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Abstract. We study the acceleration processes in a collapsing magnetic trap formed in the cusp structure of the flare model,
using a test-particle numerical method. Coulomb collisions and scattering are included. It was found that if the trap collapse is
sufficiently fast and the energies of the injected electrons are sufficiently high, thus overcoming the collisional losses, electrons
can be accelerated in this secondary acceleration process to very high energies depending on the initial magnetic trap ratio
R = Bpux/Bini- The computations, made for R = 10 and R = 100 with isotropically injected 5-28.4 keV electrons and a
background plasma density of about 1, = 10'® cm™3, show that the high-energy electrons are accumulated in the central part
of the collapsing magnetic trap where their velocities are nearly perpendicular to the magnetic field. This effect gives us a new
possibility to explain the formation of loop-top sources observed in hard X-ray and radio emission. A further interesting aspect
is that these electrons later on escape from this collapsing trap because its trap ratio decreases to R — 1. The time evolution
of the energy of the trapped electrons and their energy flux at the end points of the trap (footpoints) are computed for cases
without and with collisions. The effect of collisions on the energy spectrum of the accelerated electrons is also shown. The
X-ray spectra along the collapsing trap are evaluated. Finally, we suggest a test of this model considering radio waves in the

decimetric frequency range.
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1. Introduction

An extended review of particle acceleration processes in so-
lar flares was recently published by Aschwanden (2002).
It presents a magnetic field topology of acceleration re-
gions (2 and 3 dimensional, bipolar, tripolar and quadrupolar)
as well as basic acceleration mechanisms (direct current (DC)
electric field, stochastic, and shock wave accelerations) (see
also references therein).

In the standard 2-D solar flare model (e.g. Priest & Forbes
2000) it is assumed that vertical, oppositely oriented mag-
netic fields form the current sheet in which the magnetic field
reconnection takes place and particles are accelerated in the
DC electric field (Litvinenko 1996). This acceleration process
is considered to be the primary one and for further particle ac-
celeration various secondary acceleration processes have been
proposed: a) acceleration in the MHD turbulence generated in
fast plasma reconnection outflows (LaRosa & Moore 1993;
Miller et al. 1996); b) shock-drift (Holman & Pesses 1983);
c¢) diffusive shock acceleration (Cargill et al. 1988); d) first-
order Fermi acceleration in a fast termination shock (Tsuneta &
Naito 1998); and e) first-order Fermi acceleration in a mirror-
trap (Somov & Kosugi 1997).
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Among secondary acceleration processes there is one ac-
celeration process that is not commonly known, but that natu-
rally follows from the motion of the magnetic field lines in the
cusp-structure below the reconnection current sheet and above
the underlying flare loops. Namely, in the reference system of
moving magnetic field lines and flowing plasma the magnetic
field changes in time. This system of moving magnetic field
lines at this position was called by Somov & Kosugi (1997) and
Jakimiec (2002) the collapsing magnetic trap and it was pro-
posed as an efficient accelerator of particles. While Somov &
Kosugi (1997) simplified the process by a model with two mov-
ing magnetic mirrors located at the termination shock, Jakimiec
(2002) emphasized the betatron type of particle acceleration in
this configuration.

In the betatron mechanism particles are accelerated in the
electric field E generated by time variations of the magnetic
field B as follows from Faraday’s law VX E = —9B/0t (Swann
1933; Berger et al. 1958). This type of acceleration was consid-
ered, for example, by Brown & Hoyng (1975) and by Emslie
(1981) in connection with non-thermal and thermal hard X-ray
sources. Futhermore, the betatron process was invoked also
for the deceleration of electrons in expanding radio sources
(Bruggmann et al. 1994).

In the present paper, we want to show the importance of this
acceleration process, especially because it can be connected
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Fig. 1. The scheme of the collapsing magnetic trap in the standard
2-D flare model.

with or even can explain (see the following) phenomena such as
the loop-top hard X-ray source (Masuda et al. 1996), loop-top
super hot plasma (Tsuneta et al. 1997), and nonthermal colli-
mated ejection (Nakajima & Yokoyama 2002).

First, the model relation, expressing the evolution of a mag-
netic field line in the cusp-structure, is presented. Using a test
particle approach, the betatron acceleration, collisional losses
and scattering of electrons in the background plasma are in-
cluded in the model. Then the results of numerical simulations
are shown. The betatron (adiabatic) heating is mentioned. The
diagnostics of these processes on radio waves in the decimetric
frequency range is proposed. Finally, the basic physical aspects
of these processes are summarized and discussed.

2. Model

As shown in the scheme of the standard 2-D flare model
(Fig. 1) (Priest & Forbes 2000), the reconnected magnetic field
lines and plasma particles move together from the reconnec-
tion space (X-point) towards the flare loop. Plasma particles
gyrate around these moving magnetic field lines, under the in-
fluence of an increasing magnetic field (especially in the centre
of the collapsing magnetic trap) and thus they are accelerated.
Generally, the properties (length and magnetic field values) of
these magnetic field lines and their evolutions could be ob-
tained from 2-D or 3-D MHD numerical simulations. But this is
not a simple task. Therefore for an estimation of the efficiency
of this acceleration process we express the time dependence of
the magnetic field strength along the magnetic field line in a ref-
erence system moving with this line by the following schematic
way.

In the initial state of evolution of the magnetic field line,
the magnetic field strength along the line has to be similar to
that near the X-point magnetic field configuration (Priest 1982),
where the magnetic field vector can be expressed as

B=Yx+ a/sz, (D

where « is a parameter, X and Y are spatial coordinates in the
reference system where the zero point (X = 0, ¥ = 0) cor-
responds to the X-point. The magnetic field along a specific
magnetic field line (Y?> — @>X? = C) can thus be written as:

| B|= VC + o2X? + o*X?, 2)
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Fig. 2. The magnetic field profiles in the reference system of moving
magnetic field lines in the collapsing magnetic trap at t(‘)(’o =0.01 s (the
initial state for the trap ratio R = 100 — the full line), at 7,° = 0.1033 s
(the initial state for the trap ratio R = 10 — the dotted line), and at

11" + 4 s (the dashed line).

where C is the constant specifying the magnetic field line.
Analyzing this relation, it can be seen that the magnetic field
strength at specific magnetic field line has a minimum at the
point X = 0 and it increases monotonically for both positive
and negative values of X. Moreover, the minimum increases
with an increase of the parameter C, i.e. with an increase of a
distance of the magnetic field line from the X-point.

On the other hand, in the final state of the collapsing trap
the magnetic field should be similar to the flare loop with the
potential magnetic field. A shrinkage of the magnetic field line
just after its reconnection in the X-point is faster than that in
the stage close to final one because the flare loop represents
an obstacle for a reconnection plasma outflow. Furthermore,
magnetic field lines are anchored in the photosphere, where the
magnetic field is much higher than that close to the X-point.

To fulfil approximately all these demands, in the following
computations the time evolution of the magnetic field along one
magnetic field line in the reference system of moving plasma is
expressed in the following form:

1 2nx\| _n
B(t) = Bo{l -5 [1 —cos(T)}e ic },

where ¢ is the time, f; is the “initial” time (see the following),
By is the magnetic field at the footpoints of the magnetic field
line, x is the space coordinate, L is the loop length, L/2 is the
position of the centre of the magnetic field line (i.e. also the
position of the X-point with x = X + L/2) and ¢, is the charac-
teristic time of the collapse. From this relation it follows that at
the positions x = 0 and x = L (footpoints of the magnetic field
line) the magnetic field strength is kept constant (B = Bp). On
the other hand, at other positions between x = (0 — L) the mag-
netic field strength increases with time, and for #/z, > 1 the
magnetic field strength is close to By; but still with a minimum
of the magnetic field at the line centre — loop top (the mag-
netic field profile approximately simulating the final potential
magnetic field). The maximum changes are in the centre of the
collapsing trap (see Fig. 2). The exponentional function in the
relation (3) expresses a shrinkage of the magnetic field line.
The curvature of the magnetic field line is neglected in the fol-
lowing computations. The model relation (3) is a mathematical
approximation which can be generally modified on the base of
a comparison of model results with observations.

3)
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At a specific time the spatial magnetic field profile has the
form of a magnetic bottle (trap) with magnetic mirrors at the
positions x = 0 and x = L. For such a trap we can define
the trap (mirror) ratio as that of the maximum magnetic field
at the footpoints of the magnetic trap to that in the centre of
the trap (R = By/B(x = L/2)). According to Eq. (3) this ratio
decreases with time, and at t/f. > 1 the ratio is R — 1.

In the present case, the parameters are chosen as By =
100G, L = 2x 10" km, f, = 1s. Generally, the length of
the magnetic field line L is a function of time. But by select-
ing a fixed length L we neglect in the following the effect of
shortening of the magnetic field line during its motion in the
cusp structure. The initial trap ratio can be chosen by a spec-
ification of the “initial” time. Thus, for an initial trap ratio
R = Bpax/Binit(x/L = 0.5) = 10 and R = 100 we define the
initial time as 7)° = 0.1033 s and ;™ = 0.01 s, respectively.
According to relation (3) these times define the initial magnetic
field profiles (see Fig. 2).

In the following only the acceleration of electrons will be
considered. The electrons are described as a cloud of numer-
ical particles having prescribed momentum p (energy E) and
a cosine of the pitch angle u expressing the angle between
the direction of motion of the electron and the magnetic field.
Furthermore, each electron can have its own “weight”. Namely,
one numerical electron can represent a different number of real
electrons. This reduces the demand for a large amount of nu-
merical electrons. Clearly, in an interpretation of the computa-
tional results it is necessary to take this “weight” into account.

We used the same approach as in our previous papers
(Karlicky 1993; Karlicky & Henoux 1993), but now for high
energies the relativistic corrections are included. The trajecto-
ries of all numerical electrons along magnetic field lines are
computed as follows:

“

where v is the electron velocity along the magnetic field, and
Xnew and xojq are the new and old position of the electron during
the time step Az. For both the magnetic mirroring and betatron
effects the conservation of the electron magnetic moment

P (1-4)
B

Xpew = Xold + U||At,

= const. 5)
is used. First a change of the pitch angle due to the mirroring
effect is computed and then at the specific electron position the
betatron effect is calculated, i.e. the change of the perpendicular
component of the momentum p, due to a time change of the
magnetic field.

The energy losses and pitch angle scattering of electrons
due to Coulomb collisions with the surrounding plasma are
calculated by the Monte Carlo method as in the paper of Bai
(1982), i.e. the following formulae are used:

47mee4ALp

AE = W’ (6)
167n.e* AL

0 = ——— )
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where E is the electron energy, (%) is the deflection angle, L,is
the distance which an electron travels in a plasma, m, is the
electron mass, A is the Coulomb logarithm, n, is the density
of the surrounding plasma, y is the Lorentz factor, and v is the
electron velocity.

As concerns the plasma density in the collapsing magnetic
trap, an increase of the magnetic field means compression and
thus increase of the plasma density. In a highly ionized plasma
magnetic field lines are “frozen” in the plasma, which here
leads to the relation

B _ n0
Bo B no’

(®)

where ng is the plasma density in the flare loop footpoints
(Fig. 1). To satisfy this relation in a simple way, the plasma
density along a moving magnetic field line in the cusp-structure
above the flare loop is assumed to be expressed in a similar way
as the magnetic field, i.e.

n(t) = no{l - é [1 — cos(?)} e_%}-

3. Results of simulations

€)

First, the computations were made without Coulomb collisions,
for an initial trap ratio R = 10. In the initial state 1000 numeri-
cal electrons isotropically distributed (the number of electrons
is constant in ) and monoenergetic in energy (10 keV) were
injected in the centre of the collapsing magnetic trap (x = L/2)
into the initial magnetic field (relation (3) for 7,"). It is assumed
that these electrons were pre-accelerated by a primary acceler-
ation process in the current sheet. To have full 3-D isotropy
of the electrons and to save computing time, the numerical
electrons have different “weights”. Using the cylindrical sym-
metry of the problem the electron with a specific value of u
has the “weight” 27 +/1 — u2. This weighting of electrons is
taken into account in the following computations of distribu-
tion functions.

Then the acceleration in the collapsing magnetic trap (along
a moving magnetic field line in the cusp-structure) was com-
puted. Results of these computations at two times (75" + 1 s and
1) + 4 s) are shown in Figs. 3 and 4. The time 7, + 4 s repre-
sents nearly the end of the collapse, when a specific magnetic
field line touches the flare loop. As seen in Fig. 3, which shows
the distribution of numerical electrons in energy-position space
(each point in the figure corresponds to one numerical elec-
tron), the electrons are bouncing between the magnetic mirrors
of the collapsing trap. As expected the electrons with u (the co-
sine of the pitch angle) ~0 are the most effectively accelerated,
thus forming a cloud of energetic (up to 100 keV) electrons in
the centre of the collapsing trap. Their energy is much greater
perpendicular to the magnetic field than parallel. On the other
hand, the electrons with lower pitch angles are accelerated with
lower efficiency because they spent some time at positions with
smaller variations of the magnetic field. The electrons moving
nearly along magnetic field lines even escape immediately from
the trap. The above mentioned accumulation effect in space is
also associated with the accumulation effect in the u space for u
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Fig.3. The distribution of numerical electrons in energy-position
space. Each point in the figure corresponds to an individual numer-
ical electron. Positions are expressed along the magnetic field line in
the collapsing trap. Upper panel: the state at i’ + 1 s. Lower panel:
the state at t(‘)(J + 4 s. The initial energy of the electrons is 10 keV. The
initial trap ratio is R = 10.

close to zero (see Fig. 4). Namely, the increase of the pitch an-
gle changes the mirror reflection points.

Similar computations were made, but for the higher initial
trap ratio R = 100, i.e. for ;" = 0.01 s, and for more ener-
getic electrons (28.4 keV corresponding to the velocity =c/3,
where c is the speed of light). The electrons were one again
injected isotropically at x = L/2. The results are similar to the
previous results, but the energies are in the relativistic range
(up to 1.4 MeV), see Figs. 5 and 6.

To describe the acceleration processes in more detail we
increased the number of numerical electrons to 10000 and
we made computations of the time evolution of the energy of
trapped electrons, the number of electrons in the trap, and the
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Fig. 4. The distribution of the cosine of the pitch angle of electrons

(1) in the collapsing magnetic trap at £, + 1 s (upper panel), and at

t(])0+4 s (lower panel). The initial energy is 10 keV. The initial trap ratio

is R = 10. The electron number includes the weight of the numerical

electrons.

energy and integrated energy fluxes at the end point (footpoint)
of the collapsing trap. All values were normalized to the initial
electron number Ny. This type of normalization means, e.g. for
the energy of trapped electrons, that if no electrons escape from
the trap then this normalized energy equals the average electron
energy. This type of normalization describes a global evolution
of the energy content in the trap, i.e. it takes into account the
effect of the decrease of the number of electrons in the trap.
The results of the computations for the case without collision
(full lines) and with collisions (dashed lines) are presented in
Fig. 7. The fluctuations seen in the time profiles, especially for
the energy flux, are due to the limited number of electrons used
in the computations. In the panel for the number of electrons
in the trap only the electrons with non-zero energy are shown.
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Fig.5. The distribution of numerical electrons in energy-position
space. Each point in the figure corresponds to an individual numer-
ical electron. Positions are expressed along the magnetic field line in
the collapsing trap. Upper panel: the state at t(')OO + 1s. Lower panel:
the state at £1°° + 4 s. The initial energy of the electrons is 28.4 keV.
The initial trap ratio is R = 100.

While for the case without collisions the total number of nu-
merical electrons in the trap and that with non-zero energy are
the same, for the case with collisions these numbers differ be-
cause many electrons are stopped in the trap (they have zero
energy in our model).

This figure shows that in both cases (with and without col-
lisions) at the very beginning (¢ ~ 0.2—0.4 s) the electrons hav-
ing low pitch angles in the initial state immediately escape from
the trap. But their energy is relatively low, it corresponds to the
initial energy (obtained by the primary acceleration process) in
the case without collisions or even lower in the case with colli-
sions. Simultaneously, the high-pitch-angle electrons begin to
be accelerated. While the electrons with ¢ = 0 obtain the
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cludes the weight of the numerical electrons.

maximum energy at the end of the collapse (for times ¢ > 4 s),
the maximum energy of all trapped electrons is respectively at
t =3 sandr = 1.9 s for the case without and with collisions.
These maxima lie before the end of the trap collapse because
the number of trapped electrons is decreasing and also in the
case with collisions the electrons lose energy due to these col-
lisions. But at these times the energy flux out of the trap is still
increasing reaching the maximum respectively at # = 5 s and
t = 6 s for the case without and with collisions. This is due to
the trap ratio decreasing (R — 1) and more and more energetic
electrons with higher pitch angles are able to escape. But their
number is decreasing.

After this, we analyzed the effect of Coulomb collisions on
the energy spectrum. For this purpose, we injected into the col-
lapsing magnetic trap electrons with energies 5, 6, 7, 8, 9, and
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flux (erg cm) averaged by N, at the end point (footpoint) of the trap. The full lines express the case without collisions and dashed lines the case

with collisions. The initial trap ratio is R = 10.

10 keV (6 x 1000 numerical electrons — see the asterisks in
Fig. 8) giving them additional weighting corresponding to the
power-law distribution function Fi,(E) ~ (Eo/E)?. When we
use this distribution, the acceleration process in the collapsing
magnetic trap (without the collisions) gives the energy spec-
trum expressed by the full line in Fig. 8. As can be seen in
this figure the maximum energy ratio E.nq/Ey is 10, which cor-
responds to the initial trap ratio of R = 10. This maximum
energy gain was obtained by the electrons with ¢ = 0 in the
initial state. Other electrons with ¢ # 0 gained less energy as
shown by the distribution of electrons at lower energies. Then
the Coulomb collisions corresponding to the density model ac-
cording to relation (9) were included and the resulting spectrum
is shown in Fig. 8 by a dashed line. As expected the energies
of all electrons are shifted to lower values, especially for low
initial energies, e.g. 5 keV.

Another possible way to describe the behaviour of electrons
in the collapsing trap is to compute their hard X-ray emissivity.
This even gives us a possibility to compare these processes with
observations.

As we know at any time the positions of numerical elec-
trons and their weights, the hard X-ray emissivity F, at differ-
ent positions along the trap can be computed as the sum of the

contributions of single electrons as follows:

FAE) = ) nyors(E., E),

where n,, is the number density of ambient protons, v is the
electron velocity, E, and E are respectively the radiation and
electron energies, and o is the bremsstrahlung cross section
(Brown 1971; Tangberg-Hanssen & Emslie 1988):

79% 102 |1+ /0 =)

Ex’E = 1 5
oB( ) EE n TS
E

(10)

(1)

with E, and E in keV.

Using these relations and output data of the numerical sim-
ulation for R = 10 and the initial electron energy 10 keV, the
hard X-ray spectra were computed and two of them, at 1.9 s and
6.0 s during the magnetic trap collapse, are presented in Fig. 9.
The lines for the different spectra correspond to the X-ray spec-
tra from different parts of the collapsing trap: the full line cor-
responds to the central region of the trap x = (4-5) X L/9, the
dotted line to the region x = (3—4) X L/9 or x = (5—-6) X L/9, the
dashed line to the region x = (2—-3) X L/9 or x = (6—-7) X L/9,
the dotted-dashed line to the region x = (1-2) X L/9 or
x = (7-8) x L/9, and the dot-dot-dot-dashed line to the region
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Fig. 8. The distribution function of numerical electrons per 1 keV in
the initial state (asterisks) and after 4 s (full line) for the initial trap
ratio R = 10 in the case without collisions. The dashed line expresses
the state after 4 s but in the case with collisional losses.

x = (0-1) X L/9 or x = (8-9) X L/9, where L is the length of
the trap, for two times r = 1.9 s (upper) and ¢ = 6 s (lower).

As can be seen, the maximum of the X-ray emission in the
flare loop is always in the loop centre (full lines in Fig. 9).
While at ¢+ = 1.9 s (which corresponds to the time at which
the maximum energy of the trapped electrons is highest (see
Fig. 7, the case with collisions)), the X-ray intensity as well
as the energy extent of the spectrum decrease sharply from the
top of the loop to the trap footpoints (upper part of Fig. 9), at
t = 6.0 s (at the time of maximum energy flux outflow from the
trap at its end points) the X-ray intensity maximum remains at
the top of the loop, but the intensity differences and the energy
extent of the spectrum along the loop are much lower. This
shows that at this time, when the trap ratio is nearly R = 1,
energetic electrons are nearly homogeneously distributed along
the “trap”.

Because the distribution of the X-ray emission along the
magnetic field line at # = 1.9 s corresponds to greater heights
in the cusp-structure than that at = 6 s, this result indicates
a formation of the X-ray loop-top source above the flare loop.
Although the plasma density at the centre of the magnetic field
line at ¢+ = 1.9 s is lower than that at ¢+ = 6 s, due to the ac-
cumulation of a large amount of high-energy electrons in the
centre of the magnetic field lines at # = 1.9 s, the intensity here
is greater than that at # = 6 s (compare the spectra (full lines)
in the upper and lower panels of Fig. 9). For physical reasons
the same result is expected also for the power-law distribution
function of injected electrons.

4. Adiabatic heating

Not only superthermal particles as studied above, but all parti-
cles (electrons, protons, ions) including thermal particles suffer
the influence of the betatron electric field (V X E = —9(B)/0t).
For thermal particles this process is called adiabatic heating
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(Emslie 1981). The betatron electric field always increases the
component of the momentum perpendicular to the magnetic
field or for the thermal particles considered now it increases
the perpendicular temperature 7', ; the parallel temperature T
remains unaltered. If the isotropization process due to Coulomb
collisions is fast enough (the time for the isotropization is
7; ~ 5% 1072732 n~! s — Spitzer 1962) then thermal particles
are described by one temperature 7' only which changes as

1.dT@ _ 2 1 dB@
T, df 3By dt

+H-0Q, (12)
where H is the additional heating, and Q all types of losses (e.g.
due to the expansion of a hot region along magnetic field lines,
due to thermal conduction or radiative losses). Otherwise, two
different temperatures 7, and 7 need to be considered.

Because the maximum change of the magnetic field is in the
centre of the collapsing magnetic trap that is where the maxi-
mum increase of the temperature can be expected. But, as can
be seen from relation (12), the resulting temperature depends
on the additional heating and losses.

5. Radio diagnostics of the magnetic trap collapse

Except for dense plasmas with fast isotropization the beta-
tron process yields plasmas or their superthermal parts with
T, > T. Just such plasmas are unstable to upper-hybrid waves
at positions where the so called double resonance condition is
fulfilled (Ledenev et al. 2001):

- f.z2 2
WUH = A|Wpe + W, = SWEe,

where wyn, wpe, and wg, are the upper-hybrid, electron plasma
and electron gyro frequencies, respectively, s is the harmonic
number.

In our model, where the magnetic field and density are de-
scribed according to the relations (3) and (9), the positions
where the resonance condition (at different times during the
collapse of one specific magnetic field line) is fulfilled can be
calculated as

13)

A

2 2 - 1
cos X = | 4 2] (14)

L 3 exp(=t/tc)
where

2
Ao 477n01;1¢c ) (15)
B;

For the selected parameters (By = 100 G, ng = 1.4x10'% cm™3,
t. = 1 s) the resulting cosine, which expresses the position
along the collapsing magnetic line (cos27x/L = -1 corre-
sponds to the trap centre L/2), vs. time is shown for three har-
monic numbers (s = 4, 5, 6) in Fig. 10. Varying the selected
parameters (B and ny) we can obtain not only the resonance
lines for different times ¢ and positions (cos(27x/L)), but we
also can obtain more harmonic lines when we decrease, for ex-
ample, the magnetic field By. However, clearly the lower mag-
netic field By in the trap means a less efficient betatron process,
while the initial magnetic field profile remains the same. An in-
teresting aspect of the selected model is that the resonance line
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Fig. 9. The X-ray spectra from five different parts along the collapsing
trap: the full line corresponds to the central region of the trap x =
(4-5) x L/9, the dotted line to the region x = (3—4) X L/9 or x =
(5-6) x L/9, the dashed line to the region x = (2-3) X L/9 or x =
(6-7) x L/9, the dotted-dashed line to the region x = (1-2) X L/9 or
x = (7-8) X L/9, and the dot-dot-dot-dashed line to the region x =
(0-1) X L/9 or x = (8-9) x L/9, where L is the length of the trap, for
two times: ¢ = 1.9 s (upper) and ¢ = 6 s (lower). The initial energy
is 10 keV, collisions included. The initial trap ratio is R = 10. The
electron number includes the weight of the numerical electrons.

for one specific harmonic number s corresponds to one upper-
hybrid frequency (in our case 1075 MHz for s = 4, 840 MHz
for s =5, and 691 MHz for s = 6).

From previous analysis we know that the betatron process
is the most efficient in the centre of the collapsing trap and also
that here the difference between 7', and T} has its maximum.
If moreover it happens that the resonance lines are here then
the upper-hybrid waves are generated and after their transfor-
mation into electromagnetic waves the dm-continua, zebras or
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Fig.10. The plasma resonance lines expressed in cos(27x/L) — time
space. The full line corresponds to the harmonic number s = 4, the
dashed-dotted line to s = 5, and the dashed line to s = 6. By = 100 G
and ny = 1.4 x 10'° cm™ were used.

individual narrowband lines (Chernov et al. 1998), generated
in the collapsing magnetic trap, can be observed.

6. Discussion and conclusions

The model, which schematically describes the evolution of the
magnetic field line in the cusp-structure of a flare, was used
here to study an associated acceleration process. Let us first
summarize the physical aspects of the simulations:

1. In this secondary acceleration process electrons are ac-
celerated if their energy gains are greater than collisional
losses. Because the electron collisional losses are inversely
proportional to its energy this means that for a specific
plasma density the acceleration of electrons is possible
only for energies above some threshold. For example, in
our case of a collapsing magnetic trap (during about 4 s)
for a compressed plasma with a characteristic density of
10'° cm™ the acceleration is possible if the energy of in-
jected electrons (from the primary acceleration process) is
above ~5 keV.

2. The acceleration is the most efficient at the positions of
the largest magnetic field changes; i.e. in the centre of the
collapsing magnetic trap, for the electrons having only a
perpendicular momentum (p = 0) in the initial state. The
acceleration of the electrons with a non-zero parallel mo-
mentum component is less efficient because these electrons
move to the regions with lower magnetic field changes.
With an increase of the absolute value of the cosine of the
electron pitch angle |u| in the initial state the distance of
the mirror reflection point for electrons increases and their
energy gain decreases.

3. Betatron acceleration in the collapsing trap essentially de-
creases u, especially in the central part of the trap, thus ac-
cumulating the most energetic electrons here.
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4. For a ¢ distribution function (in energy) of injected elec-
trons it was found that the maximum of the X-ray emission
is at the top of the collapsing magnetic line. Furthermore it
was found that the X-ray emission intensity here is greater
for shorter times during the magnetic field line evolution,
i.e. at higher heights in the cusp structure of the flare. This
indicates the formation of an X-ray source above the flare
loop. For physical reasons the same result is expected for
the power-law distribution function of injected electrons.
A full computation with a power-law distribution function,
which is more realistic, but which needs a much greater
amount of numerical electrons, can be done in a future
model describing the evolution of the magnetic field line
in a more precise way.

5. If the electrons injected into the collapsing trap (we expect
these electrons from the above located reconnection pro-
cess) have an isotropic distribution then the electrons with u
close to 1 and —1 immediately escape from the trap. These
electrons correspond to those analyzed in the time-of-flight
modelling made by Aschwanden et al. (1996). Clearly, their
energy, obtained by the primary acceleration process, may
be higher than considered in the present simulations. On the
other hand, the electrons with higher energies (after accel-
eration by the betatron acceleration process) escape later
during the trap collapse when the trap ratio decreases to
R — 1. This is the reason that first there appears a maxi-
mum of the total electron energy in the trap followed by the
maximum of the energy flux out of the trap (second maxi-
mum in Fig. 7).

6. All these results are valid also for the proton acceleration,
except that the proton scattering for fast protons can be ne-
glected (see Emslie 1978).

Now the question arises what the relevance is of the simulated
processes to those observed. First, let us mention limitations
for a direct comparison of the model results with observations:

a) The magnetic field and plasma density along the magnetic
field line in the collapsing trap in the cusp-structure are ex-
pressed only approximately. However, it can be expected
that similar results can be obtained also for a class of sym-
metric functions (around x = L/2) replacing the cosine func-
tion in relation (3). For future and more realistic computa-
tions the magnetic field variations need to be computed by
2-D or 3-D MHD simulations of these processes.

b) In the present paper we studied acceleration processes only
along one magnetic field line in the collapsing trap. In real-
ity, in a steady state the flare cusp-structure is formed by a
sequence of such moving magnetic field lines.

¢) The present model is a simple one. Further processes can
be included. For example, the reconnection outflow plasma
with a speed close to the Alfven speed may be unstable, an
MHD turbulence may be generated and electrons are then
effectively accelerated in this MHD turbulence (LaRosa
et al. 1996). Furthermore, the outflowing plasma can gen-
erate a termination shock at the top of growing flare loops
which can also accelerate electrons and thus make the real-
ity more complex than assumed in the present model.
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d) The approach used here is 2-dimensional. In the 3-D case,
due to an additional magnetic field component, the trap ra-
tio R and its change during the “post-flare” loop formation
is probably lower and thus the betatron acceleration less ef-
ficient. Nevertheless this betatron process, which depends
on real flare conditions, can play an important role also in
the 3-D case.

e) The density in the flare loop (the final state of the mov-
ing magnetic field line) was assumed to be nearly constant.
Density variations caused by e.g. an evaporation process,
which change collisional processes along the flare loop and
also change the resulting spatial distribution of the X-ray
emission, were not considered.

All these effects limit direct comparison with observations.
Nevertheless, the presented results lead to the following con-
clusions:

This type of acceleration is a natural aspect of the motion
of the plasma and magnetic field lines in the cusp-structure
topology.

This secondary acceleration process can be very efficient
and due to accumulation of high-energy electrons in the cen-
tre of the collapsing trap it give us a new possibility to explain
the formation of a loop-top hard X-ray source. Among several
models of this loop-top source considering a super hot plasma
at the termination shock (Tsuneta et al. 1997), MHD turbu-
lence (Miller et al. 1996; Petrosian et al. 2002), there is one
model (Fletcher & Martens 1998) which is very similar to the
present one. While in the model by Fletcher & Martens (1998)
the high-pitch-angle electrons are injected into the trap by the
primary acceleration process, in the present model these elec-
trons (with high pitch angles) result from the betatron accelera-
tion process. In reality both these processes can work together.

While the acceleration works for a sufficiently fast col-
lapse and sufficiently high energies of the injected electrons,
adiabatic heating works without such limitations. The collaps-
ing trap can easily heat the plasma to high temperatures; but
with limitations given by cooling processes (see relation 12).
This process can form a region with super hot plasma at the
loop-top.

An important criterion of the role of the magnetic trap col-
lapse in real flares is the timing of X-ray and radio bursts. It is
known that some short-lasting X-ray and radio bursts are asso-
ciated to within fractions of the second (see the time-of-flight
analysis made by Aschwanden et al. 1996), others show a de-
lay of the radio bursts relative to the X-ray bursts of up to 14 s
(see e.g. Farnik et al. 2001 and references therein). Considering
these observations from the point of view of the described mag-
netic trap collapse, the simultaneously observed X-ray and ra-
dio bursts (within fractions of the second) are generated by
electrons accelerated by the primary acceleration process (in
the reconnection place), propagating along the magnetic field
lines of the trap, and immediately escaping the trap. These
electrons are not accelerated by the magnetic field collapse. In
our simulations this group of electrons is mono-energetic with
an energy corresponding to the initial electron energy. If this
group of electrons has some energy distribution then the elec-
trons with higher energy reach the dense chromospheric layers
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(where the thick-target hard X-ray emission is generated) ear-
lier than the electrons with smaller energy, in agreement with
the time-of-flight measurements made by Aschwanden et al.
(1996).

Furthermore, the processes under study can explain some
delayed radio bursts in the decimetric frequency range (gen-
erated by the trapped high-energy electrons), and also some
delayed component of the hard X-ray emission (generated by
the high-energy electrons escaping from the collapsing trap and
penetrating dense chromospheric layers).

On the other hand, a comparison of timing in specific events
can be used for a modification of the functional expressions in
the model relation (3).

In the paper by Nakajima & Yokoyama (2002) the observa-
tion of the non-thermal ejection at 17 GHz by the Nobeyama
radioheliograph was described and its model suggested. Here
we propose the processes under study as a further possibility of
how to explain the non-thermal collimated ejection. Namely,
if we assume a reconnection site moving fast enough upwards
into the corona then the underlying flare loops grow fast in the
upwards direction and the collapsing trap accelerates electrons
for the gyro-synchrotron emission observed at 17 GHz.

We have shown that a magnetic trap collapse accelerates
electrons with a distribution function appropriate for radio
emission at locations where the so-called double resonance
condition is fulfilled. Therefore, we expect that the magnetic
field collapse can be associated with observations of radio con-
tinua, narrowband lines or zebras in the decimetric frequency
range.
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