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ABSTRACT

Numerical simulations are presented of the acceleration
of charged particles in a single or multiple Harris-type
Reconnecting Current Sheet (RCS). We start with ther-
mal (Maxwellian) initial particle distributions at' 2 �106 K. The main goal is to understand how acceleration
in a reconnection site affects the final form of the energy
and pitch angle distributions, as well as the X-Ray spec-
tra produced on the assumption of a thick target model.
These quantities are explored in a parametric space in-
cluding a) the particle species, b) the relative strengths
of the magnetic and electric field components, and c) the
number of successive scattering events in a reconnection
site including multiple RCSs with random orientation and
field parameters. The numerical results are compared to
analytical estimates obtained from our previous studies
(i.e. [4], [5]).
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1. INTRODUCTION

A number of authors have considered particles’ orbits in
various reconnecting current sheet (RCS) topologies (see
[4], [5] and reference there in). In our above cited works
we used rigorous analytical methods from the theory of
dynamical systems in order to study in detail the orbits of
particles in RCSs.

In the present work we consider ensembles of particles
that are accelerated in a site of reconnection. The ini-
tial distribution is taken to be thermal, corresponding to
a coronal temperature. We argue below that, while the
energy spectra may be narrow, power laws arise naturally
even in a scattering event with a Harris-type RCS when
one looks at the X-Ray spectra obtained from the final
particle distribution via a thick target modelling.

Furthermore, the energy distribution also broadens when

one considers multiple encounters of the particle distribu-
tion with RCSs randomly oriented in, e.g., a flaring site.
Such an investigation is based on the scenario of the exis-
tence of multiple dissipation sites in flares (see [7], [1]).

2. COMPUTATION SET UP

Our model for a single current sheet is the same as in [4],
[5] and [6], namely the steady-state electric and magnetic
fields are given by:E = (0; 0; E)B = (�y=a; �?; �k)B0 for jyj � a (1)B = (�sgn(y); �?; �k)B0 for jyj > a
The magnetic field has two components parallel and per-
pendicular to the current sheet plane (�k,�?). The edges
of the current sheet are aty = �a and we do not in-
tegrate the particles’ orbits beyond these edges. Taking
advantage of the translational symmetry of the problem
in the z-direction, the equations of motion can be cast in
the form of Hamilton’s equations under a two degrees of
freedom Hamiltonian:H = 12p2y+12(4+12y2)2+12(I2��?z+�ky)2��z (2)

with canonical pairs(y; py = _y) and(z; 4 = _z � 12y2).
The quantityI2 is a second integral of motion given by:I2 = _x� �ky + �? z (3)

which yields the time evolution of the(x; _x) variables
missing from Eq.(2). Eq. 2 is given in units in which the
main magnetic component is set equal toB0 = 1, the
half-thicknessa = 1, and the electric field is scaled as� = Em=(aB20e), wherem ande are the particle’s mass
and charge respectively. An electric fieldE of 100 V/m
corresponds to� = 10�5 for electrons and� = 0:0184
for protons due to dependence on the particle’s mass. The
inverse gyrofrequency!�1B = m=qB0 is taken as the u-
nit of time, equal to5:7 � 10�10 sec for electrons and10�6 sec for protons.

The particles motion in the RCS is studied by integrat-
ing numerically the equations of motion in the above 2D-
Hamiltonian. In the present study, the initial conditions of



Figure 1. Electron kinetic energy distributions. In each
panel, three sets of 10 000 particles are injected from a
different initial positiony = 0:9; 0; or � 0:9. Thus each
plotted distribution represent 30000 electrons. For the
panels in the first column (panels a, d, g)�k = 0. For
panels in second column (b, e, h)�k = 0:1 and for panels
in the third column (c, f, i)�k = 1. For panels in the first
row (a,b,c)�? = 10�3 and� = 10�5. For panels in the
second row�? = 10�2 and� = 10�5. For panels in the
third row �? = 10�3 and� = 5� 10�5. Vertical dotted
lines correspond to an analytical estimation of the kinetic
energy gain (see [4]). The point dashed lines correspond
to the initial kinetic energy distribution.

Figure 2. Proton kinetic energy distributions. Same as
in Fig. 1 but for� = 0:0184 in the first and second rows
and� = 0:092 in the third row. Notice that a fraction of
protons is not accelerated.

Figure 3. Final pitch angle distributions for the same nu-
merical simulations as in Fig. 1 & 2, panels a, b, c. Panel
a shows the electrons pitch angle distributions and panel
b the proton pitch angle distributions. For electrons, larg-
er values of�k, corresponds to steeper pitch angle distri-
butions. For protons, larger values of�k, corresponds to
broader pitch angle distributions. The point dashed lines
corresponds to the initial pitch angle distributions.

individual particles are selected from a Maxwellian dis-
tribution at coronal temperature (T ' 2� 106 K).

Orbital integration is performed up to105 time steps in a
time interval corresponding to 50�se for electrons and
to 0.1 seconds for protons. Integration of an orbit ceases
when a particle reaches the edgesy = �1, where we con-
sider the particle as escaping the current sheet. We calcu-
late kinetic energy distributions, pitch angle distributions,
times of escape and also store the side of escape (y = 1 ory = �1). We consider several values of the magnetic and
electric field dimensionless parameters within the ranges:�k = 0:; 0:1; 1, �? = 10�3; 10�2, � = 10�5; 5 � 10�5.�k = 1 corresponds to a magnetic field of 100 Gauss.

3. SINGLE RCS ENCOUNTER

In most cases, the kinetic energy gain is restricted in a rel-
atively small energy range (see Fig. 1). In some field con-
figurations particles do not gain kinetic energy at all (see
Fig 1d for electrons). Especially, a fraction of protons are
not accelerated (see Fig 2). The final pitch angle distribu-
tion of accelerated particles is, in general, narrower than
initially depending on the field parameters (see Fig 3).

4. MULTIPLE RCS ENCOUNTERS

We consider consecutive encounters of a distribution of
particles with RCSs randomly oriented inside a flaring
active region. The initial condition is an isotropic thermal
distribution of particles entering the first current sheet
from the top or bottom edge. The values of the field
components of the sheet are selected randomly, with a
uniform distribution in the intervals�k = 0 � 1, �? =10�3� 10�2, and� = 5� 10�6� 3� 10�5 for electron-
s or � = 0:00368 � 0:0552 for protons. In addition we



Figure 4. A Maxwellian distribution of electrons (pan-
el (a)) interacts successively with 10 current sheets. In
panels (b) to (k) the kinetic energy distributions is shown
after the particles have left the current sheet. In each pan-
el, the parameters of the current sheet�k, �? and � are
presented. In panel (l) the kinetic energy distributions of
panels (i), (j) and (k) are presented together.

randomize the directions of motion, i.e. the entry pitch
angles into a second sheet, while we keep the modulus of
the velocity of each particle unchanged, i.e., equal to the
exit value from the first sheet (this cannot be changed by
magnetic fields).

The main result of Fig. 4 and 5 is that, after a number of
encounter events (of the order� 10), the kinetic energy
distribution appears toconverge to a final form. Thus, if
we superpose the distributions of panels (i), (j), (k) (pan-
el (l)) we obtain a practically unaltered distribution. This
limiting distribution marks also the maximum gain of ki-
netic energy that can be achieved through the multiple
scattering process. The final energies reach a limit of' 100 keV for electrons and103 keV for protons.

We may understand theoretically the tendency of the en-
ergy distributions to ‘freeze’ by using analytical results
from our previous work ([4] [5]). For given initial kinet-
ic energyE0 and field parameters, the maximum kinetic
energy gain is given by:Emax = ��2?��? I2 + �k�?yout + �+ (4)q2�?I2�+ 2�k�?yout�+ �2 + 2�2?E0�
The value ofEmax can be computed easily from the ini-
tial conditions of the orbit_x0; y0; z0 for yout = 1, by
settingz0 = 0 (without loss of generality) andI2 = _x0��ky0. If we divide the cubic parameter space(�k; �?; �)
in a lattice of10 � 10 � 10 = 1000 grid points, we can

Figure 5. Same as Fig. 4 but for protons.

calculate the number of pointsN(E0; F ) (out of 1000)
for which the maximum final energy was larger from the
initial energyE0 by a factorF . Now, as analyzed in our
previous papers, asE0 increases, the chance that an elec-
tron is significantly accelerated decreases, thus, for fixed
factorF , we expectN to be a decreasing function ofE0.
Precisely, this is shown in Fig. 6, forF = 2, (a) for elec-
trons, (b) for protons. In (a) we see that when the initial
kinetic energy of an electron reaches a value' 120 keV,
only 3% of parameter values in the cubic lattice consid-
ered can yield current sheets that act as accelerators ef-
ficient enough so as to double the kinetic energy of the
particles. Thus, when the electron kinetic energy distri-
bution is shifted to values of order 100 keV, a further in-
crease in the energy becomes a rare event that can occur
only for some specific combinations of the values of the
magnetic and electric fields covering a small sub-volume
of the total parameter space. The same is true for pro-
tons whenE0 reaches a value'4 MeV (panel b). In both
cases, we found that when the particle distributions ap-
proach the limiting distributions, they remain practically
invariant for larger and larger numbers of iterations. On-
ly marginal shifts to the right occasionally take place by
‘kicks’ which become less and less frequent as the num-
ber of iterations increases.

5. X-RAY COMPUTATION

Assuming a model of ‘thick target radiation’ (see [3],
[2] and [8]), it is possible to compute X-ray spectra that
correspond to a particular electron kinetic energy distri-
bution. In the thick target approach, the electrons, af-
ter escaping from the accelerator region, have impacts
with a dense medium (e.g. the chromosphere) where
they lose their kinetic energy in very small times via
bremsstrahlung radiation (there is practically no modifi-



Figure 6. Probability for an electron (panel a) or a proton
(panel b), with a given initial kinetic energyE0, (shown
in the horizontal axis) to leave a current sheet with a final
kinetic energy of2E0. Electrons withE0 = 100 keV
have 0.9% chances to enter a current sheet which will
accelerate them at 200 keV. Moreover, protons withE0 =4000 keV have 3% chances to a current sheet which will
accelerate them at 8000 keV

cation due to transport). The computation of the X-ray
spectrum produced by bremstruhlung radiation starts by
considering the number of photons of energyh� emitted
by an electron of initial energyE0.�(h�;E) = Z h�E0 �(h�;E)npv(E)dEdt dt (5)

where �(h�;E) is the cross-section coefficient of the
bremshtruhlung emission,np the density of the ambient
plasmav(E) the electron’s velocity anddE=dt the en-
ergy loss due to collisions. Then, the photon spectrum
emitted by an electron distributionF (E0) in the rangeE0; E0 + dE is given by the integral:I(h�) = Z +1h� F (E0)�(h�;E0)dE0 (6)

For each electron kinetic energy distribution we comput-
ed a corresponding X-ray spectrum. The computation-
s involve only the part of a kinetic energy distribution
above 1.6 keV. In some distributions with maximal ki-
netic energies reaching'3 keV the X-ray computation
becomes irrelevant. Typical computed X-ray spectra are
shown in Fig. 7. The maximum photon energy is lower
but close to the maximum electron kinetic energy.

The main result is that, contrary to the particle distri-
butions, the spectrum is a smooth curve that decreases
monotonically with increasing photon energy, up to a lim-
it corresponding to the highest reached photon energy, at
which the spectrum exhibits an abrupt fall. As the X-
ray spectrum is computed through the integral of Eq 5),
the presence of peaks in the particle kinetic energy dis-
tributions is smoothed out. Furthermore, the spectrum
corresponding to a multiple event (Fig 7d) shows a de-
crease that is less abrupt as the photon energy increases.
The spectra of Figs 7c,d, yield values of the maximum

Figure 7. X-ray spectra compared with the kinetic energy
distribution which produce them. In panel (a),�k = 0,
in panel (b)�k = 0:1 and in panel (c)�k = 1. In panels
(a) to (c) �? = 10�3 and � = 10�5. In panel (d), the
kinetic energy distribution is produced by a multi sheets
experiment and is the same as in Fig. 4(k). The kinetic
energy distributions are shown as an histogram and are
put into scale.

photon energy at' 100 keV. This compares well with
non-thermal X-ray observations.
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