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Abstract In this paper, two-dimensional particle-in-cell simulations are performed to investigate
the characteristics of these electron holes generated in the separatrix region of antiparallel magnetic
reconnection. The electron holes with bipolar structures of the parallel electric field are formed in the
border between the electron inflow channel (where electrons move toward the X line) and outflow
channel (where electrons flow away from the X line), where the electrons satisfy the bump-on-tail
distribution. Quasi-monochromatic electrostatic waves, which propagate with a speed near the bulk
velocity of the fast electron beam, are first excited by the electron bump-on-tail instability. These waves
then coalesce with each other, and at last electron holes are formed in the separatrix region which then
propagate away from the X line along the magnetic field lines.

1. Introduction

Electrostatic solitary structures are commonly observed in different space environments, such as the plasma
sheet [Matsumoto et al., 1994], the auroral region [Ergun et al., 1998], magnetosheath [Pickett et al., 2004],
magnetopause [Cattell et al., 2002], and the solar wind [Mangeney et al., 1999]. In general, such electrostatic
structures show positive potential pulses, and their parallel electric field (the component of the electric
field, which is parallel to the background magnetic field) has bipolar signatures. They are proposed to be
closely related to electron phase-space holes (electron holes). From a theoretical view, electron holes are
considered to be the stationary Bernstein-Greene-Kruskal solution of Vlasov and Poisson equations [Bernstein
et al., 1957; Muschietti et al., 1999; Chen et al., 2005; Ng and Bhattacharjee, 2005]. Particle-in-cell (PIC)
simulations have found that electron holes can be formed during the nonlinear evolution of the electron
streaming instabilities (caused by the relative drift between different electron populations) or Buneman
instability (caused by the relative drift between ions and electrons) [Morse and Nielson, 1969; Omura et al.,
1994; Mottez et al., 1997; Lu et al., 20053, 2005b]. Recently, electron holes associated with magnetic
reconnection have been observed in the magnetotail and laboratory [Cattell et al., 2005; Fox et al., 2008;
Khotyaintsev et al., 2010]. The bipolar structure of the parallel electric field associated with the electron
holes is considered to be a diagnostic for reconnection events in satellite observations [Lapenta et al., 2011].
Whistlers can be strongly excited by electron holes. When they pass near the X line, the reconnection rate
can be modulated [Goldman et al., 2014].

Although it is generally accepted that streaming instabilities lead to the generation of electron holes in
magnetic reconnection, the exact mechanism is still under debate. In three-dimensional PIC simulations of
magnetic reconnection with a strong guide field, Drake et al. [2003] found that electron holes can be formed
near the X line due to the Buneman instability by the relative drift between ions and electrons, and these
electron holes propagate along the out-of-plane direction (parallel to the guide field). These electron holes
can lead to strong electron scattering, which is necessary for the expedition of fast reconnection. In the works
of Che et al. [2009], besides the electron holes that formed during the nonlinear development of the
Buneman instability, the turbulence associated with the parallel electron-electron two-stream instability and
the nearly perpendicular lower hybrid instability is also driven. By performing one-dimensional (1-D) and
two-dimensional (2-D) electrostatic Vlasov simulations with parallel velocity particle distributions taken from
2-D PIC simulations of magnetic reconnection with a guide field, Goldman et al. [2008] demonstrated that the
electron holes in the separatrix region (the region around the separatrices, and the width is about one ion
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inertial length) are resulted from the Buneman instability, while near the X line both the Buneman instability
and electron streaming instability may lead to electron holes. In 2-D PIC simulations of magnetic reconnection
with a guide field, Lapenta et al. [2010, 2011] attributed the generated electron holes in the separatrix region to
the Buneman instability, and the relative drift between ions and electrons is formed due to the observed fast
electron flow toward the X line within the electron density cavities. However, Pritchett and Coroniti [2004]
indicated that an electron streaming instability may also be unstable in the separatrix region during a guide field
reconnection, and then its nonlinear evolution generates electron holes. With 2-D PIC simulations, Fujimoto and
Machida [2006] also found the existence of electron holes in the plasma sheet-lobe boundary region during
antiparallel magnetic reconnection. These electron holes are formed due to the cold electron two-stream
instability between the background cold electrons and the intense beam electrons flowing away from the X line.
In antiparallel magnetic reconnection, electrons stream toward the X line along the separatrices and then leave
the X line along the magnetic field lines just inside the separatrices after they are accelerated by the reconnection
electric field in the vicinity of the X line [Hoshino et al., 2001; Huang et al., 2010; Lu et al., 2010]. In this paper, by
performing 2-D PIC simulations of antiparallel magnetic reconnection, we investigate the detailed characteristics
of the electron holes generated in the separatrix region during antiparallel magnetic reconnection. The electron
holes exist in the border between the electron inflow channel (where electrons move toward the X line) and
outflow channel (where electrons flow away from the X line), where the electrons satisfy the bump-on-tail
distribution. Quasi-monochromatic electrostatic waves are first excited due to the electron bump-on-tail
instability, and they coalesce with each other in the nonlinear evolution stage until several electron holes with the
bipolar structures of the parallel electric field are at last formed. These electron holes propagate away from the X
line along the magnetic field lines with a speed near the bulk velocity of the fast electron outflow.

The structure of the paper is as follows. In section 2, the simulation model is overviewed. The simulation
results are presented in section 3. The conclusions and discussion are given in section 4.

2. Simulation Model

Two-dimensional PIC simulations are carried out in this paper to investigate the generation of electron holes
during antiparallel magnetic reconnection. In the simulation model, the electromagnetic fields are defined
on the grids and updated by integrating the Maxwell equations with an explicit leapfrog algorithm, and the
ions and electrons are treated as individual particles and advanced in the electromagnetic field. Periodic
boundary conditions are assumed in the x direction, while in the z direction conducting boundary conditions
are retained and particles are specularly reflected. The initial equilibrium configuration is described as a 1-D
Harris current sheet with the expression B(z) = By tanh(z/d)e,, where 4 is the half width of the current sheet
and By is the asymptotical magnetic field. J is chosen as 0 =0.5¢/w,; (Where c/wy,; is the ion inertial length
based on the peak Harris number density ng). The corresponding number density have the form n

(2) = np + ng sech?(z/6), where np = 0.2ng represents the background density. lons and electrons are assumed
to satisfy the Maxwellian distribution, and the initial temperature ratio is set as T;o/T.o = 4. The mass ratio is set to
be mi/m, =64 (where m;/m, is the rest mass of the ion/electron), and the light speed is c=30V,, where V, is
the Alfven speed based on By and ny. The initial thermal velocities of the ions and electrons are about 0.8 V, and
2 Vj, while the gyroradius of the ion and electron are about 0.8 ¢/w,,; and 0.02 ¢/wy,;. The gyrofrequency/plasma
frequency ratio is Q/wp;i = Va/c=1/30. The (x, 2) plane is the simulation domain. The computational domain
size is LyxL, = 51.2¢/wp x 12.8¢/ wp; with the spatial resolution Ax= Az=0.05c/wp,;. The time step is set to be
At = 0.001(2,’1, where Q;=eBy/m; is the ion gyrofrequency. More than 300 million particles are employed in
the simulation domain. Reconnection is initiated by a small flux perturbation.

3. Simulation Results

The evolution of the magnetic reconnection is snapshotted in Figure 1. The left and right show the parallel
electric field E/VaBy and parallel electron bulk velocity Ve /V, at Qit = 26.2, 28.8, and 31.4, respectively.
Here the in-plane magnetic field lines are also presented for reference. With the growth of the reconnection,
an X line occurs around x =27c¢/wy,. As reported in the previous works, the electrons move toward the X line
along the separatrices and get accelerated in the vicinity of the X line and then flow out along the magnetic
field lines [Hoshino et al., 2001; Huang et al., 2010; Lu et al., 2010]. Around Q;t = 28.8, the bipolar structures
of the parallel electric field begin to appear in the separatrix region. As the time goes on, the electron
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Figure 1. The time evolution of the (left) parallel electric field E|/VaBo and (right) electron parallel bulk velocity Ve /Vy4 at
Q;t=26.2,28.8, and 31.4 from top to bottom. The in-plane magnetic field lines are presented.
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Figure 2. The (a) electron number density ne/ng, (b) parallel electric
field £)/VaBo, and (c) electron parallel bulk velocity Ve)/Va at Qit =
31.4. The in-plane magnetic field lines are presented. The dotted curves
mark the border between the electron inflow and outflow channels.

bulkflow become stronger, and the region
with the parallel electric field £ extends
along the magnetic field lines around the
separatrices. At Q;t = 31.4, the bipolar
structures of the parallel electric field are
well developed in the separatrix region. The
supporting information includes a video of
the evolution of £, which illustrates very
clearly the generation and propagation of
the bipolar structures in the separatrix
region during reconnection. Please note
that a long initial current sheet is used in
our simulations, and only a single X line
occurs. This allows us to trace the structures
of the electric field before the
computational boundary can have an
effect on the electric field and electron
bulk flow near the separatrices. After
comparing the structures of the electric
field and electron bulk velocity, we can
find that the bipolar structures of electric
field are roughly located in the border
between the electron inflow and outflow
channels. This can be distinguished

more clearly in Figures 2 and 3. Figure 2
plots the distributions of (a) the electron
number density n./ng, (b) the parallel
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Figure 3. The profiles of the parallel electric field £)/V4Bo (black), electron
parallel bulk velocity Ve/Vy (red), and electron number density ne/ng
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electric field E/VaBo, and (c) the
parallel electron bulk velocity Vg /Vj at
Q;t = 31.4, which is within the region
associated with the left lower separatrix
(11 <x/(c/wgi) <22 and — 3<7/(c/wy;)
<—0.5). Here the dotted curves mark
the border between the electron inflow
and outflow channels, while the dark
purple region denotes the electron
density cavity (the region with the
electron density smaller than the nearby
region). Obviously, the dotted curve
(Figure 2b) passes through the region
with the bipolar structures of the electric

NJ/Ng

(blue). The red dashed line denotes the position of the border between field. Figure 3 shows the profile of the

the electron inflow and outflow channels, while the electron density
cavity is signed by the blue dashed line.

parallel electric field E;/VaB, (the black
curves), the parallel electron bulk
velocity Ve /Va (the red curves), and the

electron number density n./ng (the blue curves) along the line x=17.1¢c/wy,; (which is denoted with the
dashed line in Figure 2b) at Q;t = 31.4. The red dashed line in Figure 3 denotes the position of the border of
the electron inflow and outflow channels, while the electron density cavity is signed by the blue dashed line.
The electrons flow to the X line inside the electron density cavity as reported previously [Pritchett, 2001;

Lu et al., 2010], while the bipolar structures of the electric field are found to be located in the border between
the electron inflow and outflow channels in this paper. Obviously, the bipolar structures of the electric field
are closer to the center of the plasma sheet than the electron density cavity. The distance in the z direction
between the center of the bipolar structures (the peak of ) and the electron density cavity is about 0.3 c/w;,
while the width of the bipolar structure is about 0.5 ¢/w;. Based on the local electron number density
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Figure 4. The propagation of the bipolar electric field structures
along the magnetic field lines at the inner side of the left lower
separatrix during the time interval Q;t=31.2 to 31.8 from top

o bottom.

n; ~0.18ny, the local electron inertial length
C/twpe, is an estimated 0.3 c/wy,;. Therefore,
the width of the bipolar structures of the
electric field is on the scale of the local
electron inertial length, and it is related to
electron dynamics.

The propagation of the bipolar structures of
the electric field can be analyzed based on
Figure 4, which plots the time evolution of the
parallel electric field £ /VaB, between the
interval 31.2<Q;t<31.8 from top to down
(the time interval between the contiguous
snapshots is 0.05Q; ", about 5 times the local
electron plasma period U’E;,L)- The parallel
electric field is obtained from the red box
denoted in Figure 2b, and it describes the
propagation of the bipolar structures of the
electric field around the left lower separatrix.
In the figure, two obvious bipolar structures,
which are denoted as A and B, can be easily
identified. They propagate away from the

X line along the magnetic field lines at the
inner side of the separatrix with a nearly
constant speed (~5 V,). The magnitude of the
bipolar structure A is decreasing, and the
structure almost disappears at Q;t= 31.55
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Figure 5. The time evolution of the electron distribution in the phase
space (x, ve|)) along the profile (the red box in Figure 2b) near the left
lower separatrix.
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Figure 6. The (a) parallel electric field E||/VABO and (b) ion and electron
densities n; o/ng (red and black curves, respectively) along z= — 1.6¢c/w
pi at Qit=314.

(denoted by “h”), while the magnitude of
the structure B is increasing and reaches
the peak at Q;t = 31.45 (denoted by “f"). The
typical magnitude of a characteristic
bipolar structure of the electric field is
around 0.1 VB, which is comparable to
the reconnection electric field around the
Xline. In summary, the bipolar structures of
the electric field have a large amplitude,
and their scale is of the local electron
inertial length; simultaneously, they are
propagating away from the X line along the
magnetic field lines at the inner side of
the separatrices.

Figure 5 plots the time evolution of the
electron phase-space (x, v¢) distribution at
(@) Qit=31.2, (b) Qit= 314, (c) Qit=31.6,
and (d) Q;t=31.8. The distribution is
calculated by taking from the red box
denoted in Figure 2b. Compared with
Figure 4, it is not difficult to find that the
bipolar structures of the electric field
correspond to the holes in the electron
phase space, which are denoted by A and
B in the figure. These electron phase-
space holes propagate away from the X
line along the magnetic field lines.
Electron hole A is hardly recognizable
from Q;t = 31.6, while electron hole B is
more stable and can be distinguished
during the observation time. Figure 6a
shows the bipolar structures of £} along
z=—1.6c/wp; at Q;t = 31.4, which result
from the electrostatic potential caused by
the lower electron number density
relative to the ion number density shown
in Figure 6b. The ion and electron
densities are plotted by the red and black
curves, respectively. The ion density
changes little, and the bipolar structures
of the parallel electric field are determined
by the electron density. Therefore, the
bipolar structures of the electric field
belong to electron holes, which are
related to electron dynamics.

The parallel velocity distribution of the
electrons f(v)) in the region 19.4¢/wpi <x
<19.8¢/wpi, —1.3¢/wpi<z< — 0.9¢/wp; at
Q;t=29.3 is given by the black curve in
Figure 7. The red curve is the double-
Gaussian fit of the black curve.

The distribution consists of two populations:
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1.0 | Y Y Y | the majority is moving toward the X line, while the
minority is away from the X line after they are
accelerated in the vicinity of the X line. The bulk
velocities of the outflow and inflow electrons are
“— 05+ b estimated to be about 6 V, and —1.5 V,, respectively,
i V 1 while the thermal velocity is about 2 V, for both the
P 1 inflow and outflow electrons. The drift velocity
| between the inflow and outflow is 7.5 V,, which is
0.0 ) ) / much larger than the thermal velocity. The
-10 -5 0 5 10 percentage of the faster outflow electrons is about
Vv /VA 15%. Obviously, it is a bump-on-tail distribution. The
generation of electron holes during the nonlinear
Figure 7. The black curve plots the electron parallel velocity evolutlon.of the bump-on-tall instability has been
distribution f(v”) in the region 19.4¢/wpi <x<19.8c/wp;, reported in the previous researches [Omura et al,
1.3¢/wpi<z< — 0.9¢/wp; (include the border between the 1996; Lu et al., 2005b].

electron inflow and outflow channels) at Q;t = 29.3, while
the red one is the corresponding double-Gaussian fit.

el

Figure 8 shows the time evolution of £} at the center
of the structures along the x direction from Q;t = 29.3
to Q;it = 31.8. The waves begin to be excited by the
bump-on-tail instability at about Q;t = 29.3, and they are monochromatic until to about Q;t= 30.5. They
propagate along the —x direction, which is away from the X line. From Q;t = 30.9, the waves begin to coalesce
with the neighboring ones. The process of the coalescent is denoted by the red and blue curves in Figure 8b.
At Qit= 31.4, the coalescence is almost completed and the bipolar structures of £ are formed.
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Figure 8. (a) The time evolution of parallel electric field £)/VsBo profile along the x direction from Q;jt=29.3 to Q;t=31.8
and (b) the time profiles of E|/VaBo, at Qit=30.2, 30.9, 31, and 31.4. The two pairs of waves denoted with the red and
blue curves coalesce to form the electron holes marked by A and B in Figures 4 and 5.
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Figure 9. Wave spectrum of parallel electric field E/VaBo (filled contours). The sampling region is 17.5¢/wp; <X <20c/@p;,
and the time interval is 29.3Q;'<t<30.2Q". The black and red curves are the theoretical profiles of the wave frequency
o, /wpe and growth rate y/wpe, respectively, deduced from the linear analyses of (a) the Buneman instability, (b) the

cold electron two-stream instability, and (c) the bump-on-tail instability. The red dashed lines present the wave number
corresponding to the maximum growth rate. By the fit curve in Figure 7, the drift velocities of the outflow and inflow
populations are estimated to be about 6 V4 and —1.5 Vj, respectively, while the thermal velocity is about 2 V4 for both the
inflow and outflow populations.

Theoretically, the waves excited by the Buneman instability and cold electron two-stream instability have the
dispersion relations at the linear stage as

me/m; &
b=1- ("L/"")“’f’{ T (w—kvbo)z} -0 w

and

1—¢ €
D=1—(n./no)w? + =0, 2)
(0/o)ope Lw — kvi)? (0 — kvbo)2:|
where ¢ =0.15 and v;,o/V = 6 is the proportion and drift velocity of the minority outflow electrons; vi,i/V = —1.5
is the drift velocity of the main inflow electrons; n;/ny = 0.18 is the local plasma number density; and w = w, + iy,
where w, and y present the real frequency and the growth rate. When the kinetic effects of electrons cannot be
neglected, the dispersion relation of the bump-on-tail instability should be given by

2 2
N Ppe Vio & !
D=1-— 1—¢)—Z((; 74 =0 3
no KOvE {( 92 (6) +eZ (E)| =0, 3)
where vy; and vy, are the thermal velocities of the inflow and outflow electrons, respectively. {;, is defined as
Cio=(/k — Vpipo)/Vrito- Z({) is the plasma dispersion function expressed as

e e7X dx

2() = ﬁjm — @)

The dispersion function can be dealt with using the method proposed by Roennmark [1982], while equations
(1)-(3) can be solved numerically by the full-matrix approach proposed by Xie [2013]. Figures 9a-9c show the
theoretical profiles of the wave frequency (w,) and growth rates (y) of the Buneman instability, cold electron
two-stream instability, and bump-on-tail instability. The wave spectrums of £ in the (w/wpe, kc/wpe) space are
presented by the filled contours in Figure 9. The sampling region is 17.5¢/wp; <x < 20c/wy,;, and the time

interval is 29.3Q); '<t<30.2Q;". During this interval, the waves are in the linear stage of the evolution. Note
that the phase speed of cold electron two-stream instability varies during the later nonlinear evolution of the
instability [Che et al., 2009]. It is found that the spectrum has a clear peak around w/@wpe = 0.21 and kc/wpe = 1.4.
The phase speed is about 4.6 V,. The theoretical frequency and wave number, where the growth rate of the
Buneman instability reaches the maximum, are much smaller than those corresponding to the peak of the wave
spectrum. In the cold electron two-stream instability, the theoretical wave number (kc/wpe = 2) corresponding
to the maximum growth rate is larger than that of the simulation result (kc/wpe = 1.4), while the theoretical
phase velocity (v, = 3.6V,) of the wave is smaller than that of the simulation result (v, =4.6V,). The wave
spectrum obtained in our simulations is consistent with the theoretical results of the bump-on-tail instability.
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According to the theory, the maximum growth rate of bump-on-tail instability is ymax=0.11wpe, and the
corresponding frequency and wave number are w/wpe = 0.21 and kc/wpe = 1.4, respectively. Therefore,
the corresponding wave length and phase speed are 0.56 c/w,; and 4.5 V4, which are consistent with the
simulation results.

In summary, after analyzing the formation of these electron holes observed in the border between the
electron inflow and outflow channels, such as the earlier electron velocity distribution, and dispersion
relation of the corresponding linear waves, we attribute the generation mechanism of these electron holes to
be the nonlinear evolution of the electron bump-on-tail instability in the separatrix region during the
antiparallel magnetic reconnection.

4. Conclusions and Discussion

Previous simulations [Huang et al., 2010; Wang et al., 2010] of antiparallel magnetic reconnection have shown
that electrons in the diffusion region flow toward the X line along the separatrices due to the mirror effect,
which lead to the generation of the electron density cavities along the separatrices. These electrons get
accelerated by the reconnection electric field in the vicinity of the X line and then flow out along the
magnetic field lines at the inner side of the separatrices. The formed in-plane electron currents result in the
quadruple structure of the out-of-plane Hall magnetic field [Sonnerup, 1979; Terasawa, 1983; Birn et al., 2001;
Shay et al., 2001; Dieroset et al., 2001; Pritchett, 2001; Nagai et al., 2003; Fu et al., 2006; Retino et al., 2006; Lu
et al.,, 2010]. In this paper, by performing 2-D PIC simulations of antiparallel magnetic reconnection, we
investigate the detailed characteristics of the electron holes in the separatrix region. The electron holes are
identified in the border between the inflow and outflow electron channels, whose parallel electric field has
bipolar structures along the magnetic field lines. The magnitude of the parallel electric field of the electric
field is as strong as the reconnection field in the vicinity of the X line, and their width is on the scale of the
local electron inertial length. The lifetime of these electron holes is estimated to be thousands of the local
electron plasma periods, which is consistent with that of the electron holes in a homogeneous plasma [Lu
et al.,, 2005a, 2008; Wu et al., 2010].

Moreover, in the region with the existence of the electron holes, the electrons are found to satisfy bump-on-tail
distribution, where the inflow and outflow electrons consist of the background and the fast streaming
electrons, respectively. At first, quasi-monochromatic electrostatic waves are first excited by the electron bump-
on-tail instability. These waves then coalesce with each other, and at last several electron holes are generated.
These electron holes propagate away from the X line along the magnetic field lines at the inner side of the
separatrix region, and the propagation speed is nearly the bulk velocity of the fast outflow population. Such a
generation process of electron holes is similar to that during the nonlinear evolution of the bump-on-tail
instability in a homogeneous plasma [Omura et al., 1996]. Therefore, we conclude that the electron holes
identified in this paper are the results of the nonlinear evolution of the bump-on-tail instability. With 2-D PIC
simulations, Fujimoto and Machida [2006] also investigate the electron holes in the separatrix region during
antiparallel reconnection, and they attributed the formation of the electron holes to the cold electron two-
stream instability. The difference may be caused due to the different electron temperatures used between our
simulations and that of Fujimoto and Machida [2006]. Omura et al. [1994, 1996] compared the generation of
electron holes during the nonlinear evolution of both the cold electron two-stream instability and bump-on-tail
instability. Electron holes can be formed in the cold electron two-stream instability only when the density of
the electron beam is comparable to that of the background electrons, and their propagation speed is much
smaller than the bulk velocity of the electron beam. However, electron holes can be formed in the bump-on-tail
instability even if the density of the electron beam is much smaller than that of the background electrons,
and their propagation speed is nearly the bulk velocity of the electron beam. Therefore, electron holes should
be easy to be formed in the bump-on-tail instability and applied in space plasma [Omura et al., 1999]

In our simulation, a Harris current is used, while in reality the current sheet in the magnetotail is sandwiched
by low dense tenuous lobes in the magnetotail. However, it will not change the pattern of the electron flow
in antiparallel magnetic reconnection: the electrons move toward the X line along the separatrices, and
they are directed away from the X line just inside the separatrices. Such a pattern of the electron flow has
been observed in reconnection events in the magnetotail [Wang et al., 2010]. Therefore, the electron
bump-on-tail distribution and electron holes should be able to be observed in the magnetotail. Actually, the
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bump-on-tail distribution associated with electron holes has been observed in the magnetotail reconnection
by Cluster [Cattell et al., 2005]. However, due to the limitation of the resolution, it is difficult to identify

the exact mechanism of the electron holes observed by the satellite. NASA's Magnetospheric Multiscale
Mission [Sharma and Curtis, 2005] will use four identical spacecraft to examine the process of magnetic
reconnection. It will provide higher-resolution data for fields and particle distribution, which may give us a
great chance to reveal the generation mechanism of electron holes during magnetic reconnection.
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