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Abstract

Particle acceleration is ubiquitous at shock waves, occurring on scales ranging from supernova remnants in the
universe to coronal-mass-ejection-driven shocks and planetary bow shocks in the heliosphere. The most promising
mechanism responsible for the almost universally observed power-law spectra is diffusive shock acceleration
(DSA). However, how electrons are preaccelerated by different shocks to the energy required by the DSA theory is
still unclear. In this paper, we perform two-dimensional particle-in-cell plasma simulations to investigate how the
magnetic field orientations, with respect to simulation planes, affect electron preacceleration in moderate-Mach-
number low-β shocks. Simulation results show that instabilities can be different as the simulation planes capture
different trajectories of particles. For magnetic fields perpendicular to the simulation plane, electron cyclotron drift
instability dominates in the foot. Electrons can be trapped by the electrostatic wave and undergo shock-surfing
acceleration. For magnetic fields lying in the simulation plane, whistler waves produced by modified two-stream
instability dominate in the foot and scatter the electrons. In both cases, electrons undergo multistage acceleration in
the foot, shock surface, and immediate downstream, during which process shock-surfing acceleration takes place as
part of the preacceleration mechanism in moderate-Mach-number quasi-perpendicular shocks.

Unified Astronomy Thesaurus concepts: Shocks (2086); Plasma astrophysics (1261)

1. Introduction

Electron acceleration has attracted much attention in astro-
physical, space, and laboratory plasma physics. Radio and X-ray
observations of supernova remnant shocks suggest that there are
relativistic electrons in front of the shocks (Koyama et al. 1995;
Bamba et al. 2003). Diffusive shock acceleration (DSA) is
believed to account for the acceleration (Krymskii 1977;
Bell 1978; Drury 1983), and it naturally predicts a power-law
energy spectrum that has a characteristic spectrum index close to
the values derived from the observations. However, the DSA
mechanism only works for particles whose Larmor radii are much
larger than the shock width, assumed to be a few gyroradii of
thermal ions. Given the small mass and small gyroradius of
electrons, how they are accelerated to energies that can be injected
into the DSA remains unsolved.

One possible candidate for the injection problem is shock
surfing acceleration (SSA; Katsouleas & Dawson 1983; Shimada
& Hoshino 2000; Hoshino & Shimada 2002), wherein electrons
trapped by electrostatic waves in front of the shock undergo drift
motion in the direction of the motional electric field. Hoshino
et al. (Hoshino & Shimada 2002) studied electron SSA in
perpendicular collisionless shocks using the 1D PIC method and
found that electrons gained relativistic energy. Amano & Hoshino
(2008) found that the efficient electron energization occurred at

the leading edge of the high-Mach-number shock transition region
through the interactions with large-amplitude electrostatic waves
produced by the Buneman instability. Bohdan et al. (2017)
performed 2D PIC simulations to study electron injection and
acceleration processes in perpendicular collisionless shocks with
high Alfvénic Mach numbers and showed evidence that the
efficiency of electron acceleration depends on the choice of the
orientation of the large-scale magnetic field with respect to the
simulation plane. In the high-Mach-number shocks, Buneman
instability is excited as the bulk velocity of the reflected ions
exceeds the thermal velocity of upstream electrons. In moderate-
or low-Mach-number shocks, the condition for Buneman
instability could not be satisfied. In moderate-Mach-number
shocks, previous 1D (Muschietti & Lembège 2006) and 2D (Yang
et al. 2020a) simulations show that electron cyclotron harmonic
(ECH) waves can play an important role in the electron trapping
and acceleration process. Furthermore, the modulation of shock-
front rippling (Johlander et al. 2016) and self-reformation (Yang
et al. 2020b) on the electrostatic wave excitation is also presented
by 2D PIC simulations (Yang et al. 2018). However, the effects of
magnetic field orientations relative to the 2D simulation plane on
the wave excitation and the electron energization at moderate-
Mach-number shocks have not been parametrically investi-
gated yet.
Limited by computational resources and motivated by the

difference in the projections of electrons’ motion with respect
to simulation planes, we carry out 2D PIC simulations wherein
the planes capture different parts of the electrons’ trajectories.
In our simulations, the magnetic field is perpendicular or
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parallel to the simulation plane. In this way, we study how the
orientations of magnetic fields with respect to simulation planes
affect electron acceleration in perpendicular shocks.

This paper is organized as follows. We describe our
simulation model for two cases: in-plane magnetic fields and
out-of-plane magnetic fields in Section 2. In Section 3, we
present our result that different waves appear in the foot
regions, and an analysis of a typical electron is presented to
study the physics of electron acceleration. Section 4 gives a
summary and discussion.

2. Numerical Method

Simulations are performed in the x–y plane using the PIC
code EPOCH (Arber et al. 2015; Yang et al. 2015, 2016). The
upstream magnetization ωpe/ω ce= 2.5, where ωpe and ωce are
the plasma frequency and electron cyclotron frequency of
upstream plasma. The ratio of the ion’s mass to the electron’s
mass mi/me is set to be 100. Simulations have the grids [nx,
ny]= [14,000, 2000]. The spatial resolution is set to be
Δx=Δy= 0.005di, where di(=c/ωpi) is the upstream ion
inertial length. Each grid has 36 particles per species. We set
the values of density and magnetic field to be n0= B0= 1 in the
upstream, and the motional electric field is initialized with
E=−v×B. Plasma beta, the ratio of thermal pressure to
magnetic pressure, is set to be βi= βe= 0.05. Initially, the
plasma has the bulk velocity u0 along−x with Alfvénic Mach
MA= 8, and the incident particles are reflected at the left
reflective boundary (Figure 1). The shock is formed by the
interaction of incoming upstream and reflected plasma and
propagates in the +x direction. In all cases, time and spatial
ordinates are normalized by 1/ωci, and di, respectively, where
ωci is the upstream ion cyclotron frequency.

The magnetic field lies in the y–z plane, and an angle f is
formed between the magnetic field and simulation plane. Here
we show two cases to study the physics of different orientations
between magnetic fields and simulation planes. Both are
perpendicular shocks. We note “Case_A” for f= 90° and
”Case_B” for f= 0°.

3. Simulation Results

3.1. Case_A

In this case, f= 90°, the magnetic field is oriented in the +z
direction. Figure 2 shows the shock profiles at ωcit= 5. The
foot region can be clearly distinguished between the overshoot
at x= 15c/ωpi and the unperturbed upstream at x� 18c/ωpi. In
the downstream x� 15c/ωpi, the densities fluctuate around a
constant value and reach the compression ratio r= 2.2. Note
that magnetic field perturbations are along the initial magnetic

Figure 1. An illustration of the setup.

Figure 2. Shock profile at ωcit = 5 for Case_A. (a) y-averaged electron and ion
density. (b) The z-component magnetic field Bz normalized by the initial value.
(c) The x-component electric field Ex normalized by the upstream motional
electric field strength E0 = u0B0. (d) The y-component electric field Ey

normalized by E0.
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field, which indicates that the shock is perpendicular to the
magnetic field everywhere. Electrostatic wave in the foot is
observed in electric field profiles (Figures 2(c)–(d)). The wave
is excited by electron cyclotron drift instability (ECDI), which
is caused by the coupling of the electron Bernstein wave and
the ion-beam mode (Yang et al. 2020b). The appearance of the
ECDI plays an important role in electron acceleration.

Figure 3 shows the normalized electron spectrum at the foot
region at ωcit= 5 for Case_A and Case_B. The energy is
normalized by the upstream kinetic energy m ue 0

2.The maximal
kinetic energy Emax reaches m u60 e 0

2 for both cases, which is
larger than its Maxwellian fit by an order, which is shown by
the dashed lines. Accelerated electrons form the nonthermal
part of the spectrum between E m u20 e 0

2~ and E m u50 e 0
2~ .

Figure 3. Electron spectra of foot regions ωcit = 5 for Case_A and Case_B, as shown by the solid lines. The Maxwellian fit of Case_A is shown by the gray dashed
line and the one corresponding to Case_B is shown by the light-blue dashed line. The red dot represents the electrons selected to be analyzed in Case_A and Case_B.

Figure 4. The typical electron’s trajectory (a) and energy evolution (b) for Case_A. Three marked points, A, B, and C, represent three different stages in the electron’s
acceleration process: (A) encounter ECDI, (B) accelerating near the shock surface, and (C) trapped in the immediate downstream.
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In order to study the physics of electron acceleration, we
trace millions of electrons from the upstream to the shock
fronts. One striking point is that the electrons forming the
nonthermal part have similar trajectories and accelerated
processes. A typical electron’s accelerated history is shown in
Figure 4. In Figure 4(b), work done by the electric field along
the i-axis is calculated as W v E dti

e

m e i i,
e
ò= , where ve,i and Ei

represent the electron’s velocity and electric field along the
axis, respectively. From the trajectory in Figure 4(a) and the
energy evolution in Figure 4(b), acceleration in front of the
shock can be divided into two stages: (1) encountering ECDI at
ωcit= 3.6 and (2) the subsequent process at the shock surface
starting from ωcit= 4.4.

Initially, the electron is located in the upstream and drifts
along the x-axis, as indicated by the sinusoidal part of the
trajectory between the starting point and point A in
x� 14.5c/ωpi in Figure 4(a). When the electron moves to
position x= 14.5c/ωpi at ωcit= 3.6—point A—the electron
encounters the foot’s leading edge and is trapped by ECDI

(Figure 5(a)). Resonating with ECDI contributes to part of the
first-stage energy gain. The trapping can also be demonstrated
by the work done by Ex, represented by the red line starting
from point A in Figure 4(b). Besides, there is also an energy
gain from Ey, represented by the green solid line, resulting from
SSA when the electron is trapped by ECDI. The electron’s
gyroradius increases as the result of this first-stage acceleration
and then it drifts along the y-axis as it approaches the shock
ramp. The electron bounces along the x-axis and drifts along
the y-axis with vy∼−3vA, determined by Ex× Bz when
encountering ECDI. The motional electric field Ey experienced

Figure 5. The electron’s trajectory and its position with respect to the shock for
Case_A. (a)–(c): electric field Ex(ωcit = 3.6), magnetic field Bz(ωcit = 4.6), and
electric field Ex(ωcit = 5.0). In each subplot, the start time of part of the
trajectory is indicated by the red dot, whereas the blue dot denotes the end time
of the part of the trajectory. The electron is located at the position indicated by
the black dot at the same time as the snapshot of the field, also marked by A, B,
and C. The start and end times of each subplot: (a) ωcit = 3.3–3.9, (b)
ωcit = 4.4–4.73, and (c) ωcit = 4.74–5.1.

Figure 6. Shock profile at ωcit = 5 for Case_B. (a) y-averaged electron and ion
density. (b) The z-component of the magnetic field Bz normalized by the initial
value. (c) x-component of the electric field Ex normalized by the upstream
motional electric field strength E0. (d) y-component of the electric field Ey

normalized by E0.
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by the electron is nearly canceled out due to the strong
electrostatic fluctuations around x= 13.5∼ 14.5c/ωpi, which
makes the work done by Ey unchanged in this interval.
Figure 5(b) shows part of the electron’s trajectory from
ωcit= 4.4 to ωcit= 4.73 when the electron is near the shock
ramp. The colored shock pattern is the normalized z-component
magnetic field Bz. At the time, the shock is propagating at
x= 13c/ωpi, as indicated by the position of the overshoot,
shown in red. Ahead of the overshoot, there is a local maximal
magnetic field around x= 14c/ωpi and the structure is moving
along the shock surface. This is the new shock surface as a
result of shock self-reforming. The electron meets the new
reforming shock surface when drifting along the shock surface
and then is reflected into the +y direction. In the later process,
the electron gyrates around the shock ramp, the stage marked
point B in Figure 4(a), and the energy gain is from the motional
electric field Ey, as indicated by the green solid line in
Figure 4(b) at ωcit= 4.4. After leaving the shock ramp and
advecting downstream, the electron is trapped in the region just
behind the shock surface, the stage marked point C in

Figure 4(a). In the immediate downstream, motional electric
field Ex is produced by plasma crossing the downstream
magnetic field Bz when moving along the−y direction. This
electric field contributes to the slight energy increase at
ωcit= 5. In this acceleration process happening in the down-
stream, the electron moves along the +x-axis while being
trapped in the immediate downstream electric field as indicated
by Figure 5(c), and the energy increase is due to the work done
by Ex as shown in Figure 4(b).
As the magnetic field Bz is perpendicular to the simulation

plane x–y, the electrons’ gyration can be fully captured. ECDI
is excited by the coupled electron Bernstein wave and ion-
beam mode. The electrostatic wave dominates the foot region,
which is different from the Buneman instability that occurs in
high-Mach-number shocks. ECDI affects the electron accel-
eration by capturing the electron, and the electron undergoes
SSA at the same time. When approaching the shock surface,
the electron drifts along the shock surface. After crossing the
shock surface, the electron is trapped in the immediate
downstream and moves along the shock-propagation direction.

Figure 7. 2D MTSI in Case_B. (a) The ion’s x-component velocity space distribution at ωcit = 4. (b) The ion’s x-component velocity phase diagram at y = 4c/ωpi, as
indicated by the solid black line in (a), and the blue and brown lines indicate the y-component and z-component of the magnetic field By, Bz at the same region. (c) The
electron’s x-component velocity phase diagram at y = 4c/ωpi, and the black line indicates the component of the electric field Ex.
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3.2. Case_B

Figure 6 shows the shock profile for ψ= 0 at ωcit= 5. In this
case, the magnetic field B lies in the simulation plane and is
oriented in the +y-axis. At the time, the shock is propagating at
about x= 12.5c/ωpi. The incoming plasma is compressed in
the downstream, as shown by x< 10c/ωpi (Figure 6(a)), and
the compression ratio r reaches r= 3. In the foot region
13c/ωpi< x< 16c/ωpi, there is an electromagnetic wave that
can be seen in the magnetic fields (Figure 6(b)) and electric
fields (Figure 6(c)–d). This is the whistler wave produced by
the modified two-stream instability (MTSI), resulting from
reflected unmagnetized ions drifting relative to incoming
magnetized electrons across the homogeneous magnetic field.
Figure 7(a) shows the x-component velocity space distribution
at ωcit= 4. At the time, the shock is propagating at x= 9c/ωpi,
and perturbations can be clearly seen in the foot region,
specifically in the regions x∼ 12c/ωpi, y∼ 2c/ωpi, 3.2c/ωpi,
and 5.4c/ωpi. We choose one of the regions to analyze the
MTSI, as indicated by the black line at y= 3.2c/ωpi.
Figure 7(b) gives the ion’s x-component velocity phase
diagram at the locations of the black line, whereas the
corresponding electron’s x-component velocity phase diagram
is shown in Figure 7(c). Perturbation on incoming ions at
x= 11− 12c/ωpi matches the perturbation on the electron. The
blue and brown lines in Figure 7(b) and the black line in
Figure 7(c) are By, Bz, and Ex at y= 3.2c/ωpi. MTSI has been
widely investigated in previous works (Wu et al. 1983;
Matsukiyo & Scholer 2003; Scholer et al. 2003; Scholer &
Burgess 2007) by using the 1D PIC method. However, no work
has reported that MTSI exists in 2D simulations. In our 2D PIC
simulations, we find that MTSI does exist as shown in Figure 7,
and a quasi-perpendicular shock may be formed locally thanks
to the presence of ripples.

The whistler wave in the foot region can significantly affect
the electrons’ acceleration process. As shown in Figure 3, the
spectrum of the foot-region electrons with respect to their
kinetic energy is depicted by the blue solid line, whose
maximal kinetic energy reaches Emax= 60meu0

2. To investigate

the physics of the acceleration of nonthermal electrons in this
case, we trace electrons from the upstream initially and collect
the work done by the electric fields, respectively. Figure 8
gives the trajectory and energy evolution of a typical electron.
According to the kinetic energy, acceleration of the particle can
be divided into three stages: scattered by the whistler wave,
SSA, and trapped in the immediate downstream.
Initially, the electron’s trajectory is straight at 10.5c/ωpi<

x< 12.5c/ωpi as it drifts from the upstream to the foot, not like
the sinusoidal curve shown in Figure 5(a). This is the result of
different choices of the angle f. When f= 90°, the whole
electron’s gyromotion R(x, y) is captured by the simulation
plane x–y in Figure 5(a), whereas in the case where f= 0°,
only the projection of the electron’s gyromotion R(x, z) can be
captured by the simulation plane, which is shown by a straight
line Figure 9(a). From ωcit= 3.4 onward, the electron moves
into the foot and is scattered by the whistler wave, the stage
marked point A (Figure 8(a)), which results in the electron
moving along the shock surface Figure 9(a). The scattering by
the whistler wave is vital for the subsequent acceleration
process as the electrons that are not scattered by the whistler
wave will penetrate the shock directly and have little energy
gain. As it approaches the shock ramp at ωcit= 4, the electron
goes through the SSA process. In this stage, the electron runs
into a unipolar electric field as indicated by the arrows in
Figure 9(b). The work done by the motional electric field Ez

contributes to the total energy gain, as shown by the point
marked B in Figure 8(b) at 4< ωcit< 4.4. After the SSA
process, the electron crosses the shock and is captured in the
immediate downstream region, where the electron meets the
motional electric field Ex. This results in the third-stage
acceleration where the work done by Ex contributes to the total
energy gain, as indicated by the red line at ωcit∼ 4.5, marked
as C, in Figure 8(b).
In this case, the magnetic field By lies in the simulation plane

x–y, and only part of the electrons’ gyration can be captured.
The whistler wave dominates the foot region as a result of
MTSI. The electrons can be scattered by the whistler wave,

Figure 8. The typical electron’s trajectory (a) and energy evolution (b) for Case_B. The three marked points, A, B, and C, represent three different stages in the
electron’s acceleration process: (A) scattered by the whistler wave, (B) SSA near the shock surface, and (C) trapped in the immediate downstream.
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decelerating the electrons in the shock-propagation direction.
When approaching the shock surface, the electrons go through
SSA. The electrons could be trapped in the immediate
downstream after crossing the shock surface.

4. Summary and Discussion

We study how the orientations of magnetic fields with
respect to simulation planes affect electron acceleration in
perpendicular shocks. In the two cases where f= 90°, where
the magnetic field is perpendicular to the simulation plane, and
f= 0°, where the magnetic field is lying in the simulation
plane, different waves are produced in the foot because of the
difference in the gyromotion of particles captured by the
simulation plane. In the case where f= 90°, ECDI is excited

by the coupling of the electron Bernstein wave and reflected
ion-beam mode, whereas the whistler wave is produced by the
2D MTSI in the case where f= 0°. The interactions of
electrons and foot-region waves are also quite different in the
two cases. In the case where f= 90°, the electrons that form a
nonthermal component experience resonance with ECDI and
SSA processes at the foot’s leading edge, and then the electrons
go through the shock drift acceleration (SDA) process when
they are around the shock ramp. In the case where f= 0°, the
electrons are scattered by the whistler wave in the foot and then
go through SSA around the shock ramp. In both cases, the
electrons are trapped by the immediate downstream motional
electric field along the x-axis and would finally advect
downstream.
Our work shows different electron acceleration mechanisms

can be operated when different simulation planes are chosen. In
both cases, electrons can be efficiently accelerated to form
nonthermal parts of the distributions. This work is helpful for
understanding the injection problem that is an unsolved
question in DSA theory.
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