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In this paper, with a two-dimensional particle-in-cell simulation model, we compare the structures
of a primary magnetic island to those of a secondary magnetic island, and these islands are formed
during collisionless magnetic reconnection in a force-free current sheet. The out-of-plane magnetic
field B, is enhanced in the center of both the primary and secondary islands; however, a quadrupole
structure of By, with a good symmetry may be formed at the ends of the primary island. The
in-plane electric field also exists in both the primary and secondary islands. The electric field E,
has a positive value in the left and a negative value in the right of the islands, while the electric
field E, has a positive value in the upper part and a positive value in the lower part of the islands.
However, the in-plane electric field exists in the outer part of the primary island, while it exists in
the center of the secondary island. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4967286]

I. INTRODUCTION

Magnetic reconnection, as a fundamental physical pro-
cess in plasmas, rapidly converts magnetic energy into
plasma kinetic and thermal energy with topological rear-
rangement of magnetic field lines.' It is believed that mag-
netic reconnection plays an important role in explaining
many explosive phenomena in the solar atmosphere, the
earth’s magnetosphere, and laboratory plasmas.”® In colli-
sionless magnetic reconnection, the diffusion region is found
to have a multi-scale structure.””'? In the ion diffusion region
with the scale below the ion inertial length, the ions are
unmagnetized and electrons are frozen in the magnetic field.
In the electron diffusion region with the scale below the
electron inertial length, both the ions and electrons are
unmagnetized. In the ion diffusion region of anti-parallel
reconnection, which occurs in a Harris current sheet, the in-
plane currents are directed away from the X line along the
separatrices and toward the X line along the magnetic field
lines just inside the separatrices, and such an in-plane current
system results in the quadrupole structure of the out-of-plane
magnetic field.'2>"” However, with the introduction of an ini-
tial guide field in a Harris current sheet, the symmetry of the
quadrupole structure will become distorted.'®" Recently,
magnetic reconnection in a force-free current sheet has been
studied, and a distorted quadrupole structure of the out-
of-plane magnetic field is at first formed in the ion diffusion
region, which is similar to that of a typical guide field recon-
nection in the Harris current sheet; then, a quadrupole struc-
ture of the out-of-plane magnetic field with a good symmetry
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emerges in the ion diffusion region, which is similar to that
of anti-parallel reconnection in the Harris current sheet.*'**

Magnetic islands, which may be generated via the tearing
instability or Kelvin-Helmholtz instability in a current sheet,
are considered to enhance not only the reconnection rate but
also the efficiency of particle acceleration.'®**%> The struc-
tures of the magnetic island formed during multiple X line
reconnection in a Harris current sheet have been thoroughly
studied with particle-in-cell (PIC) simulations.’*?° The out-
of-plane magnetic field in the magnetic island formed during
anti-parallel reconnection exhibits a symmetric quadrupole
structure, and the symmetry will be distorted with the exis-
tence of the guide field.>® When the guide field is sufficiently
large, the out-of-plane magnetic field is enhanced in the whole
magnetic island, while the enhancement is stronger at the
edge and a dip is formed at the center of the magnetic
island.**>? Lu er al.*® found that the Weibel instability may
be unstable in the magnetic island formed during anti-parallel
reconnection, where a regular structure with alternate positive
and negative values of the out-of-plane magnetic field is gen-
erated. Besides the magnetic island formed simultaneously
with the appearance of the X line (the primary magnetic
island), a secondary magnetic island may also be generated
in an extended current sheet around the X line.”*?** In
this paper, with two-dimensional (2-D) PIC simulations, we
compare the structures of a primary island with those of a
secondary island formed during magnetic reconnection in a
force-free current sheet, and the mechanisms for the genera-
tion of the magnetic structures are also discussed.

The paper is organized as follows: the 2D PIC simula-
tion model is described in Sec. II, and the simulation results
are presented in Sec. III. The summary and discussion are
given in Sec. IV.

Published by AIP Publishing.
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Il. SIMULATION MODEL

In this paper, we use a 2D PIC simulation model to
investigate the characteristics of magnetic islands formed
during multiple X line magnetic reconnection in a force-free
current sheet. In the simulation, the electromagnetic fields
are defined on the grids and advanced by solving the
Maxwell equations, and the particles are updated by integrat-
ing the Newton-Lorentz equations. A force-free current layer
is used as the initial condition in the simulation model and
the initial magnetic field is given by:

B(Z) = B() tanh[z/é]ex + BO SeCh[Z/(S]e}”

where By is the asymptotical magnetic strength. L. is the
length of the computation domain in the z direction. § =
0.5d; is the half-width of the current sheet(here di = ¢/w),; is
the ion inertial length defined by ng, and ny is the initial num-
ber density). The mass ratio of the ion to the electron is set to
be m;/m, = 100, and the light speed is ¢ = 20v4 (where v,
is the Alfven speed defined by By and ng). The parameters
are normalized as follows: the spatial coordinate is normal-
ized by di, the time is normalized by Q. ! (where Q; =
eBy/m; is the ion gyrofrequency), the magnetic field is nor-
malized by By, the electric field is normalized by ByV4, the
plasma density is normalized by ng, the current is normalized
by enyV4, and the pressure is normalized by nom,-Vf,.

The size of the simulation domain is Ly x L, =
102.4d; x 12.8d; with the grid Ny xN, = 2048 x 256, so the
spatial resolution is 0.05¢/w,; in both the x and z directions.
The time step is set to be Q;At = 0.001 (where Q; is the ion
gyrofrequency). We employ 100 particles per species in each
grid, which means that more than 5 x 107 particles per spe-
cies are used in the whole domain. The periodic boundary
conditions are used in the x direction, while in the z direction
the ideal conducting boundary conditions are used for elec-
tromagnetic fields and the reflected boundary conditions for
particles. In this simulation, we introduce an initial flux per-
turbation for the system to enter the nonlinear stage more
quickly.

lll. SIMULATION RESULTS

In this paper, a 2D PIC simulation model is employed to
investigate the characteristics of magnetic islands formed
during multiple X line magnetic reconnection in a force-free
current sheet. Figure 1 shows the time evolution of the out-
of-plane magnetic field By, and in the figure the magnetic
field lines are also plotted for reference. With the develop-
ment of the reconnection, at about Q;r = 20 two X lines
appear around x = —25d; and 28d;, and a primary magnetic
island is formed between the two X lines. The length of the
magnetic island shrinks gradually, and their width increases.
During such a process, the out-of-plane magnetic field B, is
enhanced in the center of the primary island. With the forma-
tion of the primary island, the regions with a negative value
of B, begin to appear at the lower-left and upper-right parts
of the island. At about ;¢ = 60, a quadrupole structure of B,
with a good symmetry, which is detached from the center of
the primary island with an enhancement of By, is formed at
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x/d;

FIG. 1. The time evolution of the out-of-plane magnetic field B, at (a)
Q;it =0, (b) Qr =40, (c) Q;t = 60, and (d) Q;z = 100. The in-plane mag-
netic field lines are also plotted.

the ends of the primary island. Such a quadrupole structure
of B, disappears at about Q;t = 90.

Two secondary magnetic islands are also successively
generated during the process of magnetic reconnection, and
their positions are around x = —25d; and 26d;, respectively.
The island around x = 26d; is formed at about Q;r = 45,
where the out-of-plane magnetic field is obviously enhanced.
The island around x = —25d; is formed at about Q;t = 85,
and no obvious enhancement of the out-of-plane magnetic
field is found.

In order to study the generation mechanism of the out-of-
plane magnetic field B, in these magnetic islands, in Figure 2,
we plot the parallel electron current J, | = J, -B'/B’ (where
B’ = B.e, + B.e. is the in-plane magnetic field), the ion cur-
rent J; =J;-B'/B’, and the total current J) =J, +Jj.
According to Ampere’s Law and 0/0y = 0, we can derive
—0By/0z = J, and 0B,/0x = J.. B, is only related to the in-
plane currents. In the whole paper "||" means parallel to the in-
plane magnetic field. Figure 3(a) shows the cut of the parallel
current along x = 26.2d; at Q;t = 60, which crosses the center
of the secondary island. It can be found that the parallel current
in the outer part is stronger than that in the inner part, which
leads to the enhancement of the out-of-plane magnetic field in
the center of the secondary island. In the primary magnetic
island, similarly, the total current sheet is also along the mag-
netic field, and the parallel current in the outer part is stronger
than that in the inner part. We can observe the enhancement of
the out-of-plane magnetic field in the center of the primary
island. However, around Q; = 60, at the two ends of the pri-
mary island, the parallel current, which is contributed mainly
by the electron current, is away from the X line along the sepa-
ratrices, while it is directed toward the X line along the in-
plane magnetic field just inside the separatrices. This can be
demonstrated more clearly in Figure 3(b), which shows the cut
of the parallel current along x = 19d; at Q;r = 60, which
crosses one end of the primary island. Such a distribution of
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FIG. 2. The contours of the parallel electron current J =J. B'/B" (where B’ =B.e, + B.e, is the in-plane magnetic field), parallel ion current
Jiy =i B'/B’, and parallel total current J| = Jg +Jy at (a) Q;t = 40, (b) ;t = 60, and (c) Q;t = 100.The in-plane magnetic field lines are also plotted.

the parallel current results in a quadrupole structure of the out-
of-plane magnetic field B, at the ends of the primary island.
Such a pattern of the parallel current at the ends of the primary
island disappears at about ;¢ = 50.

Figures 4 and 5 plot the distribution of the electron num-
ber density n, and the amplitude of the Ampere force acting
on the plasma element |J x B| in the primary and secondary
islands, respectively. The amplitude of |J x B| represents the
level of the violation of the force-free condition, which is

z/d,

-0.4

2 0 2 4 6
z/d,

6 -4

violated in both the primary and secondary islands. In the
primary magnetic island, the region, where the force-free
condition is violated, forms a ring distribution, and the
enhancement of the electron density also occurs in a ring

FIG. 4. The contours of electron density n, and |J x B| of the primary mag-
netic island at ;= 100. The in-plane magnetic field lines are also
presented.

FIG. 3. The profile of the parallel total current /|| along the lines (a) x = 26.2d;
and (b) x = 194; at Q;t = 60.
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FIG. 5. The contours of electron density n, and |J x B| of the secondary
magnetic island around x = 26d; at Q;r = 100. The in-plane magnetic field
lines are also presented.

distribution. In the center of the primary island, we cannot
find obvious enhancement of the electron density, and the
force-free condition is kept. In the secondary island, both the
violation of the force-free condition and the enhancement of
the electron density occur in the center of the island.

According to the general Ohm’s law, the electric
field force is balanced by the pressure gradient, electro-
motive force, and inertia force in the plasma. Note that
the inertia term is close to zero in the islands, so it is
neglected here. Figures 6 and 7 show (a) the electric
fields E, and E,, (b) the contributions from the off-
diagonal electron pressure tensor term to the electric field
(=V -P/en,), and (—V -P/en,),, and (c) the contribu-
tions from the electromotive force term to the electric
field (—V, x B), and (—V, x B)_, in the primary and sec-
ondary islands, respectively. The electron inertial term is
not shown here, because it is smaller and negligible. In
both the primary and secondary islands, the in-plane
electric fields E, and E, are dominated by the electromo-
tive force term. The electric field E, has a positive value
in the left of the islands, and it is negative in the right.
The electric field E. has a positive value in the upper
part of the islands, and it is positive in the lower part.
However, the in-plane electric field exists in the outer
part of the primary island, while it exists in the center of
the secondary island.

Phys. Plasmas 23, 112106 (2016)

E, E,
4F 2 F 7m0.5
a 5 ’
% Or 0.0
2F
s i-o5
(-V-P/en,), (-V'P/en,),
4F
b ol
e
N 9
)
4L
('VeXB)x (_VeXB)z
4F 0.5
c 2
e
7 Of 0.0
2F
-4t 3k -0.5
-20 -10 0 10 20-20 -10 O 10 20
x/d, x/d;

FIG. 6. The x and z components of (a) E, (b) =V - P/en,, and (c) =V, x B
of the primary magnetic island at ;7 = 100. The in-plane magnetic field
lines are also presented.
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FIG. 7. The x and z components of (a) E, (b) =V - P/en,, and (c) =V, x B
of the secondary magnetic island around x = 26d; at Q;r = 100. The in-
plane magnetic field lines are also presented.

IV. CONCLUSIONS AND DISCUSSION

Recently, an extended electron diffusion region is found
to be unstable plasmoid instability>>*® and secondary islands
may be formed during magnetic reconnection.”**" In this
paper, we use a 2D PIC simulation model to compare the
characteristics of both the primary and secondary islands
formed during magnetic reconnections in a force-free current
sheet. The out-of-plane magnetic field B, can be enhanced
in the center of both the primary and secondary islands.
However, the enhancement of B, in a secondary island
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depends on the time when the island is formed. The out-of-
plane magnetic field B, will be gradually pushed away from
the electron diffusion region during magnetic reconnection.
If the secondary island is formed early when the out-of-plane
magnetic field is still sufficiently strong in the electron diffu-
sion region, we can observe obvious enhancement of By in
the secondary island. When the secondary island is formed
later after the out-of-plane magnetic field is almost pushed
away from the electron diffusion region, there is no obvious
enhancement of B, in the secondary island. Also, a quadru-
pole structure of By with a good symmetry may be formed at
the ends of a primary island. The characteristics of the pri-
mary island formed during magnetic reconnection in a force-
free current sheet are different from those in a Harris current
sheet. A symmetric quadrupole structure of the out-of-plane
magnetic field is formed in a primary island generated during
magnetic reconnection in a Harris current sheet without a
guide field, and the introduction of a guide field can distort
the symmetry of the quadrupole structure of the out-of-plane
magnetic field in the primary island. When the guide field is
sufficiently strong, the out-of-plane magnetic field is
enhanced inside the primary island with a dip in the center of
the island.®® The out-of-plane magnetic field can be
enhanced only in the center of the secondary island formed
during magnetic reconnection in a Harris current sheet with
a guide field.”’

The force-free condition can be violated in both the pri-
mary and secondary islands. The violation of the force-free
condition occurs in the center of the secondary island, while
in the primary island it occurs in the region with a ring distri-
bution. Also, the in-plane electric field exists in the region
with a ring distribution in the primary island, while it exits in
the center of the secondary island. The electric field E, has a
positive value in the left and a negative value in the right of
the islands, while the electric field £, has a positive value in
the upper part and a positive value in the lower part of the
islands. The characteristics of the in-plane electric field of
both the primary and secondary islands formed in a force-
free current sheet are similar to those formed in a Harris cur-
rent sheet.”>%*
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