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Abstract

In this paper, by performing a two-dimensional particle-in-cell simulation, we investigate magnetic reconnection in
the downstream of a quasi-perpendicular shock. The shock is nonstationary, and experiences cyclic reformation. At
the beginning of the reformation process, the shock front is relatively flat, and part of the upstream ions are
reflected by the shock front. The reflected ions move upward in the action of the Lorentz force, which leads to the
upward bending of the magnetic field lines at the foot of the shock front, and then a current sheet is formed due to
the squeezing of the bending magnetic field lines. The formed current sheet is brought toward the shock front by
the solar wind, and the shock front becomes irregular after interacting with the current sheet. Both the current sheet
carried by the solar wind and the current sheet associated with the shock front are then fragmented into many small
filamentary current sheets. Electron-scale magnetic reconnection may occur in several of these filamentary current
sheets when they are convected into the downstream, and magnetic islands are generated. A strong reconnection
electric field and energy dissipation are also generated around the X line, and a high-speed electron outflow is also
formed.

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

Supporting material: animation

1. Introduction

Collisionless magnetic reconnection plays an important role in
the Earthʼs magnetosphere, and two sites where magnetic
reconnection can often be observed are the dayside magneto-
pause and magnetotail. In the dayside magnetopause, magnetic
reconnection occurs when the interplanetary magnetic field
has a southern component, and plasma energy in the solar wind
enters the magnetosphere through magnetic reconnection (e.g.,
Dungey 1961; Paschmann et al. 1979; Pu et al. 2007). Magnetic
reconnection in the magnetotail explosively releases the stored
magnetic energy in the lobe, and causes substorms (e.g., Baker
et al. 2002; Angelopoulos et al. 2008; Lu et al. 2020b). Recently,
with the availability of high-resolution satellite observations, the
transition region or magnetosheath downstream of the bow
shock is evidenced to be another site, where reconnection can be
often observed in the magnetosphere (Retinò et al. 2007; Vörös
et al. 2017; Yordanova et al. 2016; Phan et al. 2018; Wang et al.
2018).

The bow shock is formed after the high-speed solar wind
interacts with the Earthʼs magnetosphere, and the magnetosheath
behind the shock is usually in a turbulent state. According to the
shock normal angle (θBn) between the shock normal and the
upstream magnetic field, the bow shock can be separated into a
quasi-parallel shock (θBn< 45°) and quasi-perpendicular shock
(θBn> 45°), and their characteristics are quite different. In the
quasi-parallel shock, the ions that are reflected by the shock can
move into the far upstream and excite low-frequency large-
amplitude electromagnetic waves due to plasma beam instabilities
(e.g., Su et al. 2012; Scholer 1990; Hao et al. 2016). With a global
three-dimensional (3D) hybrid simulation model, Lu et al. (2020a)

found that, when these waves are convected toward the shock by
the solar wind, they evolve into current sheets after penetrating the
shock. Magnetic reconnection can occur in these current sheets,
and magnetic islands may be generated. By performing a local
two-dimensional (2D) particle-in-cell (PIC) simulation, Bessho
et al. (2019) found that magnetic reconnection can also occur in
the transition region of a quasi-parallel shock. In situ evidence of
magnetic reconnection in the magnetosheath downstream of a
quasi-parallel shock has also been provided by Cluster and
Magnetospheric Multiscale (MMS) satellite observations (Retinò
et al. 2007; Phan et al. 2018; Yordanova et al. 2016; Vörös et al.
2017).
In a perpendicular shock, the ions that are reflected by the

shock quickly transmit to the downstream (Hada et al. 2003;
Johlander et al. 2016; Yang et al. 2020a; Turner et al. 2021), with
an anisotropic distribution in which the perpendicular temperature
is larger than the parallel temperature, and then excite ion
cyclotron waves and mirror waves (e.g., McKean et al. 1992; Lu
&Wang 2006; Winske & Quest 1988; Hao et al. 2014). However,
there is some evidence indicating the existence of magnetic
reconnection in the transition region of a quasi-perpendicular
shock (Wang et al. 2019). In this paper, with the help of a 2D PIC
simulation model, we try to figure out the mechanism for the
formation of current sheets and consequential magnetic reconnec-
tion in a quasi-perpendicular shock.

2. Simulation Model

An open-source electromagnetic 2D PIC simulation code
named EPOCH (Arber et al. 2015) is used in this article to
study magnetic reconnection in a perpendicular shock. The

The Astrophysical Journal, 919:28 (5pp), 2021 September 20 https://doi.org/10.3847/1538-4357/ac18c0
© 2021. The American Astronomical Society. All rights reserved.

1

https://orcid.org/0000-0003-3041-2682
https://orcid.org/0000-0003-3041-2682
https://orcid.org/0000-0003-3041-2682
https://orcid.org/0000-0002-1509-1529
https://orcid.org/0000-0002-1509-1529
https://orcid.org/0000-0002-1509-1529
https://orcid.org/0000-0002-9511-7660
https://orcid.org/0000-0002-9511-7660
https://orcid.org/0000-0002-9511-7660
https://orcid.org/0000-0003-3630-309X
https://orcid.org/0000-0003-3630-309X
https://orcid.org/0000-0003-3630-309X
https://orcid.org/0000-0003-2248-5072
https://orcid.org/0000-0003-2248-5072
https://orcid.org/0000-0003-2248-5072
mailto:qmlu@ustc.edu.cn
mailto:zwyang@swl.ac.cn
mailto:zwyang@swl.ac.cn
mailto:zwyang@swl.ac.cn
http://astrothesaurus.org/uat/1544
http://astrothesaurus.org/uat/2089
http://astrothesaurus.org/uat/1504
http://astrothesaurus.org/uat/1504
http://astrothesaurus.org/uat/1246
https://doi.org/10.3847/1538-4357/ac18c0
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac18c0&domain=pdf&date_stamp=2021-09-21
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac18c0&domain=pdf&date_stamp=2021-09-21


shock is formed by the injection method (Matsukiyo & Scholer
2012), where particles are injected from the left side of the
simulation boundary (at x= 0) at 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−z plane, and the ambient
magnetic field is ( )q q= -B i iB cos sinxBn Bn y0 0 , where θBn is
the shock normal angle. In our simulation, we choose
θBn= 600; therefore, the shock is quasi-perpendicular. Here,
the ambient magnetic field has a strong component perpend-
icular to the simulation plane, as in (Lembege & Savoini 1992;
Yang et al. 2012; Yang et al. 2020b). Periodic boundary
conditions for both electromagnetic fields and particles are
applied in the z direction.

The domain size of the simulation is Lx× Lz= 470.4di0×
12di0, where di0= c/ωpi0 is the ion inertial length, and
w e= n e mpi i0 0

2
0 is the ion plasma frequency based on the

upstream plasma density n0. The grid number is nx× nz= 47,
040× 1200, and the grid size is Δx=Δz= 0.01di0. Initially,
there are 50 ions and electrons in every cell, and the ion-to-
electron mass ratio is mi/me= 64. The light speed is c/VA0= 28.
The plasma beta values in the upstream are βi0= 0.1 and
βe0= 0.2.

3. Simulation Results

The shock is formed due to the interaction of the injected
plasma from the left boundary and the plasma reflected from the
right boundary, and its front propagates from right to left. Figure 1
describes the evolution of the perpendicular shock by plotting the
stacked profiles of the magnetic field B̄t from Ωi0t= 5 to 20.
During this time period, the shock front is already sufficiently
away from the right boundary, and influence from the right
boundary can be negligible. Here, B̄t is the average value of the
magnetic field = + +B B B Bt x y z

2 2 2 over the z direction. The
propagation speed of the shock front is about 2.5VA0, and then
the Alfvén Mach number is about 9.5 in the shock frame.

The reformation of the shock front can be clearly identified in the
figure, as demonstrated by the cyclic variations in the magnetic
field B̄t in the shock front. The reformation period is estimated to
be about W-2.1 i

1. It is generally considered that the reformation of
the shock front is related to the ions that are reflected by the shock
(e.g., Lembege & Savoini 2002; Yang et al. 2009). The reflected
ions are accumulated in the foot, and then the foot amplitude
increases until it exceeds that of the shock front. Finally, a new
shock front is formed, and the old shock front becomes gradually
weaker.
The reformation process of the shock front is exhibited more

clearly in Figure 2, which shows the magnetic field lines and
electron current in the y direction ( jey) at Ωi0t= 9.3, 9.7, 9.9, 10.7,
11.1, and 11.4. The profiles of the average value of the magnetic
field B̄t at these times are also plotted in the figure for reference.
These time slots are selected from one reformation period (from
about Ωi0t= 9.3 to 11.4). At Ωi0t= 9.3, the shock front is
relatively flat, and it is located at x≈ 446di0. There exists strong
electron currents associated with the shock front. Part of the
upstream ions are reflected by the shock front, and they will move
upward in the action of the Lorentz force, which drags the
magnetic field lines at the foot region and bends them upward.
Then, the bending magnetic field lines are squeezed. Finally, a
current sheet is formed, where the current is carried mainly by the
electrons and points to the +y direction when the current sheet is
convected toward the shock front by the solar wind. The
interaction of these structures with the shock front causes local
curvature variations in the shock front, and a rippled shock front is
formed. From the profile of the average value of the magnetic
field B̄t, we can identify the enhancement of the magnetic field in
the foot region of the shock. Simultaneously, both the current
sheet carried by the solar wind and the current sheet associated
with the shock front are distorted, and several magnetic islands are
generated in the foot region and downstream. When these
structures are fully merged with the shock front, the enhancement
of the magnetic field surpasses that of the shock front, and a new
shock front is eventually formed. A new cycle of shock
reformation begins again.
The generation of magnetic islands in the distorted currents

sheets in the foot region and downstream of the shock indicates the
occurrence of magnetic reconnection. This can be demonstrated
more clearly in Figure 3. In Figure 3, we plot the enlarged view of
the region denoted by the red lines in Figure 2(c). Figures 3(a)–(d)
present the electron current in the y direction jey, the fluctuating
magnetic field in the y direction δBy (where ˜d = -B B By y y, and
B̃y is the average value of By in the denoted region), the electric
field in the y direction ¢Ey (where ¢ = + ´E E V Be ), and ¢j Eey y at
Ωi0t= 9.9, respectively. The magnetic field lines are also plotted in
these figures for reference. There are several strong electron current
sheets in the region, and we focus on the two strong electron
current sheets denoted by CS1 and CS2. We have also transformed
the two current sheets into the local current sheet coordinate
system, i.e., (L1, M1, N1) and (L2, M2, N2), through minimum
variance analysis (Sonnerup & Scheible 1998), andL1= (0.585, 0,
0.81) andL2= (0.842, 0, 0.538). The currents are directed toward
the +y and −y directions in current sheets CS1 and CS2,
respectively, and an X-type configuration of the magnetic field
lines is formed in every current sheet. The half-widths of the
current sheets are estimated to be about 0.19di0 and 0.11di0 around
the X lines, while their lengths are about 0.28di0 and 0.36di0. The
fluctuating magnetic field δBy is produced around the two X lines.
Here, the fluctuating magnetic field δBy does not exhibit the

Figure 1. Evolution of the perpendicular shock by plotting the stacked profiles
of the magnetic field B̄t from Ωi0t = 5 to 20. Here, B̄t is the average value of the

magnetic field = + +B B B Bt x y z
2 2 2 over the z direction.
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well-known quadrupolar structure found in other simulations and
satellite observations in the Harris current sheet (e.g., Fu et al. 2006;
Huang et al. 2010; Wang et al. 2012). This may be caused by the
curvature of magnetic field lines around the X line and fast
evolution of the current sheets. The reconnection electric field ¢Ey as
well as ¢j Eey y exist in the vicinities of the two X lines. The peak
values of the reconnection electric field are about 2.6VA0B0 and
−2.3VA0B0 in current sheets CS1 and CS2, respectively. In
Figures 3(e) and (f), we show that the electron outflows move
along the L1 and L2 directions in the two current sheets. Here, the
background electron flow in the two current sheets have been
eliminated. Obviously, the two X lines are accompanied by the
bidirectional high-speed electron outflows, and their speed may
exceed the local Alfvén speed (here, the values of the local Alfvén
speed are about 1.9V A0 and 1.8V A0, respectively).

Now we analyze in detail the characteristics of current sheet
CS1, which is asymmetric. In the current sheet, the magnetic field
and plasma density on the right side are B1≈ 4.26B0 and
n1≈ 4.02n0, while those on the left side are B2≈ 4.69B0 and

n2≈ 4.47n0. Therefore, the half-width and length of the current
sheet are about 0.38 and 0.56 times the local ion inertial length,
which is calculated based on the density nm= n1B2+ n2B1/B1+
B2≈ 4n0. Equivalently, the half-width of the current sheet is about
3.04 times the local electron inertial length. The reconnection
electric field normalized by VABm is about 0.26, where
Bm= 2B1B2/(B1+B2)≈ 4.5B0 and m= »V B B m n 5.0i mA

2
1 2 0

(Cassak & Shay 2007). According to the results in Sharma
Pyakurel et al. (2019), the ions do not response to magnetic
reconnection when the length of the current sheet is comparable to
the ion inertial length. Simultaneously, we also find that the
lifetime of the current sheet is shorter than the ion cyclotron period
based on Bm(2

π/Ωci≈ 1.39), as shown in Figure 4. Based on these
considerations, only the electrons are involved in reconnection,
and it is electron magnetic reconnection without ion coupling.
Therefore, the reconnection electric field normalized by VAeBm
(where m=V B B m ne e mA

2
1 2 0 ≈ 320) is about 0.01.

The evolution of the current sheets in the region denoted by
the red lines in Figure 2(c) is also investigated. Figure 4 plots
the electron current in the y direction jey and the topology of the

Figure 2. Magnetic field lines and electron current in the y direction ( jey) at Ωi0t values of (a) 9.3, (b) 9.7, (c) 9.9, (d) 10.7, (e) 11.1, and (f) 11.4. The profiles of the
average value of the magnetic field B̄t are also plotted in the figure for reference.
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magnetic field lines at Ωit= 9.9, 10.1, 10.3, 10.5, 10.7, and
11.1 (also see the associated animation of Figure 4, which
shows the time evolution of the two current sheets observed in
the immediate downstream of the shock from Ωit= 9.6 to
13.0). We still focus on the two current sheets denoted by CS1
and CS2. In each current sheet, two magnetic islands are
formed around the X line, and they become gradually larger
with the proceeding of magnetic reconnection. The sizes of
these islands range from 1.2di0 to 1.57di0, or 1.74 to 2.26 times
the local ion inertial lengths. The islands may also merge with
other islands. Simultaneously, the two current sheets are largely
distorted, or even break into several segments.

4. Conclusions and Discussion

In this paper, using a 2D PIC simulation model, we have studied
magnetic reconnection associated with a quasi-perpendicular
shock. The results showed that the quasi-perpendicular shock is
nonstationary, and it experiences reformation with a cyclic period
of about W-2.1 i0

1. During the reformation of the shock, the
magnetic field lines in the foot region are first bent upward and

then squeezed. A current sheet is eventually formed. Because the
width of the current sheet is on the electron scale, the electron
motions are nonadiabatic, and the current is carried mainly by the
electrons. The current sheet is convected to the shock front by
the solar wind. After these structures interact with the shock front,
the shock front becomes irregular. Both the current sheet carried
by the solar wind and the current sheet associated with the shock
front are distorted and fragmented into many filamentary current
sheets in the shock transition region. Magnetic reconnection may
occur in these filamentary current sheets, and magnetic islands are
formed. Based on the width, length, and lifetime of these current
sheets, we deduce that only electrons are involved in magnetic
reconnection.
Electron magnetic reconnection without ion coupling has been

observed by MMS satellites in the magnetotail (Wang et al. 2018)
and magnetosheath (Phan et al. 2018). The observations by Phan
et al. (2018) indicate that electron reconnection can occur in the
downstream of a quasi-parallel shock. However, our results
predict that electron magnetic reconnection may also occur in the
transition region and downstream of a quasi-perpendicular shock,
which could be verified by MMS observations in the future.

Figure 3. Enlarged view of the region denoted by the red lines in Figure 2(c). (a) Electron current in the y direction jey, (b) fluctuating magnetic field in the y direction
δBy (where ˜d = -B B By y y, and B̃y is the average value of By in the denoted region), (c) electric field in the y direction ¢Ey (where ¢ = + ´E E V Be ), and (d) ¢j Eey y at
Ωi0t = 9.9. In the figure, CS1 and CS2 denote the two current sheets. X1 and X2 denote the X points in current sheets CS1 and CS2. (e)–(f) show that the electron
outflows move along the L1 and L2 directions in the two current sheets. Here, the background electron flow in the two current sheets has been eliminated.
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Please note that, in this paper, the simulation is performed in the
x–z plane, and the ambient magnetic field has a strong y
component. Therefore, magnetic reconnection in the shock
transition region of the perpendicular shock has a strong guide
field. How it will influence the energy dissipation in a quasi-
perpendicular shock requires further investigation.
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