component we com:962). We made the comparison only for the flares located near
pared the estimated conductive flux in the flare footpoints tiee solar limb, to limit the loop-length uncertainty. The compar-
values of the signal taken from the linear approximation (ddson presented in Fig. 5 shows the good correlati®e:(0.40)
ted lines in Figs. 2 and 4). This was done for the time of tHeetween the conductive flux and the gradual component which
maximum of net light curves. The classical formula of condusupports our interpretation.
tivity for a fully ionizated hydrogen plasma was used (Spitzer
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Fig. 2. The SXT(AI12) light curves for the footpoints marked in Fig. 1.
The total as well as the net light curves are presented. The subtrac
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Fig. 3. Two images of the 17 February 1992 flare obtained at max-
ima of the HXR light curve. The grey scale represents the SXT(AI12)
emission distribution. The regions of the SXR response are marked
F1, F2 and F3, respectively. The contours of the HXR emission are
overplotted (95, 80, 65, 50, 35, 20 and 5% of the maximum intensity).

A majority of the regions of the SXR response found was
associated with footpoint HXR emission sources. We obtained
HXR images using the standard HXWULTIMAGE routine.
Considering the large number of events we chose the Maximum
Entropy Method (Sakao 1994), which works relatively fast and
gives images of good quality, especially after including new
modulation patterns computed by Sato et al. (1999).

The relative positions of impulsive SXR brightenings and
footpoint HXR emission sources can be seen in Figs. 1 and 3
showing the 14 February 1992 and the 17 February 1992 flares,
respectively. A good spatial correlation can be seen as well
as agreement in shapes. The expected correlation between the
sizes of regions of the SXR response and the footpoint HXR
emission sources is strongly deformed by instrumerfiates
like the PSF of the SXT and the convergence of reconstruction
methods of HXR images. In some cases we observed SXR foot-
points without visible HXR emission (for example F4 in Fig. 1)
which we interpret as arfect of the low dynamic range of the
HXT instrument (Sakao 1994).

We estimated the area of footpoint HXR emission sources
as follows. For each channel we made a set of images covering
the time interval near the maximum of the HXR burst. We care-
fully determined the borders of each reliable HXR emission
source, common for all channels, using all available images. As
“reliable” we treated the sources within the dynamical range of
the HXT (brighter than 10% of the maximum intensity) which
were present in the whole set of images. Further, we used the
images obtained at the maximum of the main HXR bursts and
estimated the brightness of such sources adding the whole sig-
nal within the determined borders for each channel.

4. Results
4.} Characteristics of impulsive SXR brightenings

gradual component is marked by a dotted line. In addition, the tOWe have defined the following characteristics of impulsive
HTX(H) light curve is shown.

SXR brightenings:



T. Mrozek and M. Tomczak: Solar impulsive SXR brightenings and footpoint HXR emission sources 5

R=0.40
10° F T
— : *
) [ *
e *
§ r * % « * *
*
y X X *
;" 108; % « * |
= : X *
o\.\ . . r T.r T 1 E i % *x* x x
15:41 15:42 15:43 15:44 15:45 Z H x
E X *
° r *
8 *
1.1x10° 07k _
8.8x10% . N L
10* 10°
8 (5,6)-(104 - - Grodual component [DN/sec]
g waxiohh | Fig.5. Relation between the conductive flux calculated for near-the-
’ limb events and the flux obtained from the linear approximation of the
22x10% /—\ _| gradual componenRis the correlation cdécient.
0 L ,//I—I\T_L-r 'r/I\r T r .t T T
15:41 15:42 15:43 15:44 15:45 . X L.
4. relative brightnesk:/l — the part of the SXR emission of
. the flare which was due to non-thermal electron heating in
6.90x10 a particular footpoint,
— | 5. SXRHXR delay — the time dference between the maxima
of the net SXR light curve and the HXR light curve,
g 414x10* 4 6. relative duration of the response to the non-thermal elec-
> . trons in the SXR and the HXR radiatioritixr, where tixr
S 2.76x10 7 is the FWHM duration in the HXR radiation,
1 sax10% | 7.-8. temperaturel, and electron density,, of an SXR foot-
. /\\\x\,/x\,/x\,\ point brightening,
0 . . n rT.r T 9. FWHM area of an SXR brightening, — number of SXT

15:41 15:42 15:43 15:44 15:45

pixels having a signal above 50% of the brightest pixel in
this footpoint.
12 ‘ 33—-53keV ‘ We used the net SXR light curves to obtain characteristics (1)—
10k 3 (4) as well as net SXR light curves and total HXR light curves

to obtain characteristics (5)—(6). Temperatureand emission
measuresd/V) have been obtained from the signal ratio in the
4 Bell19 and Al12 images according to the signal ratio method
(Hara et al. 1992). We derived the average values over the
FWHM area,S, of the footpoints. For this calculation we used
. . ; images corresponding to the time of the maximum of the net
IS 0 B 15;1§f§§) 15:45 light curves. The electron density, was ca_lculated from the
formulane = (£/V)%5, where the volume&/ is the product of
Fig. 4. The SXT(AI12) light curves for the footpoints marked in Fig. 3the FWHM area$S and the thickness which we assumed to be
The total as well as the net light curves are presented. The subtra@a@,m to the smaller diameter of the FWHM area. We used the
gradual cqmponent i_s marked by a dotted line. In addition, the to‘@WHM area of footpoints instead of the whole area of regions
HTX(M2) light curve is shown. of the SXR response to limit the influence of the PSF of the
SXT on our results.
For each of 228 impulsive SXR brightenings characteris-
tics (1)—(9) have been obtained and the results are presented in
1. FWHM duration timet, — a time interval during which the Figs. 6-8 in the form of normalized histograms (i.e. the total
signal was above half the maximum value, value of all bins is always equal to 1). Each panel also con-
2.-3. time profile characteristics measured by the time intertalns information about the number of events and the size of the
ratios:t;/t, andty/t, wheret;, andty are the time intervals bins. The bin size was taken to be approximately equal to the
during which the signal was above half the maximum valuencertainties of the values displayed on thaxis of the his-
during phases of the rise and decay, respectively, togram. In the histograms of temperature and electron density,

cts/sec/SC

2f

15:41
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0.20T ‘ ‘ ‘ ‘ 0.40 ‘ ‘ ‘ 0.40 ‘ ‘ ‘
population: 228 population: 228 population: 228
bin size: 10 bin size: 0.1 bin size: 0.1
0.15 J 0.30F 1 0.30 1 7
0.10 J 0.20F 1 0.201 7
0.05 q 0.10¢ ] 0.10¢ ]
0.00 L L e W 0.00 0.00
0 50 100 150 200 250 Q0.2 0.4 0.6 0.8 1.0 0.2 1.0

[SECONDS]

Fig. 6. Normalized histograms of the FWHM duratitrthe ratiot,/t, and the ratidg/t (left, middle, and right panel, respectively) for investi-
gated impulsive SXR brightenings.
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Fig. 7. Normalized histograms of the ratig/li, the SXRHXR delay, and the ratidtyxr (left, middle, and right panel, respectively) for
investigated impulsive SXR brightenings. In the middle panel the Poisson distribution is fitted (the dotted line).
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Fig. 8. Normalized histograms of the temperature, the electron density, and the FWHM area (left, middle, and right panel, respectively) for
investigated impulsive SXR brightenings.

the number of events is lower as there were only single-filtdre histogram of the FWHM duration do not form any separate

observations available for flares Nos. 19-21, 28 and 40. class of events. We compared characteristics (2)—(9) for these
In the histogram of the FWHM duration (Fig. 6, left panelpvents and for other brightenings but did not find any clear dif-

more than 70% of events falls into the interval of 20-70 s. THerence.

brightenings responsible for the maximum of about 100 s in
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Longer durations are typical for flares with more complex The investigated footpoints have relatively low tempera-
impulsive phase consisting of many HXR bursts. We presurnges, usually they are the coolest part of flaring structures. The
that such cases are caused by overlapping of the SXR respohsgegram in Fig. 8 (left panel) has a clear maximum within the
to several consecutive non-thermal electron beams. The prtterval 8-9 MK. A small group of events in the histogram with
lem with the separation of individual impulsive SXR brightentemperatures above 10 MK comprises the geometrical config-
ings is caused not only by the poor time resolution of the SXiirations in which the footpoint and the hotter, bright loop-top
but rather it is the result of the inertia of chromospheric réernel partly overlap.
sponse to non-thermal electron beams. If the interval between More than half the investigated footpoints show electron
two consecutive beams is relatively short, then the enhangensities in the interval of 4-%10'° cm=3. A similarity be-
ments of the temperature and electron density responsiblef@een values obtained for disk events and for limb flares proves
the impulsive SXR brightening overlap and we see only ongat the &ect of overlap of the chromospheric with the coronal
event. Such a scenario is confirmed by the flares for which @rt is negligible. During the impulsive phase the footpoints are
only have observations in the Be119 filter but with better terthe most dense fragment of flaring structures.

poral resolution (Nos. 19-21, 28 and 40 in Table 1). We ob- The |ast value presented in the form of a histogram is the
served several HXR bursts for them, but even with 2-seCOR(\/HM area of the regions of SXR response (Fig. 8, right

time resolution we were unable to separate individual impWanely. For about 75% of events the values are within the inter-
sive SXR brightenings. val of 1-9 SXT pixels. This may suggest that the actual areas
In the histograms of the ratidg/t andty/t (Fig. 6, middle of footpoints were below the spatial resolution of the SXT. A
and right panel, respectively) almost 90% of the populationésnall group of large footpoints with sizes above 15 pixels was
concentrated within the interval of 6:8.7, with a clear max- probably produced by several smaller events spread by the PSF
imum near the value of 0.5, suggesting that the SXR impuf the SXT.
sive brightenings have symmetrical time profiles. Several val- For some regions of the SXR response a systematic trend
ues outside this interval are related to complex light curves fRgs heen found. Namely, the moment of the impulsive SXR
which we could not resolve the individual SXR responses. prightening maximum depends on the situation in the flaring
Usually, at the beginning of the impulsive phase the foostructure — light curves of the pixels located higher above the
points are clearly visible. However, in the histogram of relatidenb show their maximum later in time. Regarding the rel-
brightness (Fig. 7, left panel) in more than 85% of all casesaitively low temperatures and relatively high densities of the
does not exceed the value of 0.1. Such a disagreement isfabtpoints, we conclude that impulsive SXR brightenings are
derstandable if we remember that the impulsive SXR brightecaused by the inflow of dense plasma into the flaring structure
ings occur in several regions simultaneously and their summiesd by chromospheric evaporation. We estimated velocities of
brightness easily exceeds 20%-30% of the total SXR briglite evaporation comparing the time of the maximum brightness
ness of a flare. with the position along the structure (see Tomczak 1997). The
The next histogram (Fig. 7, middle panel) presents the débtained values, presented in Table 1, are within the interval of
lay of the maximum of the SXR net light curve relative to thé30-720 kms'. The method makes it possible to measure only
HXR light curve peak. Almost half of the population have valthe transversal component of the velocity vector. Therefore it
ues below 20 s, which is similar to the SXT temporal resolutiotorks best for the limb flares.
determined by the time interval between two exposures with
the same filter. This means that the reaction of the chromz?-2 Comparison of two kinds of X—ra
sphere to the non-thermal electron beams is almost immediate.” . p . —fayresponse
The second half of the events show a larger delay, in several in flare footpoints

cases even exceeding 100 seconds. Neglecting some ComW@Xcompared the SXR response to non-thermal electrons in
events, we can conclude that such large delays are the manifigge footpoints to the HXR emission characteristics. This kind
tation of the inertia of chromospheric response to non-thermalanalysis was possible only for a small fraction of 228 events.
electrons. First, for some flares (11 events) there were no HXT observa-
We fitted a Poisson distribution to this histogram (the dotions due to insflicient sensivity of the telescope or due to the
ted line) and obtained the characteristic time scale of separat8suth Atlantic Anomaly passage of the satellite. Second, the
between the HXR and SXR response tod85+ 3 s. This re- low dynamical range of the HXT made the HXR photometry
sult agrees very well with the chromospheric evaporation timeeaningless for faint sources in the presence of strong ones
scale obtained from numerical simulations of flare loops (e@.g. footpoint F4 in Fig. 1). Third, we needed values of the
Antonucci et al. 1993; Hori et al. 1998). HXR flux in at least two HXT channels to estimate the photon
In the histogram containing ratiostyxg (Fig. 7, right €nergy spectrum.
panel) of the FWHM duration of the impulsive SXR bright-  Taking this into account we were able to make the com-
ening,t, and of the HXR bursttyxr, the majority of events parison between the SXR and HXR response to non-thermal
(~90%) falls between values 1 and 9 with the maximum belectrons for 37 events from 18 flares (see Table 2). As we
tween 2 and 3. The longer duration of the impulsive SXBee, the HXR photometry is based on chanm¢lsand M2.
brightenings than that of the HXR burst is another example lof channelL we often could not exclude thermal emission of
the inertia of chromospheric response to non-thermal electrotie flaring structure. We included fluxes in this channel only
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Table 2. Response to the non-thermal electron beams in the investigated footpoints recorded by the SXT and the HXT.

SXT(AIL2) HXT
No.2 Date Time Signal En Time L M1 M2 H v A Enth Eo
[UT] [DNs™1] [ergs] [uT] ctsstcm? [ergs] [keV]
1 24-0OCT.-91 22:36:36 ®x10° 56x20%° 22:36:211 .. 1874 682 138 47 15x10° 19x10° 20
11 22:36:42 H6x10° 20x10%° 22:36:211 .. 646 230 48 47 55x10° 98x10?° 20
22 02-NOV. -91 06:45:48 6/ x10° 6.4x10° 06:45:451 .. 4264 2763 1260 32 25x10° 21x10° 24
221 06:45:46 Bx 10° 44x107° 06:45:451 .. 1559 1025 410 33 13x10f 1.1x10° 20
2b 06:47:02 2x10° 63x 107° 06:46:226 .. 2498 1086 270 42 56x10° 25x10%° 11
2b1 06:46:57 Bx10° 3.1x10%° 06:46:226 .. 213 91 29 41 31x10f 23x10?° 12
252 06:47:02 #4x10° 28x10%° 06:46:226 .. 501 231 59 39 38x10° 46x10?° 16
42 10-NOV. -91 20:07:58 Bx10° 6.4x 10?° 20:07:171 1763 1535 1037 571 33 42x10° 47x107° 12
4231 20:08:08 #4x10° 48x10%° 20:07:174 472 577 382 162 32 11x10° 33x10?° 20
45 20:09:30 97x10° 43x10?° 20:09:245 .. 2030 1559 1157 26 12x10° 22x10®° 9
401 20:09:25 57 x10° 1.7x10%° 20:09:245 .. 1343 1100 691 26 15x10° 15x10?° 8
5. 19-NOV. -91 09:29:28 FHx 10° 3.8x 10%° 09:28:370 214 138 47 .. 47 14x10 27x10° 24
5.1 09:29:39 Mx10* 20x10%® 09:28:370 51 37 11 .. 50 10x10° 12x10° 20
5.2 09:29:09 Ox10* 25x10°® 09:28:370 12 12 03 .. 58 34x10 78x10?® 17
6. 13- JAN —92 17:28:37 Fx10° 2.6x 107 17:28:203 .. 275 153 66 34 37x10° 38x10%° 17
6.1 17:28:37 Bx10° 7.2x10%8 17:28:203 .. 77 52 17 35 16x10° 14x10®° 17
6.2 17:28:25 2x10° 1.2x10%° 17:28:203 .. 114 65 27 34 16x10° 19x10?° 24
7. 26- JAN —92 15:28:40 2x10° 1.7x10%° 15:28:346 .. 6962 3983 1130 37 29x 10’ 43x10° 20
7.1 15:28:37 ®x10° 50x 10?8 15:28:346 .. 1973 1077 307 35 37x10° 11x10° 44
7.2 15:28:41 10x 10° 6.1x10%° 15:28:346 ... 2140 1204 334 34 31x10° 11x10*° 16
7.3 15:29:07 3Ax10° 29x10%® 15:28:346 .. 354 214 69 32 30x10° 15x1¢?° 27
8. 14— FEB. - 92 23:07:50 #4x 10 21x10® 23:07:301 .. 9748 5543 1955 36 22x10° 39x10* 18
8.1 23:07:58 11x10°F 27x10%®° 23:07:301 .. 3279 1809 590 37 11x10’ 20x10%° 27
8.2 23:07:40 @x 10° 7.3x10%® 23:07:301 .. 2823 1637 529 36 76x10° 16x10® 43
8.3 23:07:46 1Bx10° 20x10%®° 23:07:301 .. 911 410 137 39 71x10f 66x10?° 20
92  17-FEB.-92 15:40:55 Bx10° 1.4x10®° 15:40:531 259 150 66 .. 41 17x10°f 1.1x10®° 13
9.21 15:40:53 M4 x10° 1.8x10%° 1540531 61 35 16 .. 40 30x10° 33x10%® 12
9.22 15:41:07 Mx10* 3.0x10?® 15:40:531 101 68 28 .. 43 15x10° 80x10?%® 24
gb 15:42:35 26x 10° 23x 10%° 15:42:061 298 173 102 .. 33 17x10° 31x10%® 6
9b1 15:42:39 18x10° 1.7x10%° 15:42:061 27 16 11 .. 30 11x10* 23x10%® 3
9.2 15:42:25 € x 10* 3.0x 10?8 15:42:061 176 97 54 .. 35 16x10° 23x10?%® 17
112 08-JUL —92 09:46:00 5lx10° 3.6x10%° 09:45:563 .. 3342 1642 503 39 22x 10" 14x10° 22
1121 09:46:02 1Bx10° 1.1x10%° 09:45:563 .. 1361 687 194 39 98x10° 7.3x10?° 25
1122 09:45:58 P x 10° 8.0x10?® 09:45:563 .. 586 292 96 38 30x10f 47x10?° 25
11P 09:46:32 11x10° 53x 107 09:46:323 .. 4924 2447 910 37 18x10’ 3.0x10*° 27
11°P1 09:46:32 HBx10° 2.0x10%° 09:46:323 .. 1520 763 252 38 7.3x10°f 88x1C%° 22
120 15-JUL.-92 02:00:12 Bx10° 24x10%° 02:00:041 174 86 39 .. 48 97x10f 61x1C*® 10
121 02:00:04 Bx10* 84x10?® 02:00:041 64 27 10 .. 52 13x10° 39x10%® 11
122 02:00:12 HBx 10" 1.4x 10?8 02:00:.041 47 25 13 .. 45 13x10f 21x10?® 15
13 11- AUG.-92 13:48:30 4 x10° 21x10%° 13:47:443 642 594 312 .. 36 15x10° 1.8x10®° 13
131 13:47:45 2Ax 10" 41x 10?8 13:47:443 214 216 109 .. 37 64x10° 91x10?%® 16
132 13:48:37 Hx 10° 7.5x 10?8 13:47:443 209 202 97 .. 38 11x10° 1.0x10® 14
16, 06-SEPRP-92 09:04:25 Bx10° 58x10%° 09:03:325 990 554 211 .. 44 21x10 31x10® 12
16.1 09:04:25 @x10° 2.6x10%° 09:03:325 382 203 73 .. 46 13x10 16x10%° 11
16.2 09:04:20 Mx10* 2.0x10?® 09:03:325 270 196 62 .. 49 39x10° 22x10%®° 25
17 11-SEPRP-92 03:00:15 ©x10° 14x10%° 02:59:480 380 225 104 .. 42 47x10° 12x10®° 13
171 03:00:10 12x10° 51x10%® 02:59:480 129 98 45 .. 4.0 85x10° 48x10?® 12
18 12-SEPRP-92 15:39:20 M x10° 21x10%° 15:38:481 .. 162 46 .. 52 75x10° 22x10®° 14
181 15:39:05 Mx10* 9.0x10°® 15:38:1481 54 34 13 .. 58 12x10° 1.1x10*®° 14
25 16-JAN-94 23:17:10 ®x10° 51x10®° 23:16:486 .. 514 185 72 42 90x10f 43x10®° 13
251 23:17:59 @x 10" 1.4x 107 23:16:48 .. 159 63 22 41 22x10°f 1.6x10?° 20
252 23:16:57 @x 10" 40x10%® 23:16:486 .. 81 33 11 41 11x10f 94x10?%® 19
30, 02-SEP-97 21:11:10 §x10° 50x10%® 21:10:492 97 61 21 .. 47 55x10° 83x10?® 16
301 21:11:15 Dx10* 1.0x 10?8 21:10:492 40 28 08 .. 52 12x10° 82x10?® 21
31 14-SEP-97 02:54:25 T7x10° 21x10%®° 02:53:299 216 147 59 .. 43 36x10°f 1.7x10®° 13
311 02:55:03 Dx 10* 2.0x 10°® 02:53:299 98 74 26 .. 47 62x10° 1.6x10%° 22
312 02:54:13 0x10* 6.0x10% 02:53:299 38 25 11 .. 41 35x10° 33x10%® 12
442 28— MAY-98 19:04:02 10x10° 1.8x10?° 19:03:064 100 91 54 20 35 15x10° 26x10?%® 6
4421 19:04:25 Dx 10* 1.0x10%® 19:03:064 46 42 25 09 35 87x10° 1.7x10?%® 18
44b 19:06:58 44x10° 2.0x10?° 19:06:220 .. 41 15 .. 45 22x10° 23x10® 8
441 19:06:29 22x10° 44x10%® 19:06:220 .. 18 05 .. 53 10x10" 14x10%® 11

& The numbers of flares are the same as in Table 1. Digits after the number of the event referaatdootpoints, letters refer toffrent
HXR bursts.
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Fig. 9. Relation between two kinds of response to the non-thermal electron beams in footpoints observedlinMXTN2 andH, respec-
tively) channels and SXT(AlI12) filter. R is the correlation fiument. Total values for the complete events have been marked by squares. Values
of the correlation ca@cient for them are given in parentheses.

for the sources which showed the same size in chanaslin  We redistributed their signal proportionally between the strong
the higher-energy channels. For many flares the HXT did reurces (Tomczak 1999). The obtained ranges of uncertainties
detect any signal above the background in chabhel can be considered as maximal errors of the estimations.

We estimated the HXR response at the maximum of strong To verify the correctness of the reconstruction of the HXT
bursts where we expect the strongest flux of non-thermal eléBages we defined complete responses for events in which all
trons. The SXR response refers to the maximum of the SXonger HXR sources (above 10%-limit) were of the footpoint-
net light curve which corresponds to the HXR burst. The répe. In such cases we took the total HXR flux minus the back-
sponse values presented in Table 2 are the averaged valugg@find as the HXR response and the total signal from net SXR
maximal and minimal values that were estimated as followight curves for all footpoints as the SXR response. The com-
For SXRs, the lower limit is the value of the maximum of th@lete responses are also included in Table 2.
net light curve i.e. the light curve with the gradual component Figure 9 shows the relation between the HXR response in
subtracted. The upper limit is the value of the maximum dfie HXT channels and the SXR response recorded in the Al12
the total light curve obtained for the impulsive SXR brighterfilter. The values are taken from Table 2 with- Error bars.
ing investigated. For HXR emission sources, the lower limit/e can see evident correlation of the SXRs with HXT chan-
is simply the total flux from all pixels within the determinechels M1, M2, andH, described with the correlation cibie
borders of a HXR source. The upper limit was calculated cocients,R, equal to 0.74, 0.77, and 0.76, respectively. Such a
sidering all faint sources (having an intensity below 10% of ttetrong correlation proves the common physical origin of SXR
most intense pixel) as spurious i.e. produced by the reconstrand HXR responses, namely the non-thermal electron beams.
tion method (Metcalf et al. 1996; Alexander & Metcalf 1997)ln channelL the correlation is less goodR(= 0.52). We pre-
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Fig. 10. Plot of productivity of soft X-rays SXT(AI12) relative to hard X-rays (HXT channélsM1, M2 andH, respectively) and power-law
indices that were taken from the single power-lawRiis the correlation ca@icient. Total values for the complete events have been marked by
squares.

sume that this is caused by a contribution of thermal emissitnmeans that the relation between the HXR and SXR re-
in HXRs. The points representing values for complete evensponse depends on the energy spectrum of non-thermal elec-
marked by squares in Fig. 9, show even better correlation (0.86n beams.

0.87, 0.88 and 0.88 respectively) than those calculated for all We used the values from Table 2 to make a single power-
investigated footpoints. The main reason of thiffatience is law fit using the following formula:

probably an additional source of errors introduced by the HXR

image reconstruction method. I(E) = AE”” photonscm? st kev! (1)

There is a scatter, seen in Fig. 9, which cannot be cau
only by observational uncertainties and systematical err
Points representing individual footpoints of the same event
often situated along a line that is almost perpendicular to t €5h .

. o oton energy spectra. The results of thefiaad A) are
general trend. ThisfBect could be seen in Fig. 1 where the fomf)repsented in Tagbﬁe g fieadA)
point F2 seen brighter in SXRs shows the lower HXR emission, In Fig. 10 we present the relation between the relative pro-

while the footpoint F3 seen fainter in SXRs shows the Strong&ﬁctivity of the SXRs with regard to HXRs (the ratio of the

HXR emission. SXR and HXR response) and the power-law indgexAs we
Tomczak (1999) showed that the scatter in the relation b&ee, the correlation is quite good for chanridis, M2, andH
tween the HXR response and the SXR response is causedthg correlation ca@cient is equal to 0.65, 0.68, and 0.54, re-

the photon energy spectrum. Assuming the thick-target modgpectively). As in Fig. 9, the correlation for channels dis-

querel is the photon flux at enerdy, y is the power-law index
OLFidA is a constant. Keeping in mind a thermal contribution to
ffannelL, we excluded this channel from the determination
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ergies are not simply linearly related to emissions. Therefore,
the Neupert ffect should exist between the energies rather than
between the X-ray emissions (Lee et al. 1995).

We calculated the energi&sn andEf® for the footpoints
investigated as follows. We used the formula,

Enih = 0.5F(=Ep)At ergs (3)
070 for the total, time-integrated energy deposited by non-thermal
electrons, wheret is the duration of impulsive increase and
F(E > Ep) is the total energy flux of non-thermal electrons
above the cut4 energy E;. We choose the energly =

F . 14 keV. According to the thick-target model (Crosby et al.
I [ [ [ [ [ ] 1993):

10 20 30 40 50 60
Energy [keV]

0.68—

F(>Eo) = KAE”*y(y — 1)B(y — 0.5, 0.5) ergs s* (4)
Fig. 11. The correlation ca@icient, R, between the HXR flux [pho-

1 —2 —1 .
tonss* cm?keV~'] and the SXR response [DNY as a function of o reB is the beta function anklis a constant equal ta8x
the photon energy [keV]. 1074

We estimated the maximum thermal energ{**, con-
tinctly worse and this is caused by the thermal contribution tained in the plasma that is heated by non-thermal electrons

this channel. using the following formula:
An increase of the cdicienty in Eq. (1) makes the power-
law steeper which implies an enhancement of the numbergf{®* = 3eks Trg? ergs (5)

low-energy photons and electrons producing them with regard

to high-energy ones. Therefore, the increase of the relative prdrerekg is the Boltzmann constant, is the emission mea-

ductivity of SXRs with regard to HXRs, for higher values of thgure, T is the temperature and is the electron density of the

power-law index, means that non-thermal electrons with relglasma. Values were obtained for the maximum of the impul-

tively low energies should play a dominant role in the genersive SXR brightening.

tion of impulsive SXR brightenings. The obtained values oE, and ET® are presented in
However, only the two parametengand A, make it pos- Table 2 and plotted in Fig. 12. A correlation is seen, however

sible to estimate the actual number of HXR photons at partigre correlation caicient is lower than for the plots of the HXR

ular energies. Using the values presented in Table 2 we calggrsus SXR responses (Fig 9). The higher scatter in Fig. 12 is

lated the number of HXR photons for each footpoint and f@jue to uncertainties in the estimation of some parameters, espe-

several values of the energy. For each value of the energy iglly the cut-df energy,Eq, and the volume of SXR emission

plotted the number of HXR photons versus the SXR responsgeded to obtain the electron density,

from Table 2 and calculated the correlation ffméent, R. The We know the electron density reasonably well (we estimate

dependence dR on different energies is presented in Fig. 1kne typical relative error to be of the order of 20%—30%), but

As we see, the best correlation is for the range of 13-17 k§Me four broad-band channels of the HXT are ndfisient for

We interpret this result as an additional proof that impulsivg reasonable estimate of the cti--energy,Eo. We arbitrarily

SXR brightenings are generated mostly by non-thermal elggroose a value of 14 keV.

trons having relatively low energies. Using the Bethe-Heitler .. 4, independent estimation of the ctitenergy,Eo, we

formula we estima_ted the energy interval of non-thermal elegs. 4 Eq. (2). For each event we chose the value of the cut-
trons to be approximately between 13 and 50 keV. off energy,Eo, to balance the value of the energy deposited by
ihermal electron beams is controlled by he energy balanmis oI hermal slectontyy and the value of e maximum
max H 1 i
The energy deposied by he non-nermal GIeCe,  (opye 3 a1 o (e ewel o 10-55 ko Ths sonturs
should be equal to the maximum thermal enefgf”, con- hq igea that the cutfbenergy may vary from flare to flare and
tained in the plasma that is heated by this electron populatiopgy even vary during a given flare. We stress the relatively low-
Enth = EP™ ) energy Iocatic_)n of the cutfbenergy (e.g. Farnik 1997) which
supports the importance of low-energy electrons in the energy
The X—ray emissions are easier to record than the energies. a&nce of the impulsive phase.
HXR emission is a measure of the rate of energy deposition We compared the power-law index, of the HXR pho-
by non-thermal electrons and the SXR emission is a meastoe flux spectrum with some other characteristics of the im-
of the total energy contained in the plasma heated by thermalisive SXR brightening corresponding to the HXR burst (e.qg.
ization of these electrons. However, the HXR and SXR emitie SXRHXR delay, and thé/tuxg ratio). However, no clear
sions are not directly indicative of the energies involved — enerrelation has been found.
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5. Conclusions . R=0.61 (0.74)
100 T T T T

In this paper we analyzed the impulsive phase of 46 solar
flares for which impulsive SXR brightenings were clearly seen. I
Flares listed in Table 1 showftgrent levels of magnetic com- . 5,

plexity, a wide range of released energy and varying position £’ 10
on the solar disk. Nevertheless, the characteristics recorded fof
impulsive SXR brightenings are relatively uniform due to the 2
physical conditions needed for the generation of the brighten-c
ings. Impulsive SXR brightenings are due to thermal radiation =
of plasma situated at the entrance of magnetic coronal struc-

tures into the denser atmosphere. This plasma is heated by non- 3
thermal electron beams accelerated somewhere in the corona. 1,28

ma

| +\ n \wwﬂh\ n PR | n PR |
On the basis of the presented histograms (Figs. 6—8) we can 1028 1029 10°0 107!
describe the properties of something like a “typical” impulsive non—thermal energy

SXR brightening. It lasts about 0.5-1 min. and has a quagiy. 12. The correlation between the maximum thermal energy con-
symmetrical time profile. The FWHM diameter of the regiogained in a plasma and the total, time-integrated energy deposited by
of the SXR response is about-28". Its temperature is below non-thermal electrons. Complete events are marked by squares. The
10 MK and its electron density is the highest in the whole flagtraight line gives the location of equality of the two types of energy.
ing structure. The pixels showing the impulsive SXR brighMalues of the correlation cdiécient for all events and for complete
ening are often the brightest in the flaring structure during t§¥ents (in parentheses) are given at the top.

impulsive phase, however their total contribution to the SXR

emission of the whole structure is rarely above 30%. The im- )

pulsive SXR brightening shows a delay in comparison with tf@0ted somewhere in the chromosphere we observe the SXR
HXR burst and lasts several times longer. However, we hadBd HXR response there.

not found a reason for the inertiafidirence of chromospheric ~ FOr 37 events we were able to make a quantitative compar-

response to non-thermal electron beams. iion of the Lmrp])ulsive response in fIarehfootpoiInts obrs]ervedc;n
. L L . XR HXR i . Duri i i i-
The described characteristics should help to distinguish tthee SXR and the Images. During the impulisive phase a di

impulsive SXR brightening from other morphological fea'tureg.actIy heated plasma emitting the SXRs accounts for additional

: : . . ._contribution from the flare footpoints. The time profile of its
Particularly, any event resembling the impulsive SXR bngh%XR emission resembles the HXR light curve. Therefore, the
ening for which observational characteristics are evidently di frong correlation between the SXR and HXR résponse (Fig 9)
ferent from those described in Sect. 4.1 should be interpreieadg be considered a proof that impulsive SXR brighteniﬁgs
Wit.h S.p?Cial cautior_l. For gxample, a relatively IO.W brightne_sésfe directly responsible for the Neupeffext. We also found
g: Lﬂi'vzlgugiefcigﬁggtslg;effafgl;t;tsbzi?‘ ou;;hi):?rfrsa:iaa“%:correlation between the energies: the total, time-integrated
pulsive SXR Ft))rightening (Harra-Murnionget al. 1997). In gu?nergy deposited by non-thermal electrons and the maximum

S . . . ' ", .~ thermal energy contained in the plasma heated by those parti-
opinion this eventis a hybrid flare. The collected charactenstl((::lséS (Fig. 12)
should be useful also for theoretical modeling of the impulsive We obtain.ed some observational signatures which describe
phase of flares. how the chromospheric evaporation does occur. First, we mea-

A generally good spatial and temporal correlation betweg[re the velocities of plasma motions due to the chromospheric
impulsive SXR brightenings and HXR bursts strongly suggesi§aporation directly from the SXT images (Tomczak 1997).
the same origin — non-thermal electron beams. For this reasefis is an additional method to investigate this parameter.
the SXT images significantly complement the HXT images ispecially important is that the developed method comple-
the monitoring of the non-thermal electron precipitation duringients the classical method — the measure of blueshifts in the
the impulsive phase of the flare. The role of the SXT in suGlixR spectra — for the flares that occurred close to the solar

investigations is very important because fitess better spatial jimp. The obtained range of values, 150-700 ki és sim-

resolution and dynamical range than the HXT. ilar to those estimated from the spectral measurements (e.g.
In many investigated flares we observe that the individuBentley et al. 1994).
footpoint shows a response to non-thermal electronsfegrei Second, we confirm the result of Tomczak (1999) that a

ent moments of time (e.g. see Fig. 4). It ishduult to explain steeper energy spectrum of HXR photons (higher power-law
such a diference considering the time of propagation of nomrdex) causes a higher relative productivity of SXRs. This re-
thermal electrons or the inertia of chromospheric response. Thit, together with the low-energy cuffaestimation for the
time difference of footpoint reactions can be explained by t#XR photon spectra, suggests that the chromospheric evapora-
turbulent kernel model (Jakimiec et al. 1998; Jakimiec 2002jon is caused mainly by relatively low-energy electrons. Such
In this model non-thermal electrons are able to escape outsidiectrons are more frequent than high-energy ones. Moreover,
the turbulent kernel when a reconnection of kernel lines withore energetic electrons should reach denser atmospheric lay-
external magnetic lines of force occurs. If the external lines ages (Farnik et al. 1997) where they produce an impulsive reac-



T. Mrozek and M. Tomczak: Solar impulsive SXR brightenings and footpoint HXR emission sources 13

tion seen in the UV radiation. A higher radiation loss in thislara, H., Tsuneta, S., Lemen, J. R., Acton, L. W., & McTiernan, J. M.
waveband limits the contribution of the denser layers to the 1992, Publ. Astron. Soc. Jpn., 44, L135
chromospheric evaporation. Harra-Murnion, L. K., Culhane, J. L., Hudson, H. S., et al. 1997, Sol.

Such a scenario may be examined by using simultaneously Phys., 171, 103 _ _
the Yohkohthe SOHQEIT and theTRACEimages. The higher HOE' K., Yokoyama, T., Kosugi, T., & Shibata, K'|1998* ApJ, 50§é49§
quality of RHESSIdata makes it possible to have a better ifiudson. H.S., Strong, K. T, Dennis, B. R., etal. 1994, ApJ, 422, L.25

sight into the non-thermal electron precipitation. Further an%fgk'm'ec’ ). 2002, ESA-SP 506, 645
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