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Abstract A large-scale two-dimensional (2-D) particle-in-cell simulation is performed in this paper to
investigate electron acceleration in the dipolarization front (DF) region during magnetic reconnection. It is
found that the DF is mainly driven by an ion outflow which also generates a positive potential region behind
the DF. The DF propagates with an almost constant speed and gets growing, while the electrons in the DF
region can be highly energized in the perpendicular direction due to betatron acceleration. For the first time,
we reveal that there exists a velocity threshold; only the electrons below the threshold can be trapped by the
parallel electric potential in the DF region and then energized by betatron acceleration.

1. Introduction

Magnetic reconnection is often involved to explain plasma heating and acceleration with a sudden release
of magnetic free energy [Vasyliunas, 1975; Biskamp, 2000; Priest and Forbes, 2000] in plasmas ranging from
solar atmosphere [Giovanelli, 1946; Masuda et al., 1994] to the planet’s magnetosphere [Øieroset et al., 2002;
Wang et al., 2010; Zhang et al., 2012] and laboratory experiments [Ji et al., 1998; Li et al., 2007; Dong et al., 2012].
Magnetic reconnection also significantly affects the downstream signatures such as the dipolarization front
(DF) [Angelopoulos et al., 1992; Fu et al., 2013] and the energetic electrons [Vaivads et al., 2011].

The DF usually emerges in the reconnection jet and is regarded as the leading edge of the propagating
magnetic flux pileup region [Nakamura et al., 2002; Runov et al., 2009]. As a boundary with a typical scale of
about one ion inertial lengths, the DF is a nature separator between the hot and tenuous plasma and the
ambient cold and dense plasma sheet [Runov et al., 2011]. Earlier magnetohydrodynamic simulations [e.g.,
Hesse and Birn, 1994] and hybrid simulations of magnetic reconnection [e.g., Hesse et al., 1998] found a sharp
enhancement of Bz normal to the neutral plane in the outflow region (which can be regarded as a DF),
and it propagates earthward in the magnetotail. From a theoretical point, a DF can be considered as a generic
and transient signature associated with reconnection rather than a consequence of the compression of the
Earth’s intrinsic magnetic field. Recently, Sitnov et al. [2009] use particle-in-cell (PIC) simulations with open
boundary conditions to investigate the propagation of the DFs driven by a transient magnetic reconnection.
Their results are in agreement with the observation of Runov et al. [2009].

The production of energetic electrons is one of the important signatures in magnetic reconnection. In the
diffusion region, electrons can be accelerated by a multistep process [Hoshino et al., 2001; Huang et al., 2010].
Magnetic island is also thought as an accelerator for electrons, which can gain kinetic energy by reflecting
from the ends of the contracting magnetic islands [Fu et al., 2006; Drake et al., 2006]. Using the satellite
data, Imada et al. [2007] found that energetic electrons can be produced by a nonadiabatic process in
the pileup region, which is between the X line and the DF. Recently, satellite observations in the Earth’s
magnetotail have revealed that the enhancement of energetic electrons associated with DFs, and an
adiabatic process, such as betatron or Fermi acceleration, is considered to be the dominant mechanism to
energize electrons [Smets et al., 1999; Birn et al., 2004; Wu et al., 2006; Ashour-Abdalla et al., 2011; Fu et al.,
2013]. The acceleration in the DF region is regarded as an important ingredient to electron energization
during magnetic reconnection [Fu et al., 2013; Wu et al., 2013]. In the Earth’s magnetosphere, DFs are
also suggested to be associated with aurorae and substorms [Baumjohann et al., 1999; Volwerk et al.,
2008]. They usually move near the leading edge of flow bursts inside bursty bulk flows [Birn et al., 2004;
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Ashour-Abdalla et al., 2011], which dominate the transport of plasma and magnetic flux in the magnetotail
[Angelopoulos et al., 1992; Slavin et al., 2003; Ohtani et al., 2004].

However, until now, little is known about the microscopic mechanism of the adiabatic electron acceleration
in a DF driven by magnetic reconnection. In this paper, with a large-scale two-dimensional (2-D) PIC
simulation, we find that electron acceleration in a DF region is attributed to a betatron acceleration process,
where a trapping mechanism due to the parallel electric potential is revealed for the first time to play an
essential role. Only the electrons with smaller parallel velocity can be trapped and suffer betatron
acceleration, which results in a pancake distribution.

2. Simulation Model

An initial Harris current sheet equilibriumwith a particle number density n(z) = nb+ n0 sech
2(z/δ) is used in the

simulation, where nb= 0.1 n0 represents the background density and δ=0.5 c/ωpi is the half width of the
current sheet (c/ωpi is the ion inertial length). The correspondingmagnetic field is given by B(z) = B0 tanh(z/δ)ex,
where B0 is the asymptotical magnetic field. All of the particles are assumed to satisfy the Maxwellian
distribution, with an initial temperature ratio Ti0/Te0 =5. The rest mass ratio is set to be mi/me = 25, where
the subscripts i and e stand for ion and electron, respectively. The light speed is assumed to be c= 15VA,
where VA is the Alfvén speed based on B0 and n0. The unrealistic mass ratio and light speed are used here
because of the limited computing power. Previous researches have shown that the change of the mass
ratio and the light speed have little effects on the reconnection rate, the structures of the electromagnetic
field, and the evolvement of magnetic reconnection [Pritchett, 2001; Fujimoto, 2006; Guo and Lu, 2007]. We
can expect that the used unrealistic mass ratio and light speed will not change the process of electron
acceleration studied in this paper. In PIC simulations, the electromagnetic fields are defined on the grids
and updated by integrating the Maxwell equations with an explicit leapfrog scheme, while the ions and
electrons are treated as individual particles and advanced in these electromagnetic fields. The simulation is
performed in the (x, z) plane, and a large-scale computational domain size Lx× Lz= 204.8c/ωpi× 25.6c/ωpi

is used here with the spatial resolution Δx =Δz = 0.05c/ωpi. The time step is set to beΔt ¼ 0:001Ω�1
i , where

Ωi = eB0/mi is the ion gyrofrequency in the asymptotical magnetic field. More than 109 particles every
species are 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 reflected. The
reconnection is initiated by a small flux perturbation.

3. Simulation Results

In the simulation, magnetic reconnection occurs around Ωit=10, and only a single X point appears
around x= 102c/ωpi in the long current sheet, which allows us to trace the DF before the computational
boundary can influence the structure of this DF. In order to investigate the generation of the DF in magnetic
reconnection, in Figure 1, we plot the time evolutions of (a)Bz , (b)∂Vix /∂x, (c)(∇×Re)z , (d)� Bz ∂Vex /∂x, (e)(∇×Ri)z ,
and (f )� Bz ∂Vix /∂x along z= 0 during the time interval 15≤Ωit ≤35. Here Bz presents the magnitude of
the DF and Ri, e = E+Vi,e×B is the nonideal electric field in the ion/electron frame. The white dotted and
solid lines denote Ωit= 19 and 22, respectively. The silver curves represent the contours of the in-plane
magnetic flux for reference. The magnitude of Bz increased at aboutΩit=15, and a DF is then formed. At the
same time, the DF propagates away from the X line with a constant speed of about VA. Figures 1c and 1e
show that (∇×Re)z and (∇×Ri)z stay almost zero at Ωit≈19 and 22, respectively, meaning that that electrons
and ions are frozen with the magnetic field from these corresponding times. According to Faraday’s law
∂B/∂t =∇× E, after assuming ∂/∂y= 0 and Bx= By = 0 along z= 0 (Bx and By are much smaller than Bz in
the midplane), we can find that the evolution of Bz along z = 0 can be described by DBz /Dt =� Bz ∂Vsx /∂x
when (∇× Rs)z= 0 (here D/D t is the material derivative in the fluid frame and s= i, e represent ions and
electrons, respectively). Therefore, from Figures 1d and 1f, we can know that the pileup of the magnetic
field in the DF region is driven mainly by the electron flow between about Ωit=19 and 22 and by the ion flow
from about Ωit=22.

Electrons are found to be obviously accelerated in the DF region when the growing DF is propagating away
from the diffusion region, and the details are described in Figure 2. Figure 2a shows the spatial distribution
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of the energy flux ∫
∞

ε0εf εð Þdε (where ε0 = 0.1 mec
2) of the energetic electrons at Ωit=35. Here the electron

kinetic energy is calculated by ε= (γ� 1)mec
2, where γ is the relativity factor. Figure 2b describes the electron

distribution f(ve||, ve ⊥) in the DF region, while Figure 2c plots the energy spectrum of the energetic electrons in
the DF region at Ωit=25 (blue) and 35 (red). As reported in the previous studies [Imada et al., 2007], electrons
can be accelerated in the vicinity of the X line and the magnetic field pileup region with the obvious

enhancement of the electron energy
flux. In this paper, we find that the
electron energy flux can be further
enhanced in the DF region. In the DF
region, the electrons show a pancake
distribution (the pitch angles are
concentrated around 90°) in the higher-
energy range (ve> 6 VA) and a cigar
distribution (the pitch angles are
concentrated around 0° and 180°) in the
lower-energy range (2 VA< ve< 5 VA).
From Figure 2c, we can also find that
the electron energy spectrum in the DF
region has a power law distribution at
higher-energy range, and the index
of the spectrum is almost kept as a
constant (around 3.1) during its
propagation, which means that the
acceleration of the energetic electrons
associated with the DF may be an
adiabatic process.

The formation of the significant electron
energy flux in the DF region can be
explained by tracing the energetic
electrons, which are shown in Figure 3.
Figure 3 plots the positions of the

Figure 1. The time evolutions of (a) Bz , (b) ∂Vix/∂x, (c) (∇ × Re)z , (d) � Bz ∂Vex /∂x, (e) (∇ × Ri)z , and (f) � Bz ∂Vix /∂x along
z = 0 from Ωit =15 to 35. The white dotted and solid lines denote Ωit =19 and 22, respectively. The silver curves repre-
sent the contours of the in-plane magnetic flux for reference.

Figure 2. (a) The energy flux of electrons whose kinetic energy is
greater than 0.1mec

2 ( ∫
∞

0:1mec2 εf εð Þdε), (b) the velocity space distribution
of electrons f(ve||, ve ⊥) in the vicinity of the DF (130 ≤ x/(c/ωpi) ≤131,
�0.5≤ z/(c/ωpi) ≤0.5) at Ωit = 35, and (c) the electron energy spectrum in
the vicinity of the DF at Ωit =25 (blue) and 35 (red). The power law curves
are fitted as ∝ ε� γ with energy range from 0.15mec

2 to 0.25mec
2. The white

contours in Figure 2a represent the in-plane magnetic field lines. The dotted
and black semicircles in Figure 2b denote the initial thermal velocity and
ε =0.1 me c

2, respectively. The white curve denotes the velocity threshold
mentioned in the following text.
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electrons that suffered from the acceleration
associated with the DF at different times.
These electrons are chosen in the vicinity of
the DF (a c/ωpi× c/ωpi box around the Bz
peak) at Ωit=35, with the kinetic energies
greater than 0.1mec

2. The colors of the figures
on the right side denote the mean kinetic
energies of these electrons at different times.
Most electrons are trapped near the DF. They
move away from the diffusion region and get
accelerated in the growing DF. Such image
indicates that the energy flux enhancement
in Figure 2a is not attributed to the transport
effect but the local acceleration.

In order to clarify the acceleration
mechanism, the illustrations for some
typical electron trajectories are necessary.
Figures 4a–4d show the trajectory of the
most energetic electron during different
time intervals, while Figures 5a–5d plot
the trajectory of the electron that suffered
insignificant acceleration. Figures 4e
and 5e describe the magnetic momentum
μB0/mec

2 (black), perpendicular kinetic
energy ε⊥/mec

2 (red), and parallel kinetic
energy ε||/mec

2 versus its position x for the
most energetic electron and the electron
that suffered insignificant acceleration,
respectively. In the figure, the colors of the
trajectories indicate the kinetic energies,
and the background images show the
parallel electric potential, which is defined

by Φjj rð Þ ¼ ∫
∞

r Ejjds (the line integral is

along the magnetic field lines) as in Egedal
et al. [2008]. The magnetic field lines are
also plotted for reference. We can find that
the magnetic momentums of both the
electrons are almost kept as constant. For
the most energetic electron, its parallel
velocity is small when it enters the DF
region; therefore, the electron can be
trapped by the electric potential for longer
time and accelerated to the higher energy
in the perpendicular direction by the
inductive electric field. The inductive
electric field in the DF region is generated
due to the increase of Bz during the
propagation and compression of the DF.
Therefore, the electron is energized by
betatron acceleration, and this kind of
electrons with higher energy forms a
pancake distribution. The electron, which
suffered insignificant acceleration, has a

Figure 3. The positions of the electrons that suffered acceleration
near the DF at (a) Ωit =15, (b) 20, (c) 25, and (d) 30. The kinetic
energies of these traced electrons are greater than 0.1mec

2 at
Ωit =35 in the vicinity of the DF. The colors of the dots present the
kinetic energies for each electron, and the colors of the figures on
the right side denote the mean kinetic energies of these electrons
at different times. The silver contours represent the in-plane
magnetic field lines.

Figure 4. (a–d) The trajectories of the most energetic electron
during (a) 20.1 ≤Ωit ≤ 22, (b) 22 ≤Ωit ≤ 24, (c) 24 ≤Ωit ≤ 26, and
(d) 26 ≤Ωit ≤ 27.8. The colors of the trajectory indicate the kinetic
energies, while the background images are the parallel electric
potential atΩit= 21, 23, 25, and 27. (e) Thewhole trajectory is shown in
a format of electron magnetic moment μB0/mec

2 (black), perpendicu-
lar kinetic energy ε⊥/mec

2 (red), and parallel kinetic energy ε||/mec
2

(blue) versus the spatial location x. The black solid contours represent
the in-plane magnetic field lines.
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larger parallel velocity when it goes into the
DF region. Therefore, the electron can move
through the DF region quickly and cannot
be accelerated to a high energy. Such kind of
electrons forms a cigar distribution. So it is
easy to understand the causes of the
electron distribution in Figure 2b.

The parallel electric field in the DF
region plays an important role during
betatron acceleration of the electrons,
and its generation can be understood in
Figure 6, which plots (a) the intensity of
the magnetic field B/B0, (b) the charge
density 102ρ/en0, (c) the parallel electric
field E||/VAB0, and (d) the parallel electric
potential eΦ||/mec

2 at Ωit = 26.8. The
dotted line denotes the position of the
DF in the x direction. The magnetic field
is greatly enhanced in the DF region.
The ion bulk flow is then decelerated in
this region (see Figure 1b), which leads
to the accumulation of the ions and a
positive charge density. Then, a parallel
electric field with a positive parallel electric
potential is generated in the DF region.
Therefore, the electron behavior in the DF
region is determined by two forces: the
“pushing” force Fmirror =�μ∂B/∂s (where s is
the position vector measured along the
magnetic field line) and the “pulling” force
FEjj ¼ �eEjj. After integrating the work

done by the two forces along the magnetic

field line, we can obtain εjj r2ð Þ ¼ εjj r1ð Þ
�∫ r2r1 μ∂B=∂sþ eEjj

� �
ds. After we set

ε||Edge = 0 (ε||Edge is the parallel kinetic
energy at the edge of the DF region), a
velocity threshold, where electrons are
trapped within the DF region and then get

accelerated, can be expressed as γ2

γþ1

vjj
c

� �2 þ 1� BEdge
BDF

� �
v⊥
c

� �2h i
¼ e ΦjjDF�ΦjjEdgeð Þ

mec2

(where Φ||Edge and BEdge are the potential
and magnetic field at the edge of the DF
region, while Φ||DF and BDF are the parallel
electric potential and magnetic field at the
center of DF region). Therefore, only the
electrons below the threshold can be
trapped in the DF region and suffer obvious
betatron acceleration. The potential
difference e(Φ||DF�Φ||Edge)/mec

2 and the
magnetic field ratio BEdge/BDF can be
estimated to about 0.1 and 0.8 during the

Figure 5. Same format as Figure 4. (a–d) The trajectory of the electron
that suffered insignificant acceleration during (a) 20.05 ≤Ωit ≤ 22.5, (b)
22.5 ≤Ωit ≤ 24.5, (c) 24.5 ≤Ωit ≤ 27.5, and (d) 27.5 ≤Ωit ≤ 30. The par-
allel electric potentials are obtained at Ωit =22, 24, 26, and 28.

Figure 6. (a) The intensity of the magnetic field B/B0, (b) charge density
102ρ/en0, (c) parallel electric field E||/VAB0, and (d) parallel electric
potential eΦ||/mec

2 at Ωit =26.8. The silver contours represent the
in-plane magnetic field lines, while the dotted line denotes the
position of the DF in the x direction.
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time interval 25≤Ωit≤35, and the threshold can be easily obtained, which is plotted in Figure 2b with the
white curve. The electrons within the white curve are energized in the perpendicular direction and present a
pancake distribution at last, while other electrons form a cigar distribution. Our simulation results (shown in
Figure 2b) are consistent with the theoretical prediction.

4. Summary

In this paper, with a large-scale 2-D PIC simulation, we investigate the mechanism of electron acceleration
in the DF region of magnetic reconnection. The DF is found to be driven first by an electron outflow and
then by an ion flow. Electrons in the DF region can be accelerated by a betatron acceleration process. For
the first time, we find the existence of a velocity threshold, which is related to the trapping mechanism
due to the parallel electric potential in the DF region. The threshold categorizes the electrons into two
types. Only the electrons below the threshold can be accelerated in the perpendicular direction by
betatron acceleration. These electrons form a pancake distribution, which has been observed by
satellite in the DF region [e.g., Wu et al., 2013]. The parallel electric potential in the DF region plays
an important role on the electron trapping. It is caused by the charge separation between electrons
and ions. When the mass ratio is sufficiently large, such effects will become more significant with the
increase of the mass ratio.
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