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Two-dimensional particle-in-cell simulations are performed to investigate electron dynamics in
antiparallel and guide field 共in the presence of a strong guide field兲 magnetic reconnection, and the
mechanisms of electron acceleration are compared. In the antiparallel reconnection, the dominant
acceleration occurs in the vicinity of the X line, where the magnetic field is weak. Most of these
electrons come from the regions just outside of the separatrices, which move into the vicinity of the
X line along the magnetic field lines. Electrons can also be nonadiabatically accelerated in the pileup
region by the reconnection electric field, where the gyroradii of the electrons are comparable to the
curvature radii of the magnetic field lines. Most of these electrons come from the regions inside of
the separatrices, which move into the pileup region along the magnetic field lines. In the guide field
reconnection, electrons are accelerated by the parallel electric field. They are firstly accelerated
when moving toward the X line along the magnetic field lines, and then are further accelerated when
they are funneled into the vicinity of the X line. Most of energetic electrons come from the region
outside of the pair of the negative separatrices. The efficiency of such an acceleration mechanism is
obviously higher than that in the antiparallel reconnection. In both the antiparallel and guide field
reconnection, the mechanisms of electron acceleration favor the electrons with higher initial
energy. © 2010 American Institute of Physics. 关doi:10.1063/1.3457930兴
I. INTRODUCTION

In collisionless plasma, magnetic reconnection provides
a physical mechanism for fast energy conversion from magnetic energy to plasma kinetic energy,1–6 which is used to
explain the bursts in solar atmosphere, interplanetary space
and the Earth’s magnetosphere.7–12 Such a conversion process is manifested by plasma heating and plasma jetting in
the reconnection outflow regions. The structures of antiparallel and guide field 共in the presence of a strong guide field兲
magnetic reconnection are found to be different: in antiparallel reconnection, both the out-of-plane magnetic field and
electron flow are symmetric, and the out-of-plane magnetic
field has a quadrupole structure;13–16 in guide field reconnection, the out-of-plane magnetic field does not exhibit a quadrupole structure, and the structures of both the out-of-plane
magnetic field and electron flow are substantially
distorted.16–18 However, energetic electrons are important
signatures in both antiparallel and guide field reconnection.
In solar flares, x ray is thought to be generated by the energetic electrons in magnetic reconnection.19–21 In the Earth’s
magnetotail, there have been direct measurements of energetic electrons up to several hundreds of keV.15,22–26 Energetic electrons are also seen during sawtooth crashes and
disruptions in laboratory tokamak experiments.27
Recently, several authors have investigated electron acceleration in magnetic reconnection with self-consistent
particle-in-cell 共PIC兲 simulations. Hoshino et al.28 studied
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electron acceleration in antiparallel reconnection, and found
that electrons can be accelerated not only in the X-type region by meandering motions but also in the magnetic field
pileup region by gradient and the curvature drift motions.
Hoshino further demonstrated that the polarization electric
field can be enhanced greatly in an externally driven antiparallel reconnection. Part of electrons may then be trapped and
accelerated to high energy in the X-type region by utilizing
surfing acceleration.29 Pritchett30 also studied electron acceleration in driven antiparallel reconnection, and demonstrated
that the relativistic electrons can be easily produced. These
electrons are considered to be dominantly accelerated in the
vicinity of the X line by the inductive reconnection electric
field when their velocity component in the x direction vx
⬇ 0. Pritchett31 also investigated electron acceleration in
guide field reconnection. At first, a cold electron beam is
formed along one pair of separatrices due to the parallel electric field that exists in the low-density cavities. The electron
beam is funneled into the vicinity of the X line, and these
electrons are then further accelerated by the parallel electric
field. Drake et al.32 suggested that electrons may gain energy
in guide field reconnection by Fermi acceleration, where the
electrons are reflected from the ends of the contracting magnetic islands. The influences of the guide field on acceleration were also discussed by Fu et al.16 They demonstrated
that electrons can be accelerated in both the X-type and
O-type regions in antiparallel reconnection, while the obvious acceleration can only be observed in the X-type region in
guide field reconnection. The energetic electrons in the
O-type region of the antiparallel reconnection are nonadia-
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FIG. 1. Time history of the reconnection magnetic flux in the antiparallel
共solid line兲 and guide field reconnection 共dashed line兲.

batically accelerated when their gyroradii are comparable to
the curvature radii of the magnetic field lines.16
In this paper, we perform two-dimensional 共2D兲 PIC
simulations to investigate electron dynamics in antiparallel
and guide field reconnection. The mechanisms of electron
acceleration in antiparallel and guide field reconnection are
found to be quite different. At the same time, the influences
of the electron initial positions/energy on the acceleration
efficiency, as well as the formation mechanisms of different
electron distributions in different regions, are also studied.
The paper is organized as follows. The simulation model
is presented in Sec. II. The simulation results of electron

FIG. 2. 共Color online兲 Representations of Bz / B0 in the antiparallel reconnection at ⍀it = 17, 22, 27, and 32 are presented in 关共a兲–共d兲兴, respectively.
Representations of Bz⬘ = 共Bz − Bz0兲 / B0 in the guide field reconnection at ⍀it
= 18, 23.5, 29, and 34.5 are presented in 关共e兲–共h兲兴, respectively. The solid
lines in the figure represent the magnetic field lines.

FIG. 3. 共Color online兲 Electron flow vectors 共black arrows兲 and magnetic
field lines 共black contours兲 in the x , y plane at ⍀it = 27 and 29 for 共a兲 antiparallel and 共b兲 guide field reconnection, respectively. The magnitude of the
out-of-plane magnetic field is also plotted.

dynamics in antiparallel and guide field reconnection are described in Sec. III. The conclusions and discussion are given
in Sec. IV.
II. SIMULATION MODEL

A 2D PIC simulation code is used in this paper to investigate the electron dynamics in both antiparallel and guide
field magnetic reconnection. In the simulations, the electromagnetic fields are defined on the grids and updated by solving the Maxwell equations with a full explicit algorithm. In
our simulation model, the initial configuration is a onedimensional Harris current sheet in the 共x , y兲 plane, and the
initial magnetic field is given by

FIG. 4. 共Color online兲 The electron velocity distributions f共vx , vy兲 and
f共vx , vz兲 for the antiparallel reconnection at ⍀it = 27 in different regions,
whose centers are located at 共a兲 x = 19c /  pi, y = −2.2c /  pi; 共b兲 x = 13c /  pi,
y = 0; 共c兲 x = 15.4c /  pi, y = 0; 共d兲 x = 19c /  pi, y = −1.7c /  pi, and the size is
0.4c /  pi ⫻ 0.2c /  pi. The arrows show the directions of the local magnetic
field.
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FIG. 6. 共Color online兲 The parallel electric field at ⍀it = 29 in the guide field
reconnection. In the figure, the solid and dashed lines represent the magnetic
field lines and separatrices, respectively.

FIG. 5. 共Color online兲 The electron velocity distributions f共vx , vy兲 and
f共vx , vz兲 for the guide field reconnection at ⍀it = 29 in different regions,
whose centers are located at 共a兲 x = 20.6c /  pi, y = −2c /  pi; 共b兲 x = 14.6c /  pi,
y = 0; 共c兲 x = 16.6c /  pi, y = 0.1c /  pi; 共d兲 x = 20.6c /  pi, y = −1.5c /  pi;
共e兲 x = 20.6c /  pi, y = 2.3c /  pi; 共f兲 x = 20.6c /  pi, y = 1.8c /  pi, and the size is
0.4c /  pi ⫻ 0.2c /  pi. The arrows show the directions of the local magnetic
field.
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where ␦ is the half-width of the current sheet, B0 is the asymptotical magnetic strength, Bz0 is the strength of the guide
field, and Ly is the size of the simulation domain in the y
direction. The corresponding number density is
n共y兲 = nb + n0 sech2
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The computation is carried out in a rectangular domain
in the 共x , y兲 plane with dimension Lx ⫻ Ly = 共25.6c /  pi兲
⫻ 共12.8c /  pi兲. An Nx ⫻ Ny = 512⫻ 256 grid system is employed in the simulations, so the spatial resolution is
⌬x = ⌬y = 0.05c /  pi = 0.5c /  pe. The time step is ⍀it = 0.001,
where ⍀i is the ion gyrofrequency. We employ more than
1.0⫻ 107 particles per species. The periodic boundary conditions are used along the x direction, while the ideal conducting boundary conditions for electromagnetic fields are employed in the y direction. In order to make the system enter
the nonlinear stage quickly, an initial flux perturbation is
introduced as follows, which is useful to reach the stage of
rapid growth of reconnection rate

␦ ,

共2兲

where nb represents the density of the background plasma
and n0 is the peak Harris density. The distribution functions
for the ions and electrons are Maxwellian, and their drift
speeds in the z direction satisfy Vi0 / Ve0 = Ti0 / Te0, where
Vi0共Ve0兲 and Ti0共Te0兲 are the drift speed and initial temperature for ions共electrons兲, respectively. In our simulations, the
temperature ratio is Ti0 / Te0 = 4, and n0 = 5nb. The current
sheet width is ␦ = 0.5c /  pi, where c /  pi is the ion inertial
length defined by n0. The mass ratio is set to mi / me = 100.
The light speed is set to c = 15vA, where vA is the Alfvén
speed defined by B0 and n0.
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where  is the y component of the vector potential and 0 is
set to 0 / 共B0c /  pi兲 = 0.05. The parameters and boundary
conditions are based on in the geospace environment modeling 共GEM兲 magnetic reconnection challenge with small
modifications,6 such as a larger ion-to-electron mass ratio.
III. SIMULATION RESULTS

In this paper, we perform 2D PIC simulations to investigate the mechanisms of electron acceleration in antiparallel
and guide field reconnection, and their initial guide fields are
Bz0 / B0 = 0 and Bz0 / B0 = 0.5, respectively. Figure 1 shows the
time evolution of the reconnected magnetic flux ⌬ in the
antiparallel and guide field reconnection. Here the magnetic
flux ⌬ is defined as the flux difference between the X and O
lines, and its slope can be served as an indicator for the
magnetic reconnection rate. The reconnection rate in the
guide field reconnection is slightly smaller than that in the
antiparallel reconnection. The results are similar to the GEM
challenge.6
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FIG. 7. 共Color兲 The positions of test electrons at different times in the
antiparallel reconnection, and the initial kinetic energy of the electrons is
0.1mec2. 共a兲 Initially, the test electrons are located in the region 0 ⬍ x
⬍ 0.8c /  pe, 2.7c /  pi ⬍ y ⬍ 2.9c /  pi, just outside of the separatrix. The different color of the dots represents the positions of test electrons at different
times. Black, blue, green, and red dots describe the positions of the test
electrons at ⍀it1 = 0, 0.8, 1.6, and 2.4, respectively. 共b兲 Initially, the test
electrons are located in the region 0 ⬍ x ⬍ 0.8c /  pe, 2.4c /  pi ⬍ y
⬍ 2.6c /  pi, just inside of the separatrix. The different color of the dots
represents the positions of test electrons at different times. Black, blue,
green, and red dots describe the positions of the test electrons at ⍀it1 = 0, 1.2,
2, and 6, respectively. In the figure, only the particles with kinetic energy
 ⬎ 0.25mec2 are plotted, except for the particles in the initial time. The time
t1 is measured from ⍀it = 27, when the fixed electric and magnetic field are
taken.

Figure 2 shows the time evolution of the out-of-plane
magnetic field Bz / B0 at ⍀it = 17, 22, 27, and 32 in the antiparallel reconnection and Bz⬘ = 共Bz − Bz0兲 / B0 at ⍀it = 18, 23.5,
29, and 34.5 in the guide field reconnection. The magnetic
field lines are also plotted in the figure for reference. The left
and right columns plot the out-of-plane magnetic field in the
antiparallel and guide field reconnection, respectively. As
time goes on, the width of the current sheet increases in both
the antiparallel and guide field reconnection. The widths of
the current sheet saturates at about 7c /  pi and 8c /  pi for the
antiparallel and guide field reconnection, respectively. In the
antiparallel reconnection, the out-of-plane magnetic field
Bz / B0 exhibits a quadrupole structure with the maximum
amplitude about 0.2. Such a quadrupole structure is generally
considered to be formed by the in-plane Hall current system.
In the guide field reconnection, the out-of-plane magnetic
field is substantially distorted, and it does not exhibit a quadrupole structure.
Figure 3 describe the in-plane electron flow in the antiparallel and guide field reconnection. The magnetic field
lines, as well as the out-of-plane magnetic field, are also
plotted in the figure. Figure 3共a兲 shows the electron flow
vectors in the 共x , y兲 plane at ⍀it = 27 for the antiparallel re-
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FIG. 8. 共Color online兲 The electron energy distributions at different times in
the antiparallel reconnection. In the top panel, the initial positions of the test
electrons are located at the region 0 ⬍ x ⬍ 0.8c /  pe, 2.7c /  pi ⬍ y
⬍ 2.9c /  pi, just outside of the separatrix. In the bottom panel, the initial
positions of the test electrons are located at the region 0 ⬍ x ⬍ 0.8c /  pe,
2.4c /  pi ⬍ y ⬍ 2.6c /  pi, just inside of the separatrix. 共a兲, 共b兲, and 共c兲 represent the different electron energy, which are 0.05mec2, 0.1mec2, and 0.2mec2,
respectively. In the figure, the initial kinetic energies are described with
dashed lines, The time t1 is measured from ⍀it = 27, when the fixed electric
and magnetic field are taken.

connection, and Fig. 3共b兲 shows the electron flow vectors at
⍀it = 29 for the guide field reconnection. In the antiparallel
reconnection, the electron flow pattern is symmetric along
the x axis. Consistent with observations,25 an electron beam
with lower velocity streams toward the X line along each
separatrix, while an electron beam with higher velocity
streams away from the X line along the magnetic field lines
just inside of each separatrix. The electron beam toward the
X line is caused by the magnetic mirror in the reconnection
site, while the electron beam away from the X line is formed
after the electrons are accelerated in the vicinity of the X
line. The maximum velocity of the electron beam away from
the X line is about 3vA. In the guide field reconnection, as
indicated by Pritchett,31 the symmetry of the electron flow
pattern along the x axis is destroyed. Strong electron inflow
beams toward to the X line can only be found along the pair
of the negative separatrices 共from the top-left corner to the
bottom-right corner兲, while strong electron outflow beams
can be observed along the magnetic field lines inside of the
pairs of both the negative and positive separatrices 共from the
bottom-left corner to the top-right corner兲. The maximum
velocity of the outflow electron beam is about 4.5vA, which
is larger than that in the antiparallel reconnection.
Figure 4 shows 2D electron velocity distributions
f共vx , vy兲 and f共vx , vz兲 at different regions in the antiparallel
reconnection. The arrows in the figure show the directions of
the local magnetic field. The results in 共a兲–共d兲 are obtained
from the regions A0-D0 denoted in Fig. 3共a兲. In the region
along the negative separatrix 共denoted by A0兲, there is an
electron beam directed toward the X line along the magnetic
field lines. The electron beam is formed due to the effect of
the magnetic mirror, because the magnetic field is weak in
the vicinity of the X line. After these electrons reach the
vicinity of the X line 共denoted by B0兲, they are accelerated by
the reconnection electric field and form an electron beam
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FIG. 9. The evolution of the trajectory, energy , power P exerted by the electric field, and the magnetic moment  for two typical electrons in the antiparallel
reconnection. The initial positions of the two electrons are at 共a兲 x = 0.1c /  pi, y = 2.8c /  pi, and 共b兲 x = 0.1c /  pi, y = 2.56c /  pi. The time t1 is measured from
⍀it = 27, when the fixed electric and magnetic field are taken.

along the z direction. Then because of the electron gyromotion in the magnetic field, the electron distributions have a
beam along the x direction in the pileup region 共denoted by
C0兲. In the region inside the negative separatrix 共denoted by
D0兲, the superthermal electrons flow away from the X line
can be observed. Figure 5 plots 2D electron velocity distributions f共vx , vy兲 and f共vx , vz兲 at different regions in the guide
field reconnection. The arrows in the figure show the directions of the local magnetic field. The results in 共a兲–共f兲 are
obtained from the regions A1-F1 denoted in Fig. 3共b兲. Electrons are accelerated by the parallel electric field in the region along the negative separatrix 共denoted by A1兲, and they
are directed toward the X lines along the magnetic field lines.
The parallel electric field E · B / B at ⍀it = 29 in the guide field
reconnection is depicted in Fig. 6, and obvious parallel electric field along the pair of the negative separatrix can be
found. These electrons are further accelerated by the reconnection electric field in the vicinity of the X line 共denoted by
B1兲, and form a beam along the z direction. In the pileup
region 共denoted by C1兲, there is an electron beam directed

along the x direction. In the region just inside the negative
separatrix 共denoted by D1兲, there are two electron beams: one
is away from the X line 共antiparallel to the magnetic field
lines兲, and the other is directed toward the X line 共parallel to
the magnetic field lines兲. In the region along the positive
separatrix 共denoted by E1兲, there is also an electron beam
directed toward the X line with speed smaller than in the
region along the negative separatrix 共denoted by A1兲. At the
same time, in the region just inside the positive separatrix
共denoted by F1兲, there is also one electron beam directed
away from the X line 共antiparallel to the magnetic field
lines兲.
We further investigate electron dynamics in the antiparallel and guide field reconnection by tracing typical electron
trajectories. In order to illustrate the acceleration process
more clearly, we firstly obtain the electric and magnetic field
at a fixed time from the PIC simulations, and then follow the
electron trajectories in the fixed electric and magnetic
field. The electric and magnetic field is fixed at ⍀it = 27 and
⍀it = 29 in the antiparallel and guide field reconnection, re-
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FIG. 10. 共Color兲 The positions of test electrons at different times in the
guide field reconnection, and the initial kinetic energy of the electrons is
0.1mec2. 共a兲 Initially, the test electrons are located in the region 0 ⬍ x
⬍ 0.8c /  pe, 2.9c /  pi ⬍ y ⬍ 3.1c /  pi, just outside of the separatrix. The different color of the dots represents the positions of test electrons at different
times. Black, blue, green, and red dots describe the positions of the test
electrons at ⍀it1 = 0, 1.1, 2.2, and 3.3, respectively. 共b兲 Initially, the test
electrons are located in the region 0 ⬍ x ⬍ 0.8c /  pe, 2.7c /  pi ⬍ y
⬍ 2.9c /  pi, just inside of the separatrix. The different color of the dots
represents the positions of test electrons at different times. Black, blue,
green and red dots describe the positions of the test electrons at ⍀it1 = 0, 2,
4, and 6, respectively. In the figure, only the particles with kinetic energy
 ⬎ 0.3mec2 are plotted, except for the particles in the initial time. The time
t2 is measured from ⍀it = 29, when the fixed electric and magnetic field are
taken.

spectively, when the processes of the two cases are both in
the typical growth stage. In the calculations, we have already
eliminated the particles moving outside of the boundaries.
Figure 7 describes the electron positions at different times in
the antiparallel reconnection. In Fig. 7共a兲, the initial positions
of the electrons are just outside of the separatrix, while in
Fig. 7共b兲 the initial positions of the electrons are just inside
the separatrix. Initially, all electrons have the same energy
 / mec2 = 0.1, and they are assumed to have a shell distribution. At first, the electrons move toward the X line along the
magnetic field lines. However, the electrons, whose initial
positions are outside of the separatrix, can reach the vicinity
of the X line. They are then accelerated by the reconnection
electric field, and leave the vicinity of the X line along the
magnetic field lines just inside of the separatrices. The electrons, whose initial positions are inside of the separatrix, will
arrive in the pileup region with the strong magnetic field.
Because in the pileup region the curvature radii of the magnetic field lines are very small and comparable to the gyroradii of the energetic electrons, the motions of these energetic electrons are nonadiabatic. They are accelerated to
higher energy in the pileup region, and simultaneously move
toward −x direction.
Figure 8 shows the evolution of the energy distributions
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FIG. 11. 共Color online兲 The electron energy distributions at different times
in the guide field reconnection. In the top panel, the initial positions of the
test electrons are located at the region 0 ⬍ x ⬍ 0.8c /  pe, 2.9c /  pi ⬍ y
⬍ 3.1c /  pi, just outside of the separatrix. In the bottom panel, the initial
positions of the test electrons are located at the region 0 ⬍ x ⬍ 0.8c /  pe,
2.7c /  pi ⬍ y ⬍ 2.9c /  pi, just inside of the separatrix. 共a兲, 共b兲, and 共c兲 represent the different electron energy, which are 0.05mec2, 0.1mec2, and 0.2mec2,
respectively. In the figure, the initial kinetic energies are described with
dashed lines, The time t1 is measured from ⍀it = 29, when the fixed electric
and magnetic field are taken.

for the electrons with different initial energy in the antiparallel reconnection. In the figure, the top row describes the
electrons whose initial positions are outside of the separatrix,
while the bottom row is for the electrons whose initial positions are inside of the separatrix. Figures 8共a兲–8共c兲 plot the
evolution of the energy distributions for electrons whose initial energy is  / mec2 = 0.05, 0.1, and 0.2, respectively. The
colors of the dots roughly represent the positions of the electrons: red dots are in the vicinity of the X line, while blue
and green dots are in the region near the separatrix, as shown
in Fig. 7. For the electrons with initial positions outside of
the separatrix, their dominant acceleration occurs in the vicinity of X line, while the electrons whose initial positions
inside of the separatrix are accelerated mainly in the pileup
region. In general, the efficiency of the electron acceleration
is higher in the vicinity of the X line than in the pileup
region. However, the electrons can also been preaccelerated
when they move toward the X line along the magnetic field
lines. The efficiency of the electron acceleration is enhanced
with the increase of their initial energy in both the vicinity of
the X line and pileup region. The above conclusions can be
demonstrated more clearly by following two typical electron
trajectories. Figure 9 shows the evolution of trajectory, energy , power P = v · E exerted by the electric field, and mag2
/ 2B of two typical electrons in the
netic moment  = mev⬜
antiparallel reconnection. Figure 9共a兲 describes the electron
trajectory whose initial position is outside of the separatrix,
while Fig. 9共b兲 plots the electron trajectory whose initial position is inside the separatrix. For the electron whose initial
position outside of the separatrix, it is accelerated mainly in
the vicinity of the X line and then leave the region along the
magnetic field lines. For the electron whose initial position
inside the separatrix, its dominant acceleration is in the
pileup region, and its motions are nonadiabatic.
Figure 10 describes the electron positions at different
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FIG. 12. The evolution of the trajectory, energy , power P exerted by the electric field, and the magnetic moment  for two typical electrons in the
antiparallel reconnection. The initial positions of the two electrons are at 共a兲 x = 0.1c /  pi, y = 3c /  pi, and 共b兲 x = 0.1c /  pi, y = 2.75c /  pi. The time t2 is measured
from ⍀it = 29, when the fixed electric and magnetic field are taken.

times in the guide field reconnection. In Fig. 10共a兲, the initial
positions of the electrons are just outside of the separatrix,
while in Fig. 10共b兲 the initial positions of the electrons are
just inside the separatrix. Initially, all electrons have the
same energy  / mec2 = 0.1, and they are assumed to have a
shell distribution. In the figure, we have already eliminated
the electrons which cross the boundaries. Although the electrons can also be accelerated when they move toward the X
line along the magnetic field lines, the dominant acceleration
still occurs in the vicinity of the X line. Different from the
case of the antiparallel reconnection, the electrons cannot be
accelerated in the pileup region. Because the magnetic field
in the pileup region is sufficiently strong, the electron gyroradii are much smaller than the curvature radii of the magnetic field lines, and its motions are almost adiabatic.
Figure 11 shows the evolution of the energy distributions
for the electrons with different initial energy in the guide
field reconnection. In the figure, the top row describes the
electrons whose initial positions are outside of the negative
separatrix, while the bottom row is for the electrons whose

initial positions are inside the negative separatrix. Figures
10共a兲–10共c兲 plot the electrons whose initial energy is
 / mec2 = 0.05, 0.1 and 0.2, respectively. The colors of the
dots roughly represent the positions of the electrons: red dots
are in the vicinity of the X line, while blue and green dots are
in the region near the separatrix, as shown in Fig. 9. For the
electrons with initial positions outside of the negative separatrix, the electrons can be accelerated both along the negative separatrix and in the vicinity of the X line. Therefore,
they can be accelerated to much higher energy than in the
antiparallel reconnection. For the electrons whose initial positions inside of the negative separatrix, only the electrons
reach the vicinity of the X line can be accelerated, therefore
the efficiency of electron acceleration is much lower than the
electrons whose initial positions are outside the negative
separatrix. It can also be found that the electrons are easier to
be accelerated to higher energy with the increase of their
initial energy. Figure 12 shows the evolution of trajectory,
energy , power P = v · E exerted by the electric field, and
2
/ 2B of two typical electrons in
magnetic moment  = mev⬜
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the guide field reconnection. Figure 12共a兲 describes the electron trajectory whose initial position is outside of the negative separatrix, while Fig. 12共b兲 plots the electron trajectory
whose initial position is inside the negative separatrix. The
electron whose initial position is outside of the negative
separatrix can be accelerated effectively when it moves toward the X line along the magnetic field lines as well as in
the vicinity of the X line. For the electron whose initial position is inside the negative separatrix, it cannot be accelerated to high energy because it does not pass through the
vicinity of the X line. In the above test particle calculations
of the guide field reconnection, we do not find the electron
acceleration of the electrons around the pair of the positive
separatrices. The electrons around the pair of the positive
separatrices are hard to be accelerated because there is no
obvious parallel electric field in this region 共not shown兲.
From the above calculations, we can find that a process
of an accelerated electron has three stages: flowing into the
vicinity of the X line, acceleration in the vicinity of the X
line, and flowing out of the vicinity of the X line. In general,
every stage lasts less than several ion gyroperiods, which is
much smaller than the process of the magnetic reconnection.
Therefore, a fixed snapshot will not change our conclusions
on the mechanisms of electron acceleration.
IV. DISCUSSION AND CONCLUSIONS

There are numerous evidences of energetic electrons in
magnetic reconnection,15,19,25,26 and these energetic electrons
are considered to be accelerated by the reconnection electric
field. In this paper, 2D PIC simulations are performed to
investigate electron dynamics in antiparallel and guide field
reconnection, and we compare the mechanism of electron
acceleration in antiparallel and guide field reconnection.
Hoshino et al.28 pointed out that the process of electron
acceleration in antiparallel reconnection has two stages: the
first is in the vicinity of the X line, and the second in the
pileup region. In this paper, we find that electrons can be
accelerated both in the vicinity of the X line and the pileup
region by the reconnection electric field. Most of the electrons accelerated in the vicinity of the X line come from the
region just outside of the separatrices, while most of the
electrons accelerated in the pileup region come from the region inside of the separatrices. However, most of the energetic electrons can be accelerated once, in the vicinity of the
X line, or in the pileup region. The efficiency of electron
acceleration is higher in the vicinity of the X line than in the
pileup region.
In guide field reconnection, electrons can be accelerated
by the parallel electric field in the vicinity of the X line, as
well as when they move toward the X line, which is consistent with Pritchett et al.32 However, we further find that most
of these energetic electrons come from the region outside of
the negative separatrices. The efficiency of such an acceleration mechanism is obviously higher than that in the antiparallel reconnection, and in both cases the mechanisms of electron acceleration favor the electrons with higher initial
energy.
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