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Abstract

With the help of a two-dimensional particle-in-cell simulation model, we investigate the long-time evolution (near
W-100 i0

1, where Ωi0 is the ion gyrofrequency in the upstream) of a quasi-parallel shock. Some of the upstream ions
are reflected by the shock front, and their interactions with the incident ions excite low-frequency magnetosonic
waves in the upstream. Detailed analyses have shown that the dominant wave mode is caused by the resonant ion–
ion beam instability, and the wavelength can reach tens of ion inertial lengths. Although these plasma waves are
directed toward the upstream in the upstream plasma frame, they are brought by the incident plasma flow toward
the shock front, and their amplitude is enhanced during the approaching. The interaction of the upstream plasma
waves with the shock leads to the cyclic reformation of the shock front, and the reformation period is slightly larger
than 10W-

i0
1. When crossing the shock front, these large-amplitude plasma waves are compressed and evolve into

current sheets in the transition region of the shock. At last, magnetic reconnection occurs in these current sheets,
accompanying the generation of magnetic islands. Simultaneously, there still exist plasma waves of another kind,
with the wavelength of several ion inertial lengths in the ramp of the shock, which are excited by the nonresonant
ion–ion beam instability. The current sheets in the transition region are distorted and broken into several segments
when the plasma waves of this kind are transmitted into the downstream, where magnetic reconnection and the
generated islands have a much smaller size. No obvious ion flow can be observed around some X-lines produced in
the magnetic reconnection, and this implies that electron-only reconnection may occur.

Unified Astronomy Thesaurus concepts: Space plasmas (1544); Plasma physics (2089); Solar magnetic
reconnection (1504); Planetary bow shocks (1246)

1. Introduction

Magnetic reconnection, which is accompanied with a
topological change in magnetic field lines, converts magnetic
energy into plasma kinetic energy and is believed to be the
underlying mechanism for explosive phenomena in the solar
atmosphere, planetary magnetosphere, and laboratory plasma
(Biskamp 2000; Birn & Priest 2007; Yamada et al. 2010; Zhang
et al. 2012; Wang & Lu 2019). A prerequisite for the occurrence
of magnetic reconnection is the formation of a current sheet,
where the component of the magnetic field along the outflow
direction is opposite on two sides (Parker 1957; Sweet 1958;
Vasyliunas 1975; Birn et al. 2001; Fu et al. 2006). In the Earth’s
magnetosphere, the magnetotail and dayside magnetopause are
the two most frequent sites where magnetic reconnection can
occur (Dungey 1961; Deng & Matsumoto 2001; Oieroset et al.
2001; Burch et al. 2016; Torbert et al. 2018; Lu et al. 2022a). In
the magnetotail, the current sheet is formed as the plasmas from
the southern and northern lobes are convected toward the neutral
plane, where the plasma parameters on two sides of the formed
current sheet are almost the same, and symmetric reconnection
occurs (McPherron 1991; Nagai et al. 2001; Angelopoulos et al.
2008; Sergeev et al. 2011; Lu et al. 2015, 2020b;

Wang et al. 2016). At the magnetopause, the current sheet is
formed between the magnetosheath plasma with a southward
component of magnetic field and the magnetospheric plasma with
a northward component of magnetic field, where the parameters
on the two sides of the current sheet are different and the
occurring reconnection is asymmetric (Russell & Elphic 1978;
Lee & Fu 1985; Scholer 1988; Mozer et al. 2008; Wang et al.
2017, 2020; Guo et al. 2021). The characteristics of both
symmetric and asymmetric reconnection have been thoroughly
studied with satellite observations and kinetic simulations (e.g.,
Ma & Bhattacharjee 2001; Pritchett 2001, 2008; Eastwood et al.
2010; Huang et al. 2010; Lu et al. 2010; Malakit et al. 2010;
Hesse et al. 2014; Burch et al. 2016; Peng et al. 2017; Zhang et al.
2017; Torbert et al. 2018; Sang et al. 2019).
Another site at the Earth’s magnetosphere where magnetic

reconnection may occur is the downstream region of the bow
shock. The bow shock is formed due to the interactions of the
high-speed solar wind with the magnetosphere (Sagdeev 1966;
Leory et al. 1982; Russell et al. 1982; Tsurutani & Stone 1985;
Lembege & Dawson 1987; Yang et al. 2009). Retino et al.
(2007) reported the first reconnection event in the magne-
tosheath with Cluster observations, where an ion diffusion
region is identified, and they proposed that magnetic
reconnection occurs in the current sheet formed due to plasma
turbulence. More reconnection events have recently been
observed with the high-resolution measurements provided by
the Magnetospheric Multiscale spacecraft, and the width of the
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associated current sheets ranges from the ion kinetic scale to
the electron kinetic scale (Yordanova et al. 2016; Vörös et al.
2017; Phan et al. 2018; Gingell et al. 2019, 2020; Stawarz et al.
2019; Wang et al. 2019, 2021; Xu et al. 2023). Most of these
reconnection events have been observed downstream of a
quasi-parallel shock, which indicates that magnetic reconnec-
tion may occur ubiquitously in the quasi-parallel-shocked
magnetosheath. In a quasi-parallel shock, the angle between the
shock normal and the upstream magnetic field (θBn) is smaller
than 45°, and both the upstream and downstream are full of
large-amplitude electromagnetic plasma waves (Winske et al.
1990; Scholer & Burgess 1992; Schwartz et al. 1992; Shan
et al. 2014, 2020; Wu et al. 2015; Hao et al. 2016).

Kinetic simulations have also revealed the occurrence of
magnetic reconnection in the transition region and downstream
of the quasi-parallel shock (Bessho et al. 2019, 2020, 2023; Lu
et al. 2020a; Gingell et al. 2023). With a global hybrid
simulation model, Lu et al. (2020a) studied the generation of the
bow shock due to the interaction between the high-speed solar
wind and the Earth’s magnetosphere. They found that magnetic
reconnection is initiated in current sheets downstream of a quasi-
parallel shock, and they proposed that these current sheets are
formed after the upstream large-amplitude low-frequency plasma
waves penetrate the shock front and are then compressed.
Magnetic reconnection induces a bidirectional high-speed ion
flow (in the frame moving with an X-line) in the outflow region,
and several flux ropes with an extension of about several Earth
radii are produced in such a process. The upstream large-
amplitude low-frequency plasma waves have been indicated to
be magnetosonic waves excited due to the interaction between
the solar wind and the reflected ions by the shock front and the
upstream plasma (Scholer & Terasawa 1990; Winske et al. 1990;
Su et al. 2012; Hao et al. 2016, 2021). The interaction can cause
both resonant and nonresonant ion–ion beam instabilities in the
upstream (Gary et al. 1984; Gary 1991; Akimoto et al. 1993;
Scholer et al. 1997; Wang & Lin 2003). The plasma waves
excited by the resonant ion–ion beam instability propagate
toward the upstream in the upstream plasma frame and the
wavelength is tens of ion inertial lengths, while the waves
excited by the nonresonant ion–ion beam instability propagate
toward the shock front in the upstream plasma frame and the
wavelength is several ion inertial lengths. By performing a local
two-dimensional (2D) particle-in-cell (PIC) simulation of a
quasi-parallel shock, Bessho et al. (2020, 2023) found that
magnetic reconnection can occur in the transition region after the
excited plasma waves in the upstream penetrate into the
downstream, where both ion and electron-scale magnetic islands
are formed. They further found that although both the
nonresonant and resonant ion–ion instabilities are excited, the
nonresonant ion–ion instability is the dominant wave mode
(Bessho et al. 2023). However, both kinetic simulations and
satellite observations of quasi-parallel shocks have indicated that
the dominant waves in the foreshock are excited by the resonant
ion–ion instability (Hoppe & Russell 1983; Eastwood et al.
2005; Hobara et al. 2007). The large-amplitude low-frequency
waves corresponding to the resonant ion–ion instability are
brought toward the shock by the upstream plasma flow and
interact with the shock, and then a new shock front is formed.
This process is called shock reformation (Burgess 1989; Winske
et al. 1990; Su et al. 2012; Hao et al. 2017), and to well resolve
the shock reformation, one requires a longer time than that of

20W-
i0

1 (where Ωi0 is the ion gyrofrequency in the upstream) in
Bessho et al. (2023).
In this paper, with a local 2D PIC simulation model, we

study the long-time evolution of a quasi-parallel shock (near
100W-

i0
1). We find that the waves excited in the upstream by the

reflected ions correspond to the resonant ion–ion beam
instability. The amplitude of the plasma waves increases
continuously when they approach the shock, and then a new
shock front is formed after they interact with the shock. The
cycle period of such a kind of shock reformation is about
W-12 i0

1. When these large-amplitude low-frequency plasma
waves penetrate the shock, the current sheets are generated in
the shock transition region and magnetic reconnection conse-
quently occurs.

2. Simulation Model

The software named EPOCH (Arber et al. 2015), which is an
open-source electromagnetic 2D PIC simulation code, is used
in this paper to study the characteristics of the quasi-parallel
shock. The shock is formed by the injection method, where
particles are injected from the left side of the simulation
boundary (at x= 0) with a speed Vin= 7VA0 (where VA0 is the
Alfvén speed based on the upstream plasma density n0 and
magnetic field B0) and a specular reflection for particles is used
in the right boundary (x= Lx, where Lx is the size of the
simulation domain in the x-direction). The formed shock
propagates toward the left (the −x-direction). The 2D
simulation is performed in the x− y plane, and the ambient
magnetic field q q= +B i iB cos sinxBn Bn y0 0 ( ), where θBn is the
shock normal angle. In our simulation, we choose θBn= 20°,
therefore the shock is quasi-parallel. Periodic boundary
conditions for both electromagnetic fields and particles are
applied in the y-direction.
The domain size of the simulation is Lx× Ly=

1800di0× 160di0 (where =
w

di
c

0
pi,0

is the ion inertial length,

and w =
epi

n e

m,0
i

0
2

0
is the ion plasma frequency based on the

upstream plasma density n0). The grid number is nx×
ny= 90,000× 8000, and the grid size is Δx=Δy= 0.02di0.
Initially, there are 50 ions and electrons in each cell, and the
ion-to-electron mass ratio is = 100m

m
i

e
. The time step is

Ωi0Δt= 0.001. The light speed is = 28c

VA0
. The plasma beta

values in the upstream are βi0= 0.1, βe0= 0.3.

3. Simulation Results

3.1. Upstream Plasma Waves and Shock Reformation

In order to identify the time evolution of the quasi-parallel
shock, we plot in Figure 1 the time sequences of the profile of
the magnetic field Bt (where Bt is the average value of the total
magnetic field = + +B B B Bt x y z

2 2 2 along the y-direction)
versus x from Ωi0t= 55 to 85. Note that the time separation
between the profiles is Ωi0t= 1. In our simulation, in order to
eliminate the effects from reflected ions on the right boundary on
the upstream plasma waves, we focus on the evolution of these
waves after Ωi0t= 55, when the shock front is far away from the
right boundary. In the upstream, there exist large-amplitude low-
frequency plasma waves, and the wavelength is about 75di0.
These waves are brought by the incident upstream plasma flow
toward the shock front, and a new shock front is formed when
the waves approach and coalesce with the shock front. This kind

2
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of process is cyclic, which is called shock reformation, and the
period is about 12W-

i0
1. The reformation process of the shock can

be exhibited more clearly in Figure 2, which shows the total
magnetic field Bt at Ωi0t= (a)70, (b)72, (c)74, (d)76, (e)78, and

(f)80. These time sequences correspond to one reformation
cycle. At Ωi0t= 70, the shock front is located at around
x= 1668di0, and there exist large-amplitude plasma waves in the
upstream. If we follow the magnetic structure around

Figure 1. The time sequences of the profile of the magnetic field Bt (where Bt is the average value of the total magnetic field = + +B B B Bt x y z
2 2 2 along the

y-direction) vs. x from Ωi0t = 55 to 85. Note that the time separation between the profiles is Ωi0t = 1.

Figure 2. The total magnetic field Bt at Ωi0t = (a)70, (b)72, (c)74, (d)76, (e)78, and (f)80. These time sequences correspond to one reformation cycle.

3
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x= 1646di0 at Ωi0t= 70, it is easy to find that the structure is
approaching toward the shock front and it begins to interact with
the shock front at about Ωi0t= 72. At about Ωi0t= 80, the
magnetic structure merges with the shock front, and a new shock
front is formed at around x= 1650di0. Therefore, the shock front
propagates toward to the −x-direction with an average velocity
of about 1.8VA0. In the shock frame, the velocity of the upstream
plasma flow is about 8.8VA0, and the Alfvén Mach number is
about 8.8. The reformation of a quasi-parallel shock has been
thoroughly studied with kinetic simulations, and similar
characteristics have been obtained (Burgess 1989; Tsubouchi
& Lembege 2004; Su et al. 2012; Hao et al. 2017).

The characteristics of the plasma waves in the upstream can
be exhibited more clearly in Figure 3, which plots the magnetic
field Bz at Ωi0t= (a) 70, (b) 72, (c) 74, (d) 76, (e) 78, and (f) 80.
In the figure, “I” and “II” represent two peaks of the upstream
plasma waves. The wavelength of the upstream plasma waves
can clearly be seen to be about 75di0, and the wavenumber
is about -d0.084 i0

1. The waves propagate almost along the
+x-direction with a velocity of about 5.2VA0. Considering that
the upstream plasma flow moves along the +x-direction with a
velocity of 7.0VA0, the plasma waves propagate toward the
−x-direction and the phase velocity is about 1.8VA0 in the
upstream plasma frame. The frequency of the plasma waves is
estimated to be about 0.15Ωi0 in the upstream plasma frame,
and the waves have a right-hand polarization. Besides these
low-frequency plasma waves, there also exist plasma waves of
another kind, with a much smaller wavelength in the ramp of
the shock, which are denoted by “A” in Figure 3(b). We will
analyze this kind of plasma wave later, in Figure 6.

Figure 4 shows the profiles of the ion number density ni
along the line y= 80di0 and the scatter plot of the velocities
(vix, viy, and viz) for the particles from y= 79.5di0 to 80.5di0 at
Ωi0t= 71. The shock front is located at around x= 1668di0. In
the upstream, there exist two plasma populations: one
corresponds to the upstream plasma, which flows toward the
+x-direction with a velocity of 7.0VA0; the other is the
ions reflected around the shock front, which move toward the
−x-direction with a velocity of about −6.1VA0. The number of
reflected ions becomes less and less farther upstream,
accounting for about 3% of total particles around x=
1600di0. The upstream plasma waves are excited by the plasma
beam comprised of the reflected ions, and the reflected ions are
scattered by the upstream plasma waves to form diffuse
superthermal ions (Scholer 1990; Su et al. 2012; Wu et al.
2015). In the upstream plasma frame, the beam velocity is
about −13.1VA0, and the frequency and wavevector are about
ω= 0.15Ωi0 and = -k d0.084 i0

1, respectively. They are resonant
magnetosonic waves excited by the reflected ions due to the
ion–ion beam instability because they satisfy the resonant
condition ω− kVb≈−Ωi0. In Figure 5, we plot the dispersion
relation of the ion–ion beam instabilities in the upstream
plasma frame with the parameters obtained from the simulation
by performing the dispersion equation solver BO (Xie 2019).
The dominant wave mode is excited by the resonant ion–ion
beam instability, with the maximum growth rate about 0.21Ωi0

propagating along the −x-direction, and its frequency and
wavenumber are about ω= 0.207Ωi0 and = -k d0.088 i0

1, which
are consistent with our simulation results.
In order to exhibit these plasma waves in the region denoted

by “A” in Figure 3(b) more clearly, we plot in Figure 6 the

Figure 3. The magnetic field Bz at Ωi0t = (a) 70, (b) 72, (c) 74, (d) 76, (e) 78, and (f) 80. “I” and “II” represent two peaks of the upstream plasma waves.
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enlarged view of the magnetic field Bz at Ωi0t= (a)71.3, (b)
71.4, (c)72, and (d)73.6. The magnetic field lines in the x− y
plane are also plotted with solid lines in the figure. The shock
front is at around x= 1668di0, and obvious plasma waves can
be found in the shock ramp. The wavelength is about 2.0di0,
which is about 2.5 local ion inertial lengths, because the plasma
density is enhanced in the ramp region. In the local plasma
frame, the waves propagate toward the shock front with an
angle of about 78° with respect to the x-direction, which is
about 43° related to the local magnetic field with a phase
velocity of about 1.0VA0. In the region with the existence of
these plasma waves, the upstream plasma flow begins to slow

down, and the density of the reflected ions accounts for about
13% of the total particles and is much larger than that in the
upstream. In general, when the percentage of the beam density
is sufficiently large (∼10%), the nonresonant ion–ion beam
instability becomes more important than the resonant one
(Akimoto et al. 1993). As shown in Figure 4, the plasma flow
of the reflected ions is much more complicated than that in the
upstream. Although its velocity along the −x-direction can
be estimated to be about −4.3VA0, it also has the y- and
z-components. It is difficult to calculate the dispersion relation
because of the complicated plasma flow of the reflected ions
and the nonuniformity of the magnetic field. However, we

Figure 4. The profiles of the ion number density ni along the line y = 80di0 and the scatter plot of the velocities (vix, viy, and viz) for the particles from y = 79.5di0 to
80.5di0 at Ωi0t = 71. The shock front is located at around x = 1675di0.

Figure 5. The dispersion relation of the ion–ion beam instabilities in the upstream plasma frame with the parameters obtained from the simulation. (a) The relation
between the frequency (ω) and the wavenumber (k). (b) The relation between the growth (γ) and the wavenumber (k). The blue and yellow lines correspond to the
resonant and nonresonant wave modes, respectively. The positive and negative values of the frequency mean that the waves propagate along the +x- and −x-
directions. The angle between the ambient magnetic field and the +x-direction is 20°. The ion beam contains 3% of the total ion density, and its bulk velocity is
13.1VA0 along the −x-direction.
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think that the plasma waves are excited by the nonresonant
ion–ion beam instability, based on the wavelength and
propagation direction of the excited plasma waves.

3.2. Formation of Current Sheets and Reconnection in the
Transition Region

Figure 7 shows the current density in the z-direction Jz at
Ωi0t= (a)70, (b)72, (c)74, (d)76, (e)78, and (f)80. The solid
lines in the figure are the magnetic field lines in the x− y plane,
and these time sequences correspond to one reformation cycle.
Together with Figure 2, we can find that in the upstream the
magnetic field lines are distorted and accompanied with the
plasma waves. When these large-amplitude plasma waves
penetrate into the downstream of the shock, the waves are
compressed and the magnetic field lines become more
distorted. At last, intense current sheets are formed in the
transition region, and magnetic islands are generated in these
current sheets, indicating that magnetic reconnection occurs.
This process can be easily identified in Figure 8, which shows
the enlarged view of the region denoted by “B” in Figure 7. At
Ωi0t= 70, there is one plasma waveform in the upstream. It

interacts with the shock front at about Ωi0t= 72, and one
current sheet is formed in the transition region of the shock. At
about Ωi0t= 74, there form two current sheets in the transition
region. Then magnetic reconnection occurs in one of the
current sheets, and a magnetic island is generated at around
y= 128di0 at Ωi0t= 75. The magnetic island subsequently
grows larger and larger, and simultaneously it moves upward
slowly.
The characteristics of magnetic reconnection that occur in

Region B can be seen clearly in Figure 9, which plots (a) the
ion bulk velocity Viy, (b) the electron bulk velocity Vey, (c) the
energy dissipation jzEz, (d) the magnetic field Bz, and (e) the ion
and electron bulk velocities along the center of the current sheet
(denoted by the dashed lines in Figures 9(a) and (b)) of Region
B at Ωi0t= 78. A magnetic island is located at around
y= 129di0, and there exists an X-line just below the magnetic
island. The half-width of the current sheet is about 1.0di0 (about
2.3 local ion inertial lengths), while that of the magnetic island
is about 2.0di0 (about 4.7 local ion inertial lengths). Energy
dissipation jzEz caused by magnetic reconnection can be found
around the X-line, and it is not as strong as that in the Harris
current sheet, which may be caused by the strong background

Figure 6. The enlarged view of the magnetic field Bz in the region denoted by “A” (Region A) in Figure 3(b) at Ωi0t = (a)71.3, (b)71.4, (c)72, (d)73.6. The magnetic
field lines in the x − y plane are also plotted with the solid lines in the figure.
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plasma flow in the downstream. Magnetic reconnection also
leads to a high-speed flow in the outflow region. The difference
of the ion flow velocity between the two outflow regions is
about 1.8VA0, while that of the electron flow velocity is about
4.0VA0. Therefore, ion-coupling magnetic reconnection occurs
in Region B.

Figure 10 shows the current density in the z-direction Jz
within region A (denoted in Figure 3 and 7) at Ωi0t= (a)71.3,
(b)71.4, (c)72.0, and (d)73.6. Here, the solid lines are the
magnetic field lines in the x− y plane. Together with Figure 6,
we can find when the high-frequency waves in the ramp region
interact with the shock front, and the current sheet in the
transition region is twisted and broken into several segments.
Several magnetic islands whose half-widths range from 0.2 to
1.0di0 (or 0.28 to 1.4 local inertial lengths) are formed, and the
half-width of the current sheet can also be as small as about
0.2di0 (or about 2.0 de0). Because in our simulation we use the
ion-to-electron mass ratio = 100m

m
i

e
, it is difficult to distinguish

whether the size of these magnetic islands can be small to the
electron inertial length. The characteristics of magnetic
reconnection are shown in Figure 11, which plots (a) the ion
bulk velocity Viy, (b) the electron bulk velocity Vey, (c) the
energy dissipation jzEz, (d) the magnetic field Bz, and (e) the ion
and electron bulk velocity along the center of the current sheet
(denoted by the dashed lines in Figures 11(a) and (b)) of

Region A at Ωi0t= 72.3. The presence of magnetic islands
separates the current sheet into several segments, where there
exists obvious energy dissipation jzEz. The plasma has an
average flow with a speed of about 1.0VA0 along the −y-
direction. From the velocity difference between the upper and
lower parts of the current sheet, we can estimate the speed of
the ion outflow caused by magnetic reconnection as about
1.0VA0. Around the X-lines, like those denoted by “X1,” “X2,”
“X3,” and “X4” in Figure 11(e), we can find large fluctuations
of the electron outflow, which may be larger the Alfvén speed.
Around some X-lines, like those denoted by “X3” and “X4,”
the ion flow almost does not change. This is a characteristic of
electron-only reconnection (Phan et al. 2018; Wang et al. 2018;
Pyakurel et al. 2019; Lu et al. 2020b, 2022b; Guan et al. 2023),
and it implies that electron-only reconnection may occur in this
kind of current sheet.

3.3. Conclusions and Discussion

In this paper, by performing a 2D PIC simulation of a quasi-
parallel shock, we investigate the evolution from upstream low-
frequency plasma waves to current sheets in the downstream,
where magnetic reconnection at last occurs. In the upstream, the
dominant plasma waves, which belong to magnetosonic waves,
are excited by the reflected ions due to the resonant ion–ion
beam instability. The wavelength of the excited plasma waves is

Figure 7. The current density in the z-direction Jz at Ωi0t = (a)70, (b)72, (c)74, (d)76, (e)78, and (f)80. The solid lines are the magnetic field lines in the x − y plane,
and these time sequences correspond to one reformation cycle.
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about 75di0, while the frequency is about 0.15Ωi0 in the
upstream plasma frame. In the upstream plasma frame, the
plasma waves try to propagate toward the upstream with a phase
velocity of about 1.5 Alfvén speed, but they are brought toward
the shock front by the upstream plasma flow, because the flow
velocity of the upstream plasma is much larger than the phase
velocity of the plasma waves. The interaction between the

upstream plasma waves and the shock causes the cyclic
reformation of the shock front with a period of about 12W-

i0
1.

When the upstream plasma waves cross the shock front into the
downstream, they are compressed, and then evolve into current
sheets in the transition region. Simultaneously, there still exist
plasma waves of another kind, with a wavelength of about 2.0di0
in the ramp region, which propagate toward the shock front in

Figure 8. The enlarged of view of the region denoted by “B” in Figure 7.

Figure 9. (a) The ion bulk velocity Viy. (b) The electron bulk velocity Vey. (c) The energy dissipation jzEz. (d) The magnetic field Bz. (e) The ion and electron bulk
velocities along the center of the current sheet (denoted by the dashed lines in Figures 9(a) and (b)) of Region B at Ωi0t = 78.
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the local plasma frame. When the waves enter the transition
region, they break the current sheets into many segments, and at
last may evolve into the electron scale. We cannot observe an

obvious change of ion flow around some X-lines produced by
magnetic reconnection, and this implies that electron-only
reconnection may occur in these current sheets.

Figure 10. The current density in the z-direction Jz within region A (denoted in Figure 3 and 7) at Ωi0t = (a)71.3, (b)71.4, (c)72.0, and (d)73.6. The solid lines are the
magnetic field lines in the x − y plane.

Figure 11. (a) The ion bulk velocity Viy. (b) The electron bulk velocity Vey. (c) The energy dissipation jzEz. (d) The magnetic field Bz. (e) The ion and electron bulk
velocity along the center of the current sheet (denoted by the dashed lines in Figures 11(a) and (b)) of Region A at Ωi0t = 72.3.
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Bessho et al. (2020, 2023) have also studied the upstream
plasma waves and downstream magnetic reconnection in a
quasi-parallel shock. Different from our simulation, they have
only run the simulation for about W-20 i0

1, and the dominant
plasma waves in the upstream are excited by the nonresonant
ion–ion beam instability, even though the low-frequency waves
excited by the resonant ion–ion beam instability begin to
appear at the end of their simulation. It is well known that both
resonant and nonresonant ion–ion beam instabilities can be
excited in a plasma beam system. In the plasma conditions of
the Earth’s bow shock, the wavelength of the plasma waves
excited by the resonant ion–ion beam instability is about tens of
ion inertial lengths, which is much larger than that excited by
the nonresonant ion–ion beam instability (about several ion
inertial lengths). However, previous satellite observations and
kinetic simulations of a quasi-parallel shock in the Earth’s bow
shock have proved that the dominant upstream plasma waves
belong to the resonant ion–ion beam instability (Eastwood et al.
2005; Hobara et al. 2007; Su et al. 2012). The difference may
be because Bessho et al. (2023, 2023) have only run their
simulation for about W-20 i0

1. The shock front is very near to the
boundary, which reflects the incident particles and produces the
shock front, and this may artificially enhance the ion beam
density. Simultaneously, even these ions reflected by the shock
front can only move toward the upstream in a distance
comparable to the wavelength of the dominant wave mode
excited by the resonant ion–ion beam instability. Therefore, in
Bessho et al. (2020, 2023), they can only observe the plasma
waves (the wavelength is only several ion inertial lengths)
excited by the nonresonant ion–ion beam instability, just like
those excited in the ramp of the shock in our simulation.

The plasma parameters used in our simulation are very typical
at the Earth’s bow shock, where the Alfvén Mach number is
about 8.8. We found that the dominant plasma waves in the
upstream are excited due to the resonant ion–ion beam
instability. The wavelength of the plasma waves is λ≈ 75di0
(the wavenumber is » -k d0.084 i0

1), and the frequency is
ω≈ 0.15Ωi0 in the upstream plasma frame. Therefore, the wave
frequency in the satellite frame is w w¢ = - » WkV 0.59 iSW 0∣ ∣ .
The typical magnetic field of the solar wind at 1 au is about 2nT,
therefore we can calculate the wave period = p

w¢
T 2 in the satellite

frame to be about 30 s. It is generally believed that the plasma
waves with a period of around 30 s are the dominant foreshock
waves observed by satellites in the upstream of the Earth’s bow
shock (Eastwood et al. 2005; Hobara et al. 2007), which is
consistent with that of the dominant plasma waves obtained in
our simulation. Therefore, we believe that the current sheets
downstream of a quasi-parallel shock are formed after the low-
frequency waves excited due to the resonant ion–ion beam
instability penetrate the shock front, and their width is about
several ion inertial lengths. The plasma waves, which may be
excited due to the nonresonant ion–ion beam instability around
the ramp of the shock, break the current sheets into many
segments. These segments may extend to the electron scale and
may lead to the occurrence of electron-only reconnection.
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