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Relative timing of electron acceleration and injection at solar
flares: A case study
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Abstract. Multiple-wavelength observations of a C-class solar flare and in situ measurements of high-energy electrons at 1 AU
are combined for a detailed analysis of the relative timing of solar electromagnetic emission and high-energy electron injection.
The primary energy release for the C8.0 flare on 2002 June 02 (10:05-10:30 UT) is studied using hard X-ray data of the
Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI). The propagation of disturbances through the solar corona
and interplanetary space is investigated by means of dynamic radio spectra obtained by ground-based observatjoes (Ond”
Czech Republic, and Potsdam, Germany). The time sequence of these indirect manifestations of highly energetic electrons is
correlated with the extrapolated injection time obtained by a transit time analysis from Sun to Earth using the enhancement in
the 27-182 keV electron intensity observed at\tfiad spacecraft. This back-mapping of high-energy electrons shows that the
particles are injected roughly 18 min after the first hard X-ray maximum. Almost at the same time there are observations of
metric type Il and IV radio bursts indicating the presence of a coronal shock wave and a moving plasmoid whose kinematics
are analysed by means of dynamic radio spectra and radio images from theyNatioheliograph (France). Implications for
possible acceleration and injection scenarios are discussed.

Key words. Sun: flares — Sun: X-rays, gamma rays — Sun: radio radiation — Sun: particle emission — shock waves —
acceleration of particles

1. Introduction field structures, e.g., loops or moving plasmoids (e.g., Stewart
. . . 1985).

Highly energetic electrons generated during solar flares mani- o . . .
gnly 9 g 9 In principal, electron acceleration to high energies can be

fest themselves indirectly via the excitation of electromagnetic, . . : .
- S achieved by at least two filerent processes which can act in-
waves angbr can be measured in situ after their injection 08

magnetic field lines connecting the solar release site and apprgpendently of each other. The first mechanism is associated

priate detectors. In the sixties Wild et al. (1963) and de Ja V(\étlllh magnetic reconn_ect|on (_e.g., anest 1981). The acceler-
ga}éon takes place during the impulsive flare phase on a tem-

(1969) claimed that (sub)-relativistic protons and electrons a | scale of<10°2 s (Sturrock et al. 1984) in a region of

accelerat.ed.durm_g the .se_cond phase of a flare associated @ 0 km}y (de Jager et al. 1987). The precipitation into denser
characteristic radio emission, so-called type Il and type IV rg-".
dio bursts. regions of the solar atmosphere produces hard X-ray bursts,

Type Il radio bursts are radio signatures of coronal sho&?tlcal’ and UV emission (e.g., Heyvaerts 1981). Electrons es-

waves. The electromagnetic waves are generated by energg(:%%ng on open field lines into the interplanetary medium can

electron populations accelerated at the shock giving rise to [gduce type il solar radio bursts (€.g., Suzuki & Dulk 1985).

€ . ] . ;
production of Langmuir turbulence (e.g., Nelson & Melrose The second acceleration process is associated with coro-

1985). In dynamic radio spectra (cf. Fig. 1) type Il bursts appe ?I ShOCk, Wavels. Many authors consider aon-caIIed firstr?r-
as narrow bands of enhanced radio emission drifting slowfly! FeMi acceleration (e.g., Forman & Webb 1985). For this

from high to low frequencies. The fiierent bands of electro- m_j OT electron agcele_ration by multiple reflections at mag-
magnetic emission are due to the interaction of the Langmﬂl tic f|e|c_i fluctuations in the up- and downstream region it
essential that the electrons have been pre-accelerated in or-

ff
waves with low frequency plasma waves (fundamental barl
. yp ( gr to be picked up in this process. Seed populations of pre-

or due to Langmuir wave — Langmuir wave interaction (har- . . : )
monic band). Type IV radio bursts appear as broad band con celerated particles in the first order Fermi process are one
' the reasons for considering separate phases for high-energy

uum emission — sometimes with fine structures. Type IV burdt ducti Bai & R 1979: Bai & Denni
are generated by highly energetic electrons in closed magn fgetron production (e.g.,_ al amaty » bal ennis
1985). It should be mentioned that the shock itself can pos-

Send gprint requests toH. T. ClaRen, sibly generate the seed population of electrons above the in-
e-mail: tclassen@aip.de jection energy. Thus it has been pondered about shock drift
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acceleration (e.g., Armstrong et al. 1985) as a mechanism for
pre-acceleration (e.g., Melrose 1994). A strong indication for
nearly relativistic electrons accelerated at rising shocks was re-
cently given by Mann et al. (2001), Klassen et al. (2002), and
Simnett et al. (2002).
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Another reason for considering two acceleration phases is Orpens 1020 | 1030 1049 1090

based on the analysis of the relative timing of solar electro-
magnetic emissions and the injection of high-energy electrons.
Thus Krucker et al. (1999) and Haggerty & Roelof (2002) anal-
ysed the injection time of near-relativistic electrons observedg
by in situ measurements aboard IMndand ACE (Advanced =
Composition Explorer) spacecrafts at 1 AU. Both research &
groups found populations of 25-300 keV electrons which have %
been injected typically 10 min after the electromagnetic finger- =
prints of the impulsive flare phase (type Il bursts or microwave
bursts). One possible explanation for this considerable delay 2099 -
are storageféects Gvestka 1976). Krucker et al. (1999) discuss 4,000
the delay in the context of high altitude Moreton- or EIT waves 210,004
travelling from the flare site to the escape region. Haggerty & § 5’000
Roelof (2002) and Simnett et al. (2002) favor electron acceler- ~
ation at shock waves.

T TTT T
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The analysis carried out in the present paper starts with a Start time(02-Jun—02 10:05:00
synopsis of multiple-wavelength observations of a C8.0 flare on
2002 June 02 from 10:05 to 10:30 (Fig. 1). The primary enerdyg- 1. Synopsis of the 2-June-2002 C8.0 flare showing the energy re-
release is studied in hard X-rays (6—100 keV, RHESSI) and nfiase in hard X-rays (RHESSI), manifestations of high-energy elec-
crowaves (0.8-4.5 GHz, observatory @gjdV). The propaga- trons in micro- avnd meter-waves radio observations (4.5-0.8 GHz,
tion of disturbances — electron beams, shock waves — throl ervatory O“@JO_V; 800-40 MHz, Obs.ervato.ry POtSdam).’ and the
the solar corona is analysed via dynamic radio radio spec ancement of high-energy electron intensity near Eatind3-

. . B). The dashed-dotted lines in the upper panel sketch how the ar-
in the 40-800 MHz range (observatory Potsdam). Finally, ﬂ?ﬁal time at 1 AU is determined. The vertical dashed lines across the

high-energy electron intensity near Earth is taken from the 3phtcurves and spectra indicate the relative electron injection time at
Plasma and Energetic Particle experimentdind spacecraft the sun.

(Wind3-DP).

The reason for going ahead with a detailed case study-Data analysis

in contrast to the statistical approaches carried out by Kruc'ﬁ&ure 1 shows a synopsis of the flare on June 02 covering

et al (1.999) and Haggerty & Roelof (2002) — lies in th%oth electromagnetic emission and high-energy electron inten-
complexity of the studied phenomena. We chose an event Q¢ ¢, 10:05-11:00 UT. The RHESS! lightcurves indicate

curring at the western limb (S20W61), i.e., we expect a Fe primary energy release in the lower corona, and the dif-

r,\iC: msg:u?[tr:c (;oginecgonrt)/eg/vien Tlhsvstgacsclraf?tiand tfhel fent radio observations enable a tracing of transients mov-
oreover, the radio observations aflo € velocities ot ele g through the corona. In order to relate these observations

tron beams (type llIs) and the coronal shock wave (type ()> the in situ measurements of high-energy electrora/iad

to b(_a det_ermmed. We also use radio images fr_om_the,hgan%ne should keep in mind that both electromagnetic waves and
Radioheliograph (_NRH) (cf. Fig. 2) for a I_ocahsatlon_ of theaccelerated electrons are travelling from the Sun to the appro-
type IV source which turns out to be a moving plasmoid. priate detectors with étierent velocities. All measurements in

In the next section we will briefly describe the instrument&ig. 1 refer to the actual time at the particular detectors, and
Furthermore, we present the results for the electron beawnly the dashed lines across the lightcurves and spectra account
shock wave, and plasmoid kinematics. The discussion of pogsi-the diterences in the propagation time.
ble injection and acceleration scenarios is carried out in Sect. 3. The event displayed in Fig. 1 is part of an event-catalog
We will firstly analyse the possibility of electron accelerationombining radio observations of coronal shock waves — type I
during the primary energy release phase producing hard X-tayrsts — with hard X-ray lightcurves. The catalog comprises
peaks and microwave bursts. Secondly, we want to take it type Il bursts observed by the radio spectral polarimeter of
account the possibility of energy storage and release connedterl Astrophysikalisches Institut Potsdam (Mann et al. 1992)
with the type IV source. Finally, we will consider the possibilsince the launch of the RHESSI spacecraft on 2002 Feb. 5.
ity of electron acceleration at a rising shock considering al3dis list presently consists of roughly 50 type Il bursts
the development of shock waves in the solar corona with fsee http:/ /www.aip.de/People /AKlassen/type II
spect to the change of plasma parameters during the rise of fhiest_2002 .html) observed in dynamic radio spectra from
shock. 40-800 MHz with a time resolution of 0.1 s. First results on



H. T. ClaRBen et al.: Relative timing of electron acceleration and injection 311

two events contained in this catalog have been published dyntinuum emission shows fast drifting fine structures, espe-
ClaRen et al. (2003). cially at the lower edge, i.e., at the high-frequency end.

The RHESSI instrument (Lin et al. 2002) utilizes bi-gridro-  Concerning fast drifting features, the Potsdam instrument
tating modulation collimators and cooled germanium detectaecorded the first type Il bursts between 400 and 300 MHz at
to observe X- ang-rays from roughly 3 keV to 20 MeV. Via 10:12:05 UT (not visible in Fig. 1). Due to the narrow band-
a Fourier transformation RHESSI provides a hard X-ray imagddth of these bursts we can only estimate the driver speed
ing spectroscopy with an angular resolution down to 2 arcsemd we obtain a velocity of roughly 30000 kmtsi.e. 8 =
a time resolution down to tens of ms, and roughly 1 keV enfc = 0.1 (c, velocity of light). There is another group of type
ergy resolution. The lower panel of Fig. 1 shows the X-ray fluM bursts — this time visible in Fig. 1 — starting at 10:14:20 UT
(counts) measured by the RHESSI spacecraft working in thelow 70 MHz with a drift rate of 5.1 MHZz$ at the 50 MHz
first attenuator stage. A further analysis showed that therepiasma level corresponding to an exciter velocity of roughly
only a very weak X-ray emission above 50 keV. In the low e®0 000 km g = 0.13). A further inspection of the radio re-
ergy channels there are two maxima, the first around 10:08 d&ivers aboard th&/ind spacecraft\WinWAVES) showed a
and second one with even higher count rates around 10:14 d@ntinuation of these bursts to lower frequencies indicating the
Furthermore, there are several minor peaks — clearly distpresence of electron beams on open field lines.
guished in the 25-50 keV channel — at roughly 10:12, 10:13, Figure 2 shows the location of hard X-ray, type Il, and
10:14, 10:19, 10:21 UT, and some smaller bumps around 10t2ge IV sources at dlierent times. The hard X-ray source is
and 10:26 UT. We zoom in on this energy range in Figs. 4 andécated in the south-west of the solar disk (So¥ar= 770’

Looking back at Fig. 1 it can be seen that the meter-wasad Solary = -330", i.e., S20W61) as can be seen from the
spectra (40-800 MHz) are supplemented by the cm- to desomed RHESSI image in the upper part of Fig. 2. The im-
wave spectra from 800-4500 MHz recorded by the obsage was taken in the energy range between 25-50 keV around
vatory in Ondejov (Jricka et al. 1993, data by courtesy ofl0:14 UT with an integration time of 36.88 s corresponding
M. Karlicky). Thus, the broad band radio observations frome 9 spacecraft rotations. A weak double source structure with
40-4500 MHz enable a tracing of the various radio sourcesighly 10 arcsec distance can be seen.
from the lower corona almost into interplanetary space. The radio images from the Naag Radioheliograph

Assuming a plasma emission process for the generationliérdraon & Delouis 1999, data by courtesy of the NRH
the meter-wave bursts (e.g., Melrose 1994) the emission ft&roup) show structures with a size of several arcminutes.
guency is proportional to the square-root of the electron pdrhe contour plot indicates four intensity levels from 20 to
ticle number density and the bursts’ drift rates allow for th@0% for the type IV source at 432 MHz at one specific time
determination of the exciter velocity. In solar radio astronon(it0:12:01 UT). For all other times the size of the circles indi-
it is usual to adopt enhanced standard models to describe ¢htes the observation frequency (from 432-164 MHz) while the
changes in the electron particle number density from the lowggsition of the circles shows the centroid position of the radio
corona to interplanetary space. The reason for choosing saurce. Figure 2 shows the 8 radio source locations at 432 MHz
hancement factors in comparison with the standard models liith one minute time dference each, and 3 source positions at
in the fact that the particle number above active regions is b@&h7 MHz and 164 MHz, respectively. The integration time for
spatially and temporary increased. This leads to an uncertaiegch image is 10 s.
in the order of 35% for heights and velocities derived from dy- The squares show the position of the type Il source at five
namic radio spectra (e.g., Clal3en & Aurass 2002). In our studifferent times at 164 MHz, i.e., the location of the harmonic
we use a twofold Newkirk model (Newkirk 1961) for the meterband is displayed. The hatched square at 10:15:01 UT shows
wave observations. the position of the so-called “arc” structure — visible in dy-

The various types of meter wave bursts observed during awamic radio spectra — preceding the type Il burst. This emission
event are marked in Fig. 1. There are several slow- (type |l afehture is sometimes observed at the beginning of the type Il
IV) and fast-drifting (type Ill) emission features. The type Iemission. In the cases studied by Klassen et al. (1999) the “arc”
emission consists of a weak patchy fundamental emission @eurces are located near the summit of active region loops.
and a stronger harmonic emission (H) starting at 170 MHz at The filled symbols indicate the radio source positions of
10:15 UT with a frequency drift rate of roughly —-0.23 MHZs the type IV (two circles) and the type Il (square) burst at one
The emission stops about 10:22 UT at 50 MHz (fundamentgdecific time (10:15:31 UT). From this representation it can
band) but at 10:30 UT there is again type |l emission at 60 MHbe seen that the type Il source is clearly running ahead of the
— likely the continuation of the previously recorded harmonigpe IV source. Thus it is very likely that we are observing
band — lasting until 10:38 UT. Using a twofold Newkirk modehd moving plasmoid driving a bow shock in front of it. The
we obtain that the radio emission starts at roughly R:4 NRH radio observations revealed a type IV source velocity of
(R, solar radius) above the photosphere with a radial sour4@5 km s at 432 MHz, 465 kms from 432 to 327 MHz, and
speed of 540 kmg and the emission ends at roughly ®7. 432 kms? from 432 to 164 MHz, respectively. These veloc-
Assuming that the type Il emission at 10:30 UT is harmonities are in good agreement with the estimation of the type II
emission we obtain a corresponding height of roughlyR,1 source speed of 540 kmisobtained from the drift rate in the
above the photosphere. The type Il emission is accompanésghamic radio spectrum.
by strong type IV emission recorded between approximately As seen in Fig. 2, the event on June 2, 2002 is located at
10:11 and 10:30 UT from 800 to 100 MHz. The broad barithe western solar limb and thus one can expect a magnetic
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Fig. 3. Arrival time ta, of high-energy electrons &Vind as function

70 750 760 770 780 790 800 of the inverse velocity. The origin of the time axis is arbitrarily fixed
Helocentric X arcsec) at 10:30 UT. The straight dotted line is a linear fit to the observations

atg! = 1.381, 1.634 1.972 and 2421 8 = v/c). The electrons mea-

sured at low energies, i.¢8;* = 3.049, are excluded.

- described in detail by Lin et al. (1995) and allows full three-

] dimensional measurements of electron and ion distributions.
The Wind3-DP data were provided by the Wind 3D Plasma
and Energetic Particle Investigation team (R. P. Lin, PI) at the
University of California, Berkeley.

S The arrival time of the high-energy electrons recorded by
ja theWind'3-DP experiment enables the estimation of the coro-
7 nal injection time. The method used here follows the approach
described by Krucker et al. (1999). The arrival titgg at 1 AU

4 is determined from the background-subtracted time profile of
I R R R R the electron intensity in the analysed energy channel. This pro-
cedure is sketched in Fig. 1 by the dashed-dotted lines for the
electrons in the 66 keV energy channgl, is the point of time
where the two lines smoothing the noise and fitting the inten-
sity increase intersect.

LZ-E-02  A3LATOUHE 10: RERS T

O Sources (NN 1 -8) at10:11:01 — 10:18:11 UT at 432 MHz
O at10:15:31, 10:20:11, 10:21:11 UT at 327 MHz

(O at10:23:11, 10:27:11, 10:33:00 at 164 MHz

The "Arc" structure of Type Il at 10:15:01 UT The electron injection tlmQ) is given byto = tAU - L/U
[] Type Il: 10:16:01; 10:17:01; 10:17:51; with L as path length from the release site on the Sun to the

'Y ) . Type IV sources at 432 and 327 MHz and type Il at 164 MHz at the same time 10:15:31 UTdeteCtor and} as partiCIe VeIOCitY' Taklng into ConSideration
HXR source that the recorded electrons are observed in energy bands with
Type IV source speed: 495 (432 MHz); 465 (432-327 MHz); 430 km/s (432-164 MHz) @ finite width we must specify the most probable velocity of

the electrons in each energy bin. In accordance with Krucker
Fig. 2. Hard X-ray (RHESSI) and radio sources (NRH) of the flare o gy S
rucker et al. 1999, and private communication) we choose

June 2, 2002. The figure shows the location of the hard X-ray source . L S
(25.0-50.0 keV) around 10:14 UT and the location of the centroid e following values for the kinetic energyand relativistic ve-

the radio sources of the type Il and IV burst affelient times (cir- 101y B = vrei(€)/C: &1 = 30 keV B; = 0.328),e; = 50 keV
cles and squares). For the observed frequencies and times see thdfieg= 0.413),e3 = 82 keV 33 = 0.507), & = 135 keV
end below indicating also the source velocity. (The filled circles atB4 = 0.612), andes = 230 keV s = 0.724). Figure 3 shows
included in the temporal sequences labelled by open symbols. The arrival timetay of highly energetic electrons observed at
filled circles and the filled square are used to accentuate the locatitind as function of the inverse velocitigs (i = 1, ...,5). The
at one specific time.) The contour plot shows four intensity levels gtigin of the time axis is arbitrarily fixed at 10:30 UT. Krucker
432 MHz from 20 to 80% indicating a spatial resolution of several agg g]. (1999) describe two possibilities to determine the elec-
minutes. The arrow points at the hard X-ray source (HXR) enlargedijg,, injection timeto. The first method comprises a linear fit
the upper part. to the data in the dierent energy bins where the slope corre-
sponds to the path length From the fit displayed in Fig. 3
we obtain a path length df = 2476 R, (1.15 AU). Beyond,
connection between Sun and Earth. The upper panel of Figt &an be seen that the electrons with the lowest energy deviate
shows the onset of an impulsive electron event at 1 AU usifrgm an almost linear behaviour of the electrons observed at
theWind3-DP instrument. The characteristics of these kinds bfgher energies. Thisfiect was already discussed by Krucker
events are specified in Krucker et al. (1999). The instrumentsal. (1999) considering electron populations with fiedent
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coronal origin. But it might also be that the 30 keV channelios. 00 101000 101500 102000 102500 103000 1055 00
is affected by the higher energy channels. Therefore we fitted” - Bl - 2 = Z
only the electrons in the high-energy bins from 50 to 230 ke¥s |- TE BT
and obtain a coronal injection & = —743 s (with respectto + | iz =

10:30 UT). In order to compare the injection time with the ob=""}_
servations of electromagnetic waves at or near Earth we hayg!
to take into account their propagation time from Sun to Eartf.
Thus, we obtain a relative electron injection at 10:26 UT keep=" e — —
ing in mind that the actual injection took place roughly 8 min
(496 s) earlier.

The second method utilizes an explicit value of the path%:_ %2
length L which can be estimated assuming an electron proEJ- L
agation along the interplanetary magnetic field given by the
Parker spiral. The length of the Parker spiral depends on the §
solar wind speeds,, and the duration of the solar rotatidn.
Choosing a velocity ofs,, = 400 kms? as appropriate value
for the event under consideration aiid= 26 days we obtain - il i R i i
a path length of. = 1.16 AU. Thus, both methods provide (al- ° 500 1000 1500
most) the same result for the path length. Using this value otig. 4. Temporal variation of the RHESSI count rates in the 25-50 keV
we obtain a relative injection taking place at 10:26 UT for thenergy channel (black line) and solar radio emission between 200 and
electrons in the four high-energy channels. Assumingtadi 400 (300) MHz (observatory Potsdam). The dynamic radio spectrum
ent electron population observed at 30 keV we obtain a relatiethe upper panel shows the relative intendi¢f,t) of the mov-
injection at 10:22 UT. These times are indicated by the vertidgg type IV radio burst visible in Figs. 1 and 2 from 200-400 MHz.

dashed lines across the spectra and lightcurves in Fig. 1. The lower panel shows the first temporal derivaigot from 200—
300 MHz. The abscissae show the time (UT) in hh:mm:ss notation

(upper labels) and the time elapsed since 10:05:00 UT in seconds
3. Discussion (lower labels).

10:10: 0.0

10:15: 0.0 10:20: 0.0 10:25: 0.0
T oy T i

10:30: 0.0 10:35: 0.0
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In order to discuss the relative timing of electromagnetic emis-
sion and the injection of high-energy electrons Figs. 4 and 5
show the decisive parts of the dynamic radio spectra displayed
in Fig. 1. X-ray and radio emission is very close for the fast drifting fine
Figure 4 combines the radio flux between 200 and 400 Mig#uctures of the type IV burst.
(300 MHz in the lower panel) with the hard X-ray countrates in The coincidence between hard X-ray and type Il radio
the 25-50 keV energy channel. The hard X-ray flux in this egmission seems to be not very close. But one has to keep in
ergy range consists of a series of well distinguished peaks dntihd that small fluctuations caused by the shock may have been
it can be seen that the minor peaks recorded after 10:15 UT &xasked by the high background flux produced by the flare.
associated with the fast drifting emission features of the lowdhis becomes plain looking e.g. at the reversely drifting burst
i.e., high frequency edge of the type IV burst. The temporaetween 200 and 250 MHz recorded shortly after 10:15 UT
coincidence is clearly visible in the lower panel of Fig. 4 showFig. 4). The burst is recorded at the onset of the harmonic type
ing the first temporal derivative of the radio intensigf, t) Il emissionfully visible in Fig. 1, and this indicates that an elec-
between 200 and 300 MHz. Thus it can be seen that the héfeh beam is moving towards the photosphere. While itis likely
X-ray peaks coincide with the steepest gradient in the temgbat these electrons have been accelerated at the shock wave it
ral behaviour of the recorded radio spectra. This means t&an be seen from Fig. 4 that there no obvious coincidence in
the hard X-ray peaks mark the onset of the type IV associafe@rd X-rays.
fine structures starting with a sharp increase in the radio flux With respect to the high-energy electrons detectéd/iat
followed by a smooth decrease. Figs. 4 and 5 also show a close temporal correlation. Assuming
A close temporal association between hard X-ray and rthat the 30 keV electrons were released around 10:22 UT and
dio emission can also be seen in the synoptic plots displayedtig higher energetic electrons around 10:26 UT we can see that
Fig. 5. For the high frequency radio spectra, the range of tefior both times there are peaks in the hard X-ray emission and
poral coincidence is extended over the whole period from 10:fisst drifting emission features in the radio spectra. But it is also
to 10:30 UT. That is to say that the high frequency spectra algsible that there is a number of other hard X-ray peaks — most
show emission features temporally associated with the magdrthem with higher count rates — atfiirent times. RHESSI
hard X-ray peaks around 10:14 UT while the corresponditigcorded a series of more or less well-defined peaks with a tem-
plots of Fig. 4 lacked this coincidence. But it is likely that raporal distance of roughly one minute.
dio emission in the frequency range between 0.8 and 2.0 GHz Due to the uncertainties in our estimation of the arrival
around 10:14 UT (upper panel of Fig. 5) is part of théme AT 1 AU — in the order 030 s — we cannot exclude an
type IV burst observed in the meter-waves (cf. Fig. 1). Thusjection associated with one of these other minor peaks or be-
we can conclude that the temporal coincidence between hawgen two peaks but it seems very unlikely that the electron
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(c) ASTRONDHICAL INSTITUTE, 25165 ONDREJOV, CZECH REPUBLIC It ShOUId be mentioned that the appearadppearance

, of the type Il emission is controlled by the plasma parame-

e o ' g ters of the ambient corona. In a recently published paper Mann
et al. (2003) analysed the formation and development of shock
waves in the solar corona. These authors estimate the radial be-
haviour of the Alf\gn velocity and they argue that this velocity
has a local minimum in the order of 200-400 km between
0.2 and 0.4R,. This behaviour of the Alfeh speed allows to
understand the first detection of the type Il burst at a height
of roughly 0.4R, because the shock has its maximal strength,
i.e., Alfvén-Mach number, at this radial distance. Above this

region the Alien velocity increases again and reaches a value
i
L of 700-800 km3! at heights around 3.B, above the photo-

sphere. Taking into consideration that the radial shock speed
derived from the frequency drift is about 540 km st seems
possible that the source speed becomes subeAiéyi.e., fast-
mode shocks and type Il radio emission should disappear.

2.5-

3.0-
3.5-

4.0-

4.55
10:03 10:09 10:15 10:21 10:27 10:33 ur

Furthermore, one should recall that Simnett et al. (2002) fa-
voring an acceleration of high-energy electrons by CME-driven
Fig. 5. Temporal variation of the RHESSI count rates in the 25-50 kedhocks argue that the radial height at the electron release time is
energy channel (black on white insertion) and intens{tfy t) of so- petween 0.5 and 2B, above the photosphere. These heights

lar radio emission from 0.8-2.0 GHz (upper panel) and 2.0-4.5 GHzo ossibly related to the location of the previously mentioned
(lower panel) (OntEjov observatory). extrema of the Alfen speed.

Thus we would finally like to discuss the possibility that
the rising shock produces the high-energy electrons observed
at Wind Assuming a first order Fermi process we can esti-

injection on a field line connected witNindis temporally cor- mate the acceleration time to nearly-relativistic energies. The

related with the major peaks recorded around 10:14 UT. In alﬁg:/y parameters in this estimation are the magnetic turbulence

case one should realise that there is still hard X-ray and r’rﬂ-thlle plasg1a| around t_rll_ﬁ shock an_d theblrluectlon rate of pre_—h
crowave activity while the electron injection takes place, j.cce erated electrons. The magnetic turbulence increases wit

the reconnection process is still in progress. From this polAf'€asing Alfen-Mach number of the shock and the accelera-

of view the event of June 2 filers from the events studied by"©" PrOcess requires an injection energy larger thafor pro-

Klassen et al. (2002) who selected events with no microwave 3pS anq V(p/Me)ua for electrons (I\/!e!ros_e 1994). Assuming
Alfvén speed of 400 knTs the injection energy corre-

hard X-ray bursts around the estimated electron injection tinf! AN _ o e
sponding to this velocity is roughly 1 keV. Taking into con-

_ deration that the shock develops during the hard X-ray max-
lines can be deduced from the type Il bursts recorded jgtm around 10:14 UT there should be enough electrons with
10:14:20 UT below 70 MHz (see Fig. 1). A further inspeCapergies above the pre-acceleration threshold. According to
tion of WIngWAVES radio data showed a continuation of thesge|rose (1994) typical acceleration times to nearly relativistic
bursts to longer wavelengths indicating that there are eIeCtré’ﬁ'ergies are smaller than 1 s. This means that the shock gen-
beams£ ~ 0.13) entering interplanetary space. A further analyating the type Il emission should also be able to accelerate
ysis of RHESSI images showed that the hard X-ray source Rosn_energy electrons shortly after the first type Il emission at
sition is not changing significantly from 10:05-10:30 UT. Thugg. 15 yT. But this is not in agreement with our estimation of a

one would expect a magnetic connection between flare site a4 ¢|ectron injection after the end of the type Il emission, i.e.,
Windduring the whole flare on one hand but on the other hapgear than 10:22 UT.

all electrons detected in situ ¥find have been injected after

the disappearance of the type Il emission. The 30 keV electrons Thus, the generation of the highly energetic electrons de-
are released immediately afterwards, i.e., around 10:22 UT, dadted aWind by a coronal shock wave is challenged again by
the 50—230 keV electrons were released even later, at 10:26 thE, fact that the injection of these electrons is delayed with re-
just a few minutes before the type IV emission tends to disagpect to the presumed acceleration time. This discrepancy was
pear. Thus it seems possible that the rising shockaarttie already mentioned by Klassen et al. (2002). Thus this situa-
moving plasmoid changes the magnetic topology above the tien is still puzzling and maybe the disappearance of the type Il
lease site or gives rise to a shielding (storage and release) oféhr@ssion comes into play here. In this respect it may be recalled
high-energy electrons. In this context it may be recalled that ttiet the type Il emission starts again after 10:30 UT. A possible
type IV is observed already at 10:11 UT, i.e., during the secoegplanation might be related to a change in the shock geometry
hard X-ray maximum at 10:14 UT. The type Il emission staregfecting both type Il emission and electron acceleration time
a little later, at 10:15 UT, and ends after 10:22 UT. or eficiency.

A direct evidence of high-energy electrons on open fie
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4. Summary and conclusions manifestations of an energy release in the lower corona sug-

d . ) i ) fth f gests that the high-energy electrons detect&tliat have been
Our study comprises various manifestations of the C8.0flare 9ty ¢ |6 ated in the reconnection scenario shortly described in

2002 June_ 02 (1_0:95_10:3_0 U_T)' Both remotely detgcted €l¢ff introduction. Although the temporal coincidence might be
tromagnetic emission and in situ measurements of highly engtjqental (due to the uncertainties in the estimation of the elec-
getic electrons were analysed using data with a high tempqgg|, iniection time) the reconnection process is still in progress.
resolution. The relative timing of theféizrent flare manifesta- -\, inarmore, we assume that the electron injection at an ear-
tions was used to recapitulate the complex chronology of this, yime is shielded by the shock and the rising plasmoid or

particular e\_/ent. In this context it should be rea_hzed that ”fﬁat they are giving rise to a storage and release of high-energy
results obtained here are the outcome of a detailed Case'Sté’@étrons

and allow no &hand generalization.

The primary energy release is studied in hard X-rays Inorderto corroborate this scenario it would be essential to
(lightcurves and images) and microwaves (dynamic spedtain electron spectra for the minor hard X-ray peaks and to
tra). The RHESSI lightcurves consist of two maxima arourificlude the propagatiorfiects from the acceleration site to the
10:08 UT and 10:14 UT followed by a smooth decrease in tg@acecratft. It should be checked whether the high-energy elec-
photon count rates. The photon count rates at higher enerdl€§ populations generated during the primary energy release
(25-50 KeV) show a series of more or less well pronounced n§an explain the particle spectra recordet\atd In any case
nor peaks with a temporal distance of roughly 1 min. The radioshould be kept in mind that the computation of an electron
spectra from 0.8—4.5 GHz (observatory ®@ejdV) comprise a Spectrum out of hard X-ray spectra requires additional assump-
series of fast drifting bursts with a close temporal associatii@ns to be non-ambiguous and that the analysis of propaga-
to the hard X-ray peaks. tion effects is complicated by the various processes described

The dynamic spectra from 40-800 MHz (Potsdam obsétéfore.

vatory) show a well-defined type IV burst starting around  consjdering an electron acceleration at a rising shock in
10:11 UT and a series of weak type Ill bursts around 10:12 UWigher layers of the corona, say abové B, we face the fol-

A second group of type Il bursts at 10:14:20 UT indicategying problem. If we assume that the electrons have been ac-
high-energy electronss(~ 0.13, i.e.,e ~ 4 keV) on Open celerated at the shock one has to explain an injection several
field lines at this time. There is type Il emission starting afninytes after an acceleration might have occurred. A First or-
ter 10:15 UT and ceasing at 10:22 UT. After 10:15 UT there i Fermi process should be able to produce high-energy elec-
a close temporal association between minor hard X-ray pegshs a few seconds after the appearance of the type I, i.e.,
and fast drifting emission features associated with the tyRRyund 10:15 UT but the injection took place after the disap-
IV burst. The radio images from the NamcRadioheliograph pearance of the emission at 10:22 UT. We suggest that this be-
show that the type IV source is moving outward with a velogryiour could be explained by a change in the shock geometry.

ity of roughly 450 kms?. The type Il producing shock wave|n any case we need some additional mechanism to explain the
is clearly seen in front of the type IV source and has a radighserved time delay.

speed of roughly 540 knt$ indicating that the plasmoid is
driving the shock. Thus, for the high-energy electrons recordedAmd on

First in situ measurements of high-energy electrons weldn€ 02 around 10:30 UT we argue in favor of an acceleration
recorded atWind after 10:30 UT. TheNing/3-DP experiment associated with the reconnection process taking place in the
detected electrons from 27-182 keV and our analysis reveaf@er corona. The electron injection takes place after the disap-
a relative injection at 10:22 UT for the lower energy electrori@rance of the type Il emission. As seen in the microwave and
around 30 keV and 10:26 UT for the higher energy electrorf3ard X-ray emission thert_a are clear indications of an ongoing
respectively. We find a good temporal association with minffconnection process. This was not the case for the_eve_nts stud-
hard X-ray peaks but not with the hard X-ray maxima. THEd by Klassen et al. (2002). For these events the injection took

electron injection definitely took place after the disappearari@ce While the type Il emission was in progress and there were
of the type Il radio emission. no indications of a reconnection process in the lower corona.

Jhus, it seems obvious that further investigations should look
in particular at the relative timing of type Il emission and elec-
tron injection.

The delayed electron injection with respect to both ma
ima of primary energy release, i.e., hard X-ray maxiaag
shock wave development, i.e., type Il emission, gives rise
some implications concerning the electron acceleration and in-
jection process. The magnetic connection between flare sjt
and Earth seems to be established. There is evidence for?‘%@}nomedgememsme work ofH. T. Clafen was supported by DLR

ic el field li duri h dh er grant No. 50 QL 0001. The data and software for the hard
ergetic electrons on open field lines during the second hay ay and particle observations were provided by the RHESSI and

X-ray maximum around 10:14 UTe(~ 4 keV) and dur- \ind 3-p Plasma and Energetic Particle Investigation team (R. P. Lin,
ing minor peaks around 10:22 (~ 30 keV) and 10:26 UT pj) at the University of California, Berkeley. The radio spectra of
(e > 50 keV). Only the last two groups of electron populahe observatory Onéjov are by courtesy of Marian Karligk The
tions were definitively detected &/ind'3-DP. At these times data and software for the radio images were provided by the d&yanc
there are also observations of microwave bursts and fast drifedioheliograph Group. Finally, the authors would like to thank
ing type IV fine structures. This close temporal correlation withteven Kahler for lively and stimulating discussions.
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