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We investigate the coalescence process of two parallel current loops with co-helicity by using
two dimensional, electromagnetic, relativistic Particle-In-Cell (PIC) code. We found that in
a later stage of the two current loops coalescence, fast magnetosonic waves are generated as a
result of rebound of the coalescence and they develop to shock waves propagating away from
the coalesced loops. We also found that near the fast magnetosonic shock front the ions can
be promptly accelerated by the surfatron acceleration mechanism. We apply the obtained
simulation results to the proton acceleration during solar flares.
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1 Introduction

In most strong flare events the time profile of the
prompt gamma-ray line emission caused from ener-
getic protons is observed to be very similar to that
of the bremsstrahlung hard X-rays emitted by en-
ergetic electrons (Aschwanden 2002). This suggests
that the acceleration and propagation of the flare-
accelerated protons and electrons are closely related.
The most typical event among them is the 1980 June
7 flare observed by the SMM (Forrest and Chupp
1983), which flare was explained by the current loop
coalescence model (Tajima et al. 1982; Sakai & Oh-
sawa 1987; Sakai & De Jager 1996). Sakai & de
Jager (1996) gave a review of the high-resolution ob-
servations of solar plasma loops with simulations of
current-carrying loops and tried to arrive at the un-
derstanding of solar flare phenomena.

However, the location, size and geometry of the
accelerated proton collision region remains unknown
until now. Recent paper by Hurford et al. (2003)
presents the first gamma-ray images of a solar flare
taken from the Reuven Ramaty High Energy Solar
Spectroscopic Imager (RHESSI) for the X4.8 flare
of 2002 July 23. The result shows that the centroid
of the 2.223 MeV image was found to be displaced
by 20 4+ 6 arcsec from that of the 0.3-0.5 MeV, im-
plying a difference in acceleration and /or propa-
gation between the accelerated electron and proton
populations near the Sun. The fact that proton-
associated gamma-ray source does not coincide with
the electron-bremsstrahlung sources suggests that
the protons would be accelerated in one direction
by the DC electric field and could subsequently in-
teract in spatially separated sources. Therefore it is
now important to investigate in details the proton

acceleration of particles, shock waves, Sun-flares, Sun-magnetic field

acceleration processes for different types of flares.

In this paper we investigate the coalescence pro-
cess of two parallel current loops with co-helicity
by using two dimensional, electromagnetic, relativis-
tic Particle-In-Cell (PIC) code. We found that in
a later stage of the two current loops coalescence,
fast magnetosonic waves are generated as a result
of rebound of the coalescence and they develop to
shock waves. We also found that near the fast mag-
netosonic shock front the ions can be promptly ac-
celerated by the surfatron acceleration mechanism
(Sagdeev & Shapiro 1973; Katsouleas & Dawson
1983; Ohsawa 1985; Ohsawa & Sakai 1987). We
apply the obtained simulation results to the proton
acceleration during solar flares.

In §2 we present our simulation model. In §3 we
present our simulation results and in §4 we sum-
marize our results and discuss applications to solar
flares.

2 Simulation Model

We used 2D3V, fully relativistic electromagnetic
particle-in-cell (PIC) code, modified from 3D3V
TRISTAN code (Buneman 1993). The system size
is Ly = L, = 900A, where A(= 1) is grid size. The
free boundary conditions for both z and y directions
are imposed on particles and fields. We considered
that a single steady-state current loop satisfies the
equilibrium condition in the form:
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The two current loops are assumed to be in force-free
state, respectively. The z component is perpendicu-
lar to the two dimensional plane. The center of two
current loops is located at (z1,y1) = (300A,300A)
for the first loop and at (x2,y2) = (600A,600A)
for the second loop. The radius, a of both loops
is 100A. There are about 80 million uniformly dis-
tributed electron-ion pairs in the system, which are
keeping the charge neutrality. The average numbers
of electron-ion pairs in a cell is about 100 particles.
Ton temperature is equal to the electron tempera-
ture. Only electrons are drifted as electric current
of the loops. Other parameters are as follows : the
time step wpeAt = 0.05, mass ratio m;/m. = 16.0,
Debye length vy, . /wpe = 1.0A, the collisionless skin
depth ¢/wpe = 10A. The physical quantities associ-
ated with the magnetic field By, like the ratio of wee
t0 wpe, plasma beta, electron Larmor radius, and
ion Larmor radius are 0.8, 0.015, 1.25A, and 5A,
respectively.

3 Simulation Results

First of all we show how the magnetosonic waves
are generated during two current loops coalescence
in Figure 1. Figure 1(a.1-4) and (b.1-4) show the
time development of the magnetic field B, with the
grayscales and averaged ion velocity vg,; with the
vector plots, respectively, at wp.t =0, 200, 250, and
300. The horizontal and the vertical axis show the
z and y direction, respectively. In the initial state
(Fig.2 (a.1) and (b.1)), the center of the magnetic
field B, is located at (300A,300A) for first loop
and at (600A,600A) for second loop, and there are
no plasma flows in the system. After time goes
on, two current loops approach each other due to
the attractive force caused by their electric cur-
rents. At wp.t = 200, the magnetic fields are com-
pressed due to the plasma flows behind the current
loops, as seen in Fig.1(b.2). Therefore, the mag-
netic field energy in the compressed region may over-
come the local kinetic energy, resulting in the en-
ergy conversion from the magnetic field energy to
the kinetic energy of streaming plasma behind the
loops. At wpet = 250, the pulse-like magnetosonic
waves are generated behind the loops, which are
shown by dashed circles in Fig.1(a.3). As seen in
Fig.1(a.4), the waves propagate outwards in the di-
rection anti-parallel to the plasma flows. The gen-
erated fast magnetosonic waves eventually develop
to shock waves that play an important role for ac-
celerating ions by the surfatron acceleration mech-
anism (Ohsawa & Sakai 1987). Next, we pay at-
tention to the structure of the generated nonlinear
magnetosonic wave. Figure 2 shows the vector plots
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Figure 1: (a.1-4) and (b.1-4) show the time development
of magnetic field B, and averaged ion velocity, respec-
tively, at wpet =0, 200, 250, and 300. The dashed circles
indicate the magnetosonic waves propagating to outer
region.
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and the intensity (grayscale) of the magnetic field
B,y (a.1-2) and the electric field E;y, (b.1-2), re-
spectively, at w,.t =350 and 500. The plotted re-
gion is a part of the system; from 100A to 400A
in the x-direction, and from 100A to 400A in the
y-direction. In Fig. 2 (a.1-2), we can see that the
compressed wave region propagates normal to the lo-
cal magnetic field, as characterized by the nonlinear
magnetosonic wave. As seen in Fig. 2 (b.1-2), the
electric fields associated with the magnetosonic wave
are generated normal to the wave front with the scale
of the electron skin depth. The electric field strength
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Figure 2: (a.1-2) and (b.1-2) show the vector plots
Berlapped with the intensity of malfgletic field Byy =

B? 4 B2 and electric field Eyy = = E2% 4 EZ, respec-
tively, at wpet =350 and 500. The plotted region is a
part of the system; (100A — 400A) in the x-direction

and (100A — 400A) in the y-direction.

normalized by magnetic field is calculated as
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from the nonlinear theory of magnetosonic waves.
Here, 71, va, ¢, and M4 are the ion Larmor ra-
dius, Alfvén velocity, light velocity, and Alfvén Mach
number, respectively. The Alfvén Mach number is
calculated from the continuity equation as

Vo, + V1,0 _ M (1 _ Uo,i> n 0, (4)
VA no,i VA VA
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Here, vg 3, 10,i, v1,i, and ny ; are the ion bulk veloc-
ity, ion bulk density, the perturbations of ion veloc-
ity, and density, respectively. We assume that the

phase velocity w/k is equal to v4. We can obtain
M4 = 1.75 from above equation with averaged phys-
ical quantities between wy.t = 350 and wypet = 500
around the wave front. By using this result, we esti-
mate the intensity of electric field normal to the wave
front, whose value agrees well with the simulation
result. The generated electric field by the nonlin-
ear effect of magnetosonic wave, normal to the wave
front is important for the acceleration of ions, be-
cause the basic concept of the surfatron acceleration
is E x B drift. Figure 3 shows the time development
of ions in phase space at wp.t = (a) 200, (b) 350, and
(c) 500, respectively. The horizontal and the verti-
cal axis show the x-axis between 100A and 4004,
and the ion velocity normalized by light velocity, re-
spectively. At wpet =200, there are no accelerated
ions in the plotted region, while at w,.t =350 and
500 some ions are accelerated to the z-direction near
the narrow region corresponding to the position of
the magnetosonic shock front as shown in Fig.3. At
wpet =500, more ions are accelerated up to +0.2c.
In the ion accelerated region, the electrons are not
accelerated because the surfatron mechanism accel-
erates only ions for the condition as wpe > wee which
condition is satisfied in the outer region away from
the center of current coalescence region. Therefore
the only trapped ions by the magnetosonic wave can
be accelerated up to

v m; 1/2
-~ - —1 3/2'
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by the surfatron acceleration mechanism. By using
the mass ratio, m; / m. =16, and Mach number
=1.75, we find that v/v4 becomes about 2.6. In the
acceleration region, Alfvén velocity is about 0.08c.
Therefore, the theoretical value of accelerated veloc-
ity in the region is 0.2c, which is a good agreement
with the simulation result as seen in Fig. 3(c). Fur-
thermore, as seen in Fig. 3, the time period for the
acceleration is less than wy. AT = 300 which is cor-
respond to wy; AT = 6.0, where w,; is determined
by the intensity of magnetic field in the accelerated
region. The theoretical value for the acceleration
period is presented by the equation,
Wpi

it~ M R 6
“ A Wej ( )

By using M4 = 1.75, and wp;/we; = 12.5, we obtain
that the time period for acceleration is wgt = 7.1,
which shows also good agreement with our simula-
tion result. The results obtained from our simulation
indicate clearly that the ion acceleration near the
shock front is caused by the surfatron mechanism.
Some ions trapped by the electric fields associated
with the magnetosonic shock wave can be acceler-
ated to the direction perpendicular both to the local
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magnetic field and to the propagation direction of
the shock for the condition as wpe > wee.
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Figure 3: (a)-(c) show the time development of ions in
phase space at wpet =200, 350, and 500, respectively.
Horizontal and vertical axis show the x-axis between
100A and 400A and ion velocity normalized by light ve-
locity, respectively.

4 Summary

We investigated two current loops interaction with
force-free magnetic field configuration, by using
2D3V, fully relativistic electromagnetic particle-in-
cell code. We found that in a later stage of the
two current loops coalescence, fast magnetosonic
waves are generated as a result of rebound of the
coalescence and they develop to shock waves prop-
agating away from the coalesced loops. We also
found that near the fast magnetosonic shock front
the ions can be promptly accelerated by the surfa-
tron acceleration mechanism. Some ions are accel-
erated by the surfatron mechanism for the condi-
tion of wpe > wee (Ohsawa & Sakai 1987), up to
vfvg = (mi/me)l/2 (Ma —1)3/2. The simulation re-
sults for ion acceleration showed a good agreement
with the theoretical results for the surfatron acceler-
ation. The recent observation by the RHESSI satel-
lite (Hurford et al. 2003) implied a difference in ac-
celeration and/or propagation between the acceler-
ated electron and ion populations near the Sun. We
apply the surfatron mechanism to one of the proton

acceleration mechanism in solar flares caused by cur-
rent loops coalescence. Due to the above surfatron
mechanism, the only protons are accelerated to one
direction (in the present simulation, to the +z di-
rection) in the region with the condition wpe > wee,
away from the current loops coalescence region. If
we take the plasma parameters of the solar corona as
va ~ 10%cm/s and m;/m. ~ 1836, the accelerated
proton velocity by the surfatron mechanism with the
Alfén Mach=1.7 which is obtained from the simula-
tion is vgec,i ~ 2.5 x 10%m/s, which corresponds to
the kinetic energy 1/2m;v? ~ 3.5 MeV. This energy
is enough to provide the observed accelerated proton
energy.
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