EILRFHREFERER L 2—LER vol.1 (2004) 49-528.

Proton acceleration and its energy spectra during coalescence of

two parallel current loops

Laboratory for Plasma Astrophysics, Faculty of Engineering

Kazuaki Shimada and Jun-ichi Sakai

m032123Q@ems.toyama-u.ac.jp

We investigate the plasma dynamics during coalescence of two parallel current loops by
using a resistive MHD code. We investigate the orbit of many protons in the electromagnetic
fields obtained from the MHD simulations. We investigate two cases of the coalescence precess:
co-helicity and counter-helicity. We found a bump-on-tail distribution in the same direction
as the original loop current for both cases of co-helicity and counter-helicity.
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1 Introduction

Recent paper by Hurford et al. (2003) [1] presents
the first gamma-ray images of a solar flare taken
from the Reuven Ramaty High Energy Solar Spec-
troscopic 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 £ 6 arcsec from that of the 0.3-0.5 MeV, im-
plying a difference in acceleration and /or propaga-
tion between the accelerated electron and proton
population 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 processes for different types of flares.

In this paper we investigate the plasma dynam-
ics during coalescence of two parallel current loops
[2][3] by using a resistive three-dimensional MHD
simulation code, particularly paying attention to
find the most effective electromagnetic fields for the
production of high-energy protons.

Next we investigate the orbit of many protons in
the electromagnetic fields obtained from the MHD
simulations. We investigate two cases of the coa-
lescence process: (1) co-helicity reconnection where
only poloidal magnetic field produced from the ax-
ial currents dissipate and (2) counter-reconnection
where both poloidal and axial magnetic fields dissi-
pate. We found that for the proton acceleration the
co-helicity reconnection is more efficient than the
case of counter-helicity reconnection. The protons
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can be accelerated mostly in one direction along the
loop axis near where magnetic reconnection occurs.

The paper is organized as follows. In §2 we
present the basic equations and simulation model.
In §3 we present simulation results. In the final sec-
tion we summarize our results.

2 Basic equations and simula-
tion model

2.1 Basic equations and numerical
scheme

To solve the following resistive MHD equations, we
employ recently proposed Artificial Wind (AW) nu-
merical scheme [4]with splitting over the spatial co-
ordinates. The AW scheme is based on the fact
that the fundamental physical invariance (Galilean
or, more generally, Lorentz invariance) allows one
to solve the governing equations in different steadily
moving frames. Tests of ideal MHD simulation show
that the AW scheme captures all the structures of
MHD waves correctly without producing noticeable
oscillations. The following conservative MHD equa-
tions are numerically integrated:
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where p ,V;, p; and B; are the density, velocity,
pressure and magnetic field, respectively; «y is the
adiabatic constant, R,, is the magnetic Reynolds
number; d;; is a unity tensor; and g; is the dissipa-
tive energy flux. The density, pressure, velocity, and
magnetic field are normalized to po, po, \/Po/pPo,
and By = /8mpg, respectively.

We admit the dissipative hydrodynamic flux to
be as follows
0 B2 P

= aJci(*gRm */\;)7 ()

qi

The magnetic Reynolds number R,, = 1.3x 10% and
the heat transfer constant A = 2.5 x 10™* are used
in simulation. Radiating boundary conditions were
used for all directions.

2.2 Simulation model
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Figure 1: A schematic picture of the two parallel
current loops coalescence.

Magnetic reconnection during two current loops
coalescence produces strong electric field in the
plasma and, as a result, charged particles can be
accelerated. In this paper, we concentrate on the
proton dynamics around an X-point. During two
current loops coalescence, there are two types of
magnetic reconnection possibly occurring: one is
complete reconnection (we call here counter-helicity
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case), where the B, component is not null. Here We
take the system size as Ny = 100A and N, = N, =
300A. The two current loops (i=1,2) located paral-
lel along the y-axis is assumed to be in an equilib-
rium state , in which the magnetic field and pressure
for each loop are given as

Bz = Qsz(z - Zci)/aa (6)
B, = Byse (&), (7)
B, = —q;By(z — z)/a, (8)
2 2,..2
49 qi"Tq _o(li)2
pi= (G — =5 —1De (@) +0.55,  (9)

The centers of the two flux tubes with a radius
a = 30 are located at (z.1,2.) = (105,150) and
(Te2,202) = (195,150), respectively. The density
profile is the same as the pressure. The twist pa-
rameter g; is ¢1 = g2 = 1 and Bg; = B = 1.0
for co-helicity, while By; = 1.0, Bpzs = —1.0 for
counter-helicity. The plasma beta in the center of
the two loops is 0.06. Radiating boundary condi-
tions were used for all directions.

3 Simulation results

3.1 Simulation results of two loops
coalescence

We present our simulation results for two paral-
lel current loops coalescence for co-helicity and
counter-helicity cases. Due to attraction, the two
initially static current loops begin to move and ap-
proach to each other. Then they meet, merge and
form a new single loop. We particularly pay atten-
tion on which time period the induced electric field
becomes most strongest during the coalescence, be-
cause of finding the most efficient proton acceler-
ation phase. As a result, the most strongest elec-
tric fields can be induced just the two loops be-
gin to merge with magnetic reconnection at about
t =4.774 (Fig.2).

3.2 Proton dynamics and its energy
spectra

The proton energy spectrum is more complicated.
There appears a weak bump-on-tail in middle en-
ergy region (Fig.3). The magnetic field component
along the reverse current is more effective for the
high-energy proton production, because the guid-
ing magnetic field plays role to keep the protons in
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Figure 2: The electromagnetic fields at ¢t = 4.774
: (a)The gray scale is By. The vector plot is B, —
B, .(co-helicity), (b) gray scale is E,. The vector
plot is E, — E..(co-helicity), (c) The gray scale is
B,. The vector plot is B, — B,.(counter-helicity),
(d) The gray scale is E,. The vector plot is E, —
E., .(counter-helicity)

the accelerating region for a long time, while in a
weak guiding field like the case of counter-helicity
case the accelerated protons may escape from the
strong electric field region (Fig.3). Next as seen
in Fig.4 (b),strong anisotropic acceleration in the
negative y-direction is observed for the co-helicity
case,while for the counter-helicity case, almost sym-
metric acceleration in the y-direction occurs and
the maximum proton velocity in the y-direction is
small compared with the co-helicity case. Next we
found that the high-energy proton in the negative
y-direction can be produced near the center of the
reversed current sheet and the middle energy pro-
ton in the positive y-direction can be accelerated
near the region where the electric field E, is strong
to the positive z-direction. Therefore the protons
with middle energy can be produced mostly in one
loop like the right-hand loop as seen in Fig.5 (c).
Moreover, for the counter-helicity case there does
not appear strong anisotropic proton acceleration
in the y-direction along the loop.
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Figure 3: Proton energy spectra at wqt = 1500.
The solid and dashed curves show the co-helicity
and counter-helicity case, respectively. E = (Vgﬁ2 +
V2 + V.2) Va2
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Figure 4: The proton velocity distribution function
of three component, (a)V, (b)V, and (c)V.. The
dot-dashed,dotted and solid curves show the initial
proton velocity distribution, proton velocity distri-
bution for the counter-helicity case and for the co-
helicity case at w¢;t = 1500, respectively.
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Figure 5: The phase-diagrams of protons:(a) the
x—V, plane and (b) the z—V}, plane at w.;t = 1500.
(c) The spatial distribution of the electric field E,
with gray scale and the vector plots(E, — E,) at
4.771 pfor the co-helicity case.

4 Conclusions

The electromagnetic fields during the coalescence
process were calculated form a three dimensional
resistive MHD simulation, to find the most effec-
tive electric fields for the proton acceleration. The
proton energy spectrum is neither pure exponential
type nor pure power-law,because of more compli-
cated structure of the electromagnetic fields during
coalescence process.We found a bump-on-tail dis-
tribution in the positive y-direction along the orig-
inal loop current for both cases of co-helicity and
counter-helicity cases. We may conclude that the
anisotropic proton acceleration along the loop can
be realized only for co-helicity reconnection during
two parallel loops coalescence.
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