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Abstract. pretation lead to a variety of proposals for acceleration
A global model for the acceleration of electrons in processes such as MHD waves, shock waves, DC electric
the framework of the statistical flare model is presented. fields, double layers, coherent acceleration processes etc.
In such a model, solar flares are the result of an in- (for reviews see: Heyvaerts, 1981; de Jager, 1986; Vla-
ternal Self-Organised Critical (SOC) process in a com- hos, 1989; Melrose, 1990; Miller et al., 1997).
plex, evolving, and highly inhomogeneous active region. Recent observations of flare radio emission (Kuijpers
We have developed a 3D cellular automaton model that et al., 1981; Benz, 1985; Vilmer, 1993; Aschwanden et
simulates flaring activity which extends over an active al., 1995) suggest that the energy released during solar
subflaring background. We derive the spatio-temporal flares is fragimented. This suggestion led to the develop-
evolution of the active region and the resulting energy ment of a number of qualitative models for the energy re-
release time series, which is associated with an electric lease in solar flares (for reviews see: Vlahos, 1993; 1994;
field time series. We trace an injected electron distribu- Bastian and Vlahos, 1997). These models revealed the
tion in this environment, assuming that the acceleration necessity to study and understand the global behaviour
process is due to randomly placed, localised DC elec- of the evolution of active regions. Two approaches can
tric fields. Our numerical results regarding the kinetic be used for this purpose:
energy distribution of the accelerated electrons show a (1). MHD simulations {e.g. Galsgaard and Nordlund,
power-law or an exponential behaviour, depending upon 1996; Einaudi et al., 1996). According to these models,
the maximum trapping time of the energetic particles in- random shearing motions of the magnetic field lines at
side the acceleration volume.© 1998 Elsevier Science Ltd.  the photospheric boundary lead to the formation of a
All rights reserved. number of current sheets inside the active region, where
magnetic reconnection occurs.
1 Introduction (2). Cellular Automata simulations. Lu and Hamil-
ton (1991) and Lu et al. (1993) were the first to ap-
Solar-terrestrial coupling has its origin in solar events. ply cellular automata simulations to solar flares. They
One kind of such events are solar flares, which have been showed that the energy released inside the active re-

associated with the occurrence of intense geornagnetic gion may well be a result of an internal self-organisation
storms. In this context, comprehensive knowledge of process. The continuous loading of the active region

solar flare dynamics is highly desirable. with new magnetic flux produces several magnetic dis-
Solar flares are the manifestations of an energy release continuities. The energy released locally affects the en-
process in solar active regions. During solar flares, mag- tire structure of the flaring region by redistributing the
netic energy of 102 to 1033 ergs is released, by means of magnetic field, creating new instabilities in an avalanche
magnetic reconnection, in the solar chromosphere and -like manner.
corona over a few minutes. This released energy is sep- Several qualitative attempts to study the problem of
arated in three parts: (1) intense localised heating, (2) particle acceleration in the framework of a concrete pro-
particle acceleration and (3) mass flows (Priest, 1992). posal for a fragmented energy release process have been
A large number of observations on the spatio-temporal made in the past (e.g. Holman, 1985; Haerendel, 1994).
evolution of solar flares have been collected (for reviews Anastasiadis and Vlahos (1991; 1994) proposed a model
see: Dennis, 1985; Ramaty and Murphy, 1987; Vilmer, for the acceleration of particles (electrons and ions) by
1987; Dennis, 1988; Pick et al., 1990) and their inter- an ensemble of shock waves. 1n this model the energy
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Fig. 1. Spatial configuration of the 3D simulation box, illustrat-
ing the clustering of unstable grid points.

was assumed to be released by means of many localised,
small - scale explosive phenomena which are the drivers
of a number of shock fronts (small - scale, short - lived
discontinuities).

In this paper we present a model for electron accel-
eration based on a random number of localised electric
fields, which are closely associated with the energy re-
leased during solar flares. We are interested in the global
characteristics of the energy release process and the ac-
celeration of high energy electrons.

2 The statistical flare

In a series of recent articles, Vlahos et.al. (1995), Geor-
goulis et al. (1995) and Georgoulis and Vlahos (1996),
have developed a cellular automaton model, based on
the concept of Self-Organized Criticality (Bak et al,,
1987; Tang and Bak, 1988). The main goal was to
explore the origin of the frequency distribution of so-
lar flares, the problem of coronal heating by nanoflares
and the variability of the occurrence frequency of solar
flares. In these articles "flares” are not considered as
isolated localised explosions but rather as randomly ap-
pearing clusters of reconnection sites in a highly inhomo-
geneous topology. The active regions are continuously
in a ”flaring” state but the spatio-temporal evolution
of the explosions changes randoinly inside the active re-
gion. Vlahos et al. (1995) named this type of flating
activity ” statistical flare”.

The basic rules of the statistical flare model are:

1. A 3D cubic lattice represents an active region. To
each grid point a random value of maguetic field is as-
signed (initial loading).

2. Randomly selected grid points gain increments ¢ B,
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Fig. 2. The energy release time series corresponding to the con-
figuration of Fig.1.

which are selected also randomly out of the following
power-law probability distribution function (loading)

P(6B) ~ (§B)7%/3 (1)

where P(éB) is the probability of occurrence of a cer-
tain increment §B. Since the increments §B in eq. (1)
are supposed to be the outcome of a highly turbulent
process in the convection zone, the particular value of
the exponent (i.e. that it is a multiple of 1/3) is loosely
explained. It is clear, however, that the connection be-
tween eq. (1) and the turbulent convection zone should
be analyzed further (see Galsgaard, 1996; Georgoulis
and Vlahos, 1997).

3. The continuous loading generates local discontinu-
ities which excite currents (V x B « J). If a certain
critical threshold B, is exceeded, the topology is con-
sidered unstable and is relaxed by redistributing mag-
netic field to the neighbourhood and by releasing energy
{relaxation process).

The amount of the released energy during the restruc-
turing of the magnetic field at a single grid point i is
given by the relation (Georgoulis et al., 1995; Georgoulis
and Vlahos, 1996)

6 2
€p; ™~ (Bs - 7Bcr> (2)

where B; is the local magnetic field at the ¢th grid point.
This energy is treated as the magnetic energy release
during rmagnetic reconnection.

By performing a number of iterations, we are able
to obtain spatio-temporal information on the energy re-
leased (in arbitrary units). In Fig.1 we demonstrate the
clustering of current sheets of all sizes for a small time
interval. The corresponding energy release time series
is given in Fig. 2 .
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Fig. 3. The temporal evolution of the velocity of a single electron.
The sign of the velocity corresponds to the direction of motion.

The energy release time series obeys a well-defined
double power-law frequency distribution (see Fig.1 of
Georgoulis and Vlahos, 1996), it exhibits a scale-invariant
behaviour and it encloses a self-similar nature (Vlahos
et al., 1995; Georgoulis et al., 1995). It turned out that,
due to self-similarity, our results are not affected by the
size of the simulation box, provided that the box is not
too small (not smaller than 50 x 50 x 50).

3 Model for electron acceleration

QOur acceleration model is based on the interaction of
electrons with a number of Reconnecting Current Sheets
(RCS). We assume that the magnitude of the electric
field inside each RCS is comparable to the convective
electric field, due to the ambient plasma flow and the
local magnetic field. If the flow velocity of the plasma
inside the flaring region is of the order of the Alfvén
speed v4, then the convective electric field is given by
the relation
va x B B?

| ~ (3)

c c(dmnm;)1/2

E=|-

where B is the magnetic field, cis the speed of light, n is
the ambient plasma density and m; is the proton mass.
From the above relation we can find that the convective
electric field in Volts cn~! is

E(t) ~ 2.184 10% B%(t) n™*/? (4)

Litvinenko (1996) performed a similar calculation in or-
der to find a relation between the magnetic field and the
electric field in a RCS, using a self-consistent calculation
for the collisionless case.
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Fig. 4. The electric field time series which the electron, consid-
ered in Fig.1, experiences.

We consider now that the ambient plasma parame-
ters inside our flaring region are: the density n = 100
cm™3, the temperature T = 107 K, corresponding to an
electron thermal velocity V. = 1.23 x 10° cm s~! and a
kinetic energy Er = 430 V.

The SOC model, which was described in the previ-
ous section, connects the magnetic field strength B(t)
at a given time ¢ with the derived energy release time
series €.(t), as €,(t) ~ B%(t) (see eq. (2)). Thus we can
construct a new time series E(t) which represents the
electric fields at each RCS, associated with the energy
release sites, using the relation

E(t) ~ 2.184 10° n™ 2% ¢, (1) (5)

This new time series exhibits the same characteristics
as the energy release time series. These highly localised
and strong electric fields will excite plasma instabilities.
The particle, interacting with the electric field and the
plasma waves, will depart from the RCS with a final en-
ergy gain or loss, which for our purpose will be simulated
by a ”virtual” electric field (see below).

Each electron of the ambient Maxwellian distribution

1) = gty o0 ( 2 ) (6)

with initial velocity in the range 2 < (v/Ve) < 5, re-
mains inside the flaring region for a different number
of time steps (N;), selected randomly from an interval
(1, Npnaz). The parameter Ny, is the maximum num-
ber of time steps that the injected electron distribution
rernains inside the acceleration volume.

Each injected electron enters into the acceleration vol-
ume and interacts successively with N; < Npqp ran-
domly selected elements of the electric field time series.
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Fig. 5. The numericaily evaluated kinetic energy distribution of
accelerated electrons (average of 10 sample runs) for Nyq; = 500.

Following this approach, electrons with the same initial
kinetic energy E) are neither entering into the accelera-
tion volume at the same time and at the same position,
nor are they escaping from the same place at the same
instant.

We include the case of energy losses for the electrons
by assuming that their interaction with the associated
electric field can be accomplished either in phase or out
of phase. This selection is also random. We do not
consider the effect of Coulomb collisions in our model as
we are initialising the tail of the Maxwellian distribution
and thus the collision frequency is small.

We define an ”acceleration coefficient” o« which is se-
lected randomly to vary between zero and one at each
electron - RCS interaction. With this coefficient, we in-
tend to simulate the fact that only a portion of the en-
ergy released goes to the particle acceleration process;
the rest of this energy heats the ambient medium of the
flaring region. Thus an electron interacts with a portion
of the electric field (" virtual field”) allocated at a RCS.
The variation of the ”acceleration coefficient” at a sin-
gle electron - RCS interaction, represents also the fact
that each electron travels along the RCS’ electric field
a different distance, and thus the effective acceleration
length Al is not constant. In this way the variability of
Al can also be assigned to the coefficient «.

Under the above assumptions, the kinetic energy change
of a single electron in eV, due to the interaction with an
electric field E(t), at a given time ¢, is given by the
relation:

AE, =+ a e E(t) Alpas (7)

where the plus (minus) sign corresponds to in (out of)
phase interaction, e is the electron charge (e = —1) and
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Fig. 6. The same as Fig. 5 but for Npmay = 10000,

Alpee = 10 cm is the maximum effective length of the
current sheet where the electric filed E(t) is located.

The only free parameter for our model is the max-
imum number of time steps (Npaz) that the electron
distribution, moving inside the flaring region, will com-
plete before escaping from the box and thus the maxi-
mum number of RCS it can experience. A more detailed
description of the model can be found in Anastasiadis
et al. (1997).

4 Results

According to our model, an electron performs a ”free
flight” between electric fields of variable strength, which
exhibit a power-law frequency distribution. The tempo-
ral evolution of the velocity (normalised to the thermal
one) of a single electron is presented in Fig. 3 and the
part of the electric field time series with which this par-
ticular particle interacts is shown in Fig. 4. Note that
the sign of the velocity in Fig. 3 corresponds to the di-
rection of motion. We believe that this process is not
a normal diffusion (i.e. normal random walk, Brownian
motion), as the electric field as well as the energy gain
of a single particle exhibit large variations locally.

We are interested in the electron population given by
eq. (6), with initial velocity range 2 < (v/V.) < 5. We
normalise the injection distribution in such a way that
f(5Ve) = 1 and follow numerically the kinetic energy
change of 1000 electrons per injected velocity bin. The
final kinetic energy distributions of the accelerated elec-
trons (those with Ey > Ep = 430 eV) for the interval
(1, Nopax) are given in Fig. 5 - 7. These are averaged
distributions over 10 sample runs with the same param-
eters.

The kinetic energy distributions for the high energy
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electrons (with (Ex/Er) > 10%) initially exhibit a well
- defined power-law behaviour. The power-law index
has a value of -1.64 initially (for Nyyar = 500) and as
the maximurn trapping time increases it becomes flatter,
reaching -1.44 (for Npga,= 5000). The relative error
in the calculation of the above indices is less than 3
%. Further increase of the trapping time affects the
shape of the final distribution, which begins to diverge
from the power-law behaviour and an exponential tail is
starting to develop. For Ny,,-==10000, the shape of the
distribution deviates significantly from either power-law
or exponential behaviour. Finally, further increase of
Nmazr leads to the emergence of an exponential law. The
electron distribution in this stage becomes a ”thermal”
one with an ”effective temperature” of the order 10578 x
Er. The energetic electrons, in this casc, remain longer
tirne intervals inside the acceleration volume and try to
reach an equilibrium with the mean energy associated
with the random electric fields.

The maximum energy reached by the electrons is of
the order of several MeV. This value is connected with
the selection of the maximum effective acceleration length
Al, which on the other hand does not influence the over-
all behaviour of the distributions. There is a close con-
nection between the structure and the nature of the en-
ergy release ¢, (t) or the electric field E(¢) time series and
the resulting energy distributions. This is obvious as, if
we assume a random type time series (white noise) then
our distributions do not exhibit any kind of structure
(power-law or exponential type).

5 Summary

We propose, in this study, that electrons are accelerated
by randomly placed DC electric fields inside an evolving
active region. We use the statistical flare model in or-
der to overcome the lack of understanding the way and
the amount of the energy released in solar ares. Thus
we simulate the spatio-temporal evolution of the energy
released in active regions and subsequently we trace elec-
trons inside this highly structured environment.

The injected electrons move inside this environment
sensing either an electric field with varying strength lo-
cally or flying long distances without any interaction.
This movement departs radically from the well known
random walk with uniformly placed electric fields. The
free parameter in this study is the maximum allowed
number of interactions of each electron with the electric
fields (Npmar). Assumning that it takes a certain mean
time for each electron - electric field interaction, then by
increasing Nyp,qr we increase, on the average, the time
that the injected distribution rernains inside the energy
release region (the trapping time). 1t is clear that N,
is only a rough measure of the trapping tine.

Our main conclusions are:

1. There is a close connection between the turbulent
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Fig. 7. The same as Fig. 5 but for Nypaz = 40000.

driver inside the convection zone (power-law in the load-
ing process), the frequency distribution of flares (power-
law behaviour) and the energy distribution of acceler-
ated particles.

2. The several types of solar flares, i.e., "nonthermal”
(showing power-law behaviour), "thermal” ( having an
exponential distribution) or hybrid”, may be related to
the the maximum trapping time of the energetic parti-
cles inside the active region. For short trapping time
the distribution of energetic electrons exhibits a well -
defined power-law behaviour. As the trapping time in-
creases, the power-law distribution becomes flatter until
an exponential tail is starting to develop (transition re-
gion). Further increase of the trapping time leads to
exponential distribution for the energetic electrons.

It is obvious that the differences between our esti-
mated energy distributions and the ones derived by the
analysis of the observational data are due to the fact
that no transport of the electrons is taken into account
in this article. Many questions still remain open and
will be addressed in a future study: {a) A more detailed
connection of our study with the time evolution of the
energy release process. (b) Including transport of ener-
getic particles in our model.
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