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Abstract. Type Il radio emission is the most direct signature of extended shock waves in the solar corona, and a prime example
of electron acceleration at a shock. Yet, the energetics of these electrons is poorly known. On 1996 August 19 and 1997 October
07 type Il bursts were observed in association with flares behind the solar limb. While Earth-orbiting X-ray detectors aboard
GOES and the Compton Gamma-Ray Observatory did not register emission above backgrouhgsiespacecraft, which

had the candidate active region in its field of view, saw a major burst during the 1996 event. We use this peculiar configuration
to infer the energetics of electrons accelerated in the low corona frotdlylssesobservations, and to derive upper limits of

the number and energy content of shock-accelerated electrons from the thresholds of the Earth-orbiting detectors. The inferred
upper limit is similar to electron numbers estimated for large particle events at 1 AU, but the fluxes and energy fluxes of
shock-accelerated electrons are much smaller than those required to produce a conspicuous hard X-ray burst.

Key words. shock waves — Sun: flares — Sun: particle emission — Sun: radio radiation — X rays: general

1. Introduction specific wave-particle interactions that lead to observable ra-

Collisionless shocks are often invoked as the acceleratordlé waves. Bale et al. (1999) studied the source region of a

. . . . . __type Il burst from a high Mach number shock near 1 AU, and
high-energy particles in astrophysical plasmas. The idea is

und electron beams with energies up to more than 100 keV

tractive because the theory of shock acceleration is relativ? ale, pers. comm.). The most direct tracer of the energetics

well understood. Furthermore, when en_ergenc particle S9N electrons accelerated in the corona is hard X-ray emission.
tures are observed, there is often also evidence for a shock w

. . : . ) Blfe type Il bursts, i.e. those which are not accompanied by
or a potential driver, while alternative acceleration Process@s. i atre-metre-wave continua. were shown to occur nearly

such as wave turbulence and DC electric fields, have no SI90RVays in the decay phase or after the end of hard X-ray emis-

ture in remote sensing observations but the accelerated p%rig- (Klein et al. 1988). It was not possible to decide from this

cles themselves. In the solar corona the clearest traces of shS%{: ple if the decaying X-ray emission came from the flaring

waves are type Il bursts at decimetric and longer radio wavEive region or whether it had also a counterpart from shock-

(cf. reviews by Nelson & Melrose 1985; Mann 1995; Auras§ccelerated electronsin the corona. A neat separation of the two

1t99d7)5 The rqdlo emls(jslor? IS i\'ttrllbuted&top eleam;gsz(_;c;l%féctron populations is only possible in behind-the-limb-flares,
Z?I'h Y quaigggrpen icu .ar( cl)lnl]aﬂ K e;;/lses & CI, fiere the thermal and non thermal X-rays from the low atmo-
€jappa ) or quasi-parallel shocks (Mann asSelhhere are occulted, while the type Il source is visible from the

1_995)' The present paper uses type Il bursts to address the 9ES¥ih. Two such cases, observed on 1996 August 19 and 1997
tion how many electrons are accelerated by coronal shocks ober 07, are investigated in the present paper. Radio and

therefore how important such shocks are in particle accele&%'-temporal X-ray observations are presented in Sect. 2. Earth

tlonFm thets olg\r_fc;orina. f met dio burst ibed orbiting satellites failed to detect any soft or hard X-ray signa-
h rkom Ie nt (rja Ies;) ms re wav,\i ra 'g Kll“'rs S asc;r(l)oez re from the Sun. Upper limits of numbers and energy content
shock-accelerated electron beams, lann assen ( ) Fshock-accelerated electrons are derived from these data in

rived typical energies of a few kev. BL.H the ac_:tual Spectrugl, 3, and compared with fluxes or numbers of electrons in-
may extend beyond these values, which are imposed by Hfted from other hard X-ray bursts and from particle events at
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2. Radio and X-ray observations

2.1. Instruments

The coronal shock waves are identified by their spectral signa- ik i o
ture observed by the Tremsdorf spectrograph of the Potsdang o, | T L
Astrophysical Insitute (Mann et al. 1992) in the frequency x '
range (40-800) MHz and by the Ngac Decameter array
(Lecacheux 2000) in the range (20-75) MHz. The Nanc §

quen

Radioheliograph (henceforth NRH; Kerdraon & Delouis 1997) - 200 'r B

mapped the Sun at five frequencies between 164 and 432 MHz,

with arc-minute spatial resolution at a cadence of 2 images per OSRA

second and frequency in 1996 and 1997. < 400 L L el A R
X-ray emission was observed by tBelar X-rayCosmic- % NRH 164 MHz ——-—-- -

Ray Burst ExperimentGRB) aboardUlysses which viewed & 210°{NRH237 MHz —— ot i

large parts of the anti-earthward side of the Sun during theg
period of interest, and by Earth-orbiting instruments: the£
Geostationary Operational Environmental Satellit6S8OES
8 and 9), and theBurst and Transient Source Experiment — gq° |
(BATSE) on the Compton Gamma Ray Observatory (CGR%.‘E
The GRB hard X-ray sensor consists of two Csl(TI) scintilla- =S
tors with an &ective area~20 cn? covering the energy range 4107
20-150 keV (Hurley et al. 1992). BAT3EGRO observes the 410° 1

Sun with two sets of Nal(TI) scintillation detectors (Fishmamg
et al. 1989): the Large Area Detectors (LADs; surface ove:zr; 4 SR T
2000 cnf) operating in the nominal energy range 30-1900 keV, oy AT A .‘;\M\,"..’l_,\ 0 /H i ] .’;"- w H".L!‘. !
and the smaller Spectroscopy Detectors (SDs) inthe range from oo = = 0~ 0T S e

10 keV to 110 MeV. Photon detection with GOES (Thomas 7, CGRO-BATSE LAD 18-30 ke
et al. 1985; Kahler & Kreplin 1991; Garcia 1994) is based on 2 600
ionisation chambers with passbands 0.5-4 A (3.1-25 keV) and 3

(@]

1-8 A (1.5-12 keV).

Brig

500

— 4000 | jiysses GRB >25 keV
2.2. 1996 August 19 2 2000 ]
3
2.2.1. Whole Sun X-ray and radio observations 8 .
On 1996 Augu_st 19 a typ(_e Il burst occurre_:d betvyeen _09_:28 09:25 09:30
and 09:38 UT without significant accompanying radio emission Universal time (1996 August 19)
at dm and m-wavelengths. Its spectrum (Fig. 1, top) extended
from about 330 MHz to a few tens of MHz. Fig. 1. Radio and X-ray emission on 1996 August 19. From top to

The URAP radio spectrograph (Stone et al. 1992) aboéggttom: (i) Radio spectrum of the type Il event (Tremsdorf Solar Radio

: : servatory; dark shading means bright emission). (ii) Time histories
Ulyssesdetected a type Il burst between its high frequen f the radio brightness temperatures (Nan&adioheliograph), (iii)

limit (0.94 MHz) and 50 kHz. The spacecraft was at ecliptig, o = F gg (dashed line) and 9 (solid line) photon fluxes in the 1
Iongm_jde 183, latitude 6T and hel'ocer_'tr'c distance 4.2 AU’S A (hv >1.5 keV) and 0.5-4 A channels (thick line: running mean of
and viewed a large part of the backside of the Sun as sREGOES9 data over 60 s), (iv) of the count rates in the 18-30 keV
from Earth. On account of the heliocentric distance of thhoton energy range recorded by BATSEBRO and (v) in the 25—
spacecraft, the start of the type Il burst would have be&Bo keV range detected by GRBysses Ulysses views a large part
detected at 1 AU at 9:29 UE1.5 min (S. Hoang, pers. of the backside of the Sun as seen from Earth. The photon arrival time
comm.), similar to the metric type Il burst. No type lllwas corrected for the satellite position.
emission was detected by the WAVES spectrograph (Bougeret
et al. 1995) on the Wind spacecraft at the Lagrangian point
between Sun and Earth (Waydénd daily spectrograms, of 2 s (light jagged line) and 1 min (fat line). The enhance-
http://lep694.gsfc.nasa.gov/waves/waves.html). ments seen by GOES 9 during and after the type Il burst were
The WAVES and URAP observations are consistent with reot of solar origin, because they occurred dfedent times at
type 1l burst originating in an active region behind the ea&OES 8. But GRBJlysses observed a major hard X-ray burst.
limb of the Sun. It began with weak enhancements followed by successively
The count rate time histories in Fig. 1 show no signifimore intense bursts starting 9:25:15, 9:25:55, and 9:26:42 UT.
cant solar X-ray emission was detected at the Earth-orbitiipe main peak occurred at 09:27:34 UT. As usual during pure
spacecraft (GOES, CGRO) with integration times of the ordsme Il bursts, the radio emission starts while the hard X-rays
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09:30 09:35 09:40  Fig. 3. Snapshot maps of the type Il sources on 1996 August 19

Universal time (1996 August 19) (iso-intensity contours at half maximum; Nayc Radioheliograph,

Fig. 2. Radio spectra of the type Il emission on 1996 August 195 s integration): 327 MHz (09:29:01 UT), 237 MHz (09:29:25 UT),

observed by the spectrographs at Tremsdorf (OSRA) anqa9ané54 MHz (09:30:30 UT; white contours) in the order of increasing

(NDA). Dark shading means bright emission. See text. size. Underlaid are images taken by EBGHO (304 A 08:39 UT; EIT
web-page) and by LASCSoHO C1 (Fe XIV line, 9:26 UT; courtesy
R. Schwenn).

q Klei | 1988). But | incid ith a bl 2.2.3. Radio imaging and identification of the parent
ecay (Klein et al. ). But its start coincides with a plateau active region

in the decay phase.
The type Il emission was observed by the NRH at 327, 237
and 164 MHz. The centroid position was stable at 327 and
2.2.2. Spectrum of the type Il emission 237 MHz, and scattered within0.05 R, around its average
) ) ~_ value at 164 MHz. Figure 3 shows contour plots during the
The type Il spectrum is shown with more detail in Fig. Zyignt high-frequency lane identified as the harmonic band
Contributions from the fundamental and harmonic are hardi{p the spectrogram. The 164 MHz source height was only
distinguish QUring_ the phase of brightest emission. Howev%arginally above that at 237 MHz. The source heights are
the weak brightening around 09:36 UT near 80 MHz, above thga)ler than reported by Klein et al. (1997) because of an error
label “HARM” in Fig. 2, has a bright counterpart near 40 MHz;, the phase calibration in that work.
suggesting that the two are, respectively, the harmonic and theThe radio sources project onto a coronal streamer.

fundamental band of the type Il burst. The harmonic band-ﬁ;]e type Il burst occurred in conjunction with a coro-
continued by a weak drifting emission lane reaching 65 M | mass ejection (cf. Klein et al. 1997) with a pro-

near 09:40 UT. From this identification we conclude that t Ected speed of 450 km's (C. St.Cyr, LASCO CME list
high-frequency part of the type Il burst is harmonic emissio ttp://lasco—www.nrl.navy:mii/la,sco.html ). No ac-

while the low-frequency part<160 MHz) has contributions tive region is seen in the 304 A image in Fig. 3, and no ac-

from the fundamental. tivity was noticed in K on the disk (Z. Mouradian, pers.
The fastest drifting feature of the type Il spectrum is itsomm.). The only major active region during the period 1996
low-frequency edge. Its slope in the time-log(frequeny) pladely to September (AR 7986; Biesecker et al. 1996&ulin
yields a relative drift rate}% = -11x 103 s%, but the likely et al. 2002) crossed the eastern limb on August 23. From the
mixture of fundamental and harmonic suggests that the fleackward extrapolation of its positions on the disk between
guency drift inferred from a connection of the low-frequenciugust 23 and 31 given iSolar Geophys. Datéweighted av-
edges across the frequency gap 200-170 MHz is artificialyage of the sunspot positions) we infer that the region was
high. The most significant drift is that of the bright featurelocated near ST2E137 at the time of the Type Il emis-
in the high-frequency part of the type Il spectrum, at a ratéon on August 19, corresponding to an occultation height of
—(3.6+1.5)x103s™t, about 2x 10° km when seen from the Earth. The backward
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10° | ! o | Fig. 5. Snapshot map of the type Il radio source at 164 MHz on 1997
T i i " " T " " " " October 07 12:49:30 UT (1 s integration time; contours from 10% to
12:45 12:50 12:55 90 % of maximum brightness) superposed on the image at 304 A taken
Universal time (1997 October 07) at13:19 UT.

Fig. 4. Radio and X-ray emission on 1997 October 07. From top to
bottom: (i) Radio spectrum of the Type Il event (dark shading means The WAVESWind radio spectrograph detected a bright
bright emission). (||) Time histories of the_ radio brightness tempergype |11 burst at frequencies below 5 MHz during the met-
ture at 164 MHz, (iii) of the photon fluxes in the 1-8 Av(>1.5keV)  j¢ tyne 11 emission, and several others at successively lower
and 0.5-4 A channels (thick line: running mean over 60 s). frequencies in the following 30 min. URABlysses saw the
same burst group about 35 min later at heliocentric distance
extrapolation of the H flares on the disk leads to a position ab.3 AU. This kind of type Il bursts had been termed “shock-
E144 (occultation height3 x 10° km). accelerated”, “shock-associated” (Cane et al. 1981; Dulk et al.
2000) or “lll I" (Cane et al. 2002), and identified as a typical
counterpart of solar energetic particle events by the latter au-
2.3. 1997 October 07 thors. A particle event at proton energies above 20 MeV was
A similar type Il burst associated with a limb-occulted flare wagdeed reported by Cane et al. (2002) on October 07. The re-
observed on 1997 October 07 at frequencies bela@0 MHz lease of protons and electrons started more than 20 min after
(Fig. 4). A slowly drifting splitted band in the range (170-the metric type Il burst (A. Posner, S. Krucker, pers. comm.).
110) MHz was accompanied by weaker intermittent emission The GOES see mainly a quiet X-ray background (Fig. 4)
between 75 and 50 MHz, presumably traces of the fundamélevels comparable with 1996 August 19 in the high-energy
tal band of the type Il burst. The relative drift rate of the highthannel, and higher at the low energies, due to the rising ac-
frequency lane was1.4 x 102 s1. The 164 MHz source lies tivity cycle. A slow rise exceeding the general level of fluc-
above the south-western solar limb (Fig. 5). The type Il burétations appears in the low-energy channel of both spacecraft
occurred at the time of a fast CME (S. Yashiro, CME cagfter 12:51 UT, but no enhancementis seen that correlates with
alogue athttp://cdaw.gsfc.nasa.gov/CME_list/). No the type Il radio emission. BATSEGRO was in the Earth’s
active region exists near the south-western limb on October 8fadow between 12:38 and 13:14 UT. No event was seen by
and no conspicuousfiiérence is seen between the EIT imagdsRB/Ulysses, although the satellite had both candidate active
at 304 A before (07:18 UT) and after (13:19 UT) the type Kegions in its field of view.
burst. This argues for activity behind the south-western limb.
Sunspot group NOAA 8088 crossed the limb on October 2, f
lowed by a spotless plage regior’Zast of it (hamed AR 8087
until September 26, when it was identified by its sunspots fdhe type Il bursts of 1996 August 19 and 1997 October 07
the last time). The extrapolation of the positions on the diskere probably associated with flares on the anti-earthward so-
(September—October 1997) leads to S2@152 at 13 UT on lar hemisphere, with occultation height®2 x 10° km and
October 07 for AR 8088, and S28V120 for AR 8087, corre- >0.8 x 10° km, respectively. The electrons emitting the type
sponding to an occultation height of.83-3) x 10° km. Il bursts produced no detectable X-ray emission at photon

%’.4. Summary of observations
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energies above 2 keV. We shall use this non-detection in tfeble 1. X-ray photon fluxeK at 50 keV (single power law).

following section to examine the energetics of the shock-

accelerated electrons. Because of the more complete data Seétector Energy & upper limit of photon flux

we focus on the 1996 August 19 event. [kevV] y=3 4 5
The reasoning is justified provided the radio source degoes1 8A >15 1x 102 8% 104 5x10°

te_cteq from Earth is indeed the region where the radio eMiSs0Es 054 A > 31 6 10-3 7% 104 6x 105

sion is generated by shock-accelerated electrons. An alterna- 3 s .

tive is that the actual site where radio waves were emitted wag "' >¢ >0 10-18  &x 107 20x10" 5610

behind the limb, and that the waves were guided by dense fRATSELAD 1830 27x10° 15x10° 80x10*

bres to the apparent source seen by the NRH. This argumeBATSELAD ~ 30-60 22x10° 17x10° 13x10°

has been extensively used to discuss the positiorfarafa- Ulysses GRB  25-150 Peak (9:27:2%)= 4.8,K = 4.3

mentaltype Il sources (Duncan 1979; Benz 1993, ch. 11.5), Decay (9:30:01)y = 5.3, K = 1.2

and does not apply to the harmonic. Evidence that propaga-

tion effects do not significantly alter the position of a harmonic

type Il radio source comes from the observation of a type 8 2. Derivation of electron spectra from the X-ray

burst with bands at the fundamental, the harmonic and the sec- ppservations

ond harmonic of the plasma frequency (Zlotnik et al. 1998). In

this case the first and second harmonic source were cospa¥¥@.suppose the photon spectrum incident on the X-ray detec-

Since the influence of coronal propagation must decrease WRfs is & power-law as a function of photon enetgy

increasing harmonic number, the finding suggests that propa- (

€1

Y
gation dfects do not shift the centroid position of a harmoni®(e) = K - ?) [photons keV* cm™ 7],

type Il burst in a measurable way.
wheree; = 50 keV is a reference energy.

The GRB count rates are binned into intervals of 16 s and

3. Analysis of the 1996 August 19 event 16 detector channels in the range 25-150 keV. The photon flux
at 50 keV K) and the spectral index at the peak of the eventand
3.1. Estimation of the shock speed during the plateau phase of the decay are given in Table 1. We

. . suppose that these hard X-rays are thick-target bremsstrahlung

The speed of the coronal shock wave can be estlma_ted indeRsin a power-law injection spectrum of electrons, and compute
dently from the spectrum and from the source location.  the flux and the energy flux of electrons above an assumed low-

The first estimate of the exciter speed is the distance fra&fRergy cuté E, using the formulae of Hudson et al. (1978, see
the active region (presumably at SI2137) to the site of the Appendix). The results for the peak of the X-ray event(4.8)
type Il emission at 237 MHz divided by the travel time. If theynd in the plateau phase during its decpy=( 5.3) are listed
radio source is located in the plane of the sky, its heliocentfi¢ Table 2. The total energy content of electrons above 20 keV
distance is 1.R,, and the distance from the active regior238 (25 keV) producing the entire hard X-ray burst is 0% (3 x
10° km. The distance from the active region has a minimum)?d) ergs.
value of 65 x 10° km if the type Il source is at a heliocentric  From the non-detection of the X-ray event by BATSE and
distance of 1.6%, at S43 E12T. If the exciter of the shock GOES we can infer upper limits of the photon flux emitted by
wave is launched in the active region at the start of the earligg shock-accelerated electrons upstream of the type Il shock.
hard X-ray signatures (09:23:17 UT), the time delay of 358 s 1@ this end power-law photon spectra witlffdient indices are
the onset of the type Il burst implies an average speed betwggRvolved with the response functions of the detectors to pre-
1800 and 2300 km's. dict count rates (BATSE) or energy fluxes (GOES). For each

The second estimate exploits the frequency drift. If thepectral index the maximum amplitude of the photon spectrum
type Il source is envisioned as the region where a dense cagoeetermined so that the predicted count rate is equal to the
nal structure, e.g. a streamer, is intersected by a shock wayelevel in the BATSE data (for an integration time of 2.048 s)
launched in a remote active region (e.g., Stewart 1984), the ex-that the predicted energy flux does not produce any excess
citer speed of the type Il burst is related to the frequency drift the GOES-8 measurements (09:24-09:32 UT) that could be
by vcosa = %% whereH is the density scale height and identified by visual inspection. The upper limits inferred from
the angle between the shock normal and the density gradiehé various data sets of GOES and BATSE are listed in Table 1
The drift rates of the brightest features in the high-frequeneiyr spectral indices 3, 4, 5. Depending on the spectral index,
band of the type Il burst (Sect. 2.2) yield speeds in the rang ratio of the 3--upper limit of the photon fluxes at 100 keV
vCOSa = (720J_r3OO)THkm km s 1. The barometric scale heightseen by BATSE to photon fluxes seen by Ulysses (both nor-
for a plasma of 2< 10° K at heliocentric distance 1.B, is malised to 1 AU) is in the range ®-2) x 10~2 for the main
about 2x 10° km. H is independent of the coronal structur@eak, (+9) x 102 for the plateau in the decay phase.
(Koutchmy 1994). We conclude that despite the ambiguity of X-ray bremsstrahlung from the plasma ahead of a coro-
both speed determinations, a shock speed near 2000%i® snal shock wave is produced in a thin target, where the en-
consistent with the spectrum as well as with the position aedgetic electrons escape from the source before losing a
timing of the type Il source. significant amount of energy through collisions. Under these
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Table 2.1996 August 19: accelerated electrons.

Cutadf energyE, [keV]
y 2 5 10 20 25 ‘ 2 5 10 20 25

Type Il source: thin target model (BAT3EGRO, GOES)

Maximum number of electong > E, Maximum energyE > E; [erg]

3 3x10% 4x10® 2x10® 2x 10%* 1x10% | 3x10°® 1x10%® 8x10~ 2x 1077 2x 1077
4 6x10% 5x10® 3x10® 4% 10% 2x 10 | 3x 102 7x1077 7x107 2x 1077 2x 1077
5 1x10°% 5x10%° 4x10® 5x 10%* 4%x10*%* | 5x10%® 6x1077 9x 1% 2x 1077 2x 1077

Low atmosphere: thick target model (GRBysses)

Flux of electonsE > Eq [s7] Energy flux,E > Eo [erg %]
4.8 - - - 73x10% 24x10%® - - - 29x10° 12x107°
5.3 - - - 39x10% 1.2x10% - - - 15-10?° 58x 108

conditions the instantaneous number of electrons above eneagguming that the typical acceleration time of the electrons by
Eo can be inferrred from the photon spectrum (cf. Appendije coronal shock is of the order of 1 s — a value which lies in
after Hudson et al. 1978). It is proportional to the ambient prbetween the duration of radio signatures of shock-accelerated
ton density, which is constrained by the observation of typeélectron beams in spectra with high time resolution (“herring-
radio emission at the harmonic of the electron plasma freene structures™0.3 s: Slottje 1981; Zlotnik et al. 1998) and
quency. This impliesy = 1.7 x 168 cm™ at 237 MHz. Table their repetition rate in moderately resolved spectra (3 s; Cairns
2 gives the upper limits of the instantaneous number and &Robinson 1987). It also corresponds to a typical time of flight
ergy content of the shock-accelerated electrons for the assurakdn electron with speedthrough the type Il source, which
power law photon spectra. The values were computed usimag a size of order 2&m. The maximum instantaneous energy
for each photon spectral index the maximum photon flux déux of electrons above 25 keV compatible with the BATSE
rived from the detection limits in Table 1 of GOES (1-8) Aimit during the type Il burst is then of the order of¥@rg s*
(Eo = 2 keV) and (0.5-4) AEy = 5 keV), BATSE SD (cf. Table 2) for 2 s integration time, and of some&@6rg s*
(Eo = 10 keV), BATSE LAD 18-30 keV Ep; = 20 keV) for 1 min. integration. If those electrons had been injected into
and 30-60 keV Ey = 25 keV). The values oEg are chosen a thick target, they would have emitted a weak HXRBS event
for comparison with published work. Since the duration of thisee Crosby et al. 1993, Fig. 5). One to two orders of magni-
type 1l emission implies that electrons are accelerated duringuae more electrons than the type 1l shock can at most provide
time interval of about 1 min, the upper limits in Tables 1 and &e required for the moving coronal hard X-ray source analysed
are reduced by factors/30 ~ 5.5 for BATSE andV20 ~ 45 by Hudson et al. (2001) and for the coronal X-ray emission, at
for GOES by integration, as illustrated by the smoothed coumtights~2 x 10° km, of electrons above 2 keV during the large
rates and energy fluxes plotted as fat lines in Fig. 1. particle event of 1984 February 16 (Kane et al. 1992).
The number of energetic electrons released into the in-

. . . terplanetary space during transient solar activity ranges from
3.3. Comparison with electrons accelera.ted dqr/ng ~3 x 10% electrons above 2 keV (Jackson & Leblanc 1991,

hard X-ray bursts and solar energetic particle their Table 1) in the numerous impulsive low energy beams

events (2-15 keV, cf. Lin 1985; Dulk et al. 1998) to 1 to

Measured energy fluxes of hard X-ray emitting electrons abo%@;as electrons with energies above_ 20 keV during large events
20 keV range from-10%% erg s in microflares (Lin et al. 1984) (Lin et al. 1982). The numbers during large events bracket the
to~10%2 erg st in giant flares (Kane et al. 1995). In a survey ofPPer limits of shock-accelerated electrons inferred from our
about 12 000 hard X-ray bursts observed with HXRBEM, X-ray analysis. The major uncertainty of the number estima-
Crosby et al. (1993) found that the frequency distribution §@n from the particle measurements is the volume into which
peak energy fluxes above 25 keV follows a power law abotfe electrons are injected.
107" erg s, and is flat below, probably due to the detec-
tor threshold. Although the thick target formula employed bX
Croshy et al. gives a 1.8 times higher value than the one usée
in Table 2, the peak energy flux detected by Ulysses on 198ke type Il bursts of 1996 August 19 and 1997 October 07
August 19 is within the highest decade of the HXRBS statistiasccurred in configurations where the presumable parent active
For the sake of comparison with the HXRBS values, wegion was hidden to Earth-orbiting detectors. GOES saw no
transform the upper limit of the instantaneous energy contexicess above background at photon energle$ keV during
of the shock-accelerated electrons (Table 2) into energy fleither event, and BATSE, which observed the Sun only during

(Piscussion
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the 1996 flare, saw none above 10 keV. During the same evené producing the August 19 type Il burst has been shown
UlyssegGRB observed a huge burst which hence was emittdditinen et al. 2000) to be related with a broadband radio
at heights<(2-3) x 10° km above the photosphere, the heighiurst that signalled electron acceleration in the low and middle
range that was occulted as seen from Earth. corona independent of a type Il shock which was also present
Since type Il bursts from shock-accelerated electrons wehering the event (Mann et al. 1999).
the only radio emission observed at the Earth during the two We note that the upper limits discussed in this paper were
events, these flares provided a neat distinction between themat-derived for a weak shock. At a speed near 2000 #nitise
diative signatures of electrons accelerated in the active regtgpe Il shock of 1996 August 19 is one of the fastest large-scale
and at the coronal shock. Provided the observed type Il soudisturbances reported in the solar corona (St. Cyr et al. 1999;
is indeed the region where shock-accelerated electrons raditassen et al. 2000, and references therein). The upper limits
and not the mirror image of a source behind the limb, electrohsnce reflect the restricted ability of an extended coronal shock
accelerated by the type Il shock were not numerous enoughd@ccelerate an appropriate number of electrons to high ener-
produce a detectable X-ray signature at photon energies abgies. This indficiency does of course not exclude shock accel-
1.5 keV. The high sensitivity of the BATSE detectors and theration as such in the low corona, e.g. at fast shocks generated
complete occultation of the thermal X-ray emission from thigy magnetic reconnection (Aurass et al. 2002; Aschwanden
flare in the GOES data provide a unique opportunity to ir2002).

fer quantitative constraints on shock-accelerated electrons. -mﬁnowledgementsThis work benefitted from the data of EBoHO

coronal type Il shock is a lessfiient accelerator than the aC4nd the radio experiments aboard Wind and Ulysses through the re-

celeration processes which produce the electrons radiating dBgctive web-pages, as well as from the LASSGHO catalogues of

hard X-ray emission during the 1996 August 19 event or othelMEs at Goddard Space Flight Center and the Catholic University of

hard X-ray bursts. America. KLK acknowledges R. Gorgutsa, S. Hoang, Z. Mouradian,
Although this evaluation is founded only on one specifi¢.C. Noens, M. Reiner and R. Schwenn for providing data from

event, the fact that type Il bursts without metric continuum atee IZMIRAN radio spectrograph, URABIlysses, Meudon and Pic

in general not accompanied by hard X-ray emission from tdg Midi Ha instruments, and LASCS0oHO. He thanks H. Aurass,

low corona (Klein et al. 1988; Klassen et al. 2002) suggests tifatBale and G. Mann for helpful discussions. The Ngn&adio

it has general validity at least for electrons above 20 keV. Whgli)servatqry is funded by the French Ministry of Education, the CNRS

hard X-rays, radio continua and type Il bursts occur togethgp,d the Rgion Centre.

the emitting electrons must be accelerated at lower heights. The ]

1996 August event provides a specific illustration: while th@Ppendix: Hard X-ray formulae

occurrence of a plateau in the decaying hard X-ray emissigiyne thick target approximation the injection spectrum of elec-
at the time of the type Il burst could pg an argument that the < producing a power law photon spectrum with inges
shock wave accelerates the X-ray emitting electrons, along H)g, 4 power law. The flux of electrons above an assumed low-

lines of reasoning in Frost & Dennis (1971), the estimates Qﬁergy cutéf Eo is (cgs units, adapted from Hudson etal. 1978,
numbers and energies in Table 2 clearly refute this idea. TIES .(5))

conclusion confirms and completes earlier objections agains 1 dN(E > Eo)
the central role of the type Il shock in the acceleration of in- 0
teracting electrons during long duration flares, which emphét@(50 keV) dt 11 £\ (A.1)
sised that (i) the lifetime of the energetic electrons required = 1.64x 10%3(y — 1)28()/ -, —)( 0 ) .
time-extended acceleration in the corona which was incompat- 2°2J150 keV,

ible with a travelling agent such as a single shock (Klein et &(50 keV) is the photon flux at 50 keB the beta function.
1983), (ii) the X-ray emitting electrons were confined in muchhe energy flux contained in this population is

smaller structures than the coronal shock (Kahler 1984), (idwW(E > Eg)

: = 801x108——
gradual hard X-ray bursts may occur without a type Il burSt : y-1
(Cliver et_al. 1986). o Eo dN(E > Eo)

Transient enhancements of the electron flux in interplan- ><50 keV ot : (A.2)
etary space are not inconsistent with the upper limits for t . .
ese equations are used in Sect. 3.2 (Table 2) to compute
numbers and energy of shock-accelerated electrons, but the .
the flux and energy flux of electrons producing the hard X-ray

numbers of electrons required in large electron events, i.e. thgsé. . :
S ) mission observed Bylyssesgiven the parameters of the pho-

where shock acceleration in the corona is most often advocat(?ert]jS ectrum in Table 1

(Lin et al. 1982; Mann et al. 1999; Klassen et al. 2002; Simnett 2P ’

. The thin target approximation provides the instantaneous
et al. 2002), are close to or sometimes even larger than the up- o . .
ntmber spectrum of X-ray emitting electrons in a plasma with

per limits allowed by the pre;ent analysis. The present analys&bient densityio. The number of electrons aboEs is (after
shows that shock-acceleration need not be the most plaus& e

. . . udson et al. 1978, Eq. (8))

mechanism at work, even when fast ejecta exist. Furthermore,
energetic electron events are nearly always accompanied ME > Eo)No -
electron acceleration in the flaring active region or its vicin- ®(50 keV) v (A3)
ity. As an example, the electron event associated with the flare _ 371 10/ v-1 ( Eo ) '

and CME of 1996 July 9 from the same active region as the (y-3)B(y-13)'\50keV.
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