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In this paper, by taking advantage of a two-dimensional particle-in-cell simulation model, we study
the structure of the out-of-plane magnetic field (Hall magnetic field) during asymmetric magnetic
reconnection without a guide field, and the associated in-plane current system is also analyzed. The
evolution of asymmetric reconnection has two stages. At the first stage, the electrons move toward
the X line along the separatrix in the magnetosheath side, and depart from the X line along the sep-
aratrix in the magnetosphere side. Another electron flow toward the X line exists above the separa-
trix in the magnetosphere side. The resulted in-plane current system, which is mainly determined
by electron dynamics, generates the quadrupolar structure of the Hall magnetic field, where the two
quadrants in the magnetosheath side are much stronger than those in the magnetosphere side. At the
second stage, besides these electron flows, an additional electron flow away from the X line is formed
along the magnetic field below the separatrix in the magnetosheath side. A hexapolar structure of the
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Hall magnetic field is then generated by such a current system. Published by AIP Publishing.
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I. INTRODUCTION

As a fundamental physical plasma process, magnetic
reconnection plays an important role to convert rapidly mag-
netic energy into plasma kinetic and thermal energy.'™ In
the earth’s magnetosphere, magnetic reconnection may occur
in both the dayside magnetopause and m21gnet0tail,4_12
where the classical collision between charged particles is
negligible and the plasma is collisionless. The diffusion
region in collisionless magnetic reconnection is found to
have a multi-scale structure: in the ion diffusion region with
the scale size below c¢/w,; (where ¢/w,; is the ion inertial
length), ions are demagnetized, while electrons are magne-
tized and frozen in the magnetic field; therefore, the motions
between ions and electrons are different;’ !> in the electron
diffusion region with the scale size below ¢/wj. (Where ¢/wp,
is the electron inertial length), even electrons are unmagne-
tized. Years of researches have shown a pretty beautiful and
clear picture of symmetric magnetic reconnection, in which
the plasma parameters (such as density, temperature, and the
strength of magnetic field) are similar in both sides of the cur-
rent sheet. Numerous kinetic simulations as well as Hall and
electron magnetohydrodynamics (MHD) theories/simulations
of symmetric magnetic reconnection have predicted that the
Hall effect resulted from the decoupled motions between ions
and electrons in the ion diffusion region leads to the in-plane
current and then produces the quadrupolar structure of the out-
of-plane magnetic field (Hall magnetic field)."*'%2*%!
Satellite observations of magnetic reconnection in the earth’s
magnetotail, where the current sheet is considered to be sym-
metric, have also identified the quadrupolar configuration of
the out-of-plane magnetic field. The quadrupolar structure of
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the out-of-plane magnetic reconnection is now regarded as
one of critical signatures of collisionless magnetic recon-
nection in a symmetric current sheet, although the introduc-
tion of guide field will distort the symmetry of the
quadrupolar structure.?*

In asymmetric magnetic reconnection, where the plasma
parameters are different in two sides of the current sheet,
which kind of structure the out-of-plane magnetic field will be
formed is still under debate. The dayside magnetopause,
where the plasma parameters are different between the mag-
netosheath and magnetosphere, provides a suitable place to
study asymmetric magnetic reconnection. Typically, in the
magnetosheath side, the plasma density is about 0.3-0.5 cm >
and the strength of magnetic field can be up to 50 nT, while in
the magnetosphere side, the plasma density is about 20 cm >,
and the magnetic field is 10-20 nT. Mozer ef al.?® observed a
bipolar Hall magnetic field in a magnetopause reconnection
event with THEMIS spacecraft. Recently, with the launching
of MMS spacecraft, the structure of the Hall magnetic field in
dayside magnetopause reconnection has been extensively
studied. Although the spatial size and amplitude of the two
quadrants in the magnetosheath side is much larger than those
in the magnetosphere side, a quadrupolar configuration of
the Hall magnetic field can still be clearly identified.''%*°
Kinetic simulations of asymmetric reconnection also pre-
sented controversial results on the structure of the Hall mag-
netic field. Several predicted the quadrupolar pattern of the
Hall magnetic field,*'* while others showed the bipolar
structure which exists only in the magnetosheath side.?®=*3¢
In this paper, we also perform two-dimensional (2-D) parti-
cle-in-cell (PIC) simulations of asymmetric reconnection
without a guide field and investigate the evolution of the Hall
magnetic field. We find that at first the Hall magnetic field
forms a quadrupolar structure, and it evolves into a hexapolar

Published by AIP Publishing.
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structure. The in-plane current system (Hall current system)
has also been analyzed in this paper to understand the forma-
tion of such a structure of the Hall magnetic field.

Il. SIMULATION MODEL

In this paper, we take advantage of a 2-D PIC simulation
model to analyze the in-plane current and configuration of
the Hall magnetic field in asymmetric magnetic reconnection
without a guide field. In the model, the electric and magnetic
fields are defined on the grids in a two-dimensional plane
(the x — z plane) and updated by solving Maxwell equations
with an explicit algorithm. The current and charge densities
appearing in Maxwell equations are accumulated on the
grids from the particle data. The particles (both ions and
electrons) move in a two-dimensional plane (the x — z plane)
under the action of the Lorentz force, and their three velocity
components are all retained. The particle motions can be
known by integrating the New-Lorentz equations with a
leapfrog scheme. The model has been successfully used to
study collisionless magnetic reconnection and plasma waves
in the magnetosphere.'®>"* TInitially, the magnetic field is
expressed by B(z) = Bo[tanh(z/2) + 1/2]e, (where 1 is the
half width of the current sheet), and the number density
is n = no[1 — (1/3)tanh(z/2) — (1/3)tanh?(z/)]. The mag-
netic field changes from 3B /2 in the magnetosphere side to
—By/2 in the magnetosheath side, and the number density
varies from ny/3 in the magnetosphere side to n¢ in the mag-
netosheath side. Both electrons and ions are assumed to have
the Maxwellian velocity distribution with a uniform tempera-
ture. We choose the initial electron to ion temperature ratio as
T.0/Tijy = 1/3 (where the subscripts e and i represent electron
and ion, respectively). The light speed is ¢ = 20V,o (where
Vo is the Alfven speed, which is calculated with By and n).
The mass ratio of ion to electron is m;/m, = 100. The width
of the current sheet is 1 =0.5 d; (where d; = ¢/ Wpi, and Wy,
is the ion plasma frequency calculated with ng). The details of
the initial setup can be found in Ref. 26.

The simulation domain is L, X L, = 54d; x 22.5d;, and
the grid number is 1080 x 450. Therefore, the grid size is
Ax = Az = 0.05¢/w,;. The time step is Ar=0.001Q;"
(where €; is the ion gyrofrequency, which is calculated with
Bo). Each species has at least 6 x 10% particles. In the z direc-
tion, conducting boundary conditions are used for the electro-
magnetic fields and particles are reflected in the boundary,
while periodic boundary conditions are employed in the x
direction for both electromagnetic fields and particles. To
make a quick reconnection onset, a small perturbation to the
magnetic flux function is assumed initially with the formula
Ay = ocosh™%(2z/7)cosh™2(x/2), and Y, = 0.05¢Bo/ ;.

lll. SIMULATION RESULTS

The time evolution of asymmetric magnetic reconnec-
tion can be followed in Fig. 1, which plots the configuration
of the Hall magnetic field By/BO at Q;r = 10, 37, and 50. The
magnetic field lines from the magnetosphere and magneto-
sheath begin to reconnect at about €;t = 10, and the X line is
formed around (x,z) = (0, —0.3d;), which is in the magneto-
sheath side. The Hall magnetic field B, begins to form a
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FIG. 1. The time evolution of the Hall magnetic field B, in asymmetric
reconnection at (a) ;r = 10, (b) Q;r = 37 and (c) Q;t = 50, respectively.
The black lines plot the magnetic field lines in the reconnection plane.

quadrupolar structure at about Q; =30, and it becomes
salient at Q;r =37. The quadrupolar Hall magnetic field is
dominated by the two quadrants in the magnetosheath side.
The width of the quadrants in the magnetosheath is about
2.0d;, and the amplitude is about 0.3Bjy. In the magneto-
sphere side, the width of the quadrants in the magnetosphere
is about 0.9d;, and the amplitude is about 0.04By. The
quadrupolar structure of the Hall magnetic field has been
previously identified in asymmetric reconnection with both
kinetic simulations®'>* and MMS observations.''?%*°
However, from about Q;t = 45, below the quadrupolar struc-
ture, another Hall magnetic field B, whose width and ampli-
tude are, respectively, about 1.0d; and 0.04B, begins to be
generated in the magnetosheath side, and its polarity is oppo-
site to that of the dominated quadrants. Then, a hexapolar
structure of the out-of-plane magnetic field is formed, which
can be seen clearly at Q;r = 50.

The Hall magnetic field B, is generated by the in-plane
current system. Figure 2 plots (a) the in-plane current in the
parallel direction J =J -B'/B’ (where B’ = B.e, + B.e.
and J' = J.e, + J.e, are the in-plane magnetic field and cur-
rent), (b) the in-plane current in the perpendicular direction
J1 =1|J —JB'/B'|, and (c) the cut of the in-plane current in
the parallel direction (J)) along x = —2.2d; at Q;t = 37. At
this time, the Hall magnetic field has a salient quadrupolar
pattern. Because the electrons are magnetized in the separa-
trix region and move along the magnetic field, the in-plane
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FIG. 2. The distributions of the in-
plane current in (a) the parallel direc-
tion Jy =J' - B'/B" (where B’ = Be,
+B.e. and J = J.e, +J.e. is the in-
plane magnetic field and current),
and (b) the perpendicular direction
J, = |J/ 7JHB//B/‘ at Q;it = 37. (¢)
The cut of the in-plane current in the
parallel direction J)| along x = —2.2d;
at Q;r = 37.
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current in the parallel direction is concentrated in the separa-
trix region. In the vicinity of the X line, electrons are unfro-
zen in the magnetic field, and the in-plane current in the
perpendicular direction is then generated. The in-plane
current in the parallel direction is much larger than that in
the perpendicular direction around the separatrix region.
Previous kinetic simulations of asymmetric magnetic recon-
nection have shown that the in-plane current points toward
the X line along the separatrix in the magnetosphere side and
flows away along the separatrix in the magnetosheath side,”®
and such a kind of in-plane current system creates the
enhancement of B, with a bipolar pattern in the outflow
region. However, in our simulations, there still exists another
small in-plane current above the separatrix in the magneto-
sphere side, which can be seen clearly in Fig. 2(c). The gray
area represents the current away from the X line in the mag-
netosheath side, and the light blue area shows the current
toward the X line in the magnetosphere side. The pink area
is another current which leaves away from the X line in the
magnetosphere side. Such an in-plane current system gener-
ates a distorted quadrupolar structure of Hall magnetic field
shown in Fig. 1(b), where the quadrants in the magneto-
sheath side are much stronger than that in the magnetosphere
side.

Figure 3 presents (a) the parallel component of the elec-
tron bulk velocity V,; = V. - B'/B" (where B' = B.e, + B.e.
is the in-plane magnetic field), and (b) the parallel compo-
nent of the ion bulk velocity Vy =V, -B'/B" at Q;r = 37.
Obviously, the parallel component of the ion bulk velocity is
much smaller than that of the electron bulk velocity, and the
parallel component of the in-plane current existing around
the separatrix region is mainly contributed by the electrons.
The electrons flow toward the X line along the magneto-
sheath separatrix and leave away from the X line along the
magnetosphere separatrix. Besides, above the separatrix in
the magnetosphere side, the electrons tend to move toward
the X line along the magnetic field with the speeds about 0.1
V0. The electrons, which move toward the X line in both the

z/di

magnetosheath and magnetosphere sides, are subject to the
parallel acceleration by the parallel electric field and the
mirror force. After they are accelerated further by the recon-
nection electric field near the X line, the electrons leave away
along the magnetosphere separatrix.’™** These electron
motions lead to the in-plane current system depicted in Fig. 2.

Figure 4 plots (a) the in-plane currents in the parallel
direction, (b) the in-plane current in the perpendicular direc-
tion J, =|J' —JB'/B'|, and (c) the cut of the in-plane
current in the parallel direction (/) along x = —15d; at
Q;t = 50. At this time, the Hall magnetic field has a hexapo-
lar pattern. Similarly, the in-plane currents in the parallel and
perpendicular directions are concentrated in the separatrix
region and the vicinity of the X line, respectively. Now, in

-0.3 0.0 0.3
@ vV

z/d,

(b) Y |/VA0
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FIG. 3. The parallel component of electron bulk velocity V, =V, - B'/B’
(where B’ = B.e, + B.e. is the in-plane magnetic field), and (b) the parallel
component of ion bulk velocity Vi =V, - B'/B at Q;t = 37.
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FIG. 4. The distributions of the in-

plane current in (a) the parallel direc-
tion Jy =J' - B'/B" (where B’ = B.e,
+B.e. and J = J.e, +J.e. is the in-
plane magnetic field and current),
and (b) the perpendicular direction
Jo =V —JB'/B'| at Qit = 37. (c)
The cut of the in-plane current in the
parallel direction J)| along x = —15d;
at Q;r = 50.

DO . (B | ]

x/d.

addition to the currents described in Fig. 2, there still exists
another in-plane current along the magnetic field below the
separatrix in the magnetosheath side, and the current points
toward the X line. This current can be exhibited more clearly
in Fig. 4(c), which is denoted by the pink area. The resulted
in-plane current system generates the hexapolar pattern of
the Hall magnetic field illustrated in Fig. 1(c). Figure 5

-0.3 0.0

(@) Ve, |/VA0

0.3

FIG. 5. The parallel component of electron bulk velocity V, =V, - B'/B’
(where B’ = B.e, + B.e. is the in-plane magnetic field), and (b) the parallel
component of ion bulk velocity Vi =V, - B'/B’ at Q;t = 50.

1 . ELL\JJ\
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exhibits (a) the parallel component of the electron bulk
velocity V,; =V, - B'/B" and (b) the parallel component of
the ion bulk velocity V;j = V; - B’ /B’ at Q;t = 50. The paral-
lel component of the ion bulk velocity is much smaller than
that of the electron bulk velocity, and the current is mainly
carried by electrons. Corresponding to the in-plane current
pointing the X line along the magnetic field below the sepa-
ratrix in the magnetosheath side, the electrons leave away
from the X line along the magnetic field. We can find an
obvious pileup of magnetic field around (x,z) = (—5.0d;,
—1.5d;) in the magnetosheath side, which makes the elec-
trons therein leave away the X line along the magnetic field
due to the mirror force, and produces the parallel current
pointing to the X line below the magnetosheath separatrix.””

IV. SUMMARY AND DISCUSSION

In this paper, with a 2-D PIC simulation model, we
investigate the generation of the structure of the Hall mag-
netic field in asymmetric magnetic reconnection without a
guide field. In the simulation, we at first observe the quadru-
polar Hall magnetic field, where both the strength and size of
the generated out-of-plane magnetic field in the magneto-
sheath side are much stronger than those in the magneto-
sphere side. At this stage, the electrons flow toward the X
line along the separatrix in the magnetosheath side and leave
away from the X line along the separatrix in the magneto-
sphere side, while the third electron flow is moving toward
the X line along the magnetic field above the separatrix in
the magnetosphere side. The resulted current system produ-
ces the quadrupolar structure of the Hall magnetic field at
this stage. At the second stage, there still exists an additional
electron flow away from the X line along the magnetic field
below the separatrix in the magnetosheath side, and the cur-
rent system leads to the hexapolar structure of the Hall mag-
netic field.
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Magnetic reconnection events, which occur in the day-
side of the earth’s magnetopause, give a good opportunity to
study asymmetric reconnection. However, satellite observa-
tions presented controversial results on the structure of the
Hall magnetic field in asymmetric reconnection: the recent
MMS spacecraft observed a quadrupolar structure,''**-°
while the previous observations presented the bipolar struc-
ture.”® Kinetic simulations also gave controversial conclu-
sions on whether the Hall magnetic field has a bipolar or
quadrupolar structure in asymmetric reconnection. Our simu-
lations further predict that the Hall magnetic field in asym-
metric reconnection may have a hexapolar structure.
Therefore, the Hall magnetic field in asymmetric reconnec-
tion may have a complicated structure, and more simulations
and observations at different plasma parameters are neces-
sary to reveal it.
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