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Abstract Electrostatic solitary waves (ESWs) are ubiquitously observed in magnetic reconnection.
In this study, two-dimensional (2-D) particle-in-cell (PIC) simulations are performed to investigate

the characteristics of ESWs in asymmetric magnetic reconnection. ESWs with bipolar structures of

the parallel electric field can be generated near the separatrices only on the magnetosphere side, and
propagate to reconnection downstream direction along the magnetic field. These structures corresponding
to electron phase-space holes (electron holes) can cross both the electron outflow and inflow channels
although their main part is located in the electron outflow. When there is no guide field, the ESWs are
generated by electron two-stream instability. When there is a guide field, the amplitude of the ESWs are
different on the right and left side of the X line. On the left side, the ESWs are weaker and generated by
the electron two-stream instability. On the right side, the ESWs are stronger, and there are two kinds of
ESWs with distinct phase speed. The faster one is generated by electron two-stream instability, while the
slower one is generated by Buneman instability.

1. Introduction

Magnetic reconnection is an important physical process with the topological change of the magnetic field
lines and the conversion of magnetic energy into plasma kinetic energy (Angelopoulos et al., 2013, 2020;
Burch et al., 2016; Genestreti et al., 2017; Lu et al., 2013; Parker, 1957; Wang & Lu, 2019; Yamada et al., 2010).
The fact that magnetic reconnection can provide sources of free energy for various plasma waves has been
demonstrated by satellite observations. These waves can cause strong electron scattering, which may result
in the expedition of fast reconnection (Dokgo et al., 2019; Drake et al., 2003; Graham, Vaivads, et al., 2016;
Sato & Hayashi, 1979; Wilder et al., 2017; Zhang et al., 2019). Therefore, plasma wave activities are consid-
ered to have a significant impact on magnetic reconnection.

A variety of plasma waves have been observed by satellites during magnetic reconnection, including Lang-
muir waves (Vaivads et al., 2004), lower hybrid waves (Webster et al., 2018; Zhou et al., 2009), electron
cyclotron waves (Viberg et al., 2013), electrostatic solitary waves (ESWs) (Cattell et al., 2005; Fujimoto
et al., 2011; Lotekar et al., 2020), whistler waves (Graham, Vaivads, et al., 2016; Tang et al., 2013), kinetic
Alfvén waves (Chaston et al., 2005). ESWs are known as isolated bipolar spikes in the parallel electric field,
which are frequently observed in the diffusion region. Simulation studies indicate that ESWs are related to
electron phase-space holes (electron holes) (Huang et al., 2014; Lapenta et al., 2011), which may be gener-
ated in the nonlinear stage of the electron stream instability or Buneman instability (Che et al., 2010; Drake
et al., 2003; Fujimoto, 2014; Fujimoto & Machida, 2006; Huang et al., 2014; Lu, Wang & Dou, 2005; Lu,
Wang, & Wang, 2005; Omura et al., 1996). Matsumoto et al. (2003) reported the first observation of ESWs
associated with magnetic reconnection near the magnetosphere side of the dayside magnetopause. The
high-resolution observations with Cluster and MMS satellites indicated that ESWs are closely related to the
electron beams produced in magnetic reconnection, and can be detected near the separatrices of magnetic
reconnection (Cattell et al., 2005; Graham et al., 2015; Graham, Khotyaintsev, et al., 2016; Khotyaintsev
et al., 2010; Liu et al., 2019; Retino et al., 2006; Tong et al., 2018; Viberg et al., 2013). Graham et al. (2015)
showed that ESWs detected near the separatrices move at distinct speeds and have distinct spatial scales,
and suggested that these ESWs with distinct speeds are caused by different plasma instabilities.
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Numerous kinetic simulations have been devoted to study the generation mechanisms of ESWs in magnetic
reconnection. Through a three-dimensional (3-D) particle-in-cell (PIC) simulation, Drake et al. (2003) found
that the Buneman instability is unstable in the vicinity of the X line during magnetic reconnection with a
strong guiding field, and ESWs are at last generated during the nonlinear stage of the instability. Lapenta
et al. (2010) demonstrated that the Buneman instability can also be excited and then evolve into ESWs near
the separatrices of guide field reconnection, while the electron bump-on-tail instability results in the genera-
tion of ESWs near separatrices of both the anti-parallel reconnection and guided field reconnection (Huang
et al., 2014; Lapenta et al., 2011; Pritchett, 2004). All these simulations are implemented in symmetric recon-
nection, where the two inflow regions have the same plasma conditions. Recently, by surveying plasma waves
at the dayside magnetopause reconnection, Wilder et al. (2016) found that most of wave activities, including
ESWs, are confined in the magnetosphere side with a larger magnetic field and smaller plasma density. In this
study, by performing two-dimensional (2-D) PIC simulations, we study the detailed characteristics of ESWs
near the separatrices of asymmetric reconnection, the influence of the guide field is also studied.

2. Simulation Model

We use 2-D PIC code where the electric and magnetic fields are updated by the Maxwell equation with
an explicit leapfrog algorithm and the particle motions are determined by the Newton-Lorentz equa-
tions. Previous researches have shown that the code can be used to study magnetic reconnection and
the excitation of plasma waves (Fu et al., 2006; Lu, Wang & Dou, 2005; Lu, Wang, & Wang, 2005; Sang
et al., 2018, 2019). The initial magnetic field is B(z) = B, [tanh(z / /1) + R]ex + Byoe, where A is the half
thickness of the current sheet, B and B, are the strength of the typical magnetic field and guide field, and
the parameter R determines the asymrhetry of the magnetic field. The expression of the number density

isn =n, [1 - altanh(z / /1) -, tanh® (z / ﬂ)} The pressure balance condition requires the total pressure

n(TO + Teo) + B3 / 24, to be constant, where T,, and T}, are the initial temperatures for electrons and ions,

1
respectively, we can get ¢; = 2Ra, anda, = By /[ 24441, (Tio + T, )]. In our simulations, we choose R = 1/5,
T,y = 47,0, a; = 2/9, a, = 5/9, the variation in magnetic field is from 1.2 B, to —0.8B,, and the variation in
the number density is from 2/9n, to 1/3n,, from the magnetosphere side to the magnetosheath side. 4 is
set to 4 = 0.5d(where d; = ¢ / @, is the ion inertial length based onn, ). Both the ion and electron velocity
distributions are assumed to be Maxwellian. The mass ratio m; / m, is set to be 100, and the light speed is
¢ =15V, (where V, is the Alfven speed, which is calculated with B,and n,). The simulation domain size is
L, x L, =80d; x 40d; with the spatial resolution Ax = Az = 0.05d,. The time step is Az = 0.001 Q;'(Where
Q,; = eB, / m; is the ion gyrofrequency). The number of particles we employ in each species exceeds 10°.
Periodic boundary condition is assumed in the x direction, while in the z direction, we use conducting
boundary condition. To make a quick reconnection onset, we assume that the initial flux function has a

small disturbance Ay = yocosh (22 / A)cosh™(x 1 2) and v, =0.1¢B,, / @,

3. Simulation Results

Two cases are studied in this study: Case 1 is anti-parallel reconnection without a guide field, and Case 2 is
asymmetric reconnection with a guide field B, = B, Figure 1 presents the parallel electric field £, (where
E, = E-B'/IB'|,B' = B.e, + B.e, is the in-plane magnetic field) at Q;r = (a) 15, (b) 24, (b) 29, and (d) 34.8
in Case 1. Here, the magnetic field lines are superimposed on the figure. Reconnection onset occurs at about
Q,r=15, and the parallel electric field begins to appear around the X line. At about Q.,r= 24, the parallel
electric field with bipolar structures begins to develop near the separatrices on the magnetospheric side.
Then, the bipolar structures become stronger and stronger, and reach their peak amplitude at about Q=
29. These structures can exist until the end of the simulation (Q,;7 =35).

Figure 2 illustrates (a) the parallel electron bulk velocity V,, (where V,, = ¥, - B’ /IB'l and V, is the electron
bulk velocity) and (b) the electron bulk velocity in the y direction V,, at Q.r =29 for Case 1, at that time E,
near the separatrices has the maximum amplitude. We can find that the electron bulk velocityV,, in the —y
direction has a peak value about 3.0V,, which is due to the electrons get acceleration around the electron
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Figure 1. The parallel electric field E, (where E, = E - B'/|B'l,and B' = B,i, + B_i_ is the in-plane magnetic field) at
Q;t =(a) 15, (b) 24, (b) 29, and (d) 34.8 for Case 1.

diffusion region. These accelerated electrons form the electron outflow jets (denoted by g in Figure 2a) just
below the separatrices on the magnetosphere side. Simultaneously, the electron inflow (denoted by « and y
in in Figure 2a) appears near the separatrices on both the magnetosphere and magnetosheath sides.

In order to identify the exact location of the bipolar structures of E, on the magnetosphere side, we plot the
distributions of electron bulk velocity V,, and the parallel electric field |E”| versus z at Q;r = 29, which are
presented in Figure 3. Here, |E”| (V) at a definite z is the average value of |E,| (V,)) at 72d; < x <73.8d,(as

denoted with a rectangle in Figure 1c). Here, the boundary between the inflow and outflow channels of
electron is represented by the horizontal red dashed line. The electron inflow is located above the dashed
line, while the electron outflow is located below the dashed line. From the figure, we can find that the layer
of enhanced |En| ranges from the electron outflow channel to the inflow channel, and the half width of this

layer is about 0.5d;. The peak value of ‘E“‘ is located in the electron outflow region.

Figure 4 exhibits (a) the electron phase-space distribution versus x and v,, and (b) the parallel electric field

E, at Q. = 27 for Case 1. In the figure, we show the distribution and E, in the region 60d; < x < 80d,. At
a definite location x, the electron distribution is calculated by including all the electrons in the region 1.0

d; < 7 <1.4d, and E, is the averaged value in the same region. In this region, the background magnetic field

(@ Q=29
6

0 20 40 60 80
x/d,

Figure 2. (a) The parallel electron bulk velocity V,, (where V,, =V, - B' /| B'l, and V,is the electron bulk velocity). (b)
The electron bulk velocity in the y direction V,, at Q; =29 for Case 1. Here, the dotted lines represent the separatrices.
The red arrows indicate the direction of electron flows.
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Figure 3. The distributions of ’ E“”’ (red) and parallel electron bulk velocity
V,, (black) in the region of 724, < x <73.8d,at Q;t =29 for Case 1.

is almost along the x direction, and we can assume that in the figure the
electron distribution and parallel electric field are presented along the
magnetic field lines. It is easy to identify that each bipolar structure of
E, correspond to a hole in the electron phase space (X, Ven). Therefore, we
can conclude that the bipolar structure of E, near the separatrices on the
magnetospheric side corresponds to the BGK mode. The propagation of
these structures is shown in Figure 5. Here we plot the time stacks of E
along the x direction from Q;¢ =25 to Q;¢ = 28. Here, E, is obtained along
the linez =1.2d,. These bipolar structures propagate away from the X line
along the x direction. The propagating speed is about 4V, in early stage,
and become a little bit smaller with the time evolution.

Figure 6 shows electron and ion parallel velocity distributions f(Ver) and
f(a) in the region 67.5d; < x < 68.5d;, 1.0d; < z < 1.4d, for Case 1. The
electron velocity distribution consists of two populations: the inflow
component has the bulk velocity about —1.5V,, and the outflow compo-
nent has the bulk velocity about 6V,. In addition, a small part of electrons
with the bulk velocity about —7V, is caused by the periodic boundary
conditions used in the simulation. After fitting the electron distribution
with a bi-Maxwellian function, we can obtain the parameters of the two
electron components: the inflow component has a bulk velocity about
—1.5V, and a thermal velocity about 2.4V,, while the outflow component
has a bulk velocity about 6.5V, and a thermal velocity about 1.2V,. The
number density percentage of the outflow component and the inflow
component are approximately 32% and 68%, respectively. The ion bulk
velocity and thermal velocity are obtained to be about 0.1V, and 1.0V,
respectively.

Then, based on these parameters, we can calculate the dispersion relation of the unstable modes generated
by this distribution. Theoretically, the general dispersion relationship of the electrostatic instabilities with
wave vector parallel to background magnetic field is:

D(w.k) =1+2.2;)[2§ [1+¢2(¢))] W

J VT/-

Qt=27
08

65 70 75 80
x/d,

Figure 4. (a) The electron phase-space distribution versus x and V., and (b) the parallel electric field E” ( E“ is the
averaged value of E, in the region 60d; < x <80d;, 1.0d; < z <1.4d;) at Q;t = 27 for Case 1.
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Figure 5. The time stacks of E(at; —1.2d;) along the x direction from
Q;t = 25t0 Q;r = 28 for Case 1.

wherew = w, + iy, subscripts j denote the beam component, V7; and V;
are the thermal velocity and bulk velocity of component j , respectively.
¢;isdefinedas g; = (a) —k- VJ) / kvy;. Plasma dispersion functionZ(g)
is expressed as

+00 e—xz
e — dx 2

2) =711

Figure 7 shows the wave spectrum of E, in the (@, k) space for Case 1.
Here, the spectrum is calculated using the Fourier transform of E, in the
region 68d; < x <73d; (at; = 1.2d;) and 25 Q;' <t <26 Q;', which is de-
noted by the rectangle in Figure 5. This region is chosen because the wave
is in the early stage of evolution during this interval, and the linear the-
ory can be applied. In the figure, the theoretical dispersion relation and
growth rate () of electron two-stream instability based on Equation 1 are
also plotted for reference. We find that the power spectral density of E,
has a peak around @ / @,, ~0.2 and kd, ~0.75 (where d, = ¢ / w,,, is the
electron inertial length). The location of this peak is consistent with the

theoretical dispersion relation and the wave number where the growth rate reaches maximum. Therefore,
we attribute the formation of ESWs in Case 1 to the electron two-stream instability.

Now we consider the influence of the guide field, which is presented in the simulation results of Case 2.
Figure 8 plots the parallel electric field E, at Q;7 =(a) 16, (b) 24, (b) 34, and (d) 36 for Case 2, and the mag-
netic field lines are superimposed on the figure. In this case, reconnection onset occurs at about ;f = 16.

At about Q7 = 24, the bipolar structures of E, appear near the separatrices on the magnetosphere side. The

parallel electric field reaches its peak amplitude at about Q,r = 34. Different from the case without a guide
field, here the amplitudes of Ej on the right side of the X line is much stronger that those on the left side.

Figure 9 illustrates (a) the parallel electron bulk velocity V,, and (b) the electron bulk velocity in the y di-
rection V,, at €;# = 34 for Case 2. Here, the location of the electron inflow and outflow channels and the

flow pattern are similar to those in Case 1. However, both the electron outflow and inflow on the right side

of the X line are much stronger than those on the left side. Detailed analyses demonstrate that the bipolar

0.60

0.45
>°0.30

0.15

0.00
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Figure 6. The electron and ion parallel velocity distributions f(ver) (black

.
ei|ll A

solid line) and f (Vi) (red solid line) in the region 67.5d, < x <68.5d;, 1.0

d; < z <1.4d, for Case 1. The dashed line is the velocity distribution fitted

by a bi-Maxwellian distribution.

structures of E, corresponding to electron holes range from the electron
outflow channel to the inflow channel on the magnetospheric side (not
shown), similar to the anti-parallel case.

Figure 10 shows the propagation of E,on the magnetosphere side for
Case 2, which plots the time stacks of E, along the x direction from Q;r =
29.5 to Q,;r =34 on (a) the left side of the X line (1d; < x < 16d,) and (b)
the right side of the X line (57d; < x < 72d,). Here, E, is obtained along
the line z =1.5d,. The bipolar structures of E, on both the left and right
sides of the X line propagate away from the X line along the x direction.
On the left side, similar to the anti-parallel case, there is only one kind of
bipolar structures, and the propagating speed is about 2.5V,. On the right
side, there are two kinds of bipolar structures with distinct propagating
speeds, and their propagating speeds are about 1.6V, and 2.4V,.

Figure 11 shows electron and ion parallel velocity distributions f(Ver)
and f(Va) in the regions (a) 10d; <x < 11d,, 1.2d; < z < 1.8d;and (b) 57
d; <x< 58d;, 1.2d; < z < 1.8d, for Case 2. In Figure 11a, after fitting the
distribution with a bi-Maxwellian function, we can obtain the parame-
ters of the two electron components and one ion component. The inflow
component has a bulk velocity about 1.3V, and a thermal velocity about
2.2V,, while the outflow component has a bulk velocity about —5.2V, and
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Figure 7. Wave spectrum of parallel electric field E, in the (@, k) space
for Case 1. The sampling region is 68d; < x <73d; (atz = 1.24;), and the
time interval is 25 Q;' < ¢ <26 Q;, which is denoted by the rectangle in
Figure 5. The black dashed and solid curves are the dispersion relation and
growth rate (y) of the electron two-stream instability calculated from the
linear analyses.

a thermal velocity about 1.8V,. The number density percentage of the
outflow component and the inflow component are approximately 55%
and 45%, respectively. The ion bulk velocity and the thermal velocity are
obtained to be about —0.1V, and 1.0V,,. In Figure 11b, the electron inflow
and electron outflow can be identified. In addition, a small part of elec-
trons with the bulk velocity about —8V/, is caused by the periodic bound-
ary conditions used in the simulation. After fitting the distribution with a
bi-Maxwellian function, we can obtain the parameters of the two electron
components and one ion component. The inflow component has a bulk
velocity about —1.6V, and a thermal velocity about 1.9V,, while the out-
flow component has a bulk velocity about 3.4V, and a thermal velocity
about 1.9V,.The number density percentage of the outflow component
and the inflow component are approximately 53% and 47%, respectively.
The ion bulk velocity and thermal velocity are obtained to be about 0.1
V, and 1.0V,. At last, based on these parameters, we can calculate the
dispersion relation of unstable modes generated by these distributions.

Figure 12 shows the wave spectrum of E, in the ( @, k ) space for Case 2.

Here, the spectra in Figures 12a and 12b are calculated using the Fourier
transform of E in the region 6d; < x <12 d, 30 Q;' <7 <31.5Q;" and

584; < x < 65d,, 30 Q;' <1<31.5Q;" (at; = 1.5d;), which are denoted
by the rectangle in Figures 10a and 10b, respectively. In panel (a), the
theoretical dispersion relation and growth rate (y) of the electron two-
stream instability based on Equation 1 are plotted for reference, while in
panel (b), both electron two-stream instability and Buneman instability

are plotted. In Figure 12a, the power spectral density of E, has only one peak around o/ @,, ~0.16 and

kd, ~1.0. The phase velocity is about 2.4V,. The location of this peak agree well with the dispersion rela-

tion of electron two-stream instability and the wave number k where the growth rate reaches maximum.
Therefore, the generation mechanism of the ESWs shown in Figure 12a is electron two-stream instability. In

Figure 12b, the spectrum has two clear peaks, one appears around @ / @

~0.12 and kd, = 1.0, and corre-

pe

sponding to a slower phase velocity is 1.8V,. The other peak is around @ / w,, ~0.18 and kd, ~ 1.2, and the
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Figure 8. The parallel electric field E, (where E, = E - B' / |B'l, and B' = B,i, + B.i, is the in-plane magnetic field) at
Q;t =(a)l6, (b)24, (b)34, and (d)36 for Case 2.
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Figure 9. (a) The parallel electron bulk velocity V,, (where V,, =V, - B' / |B'l, V, is the electron bulk velocity) and (b) the electron bulk velocity in the y
direction ¥, at Q;r =34 for Case 2. Here, the dotted lines represent the separatrices.
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corresponding phase velocity is 2.25V,. The location of the two peaks agree well with the dispersion relation
of Buneman instability and electron two-stream instability, and the wave numbers k where the growth rates
reach maximum. Therefore, the ESWs shown in Figure 12b are generated by both the electron two-stream
instability and Buneman instability.

4. Conclusions and Discussion

In this study, we study the generation of ESWs during asymmetric magnetic reconnection with a 2-D PIC
simulation model. In the simulations, we find that ESWs corresponding to electron phase-space holes can
only be generated near the separatrices on the magnetosphere side, where the magnetic field is stronger
and the plasma density is lower. By comparing the electrostatic structures and electron bulk velocities, we
demonstrate that the position of these ESWs is near the boundary between the inflow and outflow channels
of electrons, and propagate to the reconnection downstream direction along the magnetic field. When there
is no guide field, the ESWs are generated by the electron two-stream instability through the nonlinear inter-
actions between the inflow and outflow electrons. When there is a guide field, besides the ESWs generated
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P '\ < \ \ ‘ ] - od P > a
.?‘ ...\:“: N ‘q\ \ ' T '; . "’,_l R
AW N IR 6,01 18 L0 N 0.02
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| w002 29.5 (L A . -0.04
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Figure 10. The time stacks of E, (at; —=1.5d;) along the x direction from Q,r =29.5 to Q;r =34 on () the left side of the X line (1d; < x <16d,) and (b) the right
side of the X line (57d; < x <72d;) for Case 2.
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Figure 11. The electron and ion parallel velocity distributions f(v,,) (black solid lines) and f(v,,) (red solid lines) in the regions (a) 10d; <x<11d;,1.2d; < z <
1.84;and (b) 57d, < x <58d;, 1.2d; < z <1.8d, for Case 2. The dashed lines are the velocity distributions fitted by bi-Maxwellian function.

by the electron two-stream instability, there still exists another kind of ESWs corresponding to the Buneman

instability.

After surveying plasma waves observed by MMS satellites at asymmetric magnetic reconnection at the
dayside magnetopause, Wilder et al. (2016) found that ESWs are confined in the magnetosphere side. Si-
multaneously, with Cluster observations, Graham et al. (2015) demonstrated the existence of two kinds of
ESWs in asymmetric reconnection of the dayside magnetopause with distinct speeds and length scales. Our
simulations can provide a satisfactory explanation for these observations. According to our simulations, the
electron two-stream instability or Buneman instability will be responsible for the generation of ESWs near
the boundary between the inflow and outflow channels of electron. The electrons from the outflow have
different velocity from those from the inflow, and their relative velocity can cause the electron two-stream-
ing instability. Simultaneously, the relative velocity between the outflow electrons and ions can cause the

(b).

036 T q0.006 0.36 710010
| I ,
|
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Figure 12. Wave spectrum of parallel electric field E, (filled contours) in the (@, k) space for Case 2. (a) The sampling region is 6d; < x <124 (atz =1.5d)),

the time interval is 30 Q;' < r <31.5 Q;" which is denoted by the rectangle in Figure 10a. (b) The sampling region is 584; < x <65d; (atz =1.5d;), and the time
interval is 30 Qi’l <t <315 Qi’l, which is denoted by the rectangle in Figure 10b. The black (red) dashed and solid curves are the dispersion relation and growth
rate () of the electron two-stream instability (the Buneman instability) calculated from linear analyses.
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excitation of the Buneman instability. In addition, we can observed both the inflow and outflow electrons
on the magnetospheric side, while there only exists the electron inflow on the magnetosheath side. There-
fore, we can only observe the generation of ESWs near the separatrices on the magnetosphere side, but no
waves on the magnetosheath side.

In this study, we use a model where the magnetic field and plasma density across the current sheet are
asymmetric while the temperature is symmetric. However, statistical studies have shown that there is typ-
ically strong temperature asymmetry in the magnetopause current sheet (Lukin et al., 2020). Using par-
ticle-in-cell simulations, Sang et al. (2019) indicated that the influence of temperature asymmetry on the
in-plane current (dominated by electron flow) is much weaker than that of magnetic field and density asym-
metry. Therefore, the influence of the temperature asymmetry on the generation ESWs should be negligible.

With the kinetic simulations, Lu, Artemyev, et al. (2019), Lu, Angelopoulos, et al. (2019) found that the
strong temperature inhomogeneity in a current sheet further increases reconnection outflow speed, causing
numerous secondary islands to be formed continuously at reconnection X-lines. Secondary islands have
also been observed by satellites in different regions (Wang et al., 2010, 2016). In our study, we investigate
the generation of ESWs near the separatrices in single X-line reconnection. When secondary islands are
formed in the diffusion region, the electron outflow speed near the separtrices of the primary X line should
be enhanced, and ESWs should be easier to be generated. However, the situation around the secondary X
lines in the diffusion region should be complicated, and it is our further investigation.

In addition, Panov et al. (2011) showed that the guide field may be peaked at the magnetopause current
sheet. Our simulations use a constant value of the guide field in the initial condition of the current sheet.
With the development of magnetic reconnection, the magnetic field in the direction of the guided field
(Hall magnetic field) has a complicated structure, and it may be a bipolar or tripolar structure with the peak
at the magnetopause current sheet (Sang et al., 2019).

Data Availability Statement
The simulation data set has been uploaded to https://dx.doi.org/10.12176/01.99.00530.
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