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Two-dimensional particle-in-cell simulation is performed to investigate magnetic reconnection in a
force-free current sheet. The results show that the evolution of the ion diffusion region has two
different phases. In the first phase, the electrons flow toward the X line along one pair of separatrices
and away from the X line along the other pair of separatrices. Therefore, in the ion diffusion region,
a distorted quadrupole structure of the out-of-plane magnetic field is formed, which is similar to that
of a typical guide field reconnection in the Harris current sheet. In the second phase, the electrons
move toward the X line along the separatrices and then flow away from the X line at the inner
side of the separatrices. In the ion diffusion region, the out-of-plane magnetic field exhibits a
characteristic quadrupole pattern with a good symmetry, which is similar to that of antiparallel
reconnection in the Harris current sheet. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4930217]

I. INTRODUCTION

Magnetic reconnection is a fundamental physical
process that rapidly converts magnetic energy into plasma
kinetic and thermal energies."™ At the same time, the
process involves topological changes of the magnetic field
lines.*° Magnetic reconnection has been used to explain
many bursts phenomena in the solar atmosphere,”® the
Earth’s magnetosphere,”'! and laboratory plasma.'? It is
generally accepted that the conversion from magnetic energy
to plasma kinetic and thermal energies during magnetic
reconnection happens in the diffusion region. The diffusion
region in collisionless magnetic reconnection has recently
been found to have multi-scale structures, which is deter-
mined by the Hall effect.®'*~'® At the scale length below the
ion inertial length, which is called as ion diffusion region,
the ions are decoupled from magnetic field lines, while the
electrons are still frozen in the field lines. At the scale length
below the electron inertial length, which is called as electron
diffusion region, both the ions and electrons become
demagnetized.

The structure of the ion diffusion region in collisionless
magnetic reconnection is sensitive to the initial guide
field.>!'”'® In antiparallel reconnection, the electrons move
toward the X line along the separatrices due to the effects of
the magnetic mirror, and then flow away from the X line
along the magnetic field lines at the inner side of the separa-
trices. The electron density depletion layers are formed along
the separatrices.®'® These features have been confirmed by
spacecraft observations.'”? Therefore, the in-plane Hall
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currents are directed away from the X line along the separa-
trices, and toward the X line just at the inner side of the
separatrices.>?>** The quadrupole structure of the out-
of-plane Hall magnetic field is considered to be caused by
such a current system.®'*!6182426 With the increase of
the initial guide field, the symmetry of the out-of-plane
magnetic field and electron density depletion layers is dis-
torted.'®?*2"-2® When the initial guide field is sufficiently
strong, the elctrons are accelerated towards the X line along
one pair of separatrices by the parallel electric field and then
they are directed away from the X line along the other pair.18
Consequently, the electron density depletion layers are
formed along the separatrices with the inflow electrons, and
the resulted current system enhances the out-of-plane mag-
netic field in the center of the current sheet of the outflow
region.'® These conclusions are obtained from simulations of
collisionless magnetic reconnection in the Harris current
sheet. Nevertheless, in interplanetary or solar wind, where
the plasma /5 is much smaller than one, a force-free current
sheet should be considered. Previous studies associated with
a force-free current sheet focused on the excitation of plasma
instabilities and the dissipation process of the magnetic field
energy in the current sheet.”*? In this paper, with two-
dimensional (2D) particle-in-cell (PIC) simulations, we
study the evolution of the ion diffusion region during colli-
sionless magnetic reconnection in a force-free current sheet,
and find that the ion diffusion region has two distinct phases
during its evolution, which is quite different from that in the
Harris current.

The paper is organized as follows: in Sec. II, we present
the 2D PIC simulation model. In Sec. III, we show simula-
tion results. The conclusions and discussion are given in
Sec. IV.

© 2015 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4930217
http://dx.doi.org/10.1063/1.4930217
http://dx.doi.org/10.1063/1.4930217
mailto:canhuang@mail.ustc.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4930217&domain=pdf&date_stamp=2015-09-14

092110-2 Zhou et al.

Il. SIMULATION MODEL

A 2D PIC simulation code is used in this paper to inves-
tigate the evolution of the ion diffusion region during colli-
sionless magnetic reconnection in a force-free current sheet.
In the simulation, the electromagnetic fields are defined on
the grids and updated by solving the Maxwell equations
with a full explicit algorithm. In our simulation model,
the initial condition is a force-free current layer with
B = Botanh([(z — %)/ Sle, + Bo sech[(z — %)/é]e,, where By
is the asymptotical magnetic strength. J is the half-width of
the current sheet. L, is the size of the simulation domain in
the z direction. The current sheet width is 6 = 0.5/,
= 0.5¢/wp;, where /; is the ion inertial length defined by ny.
The mass ratio is set to be m;/m, = 100. The light speed is
¢ = 20v4, where v4 is the Alfven speed defined by By and
ng. Note that here we use the initial particle distributions
proposed by Bobrova et al.,”® who demonstrate that the
force-free configuration of a current sheet can exist when at
least one plasma species has a temperature anisotropy. This
is quite different from the usually considered Harris current
sheet. The initial electron temperature ratio in this study is
chosen as T, /T, = 1.1, while the electron drift velocity is
set to be 2 v4, and the Buneman instability cannot be excited
in this situation.

The computation is carried out in a rectangular domain in
the (x,z) plane with dimension L, x L, = 102.44; x 25.64;.
An N, x N, =2048 x 512 grid system is employed in the
simulation, so the spatial resolution is Ax = Az = 0.05¢/w),;
= 0.5¢/wp,. The time step is Q;Ar = 0.001, where Q; is the
ion gyrofrequency. We employ more than 10® particles per
species. The periodic boundary conditions are used along
the x direction, while the ideal conducting boundary con-
ditions for electromagnetic fields and reflected boundary
conditions for particles are employed in the z direction. In
order to make the system enter the nonlinear stage quickly,
an initial flux perturbation is introduced, which is useful to
reach the stage with a rapid growth. Although the force-
free state is the local minimum energy state according
to the Taylor’s theorem, an initial perturbation applied in
the simulation may make it accessible an adjacent sate
with a lower energy, and then the magnetic energy is
released.™”

lll. SIMULATION RESULTS

In this paper, we perform a 2D PIC simulation to inves-
tigate the evolution of the ion diffusion region during colli-
sionless magnetic reconnection in a force-free current sheet.
Figure 1 shows the time evolution of the reconnection mag-
netic flux Ay and the calculated reconnection electric field
Eg at the X line. Here, Ay is defined as the flux difference
between the X and O lines, and its slope indicates the rate of
magnetic reconnection. Both the magnetic flux Ay and
reconnection electric field Er begin to increase around
Q;t = 15, and it means that the magnetic field begins to
reconnection at that time. Around Q;r = 30, the reconnection
electric field Ep reaches its maximum, which is about
0.08 V4By. The maximum value of the reconnection electric
field is similar to that of antiparallel magnetic reconnection
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FIG. 1. The time evolution of the reconnection magnetic flux and the elec-
tric field. The dotted lines denote the time at Q;# = 30 and 65.

in the Harris current sheet. However, the reconnection rate
normalized by the initial parameter is changing during the
evolution of reconnection, and it reduces after attaining the
maximum value. This can be found in the simulations of
other works.'”® One possible explanation is that with the
evolution of the reconnection, the magnitude of the magnetic
field in the upstream decreases due to the flux loss.
Considering the evolution of the magnetic field in the
upstream, we can find that the reconnection rate normalized
with the parameters at that time, it is almost a constant.

Figure 2 shows the time evolution of the out-of-plane
magnetic field By and the electric field in the z direction E..
The magnetic field lines are also plotted in the figure for
reference. Initially, the out-of-plane magnetic field B, has a
positive value in the current sheet. As the magnetic field
begins to reconnection, B, is pushed away from the vicinity
of the X line, which is around x = 0. At the same time, the
regions with a negative value of B, begin to be formed along
a pair of separatrices from the upper-left to the lower-right
corner. This can be seen clearly in Fig. 2(c), and B, with a
positive value still occupies most of the region in the diffu-
sion region. Such a structure of the out-of-plane magnetic
field B, is similar to that of guide field reconnection in the
Harris current sheet, which is a distorted quadrupole pattern.
The structure of E; is also similar to that of guide field recon-
nection in the Harris current sheet: In the left of the X line,
E. is negative in the upper part and positive in the lower part
of the current sheet, and the region with a positive E, is
larger than that with a negative E_; in the right of the X line,
E. is also negative in the upper part and positive in the lower
part of the current sheet—however, the region with a nega-
tive E. is larger than that with a positive E.. With the
proceeding of magnetic reconnection, the positive B, is
pushed more away from the vicinity of the X line, and B,
with a positive value begins to be formed in the regions
along the other pair of separatrices from the lower-left to the
upper-right corner. Therefore, a quadrupole structure of the
out-of-plane magnetic field B, with a good symmetry is
formed in the ion diffusion region, as plotted in Fig. 2(d).
At the same time, E. also becomes symmetric along the
center of the current sheet in both the left and right parts of
the X line. Such structures of both By and E. are similar to
those of antiparallel reconnection in the Harris current
sheet.®
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To identify the generation mechanism of the out-of-
plane magnetic field, we analyze the ion and electron flows
in the ion diffusion region. Figure 3 plots the contours of (a)
the out-of-plane magnetic field By, (b) the electron density
ne, (c) the ion flow vectors, and (d) the electron flow vectors
at Q;t = 30. The ion flow toward the X line is driven by the
reconnection electric field in the form of the E x B drift, and
then they are directed away from the X line almost along the
x direction. The electrons, on the other hand, flow toward the
X line along the pair of the separatrices from the lower left
to the upper right corner, and then are away from the X line
along the magnetic field lines just inside the pair of the sepa-
ratrices from the upper left to the lower right corner. Such a
pattern of the electron flow leads to an obvious depletion of
the electron density along the pair of the separatrices from
the lower left to the upper right corner. These structures can
be demonstrated more clearly in Figure 4, which depicts the
profiles of the out-of-plane magnetic field By, the electron

-0.5 00 0.6

B,/B, g

density n,, the electron bulk velocity, and the curl of the
non-ideal electric field in the ion frame along x = —3c/w,;
at Q;t = 30. The out-of-plane magnetic field is asymmetric
in the z direction, and the electron outflow is stronger than
the inflow. The minimum of the electron density appears
around z = —1.5¢/ @,;, which is also the peak of the electron
flow velocities. Here, the existence of the out-of-plane mag-
netic field in the current sheet, which plays the similar role
of the guide field in guide field reconnection in the Harris
current sheet, leads to the resulted structures of the flow
pattern and electron density, and then the structures of the
out-of-plane magnetic field and electric field. Please note
that the ion bulk velocity is much smaller than the electron
bulk velocity, and the in-plane current is determined mostly
by the electron flow.® The formation of such a structure of
the out-of-plane magnetic field due to such an electron flow
is similar to that in the Harris current sheet with a guide field,
and the details can be found in Refs. 18 and 33. The curl of

1.4

z/(clo,y)

FIG. 3. The contours of (a) the out-of-
plane magnetic field By, (b) the elec-

tron density 7., (c) the ion flow vectors,

z/(clo,)

and (d) the electron flow vectors at Q;¢
= 30. The in-plane magnetic field lines
are also plotted in the figure.
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FIG. 4. The profiles of the out-of-plane magnetic field B, (black), the elec-
tron density n, (blue), the electron flow velocities in the x direction (red),
and the curl of the non-ideal electric field in the ion frame (green) along
x = —3c/w,; at Qit = 30. The dotted line denotes the position with the mini-
mal electron density.

the non-ideal electric field is usually considered to be the cri-
terion of the diffusion region. When V x (E+V; x B) is
non-zero, ions are decoupled with the field lines. It is clear
that the perturbed out-of-plane magnetic fields are covered
by the region where V x (E + V; x B) is sufficiently large.
Figure 5 plots the contours of (a) the out-of-plane mag-
netic field By, (b) the electron density n,, (c) the ion flow
vectors, and (d) the electron flow vectors at Q;r = 65. At this
time, the out-of-plane magnetic field B,, which exists
initially in the current sheet, is pushed farther away from the
vicinity of the X line. The out-of-plane magnetic field B,
exhibits a quadrupole pattern with a good symmetry in the
ion diffusion region around the X line. The electrons flow
toward the X line along the separatrices, and then they flow
away from the X line along the magnetic lines just inside the
separatrices, while the ion flow is similar to that at Q;z = 30.
The electron density depletion layers are formed along the
separatrices. These structures can be demonstrated more
clearly in Figure 6, which depicts the profiles of the out-
of-plane magnetic field By, the electron density n,, the
electron bulk velocity, and the curl of the non-ideal electric
field in the ion frame along x = —10c¢/ wp; at Q;t = 65. The
electron bulk velocities are much larger than the ion bulk
velocities in the ion diffusion region and determine the
in-plane current.’ Here, because the initial out-of-plane

B,/B,
-0.4 0; 0.4 0.6
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FIG. 6. The profiles of the out-of-plane magnetic field B, (black), the elec-
tron density n, (blue), the electron flow velocities in the x direction (red),
and curl of the non-ideal electric field in the ion frame (green) along
x=—10c/wp; at Qit = 65. The dotted line denotes the position with the
minimal electron density.

magnetic field has been pushed away from the ion diffusion
region, the structures of the electric and magnetic field are
similar to those of anti-parallel magnetic reconnection in the
Harris current sheet, which have a good symmetry.

IV. CONCLUSIONS AND DISCUSSION

In this paper, with a 2D PIC simulation, we investigate
the evolution of the ion diffusion region of magnetic recon-
nection in a force-free current sheet. The process of magnetic
reconnection has two different phases. In the first phase, the
electrons flow toward the X line along one pair of the separa-
trices from the lower left to the upper right corner, and the
high speed electrons flow away from the X line along the
magnetic field lines inside the other pair of separatrices from
the upper left to the lower right corner, where a depletion
layer is formed. The resulted in-plane Hall current leads to a
distorted quadrupole structure of the out-of-plane magnetic
field: a negative value of the out-of-plane magnetic field
exists in the pair of separatrices from the upper left to the
lower right corner, while a positive value of the out-of-plane
magnetic field occupies most part of the ion diffusion region.
Such a structure of the out-of-plane magnetic field is similar
to that of guide field reconnection in the Harris current sheet.
In the second phase, the electrons move toward the X line

n./n,
1.0 1.4

zl(clwy)

FIG. 5. The contours of (a) the out-of-
plane magnetic field By, (b) the elec-
tron density n,, (c) the ion flow vec-

tors, and (d) the electron flow vectors
at Q;t =65. The in-plane magnetic

’\8%_ field lines are also plotted in the figure.
2
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along the separatrices, and then they are directed away from
the X line along the magnetic field lines just inside the sepa-
ratrices, which leads to symmetric electron density depletion
layers along the separatrices. The resulted current system
causes the characteristic quadrupole pattern of the out-of-
plane magnetic field in the ion diffusion region, which exhib-
its a good symmetry.

Recently, reconnection events have been in situ
observed in the interplanetary space,** where the current
sheets may have a force-free configuration, and the electron
acceleration during reconnection in a force-free current sheet
is getting more and more attention.**° Previous simulations
of magnetic reconnection in the Harris current sheet with a
guide field have shown that electrons are accelerated by a
parallel electric field in the vicinity of the X line, and the
acceleration efficiency is enhanced because these electrons
can stay longer time in the vicinity of the X line due to the
gyration in the guide field.'”** In this paper, we find that the
structure of the out-of-pane magnetic field is changing dur-
ing magnetic reconnection in a force-free current sheet. In
the first phase, a distorted quadrupole structure of the out-of-
plane magnetic field is formed, which is similar to that of a
typical guide field reconnection in the Harris current sheet.
In the second phase, the out-of-plane magnetic field exhibits
a characteristic quadrupole pattern with a good symmetry,
which is similar to that of antiparallel reconnection in the
Harris current sheet. Therefore, the process of electron accel-
eration during magnetic reconnection in a force-free current
sheet may be different from that in the Harris current sheet,
which is our future investigation.
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