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Dynamical process of magnetic reconnection controlled by multi-scale physics is investigated using a series
of numerical simulation models developed for the analysis of magnetic reconnection in open systems. Two
dissipation regions with different spatial scales are formed inside the kinetic regime and a new force balance state
is realized there through the combined action of the Hall effect and the effect of external driving source. MHD-
PIC interlocked simulation scheme is developed based on domain decomposition method for the investigation
of multi-scale physics in magnetic reconnection. The scheme is applied to propagation of MHD waves and is

confirmed to work well.
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1. Introduction

Magnetic reconnection is widely believed to be one
of important mechanisms controlling energetically active
phenomena observed in high temperature, magnetized
plasmas such as the solar flare, the magnetosphere, and
laboratory experiments [1]. In spite of a long history
of magnetic reconnection study there remain many prob-
lems unsolved. This is partly due to the fact that mag-
netic reconnection is controlled by multi-scale physics
from microscopic electron dynamics to plasma transport
in a macroscopic scale, which are mutually interacting
with each other in complex ways. A microscopic pro-
cess leading to the generation of electric resistivity such
as wave-particle interaction [2, 3, 4, 5, 6] and binary col-
lisions is needed to excite magnetic reconnection. On the
other hand, global plasma transport and global change of
field topology take place as a result of magnetic reconnec-
tion, which, in turn, affect reconnection mechanism itself
through complex nonlinear processes. If there is an exter-
nally driving source or plasma inflow into the reconnec-
tion region, dynamical behavior of magnetic reconnection
is largely affected by the external source. For example, an
intermittent reconnection is observed to occur in the sys-
tem with a constant energy supply from an external region
[7, 8]. Thus, magnetic reconnection is a multi-scale phe-
nomenon bridging between macroscopic and microscopic
hierarchies, and its whole picture should be clarified by
solving both microscopic physics and macroscopic physics
consistently and simultaneously.

As a first step towards multi-scale simulation of mag-
netic reconnection, we have developed PArticle Simula-
tion code for Magnetic reconnection in an Open system
(PASMO) [8, 9, 10], which is subject to an external driving
source. In this code the information of macroscopic system
can be introduced into microscopic system as boundary
conditions. Recently, MHD-PIC interlocked scheme for
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the multi-scale simulation of magnetic reconnection has
been developed based on domain decomposition method
[11, 12]. This model consists of three parts, i.e., MHD
model to describe global dynamics of reconnection phe-
nomena, electromagnetic PIC model to describe the micro-
scopic processes in the vicinity of reconnection point (i.e.,
PASMO code) and interface model to describe the interac-
tion between micro and macro hierarchies. In this paper
we discuss the microscopic physics of collisionless driven
reconnection clarified by using PASMO code and give an
overview of recent improvement of MHD-PIC interlocked
scheme.

2. Open Boundary Model for PIC Simulation

Based on standard explicit electromagnetic PIC algo-
rism [13], we have developed the PASMO code with an
open boundary model. In this model, a free condition is
used at the downstream boundary (x = +x3) and an in-
put condition is used at the upstream boundary (y = £y3))
[8, 9, 10, 14]. The boundary condition for the z-axis is
assumed to be periodic in three-dimensional case. The
plasma inflows are symmetrically driven from two up-
stream boundaries by the external electric field imposed
in the z direction under the assumption that the frozen-in
condition is satisfied both for ions and for electrons. The
driving field E,4(x, t) used for this simulation is the same
as that in the previous simulations [8, 9, 10, 14], which
is controlled by two parameters, i.e., maximum flux input
rate Fy and the spatial size of initial bell-shaped profile x4
( input window size ).

Field quantities E,, E, and OF,/Jx are assumed to
be continuous at the downstream boundary (z = =+x3).
The condition JF, /0x = finite allows the change in the
y-component of magnetic field which is the necessary con-
dition for a magnetic island to go freely through the bound-
ary. Magnetic field at the boundaries is directly given by
solving Maxwell equations there. The downstream bound-
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ary condition for particles is determined under the assump-
tions that charge neutrality is maintained and the distribu-
tion functions are the same as those at one-grid inside po-
sition.

As an initial condition we adopt a one-dimensional
equilibrium with the Harris-type configuration with anti-
parallel magnetic field along x-axis as

B.(y) = By tanh(y/L), (1)

where By is a constant and L is the scale height along the
y-axis. There is a magnetically neutral sheet at y = 0
in the initial equilibrium. The initial particle distribution
is assumed to be a shifted Maxwellian with spatially con-
stant temperature and average particle velocity equal to the
diamagnetic drift velocity.

The important parameters used for a three-
dimensional simulation are as follows; the total number
of particles is about 560 000 000, and the simulation
domain is implemented on a (256 x 129 x 128) point
grid, the ratio of ion to electron temperature is T; /T, = 1,
the ion Larmor radius associated with a magnetic field
outside the current layer is p; = 0.93L, and the ratio of
the electron drift velocity to the electron thermal velocity
is vze /v = 0.21, m;/m, = 50, and wye/wee = 2.5. The
physical quantities used in this simulation are normalized
by the light velocity ¢ for velocity, ¢/w.. for spatial scale,
and 1/w,. for time.

3. Microscopic Physics of Collisionless Driven
Reconnection
A series of numerical simulations using PASMO code

have disclosed important microscopic pictures of collision-
less reconnection [4, 8, 9, 10, 11, 14, 15]. In this section
we describe new physical aspects of collisionless driven
reconnection disclosed from recent numerical simulations.
Temporal evolutions of reconnection electric field, electron
number dencity per cell at the mid-point, and total number
of particles are plotted in Fig. 1. After an initial transit
phase (wc.t > 600), the system relaxes to a steady state in
which the inflow rate of magnetic flux (Ey = —0.04) from
the upstream boundary is balanced with the reconnection
rate at the center (E.(0,0,0)). Although total number of
particle in the system, [Vp, is a function of time, its value
is almost constant in the steady state, in the same way of
the local physical quantities at the mid-point such as the
number density 7¢ miq-

Figure 2 demonstrates the spatial profiles of electron
number flux (top) and out-of-plane magnetic field B, (bot-
tom) in the steady state (w.et = 842). The electron outflow
with high velocity comparable to electron Alfvén veloc-
ity is generated from electron dissipation region, in which
electron frozen-in condition is broken, as a result of col-
lisionless reconnection, [15]. When the electron outflow
reaches the downstream boundary, strong electron inflow
should be supplied into the system to keep the charge neu-
trality, because the ion outflow velocity is usually much
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Fig. 1 Temporal evolutions of reconnection electric field (red),
electron number dencity per cell at the mid-point (black),
and total number of particles (blue).

-0.9

Fig. 2 Spatial profiles of electron number flux (top) and out-of-
plane magnetic field B, (bottom) in the (x,y) plane at
weet = 842, where color coded contours in the top panel
stand for the number flux along the inflow (y) direction.
In top panel, the red color represents the region in which
the high inflow flux towards the center (y=0) exists.

smaller than the electron one in the kinetic regime and so
the ions cannot compensate for the loss of electron charge
at the downstream boundary. In other words, the balance
of electron mass flux is quite different from that of mag-
netic flux (see Fig. 1). In this way, electron return current
is formed along magnetic separatrix from the downstream
boundary to the electron dissipation region. It is worthy to
note that this physical process can be described only under
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Fig. 3 Spatial profiles of normalized conversion rates of mag-
netic energy into electrons (E - Jeo)/n. (top) and ions
(E - J;)/n; (middle), and the divergence of Poynting flux
div(E x B) (bottom) in the (x,y) plane at weet = 842.

the open boundary model. Furthermore, this result is in
contrast with that of classical Sweet-Parker model [16] in
which uniform plasma inflow from the upstream boundary
is assumed to be balanced with the plasma mass outflow
from the dissipation region. The difference between the
ion and electron motions in the reconnection plane leads
to the generation of out-of-plane magnetic field B, with
quadrupole structure, as seen in the bottom panel of Fig. 2.

One of important features of magnetic reconnection
is that magnetic energy can be effectively converted to
plasma kinetic enrergy and/or thernal energy in a short
time scale. Figure 3 illustrates the spatial profiles of nor-
malized energy conversion rates to electrons (E - Jo)/n.
(top) and ions (E - J;)/n; (middle), and the divergence of
Poynting flux div(E x B) (bottom) in the (x,y) plane at
weelt = 842, where the profiles are plotted after being av-
eraged along the z direction. There are two specific regions
where magnetic energy is effectively converted to plasma
energies. Electrons get their energy through acceleration
by the reconnection electric field in the central narrow re-
gion of the current sheet, while ions get their energy mainly
in the vicinity of magnetic separatrix and the downstream.
Thus, kinetic regime consists of two dissipation regions
with different spatial scales, i.e., wide ion dissipation re-
gion (IDR) and narrow electron dissipation region (EDR)
[9, 14, 17].

Frozen-in condition is broken due to kinetic processes
in the dissipation regions. The violation mechanism of ion
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and electron frozen-in conditions has been examined using
the force balance equations in the out-of-place direction
in the previous studies [9, 14, 18] and it is found that, in
the steady state, the main cause comes from the pressure
tensor term which stands for the effect of non-gyrotoropic
motion in the vicinity of neutral sheet (meandering mo-
tion). Here, let us consider the force balance in the in-
flow direction. Figure 4 shows the spatial profile of forces
acting on electrons (top) and those on ions in the inflow
direction (y-direction) at w..t = 842 where the normal-
ized charge density is also plotted along the y-axis in the
top panel. Because ion becomes unmagnetized inside the
IDR while electron remains still magnetized there, driv-
ing electric field works strongly on magnetized electrons
to move inwards and electron-rich region is formed inside
the EDR. Charge density changes its sign at the electron
skin depth (see black dashed curve in the top panel of Fig.
4). Strong electrostatic field (red curve) is generated as a
result of the charge separation in the kinetic regime and
its value becomes maximum at the electron skin depth.
The in-plane electrostatic force becomes dominant over the
in-plane pressure force and inertia force terms around the
electron skin depth , as shown in Fig. 4. Thus, initial Har-
ris equilibrium is largely modified due to the existence of
an external driving source and the Hall effects, and new
force balance states are realized in EDR and IDR, respec-
tively. Ion pressure gradient (blue curve) balances with the
J; x B force (black curve) in IDR, i.e.,
dp

— = J;»,B,.

i @

Unmagnetized ions are accelerated inward directly by the
electrostatic field as they approaches the electron skin
depth, and get the kinetic energy. On the other hand, the
electron in-plane pressure force and inertia force terms are
negligibly small inside EDR. Thus, the electrostatic force
balances with the Jo x B force (black curve) in the inflow
direction as

neelly = Je, By 3)

inside EDR. Because J., > J;, in EDR, Eq. 3 indicates
that the electrostatic field balances with the Hall electric
field J x B/n.e.

4. MHD-PIC Interlocked Scheme

Most of magnetic reconnection systems are open to
external sources. Microscopic reconnection mechanism
and its dynamical behavior in an open system are observed
to be strongly dependent on the conditions of external
driving source such as the flux inflow rate and its spatial
profile [8, 9, 10]. In order to investigate the whole pic-
ture of magnetic reconnection we have developed MHD-
PIC interlocked model based on the domain decomposi-
tion method [12]. That is, microscopic system, which is in
charge of microscopic kinetic dynamics of magnetic recon-
nection in the vicinity of reconnection point and described
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Fig. 4 Spatial profiles of forces acting on electrons (top) and
those on ions in the inflow direction at we..t = 842 where
the normalized charge density is also plotted along the y-
axis in the top panel, and these profiles are plotted after
being averaged over z-axis. Blue, green, black, and red
curves stand for the pressure force, inertia force, Lorentz
force, and electric force normalized by the local charge
density, respectively. Black, orange, green dashed ver-
tical lines stand for the locations at which the distances
from the center are equal to electron skin depth, ion me-
andering scale, and electron meandering scale in the top
panel, and equal to electron skin depth, ion meandering
scale, and ion skin depth in the bottom panel, respec-
tively.

by the PIC code (PASMO code), is connected with macro-
scopic system, which is responsible for the global dynam-
ics far from the reconnection point and described by MHD
code [20], through an interface domain. Both multi-time
scale scheme [12] and shake-hand scheme [21] are also
adopted for this interlocked model. We have performed
numerical simulation of propagation of one-dimensional
linear Alfvén wave in the simplified geometry to examine
our interlocked model.

In the interface domain both the PIC and MHD sim-
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ulations are performed and the physical quantities are de-
fined as the interpolation value of the obtained quantities
as

Q = a(y)Quup + (1 — a(y))Qpic, )

where the interpolation function a(y) changes from 0 to
1 according to the spatial position y, Qnup and Qpic
are the field quantities obtained from the MHD and PIC
simulations, respectively. Recently, we improved the in-
terpolation scheme in order to satisfy the divergence-
free condition of magnetic field exactly and the condition
da(y)/dy = 0 at the boundary of the interface domain.
The latter condition ensures that the field quantities can be
smoothly connected with the MHD or PIC quantities at the
boundary of the interface domain. That is, magnetic field
in the interface domain is obtained from the rotation of the
interpolated vector potential, and the interpolation function
a(y) is assumed to have the form as

cos(¢(y)) +1

aly) = UL )

Y — YmMHD
YpIiC — YMHD ’

oly)=m

ypic and yyvup are boundary positions of the interface do-
main on the PIC and MHD sides, respectively. Figure 5
demonstrates the propagation of one-dimensional Alfvén
wave carried out as a numerical test of this interlocked
scheme where a uniform external magnetic field exists in
the y direction (B = (0, By, 0)), the electron thermal ve-
locity is v¢e = 0.1c, the wave amplitude is B, = 0.15,,
m;/me = 100, and wpe/wee = 1.0. PIC domain is lo-
cated in the center of the simulation box (96 < y < 160),
and MHD domains are in both sides of PIC domain (0 <
y < 64,192 < y < 256). There exists the interface do-
main between MHD and PIC domains (64 < y < 96,
160 < y < 192). The periodic condition is adopted at the
boundaries of the simulation domain. It is clearly seen in
Fig. 5 that Alfvén wave is propagating from MHD domain
to PIC domain, and from PIC domain to MHD domain
smoothly except for small fluctuations in the PIC region.
In other words, the present interlocked scheme works well.

5. Summary

We have investigated dynamical process of magnetic
reconnection controlled by multi-scale physics based on a
series of numerical simulation models developed for the
analysis of magnetic reconnection in open systems. Elec-
tromagnetic PIC simualions using PASMO code with an
open boundary model have disclosed that two dissipation
regions with different spatial scales are formed inside the
kinetic regime and a new force balance state is realized
there through the combined action of the Hall effect and the
effect of external driving source. MHD-PIC interlocked



R. Horiuchi et al., Numerical Simulation of Collisionless Driven Reconnection Controlled by Multi-Scale Physics in Open Systems

— =0
—t=500
—t=1000

0.15

—t=2000

128 160 192 224 256

y

0 32 64 96

Fig. 5 Spatial profiles of magnetic field B, at we.t = 0, 500,
1000, 1500, and 2000. Wave propagates in the right di-
rection.

simulation scheme has been also developed based on do-
main decomposition method for the investigation of multi-
scale physics in magnetic reconnection. This scheme con-
sists of three parts, i.e., MHD model to describe global
dynamics of reconnection phenomena, PIC model to de-
scribe the microscopic processes in the vicinity of recon-
nection point, and interface model to describe the interac-
tion between micro and macro hierarchies. The developed
scheme has been applied to propagation of MHD waves
and confirmed to work well.
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