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Abstract. Gamma-ray emission extending to energies greater than 2 GeV and lasting at least for
two hours as well as 0.8—8.1 MeV nuclear line emission lasting 40 min were observed with very
sensitive telescopes aboard the GAMMA and CGRO satellites for the well-developed post-flare
loop formation phase of the 3B/X12 flare on June 15, 1991. We undertook an analysis of optical,
radio, cosmic-ray, and other data in order to identify the origin of the energetic particles producing
these unusual gamma-ray emissions. The analysis yields evidence that the gamma-rays and other
emissions, observed well after the impulsive phase of the flare, appear to be initiated by prolonged
nonstationary particle acceleration directly during the late phase of the flare rather than by a long-term
trapping of energetic electrons and protons accelerated at the onset of the flare. We argue that such an
acceleration, including the acceleration of protons up to GeV energies, can be caused by a prolonged
post-eruptive energy release following a coronal mass ejection (CME), when the magnetic field above
the active region, strongly disturbed by the CME eruption, relaxes to its initial state through magnetic
reconnection in the coronal vertical current sheet.
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1. Introduction

Observations of the gamma-ray (>200 keV) emission from solar flares is one of
the most important tools of the diagnostic of electron and ion acceleration and their
interaction with the ambient matter (see Chupp and Walker, 1988; and Ryan and
Vestrand, 1994, for a review). The gamma-ray line emission in the 0.2—10 MeV
range arises as a result of the ambient matter nuclei excitation by ions with energies
of 10—-30 MeV nucl~!. The gamma-ray continua are considered either as a result
of a high-energy electron bremsstrahlung or as a product of a decay of neutral pions
born in interactions of high-energy (>400 MeV) protons with the matter nuclei.
The latter process may be recognized by a characteristic shape of the gamma-ray
radiation energy spectrum with a broad maximum in the region of 70 MeV.

Due to gamma-ray line observations and their comparison with hard X-ray and
microwave bursts, it was discovered that the proton acceleration, at least up to tens
of MeV, occurs synchronously with electron acceleration already at the impulsive
phase of a flare with a time scale less that 1 s (Forrest and Chupp, 1983). By
measurements aboard the SMM and Hinotori satellites, the total duration of the
gamma-ray line emission did not exceed 20—25 min.

Detection of the continuum gamma-radiation enriched by the neutral pion decay
photons was reported for the first time for the June 3, 1982 flare (Forrest et al,,
1986). Figure 1 shows that the time profile of the energy release in this flare, as
revealed by radio emission at 3 GHz, consists of at least two main components
separated by a time interval of about 15 min. The first component (~11:42—
11:48 UT) is an impulsive burst with two adjacent peaks and rather sharp decay.
There is also the second or delayed component (after ~11:58 UT) with a relatively
weak but well visible enhancement. It should be emphasized that for this event the
SMM measurements of the gamma-ray continuum with the pion-decay spectrum
extending up to 150 MeV (Forrest et al., 1985, 1986) as well as numerous models
and simulations (e.g., Ramaty, Murphy, and Dermer, 1987; Kocharov et al., 1988;
Gueglenko ef al., 1990; Ryan and Lee, 1991; Mandzhavidze and Ramaty, 1992a)
belong, in fact, to the two peaks of the impulsive component and its decay phase,
but practically do not touch on the delayed component.

The essential progress in the solar flare gamma-ray observations was achieved
in 1991, when very sensitive gamma-ray telescopes GAMMA-1 and COMPTEL
aboard the GAMMA and CGRO satellites were pointed to the Sun and registered
gamma-ray emission in the wide energy range from 0.2 to 2000 MeV. At first,
high-energy gamma-ray emission up to several hundred MeV was observed with
the GAMMA-1 telescope in the comparatively short-duration flare of March 26,
1991 (Akimov et al., 1991, 1994b). Then, during a period of very high activity
associated with AR 6659, a much more powerful and long-lasting flare on June 15,
1991 was observed with the same telescope (Akimov et al., 1991; Leikov et al.,
1993). The analysis shows (see below), that this flare had also a two-component
time profile of energy release which is very similar to the one of the June 3,
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Fig. 1. Microwave and gamma-ray time profiles of the June 3, 1982 flare (Chupp et al., 1985)
together with the CME altitude—time trajectory (Sheeley ef al., 1985).

1982 flare. However, in this case the gamma-ray continuum, with a clear 7°-decay
spectrum extending up to unusually high energies of about 2 GeV, was observed
just at the time of the delayed microwave component and lasted for more than
2 hours. Moreover, the prolonged gamma-ray line and continuum emission at 1—
10 MeV was also registered during ~35 min in the late phase of this flare by the
COMPTEL telescope (Ryan et al., 1993). Later, the EGRET team reported even
longer (up to 8 hours) high-energy gamma-ray radiation observed during a decay
stage of the powerful flare on June 11, 1991 that occurred in the same active region
(Kanbach ef al., 1993).

A very important and principal question for solar flare physics arises: what is
the origin of the energetic particles, in particular, of the GeV protons responsible
for such unusual gamma-ray emission well after the impulsive phase? In a number
of papers (Mandzhavidze and Ramaty, 1992a, b; Mandzhavidze et al., 1993; Yun-
Tung Lau, Northrop, and Finn, 1993) authors, analyzing only the garmma-ray data,
showed that the time profiles and the energy spectra of the gamma-ray radiation
can be explained in the framework of the same trapping model that has been used
successfully for interpretation of the June 3, 1982 flare. In this model, the high-
energy ions are accelerated in the short impulsive phase of the flare, subsequently
are trapped in coronal magnetic loops, and slowly precipitate into dense matter
at the footpoints. On the other hand, the authors did not exclude a model with
continuous acceleration and fast precipitation.

A reasonable way to discriminate between the trapping and the continuous
acceleration models is to compare the gamma-ray emission with other flare mani-
festations, in particular to analyze the behavior of particles of different kinds and
energies during the late phase of the flare. It is clear, for example, that trapping
conditions in coronal magnetic loops and the interaction with plasma turbulence
can hardly be the same for such different particles as electrons with energies of
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hundreds of keV and several MeV and protons with energies from tens of MeV to
several GeV.

The June 15, 1991 flare gives a unique opportunity to compare different data and
to identify the origin of the energetic particles responsible for the prolonged high-
energy gamma-ray emission well after the impulsive phase. During observations
of the gamma-ray emission, radio bursts from millimeter to metric wavelengths
were still well-developed and revealed significant variations. The position of the
flare on the solar disk (N33 W69) allowed detailed optical observations of the
preflare activity, of the two-ribbon flare in Ho and white light as well as the post-
flare loop formation. The extremely intense soft X-ray burst of importance X12
was observed although data on hard X-ray emission are not available. Significant
flux enhancement of energetic particles in a wide range of energies was registered
by the GOES-6, 7 and IMP-8 satellites and by the ground-based neutron monitor
network after this flare. In addition, COMPTEL recorded prolonged production of
10-100 MeV neutrons (Debrunner et al., 1993).

The approach outlined above has been applied partly for analysis of the June 15,
1991 flare by Akimov et al. (1993, 1994a), as well as by Kocharov et al. (1993),
although it was restricted mainly to comparison of the gamma-ray and microwave
radio data. The preliminary conclusion of these studies was that the model of
prolonged particle acceleration is preferable to the model of the long-duration
trapping. Akimov et al. (1993, 1994a) suggested that the particle acceleration well
after the impulsive phase may be related to a long post-eruption energy release
after a coronal mass ejection (CME).

In this paper we present more complete and comprehensive analysis of the
June 15, 1991 flare by means of comparison of the gamma-ray observations with
a whole set of available data indicated above. It should be noted, however, that
we do not attempt to consider all interesting features of this unique flare, but will
compare only those aspects that may help us answer the main question about the
origin of energetic particles producing prolonged gamma-ray emission at the end
of the flare.

Similar analysis has been published recently by Kocharov et al. (1994).

In Section 2 of our paper we present available experimental data on optical and
soft X-ray, radio, gamma-ray and particle observations. In Section 3 we summarize
our arguments in favor of the prolonged particle acceleration at the delayed stage of
the flare, consider an acceleration mechanism based on the magnetic field restora-
tion after a CME, and show that this mechanism is able to accelerate efficiently
protons to tens of GeV energies. At the end, we formulate our conclusions.
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2. Observations of the Preflare, Impulsive, and Post-Flare Loop Formation
Phases

2.1. OPTICAL AND SOFT X-RAY DATA

The flare of June 15, 1991 was observed in the optical range of the spectrum in
mainly the Ho hydrogen line with three solar instruments of the Astronomical
Institute of the Wroctaw University: the large coronagraph (LC) and solar hori-
zontal telescope (SHT) at Biatkow Observatory and the small coronagraph (SC) at
Wroclaw. A post-flare loop arcade associated with the flare was also observed with
a chromospherograph (CH) of the Czech—Croatian Astronomical Observatory at
Hvar in the time interval 09:10—15:31 UT. The X-ray emission in two channels
(0.5-3.6 A and 1-8 A) was obtained from GOES-7 data.

2.1.1. Preflare Phase

The onset of the flare was preceded by a huge flaring arch or a huge surge of
Rompolt’s Class B (Rompolt, 1982; Rompolt and Svestka, 1994). The ejection of
material in this arch occurred in the active region NOAA 6659 (AR) that on June 15
was located very close to the west limb. The material was injected into the leg of a
huge magnetic arch anchored in the northern part of the AR at around 07:24 UT. A
later phase of material propagation along the flaring arch is shown in Figure 2(a).
The event ended when the material, after reaching the top part of the arch, flowed
completely down along both its arms at around 08:05 UT, very close to the time of
start of the large 3B/X12 flare. The arch as seen by the LC consisted of a number
of twisted fine filaments (cf., Figure 2(b)). The height of the top part of the flaring
arch was 75 000 km above the photosphere (above the AR, assuming that the plain
of the arch was perpendicular to the solar surface). The flaring arch is associated
with two small flares seen in the northern part of the AR close to the injection of
material into the arch. During the evolution of the small flares a slight increase
of the X-ray emission (precursor of the main flare) was recorded by GOES-7 at
around 07:40 UT (cf., Figure 3(a)).

2.1.2. Impulsive Phase

The impulsive phase of the 3B/X12 flare began at 08:10 UT according to Ho
observations (SHT and LC) and at 08:09 UT in X-rays. From the beginning of
this large flare one can distinguish in the AR at least five flare ribbons. One of
these ribbons that developed along an existing filament was very bright and even
seen in the photographs taken through a wide-band 3A Ha filter. Several minutes
later, 08:16—08:19 UT, a part of the main ribbon covering one of the AR spots was
observed in white light by Babin and Koval (1992, 1993), Battiola (1992) and in the
Debrecen/Gyula Observatory (Kalman, 1992; Schmieder ef al., 1994). At around
08:13 UT one segment of the main ribbon erupted in the shape of an arch. The arch,
when observed through the wide-band 3A filter, was as bright as the flare ribbons.
Concurrent with the eruption of the flare arch, a surge was ejected from one of its
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Fig. 2. Ha observations of the pre-flare flaring arch, surge and post-flare loop arcade: (a) the initial
phase of evolution of the flaring arch at 07:41 UT (SC); (b) high-resolution picture of the flaring arch
at 07:50 UT (LC); notice the fine filamentary structure of the arch; (c) eruption of an arch-shaped
segment of the main flare ribbon and an initial phase of the surge eruption at 08:20 UT (LC); (d) the
surge at a later phase of eruption at 08:26 UT (SHT); (¢) the initial phase of the post-flare loop
formation at 08:49 UT (SHT); (f) well-developed post-flare loop arcade at 12:08 UT (LC).

legs (see Figures 2(c) and 2(d)). The surge was ejected with an initial velocity of
80 km s~! and was observed in Ho up to a projected height of 80 000 km above
the ribbon. The system of ribbons inside the AR exhibited a flare-like brightness
up to 10:30 UT (CH). In the meantime, the flare emission moved outside the AR
towards the north.

We would like to stress here that very likely a CME should have been generated
sometimes at the beginning of this complex flare. There are at least two reasons
supporting such a supposition. The first one is that just at the impulsive phase of the
flare one segment of the main ribbon of the flare erupted in the shape of an arch. Such
eruptions, as well as the eruptions of the quiescent and active region prominences,
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Fig. 3. (a) Time-profile of the GOES-7 soft X-ray burst; (b) time-altitude diagram of the post-flare
loop arcade evolution.

are caused by eruptions of the associated huge magnetic systems (HMSs), which
nearly simultaneously generate CMEs (Rompolt, 1984, 1990). The second one is
that a number of X-ray bursts associated with flares and CMEs, investigated by
Harrison et al. (1985), possessed an X-ray precursor. Such a precursor was also
present in this flare.
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2.1.3. Post-Flare Loop Formation Phase

Between two main ribbons of the flare a huge post-flare loop (PFL) system devel-
oped. The first manifestation of the PFL formation was the appearance of a bright,
small compact loop evidently linking the two main ribbons at 08:22 UT. Above the
ribbons one can recognize a diffusive cloud-like structure that very likely contains
material from which other loops were formed later. A system of initially small
PFL linking two main flare ribbons was clearly seen at 08:49 UT (SHT) (see Fig-
ure 2(e)). The continuously growing PFL system was observed up to 15:31 UT. It
was observed in Ha: for about 7 hours. The highest loop in the system attained a
height of about 125 000 km above the AR at 12:08 UT and a height of 140 000 km
at the end of the Wroctaw observations (14:48 UT). A time—altitude diagram, made
on the basis of the observations with SHT and CH, shows the evolution of a group
of loops forming the middle part of the arcade, visible from the beginning up to
the end of observations (Figure 3(b)). The maximum development of the PFL, tak-
ing into account the height, brightness and number of loops, took place at around
12:00 UT (cf., Figure 2(f)). On the following day we observed above the same AR
material flowing down along the legs of several loops in the corona. We believe
that these loops represent the final phase of evolution of the PFL system observed
a day earlier. If so, the total time of Ha visibility of the PFL system was at least
24 hours! Simultaneously with the start of the impulsive phase of the flare and with
the development of the long-duration PFL system, GOES-7 recorded a long-lasting
X-ray burst (see Figure 3(a)). The X-ray emission in two energy channels of the
GOES-7 started at 08:09 UT and lasted at least up to 20:00 UT, at which point it
returned to its original level.

2.2. RADIO EMISSION

For the present analysis we use data obtained with the fixed-frequency radiometers
of IAP (Bern) and IZMIRAN (Troitsk) at 8 frequencies in the range of 3—50 GHz
and with the sweep frequency radio spectrograph of Ondfejov Observatory in the
100-1200 MHz range, as well as some other observations.

2.2.1. Microwave Emission

At centimeter and millimeter wavelengths, the three flare phases mentioned above
are clearly evident. According to Solar-Geophysical Data (1991), a weak
(18—40 s.f.u.) simple burst near 07:38-07:45 UT was observed in the centime-
ter range (6—17 GHz), coinciding with the preflare heating phase and soft X-ray
precursor. As Figure 4 shows, the microwave (3 GHz) burst itself has a complex
non-monotonic time profile which is very similar to that of the June 3, 1982 flare
(see Figure 1). The first component, corresponding to the main flare phase and
eruption of the large surge, is a strong quasi-impulsive burst with a peak flux den-
sity of over 2 x 10* s.f.u. at 08:17 UT, with sharp decay of the flux density, and
with a total duration of about 7 min.
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Fig. 4. A sketch of time profiles of the high-energy gamma-ray emission, total radio flux density at
169 and 3000 MHz by data of IZMIRAN, and flux density in right-hand circular polarization at 237,
327, 408, 610 MHz by measurements at the Trieste Astronomical Observatory. The production time
of the 10—100 MeV neutrons, calculated by Debrunner et al. (1993) from the COMPTEL data, and
observational time of the 1~10 MeV gamma-rays (Ryan et al., 1993) are shown by horizontal bars

in a lower panel.

Then, after some interval when the flux density decreases to the level of
the second component starts to increase at 08:25-08:26 UT.

750-1200 s.f.u.,

It is important that the onset of this long-duration, post-burst enhancement coin-
cides with beginning of the post-flare loop formation phase observed optically.
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Fig. 5. Enlarged gamma-ray and microwave time profiles of the delayed component.

At 3-5 GHz, the main part of this radio component continues to decay until
~09:30 UT, but the flux density remains above the pre-burst background until
13-14 UT. The delayed component is much weaker than the impulsive burst, but
its absolute intensity at 5.2 GHz is quite large, up to several thousands of s.f.u. (see
below).

The large-scale picture of the delayed component shown in Figure 5 reveals that
the post-burst enhancement of radio emission has an unsmoothed profile, including
a number of sub-bursts with a time scale of 100—200 s. Such a complex structure
is indicative of the nonstationary energy release during the the post-flare loop
formation phase of the flare.

Figure 6 illustrates frequency spectra of the radio emission. For the first (impul-
sive) component, the peak flux density spectrum for the 08:14—08:17 UT interval
comes from data of the Learmonth Observatory (Solar-Geophysical Data, 1991).
For the second (delayed) component, a number of momentary spectra have been
determined from the Bern data in order to analyze their time evolution. The spectra
of both components differ strongly from simple, for example, gyrosynchrotron
spectra (Dulk and Marsh, 1982), which testifies either to the inhomogeneous struc-
ture of the radio source or to the complicated energy distributions of radiating
electrons. :

The impulsive component has a separate decimetric peak of S ~ 3.9 x 10% s.f.u.
at 1415 MHz. At frequencies between 2.7-8.8 GHz, the flux density remains
roughly constant at S ~ (1.7-1.9) x 10* s.f.u. and then grows up to S = 2.5 x
10* s.f.u. at 15.4 GHz.
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Fig. 6. The peak flux density spectrum of the impulsive microwave component at 08:14-08:17 UT
by data of the Learmonth Observatory and some momentary spectra of the delayed component for
08:28:41—-08:55 UT by measurements in Bern.

Unlike that, the second component at the moment of the peak intensity
(08:34:40 UT) is characterized by a so-called soft radio spectrum with a maxi-
mum flux density of S =~ 4.5 x 103 s.fu. at 5.2 GHz. One more feature of this
spectrum is its distinct high-frequency flattening at 19.6—-50 GHz. Figure 6 shows
also that the shape of the microwave spectrum, including the relatively low spectral
maximum frequency, f,,, =~ 5.2 GHz, and high-frequency flattening, remains prac-
tically the same during the main part of the second component. Only near the onset
of this component at 08:28-08:33 UT, does the spectrum peak at 11.8 GHz with
approximately equal flux densities at 5.2 and 11.8 GHz. As a whole, the evolution
of the radio spectra during the extended component reduces to relative decrease of
the flux density at high frequencies and increase at low frequencies. The similar
frequency spectra throughout the delayed component indicate that the generation
of the successive sub-bursts is mainly caused by the appearance of additional accel-
erated particles rather than by variations of other parameters of the radio sources
such as the magnetic field strength.

It is important for the present study that as a whole the second microwave
component of the flare under consideration by its observational features can be
identified in particular with so-called extended or delayed microwave bursts (Cliver
etal., 1986; Kai et al., 1986; Svestka, 1989). According to these studies, such events
are closely associated with coronal mass ejections and interpreted as a result of a
prolonged post-eruptive coronal particle acceleration via magnetic reconnection in
post-flare loop system formation.
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2.2.2. Decimetric and Metric Bursts

Analysis of the dynamic spectra shows that in the decimetric/metric range the flare
radio emission is a complicated overlap of a slow-drifting, multi-band type II burst
and intense continuous type IV burst with a rich fine structure. Let us consider only
three features that are important for this study.

Firstly, the flare starts at 08:13:33-08:14:00 UT with several weak dm spikes in
the range of 900—1000 MHz (see Figure 4). They are short-duration (¢ < 0.1 s)
and narrowband (A f ~ 10 MHz) bursts that are believed to be a manifestation of
elementary ‘quanta’ of particle acceleration in the region of the flare energy release
(see, e.g., Giidel, Ashwanden, and Benz, 1991). An upper limit on the background
electron density in the acceleration source is obtained from the condition that the
electromagnetic wave frequency must exceed the plasma frequency. This yields
the value of n, ~ (1-1.2) x 10 cm=3.

Secondly, the spikes mentioned above are followed by a group of type U bursts
(Figure 7(a)) which drift slowly toward low frequencies: the top of the U bursts
moves from 510 MHz at 08:14:46 UT to 300 MHz at 08:16:27 UT. This global
negative drift is typical of the initial phase of the eruptive flares (Karlicky, 1992)
and can be explained by the propagation of electron beams in expanding magnetic
loops. The electron density in such expanding loops is decreasing, which is why the
U bursts are observed at lower frequencies. Taking into account the characteristic
density height scale of 10° km for the coronal temperature of T = 2 x 10° K, we
can estimate the height difference between the top of the U bursts as 8 x 10* km and
also the expanding loop velocity as 800 km s~1. Moreover, during the impulsive
phase at 08:16:00—08:18:40 UT, broadband pulsations with a characteristic period
of 0.5 s were observed also in the 500—1200 MHz range.

Thirdly, in the post-flare loop formation phase, the prolonged decimetric/metric
radio continuum with numerous variations and bursts of different intensity and
time scale, including a number of reactivations and various fine structures, take
place as well (see Figure 4). In particular, during the rise and peak of the delayed
microwave component (08:29:00-08:32:10 UT) one more strong group of nar-
rowband dm-spikes was fixed at 300—1000 MHz (Figure 7(b)). Their parameters,
i.e., the duration and frequency width, were 0.1 s and 2—15 MHz, respectively.
After this first reactivation, the second, stronger and prolonged one follows at
09:00-09:50 UT, which is especially intense at decimetric wavelengths and is
accompanied by subsecond pulsations (09:06:55-09:37:00 UT, 300-900 MHz,
and 09:30:30-09:32:00 UT, 100—400 MHz) as well as by fiber bursts (09:13:40
—09:18:30 UT, 500-900 MHz, and 09:35:10-09:35:13 UT, 400—500 MHz) (Fig-
ure 7(c)). The presence of these variations and fine structures, especially of dm-
spikes, shows that the electron acceleration occurs also at the late phase of the
flare. The displacement of the low-frequency boundary of the dm-spike emission
to lower frequencies in comparison with the impulsive phase is indicative of higher
altitude particle acceleration during the post-flare loop formation phase.
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Fig. 7. Fragments of the Ondfejov dynamic radio spectrunz: (a) a group of type U bursts at the start
of the flare; (b) numerous narrowband dm spikes during the post-flare loop formation phase; (c) the
second reactivation with fine structures.
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It should be noted that the association of similar strongly variable radio emis-
sion and fine structures with the reactivation process in the post-flare loop phase
connected with interactions of the loops was pointed out also for other large flares,
such as the April 27, 1981 and June 3, 1982 events (Karlicky, Aurass, and Mann,
1986; Zhang He-Qi and Chupp, 1989; Karlicky and Zhou Ai-hua, 1993).

2.3. GAMMA-RAYS

2.3.1. Time History

The time profile of the June 15 flare in gamma-rays above 100 MeV registered by
the GAMMA-1 telescope (Akimov et al., 1988a) is displayed in Figure 4. During
the solar observations an orbital period (92 min) was shared between solar and anti-
solar orientations separated by the intervals of satellite slew when the telescope was
off. GAMMA-1, being in shadow, could not register the impulsive phase and was
switched on in solar attitude at 08:37:22 UT, just at the maximum of the delayed
radio component. From 09:00:14 to 09:14:44 UT the satellite was traversing the
South Atlantic Anomaly. For this interval we can not exclude the possibility of
unexpected background variations. During the next orbit the high-energy gamma-
ray flux was still well above the background. Then the telescope was switched off
for technical reasons for a few days. An enlarged picture of the high energy gamma-
radiation time history superimposed on the 5.2 GHz microwave delayed component
is shown in Figure 5. The dashed line represents the characteristic decay time
(13.9 min) of the 1-10 MeV gamma-ray emission during the COMPTEL/CGRO
measurements at 08:59—09:37 UT (Ryan et al., 1993).

One should note a similarity between the general trends (and perhaps some
details) of the high-energy gamma-ray and microwave time profiles at the decay
stage of the delayed component at 08:37—-09:00 UT. One can see that at the
adjoining time interval, where the COMPTEL data are available, the decays of
gamma-ray and radio emissions are similar.

The general similarity of the gamma-ray and microwave emission appears to
be maintained on a broader time scale as well. Atleast, the >100 MeV gamma-ray
flux during the second GAMMA-1 orbit (after 10:08 UT) decreased by a factor of
4 in comparison with that at the end the first orbit, while for the radio flux density
at 3—5.2 GHz, the corresponding factor is 5.

2.3.2. Spectral Analysis
At low energies, the sensitivity of GAMMA-1 varies significantly within the width
of the energy response function. Therefore the calorimeter data do not directly
reveal the real spectrum shape, so the application of some deconvolution procedure
is necessary.

The unknown source spectrum is connected with the observed numbers of
counts, N, in an arbitrary binned space of measured energies through the instru-
mental convolution function C(E). Its essential components — effective area and
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energy-spread-function — were obtained by combination of calibration on an accel-
erator and Monte-Carlo calculations (Akimov et al., 1988b).

The maximum likelihood method was applied with the use of the Poisson
logarithmic likelihood function L(N, ), where the mean value g is a prediction
from the energy spectrum model F(E):

p=b+ /F(E)C(E) dE (1)
E

where b is the background expectation. L(IN, p) must be maximized over the
spectrum model] parameters.

For the first orbit, only the 23-min period from the start of the solar observation
to the anomaly entrance was used for the spectral analysis. As a first step we
introduced a simple power-law spectrum model. This model turned out to be
incompatible with the data.

In order to get a hint of the kind of spectrum model which would be the
most adequate to the data, the maximum entropy deconvolution algorithm was
applied (Cornwel and Evans, 1985). The power-law model was taken here as
a ‘background level’ corresponding to zero information content. The maximum
entropy nonparametric solution showed that the only spectral feature that can be
supported by the data is a spectrum bend near 100 MeV. As the next step of our
analysis, we examined a model

F(E) = AE~"[1 + (E/EO)Z](VI—VZ)/Z (2)

that corresponds to a double power-law spectrum with a smooth break at £ = Ej
and exponents ; at low and , at high energies.

Though the solution is not too sensitive to the value of Fy, formally the best
fit was reached with Ey = 70 MeV. Figure §(a) displays the best fit with model
(2) (1 = 6.3+ 1.4, v, = 3.64 £ 0.24). The shaded area corresponds to a 68%-
confidence region of possible solutions obtained by multiple repetition of the
maximization routine with bootstrap samples extracted from the original data set.
The shape of the spectrum with a maximum at 70—100 MeV indicates that most of
the photons originated from neutral pion decay.

In a search for spectral variation, the total 23-min period was divided into three
consecutive time intervals of duration 5, 8, and 10 min, containing equal total
numbers of photons. In general, the spectrum shape was found to be stable, but
values of the exponent at high energies (2) showed a tendency to soften: the first
interval 3.13 4 0.37, the second 3.75 & 0.55, the third 4.31 £ 0.57.

We are confident that the spectrum reconstruction procedure applied together
with the telescope characteristics used does not suffer from any systematic error
which could result in an artificial spectrum bend at low energies. This is verified by
several measurements during the GAMMA-1 flight, e.g., in a very short impulsive
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Fig. 8. The gamma-ray energy spectrum in the first orbit (a) and energy distribution of counts in the
first and second orbits (b).

gamma-ray flare on March 26, 1991 (rise time ~1 s) a pure power-law spectrum,
evidently of the electron bremsstrahlung origin, was obtained (Akimov ef al,
1994b); observation of atmospheric gamma-radiation from the Earth’s limb gave
also a power-law spectrum. It should be added that telescope characteristics were
being monitored in flight by a rich set of housekeeping data and daily calibrations
and showed very high stability (Akimov et al., 1991). Minor corrections were
introduced when necessary. The energy spectrum and average intensity of the
instrumental background were also stable during the flight.

The curve in Figure 8(b) represents the photon spectrum from Figure 8(a)
folded with the energy dependence of the telescope effective area and energy
response function. It demonstrates a good agreement with the registered counts
(filled circles). Open squares show the counts in the second orbit. Scarce statistics
do not allow one to construct a reliable photon spectrum, but the general similarity
of data from the two orbits indicates that the photon spectrum did not change
significantly in 1.5 hour.

The COMPTEL/CGRO registered gamma-ray emission from this flare (Ryan
et al., 1993) in the energy range 1-10 MeV during the time interval 08:59—
09:37 UT (see Figure 4). The gamma-ray spectrum contained definitely the 2.2 MeV
neutron capture line, a broad feature at 4.4 MeV, and probably some lines below
2 MeV, indicating the presence of protons with energies of tens of MeV.

2.4. COSMIC RAYS

In this subsection we analyze possible relation between the energetic particles
which produce various emissions on the Sun and those observed at the orbit of the
Earth. The increase of solar cosmic rays generated by this flare was observed by
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practically all the detectors aboard the spacecraft operated at that time. On the Earth
the increase was detected by most of the neutron monitors with geomagnetic cut-
off rigidities <7 GV. Besides, the COMPTEL telescope aboard the CGRO satellite
registered a flux of solar neutrons in the 10—100 MeV energy range (Debrunner
et al., 1993). The ground level enhancement (GLE) of the cosmic rays was almost
isotropic from the very onset, which is unusual for events caused by western flares.
This fact, noticed already in the first studies of this flare (Smart and Shea, 1993;
Akimov et al., 1993), makes the analysis of the proton increase much easier. In
particular, simple isotropic diffusion models can be applied for description of the
energetic particle propagation and features of the proton increase.

Data from 16 different channels of the GOES-6 and -7 (NGDC CD, 1994) and
IMP-8 (Armstrong, 1993) satellites and of 28 neutron monitors (GLE Data Base,
1994) allowed us to derive time and energy dependencies of the differential proton
fluxes near the Earth using the special method elaborated by Belov and Eroshenko
(1995). For the proton event under consideration, the differential proton fluxes near
the Earth have been found for each 5-min interval from the onset to the very end
of the increase in the 10 MeV-10 GeV energy range. This sufficiently detailed
time-energy picture allows us to investigate the main properties of the increase.

If the proton emission from the Sun starts at a moment ¢, lasts during a time
interval At, and is described by a function f(7), then in the framework of an
isotropic diffusion model, an equation for the proton flux observed near the Earth
at the moment ¢ is

() = A / £(r) exp <LT> (t—r)7dr . 3)

The parameters A, -, b in this equation depend on the diffusion characteristics in
interplanetary space and on the particle energy. They should be found for different
energies by a least-square method.

A number of the simple 2—3 parameter forms were tested for f(7). The best
agreement with experimental data was obtained for the simplest rectangular form. In
this case the residual dispersion decreases by 3—6 times relative to the instantaneous
emission model. Analysis of the modeling results obtained revealed some essential
differences between the ejection time of low- and high-energy protons. The 175—
350 MeV protons appeared to be ejected from 08:23 £ 00:01 UT during 6 &= 1 min
(in photon arrival time). This time interval coincides approximately with the onset
of the post-flare loop formation phase observed in the optical range and with the
onset of the delayed microwave component. The ejection of high-energy protons
(1300-4000 MeV) occurred approximately at the same time (08:26 + 0:03 UT),
but it could have had a shorter duration.

For low-energy (£ < 80 MeV) protons, reliable data on the emission duration
could not be obtained, but in any case a beginning of the low-energy proton ejection
could not be much delayed relative to the onset of the impulsive phase of the flare.
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This statement is supported by optical observations (Babin and Koval, 1993) and
analysis (Belov, Eroshenko, and Lifschits, 1994) of the white-light flare as well
as by the neutron observations (Debrunner et al., 1993). The white-light emission,
that is believed to be initiated by the <100 MeV protons, started before 08:15 UT
and lasted up to 08:23 UT. The low-energy neutrons also were ejected just at
the beginning of the impulsive phase of the flare. At the same time, the lack of
>100 MeV protons till 08:23 UT explains why at the onset of the flare (08:13—
08:23 UT) only the ejection of the low-energy neutrons was observed.

As a next step it is reasonable to use the shape of the microwave burst as the
profile of the proton ejection. Figure 9 shows results of calculations of time profiles
for two proton energies in the cases when the whole microwave (19.6 GHz) time
profile (top panel) and only its delayed component (bottom panel) were taken
as an ejection function f(7). One can see that in the former variant the model
calculations lead to too early an onset and too slow an increase of the proton flux at
high energies. The latter variant gives much better agreement with the experimental
data, particularly for high-energy protons.

The results outlined above provide evidence that emission of low-energy protons
embraced both the impulsive and the delayed phases of the flare, while the main
part of the >100 MeV protons was ejected after the end of the impulsive phase.
Other evidence in favour of this conclusion can be inferred from the analysis of
the energy spectrum variations at the event onset. Figure 10 illustrates the proton
energy spectra for the initial stage of the proton increase. Usually proton spectra
before the event maximum are harder than in the maximum itself (the spectrum
in the maximum is also shown in Figure 10) and after the maximum the slope of
the spectrum becomes steeper. In this event, such behavior is observed only from
the third 5-min interval (08:40-08:45 UT) but during the first 10 min (08:30~
08:40 UT) the proton spectrum has an unusual shape with a pronounced maximum
at 200—-300 MeV. This can take place only under prolonged proton emission with
a hardening of the energy spectrum.

3. Discussion

Thus the features of the radio bursts, high-energy gamma-ray emission, 0.8—8 MeV
gamma-ray continuum and lines, cosmic rays, as well as the optical data described
above are directly indicative of the presence of electrons with energies from some
hundreds of keV to at least several MeV and protons with energies from some tens
of MeV up to several GeV in the flare region during many tens of minutes at the
post-flare loop formation phase.

3.1. PROLONGED ACCELERATION RATHER THAN TRAPPING

As we wrote in Section 1, there are two possibilities to explain the presence of the
energetic particles at the late stage of the flare:
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Fig. 10. Differential proton spectra of cosmic rays near the Earth, observed during the three first
five-min intervals after the onset, and the peak proton spectrum for the June 15, 1991 event.
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(a) The comparatively short acceleration of particles in the impulsive phase of
the flare followed by their long trapping in the coronal magnetic loops and slow
precipitation into denser footpoint regions.

(b) The continuous particle acceleration during the late phase of the flare.

Mandzhavidze et al. (1993) combined the GAMMA-1 and COMPTEL/CGRO
gamma-ray data for the June 15, 1991 flare and showed that it is possible to account
for these observations by assuming that after an impulsive acceleration particles
were trapped in magnetic loops provided the plasma density was low at the trap
location, the plasma turbulence level was decreasing during the late phase of the
flare, and a gradient drift of particles from coronal loops was suppressed by twist
of the loop magnetic lines (Yun-Tung Lau, Northrop, and Finn, 1993).

We believe that the complex of the observational data presented in Section 2 bear
some evidence of prolonged particle acceleration during the late phase of the flare
rather than of the long-term trapping of energetic electrons and ions accelerated in
the impulsive phase. The main arguments are the following:

(1) Variability of the microwave time profiles. The microwave emission flux
in the delayed phase of the flare varies significantly with a characteristic time of
100-200 s. If these variations were caused by fast changes of the magnetic field
strength or plasma density, it would result in variations of the spectral maximum
frequency or the degree of the frequency spectrum suppression at low frequencies.
An analysis of the observed frequency spectrum testifies to an absence of these
effects. Consequently, we have to ascribe the microwave sub-bursts to additional
electron acceleration acting during the post-flare loop formation phase.

(2) Variability and fine structure of the decimetric/metric bursts. The strong
variability reactivations and numerous radio bursts observed during the late phase
of the flare can hardly be explained by phenomena other than an additional accel-
eration of keV electrons. At the same time, the fine structures, especially such as
the dm-spikes, appear to be an independent indicator of the electron acceleration
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in this phase of the flare, in particular, of elementary events of the acceleration. It
is important to be reminded of the conclusion of Subsection 2.2.2, that according
to the observed frequencies of the dm-spikes, the source of particle acceleration
was situated higher in the corona in the late phase than in the impulsive phase of
the flare.

(3) Similarity of the microwave and gamma-ray time profiles in the delayed
phase. 1t is difficult to account for the observed similarity between profiles of
the delayed component of the microwave burst, 1-10 MeV and 30 MeV-2 GeV
gamma-ray emissions by the long capture of such different kinds of particles as the
hundreds of keV and some MeV electrons, and tens of MeV and GeV protons. In the
weak diffusion regime, when the lifetime of particles is a maximum and determined
by Coulomb collisions, the 1 GeV protons live in the trap some thousands of times
longer than >500 keV electrons. If following, for example, Mandzhavidze and
Ramaty (1992a) one accepts the value n ~ 10'% cm~> for the background plasma
density, then without taking into account the gradient drift, the 1 GeV protons can
live in the trap for about 2 x 10° s, but the lifetime of the 500 keV electrons at
the same density is restricted to 30 s. The precipitation of such different particles
into the loss-cone by scattering due to plasma turbulence also cannot occur at the
same rate. Therefore the observed similarity of the profiles is due to a long-term
nonstationary acceleration rather than a capture of particles in the trap.

(4) Long-lasting escape of the accelerated particles into interplanetary space.
The peculiarities of the cosmic ray increase outlined in Section 2.4 give us grounds
to reject the simplest model of instantaneous and simultaneous ejection of protons
of all energies. The model of the long ejection matches the experimental data
better. The composition of all the results obtained reveals that protons of relatively
low energies (<80 MeV) were being ejected, beginning from the impulsive phase
of the flare, but the high-energy protons (>150 MeV) were generated after the
end of the impulsive phase, and the beginning of their ejection approximately
coincided with the onset of the post-flare loop formation phase and the delayed
microwave component. As a whole, the close relation between the characteristics of
the energetic particles observed as cosmic rays and that producing the microwave
and gamma-ray emissions appears to show that these two particle populations had
a common origin and were accelerated on the Sun.

It should be added that, as Debrunner et al. (1993) concluded from the analysis of
the COMPTEL data, the generation of neutrons started at the onset of the impulsive
phase and lasted for over one hour with the higher-energy neutrons being produced
later than Jower-energy ones.
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3.2. POST-ERUPTION ENERGY RELEASE AS A SOURCE OF THE PROLONGED
PARTICLE ACCELERATION

Thus, we believe that the long-duration gamma-ray emission and the delayed radio
bursts in this flare stemmed from ions and electrons accelerated during the late
phase of the flare.

If the variant of the prolonged particle acceleration is correct, then one of
the causes of such an acceleration could be, in principle, a coronal shock wave
generating a type II radio burst (see, e.g., Ramaty et al., 1987). However, such a
shock acceleration appears to be not suitable for the interpretation of the delayed
component of the gamma-ray and microwave emission. The most obvious reason is
that at the time of the delayed component the shock propagates already at such a high
altitude in the corona that the particles are not able to return to the chromosphere
and to produce, in particular, the gamma-rays (Kahler, 1984; Mandzhavidze and
Ramaty, 1992b). For example, one can see in Figure 1 that for the June 3, 1982
flare, at the moment of the delayed microwave component, the altitude of the front
of the coronal mass ejection, which location is like that of the shock wave, is
approximately 2.5 R above the photosphere (Sheeley et al., 1985). The analysis
of the dynamic spectrum of the type II burst for the June 15, 1991 flare gives a
close estimation of the shock wave altitude.

Besides the primary energy release in the impulsive phase and coronal shock
wave, there is one more source of prolonged particle acceleration high in the
corona which is connected with CMEs (see, for example, reviews by Svestka
(1989), Kahler (1992), and Chertok (1993)). In the process of the CME eruption,
the magnetic field is strongly disturbed in the extensive region of the corona. The
helmet magnetic configurations with initially closed field lines in the low corona
are stretched by the CME and are converted into mainly open structures. Then,
in the post-eruptive phase, the magnetic field restores gradually to its initia] state.
The restoration happens via the magnetic reconnection in a coronal vertical current
sheet and results in a prolonged particle acceleration.

The post-eruption energy release in large flares is considered as a possible source
of prolonged acceleration of electrons with energies of tens—hundreds of keV,
which are responsible in particular for long-duration hard X-ray and microwave
bursts (Kopp and Pneuman, 1976; Anzer and Pneuman, 1982; Kahler, 1984; Cliver
et al., 1986; Kai et al., 1986; Karlicky, Aurass, and Mann, 1986; Martens and
Kuin, 1989; Svestka, 1989). As far as a proton acceleration during the post-eruption
phase is concerned, Bazilevskaya et al. (1990), analyzed observational data and
argued that this process can produce 10—30 MeV protons observed sometimes in
interplanetary space as so-called surplus proton fluxes.

Our present analysis provides some evidences that there are powerful eruptive
flares in which the restoration of the coronal magnetic field after propagation of a
large CME appears to be accompanied by a prolonged acceleration of both electrons
and protons up to energies as high as some MeV and GeV, respectively.
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Unfortunately, there were no white-light satellite observations of CMEs for this
flare. However, there are some indirect data indicating a CME eruption as well as
direct optical observations of the long post-flare loop formation phase and various
radio manifestations of the post-eruption energy release in the flare. Among signs of
the CME eruption we can point out, for example, is a coincidence of the brightening
and development of the pre-flare loop with a soft X-ray precursor of the flare (Har-
rison ef al., 1985; Harrison and Sime, 1989); the presence of a number of eruptive
events, including the surge and a loop-type eruptive prominence (Subsection 2.1);
an association of the drifting group of U-type radio bursts in the initial phase of the
flare with extending coronal loops (Subsection 2.2); an appearance of a large and
long-existing post-flare loop system; and, lastly, an associated geomagnetic storm
with a sudden commencement on June 17 at 10:19 UT (Solar-Geophysical Data,
1991) corresponding to an average velocity of the disturbance on the Sun—Earth
route of about 830 km 51,

As far as the post-eruption energy release is concerned, practically all the most
typical attributes of this phase were present and well developed in this flare (Sec-
tion 2). The most clear manifestation of this process is an evolving and large-scale
post-flare loop system observed optically for at least 10 hours. It was accompa-
nied also by the long-duration soft X-ray burst, delayed microwave component
with a soft frequency spectrum, multi-hour decimetric/metric radio emission with
numerous variations and fine structures, etc.

3.3. PARTICLE ACCELERATION IN A HIGH CORONAL CURRENT SHEET

A reconnecting current sheet (RCS) forming behind a rising CME or loop promi-
nence is a place where prolonged energy release occurs, mainly in the form of
high-energy particles. The reason for this is a strong, direct electric field generated
inside RCS, that efficiently accelerates charged particles (Somov, 1981). As RCS
forms very high above the photosphere, the plasma density outside RCS is low and
collisional energy losses can be ignored. This fact allows us to explain the efficient
generation of relativistic particles in flares of the type considered (Litvinenko and
Somov, 1995).

Some simple estimates confirm the above-mentioned scenario. A typical CME
speed of upward motion equals the Alfvén speed in the corona V4 ~ 1000 km s 1.
A typical speed of plasma inflow into RCS v is an order of magnitude lower. Here
we assurme a fast reconnection regime in the RCS. Such a regime is known to be
realized in non-neutral sheets (see Somov, 1994, and references therein). Taking
for illustrative purposes v =~ 100 km s~! and a characteristic value of the magnetic
field By = 100 G near RCS, we obtain the direct electric field inside RCS,

E= 11;30 ~10Vem™ | 4)
C

where c is the speed of light. Electric fields of this order are actually observed in
active regions, in particular, in erupting prominences.
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The maximum energy gain for a particle accelerated in RCS is determined by
the potential drop along the sheet and equals

U = eEL =~ 100 GeV )

if L ~ 10'% cm is a characteristic length of RCS. Clearly this value, U, is amply
sufficient for the explanation of the extended acceleration phase, though taking
care of the magnetic field in the RCS can diminish the actual maximum energy,
Emax-

Speiser (1965) treated the particle acceleration in current sheets, taking into
account both the reconnecting field and a small transverse (perpendicular to the
RCS plane) magnetic field component B| = & By. Litvinenko and Somov (1993)
generalized the treatment by including into consideration the longitudinal magnetic
field. This component efficiently magnetizes accelerated electrons in RCS, but
cannot influence motion of relativistic protons and heavier ions that are of primary
interest to us here. Hence, in the simplest approximation, we can use the basic
Speiser result to estimate the energy gain, A€, for particles of mass m and charge
e accelerated in the RCS:

2 BN
A€ =2mce (B_L> ) (6)

Thus, on the one hand, electrons acquire relativistic energy in RCSs with a
non-zero longitudinal field (Litvinenko and Somov, 1993). On the other hand,
application of Equations (4) and (6) to the model of a high-temperature turbulent
RCS (Somov, 1992), formed behind a rising CME, shows that a non-zero B
radically restricts the energy of heavier particles: £y < AE = 2mpv2512 for
protons cannot exceed 20 MeV if a typical value of £ | ~ 3 x 107> (B, ~ 0.3G)is
assumed (see Section 3 in Litvinenko and Somov, 1995). Therefore, the relativistic
energies cannot be reached after a single ‘interaction’ of the particle with the RCS
in the framework of Speiser’s model.

We suggest that charged particles interact with RCS more then once, each time
gaining a finite, relatively small amount of energy. The cumulative effect could
give the required relativistic acceleration. The factor that makes positively charged
particles return to RCS is the transverse electric field directed toward the sheet
(Litvinenko and Somov, 1995),

B, =2r07, (7)

where the magnitude of the electric charge density integrated over the sheet thick-
ness is

o? = <g>2nea . (8)

C
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According to Litvinenko and Somov (1995), the maximum energy of protons
is

4,2 .4
gmaxzéz;: 1"‘\/1*53_‘{"5%‘2‘ ) (9)

where ¢ ~ kT'. Formula (9) shows that protons can actually be accelerated to GeV
energies in the high-temperature turbulent RCS: for instance, £m.x ~ 2.4 GeV
provided T ~ 108 K.

This result and very short acceleration time (see Equation (21) in Litvinenko
and Somov, 1995) clearly demonstrate the possibility of an efficient acceleration
of protons by a direct electric field, E, in a reconnecting current sheets during the
late phases of solar flares.

4, Conclusion

Thus the main conclusion of this paper is that the long-duration and high-energy
gamma-ray emission observed in the June 15, 1991 flare appears to be mainly a
result of a continuous particle acceleration during the late phase of the flare, rather
than a prolonged trapping of particles from the impulsive phase. This conclusion is
based on the analysis of behavior of electrons and protons of different energies by
means of the comparison of the gamma-ray emission with radio bursts and other
accompanying phenomena.

Kocharov et al. (1994) came to a similar conclusion comparing mainly the
energy spectra and the quantity of energetic particles which produced the gamma-
ray emission with that observed near the Earth.

This conclusion seems to be correct, at least for the gamma-ray emission
observed during the delayed microwave component. We do not exclude that at the
very final stage of the flare the continuous acceleration is followed by a trapping
of particles that provides the long gradual decay of the microwave and gamma-ray
emissions.

We argue also that the most probable source of so long acceleration is a post-
eruption energy release caused by a restoration of the coronal magnetic field after
the CME eruption. The theoretical estimations also show that a large direct electric
field inside a reconnecting current sheet, which is formed behind a rising CME,
can result in acceleration of protons up to GeV energies. Our consideration reveals
that the post-eruption energy release is a much more important process of the flare
development than it was considered to be before. It is evident that the scenario
suggested by us for the June 15, 1991 flare has a general character and can take
place in other events.

For example, in another large flare of June 4, 1991, long-duration emissions
of gamma-ray lines and high-energy neutrons with a clear two-component time
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structure, corresponding to impulsive and delayed microwave components, were
observed (see Struminsky, Matsuoka, and Takahashi, 1994, and references therein).
The authors show that in this flare the second component of acceleration is also
characterized by a much harder proton spectrum than the first one. Again, the
similarity of gamma-ray, neutron, and microwave profiles means that effective
particle acceleration occurred both in the impulsive and delayed phases.

In a recent paper Ramaty and Mandzhavidze (1994) reconsidered their previous
conclusion concerning the origin of the long-duration gamma-ray emission in the
June 11, 1991 flare. They noted that a clear similarity takes place between the
time profiles of the 2.22 MeV gamma-ray line emission observed with COMP-
TEL and OSSE in the impulsive and delayed phases and the time history of the
>50 MeV pion decay emission extended back to the impulsive phase. They esti-
mated also that the magnetic field needed to allow trapping of the high-energy
electrons responsible for the 50—~70 MeV bremsstrahlung gamma-ray excess that
is present for about 2 hours after the impulsive phase of the flare is inconsistent
with the observed microwave flux. Therefore, Ramaty and Mandzhavidze (1994)
came to the conclusion that during at least the first 3 hours after beginning of the
flare, pure trapping of energetic particles cannot account for the observations and,
consequently, prolonged multiple acceleration episodes are necessary (Chertok,
1995).

The existence of the well-developed post-flare loop systems in the flares on
June 4 and 11, 1991 allows us to suppose that in these flare the acceleration in the
delayed phase was also caused by the post-eruption energy release.

The two-stage energy release with harder gamma-ray spectrum in the delayed
phase took place also in the much shorter and less powerful flare of March 26, 1991
(Akimov et al., 1994b), although no pronounced CME was observed in this case.
It means that second-stage acceleration may also occur when the preflare magnetic
structures are disturbed not by a large CME, but by other factors such as rapidly
expanding and evolving coronal loops.

Further experimental and theoretical investigations of many flares are necessary
to study in detail features of the post-eruption energy release and the prolonged
particle acceleration up to very high energies in the late stage of solar flares.
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