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ABSTRACT

Solar flares present a number of radiative characteristics indicative of kinetic processes of high
energy particles. Proper understanding of the kinetic processes, however, relies on how well we can
separate the acceleration from transport characteristics. In this paper, we discuss microwave and hard
X-ray bursts as a powerful tool in investigating the acceleration and transport of high energy electrons.
After a brief review of the studies devoted to the kinetic process of solar flare particles, we cast them
into a simple formulation which allows us to handle the injection, trap, and precipitation of fare
electrons self-consistently. The formulation is then taken as a basis for interpreting and analyzing a
set of impulsive and gradual bursts occurred on 2001 April 6 observed with the Owens Valley Solar
Array, and HXT/WBS onboard Yohkoh satellite. We quantify the acceleration, trap, and precipitation
processes during each burst in terms of relevant time scales, and also determine ambient density and
magnetic field. Our result suggests that it should be the acceleration property, in particular, electron
pitch angle distribution, rather than the trap condition, that is mainly responsible for the distinctive

properties of the impulsive and gradual flares.
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I. INTRODUCTION

During solar flares, charged particles are accelerated
to high energies, and their interaction with ambient
plasma and magnetic field produces electromagnetic
emissions under various radiation mechanisms. Among
these, hard X-rays (HXRs) and microwave radiations
(MWRs) are largely contributed by electrons acceler-
ated to energy range of several tens of keV to MeV, via
the mechanisms of Bremsstrahlung and synchrotron ra-
diation, respectively (Melrose 1980). Since this is the
most abundant species among the solar flare acceler-
ated particles, the HXR and MWR have been regarded
as the most powerful diagnostics for exploring physical
processes that control the evolution of the electrons in
phase space (Miller et al. 1997). In general, the modu-
lation is not only due to the accelerator itself but also
to other physical processes encountered after accelera-
tion (Petrosian 1990; Aschwanden 2003). It therefore
appears as an essential step to separate the radiation
characteristics determined by the electron acceleration
mechanisms from those by transport effects.

The very first theoretical formulation of the trans-
port problem was implemented by Takakura & Kai
(1966) in an application to MWR spectral evolution.
This type of model can be regarded as a perfect trap
model, since it considers the evolution of the electron
energy distribution within a confined volume. How-
ever, electrons can escape out of the magnetic trap due
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to finite loss cones in real solar magnetic loops. Mel-
rose & Brown (1976) formulated a system of trap and
precipitation in order to treat the thin and thick target
Bremsstrahlung altogether, which has been popularly
used in interpretation of time and spectral variations of
HXRs and MWRs (Aschwanden et al. 1997, and ref-
erences therein). Later development of the transport
problem have, however, been made mainly to explain
the observed time delays between the HXR peaks at dif-
ferent energies. Bai & Ramaty (1979) and Bai (1982)
interpreted the progressive delay of HXR peaks with
higher energy as due to the effect of Coulomb colli-
sions on the trapped electrons (see also Vilmer, Kane,
& Trottet 1982). While the precipitation in Melrose &
Brown’s (1976) model refers only to the leakage from
the trapped electron population (‘secondary precipita-
tion’ hereafter), in many events there appears to be
a need for electrons that directly precipitate into the
chromosphere with little or no trapping. Aschwan-
den and coauthors (Aschwanden 1998; Aschwanden,
Schwartz, & Dennis 1998; Aschwanden et al. 1999)
present a time-of-flight model in which the directly-
precipitating electrons are distinguished from the sec-
ondary precipitating electrons by looking at whether
the HXR time delays occur toward lower energy as a
result of the time-of-flight or toward higher energy due
to Coulomb collisions in the trap.

MWR studies on the transport problem have fol-
lowed in a way to complement the HXR observations.
The most commonly discussed in this line would be
the relative time profiles of HXR and MWR. In gen-
eral, lightcurves of MWR and HXR share an overall
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similarity, but the peak of MWR is a bit delayed and
decay is a bit extended (e.g., Crannell et al. 1978; Cor-
nell et al. 1984). These relative differences between
MWR and HXR led to the idea that the observed radi-
ation involves either an energy-dependence of the two
radiations or a trap-related electron dynamics. A more
systematic study was carried out by Lu & Petrosian
(1988) who found two types of delays between 17 GHz
and HXR: a short and relatively longer delays, which
they interpreted as due to transport and acceleration
effect, respectively. Melnikov (1990, 1994) investigated
the relative fluxes and relative time delays between
MWR and HXR as evidence for the energy-dependent
trapping under Coulomb collisions (see also Melnikov
& Magun 1998, Silva et al. 2000). Bruggmann et al.
(1994) analyzed time delay between MWR peaks at dif-
ferent frequencies and the decaying lightcurves as due
to Coulomb collisions and Betatron deceleration.

In more recent studies of electron transport, not only
the energy-dependent evolution but also the electron
pitch angles and influence of magnetic mirroring have
been addressed. Lee & Gary (2000) and Lee, Gary, &
Shibasaki (2000) have analyzed a burst of which spec-
tral evolution is due to collisional energy loss plus pitch
angle diffusion. Kundu et al. (2001a) studied time
profiles of simple impulsive MWR bursts in compari-
son with HXR lightcurves, and explained the relative
difference in terms of trap-and-precipitating picture by
Melrose & Brown type, including the directly precipi-
tating electrons. Lee et al. (2002) studied an impul-
sive event with rather a long tail, for which the di-
rect precipitation hypothesis is found appropriate not
only for the time profile similar to HXR but in explain-
ing time-dependent injection spectrum on the optically
thick MWR.

The electron transport problem has also been dis-
cussed with imaging observations. Many of the VLA
observations of solar flares shows that MWR source
often starts at the location of the loop top while the
footpoint is more favorable for MWR emission due
to strong fields there, which is sometimes regarded
as a signature for acceleration (see, review by Marsh
& Hurford 1982). Petrosian (1982), however, pre-
sented a more general consideration of a MWR loop-top
source, involving the radiation transfer effect and parti-
cle kinetics in the presence of Coulomb scattering and
magnetic mirroring. Holman, Kundu, & Papadopou-
los (1982) proposed an idea that the loop-top source
(Marsh & Hurford 1982) occurred because of an instan-
taneous trap of the high pitch-angle electrons and sub-
sequent pitch angle diffusion. Kundu et al. (1995) ob-
served an asymmetric MWR sources and interpreted it
as due to asymmetric precipitation of nonthermal elec-
trons, in harmony with Sakao’s (1994) result for HXR.
The asymmetric MWR source presented by Lee, Gary
& Shibasaki (2000) and Lee & Gary (2000) also indi-
cated the weak pitch-angle diffusion during the flare.
Melnikov et al. (2002) studied MWR loop-top sources
at 17 or 34 GHz, which are found to represent an ac-

tual concentration of electrons, which is consistent with
the conclusions made by Holman et al. (1982) and
Lee & Gary (2000). Another type of imaging approach
has been made by Hanaoka (1996, 1997), Nishio et al.
(1997), and Kundu et al. (2001b) in which Nobeyama
17 GHz imaging data together with HXR images from
the Yohkoh satellite are used to evidence magnetic re-
connection of multiple loops by looking at the double
response at the footpoints connected to the injection
point. More recently, Lee et al. (2003) reported ev-
idence of spontaneous reconnection based on the spa-
tial coincidence of the MWR, sources with the magnetic
separatrix.

In addition to time, spectral, and spatial morpholo-
gies, several authors investigated correlations of the
MWR flux with proton flux (Bai 1986) and HXR flux
(Kai, Kosugi, & Nitta 1985; Kosugi, Dennis, & Kai
1988; Melnikov 1990, 1994). These authors intend to
explain the nature of the impulsive and gradual flares
(Bai & Sturrock 1989) in terms of differing conditions
in the trap. As a related study, Kosugi, Dennis, & Kai
(1988) investigated correlations of HXR photon ener-
gies with 17 GHz MWR flux in an attempt to deter-
mine the effective energy of the MWR emitting elec-
trons. Kai (1986) proposed an idea of the direct pre-
cipitating electrons to resolve the problem of inconsis-
tent numbers of electrons deduced from HXR and from
MWR, respectively. Klein, Trottet, & Magun (1986)
demonstrated that use of a common injection function
for both HXR and HXR. can help resolving the number
problem too. A physics emerging from these studies is
that Coulomb collisions has a profound effect on dy-
namical evolution of electrons in energy space.

In this paper we present a new paradigm in which
the electron pitch angle and ambient magnetic field are
the important factors in determining the kinematics of
electrons in the trap-and-precipitation system. We will
then apply the paradigm to a set of impulsive and grad-
ual bursts for a physical interpretation of the nature of
these two classes of solar flares.

II. THE PROPOSED APPROACH

The problem that we intend to address, the acceler-
ation and transport of particles, has a fundamental dif-
ficulty in that it is ambiguous to differentiate between
the acceleration and transport effect in a given obser-
vation. As we will demonstrate here, the ambiguity
can be reduced to some extent if we incorporate the fi-
nite magnetic field and the electron pitch angle into the
problem. These two important parameters have largely
been ignored in the conventional paradigm in which the
emphasis is given to the electron energy and ambient
density. In this section we build a simple formulation
in order to illustrate the recent and past picture of trap
and precipitation in a unified fashion.

The study of solar high energy particles considers a
physical system in which electrons are injected into a
trap by the quantity @ and leave the trap at a rate v,
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in which case the Fokker-Planck equation will be in the
form:

ON
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where [...] should include all the variations in momen-

tum and space. The solution to this equation takes a
form of N = K®Q), where the kernel function K accom-
modates all the terms in the right hand side except the
injection. Our problem is therefore how to deconvolve
@ from the resulting electron distribution function N,
if the latter is obtained from observed radiation. In
general all these quantities N, @), and K involve time,
energy and pitch angle as arguments, and not only the
solution but even the formulation is hardly expressed
in a convenient closed form. Here we consider a simple
case where all the terms in [...] can be ignored, which
corresponds to a collisionless trap where there is no loss
of particles other than that due to escape (¢vN) and its
pitch angle-dependence is implicitly handled. In this
case the kernel function is simply an exponential func-
tion, and solution for trapped electrons is in the form
N = fot e (=) Q(E, ')dt’ where the transport effect
is solely described by the property of the escape rate
v (Aschwanden 1998, Kundu et al. 2001a, Lee et al.
2002).

The trap-and-precipitation model owes to Melrose &
Brown (1976) which introduces a precipitating region
(thick target) attached to the trap region (thin target)
from below. In this case, the escape rate v therefore is
the precipitational rate, which becomes another injec-
tion rate into the thick target region. With the present
parameters, this idea can be expressed by:

N =
n =

t e—u(t—t’)Q(Ev7 t/)dt/
Jo vN(E,t) 2)

where N is the number of the trapped electrons and
n is number of electrons, per unit time, injected into
the thick target region. As a major advantage, the
thick and thin targets are, in this idea, related to each
other via the physics of pitch angle scattering, and v is
the central quantity which entirely controls the lives of
the trapped electrons (N) and precipitating electrons
(n). There are, however, a few limitations with this
model. Since n « N, the trapped electrons (~ n) is
perfectly correlated with thick target electrons (~ N)
in time provided the comparison is made at same en-
ergy, whereas HXR are observed more impulsive than
MWR.

An important step was forwarded by Aschwanden
(1998) in which the population associated with di-
rect precipitation is included into the above trap-and-
precipitation system. To illustrate this idea, we split,
the injected particles @ into two parts, according to
whether the initial pitch angles are greater or smaller
than the loss-cone angle, i.e., Q(¢>¢r) and Q(d<or)
(cf. MacKinnon 1991). Here the loss-cone angle, ¢;,, is
determined by the magnetic mirror ratio of the flaring

loop, ¢1, = sin_l(Bl/Bg), with By and Bs represent-
ing the magnetic field strength at the loop top and a
footpoint, respectively. Since the particles with ¢ < ¢y,
can directly precipitate without being trapped, (2) will
be modified to the following form:

N = [JetQE, ¢>¢r,t)dt!
n = Q(E,¢<¢L,t) + vN (3)
= ng+nn. .

It will be worthwhile to note that (3) will reduce to
(2) in the limit of ¢;, — 0, i.e. all particles are once
trapped and then are able to precipitate. This is incor-
rect because there will be particles directly precipitate
without being trapped. We can thus say the formula-
tion (2) is valid to the extent that ¢y, is ignored. The
third formulation (3) is also imperfect, of course, since
it does not explicitly describe any energy and pitch an-
gle change during the trap, but it shows, on a minimum
basis, how magnetic field and pitch angle distribution
comes into the context of trap and precipitation. Un-
der this model, we can deal with the following issues.
A portion of injection function Q(¢ < ¢r) can be sub-
ject directly to observations, rather than treated as ever
unknown. Also the magnetic field comes into the con-
text, at least, in the form of mirror ratio. More impor-
tantly, the trapped and the precipitating populations
may show differing time behaviors if the radiation from
the new term (¢ < ¢r) dominates that from vN. Asa
result, we can have impulsive HXR and more extended
MWR, even though they are emitted by same energy
electrons. In the next we will utilize these ideas in an-
alyzing a set of impulsive and gradual bursts.

ITI. DATA AND ANALYSIS

We study the X5.6 flare occurred on 2001 April 6 at
19:14-19:40 UT in the active region AR 9415. During
this flare a set of impulsive and gradual bursts occurred,
which were well observed at MWR and HXR wave-
lengths. MWR data were obtained with the upgraded
Owens Valley Solar Array (OVSA), of which config-
uration included two solar-dedicated 27 m parabolic
dishes and four 2 m dishes (Gary & Hurford 1999).
The HXR data are from Hard X-Ray Telescope (HXT)
and Wide Band Spectrometer (WBS) onboard Yohkoh,
which provide imaging and spectral data, respectively
(Kosugi et al. 1991; Yoshimori et al. 1991). In ad-
dition, EUV and UV images of the active region were
obtained with TRACE before and after the flare, which
provides high spatial resolution (2”) images of the solar
chromosphere, transition region and corona. Magnetic
field and continuum in the photosphere are obtained
from the Michelson Doppler Imager (MDI) (Scherrer et
al. 1995) onboard the SoHO which records high resolu-
tion (4") magnetograms, dopplergrams, and line-depth
images of the photosphere in the Ni16768 A absorption
line.
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Fig. 1.— The HXR and MWR emissions during the large 2001 April 6 flare. The left panel shows the HXR lightcurves
at selected HXR photon energies obtained from Yohkoh/WBS. The right panel shows MWR fluxes at selective frequencies

from the OVSA.
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Fig. 2.— Magnetic field and EUV emission of the flare region, NOAA 9415. The left panel shows an MDI magnetogram
during the impulsive phase in which the white and black features represent longitudinal magnetic field in positive and
negative polarities, respectively. The arrows indicate the positions of the magnetic anomaly as discussed in the text. The
right panel shows a TRACE EUV image at 171A taken after the flare. Overlaid contours are longitudinal magnetic fields
from the MDI magnetogram. The bright EUV emission occurs along the magnetic neutral line in the bipolar part of the

active region.

(a) Lightcurves and Morphology

In Figure 1 we plot the lightcurves of HXR (left
panel) and MWR (right panel) at selected photon en-
ergies and frequencies. The time resolution is 1 s for
the HXR data and 4 s for the MWR data. The energies
shown in the left panel are the medians of each energy
channel of the WBS/Yohkoh. The time profiles show

that the event consists of two bursts. The first burst -

(19:14-19:30 UT) consists of a number of short-period
spikes and is regarded as an impulsive burst. The sec-
ond burst (19:30 -19:40 UT) shows a smooth rise and
fall, typical of a gradual burst. During the impulsive
burst, a number of sharp HXR, peaks appear simultane-
ous with the corresponding MWR. peaks. On the other
hand, during the gradual phase, a gradual time delay is
seen from low to high energies in HXR and from HXR

to MWR. It is also apparent that during the impulsive
phase HXR flux is relatively stronger, while during the
gradual burst MWR flux is much stronger (called mi-
crowave excess). All these properties are known typical
for the impulsive and gradual bursts (e.g., Kosugi et al.
1988).

Figure 2 shows morphological properties of the ac-
tive region. At the flare time, the active region was
located at S21° E31°. The left panel shows a longitu-
dinal magnetogram taken during the impulsive phase.
As indicated by the arrows, a pair of unusually strong
magnetic anomaly (Zirin & Tanaka 1981), a transient
appearance of one magnetic polarity in the middle of
the other polarity fields on a magnetogram, is observed
during the impulsive phase. Interestingly, HXR sources
appear in double sources at the same locations of these
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Fig. 3.— Analysis of the impulsive burst. The upper four
panels show the lightcurves at 11.8 GHz from the OVSA
and HXR at three energy channels from Yohkoh/WBS. In
these panels, the solid lines are observed fluxes; the dashed
lines are the envelopes underlying the impulsive peaks; the
dotted lines are reproduced from the convolution of the fluc-
tuation above the envelope with a kernel function. The pa-
rameters v and 7 used for this fit are denoted in each panel.
The bottom-most panel shows relative time profiles of the
short-period fluctuations above the envelopes only.

two magnetic anomalies, and the MWR, source is found
in the middle of the magnetic anomalies. We did not
overlay both HXR and MWR sources in the map be-
cause only the locations of these radiations relative to
the magnetic transient are the most important in the
present context. The right panel shows a TRACE im-
age at 171 A which includes the intense Fe 1x and Fe X
emission lines sensitive to plasma at temperature ~ 1 x
108 K. We overlaid the longitudinal magnetic fields as
contours in order to show the location of the EUV emis-
sion relative to the magnetic fields. The flare resulted a
bright EUV feature aligned along the magnetic neutral
line in the bipolar part of the active region, suggesting
that magnetic fields in some arcade type structure are
involved connecting the bipolar regions.

The magnetic transient phenomenon is considered as
due to changes in line profiles caused by flare emissions
(Zirin & Tanaka 1981). Recent study, which specifi-
cally addresses the spectral line used in the MDI mag-

netogram, has also indicated such possibility (Ding et
al. 2002). Although the detailed process leading to
the magnetic transient may still be in debate, it is im-
portant for our purpose that the HXR sources appear
in the same locations of the magnetic transient. From
this result, we can assure that the HXR should be asso-
ciated with the precipitating electrons (n) rather than
the trapped electrons (N) even for the gradual burst.
This is an important clue to the hypothesis of the trap
and precipitation system, because with the observed
time behavior alone, we have no way to differentiate
the trapped (N) and the secondary precipitating elec-
trons (vIN).

(b) Injection and Precipitation

Figure 3 shows the lightcurves of MWR and HXR
during the impulsive burst at selected energy channels.
The solid lines are observed fluxes, and the dashed and
dotted lines in the top four panels are the envelope of
the radiations. The bottom-most panel shows only the
fluctuations. We shall shortly define the envelopes and
fluctuations in the below.

The overall lightcurves of MWR and HXR shown
in Figure 3 do not yield such an impression that they
should be emitted by the same population of electrons.
This is mainly because the MWR flux keeps increas-
ing while HXR diminished after 15:16 UT. However,
individual MWR, peaks themselves are likely to be cor-
related with each other (see the bottom panel). The
presence of both correlated and uncorrelated compo-
nents is rather expected within the present formulation
because the precipitation n consists of the fast varia-
tion associated with the direct precipitation, ng, and
the slow variation associated with the secondary pre-
cipitation ny (see Eq. [3]). Therefore the distinction
between these two terms will be merely whether the
flux lies above or below the envelope. In Figure 3, we
thus set the envelope (shown as dashed lines) and re-
gard the short period pulses above this envelope as the
directly precipitating component (ng) and the underly-
ing envelope as the secondary precipitating component
(TL N)-

The envelope shown in Figure 3 may look arbitrary.
But we can require the assumed envelope to be self-
consistent with the rest components in our model, be-
cause ng and ny are under the following relationship:

nv = vl Qé>éL, Et)e =t dy
rv fg Q(Ev¢§¢L,E,t)e*l’(t*t’)dt/ (4)

= 1rng K.

Here we introduced a parameter, r, the ratio of the elec-
trons injected with pitch angles inside and outside of
the loss cone, r = Q(E, ¢>¢1)/Q(E,¢9<¢r). To guar-
antee this self-consistency, we adjust the level of the
background and the value of v until the reconstructed
ny (dotted lines) comes close to the original assumed
envelope (dashed lines). A rough agreement between
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Fig. 4.— Relative lightcurves of HXR (solid lines) and MWR (grey-colored line) during the gradual burst, exhibiting an
energy-dependent variation. At a closer look-at, we find that the HXR rises very rapidly at ~19:30 UT indicative of the
onset of the acceleration whereas the slow decrease after ~19:36 UT suggests a decay associated with the convolution. The
constant dashed line in each panel is the background taken for subtraction. The dotted line is a convolution of the net HXR
flux with a kernel function, exp[—1.2 x 1072 t]. At a low photon energy, this convoluted lightcurve falls before the MWR
lightcurves, and at a higher energy (say > 180 keV) it approaches close to the MWR lightcurve.

the model fit and the observed HXR envelope is found
at v =~ 1.2 x 1072 s~1. The derived values of v and r
show little variation across the HXR energy channels,
and we do not believe that v is an energy-dependent
quantity. On the other hand, the MWR envelope is
more extended and the fit is made at v ~ 5.1 x 1073
s~! which means a longer lifetime of MWR-emitting
electrons compared with that of HXR electrons.

As to why so different v results for MWR and HXR,
we can consider two possibilities on a general ground.
First, it could represent energy dependent variation of
v, assuming that MWR is emitted by higher energy
electrons than HXR. Second, it could be that electrons
emitting MWR and HXR reside in two different re-
gions, respectively. The first hypothesis is considered
unlikely in the present case, because no noticeable vari-
ation of v across the HXR energy channels is seen.
The second hypothesis is compelling because the MWR
could be emitted by not only the precipitating electrons
but also electrons trapped in the corona. Looking at
the map in Figure 2, probably the MWR-emitting elec-
trons are spread out all over the arcade loops, whereas
the HXR-emitting electrons are concentrated to the two
footpoints connected to the magnetic transient. Such
separation can lead to a very different trap condition
which is solely represented by the parameter v in the
present formulation.

(c) Energy-Dependent Trapping

We proceed to the second burst which shows a grad-
ual time variation. Figure 4 shows the HXR lightcurves
during the gradual burst at selected HXR energy chan-
nels together with an MWR at 11.8 GHz. We note
that the burst extends about 8 min period without in-
termittent pulses. Here we will ignore the fine-scale
fluctuations with ~2 s period, because they are also
found even during the non-flaring times. The extended

burst period could be entirely due to the emission prop-
erty. Alternatively it can result as being moderated by
a trapping process. In this regard, we note that the
HXR flux starts to rise very abruptly at ~19:30 UT
with an exponential time-scale ~30 s, which is much
shorter than the whole period ~8 min. It is therefore
likely that the whole burst actually consists of many
short-period (<1 min) peaks and they as a whole look
like a single peak after being convolved with a kernel
function.

We now turn our attention to the energy dependent
trapping (Aschwanden & Alexander 2001). As a means
to verify how the energy-dependence of the trapping
plays a role, we investigate the convolution of the HXR
with a kernel function in comparison with the observed
MWR. Before convolution a constant background for
the HXR flux (the dashed line in each panel) is taken
out at each channel and this net HXR flux is convolved
with an energy-independent kernel function given by
K(E,t) = exp[—1.2 x 1072¢]. The convolved quantity,
Fx ® K, is plotted as a thick gray line in Figure 4. To
compare with the MWR, these convoluted lightcurves
fall before the MWR lightcurve at low photon energies
and come closer to the MWR lightcurve at higher en-
ergies. This means that the HXR and MWR emitting
electrons are again related to each other via a convolu-
tion, and that the dynamics is governed by an energy-
dependent transport effect.

The precipitation rate, v, in this case cannot be de-
termined using the same method (Equation [4]), be-
cause during this gradual burst no discrete peak is iden-
tified as clearly as in the impulsive burst. Instead we
assume, based on the observed time profiles, that the
abrupt rise at ~19:30 UT signals the onset of accelera-
tion, and the flux increase rate at this time, v, ~ 1/(30
s), should be close to the acceleration rate. Such a short
acceleration time scale compared with the precipitation
time scale (v~ ~300 s) means that the smoothly falling
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Fig. 5.— Analysis of the gradual burst. The smooth tail after ~ 19:37 UT is assumed to represent the kernel function
exp[—vt] and is used to determine the parameter v. The observed HXR and MWR . fluxes are shown as dots, and the best-fit
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assumed to emitted by the electrons in 300-900 keV. The bottom-right panel shows the derived v as a function of the photon
energy. In this panel, the solid curve is a fit to the derived results, and the dashed line is a fit to the Coulomb deflection

time-scale.

tail after ~19:37 UT is essentially shaped by the ker-
nel function exp[—vt]. More precisely, the tail profile
would be represented by the following form:

N(t > tO) ~ Q(_VtQ [e—u(t—to) _ e—ua(t—to)] (5)

where we set tg ~ 19:37 UT as the ending time of ac-
celeration. The acceleration history before this time,
Q(t < tg), is relatively unimportant under this as-
sumption. The result of fitting (5) to the observed
lightcurves (dots) is shown as solid lines in Figure
5. The dashed line is a fit to the tail of the MWR
lightcurve. In the bottom right panel, we plot the de-
rived values of v as a function of energy. The solid
guide line in this panel shows that our results are well
fitted to the form of v ~ ¢~%8, which therefore does not
exactly agree to Coulomb deflection time. For com-
parison, however, we also made a fit of the result to
the Coulomb deflection time scale, which is shown as
dashed line in the same panel. This fit is in the form
of v m 6 x 1073 s7! (/100 keV)~13, Note that for
this gradual burst, the values of v range from (0.41-

1.1)x1072 s7! in the energies 40-200 keV, which is
smaller than the result for the impulsive burst by only
a few factor.

(d) Trap Density and Magnetic Field

When the precipitation rate v is found to vary with
energy in accordance with the Coulomb deflection time
scale, the ambient density in the trap can be deter-
mined by:

v~ = (o) Gone=) () ©

where n. is ambient electron density and In A is the
Coulomb logarithm (Spitzer 1967). For the impulsive
burst, we found no significant energy-dependent vari-
ation from the HXR, and we do not believe that the
above equation can be used. We however concluded
that the MWR electrons belong to a spatially distinct
region. If we assume that the MWR variation is gov-
erned by Coulomb collisions, and is contributed by elec-
trons in the energy range, 400-900 keV, we then obtain
the trap density, n, ~(4.1-12) x 10° cm™2. For the
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TABLE 1
DERIVED PHYSICAL PARAMETERS OF THE 2001 APRIL 6 FLARE

Parameters Impulsive burst ~ Gradual burst

Individual acceleration time-scale, 7, [s] 8 30
Interval between acceleration peaks, 74 [s] 20 60-120
Precipitation rate, v [1073s71] 5-12 2-10
Ratio of injections, r = Q(> ¢r)/Q(< ¢r) 1.5 3.1
Magnetic mirror ratio, By/Bs 0.68 0.39
Loss-cone angle, ¢, [degree] 39 22
Density in the trap, n, [10° cm ™3] 6 0.7

gradual burst, v decreases with increasing energy, but
does not fall as rapid as the Coulomb collision theory
predicts. Supposedly another scattering process oper-
ates to dominate over the Coulomb collisions at higher
energies (Kennel & Petscheck 1966). We thus take the
dashed line in the last panel of Figure 5, which meets
the Coulomb deflection time scale only at low energies,
to estimate the trap density as low as n, ~ 6.9 x 10%
em 3.

The parameter 7, that we introduced in Equation
(4), represents the ratio of the injected particles inside
and outside of the loss cone, namely, the shape of in-
jection pitch angle distribution. However, in case of
isotropic pitch angle distribution, r will be just related
to the loss cone angle:

2oy T2
¢L 1= SiIl(Bl/Bz) 1

For the impulsive burst, we found r ~ 1.5, which gives
the loss cone angle ¢p ~ 39° and the magnetic mirror
ratio, B1/Bs = 0.68. Such a little variation of mag-
netic field strength from the loop-top to footpoints is
expected for a small loop, which is likely to be the case
in view of the separation of the two precipitation points
in Figure 2. For the gradual burst, we find r = 3.1,
which corresponds to the loss cone angle ¢, =~ 22° and
the magnetic mirror ratio, B;/B; ~ 0.39.

We summarize the results of our analysis in Table 1.
It appears that the gradual burst occurred in a region
with a lower trap density and a higher magnetic mir-
ror ratio compared with the impulsive burst. This is
qualitatively consistent with the conventional idea that
gradual bursts should be associated with good trapping
condition (e.g., Bai 1986; Kosugi et al. 1988; Melnikov
1990, 1994). However, a more obvious difference be-
tween these two types of bursts is found in the acceler-
ation time-scales.

(7)

IV. CONCLUSION

In this paper, we have proposed and discussed a ki-
netic approach for a physical interpretation of MWR

and HXR bursts. As an essential part, we have incorpo-
rated the presence of finite magnetic field into the trap-
and-precipitation system, by which the whole electron
population is divided into two components: injection-
and trap-related populations. This feature, not avail-
able in the classical paradigm, allows us to achieve the
goal of separating the acceleration and transport ef-
fects.

As a main result of the analysis, we have quanti-
fied the acceleration and transport processes in terms
of relevant time scales. The acceleration time scale is
found as 7, ~ 8 s for the impulsive bursts and 7, =~ 30 s
for the gradual bursts. The precipitation rate is found
as v =~ 1.2 x 1072 s~ ! for the impulsive flare and v =
(0.41-1.1)x 1072 57! for the gradual bursts depending
on energy. Therefore transport effect as gauged by v
found for the HXR-emitting electrons does not show a
significant difference between the two bursts. However
v found for the MWR-emitting electrons differs largely
from that for the HXR, which can be attributed to the
greater sensitivity of MWR to the electrons trapped in
the coronal part of the loop than the HXR. Based on
imaging we inferred that HXRs should be due to (either
direct or indirect) precipitation into thick target, even
for the gradual burst. The self-consistency requirement
(Eq. [4]) leads us to determine the ratio of the popula-
tions of the direct and indirect precipitation, r. If the
pitch angle distribution of the injected electrons were
isotropic, we can then relate this parameter to the mag-
netic mirror ratio. In this way we found the magnetic
mirror ratio By/Bs ~0.58 for the impulsive burst, and
~0.3 for the gradual burst. We have also estimated
the trap density by comparing the precipitation rate,
v, with the Coulomb deflection time, taking into ac-
count some modification by other transport effect. We
found n, ~(4.0-13)x10% cm™3 for the impulsive burst
and ~ 6.9 x 108 cm 3.

Although the trap parameters derived in the above
show a modest contrast between the two bursts, it re-
mains as a future task as to whether these parameters

are sufficient to yield the large difference in the ob-
served flux ratio of HXR to MWR in the impulsive and
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gradual solar flares. Specifically, whether or not the
lower density and higher magnetic mirror ratio by a
factor of 2-5 can entirely explain the microwave excess
in the gradual flares needs to be answered. An inter-
esting alternative possibility arises when we interpret r
as indicating the degree of anisotropy in the injection
pitch angle distribution. If the acceleration occurred
in such a way that the parallel momentum distribution
prevails in the impulsive burst, and the perpendicular
momentum distribution in the gradual burst, we can
expect an even more enhanced trapping efficiency in
the gradual burst, and this will also help explaining
the microwave excess. That the gradual burst shows
no signature for the direct precipitation provides an-
other support for such hypothesis of the anisotropic
pitch-angle distribution.

In summary, the results of analysis presented in this
paper suggest a number of insights into the physical
origin of the impulsive and gradual flares. Our result
provides quantitative information on the trap condi-
tion including magnetic field, density, and precipitation
rate, which appears consistent with the traditional idea
for the role of trap in creating the gradual nature of
solar flares (e.g. Kosugi et al. 1988, Bai 1986). How-
ever, the major difference between these two bursts is
found not in the trap condition but in the individual ac-
celeration time scale and intermittent period. Further
speculation is given here that anisotropy in injection
pitch angle may have a profound effect on the dynamic
evolution of electrons and the resulting radiative char-
acteristics. '

As specific acceleration mechanisms, we can gen-
erally think of the DC field acceleration (e.g. Hol-
man 1985, Litvinenko 1996) as suitable for produc-
ing the low pitch angle distributions, and thus im-
pulsive flares in the present context, if there indeed
forms a field-aligned current during the flares. On the
other hand, stochastic accelerations (Hamilton & Pet-
rosian 1992, Miller & Steinacker 1992) are more ca-
pable of producing the high pitch-angle distributions,
which we inferred for the gradual flares. Applications
of these mechanisms to MWR observations were made
by Moghaddam-Taaheri & Goertz (1990) and Lee &
Gary (1994). To further advance our understanding of
electron kinetic processes during solar flare, we there-
fore suggest to include electron pitch angle distribution
in calculation of theoretical MWR. spectrum. Such cal-
culation has thus far been not favored, partly due to
the computational demand and partly due to the sus-
picion that anisotropic electron distribution would not
last long as an instability develops quickly. However,
Fleishman & Melnikov (2003) recently addressed this
problem by showing that an anisotropic pitch angle dis-
tribution does not always lead to an instability and
stably produces a spectral characteristic inherent to its
distribution. Future MWR observations and theoreti-
cal modeling should make use of such distinctive spec-
tral signatures as additional diagnostic for the electron
kinetic process.
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