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Abstract. This paper reports the first comparison of hard X-ray. Introduction
(HXR), gamma-ray (GR), centimetric-millimetric and metric-

deqimetric spectral an(_j imaging radio observatiorlls. Obtam,l‘:thensive hard X-ray (HXR) and gamma-ray (GR) observations
during an electron-dominated gamma-ray burst. This impulsiye t,rmed over the past two decades have established that ac-
evept,whmh occurred on 1990 June 1126943 UT,'was a5 celeration of both bremsstrahlung (sometimes up fi® MeV)
soma_ted with a_lgj 2B flare, Iocate_d _close to _the disk center roducing electrons and GR line (GRL) producing ions is a
The time evolution of the HXR emission consists of SUCCESSIE  on feature of solar flares (e.g. Chlipp 1996 and references
peaks of- 10 s duration. Several of these peaks show GR emfﬁérein). Even if a single acceleration pfdcess cannot by itself
accelerate electrons and ions in awide energy band (Miller et al.

sion up to a few MeV and one of them up 1056 MeV. For

each of these peaks, the photpn spectrum significantly hardi@é?), there is strong evidence that the two particle species arein
appve a bregk energy varying in the 0.4-0.7 MeV range. NO Sigstevents energized simultaneously. Indeed: (i) there is a close
nificant GR line (GRL) emission is detected. The main resuligajja ity hetween the time evolution of the HXR/GR electron
of our analysis are: (i) even if no significant GRL emission i§e msstrahlung continuum and that of the prompt GRL emis-
_detec;ted, the upper I'r.n't ofthe energy conten}ﬂMeV/nucl. sion from 1-100 MeV/nucl. ions (e.g. Forrest & Chupp 1983;
lons 1S compa@rgble with thg energy contentir20 k_eY eleg- Chupp_1990; Talon et al. 1993a; Trottet et .al. 1993a); (ii) when
trons (a few 10° ergs), as itis foun.d'for G_RL fle}refs, (',') du”,ngthe statistics are sufficient, GRL emission has been measured at
the whole event, the centimetric-millimetric emission is radlatq e very beginning of some flares, before the fast rise of the HXR
by < 0.4-0.7 MeV electrons which have been accelerated singgission (Chupp et 4l. 1993; Trottet et/al. 1994; Debrunner et
the very beginning of the flare; (iii) the different HXR/GR peaks 11997y, A number of studies has shown moreover that there is
are associated with step-wise changes of the magnetic SruCtyies; .o ‘correlation between the HXR electron bremsstrahlung
to which metric-decimetric radio producing electrons have agence and the GRL one, down to the sensitivity limit for GRL
cess. This latter characteristic of the 1990 June 11 burst s glgf;4 tion by the Gamma-Ray Spectrometer on the Solar Maxi-
ally similar to the behaviour reported in the literature for GRbum Mission (e.g. ForreSt1983; Vestrand 1988; Vestrand/1991;
events, k?Ut the energy i_n accelerated particles i,s about one ,O'@h:\;er et al.[1994). This supports the idea that energetic elec-
of magnitude lower. Finally, the electron-dominated emitting,\s' and jons may be accelerated in all flares. Furthermore,
peak with emission up ter 56 Mev 1S mterpretgd as a slgnay has heen recently estimated that the total ion energy content
turg Of. an upward moving population of rela}tlv[stlc electropébove 1 MeV/nucl. is comparable to the total electron energy
which is strongly beamed along the magnetic field and Wh'_%ntent above 20 keV (Ramaty et/al. 1995). There is however a

does not contribute signi_ficgntly to the cen_timetr_ic-miI_Iimetr_|gtrong variability of the bremsstrahlung component compared
ands 0.2 MeV HXR emissions. The metric-decimetric radiqy yhe nyclear line component (i.e. of the relative efficiency of

observations indicate that this happens when electrons have i@y acceleration with respect to ion acceleration), from one
denly access to large-scale magnetic structures. flare to another (see Fig. 3 in Miller etfal. 1997) and even during
. ) .. agiven flare (Chupp et &l. 1993; Marséhiser et al. 1983). In
Key words: Sun: activity — Sun: flares — Sun: particle emissiofhis context, the observations of short duratie fewseconds
— Sun: radio radiation to a few tens of seconds) bremsstrahlunglQ MeV) transient
bursts occuring any time during a flare (Rieger 1994) are chal-
lenging. These bursts, referred to as electron-dominated events
Send offprint requests 1. Trottet (Rieger & Marschhuser 1990), are characterised by weak or
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no detectable GRL emission and by har@®.8-1 MeV electron analyzed observations obtained by one of these two detectors
bremsstrahlung spectra which extend up to a few tens of M&ém 0942:48 UT till 0954:03 UT. These observations consist
(Marschlauser et al 1983). The apparent lack of GRL emissiarf 39 channel spectra in the 0.12-90 MeV energy range. Until
in these bursts does not necessarily contradict the possibiii§43:25 UT the spectra are recorded with a variable accumu-
that electrons and ions are produced in all flares. Indeed, CliV&tion time (time to spill mode). Afterwards the accumulation
et al. [1994) noticed that, given the relative values of #% time is 1 second below 10 MeV and 4 seconds above 10 MeV.
keV photon flux and of the upper limit of the GRL fluence in  The centimetric-millimetric observations were carried out
these events, they do not constitute a special class of burstswitH the Bern polarimeters at 3.1, 5.2, 8.4, 11.8, 19.6, 35 and
seem to follow the general correlation observed between %®@GHz. The total solar flux including circular polarization was
two fluences. Electron-dominated transient bursts thus appsampled every 0.1 s during the event. Due to problems with
as an extreme case of variability of accelerated electron and fegeiver gain switching at the lowest frequency the flux at 3.1
contents. GHz has saturated during the peak from 0943:40 till 0944:11
Multiwavelength studies of a few events, combining HXRJT. The data were calibrated with absolute values of the quiet
GR, optical and radio observations, have indicated that, durisign published in the Solar Indices Bulletin (NGDC, Boulder,
a flare, changes in the spectra of both electrons and ions @wmorado). Observed quiet sun fluxes above 15.4 GHz are not
associated with the appearance of new coronal radio emittiagnilable on a regular basis. Therefore values of 700, 2400, and
sources and/or newHeruptive sites (Raoultet al. 1985;iW¢er 4500 sfu have been taken for 19.6, 35.0 and 50 GHz (Croom
et al!1990; Chupp et al. 1993; Trottet et al. 1993b; Trottet et @979). These values are typically independent of non flare solar
1992). This led to the idea that the small £0*-10* km) and activity (S-component) that becomes prominent below 10 GHz.
large ¢~ 10° km or more) scale magnetic structures involve@he observed quiet sun data before the burst and the data from
in particle acceleration and transport do not remain the samesky observations were used to calibrate the burst fluxes within
the course of a flare and that the characteristics of the accetarerror of approximately: 10%. In order to reduce noise, espe-
ated population are dependent on these magnetic structuresially at higher frequencies, all flux time profiles were smoothed
was furthermore suggested that the relative efficiency of elexer a time interval of 1s (running mean) before analysis.
tron versus ion acceleration strongly depends upon the physical The metric and decimetric spectral radio observations (100
conditions (magnetic field, density, temperature,...) which chatHz-3 GHz) have been obtained by two spectrometers of ETH
acterize the magnetic structures involved at a peculiar timeZarich. The PHOENIX digital instrument is a frequency-agile
the flare development (e.g. Trottet 1994 and references thereiggeiver fully controlled by a microcomputer (Benz efal. 1991).
At present these conclusions have been drawn from the analysisas recorded 20 selected channels below 1 GHz and 180
of HXR flares and of a few flares with strong GRL emission. equally spaced channels between 1.0 and 3.0 GHz. The flux den-
In this paper we have carried out the first multiwavelengiity and circular polarization (Stokes V parameter) were mea-
analysis of an electron-dominated event associated with a blured with a time resolution of 0.1s. The channel width above 1
flare located close to the solar disk center. We have perforn@Hz was 10 MHz, below it was 1 or 3 MHz selected to avoid ter-
a detailed analysis of the 0.1-100 MeV HXR/GR measureestrial interferences. The second spectrometer (DAEDALUS,
ments and of millimeterwave to meterwave spectral and imafarnstroni 1973) is a swept-frequency instrument continuously
ing radio observations. As in the previous multiwavelengtecording the full 100-1000 MHz range on film. The film has
studies of GRL events, we estimated the total energy cdseen scanned yielding digital data with a resolution of about 2
tent in electrons and ions, studied the time evolution of théHz and 0.3 s. The low-frequency channels of PHOENIX have
bremsstrahlung spectrum and its relationship with the evolutibsen used to calibrate the DAEDALUS data in frequency, time
of the magnetic structures inferred from the metric-decimetramd flux density. The data of both spectrometers can be analyzed
radio data, discussed the relationship between bremsstrahlimnghe forms of spectra, time profiles or spectrograms.
and centimetric-millimetric emitting electrons and investigated Radio imaging observations in the metric-decimetric range
under which conditions> 10 MeV bremsstrahlung emissionwere obtained with the Naayg Radioheliograph (NRH) (The
can be observed from a disk flare. Radioheliograph group 1983, 1989). The 1990 June 11 flare was
recorded with the Mark IV version of the NRH which provides
one dimensional images (total intensity and circular polariza-
tion) in the east-west (EW) direction at 164 MHz and in the
The HXR/GR observations were made with the PHEBUS ererth-south direction (NS) at 164 MHz, 236.6 MHz, 327 MHz,
periment on board the French-Russian GRANAT mission. PHEO8 MHz and 435 MHz. During the 1990 June 11 event, the
BUS consists of six detectors with axes parallel to the cartesigpatial resolution of the NS array, inversely proportional to the
coordinate system of GRANAT (Barat et[al. 1988). Each detembserving frequency, was 3& 164 MHz. Four images per sec-
tor is a cylindrical BGO scintillator with a diameter of 7.8 cnond were recorded at each frequency. The EW array operated
and a length of 12 cm surrounded by a plastic anticoincidenmely at 164 MHz with a spatial resolution of 1.&nd a time
shield. Two of the six detectors, which have their axis essentiatgsolution of 0.02 seconds. At 164 MHz the EW and NS one
perpendicular to the Earth-Sun line, are suitable for solar fladenensional images allow us to obtain the 2-d position of the
observations. In this study of the 1990 June 11 flare, we hasentroids of the emitting sources, projected on the solar disk.

2. Description of instrumentation
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11 JUNE 1990 Table 1. Onset and end times of the HXR/GR emission in different

c energy bands (see text)
1500 Energy (MeV) Onsettime (UT) End time (UT)
%’: 1000:7 0.12-0.15 0942:5% 3s 0944:56+ 1s
g g 0.22-0.37 0943:12-4s  0944:14f 2s
§ 500:— 0.50-0.66 0943:1% 4s 0943:58+ 4s
[ 0.85-1.60 0943:2% 3s 0943:58+ 4s
3.66-7.56 0943:26- 4s 0943:46t 4s
10.20-56.00 0943:34 4s 0943:46+ 4s
0.22 - 0.37 MeV @ 56.00-90.00 No flux No flux
400 2
300 5
208
7777777777 Table 2. Photon spectrum parameters obtained for the different
ﬁg 0.85 - 1.60 MV HXR/GR peaks and for the whole event (see text for the definition
> of the parameters)
= 100
= 90 ¢
§ 80c A (at0.1 MeV) o] Yo Ey
= 70F (ph(ctMeVs)™1) (MeV)
540 a ~ 18 ~
3.66-7.56 MeV i35 F b 564+ 100 5.0+ 0.1
] % c 1053+ 50 44+01 20+£0.1 0.36+0.05
g8 d 566+30 29401 1.7+01 0.74£0.10
=~ e 619+60 42+01 20+£0.1 0.38+0.05
35F f =37 ~
@ 30F 10.2 - 56.0 MeV S 357+ 50 40+01 20+0.1 0.35+0.05
g
g X
~ 15%
|

09:43 09:44 09:45 Fig. 1 displays the time evolution of the HXR/GR count
uT rate detected in five energy bands. The time intervals when the
Fig. 1. The time evolution of the HXR/GR count rate recorded by PHEENhanced count-rate in different energy bands is at least 3
BUS in different energy bands. For each energy band, the dotted lfgove the background are reported in Table 1. The onset of the
indicates the background count rate. HXR/GR emission occurs progressively later, the higher the
photon energy. Such energy dependent delays in the onset times

. . . f the HXR/GR emission h I t Klein et
At the other frequencies, only NS images are available and tg]e ° /GR emission have been also reported by Klein e

- . . .~ al’(1987) and Chupp et al. (1993).
projection on the solar disk of the actual position of a given The 0.12-0 15 MeV hibits broad K ked
source lies along a straight line. The accuracy of absolute po- eu.1e-U. eV count rate exhibits broad peaks marke

sition measurements is about 0ahd 0.5 for the EW and NS & b, ¢, d, e andfin Fig. 1. Among the four most intense ones (b,
arrays respectively c, d, e), only peak d shows significant 80 above background)

emissioninthe 10-56 MeV band. Peak cis only associated with a

marginally significant& 3¢ above background) emission above
3. Multi-wavelength observations of the 1990 June 11 flare 10 MeV around 0943:22UT. Spectral analysis was performed
for count spectra accumulated on time intervals correspond-
ing to these six peaks. A trial photon spectrum, defined by a
The 1990 June 1142B (GOES M4.5) flare occurred in NOAA set of free parameters, is convolved with the detector response
region 6089 (N10 W22) at 0934 UT. This flare was detected finnction to construct a test count spectrumyAminimization
the HXR/GR domain by PHEBUS from about 0942:56 UT talgorithm is used to determine the free parameters providing
about 0945 UT. Former studies of the 1990 June 11 HXR/GRtest count spectrum which reasonably fits the observed one.
burst (Talon et al. 1993b; Vilmer et al. 1994a) have shown thathe fit is considered acceptable when the reduceid ~ 1 and
despite its short duration, the time structure of th£00 keV when the uncertainties in all fitted parameters are smaller than
count rate is complex. It exhibits both fast variations on suthe parameters themselves. For the six peaks it is found that
second time-scales and slower ones on time-scales ranging feophoton spectrum represented by a single or a double power
afew secondsto a few tens of seconds. The present analysis tavyleads to a reasonable agreement between test and observed
considers these latter variations. count spectra. Table 2 displays the values of the parameters de-

3.1. Hard X-ray and gamma-ray observations
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11 JUNE 1990 11 JUNE 1990
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0.1 — ml‘.o — HlHOD — “1‘(‘)0.0 Fig. 3. Comparison of the time evolution of the centimetric-millimetric

MeV flux density observed by the Bern polarimeters at 5.2 GHz, 11.8 GHz

) and 35 GHz with that of the HXR/GR detected by PHEBUS in the
Fig. 2. Background subtracted HXR/GR count spectra observed §Y;2_g 15 MeV and 0.32-0.57 MeV energy bands

PHEBUS during peaks ¢ and d (errors bars). For each spectrum, the
solid curve represents the best fit model (see Table 2)

] ) shape. During peak d, is shifted to a significantly higher
termined for each of the six peaks and for S, the count spectrum photon energy and the whole spectrum is harder, the larger
accumulated over the whole event from 0943 to 0945 UT. hardening occurring belov,,. Fig. 2 shows that there is no

significant excessX 3 o) above the expected count spectra
in the 1-8 MeV energy range. This indicates that prompt

' GRL as well as the 2.23 MeV neutron capture line are not
significantly detected. The 2.23 MeV line is also lacking
during the decay phase of the event. Moreover during peak
dthereis asignificant spectral rollover abevB6 MeV. The
present analysis confims earlier suggestions made by Talon
et al. (19934a) and by Vilmer et al. (1994b) that the spectral

2. Forpeaks ¢, d and e, where significart MeV emissionis .44 cteristics of the 1990 June 11 event are similar to those
detef:ted, it is necessary to conS|.der a double power law to obtained by Rieger & Marsctiuser[(1990) for electron-
obtain a satisfactory representation of the measured CouNt 4o minated events. i. e.: (i) GRL emission. if produced, is

spectra. This is illustrated in Fig. 2 where the test count weak; (ii) the HXR/GR spectrum extends beyond 10 MeV
spectra (solid lines) have been overplotted on the observed and exhibits a high energy rollover around a few tens of
ones (1o error bars) for peaks ¢ and d. The free parameters MeV.

are then A andy; as beforeF,, the break energy ang,
the power law index for h > E,,. Table 2 indicates that
during peaks ¢ and e, the photon spectrum has a similar

1. For peaks a, b and f, significant emission is only detected
at low energies so that a single power law photon spectrum
given by A(hv)~71 was considered. The free parameters are
thus A (photons cm? MeV~! s71), the photon flux at 0.1
MeV, andy; the power law index. Due to the low count rate,
these parameters are poorly determined for peaks a and f,
and we just take the results as an indication that 4.
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11 JUNE 1990 centimetric-millimetric spectrum has been taken as a power law
of the form f. Fig. 4 displays the time profiles at 35 GHz and
50 GHz together with the temporal evolution of the spectral
e indices a, &, a and a determined respectively between 50
and 35 GHz, 35 and 19.6 GHz, 19.6 and 11.8 GHz and 8.4
and 5.2 GHz. Fig. 4 shows that these spectral indices are time
variable. For the optically thin part of the spectrum: (§)=a
—1.5 during peak a; (iijaremains relatively constant around
—1.5 during peaks b, ¢, d and €; (iii) during the decay phase of
the centimetric-millimetric event (after 0943:53 UT) a and

= LAY WE & increase fromre —1.5 to~ —0.5, while @ remains around
7 M —2 and @ becomes negative after 0944 UT.

3 3.3. Metric and decimetric radio observations

500
400 ¢

300F
200+
100 ¢

(SFU)

(SFU)

a;
A N RO
T

In Fig. 5, the 0.12-0.15 MeV HXR count rate is compared with
metric and decimetric radio emission. The Phoenix spectrome-
ter was programmed to trigger data recording for enhanced flux
below 2 GHz. It started recording at 0943:32 UT (see the spec-
trogram from 0.9 to 3.0 GHz in Fig. 5). Also shown in Fig. 5
is the radio dynamic spectrum recorded in th800-500 MHz
range by Daedalus and the time profile of the radio flux density
recorded at six metric frequencies by PHOENIX and the NRH.
The positions of the radio emitting sources observed with the
NRH at 164 MHz, 236.6 MHz, 327 MHz, 408 MHz and 435
MHz are shown in Fig. 6 during four intervals of time. The
locations of active regions NOAA 6089 (where thex Hlare
occurred) and NOAA 6095 are also indicated. The main char-
acteristics of the radio emission in the metric-decimetric range
- and the comparison between HXR and radio observations dur-
ing the four time intervals marked in Fig. 6 are outlined below

(see also Table 3 for a summary).

Fig. 4. Time evolution of the 35 and 50 GHz radio flux density (Bern

polarimeters) and of the power law index of the centimetric-millimetric

spectrum in different frequency intervals (see text) 0943-0943:33 UT (peaks a, b, djrom the onset of the 0.12-
0.15 MeV emission to the onset of the 10-56 MeV emission
(peaks a, b, c) the only emission observed by the NRH and

3.2. Centimetric and millimetric radio observations DAEDALUS instruments in the 100-1000 MHz domain is a

. N . o . weak pre-existing noise storm. Its intensity is not significantly

Centimetric-millimetric emission is observed during the Who'r%odified during the flare. The bursts seen on the 164 MHz time

HXR/GR burst in the available 3-50 GHz range of observin ofile (Fig. 5) are type | bursts associated with the noise storm
frequencies. Fig. 3 shows the time evolution of the radio fluX 9. yp

density at 5.2 GHz (optically thick part of the spectrum) 3gctivity. Since PHOENIX observations were not triggered dur-

GHz (optically thin part of the spectrum) and 11.8 GHz (arouHHg this time interval, no significant radio emission was present

the turnover frequency,,..). For comparison the 0.12-0.15" the 1-2 GHz domain.
MeV and 0.32-0.57 MeV HXR count rates are also displayed.
The time profile of the optically thin centimetric-millimetric0943:33-0943:45 UT (peak dT his time interval starts with the
emission is similar to that of the 0.12-0.15 MeV HXR emissiomnset of the 10-56 MeV HXR/GR emission (peak d) which re-
While peaks b, ¢, d and e are clearly seen at both 35 and 50 Ghtarkably coincides with the onset of the decimetric radio emis-
peak a is detected up to 35 GHz and barely visible at 50 Glsion. Radio emission is only observed at frequencies higher than
(see Fig. 4). Peak f is also seen in the optically thin part of tl8&5 MHz. A detailed inspection of the time profile of the radio
centimetric-millimetric spectrum up to 19.6 GHz. flux at different frequencies shows that in the 375-550 MHz
From the start of the centimetric-millimetric event urtil band the emission consists of a succession of discrete type Il
0944 UT, the turnover frequendly, .. lies between 11.8 GHz bursts which are weakly polarizeé: (5% right handed). The
and 19.6 GHz. At- 0944 UT, f,,,.x Starts to drift towards lower lack of both continuum and type Il emission below 375 MHz in-
frequencies. After~ 0944:13 UT f,,.x iS less than 5.2 GHz. dicates that electrons remain confined in magnetic loops which
Between two successive observing frequencies the shape ofdbeot reach the high corona. This cutoff frequency (375 MHz)

a,

as
A N kO

ay

T I
09:43 09:44
uT
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Table 3. Synopsis of radio emissions during the different HXR/GR peaks.

Time interval  0943-0943:33 0943:33-0943:45  0943:45-0944:03  after 0944:03
(uT)
HXR/GR peaks a,b,c peak d peak e decay and
up to 56 MeV peak f
decimetric- no flare related W, g, RS continuum
metric emission 550-375 MHz 450-300 MHz <260 MHz
1-3GHz no trigger Ny Py Mg, IV am,y Py Mg, IV P, g,
(PHOENIX)  till 0943:32 UT RS RS RS
3-50 GHz 11.8K finax<19.6  11.8<f1nax<19.6  11.8<f1nax<19.6 fiax decreases
(Bern) GHz GHz GHz fmax<5.2 GHz
after 0944:13 UT
4 0'0 . |~ . NRH aﬁd Pﬁoeniﬁ ﬂllﬁilf-
5 300 t'i'\,ﬂ ) 164 Mz W\ﬁn W
- I v ll\v'r\
& - 166 MHz \/’“\ W W \‘m
S 200 . M
; - 168 MHz \ e ., o Lo, v,J\me _(«q %
= 208 MHz '\Wﬂjk I,-QV“NWM WW,V !
oo 23¢MHz | T N T A
CBOMHE e L N
300 ' T
=
=, Daedalus
g 400
L5
= s00[
1000 ;
Phoenix
= 1500 -
= o]
=
g 2000
=
E"
[+
2500 ) . .
Fig. 5. The top panel shows the time evolution
of the radio flux density observed at 260, 236,
3000 | 208, 168, 166 and 164 MHz by the NRH and
1500 | PHOENIX instruments (an offset o£20, 30,
'g ; 104, 110, 170 and 230 sfu has been respec-
2 1000 tively added to the actual flux density). The two
i f Phebus middle panels display the radio dynamic spec-
2 500 0.12-0.15 MeV tra recorded by DAEDALUS and PHOENIX in
& I the 300-500 MHz and 1000-3000 MHz bands
e L : e respectively. For comparison the time history of
L s uT s the 0.12-0.15 MeV countrate measured by PHE-

BUS is plotted in the bottom panel
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0643 - 0943:33 UT 0048:35 - 004345 UT 0943:45-094_14:93 uT (pe_ak_e)'his time interval _starts at the

N N ' end of the significant emission abovel MeV, which approx-
imately coincides with the beginning of peak e. Its end cor-
responds to that of the HXR/GR emission above 0.32 MeV.
Fig. 5 shows that from-0943:45 UT, the metric-decimetric ra-
dio emission, which was previously detected only above 375
MHz, suddenly extends towards lower frequencies (dows to
300 MHZz). The radio spectrum consists of type Il and of a con-
tinuum emission, usually referred to as type V radiation. The
low frequency cutoff £ 300 MHz) of the continuum suggests
that, here again, electrons are confined in loops. However these
loops are roughly half as dense (thus probably of larger scale)
than those involved during the previous interval of time. The
brightest features, observed between 300 MHz and 350 MHz,
0943:45 - 0944:03 UT 0944:03 - 0945 UT are not polarized. Fig. 6 shows that while the 408 MHz and
435 MHz emitting sources remain on the same line as during
the previous time interval, the 327 MHz radio bursts arise from
two spatially distinct sources. The intensity ratio of the two 327
MHz sources is about 1 to 8. Both sources have a similar time
evolution of their flux density with coincident peaks (within

w 0.25 s). This indicates that the two sources are signatures of
a common electron injection into two different loops or loop
systems.

Atfrequencies above 1 GHz, PHOENIX has identified some
decimetric type 1l and reverse drift bursts among the pulsations
of the type IV continuum. They differ from the continuum by

164 MHz o a08WHZ their opposite sense of polarization (left-hand circular).

236 MHz <—> 435MHz

———+ 327 MHz

327, 408, 435 MHz 0944:03-0945 UT (decay phase and peakhis time interval
covers the decay phases of the 300-450 MHz radio event and of

Fig. 6. Location of the 164, 236, 327, 408 and 435 MHz radio emitting1e 0-12-0.32 MeV HXR/GR emission. A detailed inspection of
sources obtained with the NRH during the four time intervals discusset@s. 1 and 5 shows that the HXR decay is not smooth, but ex-
in Sect. 3.3. The squares give the locations of NOAA regions 608¢bits blurred time-structures. The first of these time structures
(where the flare occurred) and 6095 roughly coincides with a type Ill burst at 0944:03 UT and with
the onset of a faint continuum emission observed below 260
MHz. This low frequency continuum does not correspond to an

must correspond to the plasma frequency (or its harmonic)eor}haﬂce_m?né;:ttrh? p{eiﬁst:]nog? no'ierfrtlorrr?ﬂits:g\r’]v ftrﬁ quer;](;ilﬁs
cm~3 (resp. 4.5 1®cm3). Fig. 6 shows that the 408 MHz and P ; ()

435 MHz emitting sources are on a line located to the north ?ntmuum lies at a S|gn|f|cantly different position from Fhat of
the flaring region. the southernmost 164 MHz noise storm source (see Fig. 6). At

o o . 236.6 MHz two sources are observed, their spatial distribution
The beginning of thistime interval (0943:33UT) is also ass b

. ) . . %éing similar to that observed at 327 MHz during the previ-
ciated with the onset of a decimetric type IV burst observed frog&s time interval. The continuum radiation below 260 MHz and

about 0.6 GHZ to beyond 3 GHZ (Fig. 5). Thi_s emi_ssio_n _iS P'he 0.12-0.15 MeV HXR/GR emission vanish together around
duced by a different mechanismthan the centimetric-millimetrity 1 ».c5 T At~ 0945:15-20 UT metric type Il bursts are

qontinuum discussed in the preceding section. Itis generally li’)‘tnfiserved below 260 MHz with no counterpart at higher radio
I|ev'ed' to be caused by nqn—thermal electrons traEped in loqpé:‘quencies and in the HXR/GR domain.

radiating at the upper-hybrid frequenty, = (/2 + f2)2 (where

fp andf. are respectively the electron plasma frequency and gy- At frequencies above 1 GHz, PHOENIX identifies several
rofrequency). The low frequency cutof0.6 GHz) suggests reverse drift bursts (see Fig. 5) superposed on the pulsations of
that these loops are denser than the loops outlined by the mettie-continuum as in the previous time interval. The bursts show
decimetric emission (since usualfy < f, in the solar corona). however a decreasing minimum frequency compared to those
The circular polarization of the type IV burst is opposite to thef the previous interval (1.8 GHz at 0943:42 UT and 1.6 GHz
one of the type Il bursts. at 0944:47 UT) indicating a decreasing density in the source.
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In summary, we note that the coherent radio emissions poetected by the Gamma-Ray Spectrometer on the Solar Maxi-
duced by beamed or/and trapped electrons are all consistenim Mission, Ramaty et al. (1995) found that(&/ 1 MeV)
with closed magnetic field lines. However, the burst charactés-comparable to \A(> 20 keV). As already stated by Trottet
istics change step-wise from one time interval to the other. TBeVilmer (1997), the above estimates show that this may also
evolution is not arbitrary. It has a trend from initial structurebe the case for the 1990 June 11 flare which has all the charac-
too small for loss cone and/or beam instabilities to develagjgyristics of electron-dominated events recognized by Rieger &
to larger and larger loops where these processes can occuviatschtauser[(1990).
frequencies above 1 GHz. A second, much larger loop system
V\{here .the 0.1-1 GHz emissions 0r|g|na_te becomes also acces- Relationship between HXR/GR and
sible simultaneously with the changes in the small structures. ! o . L
: : . ; : centimetric-millimetric emitting electrons
This second large loop system has also increasing dimension as
the flare progresses. The HXR/GR continuum is assumed to be produced by
bremsstrahlung emission of flare accelerated electrons. Itis well
_ ) established that the same electrons also produce centimeter-
4. Discussion wave and millimeterwave emission via gyrosynchrotron radi-
ation. Numerous attempts have been made to relate quantita-
tively the bremsstrahlung and the gyrosynchrotron radiations.
Previous studies of the 1990 June 11 HXR/GR burst have shokar impulsive flares, like the 1990 June 11 one, different results
that the~100 keV HXR flux exhibits fast time variations onhave been obtained. On the one hand it has been concluded
time-scales ranging from0.2 s to 0.5 s (Talon et &l. 1993b;that gyrosynchrotron emission is produced in high magnetic
Vilmer et al.[1994a). The bulk of the HXR emission is thufield regions ¢ 1000 G) by rather low energy electrons 200
most likely produced by thick target interaction of non therm&kV) (see e.g. Ke&i 1986; Nitta & KosuQi_1986; Kosugi et al.
electrons in dense regions {02 cm~3) where the collisional [1988). On the other hand it has been found that this emission
life time of 100 keV electrons is smaller than the duration of the produced by high energy electrons 200-300 keV to> 1
fastest HXR pulses. This implies that the 100 keV HXR tim®leV) in 300-400 G magnetic fields (see e.g. Gary 1985; Klein
profile mimics that of the electron production rate. Using, aset al.[1985; Ramaty et al. 1994). Furthermore, millimeter wave
first approximation, the spectral parameters of the low energgission has been attributed to high energy electrons around 1
part of the photon spectrum given in Table 1 for the total photdseV characterized by a very flat spectrum, much flatter that the
spectrum S and thick target calculations by Broiwn (1971) tieee deduced from X-ray observations below 200 keV (White
total energy content in-100 keV electrons, \W(>100 keV) & Kundu,[1992; Kundu et al, 7994 and references therein). As
is about 2.5 18 ergs. By extrapolating the observed spectrusuggested by Vilmer & Trottef (1997), one possible reason of
down to 20 keV we get \\(>20 keV)~ 4 10*° ergs. The energy such a discrepancy is the use, in most of the studies performed so
content in flare accelerated electrons above 20 keV ranges friam of HXR/GR observations obtained in a limited energy range
~ 10?6 ergs for microflares (Lin et dl. 1984) to 10** ergs for (most often below 500 keV) and of centimetric-millimetric ob-
giant flares (Kane et al. 1995) and lies in the rangB0?®-10*2  servations made at only one or a few frequencies which does
ergs for most of the observed HXR flares (e.g. Croshy et abt allow to clearly determine the shape of the electron popu-
1993; Lu et al[[1993). The 1990 June 11 flare appears thudat®n nor the optical thickness of the medium. HXR/GR and
a rather moderate HXR flare although a significantO MeV centimetric-millimetric observations obtained during the 1990
GR emission is produced. June 11 event do not suffer from the above limitations. This pro-
As stated in Sect. 3.1. the number of excess counts duevides a unique opportunity to investigate which part of the elec-
deexcitation lines, in the 4-7 MeV energy range, is less théen spectrum contributes most significantly to the optically thin
3 o above the continuum. This corresponds to an upper lingigntimetric-millimetric emission. A complete modelling taking
of ~ 2 photons cm? for the 4-7 MeV GRL fluence. For GRL into account the involved magnetic field geometry would be
events the power law indey sf the interacting proton spectrumnecessary to derive parameters like the electron numbers pro-
is found to range from about 3.5 to 4.5 (Ramaty et al. 199%)ucing the HXR/GR and centimetric-millimetric emissions (see
We take a typical value,s4, and use yields of the 4-7 MeVe.g. Klein et al. 1986; Pick et al. 1990). Metric-decimetric imag-
deexcitation lines and of the 2.23 MeV line given in Ramaty é1g and spectral observations discussed in Sect. 3.3. indicate
al. (1993) for ambient and interacting particle elemental corthat the involved magnetic structure is complex and evolving
positions obtained for the 27 April 1981 event (Murphy et awith time. Thus in the absence of HXR and/or centimetric-
1991). Assuming that the energy content in ions is twice thaillimetric imaging observations, the present data set is un-
energy content in protons (see e.g. Miller efal. 1997), this leagigfficient to constrain such a sophisticated analysis.
to an upper limit of the total energy contentinl MeV ions In the following we only attempt to relate the spectral slopes
of W;i(> 1 MeV) < 3 109 ergs. Using s = 3.5-4.5 and the of the bremsstrahlung and gyrosynchrotron emitting electrons.
upper limit of the 4-7 MeV GRL fluence given above, we conWe consider three cases proposed in the literature, referred
sistently find that the expected excess of counts due to the 2@>elow as: free propagation, turbulent trapping and perfect
MeV line falls below the 3 level. From the analysis of 19 flarestrapping. Letdx and ér be the spectral indices of the elec-

4.1. Energy content in accelerated electrons and protons
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tron populations which produce respectively the HXR/GR and presented in Ramaty et al. (1993)). For example a photon
centimetric-millimetric radiations angbe the spectral index of  index of 2 corresponds to an electron index of 3.2 instead of
the HXR/GR photon spectrum. For the three cases considered3. Such a variation is small compared to the change of the
here the relationship betweég anddg and~ can be obtained electron index implied by that of the observed photon index
as follows: (1.2 to 2) below and abovk},. The conclusions drawn be-
) . low would thus still remain valid even if electron-electron
- Free propagationinthis model accelerated electrons stream bremsstrahlung was taken into account.
freely along the magnetic field and produce thick target |¢\ya5 assumed that the HXR/GR emission was produced by
HXR/GR emission in the chromosphere. The precipitating 14 independent populations of electrons with single power

electron flux,Fx (electrons ki\?‘; s7').isknownfromthe |5, spectra. An alternative hypothesis is that the HXR/GR
HXR/GR observations andy"* ~ v + 1 (e.g. Brown emission is radiated by a single population of electrons the
1971). The 'centlmetrlc-m|ll|metr|c radio emission is re- spectrum of which is harder at high energies. This again
lated to the instantaneous numbBi; (electrons keVv?), will not modify our conclusions. Indeed the spectral slopes
of electrons in the centimetric-millimetric source located will remain about the same although the effects of a spectral
above the HXR/GR sourceVr ~ Fxr, wherer is the  pargening in the electron spectrum will be seen at lower
time spent by the electrons in the centimetric-millimetric  gnergiesin X-rays because of the convolution of the electron
source. For free streaming electrons,~ L/v,, where spectrum by the bremsstrahlung cross sections.

L is the centimetric-millimetric source extent and the
electron velocity along the magnetic field. Thus we get

OR ~ 0k 4+ 0.5 ~ v + 1.5 for electrons up to a few

Approximate calculations by Dulk & Marsk (1982) show
) ) that the expected slope, a, of the optically thin centimetric-
prec __ Sthick ~ L

100 keV andoy ™ ~ ox ~ 7 + 1 for higher energy millimetric spectrum is related to the spectral index of the

electrons. . . . electron populationdg by: a ~ 1.22 — 0.96g. Thus we get
- Turbulent trapping In this case electrons are partlallyapTec ~ 1.22—0.9(y+1.5) for free propagation atlow energies,

trapped in the coronal portion of a magnetic loop Whelg,rcc _ ;rurb . 1,99 (.9(y+ 1) for free propagation at high en-

they produce the centimetric-millimetric emission. Elecérgiesandforturbulenttrapping and® ~ 1.22—0.9(—0.5)

trons precipitating from .th(.a trap are responsible for t’f@r perfect trapping. These estimations:afan only be applied
HXR{GR thick target emission. SL_lch a model was consig- optically thin observing frequencies in the range 10-£00
ered n Ramaty et E,‘l' (-199,4) vyhe;es given by a turbulent Dulk & Marsh|[1982) and for electron spectra with no upper
dlﬁ:UStIXTeb trapg:g% time which is independant of energy s nergy cutoff (Ramaty et al. 1994). This relationship is further-
thatdg™® &~ 05" ~ 7 + L. more not greatly altered by the inhomogeneity in the emitting

- Perfect trappiljg Here the centimetric-millimetric _ands urce (Klein & Trottef 1984). In this study, the slope of the
HXR/GR emitting sources are assumed to be cospatial wgé‘g

h | lati diating both emissi ntimetric-millimetric spectrum is derived from observations
the same electron population radiating both emissions. Thess g 50 GHz or at 19 and 35 GHz. Thus the expected values

HXR/GR emission is produced through Tpin targts_t INterags , are valid for magnetic fields in the range200-1000 G,
tions (e.g. Browri1971) so that we g&{*” ~ 3¢ ~ g for typical magnetic field strengths quoted in the literature.
7-05 Table 4 gives the values af"*¢, a*“* anda'"*? computed

For several of the HXR/GR peaks observed during the 1988 €ach HXR/GR peak by using andy,, the slopes of the pho-
June 11 event, the photon spectrum exhibits a marked sped@aISpectrum for h < E, and hv > Ej, respectively (see Table
hardening above a break enerfjy . No simple formulae are 2). The measured slope of the centimetric-millimetric spectrum,
available in the literature to relate electron spectra to HXR/GIven in Sect. 3.2., isia~ —1.5 during peak a and a —1.5
spectra when such a hardening is present. As a first appré#ifing peaks b, ¢, d and e. The comparison of these observed
mation we use calculations performed for a single power |a¢@lues with those quoted in Table 4 appeals the following com-
photon spectrum and apply them independently to each part (fENts:
below and abové},) of the observed photon spectra given in _ .
Table 2. This is equivalent to consider that the two slope photon For most of the event (peaks ¢, d, e) the centimetric-
spectrum is produced by two populations of electrons which millimetric emitting electrons must be related to those emit-
interact in different regions. The values of electron spectral in- ting the HXR/GR emission above},. The values of the
dices,dx are thus derived from the photon spectral indicgs, centimetric-millimetric indices expected from the turbulent

under some simplifications. In particular: trapping or free propagation models agree reasonably well
with the observed ones.

- The thick target and the thin target calculations by Brown- The value of the observed centimetric-millimetric index dur-
(1971) do not take into account the contribution of electron- ing peak b seems to indicate that the high energy electron
electron bremsstrahlung, which may become significant component of indexz 3 produced during peaks c, d, e is
above a few 100 keV. If this contribution is taken into ac- already present in the centimetric-millimetric source, even
count it leads to slightly steeper electron spectra (see e.g. if it does not give rise to a detectable high energy HXR/GR
computations for thick target interactions by Skibo (1993) emission.
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Table 4. Spectral indices of the optically thin centimetric-millimetric spectrum expected
from the HXR/GR photon spectrum measured during the different peaks (see
text for the definition of the symbols)

HXR/GR peaks a b c d e

v (hv < Ey) 40405 50+01 44+01 29401 4.2+0.1

aPree -3.7 -4.6 4.1 2.7 -3.9
atvrt -3.3 4.2 -3.6 2.3 -35
alrer -2.0 2.8 2.3 -0.9 2.1
v2 (hv > Ey) 20+01 1.7+01 20+0.1
aPree -1.5 -1.2 -1.5
atvrt -1.5 -1.2 -15
alrer -0.1 +0.1 -0.1

- The only possibility that the centimetric-millimetric emis+temain the same as during peaks ¢ and e (see Sect. 3.2.); (ii)
sion is related to the low energy HXR/GR component the ratio of both the 35 GHz and 50 GHz flux densities to the
during peak a, providing that the HXR/GR and centimetri®.32-0.57 MeV HXR/GR count rate which stays about the same
millimetric sources are identical (perfect trapping). Thiduring peaks c and e decrease by a factor & during peak
is unlikely because we have shown in Sect. 4.1. that tbeln the following we qualitatively discuss the implications of
HXR/GR radiation is most likely produced in a thick tarthis apparent contradiction.
get. As during peak b, this suggests that the harder electron Bremsstrahlung radiation from relativistic electrons is
component of indexs 3 is already at work. strongly beamed along the particle velocity within a cone of

width ~ 1/+., wherey, is the Lorentz factor. Thus high energy

In summary although the time profile of the optically thirGR are produced by electrons moving toward the observer. For
centimetric-millimetric emission ressembles more that of tlexample, calculations by Dermer & Ramalty (1986) indicate
low energy & 100 keV) than that of thez 300 keV HXR/GR that, for a monodirectional electron beam with spectral index
emission (see Fig. 3), the comparison of the centimetrig:5 (i.e. anindex consistent with the present observations at high
millimetric and HXR/GR spectral indices indicates that thenergies), the- 10 MeV (resp> 40 MeV) GR flux is reduced
centimetric-millimetric radiation is produced by the high energyy ~ 10 (resp.~ 100), if the angle between the line of sight
part of the bremsstrahlung emitting electrons. Moreover our 1@ad the beam velocity varies froni @ 1°. This may, at least
sults strongly suggest that these high energy electrons have lqggetly, explain the high energy rollover of the photon spectrum.
accelerated since the very beginning of the flare, even if th8iecause the 1990 June 11 flare is located close to the disk cen-
flux is too small to produce a detectable HXR/GR emissioter, it is reasonable to assume that the magnetic field is almost
A similar suggestion was drawn from comparative studies dial in the vicinity of the feet of the flaring loops. Thus the
millimeter wave and HXR observations (Kundu et al. 1994 arid MeV GR emission is mostly radiated either by: (a) an almost
references therein). isotropic electron population near the top of high density loops;
(b) by electron beams propagating upward along the magnetic
field.

In case (a) electrons are confined in high density, thus prob-
ably high magnetic field regions from which efficient gyrosyn-
Table 2 shows that the spectral characteristics of the emissitmotron radiation is expected. As this is not observed at 35 GHz
during peak d are quite different from those determined durimagd 50 GHz, centimetric-millimetric emission may, for exam-
the other peaks, in particular during peaks c and e. Indgdd ple, lack if the plasma frequency at the loop top is of the order
shifted from~ 0.35 MeV to~ 0.75 MeV, the HXR/GR spec- of or larger than 50 GHz, i.e. if the density i5 103 cm—3
trum belowE}, is harder and there is significant10 MeV GR so that the< 50 GHz emission cannot escape. Such a scenario
emission. The lack of significant deexcitation and 2.23 MeV lireems to be unlikely because efficient electron acceleration is
emission and the sharp rollover of the photon spectrum abow expected from such a high density medium.
~ 56 MeV indicate that the HXR/GR emission is mostly elec- Case b represents a plausible scenario, consistent with the
tron bremsstrahlung. Although the fluxsf0.2 MeV HXR/GR ensemble of the present observations. The occurence of type
emitting electrons substantially increases during peak d, sucHkrursts in large scale structures support the idea of electron
increase of the electron flux is not reflected in the optically thimeams moving upward along the magnetic field. These beams
centimetric-millimetric emission. Indeed: (i) the turnover frewill not produce substantial centimetric-millimetric radiation
quency and the slope of the centimetric-millimetric spectrufrom the loop legs because the observer views the magnetic

4.3. HXR/GR and centimetric-millimetric emissions during
peak d
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field under a small angle and because electrons, at least Haglye-scale structure is a consequence of step-wise changes of
energy ones, have to be strongly beamed towards the obsember.spatial distribution of the different flaring loops involved
Scattering by collision or waves may spread the electron angutathe acceleration region. Correia et @l (1995) have reported
distribution near the top of these large loops where the magnetidlimetric radio observations of one flare which support this
field is viewed at a large angle. The decimetric type IV coulstenario. Their observations show indeed that the spatial distri-
be a signature of such scattering waves. However the magnétition of the 48 GHz emitting sources is complex and rapidly
field strength is likely to be too low to produce a substantighanging on time-scales of a few seconds to a few tens of sec-
increase of the 35 GHz and 50 GHz fluxes. onds.

If the electron production region is located in the coronal The results of the comparison of HXR/GR, and radio emis-
part of flaring loops, upward moving electrons would resusions observed during the 1990 June 11 event are consistent
from reflection at mirror points located in the chromosphewgith earlier findings by de Jager & de Jonge (1978) that elec-
(e.g. Vestrand et 1. 1991). Model calculations indicate that tiien acceleration during flares results from a succession of ac-
magnetic field and the density must increase with depth owaleration episodes they referred to as “elementary flare burst
comparable scale heights in order to get substantial high enefg#B)”. The present study provides some evidence that these
(> 10 MeV) GR emission from the reflected beam (e.g. MacKeFB’s are successively emitted in different small scalé {10!
innon & Brown[1989/ 1990; McTiernan & Petrosian_1991)km) structures from which non-thermal electrons have access
It should be finally remarked that the centimetric-millimetrito different large scale~ 10> km) magnetic structures. From
emission observed during peak d is similar to that producHte onset of the 1990 June 11 flare to its decay phase large-scale
during peaks ¢ and e so that the characteristics of the radiathtigictures of increasing size and decreasing density are involved
electrons and the physical parameters of the emitting sour¢ege Sect. 3.3.). Moreover it should be emphasized that during
have not greatly changed. This strongly suggests that the ele@aks a, b and c electrons are confined within rather low lying
tron population producing enhanced0.2-56 MeV HXR/GR loops since there is no metric or decimetric emission. The ac-
radiation and the magnetic structures in which these electr@aderation of relativistic electrons giving rise:t010 MeV GR,
propagate are different from those involved in the bulk produif-any, is weak. However such an acceleration becomes dra-
tion of the centimetric-millimetric emission. This is supportedatically more efficient, when suddenly the acceleration site is
by the fact that the onset of thre 10 MeV emission nearly connected to larger-scale structures (peak d). Chuppletal.(1993)
coincides with that of the metric-decimetric emission. also reported that efficient acceleration of relativistic electrons
and energetic protons occurs in coincidence with the sudden
involvement of large-scale structures which were not activated
Et earlier times in the flare. This latter result and the present one

The spectrum as well as the spatial distribution of the metri@ay indicate that efficient production of high energy particles
decimetric radio emission reveal step-wise changes with tiffguires that the acceleration site is connected to large-scale
(see Sect. 3.3.). These changes do not appear arbitrarily in tifRgonal structures. This supports the suggestion by Kane et al.
but coincide (within less than a few seconds) with the onsdf&995) that during the most energetic flares (“giant flares”) a
of different HXR/GR peaks which, for thick target interactionrge fraction of the corona must contribute to the production
(see Sect. 4.2.), directly reveal changes in the electron prod@tnon-thermal particles.

tion rate. It is widely believed that electron acceleration takes

place in low lying magnetic structures with typical scale lengtls Conclusion

ranging from a few 19to a few 16 km and typical densities
in the range 19-10'' cm—3 (e.g. Benz & Kaneé_1986; Kane
1987; Benz & Aschwanden 1991; Kl€in 1994). Thus the smal . . ]
time delays between changes in the particle production rate grq(t]ed close to the disk center, are the following ones:

of the metric-decimetric emission patterns are short comparé&d Considering upper limits of the GRL excess fluence3¢

to typical propagation times of magnetohydrodynamic (MHD) above the bremsstrahlung continuum),theMeV/nuc.ion
waves from the acceleration site to the metric-decimetric emit- energy contentg 3 10 ergs) is found to be comparable to
ting region (typical height of- 10° km or even more). We thus  the> 20 keV electron content{4 10*° ergs). Thus the near
conclude that changes in the spatial distribution of radio sources equipartition in energy between electrons and ions found for
reveal that during the successive episodes of acceleration, elecstrong GRL flares (Ramaty et al. 1995) may also hold for
trons are injected into different large-scale magnetic structures the 1990 June 11 event, even if significant GRL emission
where they produce metric-decimetric emissions. Furthermore, was not detected. It should however be emphasized that the
it is unlikely that electrons have access to the different large- electron energy content of the present event is about one
scale structures by diffusing across the magnetic field from a order of magnitude below the lowest value estimated for
single acceleration site (as e.g. a single flaring loop) becausestrong GRL flares (see Fig. 3 in Miller et al._1997). The
such a mechanism is not efficient in a medium with density ~ present analysis thus supports the suggestion by Cliver et al.
10° cm~3 and too slow to account for rapid changes (Achterberg (1994) that electron-dominated events may be considered as
& Kuijpers|1984).We thus suggest that the electron access to theweak GRL flares.

4.4. Magnetic structures and electron acceleration/ transpor

The main results of this first multiwavelength analysis of an
|ectron—dominated event, associated with an optical flare lo-
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