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Abstract. We presentamulti-wavelength analysis of the X1.3Key words: Sun: activity — Sun: chromosphere — Sun: flares —
2B solar flare at 8 UTC on 1991 March 13 which includes HSun: X-rays, gamma rays

images obtained by the fast digitabttamera at Locarno-Monti

atarate of five images per second, full disk microwave measure:

ments made with atime resolution of 0.1 s by the radiotelescopes

in Bern and hard X-ray/gamma-ray data witkcdl s time res-

olution by PHEBUS on board the GRANAT satellite. This sef |ntroduction

of multispectral data is used to investigate alternate forms of

energy transport from the hot flare corona to the chromosphékds widely accepted that a solar flare results from the rapid re-
During this large flare, which exhibits two successive episod&ase of free magnetic energy near the top of active region loops.
of acceleration, energy transport took place within four |OO-B'IG dissipation of this energy in the coronal release sites leads to
systems of different sizes which expand with time and whogé&celeration of electrons and ions to high energies and to direct
foot points were materialized by fourcHkernels. It is shown heating of the plasma and plasma motions. There are basically
that accelerated particles, most probably electrons, are the ddf forms of energy transport from the primary energy release
inant form of energy transport, so that slower processes, suclsiégs to the regions of energy dissipation in the low-corona and
conduction fronts, only play little role if any. Such a conlusioghromosphere, at the footpoints of the flaring loops. The study
is demonstrated by the fact that the time evolution in intensi®f the morphology and timing of theddline emission with re-
from the four observed kernels is well reproduced by a linegipect to that of the microwave and hard X-ray emission provides
combination of the hard X-ray count rate and its time integrgﬂ_usefm test through which one can discriminate between these
Such a relationship, which is first established in this work, indiorms of energy tranport, provided by the different flare models.
cates that the H response to non-thermal electrons consists of The thermal model assumes that most of the energy released
two components which evolve on different time scales, typicalg@es into the impulsive heating of the plasma near the release
a few seconds and a few tens of seconds. The amplitude of 3 to temperatures above®1K (Brown et al.[1979; Smith &
slow response is similar for the four kernels during the wholéllequist/1979; Batchelor et al. 1985). Conduction fronts are
flare. In contrast, the amplitude of the fast response varies fré@fimed in the loops and move at the ion sound speed (typically
one kernel to the other and is found to be the greater for th@0-1000kms'). The observed microwave and HXR emission
larger loop systems during the second and strongest episodarige then predominently from expanding hot sources confined
acceleration. Finally, during the first episode of acceleration, thghind the conduction front.drdstarts to rise when the conduc-
fast Hx response exhibits time variations with typical rise timeéon front hits the chromosphere 10 to 20 s after the onset of

of ~ 0.4-1.5 s which are nearly coincident with fast hard X-rafie microwave and HXR emission for typical loop parameters.
pulses of similar rise times. This is, so far, the most convinc- The second scenario, known as the non-thermal thick target
ing evidence for correlated fast time structures im &hd hard model, assumes that most of the energy release goes into the
X-rays. The ensemble of these results are discussed in the fragegeleration of particles near the release site (e.g. Brown 1971).
work of models which simulate the chromospheric responsef®n-thermal electrons which stream down along the magnetic

a loop atmosphere to heating by non-thermal electrons. field reach the low corona and upper chromosphere in less than
1 s where they produce the HXR bremsstrahlung emission by

thick-target interaction with ambient ions. Below, in the chro-
Send offprint requests 1. Trottet mosphere, the same electrons are dumped and heat the ambient
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medium which leads to an enhanced. ldmission. The rises 2. Instrumentation
of the Hx, microwave and HXR emission are thus expected
be simultaneous within less than 1 s. It should be noted th
< 0.5 MeV protons can similarily produce enhanced ¢mis- . o . -
sion (Simnett 1986). Unfortunately, there are no unambiguoﬁt%ss birefringent filter (0.05 nm bandpass) and a fast digital

radiative signatures of such low energy protons in the solar & D-camera were installed at the focus of the telescope with
a focal length of 1.95 m and a free aperture of 0.15 m (Eder

mosphere. Observations of linear polarization in the lihe TOG). The instrument is an improved version of the one used
may, in principle, help to discriminate between electrons a't')u Wullser &IMarLtji 1’198<|)) Oulr sgtuv ha:j/afileld of view (Folil)
protons (e.g. Vogt & noux"1999), but the time resolution (1 y e P

! !/ 1 H H / -
to several minutes) of the few observations made so far is mu?(gﬁggoﬁ tilo6r?o¥v(|)tgz p_:_);]e; isr:fs (gsoﬁfr: f?éiﬁeﬁjnga?itberggg and
larger than the typical time scale of energy transport by particles. .”~~. e 9 .
Canfield & Gayley[(1987) have computed the temporal evolSEEINg induced shifts were corrected with the help of sunspot

tion of the Hx line profile using models of Fisher et &l. (1985apOSItlons in the images. The temporal variation of the trans-

1985b) which simulate the dynamic response of a loop at grency of the Earth's atmosphere was taken into account by

sphere to Coulomb heating by a beam of accelerated electrcpr%)sr.mahzmg the image intensity relative to that of a quiet Sun

: ._region in the same image.
Th how that the tempor n rises from thr is- : .
ey show that the temporakttesponse arises from three dis The microwave observations of the event were made by the

tinct physical processes whose relative importance varies Ove%rol radio telescopes in Bern at 3.1, 5.2, 8.4, 11.8, 19.6, 35.0

the line profile: a temperature response, an ionization respoﬁg o . o .
and a hydrodynamic response. The first two processes areXe: ‘?0'0 (IBH.Z n r]!%h;and IeftBC|rcuIar polag|§/lat|on V\thhgg teﬁ]—
sponsii r e astet e scle, ypica 1 or e 2 SSOLIEnelD = (2. Bugomann i 1000 e
temperature response which has its largest amplitude at I]Lne . pub quiet-osun Tluxes
center, andv 0.5 s for the ionization response which is mos om Sagamore Hill (see Melnikov & Magun 1398). A sky cal-

' ' Ibration just ended at 08:01:00 UTC for 3 and 5 GHz and at

apparentin the blue wing. The hydrodynamic response, whichis .~ ; : )
related to the formation of a chromospheric condensation, gi\r/aza?s'm'?’o UTC for the higher frequencies. Therefore the first

rise to longer time scales (several seconds) and is most appafreevr\’tse.condS at the onset of the flare are missed at higher fre-
in the red wing. Heinze[(1991) who performed similar calc IUENCIes :
. . ) : The hard X-ray/gamma-ray (HXR/GR) observations were
lations by using atmosphere models of Kanid€990) further . .
predicts an anticorrelation between HXR and Bub-second carried out by the PHEBUS experiment on board the GRANAT
pulses satellite. PHEBUS has been described in Barat ef_al. (1988);
' Barat (1993) and Talon et dl. (1993). During the 1991 March 13

Studies of the relative timing betweemtdnd HXR (or mi- . oy A
crowave observations), all made withl s time resolution, have flare, HXR/GR da“"! were acquired from' 08:01:38 to 08:14:24
,EI'C. The observations used here consist of spectral measure-

shown that both forms of energy transport may exist at differel'nJ . .
sites during the same flare (e.gaiipfer & Scldchlin|1982; ments performed in the 0.073-89 MeV energy range. Unti

Kampfer & Magun 1983; Wiiser & Kampfef 1986). Indeed, at oﬁ;ﬁgé UIfaSp;.C;g’}eh:(‘:’f r?]e?;‘t.gicf::g?aﬁ"?r: 1f1§mege3fgy
some sites H is delayed by 10 s or more with respect to thE Wi varl umturation o ging ’

microwave or HXR while at other sites a synchronism (withi 00.88 s. Aiter 08:03:34 UTC, 40 channel spectra have been

1 to 2 s) is observed between these different emissions. %gorded each second below8 MeV and every 4 seconds

latter supports the models describing the heating of the chfgroVe- In addition we have used records of $16.073 MeV

mosphere by non-thermal electrons. A close similarit betwe'eptegral count rate obtained from 08:01:26 o 08:03:06 UTC
P y | Y ri}h a time resolution varying from 8.5 ms to 48 ms, which

the Hx and HXR time profiles was also found in several flared X . . .
where H data with sub-second time resolution were availablee, © integrated te- 200 ms, to improve the signal-to-noise
(Wilser & Marti[1989; de la Beaujarglie et al 1992; Neidig rat|c|):.. " h d ded at Kitt Peak
et al[1993). However, the data were smoothed with integratigg ér&?syk;(\el\;gre?r/]i ';‘Ilzere a magnetogram recorded at Kitt Pea
times above 1 s for noise reduction, so that a study of subsecon )
Ha structures was not possible. i

In this paper we present the comparison of fast (0.2¢) H+ OPservation

line center imaging observations together with fast microwayge 1991 March 13 flare around 08 UTC occurred in the NOAA
(0.1 s) and HXR (0.1-1 s) spectral measurements during #&ive region 6545 at S10-E44. Fig. 1 displays the temporal
1991 March 13 flare at 08 UTC. Sects. 2 and 3 present the &yolution of the Hy intensity for two kernels N1 and N2 (see
struments and the analysis of the observations, respectivel\gdict. 3.1 below), of the HXR count rate and of the microwave
appears that the time evolution of each of the fourkérnels flux densities. The HXR and microwave time profiles exhibit
observed during this flare can be related in a simple way f{@o impulsive bursts. The first and weaker burst B1 started at
the HXR time profile. This flndlng is discussed in Sect.4 in 08:01:25 UTC, while the second and more intense one B2,
the framework of an electron-beam-heated chromosphere. Eigted at 08:03:30 UTC. The ki emission shows two rises
conclusions are summarized in Sect. 5. corresponding to those of the HXR count rate and of the mi-
crowave emission, but decays on much longer time scales.

e Ho observations were carried out with a coelostat at the
pecola Solare Ticinese’ in Locarno-Monti, Switzerland. A
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%200 - > 73 keV Fig. 2. Time sequence of representativex inages of the flare. The
8 L 2 graduations on both axis are arcseconds. The first frame with the pre-
800F T T % S R R Y flare image also shows the Kitt Peak magnetogram from the previous
T T2 ™ |0 day. Dotted lines represent positive and dashed lines negative magnetic
B 7 field polarities. The contour levels are 100, 200, 400 and 800 G. The
Bern .. 50GHz EP frame at 08:01:48 UTC shows the labeling of the different kernels to-
P ] gether with the magnetic neutral line (dotted line). North is at the top,
o 3s6h N R west to the right. The faint emission visible as one contour line NE of
. 19.6 GHz : VAN ] the two ribbons in the frames from 08:03:50.8 to 08:04:53.3 is a surge
051 e 1l8GHz : 14 2 activity not studied in this paper.
oar ; N
o3} Yo
S 0.2¢ \ -2 N2, outside the FOV of the fast camera. The intensity./}
01 My of each of the four kernels has been computed as a function
0.0r~ of time by averaging over a square of 4.8 arég@cpixels). A
L. i - 2o change of the averaging area by a factor of 2 only influences the
08:01 08:02 08:03 08:04 08:05 amplitude but not the shape of the temporal evolution. The time

me inuTe evolution of the Hy intensity, shown for N1 and N2 in Fig. 1, is

Fig. 1. Temporal evolution of the 1991 March 13 flare. The top curvesiobally similar for the four kernels. In particular, the emission

are the Hv line center intensity in kernels N1 and N2, the middle CUIVESt each of the four kernels shows rapid rises corresponding to
are hard X-ray count rates and the bottom curves are the microwiaﬁgse of B1 and B2

flux densities. Also shown is an enlargement of the first part of the hard
X-ray and microwave flare emission.
3.2. HXR/GR and microwave observations

Spectral analysis of the PHEBUS data has been performed for
count spectra accumulated over the four intervals of time (T1to
Fig. 2 shows snapshot maps of ther ldmission taken during T4) marked by vertical dashed line on th&3 keV time profile

B1 and B2. The first frame displays the Kitt Peak magnetograhown in Fig. 1. During T1 and T2, which correspond to B1 and
rotated to the time of the ddobservations, and overlaid on thethe initial slow rise of B2, no significant emission is detected for
preflare Hvimage. During B1 and B2, the bulk of thextemis- photon energies @) above~ 0.2 MeV. The photon spectrum
sion arises from two ribbons, located on each side of a magnetias fitted to a single power law given by A{®.1)~", where
neutral line (dotted line in the frame at 08:01:48.6 UTC). Bright is in MeV, A (photons cm? MeV~—! s71) is the photon flux
kernels are visible within the two ribbons. They are labelled Ndt 0.1 MeV andy; the power law index. During T3 and T4,
and N2 for the northern ribbon and S1, S2 for the southern riBR emission is detected up t08 to 10 MeV, and marginally
bon which respectively overlay positive and negative magnesignificant 2.23 MeV and prompt gamma-ray line emissions are
polarities. As the flare evolves the two ribbons expand furthpresent. This time period (T3 and T4) starts with the rapid rise
away from the magnetic neutral line.oHull Sun patrol ob- of the> 73 keV emission which follows the initial slow rise of
servations obtained every minute by the Bla heliograph at B2 and covers the two main peaks of B2 till the slow decay of
Paris-Meudon observatory (courtesy of Z. Mouradian) indicatiee HXR/GR and microwave emissions. For these two peaks,
that until 08:05 UTC the H flaring emission is entirely con- the photon spectrum of the continuum is well represented by a
tained inthe FOV of the fastddcamera. After 08:05 UTC, i.e. atbroken power law. The corresponding parameters are then A and
the end of B2, the northern ribbon extends south-westward fromas before, E...x the break energy ang the power law index

3.1. Hx observations
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Table 1. Photon spectrum parameters and estimated electron fluxes during T1, T2, T3 and T4.

time interval A(0.1MeV)  Epreax Y1 Y2 Pioo Py
(ph/Mevem?s)  (MeV) (ergs™')  (ergs™?)
T1:08:01:38-08:02:00 35 - 56+0.1 - 1.910%¢ 3.0 10%*°
T2:08:03:37-08:03:45 50 - 57+0.1 - 2.810% 5.410%
T3: 08:03:45-08:04:05 4480 0.39+0.05 5.0+01 31403 2010*® 1.310%
T4: 08:04:05-08:04:30 3040 0.35+0.05 5.04+01 27402 1.410%® 8.610%°
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100}
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1000+
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1000
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1000 -
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Table 2. Microwave spectrum parameters and indices of the electron
spectrum deduced from microwave and HXR/GR observations during
T1, T2, T3 and T4.

time interval Vmax O ORr Ox1 6x2
(GH2)

T1:08:01:38-08:02:00~20 —1.9 3.5+£0.3 6.6+0.2
T2:08:03:37-08:03:45~12 —2.2 3.8+£0.3 6.7+0.2
T3:08:03:45-08:04:05~12 —2.4 4.0+£0.2 6.0+0.3 4.1£0.3
T4:08:04:05-08:04:30~12 —2.0 3.6+£0.2 6.0+0.3 3.740.2

discussion of the time evolution of the microwave spectrum,
which is beyond the scope of this paper, has been given in Mel-
nikov & Magun [1998) for the second burst B2. Fig. 3 shows
that the radio emission at 35 and 50 GHz remains optically thin
during the whole flare. Taking the shape of the optically thin
part of the microwave spectrum a&&§ (wherev is the radio
frequency) we determined from the ratio of the flux den-
sities measured at 35 and 50 GHz. The spectral irgenf

the microwave producing electrons is approximatly given by
dr ~ (1.22 — a)/0.9 (Dulk & Marsh[1982). For thick target
interactions the spectal inde¥ of the HXR/GR producing
electrons is given byx = v + 1 where~ is the slope of the
HXR/GR photon spectrum (e.g. Browvn 1971). As a first approx-
imation we takedx; = 71 + 1 below B,,eax anddxs = 72 + 1
above (see Trottet et al. 1998).The values ofr, dx; andixo
obtained during T1, T2, T3 and T4 are given in Table 2 which
also provides the turnover frequengy., of the corresponding
microwave spectrum. The comparisomgfwith 0x » indicates

Fig. 3. The microwave spectrum for the five intervals of time (Tlfhat'
T5) during the 1991 March 13 flare. T1 is during the first part of the

HXR/GR event (burst B1) and T2 to T5 cover the second part (burst

B2).

for hv > Eypear- The values of A, Eyeak, 71 @and~y, are given

During T3 and T4 (i.e. during the two peaks of B2), where
~2 could be estimatedir = dxo. This indicates that the
microwave emission is produced by the high energy part of
the HXR/GR emitting electrons.

- During T1 and T2 (i.e. during B1 and the initial slow rise

in Table 1 for the four intervals of time under consideration. f B2) the values ofz are comparable to those obtained

Table 1 also shows the powerde (resp. By) deposited in the
chromosphere by 100 keV (resp> 20 keV) HXR producing

during T3 and T4. This strongly suggests that high energy
electrons, emitting the upper part of the spectrumigs),

electrons. iy has been estimated by assuming that the bulk of have peen produced since the very beginning of B1, their

the HXR emission is the result of thick target bremsstrahlung fyx heing too small to give a detectable HXR/GR emission
of > 100 keV electrons and by using the low energy part of 5phove~ 200 keV.

the photon spectrum and thick target calculations by Hudson,
Canfield & Kanel(1978). i has been obtained by extrapolating These characteristics are similar to those found in other large

the> 73 keV HXR photon spectrum down to 20 keV.

HXR/GR flares (e.g. Trottet et al. 1998 and references therein).

Fig. 3displays the microwave spectrum during the five inteBimilar results have also been deduced from the comparison of
vals of time labelled T1, T2, T3, T4 and T5 (Fig. 1). A detailethe HXR and radio millimeter emissions during smaller flares
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Burst B1

for which the sensitivity of HXR/GR detectors is not sufficient
to measure the high energy part(t Eycai) of the HXR/GR 35¢
emission (e.g. Kundu et dl. 1994; Silva et[al. 1997; Raulin et 39}
al.[1999). 25¢
Fig. 3 shows that the shape of the microwave spectrum of B1 2.0}
and B2 is indicative for an inhomogeneous radio source region 4.5}
that, for example, consists of magnetic field loops of different 4.0p
sizes. Indeed: (i) except during T1 the spectral rise is flater than 3¢
v (resp»*?) as would be expected for an emission from rela- 22
tivistic (resp. midly-relativistic) electrons in a uniform magneties 5!
field (e.g.Dulk & Marsh 1982); (ii) during T1, as well as during  45:
T3 and T5, the spectrum is rather flat around the turnover fre- 40¢
quencyrmax Which, again, is a signature of an inhomogeneous 32
source (e.g. Klein & Trotteét 1984). The turnover frequency at
20 GHz during B1 (T1) is shifted towards lower frequencies ( ,,¢
12 GHz) during B2 (T2, T3, T4). Such a shift of,.. requires 350
that self absorption, Razin suppression or free-free absorptionins.o:
the ambient plasma, become less effective at lower frequencies2s;
during B2. Thus, the shift of,,.. to lower frequencies reflects 8:01:30 8:02:00 80400 8:04:30
most likely a decrease of the magnetic field, of the ambient uT ut
density and of the density of emitting electrons along the line pig. 4. Observed (thin line) and modelled (thick line) time evolution
sight or a combination of the three. In any case this indicates tbhéthe Hx intensity of the four kernels (N2, N1, S1 and S2) during B1
most of the microwave emission detected during B2 arises frdleft) and during B2 (right). In both panels the dashed lines show the
more extended sources than during B1. It should be noted th@delled slowly varying component for each kernel.
during the late decay of B2 (T5),. drifts towards even lower

frequencies + 8 GHz) and that the spectrum of microwavg, 12 and for each kernel i, the time history of the relative H

emitting electrons hardensy( ~ 2.9). This has been discussedntensity AT;(t) is related to the HXR time evolution by:
by Melnikov & Magun [1998) in the framework of coronal trap-

ping of the emitting electrons. During T5, the HXR/GR ratei _ Li(t) — IPack
are too low to enable us to determitig However,y; is found Li(t) =
to decrease with time which is also an indication for trapping
of the hard X-ray emitting electrons with lower energies thamhere I;(t) /Iyuier IS the relative ke intensity of kernel i,
those responsible for the optically thin microwave emission. IP2% /I its relative level before the burst (B1 or B2); A

In summary, the above comparison between the HXR/GRd B are constants, {t) the instantaneous 73 keV HXR
and microwave emissions provides evidence indicating that:count rate and £** its maximum value between t1 and t2. The

indices i=1, 2, 3, 4 mark the kernels N2, N1, S1 and S2 respec-

- The microwave emission at 35 and 50 GHz is produced d{ie!Y- .
ing the whole event (i.e. during B1 and B2) by a populatiohh€ above relation assumes that:

of high_ energy electrons V‘_/ith the same spectrum as that the fast Hr component is proportional to the73 keV HXR
producing the HXR/GR radiation abo¥,ca ~ 350 keV. o5 ntrate which is practically proportional to the poweyP

- The microwave emission arises from a complex region os by deposited into the chromosphere by the HXR/GR
which consists of magnetic loops with various sizes. Dur- emitting electrons;
ing B2 the microwave emission is predominantly radiated. e sjow Hy component is proportional to the integral of the
by loops of larger sizes than during B1. This is consistent HXR count rate between t1 and t which is roughly propor-

with the H observations which show that the distances be- o5 {6 the energy deposited into the chromosphere by the
tween kernels in opposite field polarities increase from B1 non-thermal electrons between t1 and t.

to B2 and even during B2 (see Fig. 2).

_ A Ox() | fi Cx()de
Iquiet ICQaX ' tt12 Cx(t/)dt/

Eqg. 1 has been applied separately for B1 and B2. The free
parameters Aand B have been determined for each kernel by
using ax? minimization algorithm.

As stated in Sect. 3.1 the fourdkernels exhibit a similar time The interval of time considered for B1 is T1. Fig. 4 (left)
evolution. During both B1 and B2 theddtime profile of each shows that, during B1, the observed iHme profile (thin line)
kernel exhibits a fast component that is superposed on a slowfyeach of the four kernels is nicely reproduced by that modelled
varying component. The fast component shows two rises cor(tirick line) with the simple two parameter model defined by
sponding to those of the 73 keV HXR count rate. This led usEq. 1 (¢?> ~ 0.4—0.7). The dashed lines show the slowly varying
to assume that at each time t in a given interval of time from ébmponent modelled for each kernel.

3.3. Comparison betweendHand HXR/GR observations
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During B2 we have considered two successive injections of A quantitative interpretation of the present results would
HXR emitting electrons, taken asx@) over T2 and over T3 need: (i) soft X-ray imaging observations which provide con-
to T5 respectively. The first injection corresponds to the ingtraints on the model atmosphere of the different loop systems,
tial slow rise of B2 whereas the second one, which starts wihch as the time evolution of temperature and emission mea-
the rapid HXR and GR rise, covers the most energetic partsfre; (ii) hard X-ray imaging observations in order to estimate
B2. However, only a single slowly varying term has been comvhich fraction of the accelerated electrons is injected towards
puted, as due to the low HXR count rate during T2, relativeach kernel and (iii) measurements of the lhe profile in or-
to that during T3 and T4, the splitting of the slowly varyingler to identify the different physical processes which contribute
component into two parts would not significantly affect the rde the formation of kv at different chromospheric depths. In
sults. For each kernel the free parameters are thénAAfor the following we thus consider thatcHis produced by non-
the fast components during T2 and T3, T4 and T5 respectivéihermal electrons and we qualitatively discuss our findings inthe
and B for the slow component during the whole B2 burst. Thigzamework of the conventional non-thermal thick-target model
results obtained for B2 are shown in Fig. 4 (right). Here agawhich has successfully explained various radiative signatures
there is a good agreement?(~ 0.5-0.9) between observedof non-thermal electrons including HXR, microwaves and H
and computed time profiles. It should be noticed fffat~ 2.5) (e.g. Canfield & Gayley 1987; Pick etlal.1990; Miller e al 1997
increases significantly when only one single electron injecti@md references therein)
over the time period, consisting of T2, T3, T4 and T5, is taken
Into acount. 4.1. Magnetic field structure
In the non-thermal thick-target model, electrons are accelerated
in the corona near the top of loops with sizes ranging typically
The 1991 March 13 HXR/GR impulsive flareat08:00 UTC from a few 16 km to a few 10 km. The HXR thick-target
exhibits two successive HXR and microwave bursts referréfnission and the & kernels are produced at the feet of the
to as B1 and B2 in Sect. 3. During the whole event, the HOOps into which electrons stream from the coronal acceleration
emission arises from four kernels (N1, N2, S1 and S2 in Fig. 2§gion to the chromosphere. Thus, the kernels, whose time
A|th0ugh the power deposited inthe Chromosphere by the H)h:i@tories are correlated to the HXR time prOfile, materialize the
producing electrons is about thirty times larger during B2 thd@et of loop systems connected to the accelerationregion. During
during B1 (see Table 1), the relationship between the tempoifag flare under study, the existence of four kernels overlying
evolutions of the fast H emission and the HXR count rate is?PPOsite polarities of the photospheric magnetic field suggests
found to be the same for eachutiernel during both B1 and B2. that four loop systems are involved: LS11, LS12, LS21 and
The intensity time profile of a given ddkernel is indeed well LS22 which connect N1 to S1, N1to S2, N2to S1 and N2 to
represented by a linear combination of two components whigid respectively. Taking the distance between kernels overlying
evolves on different time scales, i.e. the HXR count rate whidiglds of opposite polarities as typical sizes of the different loop
varies on< 1 s to~ 10 s time scales and its time integral whicl§yStems we obtain approximately“lkm, 1.7 16 km and 2.5
smoothly increases with time. This analysis only concerns th@" km for LS11, LS12 and LS21 and LS22 respectively. The
Ha emission observed during both B1 and B2 which appear@@gnetic structure into which electrons are accelerated and in
two separated HXR bursts above 73 keV. However, observatigaich they interact to produce the observed HXR, microwave
made by thdJLYSSE&RB instrument indicate that the 25 and Hy emission appears thus to be complex as each kernel
keV HXR emission shows a plateau between B1 and B2, likeassociated to two loop systems. Such a complexity is also
Ha, and a gradual burst which lasts for7 to 8 minutes after revealed by the shape of the microwave spectrum as emphasized
the end of B2 (K. Hurley, private communication). This suggesfg Sect. 3.2. Moreover, it should be remarked that the increase of
that the Hv emission may be also related to the HXR emissidh€ humber of accelerated electrons from B1 to B2 is associated
between B1 and B2 and after B2. Further analysis is neededigh an expansion of the different loop systems (Sect. 3.2). This
investigate if such a relationship is similar to that described B{/ggests that an increase of the flaring loop size is associated
Eq. 1. with an increase of the number of accelerated electrons.

The excellent agreement of the observediRtensity time
profile with that modelled with Eq. 1 strongly suggests that H4 2. The slow It response
results from energy transport by non-thermal electrons during
both B1 and B2. The measurements of tangential linear polariz& €ach of the four kernels, the slowaHesponse is found
tion of the Hx line during the impulsive part of some HXR burstd© be proportional to the time integral of the HXR count rate
support this conclusion (Vogt & &houx1999). However, Vogt that is, to the time integral of the power deposited by the
& Hénoux[(1999) pointed out that low energy protons mirrorin@on—thermal electrons in the assomat.eq thick-target H)_(R emit-
in a converging magnetic field could also produce the obser?g Source. The values of the coefficients of proportionality,
polarization. If this would be the case, our results would impR =Bi/2:Bi, are given in Tables 3 and 4 for B1 and B2 respec-

keV protons and> 73 keV electrons. been explicitly incorporated in models (e.g. Canfield & Gay-

4. Discussion
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Table 3.The cefficients a=A;/> A; and b =B,/ B; obtained from the during the first injection and that of N1 during the second one

application of Eq. 1 to the & observations during B1 are weak (see Table 4). Because N1 (resp. S1) are common feet
of LS11and LS12 (resp.LS11and LS21)itis suggestive that the

Kernel N2 N1 S1  S2 fast response of the smallest loop system (LS11) is the weakest.

a 021 031 024 0.24 Here again, the available data do not allow us to estimate which

b 021 0.25 0.27 0.27 fraction of the energy transported by the electrons is deposited
in each kernel because the model atmosphere associated to that

Table 4.Same as Table 3 for B2 kernel is unknown. The simplest, very crude, assumption is to
consider that the atmosphere model is nearly the same for all

Kernel N2 N1 S1 s2 kernels. Our results would then indicate that:

a (1”: inj) 032 010 022 0.36 - during B1 the four kernels receive about the same flux of

a(z*inj) 041 022 010 027 non-thermal energy. Taking 20 arcséar the typical kernel

b 0.26 0.27 0.19 0.28

area (see Fig. 2) and the value gfRjiven in Table 1 the
energy flux deposited by 20 keV electrons in each kernel
o o . ) , is~7x 10" ergscnr2 s,

ley [1987; Heinzel & Karlick [1992) which simulate the &d ~ _ 4,ing B2 the energy is predominently transported along

response to non-thermal electron beams. For most impulsive i 1o qer loop svstems and the enerav flux de osited b
HXR bursts, it has been shown that the time history of the time 20 ke\?electrgngin N2 or S2is 1 x 1%1)/2 ergs Cﬁrz 51 y

integrated HXR coqnt_rate closely matches the rising p_ortion and~ 2-3 x 10® ergs cmr2 s~ for the first and second

of the soft X-ray emission (the so-called Neupert Effect) i.e. of injections respectively.

the thermal bremsstrahlung from the hot loop plasma (e.g. Neu-

pert[1968; Dennis & Zarrb 1990). The cause of this behavidhis latter statement is supported by the fact that during B2 the
has been interpreted in various ways which all include heaticrowave emission arises predominently from the larger loop
ing of the loop plasma by the accelerated electrons (e.g. Brogystems (see Sect. 3.2). We thus conclude that the differences in
1971; Syrovatskii & Shmeleva 1972) or by accelerated electrdie fast Hx responses of the four kernels from B1 to B2 are due,
and and some other agent such as electric fields which sinatl{east partly, to changes of the relative numbers of electrons
taneously accelerate the electrons (e.g. Holmanlet al.1989)uhich propagate in the different loop systems. It should be noted
turbulence (e.g. Lee et al. 1995). Processes leading to dentligt energy transport takes place preferentially in the larger loop
enhancements of the loop plasma such as chromospheric eggptems with a larger number of accelerated electrons.

oration may also play a role (e.g. Li etlal. 1993). This indicates The close similarity between the time profiles of the HXR
that, for the studied event, the slovwHlesponse to non-thermalcount rate and of the fastdiresponse of each kernel is qualita-
electrons is partly due to some continuous heat flux from tkigely in agreement with the results of models by e.g. Canfield
corona to the chromosphere as was suggested e1990) & Gayley (1987) and Heinzel & Karlick(1992). Indeed, these
for other flares. Although the ddkernels are at the feet of loopmodels indicate that & should be an excellent tracer for the
systems of different sizes and the energy content in electronginge evolution of the power deposited by accelerated electrons
much higher during B2 than during B1, the coefficientgld in the chromosphere, that is of the HXR rate for thick-target in-
not vary much from one kernel to the other and from B1 to B2eractions. Moreover, the initial response to intense beam vari-
Such aresult is quite surprising because the slewésponse ations is generally expected to be more rapid than the electron
of a given kernel is expected to depend both upon which fractitansit time from the acceleration region, so that the shortest
of the non-thermal electrons has been injected in each loop ysie scales of | variations are governed by the shortest time
tem, and upon the dynamical response of the atmosphere wtsichles of the HXR emission. For thexHine center, these short

is probably different from one loop system to the other. time scales should be associated to the rises of fast HXR varia-
tions (Canfield & Gayley 1987). For the present flare, the short-
est variations of the HXR rate can only be studied during B1
where the HXR measurements were obtained withlas time

The fast Hv response of a given kernel is found to be proporesolution & 200 ms). As an example Fig. 5 displays the time
tional to the time profile of the HXR count rate that s, to the timprofiles of the fast i emission of N1 (largest;pand of the
evolution of the power supplied by the accelerated electrons:to73 keV HXR count rate during B1. Theddemission tracks

the thick-target HXR emitting source associated with this kethe HXR count rate, the coefficient of cross-correlation being
nel. The values of the coefficient of proportionality=#\;/>A; 0.84 for a 0+ 0.5 s lag. The HXR emission exhibits significant
are given in Tables 3 and 4 for B1 and B2 respectively. Durimgulses with rise times ranging from 0.4 sto~ 1.5s as itis
B1the coefficients;are about the same for the fountternels, generally observed for most impulsive bursts (e.g. Aschwanden
the response of N1 being slightly, but significantly, stronger that al.[1995; Vilmer et al. 1996). Theddemission also shows
that of the other kernels (see Table 3). The situation is quite difne structures with similar rise times. Although some of these
ferent during B2. For both injections of electrons the strongdaist Hy variations are probably due to remaining seeing effects.
responses are obtained for N2 and S2 while the response otl&fre is a clear correspondence between HXR angtises.

4.3. The fast k4 response
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magnetic field structure which connects the hot flare corona to
kernel N1 the chromosphere and to discriminate between alternate forms
of energy transport within this structure. For the flare under
study, the main results of our analysis can be summarized as
follows:

- Energy transport takes place in four loop systems with sizes
ranging from approximately Qo 2.5 1¢ km. These loop
systems are not static but expand in the course of the flare
as the two flare ribbons move apart from each other.

- The four Hx kernels, which materialize the foot points of the
fourloop systems, show a similar time evolution. During the
two successive impulsive microwave and 13 keV) HXR
bursts (referred to as B1 and B2 in Sect. 3), this time evolu-
tion is well fitted by a linear combination of the time profile
of the HXR count rate and its time integral (see Eq. 1). Such
a close relationship between thextdnd the HXR emission

HXR rate strongly suggest that non-thermal electrons are the domi-
s nant energy transport process within the different loop sys-
08:01:20 08:01:40 08:02:00 08:02:20 tems during both B1 and B2. An alternative energy transport

uT .
may be possible by low energy (500 keV) protons pro-

Fig. 5. Time evolution of the fast H intensity response of kern el N1 vided that they are accelerated in close Synchronism with

and of the> 73 keV HXR rate during B1. HXR peaks marked &, b, ¢ 20 keV electrons. In any case, our results indicate that

and d have corresponding ones in kbee text). slower transport processes, such as by conduction fronts,
which have been found to be effective at some sites in less

In particular, HXR pulses marked a, b, ¢ and d on Fig. 5, cor- energetic flares (see Sect. 1), do not seem to play a major

respond to fast rises of theaHemission. This is also the case role, if any, in this large GR flare. This suggests that dur-

for the other kernels (see Fig. 4 left panel) except may be for ing large GR flares most of the primary energy release goes

N2 (lowest g). Fig. 5 also shows thatddseems sometimes to  into particle acceleration while in less energetic flares the

rise 300 to 500 ms later than the HXR emission. Such a small relative amounts of energy which go into direct heating and

delay, which is not expected from the models, may not be real acceleration may vary from one loop system to the other
and may just reflect that the time profiles of both emissions ex- (€.9. Benz et al. 1994 and references therein).

hibit successive pulses which partially overlap. Because the H- According to Eqg. 1 the temporal response of a giverker-

response to a HXR pulse (single electron beam) is generally nel to accelerated particles consists of a fast and a slowly

expected to last longer than the HXR pulse (see Fig. 2 in Can- varying component. The latter, which evolves like the time
field & Gayley[1987), the observed onset of a fast fke will integral of the HXR count rate, i.e. like the soft X-ray emis-
be occasionally detected after that of the corresponding HXR sion of the loop systems associated to that kernel, shows
rise. So far, models generally consider a single magnetic loop approximately the same amplitude for the four kernels dur-
and a single electron beam which turns on instantaneously anding both B1 and B2. Although the present data set did not
whose energy flux< 10'2 ergs cnt2? s7!) is much smaller allow us to fully understand the physical origin of this slow
than those involved in the present event, with the computed H response (continuous heat flux from the hot corona or chro-
emission strongly depending on the parameters describing bothmospheric evaporation) its intensity appears, surprisingly,
the loop and the beam. Thus the expectations from these modelgo depend only weakly on the loop model parameters which
should not be compared in details to the present findings which are probably different from one loop system to the other.
have been obtained for a flare where several loop systems aren contrast, the fast b response, which matches the HXR
involved and where the electron injection function shows acom- count rate, is similar for the four kernels during B1, but
plex time evolution. Nevertheless our results, in particular the varies from one kernel to the other during B2 where the
correspondence between HXR and Hulses withs 1 s rise largest responses are found for the largest loop systems.
times, basically agree with the essential features of the models. This indicates that the energy transportis predominant in the
largest loops, i.e. when the number of accelerated particles
is largest. Furthermore during B2, our results suggest that
the relative amounts of accelerated particles injected into

In this paper we have performed a detailed comparisoncof H the four loop systems vary from the first to the second in-

line center imaging observations with microwave and HXR/GR jection, i.e. when the number of accelerated electrons starts

spectral measurements, obtained with s time resolution dur- to increase dramatically (see Sect. 4.3). This is consistent
ing a large X1.3/2B flare. This data have been used to infer the whith former multi-wavelength analysis of GR flares which

[Arbitrary Units]

5. Conclusions



G. Trottet et al.: The i chromospheric response to non thermal particles 1075

indicate that changes in the characteristics of the accelerabetinis B.R., Zarro D.M., 1992, Solar Phys. 146, 177
particles are associated to changes of the magnetic patiewk G.A., Marsh K.A., 1982, ApJ 259, 350
traced by these particles (e.g. Chupp €t al 1993; Trottetfster S., 1990, Diploma Thesis, Institute of Applied Physics, University
al.[1994; Trottet et al. 1998). ~ of Bern, Switzerland
- The presentdata provide for the firsttime evidence for neaﬁ}?her G.H., Canfield R.C., McClymont A.N., 1985a, ApJ 289, 425
simultaneous H and HXR pulses with typical rise times in" sher G.H., Canfield R.C., McClymont A.N., 1985b, ApJ 289, 434

the range ofv 0.4 to 1.5 s. This is broadly consistent witlﬁgtsellvlb’ 11999901’ Ssoclﬂrihg;s' 113305’ 36357

the essential features of moqels simulating theresponse Heinzel P., Karlicly M., 1992, In: Svestka Z., Jackson B.V., Machado
to non-thermal electrons which heat a loop atmosphere (€.g. \ g (eds.) Eruptive Solar Flares. IAU colloquium No. 133, p. 359
Canfield & Gayley 1987; Heinzel 1991). However, it i$ioiman G.D., Kundu M.R., Kane S.R., 1989, ApJ 345, 1050
premature to compare our results with these models whighdson H.S., Canfield R.C., Kane S.R., 1978, Solar Phys. 60, 137
apply to a much more simple field geometry, idealizeldampfer N., Magun A., 1983, ApJ 274, 910

electron injection functions and to much less energeti&mpfer N., Schchlin W., 1982, Solar Phys. 78, 215

electron populations than those involved in the present flakérlicky M., 1990, Solar Phys. 130, 347
Klein K.-L., Trottet G., 1984, A&A 141, 67

Kundu M.R., White S.M., Gopalswamy N., Lim J., 1994, ApJS 90,
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