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Magnetic reconnection is one of the most important processes in astrophysical, space, and
laboratory plasmas, and magnetic island is an important feature in reconnection. Therefore,
identifying the structures of magnetic island is crucial to improving our understanding of magnetic
reconnection. Using two-dimensional (2-D) particle-in-cell (PIC) simulations, we demonstrate that
the out-of-plane magnetic field has a dip in the center of magnetic island, which is formed during
multiple X line guide field reconnection. Such structures are considered to be produced by the
current system in the magnetic island. At the edge of the magnetic island, there exists a current
anti-parallel to the in-plane magnetic field, while the current is parallel to the in-plane magnetic
field inside the magnetic island. Such a dual-ring current system, which is attributed to the electron
dynamics in the magnetic island, leads to the dip of the out-of-plane magnetic field in the center of
the island. The relevance between our simulations and crater flux transfer events (C-FTEs) is also

discussed. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4704799]

. INTRODUCTION

Magnetic reconnection is a basic physical process which
provides an effective mechanism for fast energy conversion
from magnetic energy to plasma kinetic energy. Such conver-
sion process is manifested by plasma heating and jetting in the
reconnection outflow regions.' Electron behaviors are con-
sidered to play an important role in collisionless magnetic
reconnection. In anti-parallel reconnection, at a scale length
below the ion inertial length 4; = ¢/ wp; (Where w,,; is the ion
plasma frequency) around the X line, ions are demagnetized
while electrons are magnetized and frozen in the magnetic
field lines.*® The electrons first move towards the X-line
along the separatrices and then are directed away from the X
line along the magnetic field lines just inside the separatrices
after they are accelerated in the vicinity of the X-line by the
reconnection electric field.”® Therefore, the resulting in-plane
currents, which are carried mainly by the magnetized elec-
trons, produce the quadrupole structures of the out-of-plane
magnetic field in the ion diffusion region.*'*"'? In guide field
reconnection, the electrons move towards the X line along one
pair of separatrices and are away from the X line along the
other pair of separatrices. The out-of-plane magnetic field is
enhanced in the center of the current sheet by the resulting
in-plane currents, and the symmetry of the out-of-plane mag-
netic field is substantially distorted.'*"

In multiple X line reconnection, magnetic island will be
formed between X lines. Magnetic island is considered
to play an important role in the production of energetic
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electrons in reconnection.'®?° Therefore, investigating the
structures of magnetic island and their relations to the
electron dynamics is essential to know the acceleration
mechanism of energetic electrons in reconnection. Both sim-
ulations and observations have shown that quadrupole struc-
tures of the out-of-plane magnetic field are also formed in
magnetic island during multiple X line anti-parallel recon-
nection, and their generation mechanism is the same as that
in single X reconnection.”' > In multiple X line guide field
reconnection, both simulations and observations have found
that the out-of-plane magnetic field is enhanced in magnetic
island.'”?*~?® The magnetic flux added by the plasma inflow
has been thought to make a most important contribution to
the growth of the out-of-plane magnetic field in magnetic
island. Using two-dimensional (2-D) particle-in-cell (PIC)
simulations, we find that the out-of-plane magnetic field has
a dip in the center of magnetic island formed during multiple
X line guide field reconnection. We demonstrate that the for-
mation for such structures of magnetic island is attributed to
the in-plane currents, which are dominated by electron
behaviors in magnetic island. The relevance between our
simulations and crater flux transfer events (C-FTEs) is also
discussed. FTE has a characteristic magnetic field of a tran-
sient bipolar variation of the component along the normal to
the local magnetopause, typically associated with the
enhancement of magnetic field strength.?*** C-FTE is one
kind of FTE, whose field magnitude enhancement shows a
crater-like dimple in the center of the magnetic island.*'*

Il. SIMULATION MODEL

A 2-D PIC code is used to investigate the structures of
magnetic island formed during multiple X line guide field

© 2012 American Institute of Physics
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reconnection. In the simulations, the electromagnetic fields
are defined on the grids and updated by solving the Maxwell
equations with a full explicit algorithm. The initial configu-
ration is a one-dimensional Harris current sheet in the (x, y)
plane, and the initial magnetic field is given by™*

Bo(y) = Bo tanh(y/)e, + Be., 1)

where ¢ is the half-width of the current sheet. By is the
asymptotical magnetic strength. By is the strength of the
guide field. The corresponding number density is

n(y) = ny, + ng sech®(y/9), 2)

where n;, represents the density of the background plasma
and ny is the peak Harris density. The distribution functions
for the ions and electrons are Maxwellian, and their drift
speeds in the z direction satisfy Vi/V.o = —Tiy/Te0, Where
Vio(Veo) and T;o(T,p) are the initial drift speed and tempera-
ture for ions (electrons), respectively. In our simulations, the
temperature ratio is Tjo/T.o = 4 and ny = 5n,. The current
sheet width is 0 = 0.5¢/w),;, where ¢/w,; is the ion inertial
length defined by ng. The mass ratio is set to m;/m, = 100
(where m, is the rest mass of the electron). The light speed is
¢ = 15v4, where v, is the Alfvén speed defined by B and n,.
An initial guide field B,y = By is used in the simulations.

The computation is carried out in a rectangular domain
in the (x, y) plane with dimension L, x L, = (51.2¢/wp;)
x(12.8¢/wp;). An N,xN,=1024 x256 grid system
is employed in the simulations, so the spatial resolution
is Avx=Ay=0.05 c/wp=0.5c/wp,. The time step Iis
Q;At = 0.001, where €; is the ion gyrofrequency. We
employ more than 1.0 x 107 particles per species in the
simulations. The periodic boundary conditions are used
along the x direction, while the ideal conducting boundary
conditions for electromagnetic fields are employed in the y
direction. In order to make the system enter the nonlinear
stage quickly, an initial flux perturbation with the form
W (x,y) = Wocos(2mx/Ly)cos(nz/L,) (where  is the vector
potential component A; and the value of 1, is chosen as
Vo/(Boc/wyi) = 0.05) is introduced, which is useful to
reach the stage of rapid growth of reconnection.
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lll. SIMULATION RESULTS

Magnetic island can be formed between X lines in mul-
tiple X line reconnection as shown in our 2-D PIC simula-
tions. Figure 1 shows the time evolution of the out-of-plane
magnetic field (B, — B,y)/Bo at Q;t = 22, 26, 30, and 34,
respectively. The magnetic field lines are also plotted in the
figure for reference. As time goes on, the width of the mag-
netic island increases in the y direction, and it is about 6
c/wp; at the saturation stage. Unlike in anti-parallel recon-
nection, where the out-of-plane magnetic field exhibits quad-
rupole structures,® now it is obviously enhanced in the
magnetic island from ;¢ = 30 due to the presence of an ini-
tial guide field. Similar results have also been obtained by
other Hall MHD and kinetic simulations, and the enhance-
ment of the out-of-plane magnetic field was found to be de-
pendent strongly on the presence or absence of an initial
guide field.!7-260-28 However, from the figure, we can further
find that at the saturation stage the out-of-plane magnetic
field shows a dip in the center of the magnetic island, and it
means that the out-of-plane magnetic field in the center of
the magnetic island is smaller than that at the edge of the
magnetic island.

Such structures of the out-of-plane magnetic field in the
magnetic island can be explained based on the in-plane cur-
rent system, which are shown in Fig. 2. Figure 2 depicts the
ion current along the in-plane magnetic field j; = J; - B'/B’
(Figure 2(a), where B’ = B.e, + Bye, is the in-plane mag-
netic field, J; is the ion current), the electron current along
the in-plane magnetic field jj, = J.-B'/B’ (Figure 2(b),
where J, is the electron current), the total current along the
in-plane magnetic field jj = j; +jj. (Figure 2(c)) at Qt
=34, while Figure 2(d) shows the profiles of the total
current along the in-plane magnetic field j|, the electron cur-
rent along the in-plane magnetic field jj., and the ion current
along the in-plane magnetic field jj;. The currents in
Fig. 2(d) are obtained along the line x = 24.5¢/w); with
—3.5¢/ wpi <y <0, which is denoted by the dashed lines in
Figs. 2(a)-2(c). At the edge of the magnetic island, there
exists an electron current anti-parallel to the in-plane mag-
netic field. The anti-parallel electron current is generated by
the energetic electrons directed away from the X lines after
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FIG. 2. The currents in the magnetic island at Q;r = 34. (a) The ion current
along the in-plane magnetic field jj; = J; - B'/B’ (where B’ = B.e, + Bye, is
the in-plane magnetic field, J; is the ion current), (b) the electron current
along the in-plane magnetic field j. = J. - B'/B’ (where, J, is the electron
current), (c) the total current along the in-plane magnetic field j| = jj; + Jjie-
The solid lines in (a)-(d) represent the in-plane magnetic field lines. (d)
shows the profiles of the total current along the in-plane magnetic field j
(black line), the electron current along the in-plane magnetic field jj, (red
line), and the ion current along the in-plane magnetic field j; (blue line).
The currents in (d) are obtained along the line x = 24.5¢/w, with
—3.5¢/wpi <y <0, which are denoted by the dashed lines in (a)-(c).

they are accelerated in the vicinity of the X lines.*” Inside
the magnetic island, the electron current is parallel to the
in-plane magnetic field, while the ion current is anti-parallel
to the in-plane magnetic field. However, the electron and ion
currents cannot be cancelled totally, and there exists a net

Phys. Plasmas 19, 042111 (2012)

current parallel to the in-plane magnetic field inside the mag-
netic island. Therefore, the total current is anti-parallel to the
in-plane magnetic field at the edge of the magnetic island,
and it is parallel to the in-plane magnetic field inside the
magnetic island. The contributions of electron and ion cur-
rents to the total current along the in-plane magnetic field
can be demonstrated more clearly in Fig. 2(d). The anti-
parallel current at the edge of the magnetic island, which is
contributed mainly by the electrons, is around y = 2.8¢/w);.
The net parallel current inside the magnetic island is around
y = —1.0c/wp,;. It is worth noting that the directions of the
in-plane currents will also be reversed if the sign of the ini-
tial guide field is changed. However, this does not change
the generation mechanism of the dip of the out-of-plane
magnetic field in the center of the island proposed in this
paper.

The generation mechanism for such a current system
inside the magnetic island is also related to electron dynamics
in magnetic reconnection. Inside the magnetic island, both the
electrons and ions suffer electric field drift and move along
the magnetic field lines. A typical electron trajectory at the
edge of the magnetic island and its evolution of kinetic energy
are plotted in Fig. 3. Figures 3(a)-3(c) describe the electron
trajectory during 24 < Q;r <27.5, 27.5 < Q;t < 30.8, and
30.8 < Q;t < 32.5, respectively. The three periods correspond
to the stages when the electron is in the inflow, the vicinity of
the right X line, and the outflow regions. Figure 3(d) shows
the parallel electric field suffered by the electron, Fig. 3(e)
plots the evolution of the corresponding electron kinetic
energy ¢ (where ¢ = (y — 1)m.c* and 7 is the relativistic fac-
tor), and Fig. 3(f) describes the velocity of its gyrocenter. The
electron drift velocity is anti-parallel to the in-plane magnetic
field. The electrons can still be accelerated due to the

y/(Clo,;)
E,/(vaBy)

-0.05

FIG. 3. A typical electron trajectory and
its time evolution of kinetic energy dur-
ing 24 < Q;r <27.5,27.5 < Q;t <30.8,
and 30.8 < Q;r <32.5, respectively.
The three periods correspond to the

stages when the electron is in the inflow,

y/(clo)
e/m,C

the vicinity of the right X line, and the
outflow regions. (a)-(c) describe its tra-
jectory, and contours of the electric field
E., E,, and E. are also plotted in (a)-(c),
respectively. (d) shows the parallel elec-
tric field suffered by the electron, (e)
plots the evolution of the corresponding

y/(Clo)
Vya/Va

electron kinetic energy ¢ (where &=
(y — 1)m,c* and y is the relativistic fac-
tor), and (f) describes the velocity of its
gyrocenter. In (a)-(c), the dashed lines
represent the in-plane magnetic field
lines.
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existence of the parallel electric field in the pileup region. The
acceleration process is similar to the mechanism proposed by
Fu et al.'? and Drake er al.'® They proposed that the electrons
are accelerated by the inductive electric field at the end of the
island, which resembles a single “kick” from a contracting
island. However, the ions cannot be obviously accelerated by
the electric field due to their large mass, which results in a net
current parallel to the in-plane magnetic field inside the mag-
netic island.

IV. CONCLUSIONS AND DISCUSSION

In summary, by performing 2-D PIC simulations, we
found that the out-of-plane magnetic field is enhanced in a
magnetic island, however, there exists a dip in the center of
the island. At the edge of magnetic island, the electron current
anti-parallel to the in-plane magnetic field is generated by the
energetic electrons, which are accelerated in the vicinity of
the X lines and then directed away from the X lines. Inside
the magnetic island, the current inside the magnetic island is
the combined results of the electric field drift and acceleration
by the inductive electric field, as proposed previously by Fu
et al."* and Drake et al.'® There exist both the ion and electron
currents. The electron current is parallel to the in-plane mag-
netic field, while the ion current is anti-parallel to the in-plane
magnetic field. A net current parallel to the in-plane magnetic
field is formed inside the magnetic island, because the elec-
trons can be accelerated by the parallel electric field and get
larger currents than that of the ions and have larger current
than that of the ions. Such a dual-ring current system leads to
a dip of the out-of-plane magnetic field in the center of the
island. The simulation results are consistent with the observa-
tional characteristics of a typical C-FTE.* Therefore, our sim-
ulations may provide an explanation for the generation
mechanism of C-FTE. One thing we should notice is that in
three-dimensional (3-D) flux ropes, the interaction between
them makes the structures intrinsically turbulent.”® It may
change the structures of the currents and then the out-of-plane
magnetic field as described in this paper, which is beyond the
scope of this paper and is our future work.
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