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Two-dimensional (2D) particle-in-cell simulations are performed to investigate the structures of
the out-of-plane magnetic field in magnetic island, which is produced during anti-parallel
collisionless magnetic reconnection. Regular structures with alternate positive and negative values
of the out-of-plane magnetic field along the x direction are formed in magnetic island. The
generation mechanism of such structures is also proposed in this paper, which is due to the Weibel
C 2011 American Institute of
instability excited by the temperature anisotropy in magnetic island. V
Physics. [doi:10.1063/1.3605029]

I. INTRODUCTION

Magnetic reconnection is a fundamental plasma process,
which is widely accepted to be the major driving mechanism
for many explosive phenomena in space and laboratory
plasmas. During magnetic reconnection, magnetic energy is
rapidly converted into plasma kinetic energy, which is
accompanied by topological changes of magnetic field
lines.1–3 Energetic electrons are considered to be an important
signature in magnetic reconnection.4–6 In solar flares, x ray is
thought to be generated by energetic electrons in magnetic
reconnection,8–10 and there are direct measurements of energetic electrons up to several hundreds of keV associated with
magnetotail reconnection.11–16
Electron behaviors in magnetic reconnection with a single
X-line have been thoroughly studied with self-consistent particle-in-cell simulatons.17–19 In anti-parallel reconnection, electrons firstly move toward the X-line along the separatrices
because of the magnetic mirror effects,19 and then they are
accelerated in the vicinity of the X-line and the pileup regions
by the reconnection electric field. Most of the electrons accelerated in the vicinity of the X-line come from the regions just
outside of the separatrices, while most of the electrons accelerated in the pileup regions come from the regions inside of
the separatrices.20 In guide field reconnection, electrons can
be accelerated by the parallel electric field in the vicinity of
the X-line, as well as when they move toward the X-line.4,20
When there are two X-lines developed simultaneously
in a current sheet, a magnetic island will be formed between
the two X-lines. Magnetic island with bipolar signature in
the north-south magnetic field component Bz have been
directly observed in the magnetotail, and there are also
observational evidences showing the enhancement of energetic electron fluxes inside magnetic island.13,15,16,21 The
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resultant energetic electrons are predicted theoretically to
have a power-law spectrum with a spectral index consistent
with the observations in the magnetotail.11,22,23 Obviously,
the structures of magnetic island have great influences on
electron behaviors. In this paper, two-dimensional (2D) particle-in-cell (PIC) simulations are performed to investigate
the structures of magnetic island formed in anti-parallel multiple X line reconnection. Regular structures with alternate
positive and negative values of the out-of-plane magnetic
field are formed in magnetic island, and their generation
mechanism is also discussed.
The paper is organized as follows. In Sec. II, we
describe our 2-D PIC simulation model. In Sec. III, the simulation results are presented. The conclusions and discussion
are given in Sec. IV.
II. SIMULATION MODEL

2D PIC simulations are employed in this paper. In the
simulations, the electromagnetic fields are defined on the
grids and updated by solving the Maxwell equations with a
full explicit algorithm. The ions and electrons are advanced
in the electromagnetic fields. The initial equilibrium configuration is chosen to use a one-dimensional (1D) Harris current
sheet geometry in the ðx; zÞ plane, where the magnetic field
and density can be described as
B0 ðzÞ ¼ B0 tanhðz=dÞex

(1)

nðzÞ ¼ nb þ n0 sec h2 ðz=dÞ

(2)

where B0 is the asymptotical magnitude of the magnetic
field, d is the half width of the current sheet, nb is the density
of the background plasma, and n0 represents the peak Harris
density. Initially, a Maxwellian distribution is adopted in the
simulations for each species of particles (ions and electrons).
The initial ion distribution is isotropic with temperature Ti0 .
Both isotropic and anisotropic electron distributions are used
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in this paper. We assume that T?e0 and Tjje0 represent the
initial electron temperatures perpendicular and parallel to the
magnetic field, respectively. The drift speeds of ions and
electrons in the y direction satisfy the equation Vi0 =
¼ Ti0 =T?e0 :Ve0 ¼ Ti0 =T?e0 ,24 where Vi0 (Ve0 ) are the
drift speed of ions(electrons). We set Ti0 =Te?0 ¼ 4, and
nb ¼ 0:2n0 . The mass ratio of the ion to electron is chosen to
be mi =me ¼ 100. The light speed is c ¼ 15vA , where vA is
the Alfven speed based on B0 and n0 .
The computation is carried out in a rectangular domain in
the (x; z) plane. The spatial
 resolution is Dx ¼ Dz ¼ 0:05c=
xpi ¼ 0:5c=xpe , where c xpi (c=xpe ) is the ion(electron) inertial length, which is based on n0 . The grid number is
the sizeof the computation
Nx  Nz ¼ 512  128. Therefore,

domain is Lx  Lz ¼ ð25:6c xpi Þ ð6:4c xpi Þ. The time step
is Xi Dt ¼ 0:001, where Xi ¼ eB0 =mi is the ion gyrofrequency. In the simulations, there are average about one hundred pairs of ions and electrons in every cell to represent the
plasma for the Harris current sheet, and the same number of
particles is also employed to represent the background
plasma. The periodic boundary conditions are used along the
x direction, so the particles which leave the simulation domain
from one side will enter again from the other side. At the
same time, ideal conducting boundary conditions for the electromagnetic fields and reflected boundary conditions for particles are used along the z direction.
III. SIMULATION RESULTS

Three runs are performed in this paper.
 In the first run, the
half width of the current sheet is d ¼ 0:5c xpi , the initial electron distribution is isotropic. For the purpose of making the system go into the nonlinear stage and form magnetic island more
quickly, an initial flux perturbation is added to modify the Harris current sheet configuration, which can be expressed as
wðx; zÞ ¼ w0 cos½4pðx  Lx =2Þ=Lx  cos½pz=Lz 

(3)

where w is the vector potential
Ay , and the pertur

 component
bation amplitude is w0 B0 c xpi ¼ 0:05.
In the second and third runs, the initial electron distri
bution is assumed to be anisotropic with Ae0 ¼ Tjje0 T?e0
1 ¼ 0:8.
of the current sheet is

 The half widths
d ¼ 2:0c xpi and d ¼ 0:5c xpi for Run 2 and Run 3, respectively. No initial flux perturbation is added in both the second and third runs. The tearing mode is stable in Run 2 and
Run 3 according to the linear stable condition.25

Figure 1 shows the out-of-plane magnetic field By B0 at
Xit ¼2.5, 10.5, 17.5, 21.5, and 32 for Run 1, and the magnetic field lines in the ðx; zÞ plane are also plotted. At about
Xit ¼10.5, two X-lines are formed in the simulation domain,
and there are two magnetic islands between them. The outof-plane magnetic field By exhibits characteristic quadrupole
structures around the X-lines, which are generated by the
current systems in the ðx; zÞ plane. Such in-plane current systems are considered to be formed by the flowing electrons toward the X-lines along the separatrices and the electrons
directed away from the X-lines along the magnetic field lines
just inside the separatrices after they are accelerated in the
vicinity of the X-lines.19 As time goes on, the amplitude

FIG.
 1. (Color online) The time evolution of the out-of-plane magnetic field
By B0 during collisionless magnetic reconnection at Xit ¼2.5, 10.5, 17.5,
21.5, and 32 for Run 1, and the corresponding magnetic field lines are also
plotted in the figure.

of By with the quadrupole structures around the X-lines
increases, and at the same time regular structures of By with
alternative values along the x direction are formed in the
magnetic islands. At Xi t ¼17.5 as shown in Fig. 1(c), the
maximum
amplitude of By around
the X-lines is about


By B0  0:1, while it is about By B0  0:06 inside the magnetic islands. The scale length between
the positive and neg
ative values of By is about 2.4 c xpi . With the saturation of
the reconnection, the amplitude of By both around the Xlines and inside the magnetic islands decreases. The structures of By disappear at about Xi t ¼28.
Figure 2 shows the electron velocity distributions inside
the magnetic island at Xit ¼17.5 for Run 1. The top panel
shows the electron distributions in the phase space ðvx ; vz Þ,
and the bottom panel depicts the distributions in the phase
space ðvx ; vy Þ. The labels A, B, and C denote the regions
(marked in Fig. 1(c)) where the distributions are calculated.
The electron distributions are anisotropic, and there are no
obvious flows in the magnetic island. The temperature in the x
direction is larger than that in the y and z directions. The anisotropy of electron distributions can be demonstrated more
clearly
 in Fig. 3, which depicts the electron temperatures

Tjje Tjje0 , T?e =T?e0 , and the anisotropy Ae ¼ Tjje T?e  1 at
Xit ¼17.5 for Run 1. The parallel temperature is much larger
than the perpendicular temperature in the magnetic islands.
Such anisotropic distributions are the results of the moving
electrons along the magnetic field lines after they are accelerated by the reconnection electric field.
Figure 4 shows the electron velocity distributions inside
the magnetic island at Xit ¼32 for Run 1. The top panel
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FIG. 2. (Color online) The electron velocity distributions f ðvx ; vz Þ (the top panel) and f ðvx ; vy Þ at the
time Xit ¼ 17.5, in three different regions:
0:5c xpi ; (B)
(A) x 2 ½9; 10c xpi , z 2 ½0:5; 
x 2 ½12; 13cxpi , z 2 ½0:5; 0:5c xpi ; and (C)
z 2 ½0:5; 0:5c xpi .
The
x 2 ½15; 16c xpi ,
regions are marked by A, B, and C in Fig. 1, and
the dashed lines denote the bound of a symmetric
distribution.

shows the electron distributions in the phase space ðvx ; vz Þ
and the bottom panel depicts the distributions in the phase
space ðvx ; vy Þ. The labels D, E, and F denote the regions
(marked in Fig. 1(e)) where the distributions
 are calculated.
Tjje0 , T?e =T?e0 ,
Figure 5 plots the electron temperatures
T
jje

and the anisotropy Ae ¼ Tjje T?e  1 at Xit ¼ 32 for Run 1.
Now the electron distributions in the magnetic islands are
almost isotropic, and the regular structures of the out-of-plane
magnetic field cannot be found. Therefore, such structures are
related to the temperature anisotropy. This can be confirmed

in Fig. 6, which shows the out-of-plane magnetic field By B0
at Xit ¼2.5, 10.5, and 17.5 for Run 1, and the magnetic field
lines in the ðx; zÞ plane are also plotted in the figure. However, now at Xi t ¼ 16, just before the regular structures of By
are formed inside the magnetic islands we introduce a pitch
angle scattering operator in the particle push, as done before
by Karimabadi et al.26 The scattering tries to make the elec-


FIG. 3. (Color online) The electron temperatures (a) Tjje Tjje0 , (b)
T?e =T?e0 , and (c) the anisotropy Ae ¼ Tjje T?e  1 at Xit ¼17.5 for Run 1.

tron distribution isotropic and the temperature anisotropy is
removed, while the electron average velocity and kinetic
energy are kept as before. Unlike in Fig. 1, at Xi t ¼ 17:5 we
cannot find that the regular structures of By are formed inside
the magnetic islands. This confirms that the regular structures
are related to the electron temperature anisotropy.
In the magnetic islands the plasma is anisotropic and the
magnetic field is very weak, therefore it is unstable to
the Weibel instability.27 The regular structures of By inside
the magnetic islands are considered to be the results of the
Weibel instability. However, according to the linear theory
in homogeneous plasma, the waves excited by the Weibel
instability should have wave vector along the z direction. In
the follows, we will demonstrate that regular structures
similar to that in Fig. 1 can be formed due to the Weibel
instability in a current sheet with a small width, which is
comparable to the wavelength of the Weibel instability predicted by the linear theory.
Figure 7 shows
 the time evolution of the out-of-plane
magnetic field By B0 at Xit ¼1, 2, 3, and 7 for Run 2. The
Weibel instability can be excited in the center of the current
sheet. At first the wave vector of the excited waves is
almost along the z direction due to the temperature

anisotropy, and the wavelength is about 1.1 c xpi when
found that the
Ae0 ¼ Tjje0 T?e0  1 ¼ 0:8. Linear analysis
x2
growth rate is maximum at kz2 ¼ 13Ae cpe2 , and the corresponding wavelength is about 1.2c xpi in a homogeneous
plasma.28 Our simulation results are consistent with the
linear theory in Run 2. At last, it forms the structures with
alternate positive and negative values of the out-of-plane
magnetic field along the x direction as observed in the
magnetic islands (see Fig. 1). However, when the wavelength of the excited Webel instability is comparable to the
width of the current sheet, the structures with alternate positive and negative values of the out-of-plane magnetic field
along the x direction will be formed. This is shown in Fig. 8,
which plots the time evolution of the out-of-plane magnetic
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FIG. 4. (Color online) The electron velocity distributions f ðvx ; vz Þ (the top panel) and f ðvx ; vy Þ at the
time Xit ¼ 32,  in three different regions:
(A) x 2 ½9;10c xpi , z 2 ½0:5; 0:5c xpi ; (B)
x 2 ½12; 13cxpi , z 2 ½0:5; 0:5c
 xpi ; and (C)
x 2 ½15; 16c xpi , z 2 ½0:5; 0:5c xpi . The regions
are marked by D, E, and F in Fig. 1, and the dashed
lines denote the bound of a symmetric distribution.


field By B0 at Xit ¼1, 2, 3, and 7 for Run 3. In summary,
when the wavelength of the excited Weibel instability by the
electron temperature anisotropy is comparable to the width
of the current sheet, the structures with alternate positive and
negative values of the out-of-plane magnetic field along the
x direction will be formed.
IV. CONCLUSIONS AND DISCUSSION

The Weibel instability has been investigated inside
the electron-positron Harris sheet, where structures of the
out-of-plane magnetic field are fromed.29,30 Baumjohann
et al.31 studied the structures of the out-of-plane magnetic
field inside the electron inertial region in the electron-proton
current sheet. They found that the inflow of electrons
into the sheet from its two sides may well be capable of selfconsistently generating a weak magnetic guide field via the
Weibel instability. In this paper, 2D PIC simulations are


FIG. 5. (Color online) The electron temperatures (a) Tjje Tjje0 , (b)
T?e =T?e0 , and (c) the anisotropy Ae ¼ Tjje T?e  1 at Xit ¼32 for Run 1.

employed to investigate the structures of magnetic island
formed during anti-parallel reconnection. Alternate positive
and negative values of the out-of-plane magnetic field along
the x direction are observed in magnetic island for the first
time. Such structures are considered to be the results of the
Weibel instability in magnetic island, which is driven by the
electron temperature anisotropy. The electron temperature
anisotropy is the result of accelerated electrons by the reconnection electric field. The existence of the out-of-plane magnetic field inside magnetic island may affect the process of
electron acceleration in magnetic island, which is our further
investigation. We also perform the cases with an initial guide
field, and find that such structures will disappear even if a
small guide field ( 0:1B0 ) is added. Therefore, these structures are sensitive to a guide field.

FIG.
 6. (Color online) The time evolution of the out-of-plane magnetic field
By B0 during collisionless magnetic reconnection at Xit ¼2.5, 10.5, and
17.5 for Run 1, and the corresponding magnetic field lines are also plotted in
the figure. Different from in Fig. 1, now at Xi t ¼ 16, just before the regular
structures of By inside the magnetic islands are formed, a pitch angle scattering operator is introduced in the particle push to make the electron distribution isotropic.
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1

FIG.
 7. (Color online) The time evolution of the out-of-plane magnetic field
By B0 at Xit ¼1, 2, 3, and 7 for Run 2. The width of the corresponding Harris current sheet is also marked with thick solid lines.

One thing we should note is that in magnetic island the
direction of the wave vector k of the Weibel instability in the
PIC simulations is different from that in the linear expectation, which is parallel to the direction of minimum temperature. The nonlinear effects, which arise when the width of
the current sheet is comparable to the wavelength predicted
by the linear theory, are considered to cause this difference.
However, how the nonlinear effects will influence the
Weibel instability needs further investigation.

FIG.
 8. (Color online) The time evolution of the out-of-plane magnetic field
By B0 at Xi t ¼1, 2, 3, and 7 for Run 3. The width of the corresponding
Harris current sheet is also marked with thick solid lines.
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