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Abstract

The Hall effect resulting from the decoupled motions between ions and electrons is a critical factor in modeling
collisionless magnetic reconnection. It leads to the production of charge separation in the reconnection plane,
generating the electrostatic 5eld with components perpendicular and parallel to the magnetic 5eld. In this paper,
using a 2.5-dimensional particle-in-cell simulation, we investigate the formation of the charge separation in
antiparallel magnetic reconnection. The charge separation is formed in three regions: the electron in9ow region
and the dipolarization front (DF) region both exhibit a positive charge density, while the electron out9ow region
exhibits a negative charge density. These charge separations generate the Hall electric 5eld perpendicular to the
magnetic 5eld and the parallel electrostatic 5eld. We quantitatively analyze the effects of the magnetic 9ux tube’s
geometric dimensions and the parallel electron 9ux on the formation of charge separation. In the electron in9ow
region, the parallel electron 9ux from regions with smaller cross sections to regions with larger cross sections
reduces electron density, generating a positive charge density near the separatrix. In contrast, within the out9ow
region, the parallel electron 9ux from regions with larger cross sections to regions with smaller cross sections
increases electron density, generating a negative charge density near the separatrix. Besides, we attribute the
charge separation in the DF region mainly to the acceleration of electrons, which generates a sharply varying
parallel electron 9ux. This drives a net out9ow of electrons and establishes an accumulation of positive charge.

Uni ed Astronomy Thesaurus concepts: Space plasmas (1544); Plasma physics (2089); Planetary magneto-
spheres (997)

1. Introduction

Magnetic reconnection is a plasma process that converts
magnetic energy to particle energy via changes in magnetic
5eld line topologies (V. M. Vasyliunas 1975; D. Biskamp
2000; M. Yamada et al. 2010; S. Wang & Q. Lu 2019). It is
widely believed that magnetic reconnection energizes particles
and causes explosive phenomena in various plasma environ-
ments, ranging from solar atmosphere (S. Masuda et al. 1994;
S. Krucker et al. 2010; P. A. Cassak & M. A. Shay 2012) and
interplanetary space (F. Wei et al. 2003; J. T. Gosling et al.
2005; R. Wang et al. 2023a, 2023b) to the planet’s magneto-
sphere (M. Øieroset et al. 2001; R. Wang et al. 2010;
T. L. Zhang et al. 2012; Q. Lu et al. 2022; R. Wang et al.
2024), as well as in laboratory experiments (M. Yamada et al.
2006; J. Egedal et al. 2007; C. K. Li et al. 2007; Q.-L. Dong
et al. 2012; M. Yamada et al. 2015; L. Sang et al. 2022). In the
collisionless magnetic reconnection model, the diffusion
region has two substructures: the ion diffusion region (IDR)

and the electron diffusion region (EDR; Z. W. Ma &
A. Bhattacharjee 2001; P. L. Pritchett 2001; Q. Lu et al.
2010; M. Zhou et al. 2019). In the IDR with the scale size on
the order of the ion inertial length, the electrons are
magnetized, while the ions are demagnetized. In the EDR
with the scale size on the order of the electron inertial length,
which is embedded in the IDR, the electron motions also

become demagnetized (P. L. Pritchett 2001; Q. Lu et al.
2010, 2011).

The Hall effect resulting from the decoupled motions
between ions and electrons is a critical factor in modeling
collisionless magnetic reconnection (J. Birn et al. 2001;
Z. W. Ma & A. Bhattacharjee 2001; Q. Lu et al. 2010,
2011), and it leads to the production of Hall current and charge
separation in the reconnection plane (M. A. Shay et al. 2001;
Q. Lu et al. 2010, 2011). The in-plane Hall current generates
the characteristic quadrupolar structure of the out-of-plane
magnetic 5eld (C. Huang et al. 2010; Q. Lu et al. 2010, 2011),
while the charge separation can cause the electrostatic 5eld
(J. R. Wygant et al. 2005; M. V. Goldman et al. 2016; S. Lu
et al. 2021). This electrostatic 5eld consists of the components
perpendicular and parallel to the magnetic 5eld. The former is
called the Hall electric 5eld (J. R. Wygant et al. 2005;
J. F. Drake et al. 2008; M. V. Goldman et al. 2016), and the
latter makes a signi5cant contribution to the parallel electric
5eld (J. Egedal et al. 2015; C. Huang et al. 2015; S. Lu
et al. 2021).

J. Egedal et al. (2015) proposed a mechanism to explain the
formation of charge separation in the electron in9ow region
during antiparallel magnetic reconnection. They considered a
9ux tube within the IDR but outside the EDR, where the ions
are demagnetized and the electrons are magnetized. During the
reconnection process, the 9ux tube within the in9ow region
expands because of the weakening magnetic 5eld strength.
Within the IDR, the ions are demagnetized with a nearly
uniform density. Therefore, the expanding 9ux tube will
encompass an increased number of ions. Meanwhile, the
electrons are frozen, and charge separation will be caused
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when the parallel electron 9ux neVe∥ fails to supply suf5cient
electrons. This charge separation, located in the density cavity,
generates a strong double-layer electric 5eld. A threshold

/< m me e i ( /µ= p B2e e0

2 is the ratio of the back-
ground electron pressure to the magnetic pressure) for
developing the strong double-layer electric 5eld is also given
in J. Egedal et al. (2015). This structure has already been
observed in the separatrix region during magnetotail reconnec-
tion by Cluster (R. Wang et al. 2013, 2014).

In this paper, we demonstrate that the Hall effect not only
induces charge separation in the electron in9ow region but also
drives signi5cant charge separation within the electron out9ow
region and the dipolarization front (DF) region during
antiparallel magnetic reconnection. Furthermore, we quantita-
tively analyze the formation of these charge separation
processes.

2. Simulation Model

A 2.5-dimensional (2.5D; in the x–z plane) particle-in-cell
(PIC; T. D. Arber et al. 2015) simulation is performed in this
paper. The simulation is initialized with a Harris current sheet
and a uniform background population. The initial magnetic 5eld
is ( ) ( )/=B ez B ztanh x0 , corresponding to an initial magnetic
9ux ( ) [ ( )]/=z B zln cosh0 (magnetic 9ux function Ψ

satis5es Bx=∂Ψ/∂z and Bz=−∂Ψ/∂x). We add an initial
perturbation ( ) ( ) ( )/ /=x z B x z, 0.1 sech sech0 onto the
initial magnetic 9ux to launch magnetic reconnection at the
center of the simulation domain. The initial plasma density is

( ) ( )/= +n z n z nsech0
2 , where n0 is the peak density in the

Harris current sheet and n∞ is the uniform background density.
Note that di is the ion inertial length evaluated using n0, and
δ= 0.5 di is the current sheet half-thickness. The ion-to-electron
mass ratio is mi/me= 400, and the speed of light is c= 40 VA,
where VA is the Alfvén speed evaluated using B0 and n0. The
ion-to-electron temperature ratio of the Harris population is Ti0/
Te0= 5, and the temperature ratio for the uniform background
population is the same, Ti∞/Te∞= Ti0/Te0. The grid size is
Δx=Δz= 0.025 di, and the time step is = ×t 4 10 4

i

1,
where Ωi is the ion gyrofrequency evaluated using B0.
The simulation domain, in the x–z plane, is [−Lx/2,
Lx/2]× [−Lz/2, Lz/2], where Lx= 100 di and Lz= 20 di, and
therefore, the grid number is Nx×Nz= 4000× 800. 1.28× 109

particles for every species employed in the simulation. Periodic
boundary conditions are assumed in the x-direction, while in the
z-direction, conducting boundary conditions are retained and
particles are specularly re9ected.

In this paper, we run two cases. In Case A, the background
plasma density is n∞= 0.10 n0, and the background electron
temperature is Te∞/Te0= 3, resulting in a plasma beta

/µ= =n k T B2 0.050e 0 B e 0

2 . In Case B, the background
plasma density is n∞= 0.05 n0, and the background electron
temperature is Te∞/Te0= 1/3, resulting in a plasma beta
βe∞= 0.003.

3. Simulation Results

We plot the temporal evolution of the reconnected magnetic
9ux Ψ at the X-line corresponding to Case A and B in Figure 1.
The reconnection rate is the time derivative of the reconnected
magnetic 9ux. Obviously, the maximum reconnection rate in
Case A is smaller than that in Case B—speci5cally, it is 0.39
in Case A and 0.59 in Case B. This is consistent with previous

work (P. Wu et al. 2011; S. Lu et al. 2019), showing that the
reconnection rate becomes smaller with the increase of βe∞. In
this paper, we will at 5rst describe the results in Case A and
then compare two simulation cases.

In order to investigate the evolution of the charge separation
and the resulting electrostatic 5eld, Figure 2 shows (a) the
electrostatic potential j, (b) the perpendicular component of
electrostatic 5eld Es⊥, and (c) the parallel component of
electrostatic 5eld Es∥ at Ωit= 20.5, 22.5, 24.5, and 26.5 in Case
A. The electrostatic potential j is calculated by solving Poisson’s
equation, with the zero potential reference set on the upper
boundary of the simulation domain. The corresponding electro-
static 5eld is then derived from Es=−∇j. The parallel
electrostatic 5eld is de5ned as Es∥=Es · b, where b=B/B is the
unit magnetic 5eld vector. The perpendicular electrostatic 5eld is

de5ned as [( ) ]= × ×E B eE E E sgn ys s

2

s

2
s , where

( )xsgn is the sign function. During the reconnection process,
the in9ow region exhibits higher electrostatic potential j
compared to the out9ow region, generating the well-documen-
ted Hall electric 5eld (J. R. Wygant et al. 2005; M. V. Goldman
et al. 2016; S. Lu et al. 2021). This Hall electric 5eld Es⊥ is
distributed across the electron in9ow region and the electron
out9ow region near the separatrix. The DF region, characterized
by the compressed magnetic 5eld within the out9ow region,
forms during Ωit≈ 22.5–24.5 and exhibits higher electrostatic
potential j than its ambient plasma. For example, the DF region
marked with a white rectangle in Figure 2(a) exhibits a lighter
blue color than the out9ow region. This potential gradient drives
the Hall electric 5eld Es⊥ within the DF region, which has been
observed during magnetotail reconnection (A. Runov et al.
2011; H. S. Fu et al. 2012). This Hall electric 5eld Es⊥ develops
in conjunction with the DF region, and it is relatively weaker
than that near the separatrix. Additionally, the electrostatic 5eld
parallel to the magnetic 5eld (Es∥) is also observed in the
electron in9ow region, the electron out9ow region, and the DF
region (the magnetic 5eld lines labeled “L1,” “L2,” and “L3” in
Figure 3 facilitate the identi5cation of these three regions). This
parallel electrostatic 5eld makes a signi5cant contribution to the
parallel electric 5eld, which plays an important role in
producing energetic electrons through trapping the electrons
accelerated by the reconnection electric 5eld (J. T. Dahlin et al.
2014; C. Huang et al. 2015; H. Wang et al. 2016; S. Lu et al.
2021). The parallel electrostatic 5eld Es∥ in the electron in9ow
region is predominantly concentrated around the X-line vicinity.
The parallel electrostatic 5eld Es∥ in the electron out9ow region
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Figure 1. The temporal evolution of the reconnected magnetic 9ux Ψ at the
X-line in Case A and B.
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is predominantly distributed between the X-line and the DF
region. In comparison with the in9ow and out9ow regions, the
DF region exhibits a relatively stronger parallel electrostatic
5eld Es∥. Furthermore, Figures 2(b)–(c) demonstrate that during
the antiparallel magnetic reconnection, the perpendicular
component of electrostatic 5eld (Es⊥≳ 0.6 VAB0) signi5cantly
exceeds its parallel component (Es∥≈ 0.2 VAB0).

For a closer view of the charge separation, Figure 3 shows
(a) the charge density ρ, (b) the electrostatic potential j, (c) the
perpendicular component of electrostatic 5eld Es⊥, and (d) the
parallel component of electrostatic 5eld Es∥ at Ωit= 24.5. The
magnetic 5eld lines labeled “L1,” “L2,” and “L3” in Figure 3
pass through the electron in9ow region, the electron out9ow
region, and the DF region, respectively. The charge separation
is formed in three regions: the electron in9ow region and the
DF region both exhibit a positive charge density, while
the electron out9ow region exhibits a negative charge density.
The positive charge density in the electron in9ow region
and the DF region leads to a higher electrostatic potential j,
while the negative charge density in the electron out9ow
region leads to a lower electrostatic potential j. As mentioned
above, the gradient of these electrostatic potentials j generates
the Hall electric 5eld Es⊥ perpendicular to the magnetic 5eld
and the parallel electrostatic 5eld Es∥. The spatial distribution
of the Hall electric 5eld is shown in Figure 3(c), and the arrows
indicate the direction of Es⊥. In the separatrix region, the Hall
electric 5eld is directed from the electron in9ow region to the
electron out9ow region, matching the orientation of potential
drop. Similarly, in the DF region, the direction of the Hall
electric 5eld indicated by two arrows matches the orientation
of potential drop. The spatial distribution of the parallel
electrostatic 5eld is shown in Figure 3(d), with an arrow
indicating the unit magnetic 5eld vector b. To demonstrate the

codirectionality of the parallel electrostatic 5eld and potential
drop, Figure 4 plots the electrostatic potential j (blue) and the
parallel electrostatic 5eld Es∥ (red) along the magnetic 5eld
lines (a) “L1,” (b) “L2,” and (c) “L3.” In the region between
x/di=−2.2 and x/di=−0.1, along the magnetic 5eld line
“L1” passing through the electron in9ow region, the electro-
static potential j increases with negative parallel electrostatic
5eld Es∥. Along the magnetic 5eld line “L2” passing through
the electron out9ow region, the electrostatic potential j
decreases with positive parallel electrostatic 5eld Es∥. In the
region between x/di=−8.0 and x/di=−6.3, along the
magnetic 5eld line “L3” passing through the DF region, the
electrostatic potential j increases with negative parallel
electrostatic 5eld Es∥.

In order to explain the formation of charge separation in the
collisionless magnetic reconnection, we introduce an equation
to describe the change in electron density ne during the motion
of magnetic 9ux tube as follows:

( )

( ) ( )

= +

+

b b V

b b

n
n

B
B n

n V
n V

B
B

D D

, 1

e

e

e e

e e

e e

where (b ·∇ b) is the curvature of the magnetic 5eld and

( )= + VD
t

e . Equation (1) is valid under the ideal

electron magnetohydrodynamic condition (E+ Ve×B= 0),

and the derivation is provided in the Appendix. It should be

noted that the bulk velocity of the frozen electrons is

decomposed into Ve= Ve∥b+ Ve⊥. Electrons are frozen in to

the magnetic 9ux tube. Therefore, the bulk velocity consists of

two components: the parallel component Ve∥b moving along

the 9ux tube and the perpendicular component Ve⊥ moving

Figure 2. Color contours of (a) the electrostatic potential j, (b) the perpendicular component of electrostatic 5eld Es⊥, and (c) the parallel component of electrostatic
5eld Es∥ at Ωit = 20.5, 22.5, 24.5, and 26.5. The black lines in the 5gure represent the magnetic 5eld lines (Case A).
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with the 9ux tube. Consequently, the 9ux tube has a velocity

Ve⊥, and its material derivative is ( )= + VD
t

e .

The physical interpretation of each term in Equation (1) is
elucidated by Figure 5. The term on the left side of
Equation (1), D⊥ne, describes the change in electron density
ne during the motion of the 9ux tube. The 5rst and second
terms on the right side of Equation (1) quantify the variation of
electron density ne due to the geometric dimensions of the 9ux
tube, while the third and fourth terms quantify the contribution
of the parallel electron 9ux neVe∥. The 5rst term BD

n

B

e

quanti5es the variation of electron density ne due to the cross-
sectional area of the 9ux tube. Speci5cally, the cross-sectional

area of the 9ux tube decreases as the magnetic 5eld intensi5es
(D⊥B> 0; see Figure 5(a)), leading to an increase in electron
density ne. The second term ne(b ·∇b) ·Ve⊥ quanti5es the
variation of electron density ne due to the length of the 9ux
tube. When the 9ux tube moves along its curvature, such that
(b ·∇b) ·Ve⊥> 0, the length of the 9ux tube decreases (see
Figure 5(b)), leading to an increase in electron density ne. The
third term −b ·∇ (neVe∥) quanti5es the variation of electron
density ne due to the net in9ow or out9ow of the parallel
electron 9ux (see Figure 5(c)). This term can also be expressed
as −∂(neVe∥)/∂s, where s denotes the path along the magnetic
5eld line. The parallel electron 9ux also contributes to the
variation of electron density ne through an additional
mechanism, which is described by the fourth term

b B
n V

B

e e

. When >b B 0
n V

B

e e

, electrons 9ow within the
same 9ux tube from regions with larger cross sections to
regions with smaller cross sections (see Figure 5(d)), leading
to an increase in electron density ne.

In order to explain the formation of charge separation
using Equation (1), Figure 6 shows (a) the nonideal electric
5eld Riy, (b) the nonideal electric 5eld Rey, (c) +BD

n

B

e

( )b b Vne e , (d) −b ·∇ (neVe∥), (e) b B
n V

B

e e

, and (f)

D⊥ne at Ωit= 24.5. The nonideal electric 5elds in the ion and
electron frames Ri,e= E+ Vi,e× B are introduced to identify
the IDR and EDR. Figure 6(a) shows the IDR’s spatial pro5le
with Riy≠ 0, a signature of ion demagnetization. Similarly,
Figure 6(b) shows the EDR’s spatial pro5le with Rey≠ 0, a
signature of electron demagnetization. A multiscale structure
of the inner and outer EDRs can be observed (H. Karimabadi
et al. 2007). We consider a 9ux tube within the IDR but
outside the EDR, where the ions are demagnetized and the
electrons are magnetized. First we investigate the formation of
charge separation in the in9ow region through Figures 6(c)–(f).
It is clear that the 9ux tube in the in9ow region expands as it

moves into the X-line, where ( )+ <b b VB nD 0
n

B
e e

e ,

which contributes to a decrease in electron density ne. To balance
the decrease in electron density ne, the parallel electron 9ux
generates a net in9ow of electrons, where −b ·∇ (neVe∥)> 0. In
this process, the electrons 9ow into the diffusion region along the

Figure 3. Color contours of (a) the charge density ρ, (b) the electrostatic potential j, (c) the perpendicular component of electrostatic 5eld Es⊥, and (d) the parallel
component of electrostatic 5eld Es∥ at Ωit = 24.5. The magnetic 5eld lines labeled “L1,” “L2,” and “L3” pass through the electron in9ow region, the electron out9ow
region, and the DF region, respectively. In subgraph (c), the arrows indicate the direction of Es⊥. In subgraph (d), the arrow indicates the direction of b. The black
lines in the 5gure represent the magnetic 5eld lines (Case A).
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Figure 4. The electrostatic potential j (blue) and the parallel component of
electrostatic 5eld Es∥ (red) along the magnetic 5eld lines (a) “L1,” (b) “L2,”
and (c) “L3” in Figure 3.
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Figure 5. A conceptual diagram illustrating the physical interpretation of each term on the right side of Equation (1). (a) D⊥B > 0, (b) (b · ∇b) · Ve⊥ > 0, (c)

−b · ∇ (neVe∥) > 0, and (d) >b B 0
n V

B

e e

.

Figure 6. Color contours of (a) the nonideal electric 5eld Riy, (b) the nonideal electric 5eld Rey, (c) ( )+ b b VB nD
n

B
e e

e , (d) −b · ∇ (neVe∥), (e) b B
n V

B

e e

,

and (f) D⊥ne at Ωit = 24.5. The black lines in the 5gure represent the magnetic 5eld lines (Case A).
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9ux tube, from regions with smaller cross sections to regions

with larger cross sections, such that <b B 0
n V

B

e e

, which
contributes to a decrease in electron density ne near the separa-
trix. Consequently, the electron density ne decreases (D⊥ne< 0)

in the in9ow region near the separatrix, where a positive charge
density is observed, as shown in Figure 3(a). Then we investigate
the formation of charge separation in the out9ow region through
Figures 6(c)–(f). In contrast to the in9ow region, the 9ux tube in
the out9ow region shrinks as it moves away from the X-line,

where ( )+ >b b VB nD 0
n

B
e e

e , which contributes to

an increase in electron density ne. To suppress the increase in
electron density ne, the parallel electron 9ux generates a net
out9ow of electrons, where −b ·∇ (neVe∥)< 0. In this process,
the electrons 9ow away from the diffusion region along the 9ux
tube, from regions with larger cross sections to regions with

smaller cross sections, such that >b B 0
n V

B

e e

, which
contributes to an increase in electron density ne near the
separatrix. Consequently, the electron density ne increases
(D⊥ne> 0) in the out9ow region near the separatrix, where a
negative charge density is observed, as shown in Figure 3(a).
Therefore, in both the electron in9ow and out9ow regions, the

term b B
n V

B

e e

in Equation (1) is responsible for the charge
separation near the separatrix.

The formation of charge separation in the DF region can be
illustrated by Figure 7. Figures 7(a)–(b) display the velocity
distribution of electrons f (ve∥, ve⊥) within the spatial regions
marked with rectangles “R1” and “R2,” which are labeled in
Figures 7(c)–(d). The spatial domains of rectangles “R1” and
“R2” are de5ned as (−6.5di, −6.1di)× (−0.2di, 0.2di) and
(−7.0di,−6.6di)× (0.6di, 1.0di). Figures 7(c)–(d) display the
parallel electron 9ux neVe∥ and −b ·∇ (neVe∥) at Ωit= 24.5.
The velocity distributions in the selected regions near the DF
show that the electrons with pitch angles around 90� are
energized by betatron acceleration, and the electrons with pitch

angles around 0� and 180� are energized by Fermi acceleration
(H. S. Fu et al. 2011, 2013; M. Wu et al. 2013; C. Huang et al.
2015; S. Lu et al. 2016; K. Huang et al. 2021; Z. Wang et al.
2023). When leaving away from the center of the DF, these
distributions become asymmetric: in the rectangle “R2,” these
electrons exhibit an average velocity =v V0.9e A (the white
dashed line) in the parallel direction, which leads to an electron
out9ow neVe∥ from the DF region. Therefore, as shown in
Figure 7(c), when magnetic 5eld lines pass through the DF
region, the parallel electron 9ux neVe∥ sharply varies.
Figure 7(d) further con5rms that electrons in the DF region
exhibit −b ·∇ (neVe∥)< 0. Ultimately, this pronounced
−b ·∇ (neVe∥) drives a net out9ow of electrons and establishes
an accumulation of positive charge.

Here we contrast the simulation results of Case B against
Case A. Figure 8 shows (a) the electrostatic potential j, (b) the
perpendicular component of electrostatic 5eld Es⊥, (c) the
parallel component of electrostatic 5eld Es∥, (d) +BD

n

B

e

( )b b Vne e , (e) −b ·∇ (neVe∥), and (f) b B
n V

B

e e

at

Ωit= 22.0 in Case B. In this case, the spatial structure of the
electrostatic potential j does not show signi5cant differences
compared to Case A. The spatial structures of terms in

Equation (1), ( )+ b b VB nD
n

B
e e

e and b B
n V

B

e e

, also

do not show signi5cant differences compared to Case A.
However, the electrostatic 5eld Es exhibits a larger magnitude
in both the perpendicular and parallel components. Besides, in
the separatrix region in Figure 8(c), the electrostatic solitary
waves (ESWs) with the alternating appearance of positive and
negative parallel electrostatic 5eld Es∥ are observed. These
ESWs are triggered by the electron two-stream instability, and
their evolution has been thoroughly investigated (K. Fujimoto
2014; C. Huang et al. 2014; H. S. Fu et al. 2020; C. Chang
et al. 2021). In the separatrix region in Figure 8(e), the
structure with the alternating appearance of positive and
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Figure 7. (a) and (b) display the velocity distribution of electrons f (ve∥, ve⊥) within the spatial regions marked with rectangles “R1” and “R2,” which are labeled in
subgraphs (c)–(d). The white dashed line in subgraph (b) represents ve∥/VA = −0.9. The spatial domains of rectangles “R1” and “R2” are de5ned as (−6.5di,
−6.1di) × (−0.2di, 0.2di) and (−7.0di, −6.6di) × (0.6di, 1.0di). (c) and (d) display the color contours of the parallel electron 9ux neVe∥ and −b · ∇ (neVe∥) at
Ωit = 24.5. The black lines in subgraphs (c)–(d) represent the magnetic 5eld lines (Case A).
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negative −b ·∇ (neVe∥) is also observed, which demonstrates
that the charge separation associated with ESWs is driven by
the term −b ·∇ (neVe∥) in Equation (1).

4. Conclusions and Discussion

Using 2.5D PIC simulation, we investigated the formation
of the charge separation in antiparallel magnetic reconnection.
During the reconnection process, the charge separation is
formed in three regions: the electron in9ow region and the DF
region both exhibit a positive charge density, while the
electron out9ow region exhibits a negative charge density.
These charge separations generate the Hall electric 5eld
perpendicular to the magnetic 5eld and the parallel electro-
static 5eld. We quantitatively analyzed the effects of the
magnetic 9ux tube’s geometric dimensions and the parallel
electron 9ux on the formation of charge separation. In the
electron in9ow region, the 9ux tube expands as it moves into
the X-line, which contributes to a decrease in electron density.
To balance the decrease in electron density, the parallel
electron 9ux generates a net in9ow of electrons. In this
process, the electrons 9ow into the diffusion region along the
9ux tube, from regions with smaller cross sections to regions
with larger cross sections, which contributes to a decrease in
electron density near the separatrix. Finally, a positive charge

density is observed in the in9ow region near the separatrix. In
contrast to the in9ow region, the out9ow region features
shrinking 9ux tube and parallel electron 9ux directed away
from the diffusion region. This con5guration leads to a
negative charge density in the out9ow region near the
separatrix. Besides, we attribute the charge separation in the
DF region mainly to the acceleration of electrons, which
generates a sharply varying parallel electron 9ux. This
pronounced −b ·∇ (neVe∥) drives a net out9ow of electrons
and establishes an accumulation of positive charge.

Compared to the mechanism proposed by J. Egedal et al.
(2015), we introduced an equation to analyze the charge
separation systematically, and we 5nd the role of term

b B
n V

B

e e

in Equation (1), which is responsible for the

charge separation in the in9ow and out9ow regions near the
separatrix. Besides, the development of the strong double layer
is likely to be suppressed with a large βe∞, and a threshold

/< m me e i is given in J. Egedal et al. (2015). In our
simulation, two cases con5gure with different values of βe∞—

speci5cally, they are /= = m m0.050e e i in Case A and

/= < m m0.003e e i in Case B. The magnitude of parallel
electrostatic 5eld Es∥ in Case A is much smaller than that in
Case B, which demonstrates that the threshold /< m me e i

Figure 8. Color contours of (a) the electrostatic potential j, (b) the perpendicular component of electrostatic 5eld Es⊥, (c) the parallel component of electrostatic

5eld Es∥, (d) ( )+ b b VB nD
n

B
e e

e , (e) −b · ∇ (neVe∥), and (f) b B
n V

B

e e

at Ωit = 22.0. The black lines in the 5gure represent the magnetic 5eld lines

(Case B).
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is a credible estimate. In this paper, we have studied the
formation of the charge separation in antiparallel magnetic
reconnection. However, the structure of Hall electric 5eld in
guide 5eld magnetic reconnection will be distorted (S. Zenitani
& M. Hoshino 2008; S. Fu et al. 2018; S. Lu et al. 2021),
which indicates that the spatial distribution of charge
separation is different from that in antiparallel magnetic
reconnection. Therefore, the formation of the charge separa-
tion in guide 5eld magnetic reconnection needs further study.
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Appendix
Derivation of Equation (1)

Equation (1) is obtained through the simultaneous solution
of the following equations:

( ) ( )= × ×

B
V B

t
, A1e

( ) ( )+ =V
n

t
n 0, A2

e

e e

where Equation (A1) is the induction equation for ideal

electron 9uid, which satis5es E+ Ve×B= 0. Through vector

calculation, Equation (A1) can be written as

( ) ( )

( ) ( ) ( )

=

+

B V V B

V B B V , A3

B

t
e e

e e

where ∇ ·B= 0. By taking the dot product with the unit

magnetic 5eld vector b on both sides of Equation (A3) and

scaling by 1/B, we obtain

( )
( ) ( ) ( )

+

= +

V

V b b V b

B

V , A4

B

B

t

1

e

e e e

where Ve∥= b ·Ve. Meanwhile, Equation (A2) can be written

as

( )+ =V V
n

t
n n . A5

e

e e e e

By combining Equations (A4) and (A5) through elimination of

the term ∇ ·Ve, we derive

( )

( )
( ) ( ) ( )

+

= +

+

V

V

b b V b

n

B

n n V . A6

n

t

n

B

B

t

e e

e

e e e e

e

e

Substituting the velocity decomposition Ve= Ve∥b+Ve⊥ into

Equation (A6), we derive

( )

( ) ( )

= +

+

b b V

b b

n B n

n V B

D D

, A7

n

B

n V

B

e e e

e e

e

e e

where ( )= + VD
t

e and (b ·∇b) ·Ve⊥= (b ·∇b) ·Ve.

Equation (A7) coincides with Equation (1).
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