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[1] Driven by a waveform inflow, multiple X line reconnection is initiated in a long
current layer, and the plasmoids are bound between two neighboring reconnection sites.
We investigate the behaviors of the plasmoid-like structures in the absence and presence
of an initial guide field By0 normalized by B0 (B0 is the initial intensity of Bx field at the top
and bottom boundaries of the simulation domain) using a Hall magnetohydrodynamic
(MHD) code. For the case with By0 = 0 the profiles of the out-of-plane By component are
the bipolar signature or the bipolar wavelike signature which is caused by Hall effect and
independent of the external mechanism. Such By features are in line with the observed
signature of a closed-loop-like plasmoid in the magnetotail. The bipolar and fluctuation
signatures of By have an asymmetric feature in the presence of a small By0(= 0.1), and the
By profile becomes a positive signature as By0 reaches or exceeds 0.3. In the case of By0 =
0.5, a By bulge appears in the By signature when the enhanced By regions caused by
Hall effect take place in the plasmoid. The By bulge evolves into a peaking signature,
whose maximum (Byjmax) is quickly raised and approaches the lobe magnetic field
strength. Such a significant enhancement of the By component in the central region of the
plasmoid might be representative of the observed strong core field in the magnetic flux
rope. The present results indicate the following implications: (1) Hall effect and a
preexisting cross-tail component By are two important factors controlling the occurrence of
various plasmoid-like structures in the magnetotail. (2) In the later phase the nonlinear
interaction between Hall effect and the By flux added by the plasma inflow makes a most
important contribution to the growth of the core By field.
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1. Introduction

[2] Plasmoids have been observed in the magnetotail by a
number of early spacecraft missions, for example, ISEE
[Moldwin and Hughes, 1993; Slavin et al., 1989] and
Geotail [Deng et al., 2004; Ieda et al., 1998; Zong et al.,
1997]. A large number of plasmoids observed in the
magnetotail exhibit not only the usual bipolar signature in
the north–south magnetic field component Bz, but also a
very strong cross-tail magnetic field component By (core By

field) which can approach or exceed the ambient lobe
magnetic field in magnitude. Such plasmoids with helical
magnetic field structures were called ‘‘magnetic flux rope’’
(MFR) [Chen et al., 2007; Ieda et al., 1998; Slavin et al.,
1995]. The dawn-dusk magnetic field By in the magnetotail
has been found to be well correlated with the interplanetary

magnetic field (IMF) By component. Lui [1984] suggested
that about 50% of the IMF By component exists in the
neutral sheet region. In addition, the other kind of plasmoids
detected in the magnetotail reveals the bipolar waveform
signatures in both Bz and By components [Deng et al., 2004;
Zong et al., 1997; Moldwin and Hughes, 1992]. They were
considered to be plasmoid-like structures with closed-
looped magnetic field lines. In the present work the term
plasmoid is used for both of MFR and ‘‘closed loop’’
plasmoid.
[3] The formation of plasmoids in the magnetotail can be

understood in terms of the multiple X line reconnection
(MXR) model proposed to explain the helical magnetic
structure in flux transfer events (FTEs) at the dayside
magnetopause [Lee et al., 1985]. The Geotail spacecraft
encountered an active reconnection diffusion region in the
Earth’s magnetotail. Deng et al. [2004] provided evidence
of multiple X line collisionless reconnection on the basis of
the following observed features: quadrupole pattern of the
out-of-plane By component during the passage of a magnetic
island, a direction reversal of the electron beams and plasma
flow reversal. On 2 October 2003 the observation made by
the four Cluster spacecraft showed that the variations of
field and flow in the vicinity of magnetotail current sheet
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are most consistent with a series of two active reconnection
sites bounding an Earthward moving flux rope [Eastwood
et al., 2005]. It indicated that reconnection can occur
simultaneously at different points in the near-Earthmagnetotail
current sheet, providing (further) important experimental
validation of MXR theories on the mesoscale (tens of ion
inertial length) level [Eastwood et al., 2005]. The ‘‘time of
flight’’ of the flux rope across the 4 Cluster spacecraft
yielded Vx � 700 km/s and a diameter of �1 Re [Slavin et
al., 2003]. Lui et al. [2007] investigated an MFR observed
by Cluster during a substorm, and found that the MFR was
aligned with its principal axis closely along the dawn-dust
direction. A theoretical study [Drake et al., 2005] suggested
that electrons gain kinetic energy by reflecting from the
contracting ‘‘magnetic islands’’ that form as reconnection
proceeds. Recently, Chen et al. [2007] provided evidence
for the link between energetic electrons and magnetic
islands during reconnection in the Earth’s magnetotail on
the basis of the observation made by the four Cluster
spacecraft.
[4] Many attempts have been done to explain the

observed strong core field in plasmoids. Walker and Ogino
[1996] studied the origin and evolution of MFR using a
three-dimensional (3-D) global MHD simulation. When
there initially was no IMF By in the plasma sheet, recon-
nection led to the formation of plasmoid composed of a
quasi-2-D closed magnetic loop structure. For IMF By 6¼ 0
initially in the plasma sheet the reconnection immediately
led to the formation of an MFR structure [Walker and
Ogino, 1996]. Ma et al. [1994] proposed that the increase
in the core magnetic field depends on both the property of
the initial configuration and the particular reconnection
geometry on the basis of the 2-D and 3-D simulations of
various reconnection models. Sonnerup [1987] examined
the basic properties and motions of flux tubes of the
Russell-Elphic type for FTEs at the magnetopause and
suggested that in the supercritical case the circumferential
magnetic flux is continually fed into the flux tube from the
surrounding magnetopause and the helical FTE field lines
are formed. A 2.5-D MHD simulation of multiple-plasmoid-
like structures in the course of a substorm was carried out by
Jin et al. [2001]. The results indicated that the occurrence of
various magnetic structures in the magnetotail might be
related to the different initial distributions of By component
in the driven reconnection processes. The evolution of the
helical topology in the reconnected flux tube was investi-
gated by Jin and Cui [2004] in terms of the principle of
magnetic helicity. It was found that the concentration of the
helicity density h in the core of a flux tube arises from the
enhancement of the axial field By, which is associated with
the continuous addition of By flux to the domain. However,
the above studies [Jin et al., 2001; Jin and Cui, 2004] based
on MHD model did not include the effect of Hall current.
Karimabadi et al. [1999] carried out 2-D and 3-D hybrid
simulations that explained the large core field in terms of
Hall-generated currents which can naturally lead to core
field strength exceeding even the ambient lobe field mag-
nitude. Ion beta and the presence of a preexisting guide field
are two important factors controlling the Hall-generated
field. Full particle simulations were presented by Drake et
al. [2006] that suggested that the strength of an ambient
guide magnetic field controls whether magnetic reconnection

remains steady or becomes bursty. Specifically during
antiparallel (component) reconnection the electron current
layers that form near the magnetic X line are short (long)
and therefore stable (unstable) to the formation of secondary
magnetic islands. A fully kinetic simulation showed that the
length of the electron diffusion region is observed to
increase with time resulting in the formation of an extended
electron current sheet, and the electron layer becomes
unstable and produces a secondary island in the reconnec-
tion with open boundary condition [Daughton et al., 2006].
Besides, the effect of the guide field on the electron
acceleration was examined by a particle simulation [Fu et
al., 2006].
[5] We derived a 2.5-D Hall MHD code from the multi-

step implicit scheme [Hu, 1989] to study collisionless
reconnection problems. For the quasi-steady reconnection
with a single X line the following works have been carried
out. The driven reconnection processes with various scales
were investigated [Yang and Jin, 2004]. The single X
reconnection with a quadrupolar By structure was exhibited
in the cases with Lc/di � 1.0 (Lc is the half-thickness of
initial current layer, di is the ion inertial length). The
reconnection rates @A/@t � 0.15 and 0.11 in the quasi-
steady states for the cases of Lc/di = 0.5 and 1.0, and they
are insensitive to different magnitude of the spatially
uniform resistivity. The single X reconnection is trans-
formed into the reconnection with an extended current sheet
and the reconnection rate is dramatically reduced as the Hall
effect weakens with increasing Lc/di. The results from the
reconnection process driven by the plasma inflow are
compatible with those obtained from the reconnection
initiated by magnetic perturbations in the GEM reconnec-
tion challenge [Birn et al., 2001]. Jin et al. [2005] examined
the dependence of the Hall effect on plasma b, and found
that the openness of the magnetic separatrix angle is
enlarged as b increases and the fine structures of By

contours with reversed sign emerge as b > 2.0. The
numerical results indicated that these fine structures are
attributed to the reversed currents associated with the
relative motions between electrons and ions [Jin et al.,
2005]. The density depletion layers in magnetic reconnec-
tion were explored [Yang et al., 2006]. The simulation
results showed not only the density depletions along the
magnetic separatrices but also a density dip near the X line
and indicated that the Hall effect is responsible for the
phenomena of density depletion. On the basis of the
comparison between simulation results and Wind observa-
tions we argued that the density dip observed by Wind
would be distributed around the reconnection X line, rather
than along the magnetic separatrix [Yang et al., 2006]. The
effects of the initial guide field By0 on the reconnection
dynamics were examined by Yang et al. [2008]. The
openness of the magnetic separatrix angle is slightly
reduced, and the features of the reconnection field are
substantially altered in the presence of By0. The reconnec-
tion rates(@A/@t) at the X line drops from 0.151 to 0.06 as
By0 increases from 0 to 4.0 (in unit of B0, B0 is the initial
intensity of the oppositely directed field component Bx at the
top and bottom boundaries), and @A/@t in the case of By0 =
1.0 is about 75% of that in the case of By0 = 0. This result is
approximate to that in Huba’s [2005] simulation where the
reconnection is initiated by magnetic perturbations.
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[6] In the present work we use a 2.5-dimensional Hall
MHD code to investigate the dynamic features of the
multiple X line reconnection. In (x, z) plane the opposite-
pointing magnetic field lines driven by the plasma inflow
approach each other, and as a result the tearing mode
instability is triggered and the multiple X line reconnection
is initiated in a long current layer. It is found from 2.5-D
Hall MHD simulations that the thin current sheet with a
sufficient length facilitates the trigger of a tearing mode
instability. The behaviors of the plasmoids to be bound
between two neighboring reconnection sites, especially the
evolving features of out-of-plane By component associated
with Hall effect are explored in the absence and presence of
an initial guide field By0. The numerical results exhibit the
observed features of two types of plasmoid-like structures in
the magnetotail. The factors controlling the occurrence of
various plasmoid-like structures will be discussed.

2. Simulation Model

[7] A magnetic flux function A(x, z, t) is introduced by
the equation

B ¼ r� Aey
� �

þ Byey: ð1Þ

We assume that the x coordinate of a right-handed Cartesian
coordinate system is in the tailward direction, the z
coordinate is perpendicular (northward) to the plasma sheet,
and y coordinate is in the dusk-dawn direction. A Harris
current sheet equilibrium solution is chosen as the initial
state. At t = 0, the magnetic field is

Bx x; zð Þ ¼ �B0 tanh z=Lcð Þ; Bz x; zð Þ ¼ 0; ð2Þ

the corresponding magnetic flux function is given by

A x; zð Þ ¼ A0 ln cosh z=Lcð Þð Þ: ð3Þ

[8] The static isothermal equilibrium state is given by
Vx(x, z) = Vy(x, z) = Vz(x, z) = 0, T(x, z) = T0 and r(x, z) =
r0 + rcsech

2(z/Lc), and rc is determined by RT0rc =

B0
2/8p (R is gas constant) and rc = 2.0r0. To facilitate the

trigger of a tearing mode instability and the formation of
multiple X line reconnection, the half width of the initial
current sheet Lc was set as 0.04L0 (i.e., Lc = 0.04L0, L0 is
the half length of simulation domain in z direction). The
initial Harris sheet equilibrium is not modified by the
addition of a uniform out-of-plane magnetic field compo-
nent By0, and so the cases with the guide field By0 ranging
from 0 to 1.2 (in unit of B0, B0 is the initial value of Bx field
at the top and bottom boundaries) are investigated in this
simulation.
[9] On the basis of the Hall MHD approximation, the

generalized Ohm’s law, including the Hall current and scalar
electron pressure gradient terms, is combined with Faraday’s
induction equation. The 2.5-D Hall MHD equations are
written in dimensionless forms which are given by Jin et al.
[2005] and Yang et al. [2006]. The length, magnetic field
strength, density, temperature,magnetic flux function, velocity
and time are scaled by L0, B0, r0, T0, A0 = B0L0, VA = B0/

ffiffiffiffiffi
r0
p

and tA = L0/VA, respectively. And the factor (4p)1/2 is

involved in the unit of B0, so that 1/4p does not appear in
Lorentz force terms. The dimensionless parameters cm, KH,
KP are given by

cm ¼
h

VAL0
; KH ¼

di

L0
; KP ¼

b
2

di

L0
; ð4Þ

where h is the plasma resistivity and b = P0/(B0
2/2) is

the ratio of plasma pressure to magnetic pressure
outside the current sheet. In the present study, the
resistivity h is assumed to be uniform and the
Lundquist number S (= L0VA/h = 1/cm) is set as
2500. The other parameters are taken as follows: T0 = 1.44�
107K, B0 = 20 nT, r0 = 3.34� 10�25 g/cm3 (corresponding to

nion = 0.2 protons/cm3), di = c/wpi = c/
ffiffiffiffiffiffiffiffiffiffi
4pe2n0
mi

q
= 509 km, L0 =

5di and b = 0.5.
[10] The numerical computation is carried out in the

whole simulation domain which extends from 0 to Lx in
the x direction and from �Lz to Lz in the z direction. To
examine the behaviors of multiple X line reconnection, the
long domain (Lx = 12 in unit of L0) is employed in the runs
presented here. Along the left boundary (x = 0) and right
boundary (x = Lx = 12), r, Vx, Vy, Vz, By, and T are
determined by linear extrapolation. For the magnetic flux
function A(x, z, t), we choose @2A/@x2 = 0 (i.e., @Bz/@x = 0)
at the left and right boundaries. Along the top boundary (z =
Lz = 1) and bottom boundary (z = �Lz = �1), the parameters
r, T, By, Vx, and Vy are maintained at their initial values, and
@2A/@z@t is chosen to be zero (i.e., @Bx/@t = 0). In order to
simulate the situation of driven reconnection with multiple
X line, the inflows Vz (in unit of VA) are imposed at the top
and bottom boundaries,

Vz ¼ �fV1 cos x=Lcx � 5=2ð Þp½ � þ V0g: ð5Þ

Here V1 = 0.004, V0 = 0.03 and Lcx = Lx/5. As seen in
expression (5), the waveform perturbation is superimposed
on the uniform inflow V0, and Vz reaches the maximum
and minimum at x/Lcx � 5/2 = 0, ±2 and x/Lcx � 5/2 =
±1, respectively.
[11] The 2.5-D MHD equations are solved by a new Hall

MHD code [Yang and Jin, 2004] derived from multistep
implicit scheme [Hu, 1989]. In the present simulation, the
computational domain is divided into 241 � 61 grid points.
In order to allow adequate spatial resolution in the current
sheet, the grid spacing in the z direction from z = 0 to z =
±Lz increases according to a geometric series. In the x
direction, the computation from x = 0 to x = Lx = 12 is
advanced by a uniform grid point spacing Dx = 0.05. To
ensure computational accuracy and numerical stability, the
time steps Dt are required to satisfy the following Courant
condition: Dt � DL/Vmax, where DL is the minimum grid
spacing and Vmax is the maximum of the plasma velocity V
in the simulation box.

3. Simulation Results

[12] The initial equilibrium state is driven by waveform
inflows imposed at the top and bottom boundaries and three
reconnection X lines are formed in the long current sheet. In
the absence and presence of an initial guide field By0 the
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behaviors of the plasmoids bound between two neighboring
reconnection sites are investigated using a Hall MHD code
[Yang and Jin, 2004].

3.1. Case 1: By0 = 0

[13] The time evolution of Hall MHD reconnection with
three X lines is shown in Figure 1 where the magnetic field
lines (i.e., the contours of A(x, z)) and the contours of the
out-of-plane magnetic field By are expressed by the solid
lines and the color plots, respectively. As seen in Figure 1a
(t = 16.5tA), two flat plasmoids are bound between two
adjacent X lines, and By has the expected quadrupole
structure at every one of three X lines. The picture of By

in a plasmoid consists of the quadrupole By fields generated
by two adjacent X lines. During the evolution phase shown
in Figure 1 the size of the plasmoid in the z direction
gradually increases and so the opennesses of the quadrupolar
By structures in the plasmoid are correspondingly extended.
Some fine structures of By contours with the reversed sign
emerge and gradually grow within the original By structures,
as seen in Figure 1b (t = 18.5tA) and Figure 1c (t = 19tA).
The plasmoids with a rather large extent in the z direction

are composed of two distinct regions in Figure 1d (t =
20tA): The quadrupolar By structures in the outer regions
are determined by the neighboring X lines. The inner
regions enveloped in the outer regions consist of the
new emerging By quadrupole structures which have the By

polarities as opposed to those in the outer regions.
The plasma inflow does not transfer any By flux to the
reconnection region since By is kept up the initial magnitude
(By0 = 0) along the top and bottom boundaries in Case 1.
Consequently, the maximum and minimum of By are main-
tained at about ±0.3 in the reconnection process as seen in
the color bar of Figure 1, and the generation of the inner By

structures is independent of external mechanism. The By

picture including the inner and outer quadrupole structure in
Figure 1 is somewhat similar to the intensity plot of out-of-
plane field from the hybrid simulation by Karimabadi et al.
[2004].
[14] The velocity vector plots of the in-plane ion and

electron flows at t = 20tA are illustrated in Figures 2a and
2b, respectively. In Hall MHD the ion flow velocity Vi � V
and the electron flow velocity can be expressed as Ve � V
� KHJ/n, where n is the proton density (in a hydrogen

Figure 1. The magnetic field lines (solid lines) and the contours of out-of-plane magnetic field By

(color plots) for Case 1 with By0 = 0 at (a) t = 16.5tA, (b) t = 18.5tA, (c) t = 19.0tA and (d) t = 20.0tA.
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plasma). In order to clearly illustrate the distributions of ion
and electron flow in a plasmoid, only the data for 0 � x �
36di are used in the Figure 2 plotting. The waveform inflow
is imposed at the top and bottom boundaries and the jets are
ejected from the X lines in Figure 2. When the flows toward
the central part of the plasmoid run into each other, the flow
with a positive Vx runs head on to the flow with a negative
Vx and then the flows are deflected to the upper and lower
sides. The outflows along the z direction are formed in the
central region of the plasmoid and result in the extension
of the plasmoid in the z direction. As seen in Figures 2a
and 2b, the ion flow and electron flow are the symmetric
patterns with respect to the x axis (z = 0) and the plasmoid
center. The maximum speed of the electron flow (Vejmax =
2.66VA) is much larger than that of ion flow (Vijmax = 0.64VA).
In particular, the electron flow is much faster than the ion
flow near the X lines. It indicates that the motion of
electrons and ions decouples in the vicinity of the X lines.
[15] In order to get a better understanding of the time

evolution in the magnetic signature within the plasmoid, at
four different times (t = 16.5, 18.5, 19.0 and 20.0tA) we
have plotted the profiles of the field components Bx

(dashed line), By (solid line) and Bz (dot-dashed line) along
x at z = �0.8di in Figure 3 (the cuts are marked by the white
dashed lines in Figure 1). The component Bz has the familiar
bipolar signature which is first negative and then switches to
positive. The amplitude of the Bz bipolar signature enhances
and the interval between the bipolarity shortens as the time
elapses. The Bx component reaches the maximum at the
edges of the plasmoid and becomes of the minimum at the

center of plasmoid. The profiles of Bx are the concave
curves and the depth of the concave-down signature
increases with time, as seen in Figure 3. Note that the
profiles in Figure 3 are plotted along the cuts with same
location at four separate times and so such developing
behaviors in both Bx and Bz are related to the extension of
the plasmoid in the z direction. In addition, there is a more
notable time evolution in the profiles of the out-of-plane
component By. At t = 16.5tA the By profile is a bipolar
signature (�/+) which is associated with the By field
generated by two neighboring X lines. The amplitude of
the bipolar signature with (�/+) patten enhances and a new
bipolar signature, which is first positive and switches to
negative, appears between the original (�/+) signatures at
t = 18.5tA. The inner (+/�) bipolar signature, which arises
from the new emerging By quadrupole structure in the
plasmoid, grows with time and its amplitude is almost equal
to that in the original bipolar signature at t = 20tA. In Case 1
the By profiles including inner and outer bipolar variations
exhibit a wavelike fluctuation feature that is similar to the
hybrid simulation by Karimabadi et al. [1999]. The bipolar
and wavelike signatures of By in Figure 3 are in line with
the observed features of a closed-loop plasmoid in the
magnetotail. The waveform features in both By and Bz were
investigated using an MHD simulation without Hall effect
[Jin et al., 2001]. Some of multiple plasmoids in the cases
of Type II showed the bipolar variations of the By compo-
nent, but such signatures with very small amplitudes was
not a good representation of the observed bipolar feature in
the By component [Deng et al., 2004; Zong et al., 1997;

Figure 2. The velocity vector plots of (a) ion flow and (b) electron flow in the (x, z) plane at t = 20tA for
Case 1 (By0 = 0).
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Moldwin and Hughes, 1992] due to the absence of Hall
effect.

3.2. Case 2: By0 = 0.1

[16] At t = 16.5tA and t = 19.0tA the magnetic field
configuration and the By contours are shown in Figures 4a
and 4b, respectively. The reconnection configurations in
Figure 4 are similar to those in Figure 1. The pictures of By

in Case 2 of By0 = 0.1 have somewhat resemblance to those
in Case 1 (By0 = 0). However, due to the addition of By0 =
0.1 the maximums and minimums of By contours in Case 2
are larger than those in Case 1, as shown in the color bars of
Figure 1. At t = 19.0tA the inner By structure, in which the
red areas with By > 0.1 are larger than blue areas with By <
0.1, has formed in the plasmoid. To compare with Case 1,
the profiles of the field components Bx (dashed line), By

(solid line) and Bz (dot-dashed line) along x at z = �0.8di at
four corresponding times are illustrated in Figure 5. The

time evolutions of the Bx and Bz components in Figure 5
resemble to those in Figure 3. Some differences can be
found by the comparison between the By profiles in Case 2
and Case 1. At t = 16.5tA the By profile is a bipolar variation
with respect to By0 = 0.1, which is first less than 0.1 and
then switches to be larger than 0.1. The variation amplitude
with By > 0.1 is obviously larger than that with By < 0.1 in
the By signature. A new bipolar variation about By = 0.1,
which is first larger than 0.1 and switches to be less than
0.1, appears between the minimum and maximum associ-
ated with the original By signature at t = 18.5tA. The inner
signature associated with the new emerging By structure
grows with time and a wavelike fluctuation signature of By

component occurs in Figures 5c and 5d. The fluctuation
signatures have an asymmetric feature, namely, its ampli-
tude and width in the By > 0.1 region are notably larger than
those in the By < 0.1 region in Case 2 with a small guide

Figure 3. The profiles of three components, Bx (dashed line), By (solid line), and Bz (dot-dashed line), of
magnetic field along x at z = �0.8di for Case 1 with By0 = 0 at (a) t = 16.5tA, (b) t = 18.5tA, (c) t = 19.0tA
and (d) t = 20.0tA.

Figure 4. The magnetic field lines (solid lines) and the contours of out-of-plane magnetic field By (color
plots) for Case 2 with By0 = 0.1 at (a) t = 16.5tA and (b) t = 19.0tA.
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Figure 5. The profiles of three components, Bx (dashed line), By (solid line), and Bz (dot-dashed line),
of magnetic field along x at z = �0.8di for Case 2 with By0 = 0.1 at (a) t = 16.5tA, (b) t = 18.5tA, (c) t =
19.0tA, and (d) t = 20.0tA.

Figure 6. The magnetic field lines (solid lines) and the contours of out-of-plane magnetic field By (color
plots) for Case 3 with By0 = 0.5 at (a) t = 17.5tA, (b) t = 19.0tA, (c) t = 20.0tA, and (d) t = 20.5tA.
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field (By0 = 0.1). The asymmetric behavior of the By

signature becomes more notable as By0 increases. The By

profile is translated into a unipolar variation with By > 0
when By0 reaches or exceeds 0.3.

3.3. Case 3: By0 = 0.5

[17] At four separate times (t = 17.5, 19.0, 20.0 and
20.5tA) the situations of multiple X line reconnection are
shown in Figure 6, in which the magnetic field lines and the
contours of the out-of-plane magnetic field By are marked
by the solid lines and the color plots, respectively. The
plasmoids are bound between two adjacent X lines and the
basic behavior in the magnetic field configuration of Case 3
(By0 = 0.5) is similar to that of Case 1 with By0 = 0, as seen
in Figure 6. However, the plot of By in Figure 6 is notably
different from that in Figure 1. As seen in Figure 6, the By

field changes from a quadrupolar to a unipolar structure
with positive value at every one of the X lines due to the
addition of the initial guide field By0 = 0.5. Such a unipolar
By structure with four branches is referred to as the four-
wing structure in the following. The intensity of By in the
plasmoid is nearly a constant (By � 0.55) until t = 17.5tA as
seen in Figure 6a. In this phase (t � 17.5tA) By in the
plasmoid gradually increases due to the continuous addition
of By flux which is carried from the lobe regions near the
boundaries into the plasmoid-like regions by the plasma
inflows imposed at the top and bottom boundaries where By

is maintained at its initial value (By0 = 0.5). The size of
the plasmoid in the z direction gradually increases and
the opennesses of the By structures are correspondingly
extended in Figure 6, which is similar to that in Figure 1.

There occur two red regions with enhanced By near the four-
wing structures at two neighboring X lines in Figure 6b (t =
19tA). The enhanced By regions in Case 3 resemble to the
inner quadrupole By structures in Case 1 (By0 = 0), but the
regions with By < 0.5 disappear in the new emerging
structure at t = 19tA due to the presence of the guide field
By0(= 0.5). The additional By flux carried by the plasma
flow result in the inward shift of two red regions with
enhanced By. An S-shaped region is formed within the
plasmoids while the two red By regions connect each other,
as seen in Figures 6c and 6d. The similar result from the
hybrid simulation was obtained by Karimabadi et al.
[1999]. In Figures 6a, 6b, and 6c the By pictures have
evolved into the nonuniform patterns including the red
regions with the enhanced By and the green (or blue) regions
with the reduced By in the plasmoids. The blue and green
regions with the reduced By extend while the By intensity in
the red region enhances, as seen in Figures 6c and 6d.
This indicates that the By field is transferred and concen-
trated onto the red regions after the occurrence of the
enhanced By regions caused by Hall effect. As a result
the maximum of By (Byjmax) in the plasmoid rapidly
strengthens. We suggest that the rapid growth of core By field
in the plasmoid might be associated with the Hall effect
since the concentration of By field takes place after the
emergence of the enhanced By regions. However, the con-
centration of By field and the rapid growth of Byjmax do not
occur in Case 1 with Hall effect. This difference in the
two cases is related to that there is the continuous addition
ofBy flux in Case 3 (By0 = 0.5), but there is no such addition in
Case 1 (By0 = 0). It implies that the rapid growth of Byjmax in

Figure 7. The velocity vector plots of (a) ion flow and (b) electron flow in (x, z) plane at t = 20tA for
Case 3 (By0 = 0.5).
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the plasmoid in the later phase might be attributed to the
interaction between Hall effect and the additional By flux in
Case 3. A further discussion on the growth of core field can be
found in section 4.
[18] The velocity vector plots of the in-plane ion and

electron flows at t = 20.0tA are illustrated in Figures 7a and
7b, respectively. The maximum speed of the electron
flow (Vejmax = 2.91VA) is much larger than that of ion flow
(Vijmax = 0.59VA) and so there is the decoupling of electron
and ion in vicinity of the X line in Case 3 as well. As seen in
Figure 7, the ion flow remains approximately symmetric
with respect to the x axis (z = 0), but the electron flow
becomes an asymmetric pattern. Near the edge of the
plasmoid the electrons have a stronger flow pointing to
the central region of plasmoid in the upper right and lower
left quadrants, whereas they have a flow pointing to the X
line in the upper left and lower right quadrants of the
plasmoid. The initial magnetic field is a noncoplanar field
due to the presence of guide field By0(= 0.5) in Case 3. It
can be found by comparing Figure 7 with Figure 2 that the
outflow along the z direction in Case 3 is weaker than that
in Case 1. Such a weaker flow in the z direction is attributed
to a less deflection of the flow in the noncoplanar Case 3
where the plasma flows with positive and negative Vx are
displaced with respect to each other, as the situation
interpreted by Karimabadi et al. [1999]. As a consequence
the extension of plasmoid in the z direction in Case 3 is
slower than that in Case 1. This feature is comparable to that
in Hall MHD reconnection with a single X line [Yang et al.,
2008] in which the openness of the magnetic separatrix
angle is slightly reduced as a nonzero By0 is added.
[19] Figure 8 shows the profiles of the field components

Bx (dashed line), By (solid line) and Bz (dot-dashed line)
along the cuts which are set on the different locations at t =
19.0, 20.0 and 20.5tA (the cuts are marked by the white
dashed lines in Figure 6). The component Bz in Figure 8 is a
well-known bipolar signature with �/+ pattern and the
amplitude of the bipolar signature enhances with time.

The field component Bx reaches the maximum at the edges
of the plasmoid and becomes of the minimum at the center
of the plasmoid and so the Bx profiles also are the concave
curves. However, the depth of the concave-down signature
in the Bx profile, which is made on the different location at
the different time in Figure 8, does not have a regular
development like that in Figure 3. It is worthy of note that
the By profiles of Case 3 display the distinct behavior from
Case 1. At t = 17.5tA (Figure 8a) the By shows a valley and
peak at x = 8.4di and 26.3di, which are associated with
the By four-wing structures at neighboring two X lines. The
intensity of By between the valley and peak is an approx-
imate constant (By � 0.6). In the early phase (t � 17.5tA)
the approximately uniform By in the By profiles gradually
increases with time due to the inward transportation of the
By flux from the lobe region near the boundaries. There
occurs a By bulge associated with the red enhanced By

region in Figure 8b (t = 19tA). The By bulge resembles to
inner bipolar signature caused by Hall effect in Figure 3b,
but the fluctuation with By < 0.5 disappears in the inner
region of the By profile due to the presence of the guide field
By0 = 0.5. The By bulge grows into a peaking signature
while the By flux is transferred and concentrated onto the
enhanced By regions in the plasmoid. As seen in Figures 8b,
8c, and 8d, the maximum in the By peaking signature
enhances and the peak’s location shifts toward the center
of plasmoid as the reconnection proceeds. At t = 20.5tA the
maximum of By near the center of plasmoid approaches the
lobe magnetic field strength. Such a substantial enhance-
ment of the out-of-plane component By in the central region
of plasmoid might be representative of the observed strong
core field in the flux rope structure.

4. Summary and Discussion

[20] The plasmoids have been observed by many space-
crafts in the magnetotail. A large number of plasmoids
exhibit a strong core field and were called ‘‘magnetic flux

Figure 8. The profiles of three components, Bx (dashed line), By (solid line), and Bz (dot-dashed line), of
magnetic field for Case 3 with By0 = 0.5 at (a) t = 17.5tA, (b) t = 19.0tA, (c) t = 20.0tA, and (d) t = 20.5tA
along the cuts which are marked by the white dashed lines in Figure 6.
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rope,’’ and there also exist the plasmoids with closed-looped
magnetic field lines in the magnetotail. As mentioned
above, the numerical results in the cases with various guide
field By0 exhibit the features of the different plasmoid-like
structures. The origination and evolution of the different
features will be discussed in what follows.

4.1. Bipolar and Wavelike Signature of By in Case 1
(By0 = 0)

[21] As seen in Figure 1, the picture of By in a plasmoid
consists of the quadrupole By fields generated by two
adjacent X lines in the early phase, and then it evolves into
two regions with different quadrupole structures. The inner
region is composed of the new emerging By having the
opposite polarities from those in the outer region. The
profile of By component correspondingly develops from a
bipolar signature into a bipolar fluctuation signature. There
is no addition of By flux since By is maintained at zero along
the top and bottom boundaries; in other words, the forma-
tion of the bipolar and fluctuation signatures is independent
of the external mechanism in Case 1 with By0 = 0. As seen
in Figure 2, the outflows along the z direction are formed in
the central region of the plasmoid and result in the extension
of the plasmoid in the z direction. The new By structures
emerge within the original quadrupole structure when its
openness is extended to large enough. This situation is
rather similar to our previous result [Jin et al., 2005] in
which the openness of the quadrupolar By structure is
enlarged as b increases and the fine structures of By

contours with the reversed signs emerge as b > 2.0.
[22] In order to get a better understanding of the inner By

structures, at four separate times we have plotted the
profiles of both x and z components in the electron velocity
Ve and ion velocity Vi as well as the profiles of By

component at z = �0.8di along x in Figure 9 where Ve
and Vi are marked by the solid line and dashed line,
respectively. In Figure 9 the profiles of Vix, Vex (first plot)
and the profiles of Viz, Vez (second plot) display the time
evolution of the decoupling motion between the electrons
and ions: At t = 16.5tA the Vix signature with a small
amplitude is first positive and then switches to negative, but
Vex switches from negative to positive via a central range
with zero magnitude, and so there exists the obvious
separation of Vex and Vix in two regions of the profiles. In
the second plot of Figure 9a Vez only slightly separates from
Viz. The profile of By in Figure 9a is a bipolar signature
associated with the By quadrupolar structures at two neighbor-
ing X lines. It can be found comparing the By profile with
the profiles of Vex and Vix that the By bipolar signature is
corresponding to the decoupling regions of electrons and
ions in Figure 9a. At t = 18.5tA the amplitude in the (+/�)
bipolar signature of Vix is notably larger than that at t =
16.5tA. The original (�/+) bipolar signature of Vex becomes
narrower and a new Vex bipolar signature with (+/�) pattern
occurs inside the original (�/+) signature in first plot of
Figure 9b. In second plot of Figure 9b the profile of Viz
still is a concave curve, but Vez shows the bipolar variations
with +/� and �/+ patterns at the left and right sides of the
plasmoid. A new bipolar By signature with (+/�) pattern
appears inside the original (�/+) By signature in third plot of
Figure 9b. Interestingly, the new bipolar By signature
coincides with the regions where later decoupling of the

electrons and ions takes place. As seen in Figure 9c (t =
19.0tA) and Figure 9d (t = 20.0tA), the inner By bipolar
signature grows up as the separation between Vex, Vez
and Vix, Viz develops. Therefore, the reversal currents caused
by the additional decoupling of electrons and ions might be
responsible for the inner bipolar signature corresponding to
the inner quadrupole structure of By in Figure 1; in other
words, the observed bipolar or waveform signature of By

component in the closed-loop-like plasmoid might arise
from the effect of Hall current. As mentioned in Case 2,
the bipolar feature still exists in the By profile although the
variation amplitude with By > 0 is considerably larger
than that with By < 0 in the presence of a small guide field
(By0 = 0.1) and the asymmetric behavior becomes more
notable as By0 increases. Such an asymmetric bipolar feature
of By component could be comparable with a closed-loop
plasmoid. The typical feature of a magnetic flux rope is
shown in the cases with By0 	 0.3. The result in Case 2 with
By0 = 0.1 might exhibit the transition situation from the
closed-loop plasmoid to magnetic flux rope.

4.2. Development of the Core Field Within
the Plasmoid for the Cases With By0 	 0.3

[23] When By0 reaches or exceeds 0.3, the By component
is the positive everywhere, which is in line with the hybrid
simulation by Karimabadi et al. [1999] and the Hall MHD
simulations with a single X line by Yang et al. [2008] and
Huba [2005], and the By profile becomes of a unipolar
variation. As shown in Case 3 (By0 = 0.5), a By bulge
appears as the enhanced By regions take place in the
plasmoid, and then it grows into a peaking signature in
the By profile of Figure 8. The maximum in the By peaking
signature increases with time and approaches the lobe
magnetic field strength. Such a substantial enhancement
of the out-of-plane component By in the central region of
plasmoid is consistent with the observed feature of strong
core field in the flux rope structure.
[24] In order to get a better understanding of the growth

of the core field, we investigate the cases with By0 	 0.3.
Figure 10 shows the time history of the By component at the
center of the plasmoid (x = 18di, z = 0di), which is referred
to as By* in the following, for five cases with By0 = 0, 0.3,
0.5, 0.7 and 1.0. As seen in Figure 10, the evolution of By*
can be divided into two stages: At the first stage the
intensity of By* gradually increases with time, while the
By component is approximately uniform in the plasmoid.
The gradual enhancement of By in the plasmoid is attributed
to the continuous addition of By flux from the lobe regions
near the top and bottom boundaries where By is maintained
at its initial value By0 = 0.5. In the first phase the mean
increasing rates of By*, DB/Dt increases with increasing
By0, namely, the growth of By* becomes faster as By0

increases. In addition, the By* remains zero throughout
the reconnection process in Case 1 (By0 = 0). The reason
is that there is no the addition of By flux since the By

component at the top and bottom boundaries is maintained
at zero in Case 1. Interestingly, for four cases with a finite
By0 in Figure 10 the intensity of By* is quickly raised at the
second stage that starts from the occurrence of the enhanced
By region in the plasmoid. The enhanced By regions
resembling to the inner quadrupole By structures in Case 1,
are also generated by Hall current associated with the
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Figure 9. The profiles of both x and z components in the electron velocity Ve (solid line) and ion
velocity Vi (dashed line), and the profiles of the By component along x at z =�0.8di for Case 1 with By0 = 0
at (a) t = 16.5tA, (b) t = 18.5tA, (c) t = 19tA, and (d) t = 20tA.
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decoupling of electrons and ions. As is readily evident from
Figure 10, the nonlinear development in the second phase
can make a greater contribution than the simple superposi-
tion of the By flux added by the plasma inflow to the growth
of the core By field in the cases with By0 	 0.3. In the
second phase an S-shaped region is formed, the By field is
concentrated onto the enhanced By region and the maximum
of By rapidly strengthens while the By is continuously
translated into the plasmoid-like regions, as shown in
Case 3 (By0 = 0.5). In contrast, the enhancement of By*
does not occur although there also exists the Hall effect in
Case 1 (By0 = 0). The reason might be that there is no the
continuous addition of By flux in Case 1. This implies that
the nonlinear enhancement of the core By field might
arise from the interaction between the Hall effect and the
continuous addition of By flux. In the second phase By* is
the enhanced By intensity and its time evolution is
representative of rapid growth of By intensity in the
enhanced By region, but By* does not necessarily be the
maximum of By (Byjmax, i.e., the intensity of the core field)
and the location of Byjmax varies with time in the second
stage. In order to illustrate the differences between By* and
Byjmax, we have plotted Byjmax and By* at t = 20tA as a
function of By0 in Figure 11. As seen in Figure 11, Byjmax

and By* are almost linearly raised, and By* gradually
approaches Byjmax as By0 increases; in other words, the
larger the initial guide field By0 is, the stronger the intensity
of the core field is and the closer to the center of the
plasmoid the core field is.
[25] The results mentioned above indicate that the strong

core By field in the plasmoid can be created in the presence
of a sufficiently large guide field (By0 	 0.3) and has
the same direction as the initial guide field (preexisting

cross-tail field). In order to understand the physics of the
second stage, the profiles of By component at z = �0.02di
and z = �0.37di for Case 3 (By0 = 0.5) and Case 1 (By0 = 0)
are plotted in Figures 12a and 12b, respectively. As seen in
Figure 12a, the By profiles in the plasmoid at t = 14.0, 15.5
and 16.5tA are approximate to the level lines. It indicates
that there is a region with an approximately uniform By in
the plasmoid and the intensity of By gradually increases with
time due to the inward transportation of the By flux from the
lobe region at the early stage. At t = 18.0tA two By bulges
associated with the enhanced By regions in the plasmoid
emerge in the By profile. The bulges of By grow while they
move inward, and coalesce into a peaking signature at t =
20tA. The maximum in the By peaking signature enhances
with time. Such development of the By profile
corresponding to the second phase in Figure 10, starts from
the occurrence of the enhanced By region in the plasmoid.
There are the following evolving features in the By profiles
of Figure 12a for t > 18tA: (1) The increase in the By

intensity is accompanied by the contraction of the region
with the enhanced By. (2) The region with By < 0.6 extends
while By in the region with By > 0.6 rises in Figure 12a,
namely, the blue and green regions with the reducing By

extend while the By intensity in the red region enhances, as
seen in Figures 6c and 6d. It indicates that the transference
and concentration of By flux from the region with lower By

intensity to the red region. In Case 3 there is the continuous
addition of By flux which is carried from the lobe region into
the plasmoid-like regions by the plasma inflows imposed at
the top and bottom boundaries where By is maintained at its
initial value (By0 = 0.5). The additional By flux might result
in the coalescence and compression of the enhanced By

region. The transference and concentration of By flux
toward the red regions with the enhanced By lead to the
rapid rise of the By peaking signature in the second phase. In
contrast to Figure 12a, the inner bipolar signature of By

component grows as the decoupling motion between the
electrons and ions develops in Figure 12b. However, the
inward shift and coalescence of positive and negative
signatures do not take place; and there does not exist the
transference and concentration of By flux in the inner
bipolar signature of Case 1. The distinction of Figure 12b
from Figure 12a arises from that there is no any addition of
By flux since By is maintained at zero along the top and
bottom boundaries in Case 1. These results imply that the
interaction between Hall effect and the By flux added by the

Figure 10. Time history of the By component (i.e., By*) at
the center (x = 18di, z = 0di) of the plasmoid for five cases
with By0 = 0, 0.3, 0.5, 0.7, and 1.0.

Figure 11. At t = 20tA, By* and the maximum (i.e., Byjmax)
of the By component as a function of By0.
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plasma inflow might be responsible for the rapid growth of
the core By field in the second phase of the cases with a
finite By0 in Figure 10. Besides, as seen in the time histories
of By* of Figure 10, By* decays and increases once more
after it quickly grows to the maximum. Such a process is
associated with the temporary extension and succedent
contraction of the red enhanced By region in the plasmoid.
[26] As mentioned in section 2, the generalized Ohm’s

law including the Hall current and scalar electron pressure
gradient terms is combined in Faraday’s induction equation
and the 2.5-D Hall MHD equations in dimensionless forms
are formed [Jin et al., 2005; Yang et al., 2006]. In the Hall
MHD equations the dimensionless parameters cm, KH and
KP are given by the expression (4) and the terms with KH

and KP are attributed to the effects of the Hall current and

pressure gradient in the generalized Ohm’s law. In order to
investigate the important factor controlling the occurrence
and development of the second stage, we take Lz = L0 = 7di
and Lx = 12L0 = 84di and carry out the supplementary cases
with By0 = 0.3, 0.5 and 0.7. Obviously, KH = di/L0 = 1/7 in
these cases is smaller than that (KH = 1/5) in the cases of
Figure 10. The waveform inflows Vz imposed at the top and
bottom boundaries is given by the expression (5). The initial
equilibrium state is driven by the waveform inflows, and
three reconnection X lines and the plasmoids bound
between two adjacent X lines are formed in the simulation
box of Lx/Lz = 12. In the supplementary case with By0 =
0.5 (L0 = 7di) the basic behavior of the magnetic field
configuration is similar to that in Case 3 (By0 = 0.5, L0 = 5di),
however, the emergence of the red regions with enhanced By

in the plasmoids is notably postponed in comparison with
Case 3. For the further comparison of the cases with L0 = 7di
with the corresponding cases (L0 = 5di) in Figure 10 the
histories of By* (i.e., the By intensity at the center of
the plasmoid) are plotted in Figure 13, in which di/VA is
used as the unit of time and the histories of By* for the cases
of L0 = 7di and L0 = 5di are marked by the dot-dashed lines
and the solid lines, respectively. There are also two
developing stages in the By* histories marked by the
dot-dashed lines, as seen in Figure 13. However, the
beginning times of the second stage are substantially
postponed and the rapid increasing amplitudes of By* in
the cases with L0 = 7di are obviously smaller than those in
the original cases (L0 = 5di). The 2.5-D Hall MHD equa-
tions in dimensionless forms are numerically solved in the
simulation boxes with same dimensionless length (Lz = 1.0
and Lx = 12.0 in unit of L0) and the same inflow and

Figure 12. The profiles of the By component along x (a) at
z = �0.02di at seven different times for Case 3 (By0 = 0.5)
and (b) at z = �0.37di at four different times for Case 1
(By0 = 0).

Figure 13. Time history of By* (the By intensity at
the center of the plasmoid) for the cases with L0 = 7di
(dot-dashed lines) and L0 = 5di (solid lines) using di/VA as
the time unit.
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boundary conditions are employed in the two types of cases
with L0 = 7di and L0 = 5di. So in Figure 13 the different
features between the By* histories marked by the dot-dashed
lines and the solid lines are not ‘‘the boundary effect,’’ but
they are related to the variations of cm, KH and KP with
the different L0. Moreover, the reconnection behaviors are
insensitive to the variations of the resistivity in the cases
with the stronger Hall effects [Yang and Jin, 2004], and the
comparative tests indicate that the reconnection dynamics is
controlled by the Hall current effect and the scalar electron
pressure gradient is negligible in the cases with the initial
guide field By0 < 1.0. This means that in the By* histories
marked by the dot-dashed lines the depression of the By*
rising amplitudes and the beginning postponement of the
second stage are attributed to the reducing Hall effect in the
cases with L0 = 7di. In consequence, Figure 13 reveals that
the intensity of Hall effect has an influence over the
generation and evolution of the second phase and it further
demonstrates that the interaction between Hall effect and the
additional By flux is responsible for the rapid growth of the
core By field in the second phase.
[27] Chen et al. [2007] reported the features of the

observed islands, such as density compression, bipolar Bz

and single-peaked and double-peaked By, and demonstrated
that these features were the generic signatures of two-
dimensional magnetic islands using a Hall MHD simulation
with an initial guide field By0 = 1.0 [Chen et al., 2007]. The
region with a compressed plasma density is consistent with
the accumulational region of electrons in the Hall MHD
model based on the assumption of the electrical neutrality.
In this section we investigate Case 4 with By0 = 0.3, which
might be comparable in magnitude to a preexisting cross-
tail component in the magnetotail. The plots of By compo-
nent and plasma density at t = 20.5tA for Case 4 are shown
in Figures 14a and 14b, respectively. As seen in Figure 14,
there are a compressed density area and an S-shaped region
with the enhanced By in the plasmoids, but the S-shaped
region does not coincide with the central area with the
compressed plasma density in Case 4 (By0 = 0.3). It can be
found from Figure 11 that the difference between Byjmax and

By* decreases with increasing By0; in other words, the
enhanced By region gradually approaches the central area
of the plasmoid as By0 increases. To compare with the
observation we have plotted the profiles of the By compo-
nents (solid line), Bz component (dotted line) and plasma
density r (dashed line) along cut 1 and cut 2 in Figures 14a
and 14b, respectively. Cut 1 at z = �1.39di goes across the
maximum of By and cut 2 at z = �0.06di crosses over the
central region of the plasmoid. The snapshot of cut 1
(Figure 15a) shows a bipolar Bz pulse, a compressed density
region (rmax � 3.3) peaked at the center of the plasmoid, a
major peak of (Byjmax � 0.8) near the plasmoid’s center and
a secondary By peak related to the four-wing structure of By

at the X line. Figure 15b illustrates a bipolar Bz, a high
density region (rmax � 3.6) and a double peaked By in the
central region of the plasmoid. The results illustrated in
Figure 15a and Figure 15b qualitatively resemble to Cluster
observation [Chen et al., 2007], that might be an evidence
for the development of core By field in the case with a small
initial guide field. In order to get a better understanding for
the development of compressed plasma density in the
plasmoid. At four different times the profiles of plasma
density r along x at z = �0.32di for Case 1 (By0 = 0) and
Case 4 (By0 = 0.3) are shown in Figures 16a and 16b,
respectively. In the plasmoid there is a high density region
arising from that the current layer is a region with enhanced
plasma density in the initial equilibrium state, as seen in
Figures 16a and 16b. This region is compressed and the
density in the compressed region increases with time. The
similar feature in Figure 16a and Figure 16b might be
related to the same inflow from the boundaries where r is
maintained at the initial value r0. The plasma flows from the
boundaries and the two X lines compress the regions with
higher densities and pile up the plasma within the plasmoids
causing the plasma density to be enhanced. This means that
the plasma inflow might play an important role in generat-
ing the link between compressed plasma density and
magnetic islands during reconnection. It can be found by
comparing Figure 16b with Figure 16a that the maximums
of density rmax in Case 4 (By0 = 0.3) are about the same as

Figure 14. (a) The magnetic field lines (solid lines) and the contours of out-of-plane magnetic field By

(color plot) and (b) the contours of plasma density (color plot) for Case 4 with By0 = 0.3 at t = 20.5tA.
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those in Case 1 (By0 = 0) at t = 15tA and 17tA. However,
rmax � 2.9 and rmax� 3.5 in Case 4 are lower than rmax� 3.2
and rmax � 3.8 in Case 1 at t = 19tA and 20tA, respectively,
when By* in Case 4(By0 = 0.3) is rapidly growing, as seen in
Figure 10. And rmax decreases with increasing By0 in a
series of cases with various By0 at a corresponding time of
the second phase shown in Figure 10. Such results indicate
that the compression of plasma density could be restricted
due to the growth of core By field. Besides, as shown in
Figure 16b, the central region of the plasmoid is a com-
pressed density area and also a higher plasma pressure
region in Case 4 with By0 = 0.3. Therefore, the plasmoid-
like structure with a core By field in the cases with By0 	 0.3
could not be characterized as a force-free rope structure.
[28] To conclude, the major results are summarized as

follows: (1) The observed features of a closed-loop
plasmoid in the magnetotail can be reproduced in the
Case 1 with By0 = 0. The bipolar and wavelike signatures
of By component are caused by Hall effect and independent
of the external mechanism. (2) The bipolar and fluctuation
signatures of By have an asymmetric feature with respect to
By0 in the presence of a small By0(= 0.1) and evolve into a
more asymmetric pattern as the guide field By0 increases.
(3) The profile of By component becomes of a unipolar
variation as By0 reaches or exceeds 0.3. As seen in the case
of By0 = 0.5, a By bulge appears in the positive signature of

By when the enhanced By regions caused by Hall effect take
place in the plasmoid. The By bulge grows into a peaking
signature, whose maximum (Byjmax) is quickly raised due to
the interaction between Hall effect and the additional By flux
and approaches the lobe magnetic field strength. Such
a significant enhancement of the out-of-plane component
By in the central region of plasmoid might be representative
of the observed strong core field in MFR. (4) The plasma
inflow might play an important role in generating the
link between compressed plasma density and magnetic
islands during reconnection; however, the compression of
plasma density could be restricted due to the growth of core
By field.
[29] The following conclusions can be drawn from the

above results. (1) Hall effect and a preexisting cross-tail

Figure 16. The profiles of plasma density r along x at z =
�0.32di at four different times (a) for Case 1 (By0 = 0) and
(b) for Case 4 (By0 = 0.3).

Figure 15. The profiles of the By component (solid line),
Bz component (dotted line), and plasma density r (dashed
line) for Case 4 with By0 = 0.3 at t = 20.5tA along the
two cuts which are marked by the white dashed lines in
Figure 14.
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component By are two important factors controlling the
occurrence of various plasmoid-like structures in the
magnetotail. (2) In the second phase the nonlinear interac-
tion between Hall effect and the additional By flux can make
a greater contribution than the simple accumulation of the
By flux fed by the plasma inflow to the growth of the core By

field. (3) The development of core By field in the plasmoid
could restrict the compression of plasma density.
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Sonnerup, B. U. Ö. (1987), On the stress balance in flux- transfer events,
J. Geophys. Res., 92, 8613–8620.

Walker, R. J., and T. Ogino (1996), A globle magnetohydrodynamic
simulation of the origin and evolution of magnetic flux ropes in the
magnetotail, J. Geomagn. Geoelectr., 48, 765–779.

Yang, H. A., and S. P. Jin (2004), Effects of Hall current in the driven
reconnection with various scales, Chin. Phys. Lett., 21(7), 1394–1397.

Yang, H. A., S. P. Jin, and G. C. Zhou (2006), Density depletion and Hall
effect in magnetic reconnection, J. Geophys. Res., 111, A11223,
doi:10.1029/2005JA011536.

Yang, H. A., S. P. Jin, and C. X. Liu (2008), Hall MHD reconnection with
an innitial guide field By0, Adv. Space Res., 41, 1649–1657, doi:10.1016/
j.asr.2007.09.035.

Zong, Q.-G., et al. (1997), Geotail observations of energetic ion species and
magnetic field in plasmoid-like structures in the course of an isolated
substorm event, J. Geophys. Res., 102(A6), 11,409–11,428.

�����������������������
S. P. Jin, C. X. Liu, and Q. M. Lu, School of Earth and Space Sciences,

University of Science and Technology of China, Hefei 230026, China.
(spjin@ustc.edu.cn)
F. S. Wei, State Key Laboratory of Space Weather, Center for Space

Science and Applied Research, Chinese Academy of Sciences, Beijing
100080, China.
H. A. Yang, Space Science Center, University of New Hampshire,

Durham, NH 03824, USA.

A10208 LIU ET AL.: HALL MHD RECONNECTION AND THE PLASMOID-LIKE STRUCTURES

16 of 16

A10208



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


