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[1] A multidimensional electron phase‐space hole (electron hole) is considered to be
unstable to the transverse instability. In this paper, we perform two‐dimensional
(2D) particle‐in‐cell (PIC) simulations to study the evolution of electron holes at different
plasma conditions; we find that the evolution is determined by combined actions between
the transverse instability and the stabilization by the background magnetic field. In
very weaklymagnetized plasma (We�wpe, whereWe andwpe are the electron gyrofrequency
and plasma frequency, respectively), the transverse instability dominates the evolution of
the electron holes. The parallel cut of the perpendicular electric field (E?) has bipolar
structures, accompanied by the kinking of the electron holes. Such structures last for only
tens of electron plasma periods. With the increase of the background magnetic field, the
evolution of the electron holes becomes slower. The bipolar structures of the parallel cut of
E? in the electron holes can evolve into unipolar structures. In very strongly magnetized
plasma (We � wpe), the unipolar structures of the parallel cut of E? can last for thousands
of electron plasma periods. At the same time, the perpendicular electric field (E?) in the
electron holes can also influence electron trajectories passing through the electron holes,
which results in variations of charge density along the direction perpendicular to the
background magnetic field outside of the electron holes. When the amplitude of the electron
hole is sufficiently strong, streaked structures of E? can be formed outside of the electron
holes, which then emit electrostatic whistler waves because of the interactions between the
streaked structures of E? and vibrations of the kinked electron holes.
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1. Introduction

[2] Since electron phase‐space holes (electron holes)
were firstly observed in the Earth’s magnetotail with the
GEOTAIL satellite [Matsumoto et al., 1994], their existence
has further been confirmed in different space environments,
such as the auroral region [Ergun et al., 1998a], the transition
region of the bow shock [Bale et al., 1998], the solar wind
[Mangeney et al., 1999], the magnetopause [Cattell et al.,
2002], and the magnetosheath [Pickett et al., 2004]. Electron
holes are considered to be stationary Bernstein‐Greene‐
Kruskal (BGK) solutions of theVlasov and Poisson equations
[Bernstein et al., 1957; Muschietti et al., 1999; Chen et al.,
2005; Ng and Bhattacharjee, 2005]. Electron holes have
also been observed in laboratory plasma, for example, in a
magnetized plasma surrounded by a waveguide [Saeki et al.,

1979], and in an unmagnetized laser‐generated plasma [Sarri
et al., 2010]. They are positive potential pulses, and the
parallel cut of their parallel electric field (Ek) has bipolar
structures. Roberts et al. [1967] proposed that electron holes
can be formed out of electron bistream instabilities. Particle‐
in‐cell (PIC) simulations have confirmed that electron holes
can be formed during the nonlinear evolution of electron
bistream instabilities [Morse and Nielson, 1969], and these
holes can persist for a sufficiently long time in one‐
dimensional (1D) PIC simulations [Omura et al., 1994;Mottez
et al., 1997; Lu et al., 2005a, 2005b]. These electron beams
may be generated in a region with sudden changes of an
electrostatic potential, such as a double layer [Newman et al.,
2001a] or a shock [Bale et al., 1998]. Multidimensional
simulations of bistream instabilities showed that a strong
magnetic field or oblique modes are beneficial for the for-
mation of electron holes [Oppenheim et al., 1999; Amano
and Hoshino, 2009; Bret et al., 2006].
[3] However, the parallel cut of the perpendicular electric

field (E?) in electron holes has been observed by the Polar
and Fast Auroral Snapshot (FAST) satellites to have unipolar
structures [Ergun et al., 1998a, 1998b; Franz et al., 1998,
2005; Grabbe and Menietti, 2006], and such unipolar struc-
tures of E? can also form during the nonlinear evolution
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of electron bistream instabilities [Oppenheim et al., 1999].
Recently, Lu et al. [2008] proposed a generation mechanism
for the unipolar structures of E? in electron holes. Using
two‐dimensional (2D) electrostatic PIC simulations, Lu et al.
[2008] demonstrated that electron holes can be formed during
the nonlinear evolution of electron bistream instabilities.
In these holes, the parallel cut of Ek has a bipolar structure,
while the parallel cut of E? has a unipolar structure. Such
unipolar structures of E? in electron holes are considered
to be combined actions of the transverse instability and the
stabilization by the background magnetic field. The trans-
verse instability in electron holes proposed by Muschietti
et al. [2000] is due to the dynamics of the electrons trapped
in the electron holes and is a self‐focusing type of instability.
Perturbations in electron holes can produce transverse gra-
dients of the electric potential. Such transverse gradients
focus the trapped electrons into regions that already have a
surplus of electrons, which results in larger transverse gra-
dients and more focusing until the transverse instability
finally occurs. Such a process has also been confirmed by
self‐consistent PIC simulations in Muschietti et al. [2000].
In this paper, we perform 2D electrostatic PIC simulations
to investigate the evolution of two‐dimensional electron
holes at different plasma conditions, with an emphasis on
the structures of the perpendicular electric field (E?) and the
generation mechanism of electrostatic whistler waves. The
electrostatic whistler waves are often observed in 2D PIC
simulations of electron bistream instabilities [Goldman et al.,
1999; Oppenheim et al., 1999; Lu et al., 2008].
[4] In this paper, the simulation model and plasma condi-

tions are presented in section 2, the simulation results are
described in section 3, and the discussion and conclusions
are given in section 4.

2. Simulation Model

[5] A 2D electrostatic PIC code with periodic boundary
conditions is employed in our simulations [Decyk, 1995; Lu
and Cai, 2001]. The background magnetic field B0 is along
the x direction. In the simulations, we only move electrons,
while ions are motionless and form a neutralizing back-
ground. Initially, a potential structure, which represents an
electron hole, is located in the middle of the simulation
domain. The potential structure is described as

� xð Þ ¼ y exp �0:5ðx� LÞ2=D2
k

h i
; ð1Þ

where Dk and L are the half width and center position of the
electron hole, respectively, and y is the amplitude of the
potential structure. The potential structure is homogeneous
in the transverse direction, which is supported by a clump of
trapped electrons in the electron hole. The trapped electrons
gyrate in the background magnetic field and simultaneously
bounce back and forth in the parallel direction of the elec-
tron hole. The motions of a trapped electron are determined
by the ratio of the electron gyrofrequency We to the bounce
frequency wb =

ffiffiffiffiffiffiffiffiffiffiffiffi
y=D2

k
q

[Muschietti et al., 2000]. The initial
electron distributions can be calculated by the BGK method

self‐consistently, which has already been given byMuschietti
et al. [1999]. It is

F x; vx; vy; vz
� � ¼ F1 wð Þ exp �0:5 v2y þ v2z

� ��
Te

� 	
; ð2Þ

where Te is the electron temperature, w ≡ vx
2 − 2�(x) is twice

the parallel energy and

F1 wð Þ ¼
ffiffiffiffiffiffiffi�w

p

�D2
k

1þ 2 ln
y

�2w

� �h i
þ 6þ ffiffiffi

2
p þ ffiffiffiffiffiffiffi�w

p� �
1� wð Þ ffiffiffiffiffiffiffi�w

p

�
ffiffiffi
2

p þ ffiffiffiffiffiffiffi�w
p� �

4� 2wþ w2ð Þ

For � 2y � w < 0

ð3aÞ

F1 wð Þ ¼ 6
ffiffiffi
2

p

� 8þ w3ð Þ For w > 0: ð3bÞ

Equations (3a)) and (3b) describe the distributions of the
trapped and passing electrons, respectively. The trapped
electron distribution has a hollowed‐out shape, while the
passing electron distribution has a flat‐top shape.
[6] In the simulations, the density is normalized to the

unperturbed density n0. The velocities are expressed in units
of the electron thermal velocity vTe = (Te/me)

1
2. The dimen-

sionless units used here have space in Debye length

�D ¼ "0Te
n0e2

� �1
2
, time in the inverse of the plasma frequency

!pe ¼ n0e2

me"0

� �1=2
, and potential in

mev2Te
e . Cell size unit lD × lD

is used in the simulations, and the time step is 0.02wpe
−1.

There are on average 625 particles in each cell, and the
number of cells is 128 × 256. Initially, the electrons are
loaded to satisfy equations (2) and (3).

3. Simulation Results

[7] We investigate the evolution of the perpendicular
electric field in electron holes at different plasma conditions.
A total of 6 runs are performed, as shown in Table 1. In
runs 1–4, the initial potential is characterized by y = 0.8
and Dk = 2.0, and the parameters are consistent with both
the observations [Ergun et al., 1998a] and the theoretical
prediction [Muschietti et al., 1999]. Runs 5–6, with y = 2.0
and Dk = 3.0, are also performed to investigate the influ-
ence of the initial potential amplitude. However, since the
two sets of hole parameters in Table 1 leave wb practically
unchanged (with wb = 0.45 and 0.47, respectively), the
sensitivity of the results to the value of wb cannot be deter-
mined from these runs.
[8] Figure 1 shows the simulation results for run 1, which

correspond to weakly magnetized plasma. The bounce fre-
quency wb is much smaller than the electron gyrofrequency
We. In Figure 1, the top row displays the time evolution of
the electric field energies Ex

2 (Figure 1a) and Ey
2 (Figure 1b),

respectively, and electric field energies are normalized by
me
2wpe

2 vTe
2 /e2. Below the top row of Figure 1, the left and right

columns plot the electric field components Ex (Figure 1a)
and Ey (Figure 1b) at wpet = 10, 70, and 200 in the domain
32lD ≤ x ≤ 96lD and 0 ≤ y ≤ 128lD. Before about wpe t = 30,
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both the electric field Ex and Ey have little change. With the
excitation of the transverse instability at about wpe t = 30, the
electric field energy Ex

2 begins to decrease and Ey
2 increases.

At this point a kinked electron hole can be found in the
simulation domain, and the bipolar structures of the parallel
of Ey can be observed if we cut the electron hole along the
direction parallel to the background magnetic field. After the
transverse instability becomes sufficiently strong, it begins to
destroy the electron hole. At about wpe t = 70, both the electric
field component Ex and Ey begin to decrease until they
disappear at about wpe t = 150.

[9] Figure 2 shows the simulation results for run 2, which
also correspond to weakly magnetized plasma. However, the
bounce frequency wb is comparable to the electron gyro-
frequency We. The overall evolution of the electric field
energies Ex

2 and Ey
2 are similar to run 1, but now the evo-

lution is much slower because of the stabilization by the
background magnetic field. The transverse instability begins
to be excited at about wpet = 60 with the decrease of Ex

2

and increase of Ey
2. A kinked electron hole can be found at

wpet = 90, and again we can recover the bipolar structures
of the parallel cut of Ey in the electron hole. With the evo-
lution of the electron hole, we can observe a quasi–1D elec-
tron hole from about wpet = 140, as demonstrated by Lu et al.
[2008], during the nonlinear evolution of electron bistream
instabilities implemented with 2D PIC simulations. In a
quasi–1D electron hole, along the direction perpendicular to
the background magnetic field, a variation for Ex can be
found, while for Ey a series of islands (with alternate pos-
itive and negative Ey) are formed. Therefore, the unipolar
structures of the parallel cut of Ey can be found in the
electron hole, which is caused by the combined actions

Figure 1. The top row shows the time evolution of the electric field energies (a) Ex
2 and (b) Ey

2, respec-
tively, normalized by me

2wpe
2 vTe

2 /e2. Below the top row, the left and right columns plot the electric field
component Figure 1a Ex and Figure 1b Ey at wpet = 10, 70, and 200 for run 1 in the domain 32lD ≤
x ≤ 96lD and 0 ≤ y ≤ 128lD.

Table 1. Summary of Simulations (Run 1–6)

Run Number y Dk wb We/wpe We/wb

1 0.8 2.0 0.45 0.1 0.22
2 0.8 2.0 0.45 0.3 0.67
3 0.8 2.0 0.45 0.7 1.56
4 0.8 2.0 0.45 10.0 21.22
5 2.0 3.0 0.47 0.7 1.49
6 2.0 3.0 0.47 10.0 21.28
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between the transverse instability and the stabilization by
the background magnetic field. When the transverse insta-
bility is sufficiently strong, it begins to destroy the electron
hole at about wpet = 240. At first, the electron hole begins to
be broken into several segments, and several 2D electron
holes which are isolated in both the x and y directions are
formed. In the 2D dimensional electron holes, the parallel cut
of Ey also has unipolar structure. As time goes on, such 2D
electron holes become weaker and weaker until they dis-
appear at about wpet = 1700. In this run, the bipolar and
unipolar structures of Ey can persist for about 100 and
1000 plasma periods, respectively.
[10] Figure 3 shows the simulation results for run 3, where

the electron gyrofrequency We is larger than the bounce
frequency wb. Although the evolution is similar to run 2, the

decay of the electron hole is much slower. In summary, a
kinked electron hole with a bipolar structure of the parallel
cut of Ey is formed at about wpet = 100. At about wpet = 700,
a quasi–1D electron hole is formed, and the parallel cut of
Ey has a unipolar structure in the electron hole.
[11] Figure 4 plots the simulation results for run 4, which

correspond to strongly magnetized plasma, and the electron
gyrofrequency We is much larger than the bounce frequency
wb. The evolution is similar to runs 2 and 3, however, here a
quasi–1D electron hole with unipolar structures of Ey can
persist for a much longer time. We can still find the exis-
tence of a quasi–1D electron hole until the end of the run (at
about wpet = 4500). Therefore, the lifetime of the unipolar
structures of Ey is several thousands of plasma periods.

Figure 2. The top row shows the time evolution of the electric field energies (a) Ex
2 and (b) Ey

2, respec-
tively, normalized by me

2wpe
2 vTe

2 /e2. Below the top row, the left and right columns plot the electric field
component Figure 2a Ex and Figure 2b Ey at wpet = 10, 90, 140, and 300 for run 2 in the domain
32lD ≤ x ≤ 96lD and 0 ≤ y ≤ 128lD.
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[12] We also investigate the influences of the initial poten-
tial amplitude y on the evolution of the electron hole. The
simulation results for run 5, shown in Figure 5, correspond to
weakly magnetized plasma. The electron gyrofrequency We

is larger than the bounce frequency wb. The evolution of the
electron hole is similar to run 3. At about wpet = 380, the
transverse instability begins to be excited, and a kinked
electron hole with a bipolar structure of the parallel cut of
Ey is formed. A quasi–1D electron hole with a unipolar
structure of Ey is formed at about wpet = 800; the electron
hole then decays into several 2D segments. The difference
is that the transverse instability excites electrostatic whistler
waves with streaked structures for Ey outside of the electron
hole. The electrostatic whistler waves are also often observed
in the multidimensional PIC simulations of electron bistream

instabilities [Goldman et al., 1999; Oppenheim et al., 1999;
Lu et al., 2008]. The electrostatic whistlers become weaker
with the decay of the electron hole into several 2D segments.
Figure 6 plots the simulation results for run 6, which corre-
spond to strongly magnetized plasma, and the electron
gyrofrequency We is much larger than the bounce fre-
quency wb. The evolution of the electron hole is similar to
run 5. However, in run 6 the electrostatic whistler waves
are much stronger. Both the electrostatic whistler waves and
the quasi–1D electron hole with unipolar structures of Ey

persist until the end of the run.
[13] The evolution of the electron holes at different plasma

conditions can be explained on the basis of the interactions
between the transverse instability and stabilization by the
background magnetic field, as demonstrated by Muschietti

Figure 3. The top row shows the time evolution of the electric field energies (a) Ex
2 and (b) Ey

2, respec-
tively, normalized by me

2wpe
2 vTe

2 /e2. Below the top row, the left and right columns plot the electric field
component Figure 3a Ex and Figure 3b Ey at wpet = 10, 250, 800, and 2000 for run 3 in the domain
32lD ≤ x ≤ 96lD and 0 ≤ y ≤ 128lD.
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et al. [2000], and confirmed by Lu et al. [2008]. The trans-
verse instability is a self‐focusing type of instability acting
at the level of the particle trajectories [Muschietti et al.,
2000]. This can be illustrated by following electron trajec-
tories in a kinked electron hole, whose potential is modeled
as [Muschietti et al., 2000]

� x; yð Þ ¼ y exp �0:5
x� 32:0� "Dk cos ky

Dk


 �2
" #

; ð4Þ

where " is a measure of the perturbation and k is its transverse
wave number. The parameters are y = 2.0, Dk = 3.0, " = 0.5
and k = 0.22. Figure 7 shows the contours of the charge
density r, the electric field Ex, and the electric field Ey, which

are calculated on the basis of equation (4). In the electron
hole, the charge density changes along the y direction, and the
parallel cut of Ey has bipolar structures. Typical electron
trajectories are plotted in Figure 8. Figure 8a shows elec-
trons trapped in an electron hole, and Figure 8b shows
electrons passing through an electron hole. Initially, these
electrons are distributed evenly in the y direction, and in the x
direction they start from x = 28lD in Figure 8a and x = 11lD
in Figure 8b. The background magnetic field is B0 = 0.7,
and the charge density is also plotted. The trapped electrons
tend to accumulate to the regions that already have a surplus
of electrons (with negative charge density). The transverse
undulation in the electron hole then becomes more and more
pronounced, which results in a self‐focusing type of insta-
bility. The electrons passing through the electron hole also

Figure 4. The top row shows the time evolution of the electric field energies (a) Ex
2 and (b) Ey

2, respec-
tively, normalized by me

2wpe
2 vTe

2 /e2. Below the top row, the left and right columns plot the electric field
component Figure 4a Ex and Figure 4b Ey at wpet = 10, 400, 850, and 3200 for run 4 in the domain
32lD ≤ x ≤ 96lD and 0 ≤ y ≤ 128lD.
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tend to accumulate to some regions, with the charge density
changing along the y direction. This leads to the streaked
structures of Ey outside of the electron hole.
[14] Figure 9 shows the contours of charge density r at

wpet = 970 for run 6. Here, we choose run 6 with the back-
ground magnetic field B0 = 10 because in run 5 the kinked
electron hole decays so fast that there is no sufficient time to
form strong electrostatic whistler waves. The charge density
inside and outside of the electron hole changes along the y
direction, forming structures which exactly match the pre-
diction in Figure 8. The streaked structures of Ey outside of
the electron holes can be explained by the variations of the
charge density along the y direction in the corresponding
regions. The variations of the charge density at x = 28lD

outside of the electron holes are shown in Figure 10, and
∂Ey/∂y is also plotted. We can find ∂Ey/∂y ≈ r. Therefore,
the variations of r along the y direction lead to the corre-
sponding variations of ∂Ey /∂y outside of the electron holes,
producing regular streaked structures of Ey along the y direc-
tion. Subsequently the interactions between the streaked
structures of Ey and the vibrations of the kinked electron hole
emit electrostatic whistler waves. The electrostatic whistler
waves propagate along the direction nearly perpendicular to
the ambient magnetic field. The propagating direction and
frequency of the electrostatic whistler waves are consistent
with the theoretical results [Vetoulis and Oppenheim, 2001;
Jovanovic and Schamel, 2002]. Such a process of emitting
electrostatic whistler waves can be demonstrated in Figure 11,

Figure 5. The top row shows the time evolution of the electric field energies (a) Ex
2 and (b) Ey

2, respec-
tively, normalized by me

2wpe
2 vTe

2 /e2. Below the top row, the left and right columns plot the electric field
component Figure 5a Ex and Figure 5b Ey at wpet = 10, 420, 620, and 970 for run 5 in the domain
32lD ≤ x ≤ 96lD and 32lD ≤ x ≤ 96lD.
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which shows the frequency spectra of Ey inside and outside
of the electron hole. The variations of Ey inside the electron
hole are caused by the vibrations of the kinked electron hole.
The spectrum of Ey outside of the electron hole is similar to
that inside the electron hole, and the frequencies are con-
centrated at around 0.15wpe. Therefore, we can conclude that
electrons passing through the electron hole lead to the var-
iations of r and then Ey along the y direction outside of the
electron holes. When this occurs, the interactions between
the streaked structures of Ey and the vibrating kinked elec-
tron hole emit electrostatic whistler waves.
[15] The magnetic field guides the trapped electrons that

bounce back and forth in electron holes. This prevents the
trapped electrons from being focused by the transverse
gradients of the potential, thereby making the electron hole

stable. As the background magnetic field increases, the
process of self‐focusing becomes slower, and more time is
needed to form the bipolar and unipolar structures of Ey in
the electron holes. The increase of the background magnetic
field also causes the gyro‐radii of the trapped electrons to
become smaller. These electrons tend to stay in their original
positions, and therefore the wave number k of the transverse
instability in the kinked electron holes becomes larger.
This can be demonstrated in Figure 12, which plots the ratio
Dk/D? of the kinked electron holes at different background
magnetic field levels. Here we define D? as 0.25 times the
wavelength of the transverse instability, which can also be
regarded as the perpendicular‐scale size of the electron
holes calculated from the self‐consistent PIC simulations
when the kinked electron holes are fully developed. The

Figure 6. The top row shows the time evolution of the electric field energies (a) Ex
2 and (b) Ey

2, respec-
tively, normalized by me

2wpe
2 vTe

2 /e2. Below the top row, the left and right columns plot the electric field
component Figure 6a Ex and Figure 6b Ey at wpet = 10, 640, 970, and 2700 for run 6 in the domain
32lD ≤ x ≤ 96lD and 0 ≤ y ≤ 128lD.
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Dk/D? increases rapidly from 0.28 around B0 = 0.3 to 0.8
around B0 = 2.0. We can also find two particle limiting
values for Dk/D?, 0.16 when the magnetic field is suffi-
ciently weak, and 0.8 when it is sufficiently strong. Addi-
tional runs were performed with the same parameters except
for the extended simulation domain in the y direction to
512lD, yielding almost identical values for Dk/D?.
Therefore, we can conclude that the two particular limiting
values are physical, not numerical results.
[16] The two particular limiting values can be explained

as follows: in very weakly magnetized plasma, the effect of
the magnetic field is negligible. As pointed out in Muschietti
et al. [2000], the wave number k is determined by only the
bounce frequency wb and the thermal velocity. Therefore,
Dk/D? ∼ ffiffiffiffi

y
p

/ve, and it is independent of the magnetic field.
In stronglymagnetic plasma, assuming that the transverse and
parallel derivatives in the Poisson equation are in approxi-
mate balance after the gyrophase‐averaged distribution
function is utilized, [Franz et al., 2000], the wave number
can be expressed as

Dk
D?

� 1þ !2
pe

W2
e

 !�1=2

: ð5Þ

When the magnetic field is sufficiently strong, Dk/D? is
independent of the magnetic field.

4. Discussion and Conclusions

[17] By performing 2D electrostatic PIC simulations, we
investigate the evolution of electron holes at different plasma
conditions, with an emphasis on the structure of the perpen-
dicular electric field inside and outside of the electron holes.
Our results show that the transverse instability causes the
decay of electron holes, while the background magnetic field
tends to stabilize it. Their combined actions determine the
evolution of the electron holes. The transverse instability
causes the electron holes become kinked, and the parallel cut
of E? in the electron holes has bipolar structures. However,
in very weakly magnetized plasma (We � wpe), the kinked
electron holes decay very fast and last for only tens of
electron plasma periods. With the increase of the back-
ground magnetic field, the evolution of the electron holes
becomes slower. The bipolar structures of the parallel cut of
E? in the electron holes can evolve into unipolar structures.
In very strongly magnetized plasma (We � wpe), when the
initial potential amplitude y of the electron hole is suffi-
ciently strong, streaked structures of E? can be formed

Figure 7. The contours of (a) the charge density r, (b) the electric field component Ex, and (c) the electric
field component Ey, which is calculated on the basis of equation (4).

Figure 8. The trajectories of typical electrons: (a) elec-
trons trapped in the electron holes, and (b) electrons pass-
ing through the electron holes. In the figure, contours of
the charge density r, calculated on the basis of equation
(4), is also plotted. Initially, these electrons are distrib-
uted evenly in the y direction, starting from x = 28lD for
Figure 8a and x = 11lD for Figure 8b. The background
magnetic field is B0 = 0.7.

Figure 9. The charge density r, normalized by n0e at
wpet = 970 for run 6. The the red line indicates the x location
of the cut shown in Figure 10.
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outside of the electron holes. When this occurs, the inter-
actions between the streaked structures of E? and the vibra-
tions of the kinked electron hole emit electrostatic whistler
waves.
[18] The unipolar structures of the parallel cut of E? have

been observed by the FAST satellite in the auroral region
[Ergun et al., 1998a, 1998b]. Consistent with these space
observations, our present simulations also revealed that the
parallel cut of the perpendicular electric field E? has unipolar
structures. The generation mechanism of such structures is
governed by the interactions between the transverse insta-
bility and stabilization by the background magnetic field.
The structures are shown to last for thousands of electron
plasma periods in strongly magnetized plasma. These results
provide a possible explanation for the unipolar structures of
the parallel cut of E? observed in the auroral region where
plasma is strongly magnetized. In our simulations, we also
find the two particular limiting values for Dk/D? when the
magnetic field is sufficiently strong and weak, which is

consistent with the Polar satellite observations examined by
Franz et al. [2000]. The particular limiting value for Dk/D?
when the magnetic field is sufficiently strong has been
theoretically explained in Franz et al. [2000]. On the basis
of the theory of the transverse instability, we predict that
there is still another particular limiting value for Dk/D?
when the magnetic field is sufficiently weak, which is also
consistent with the observations in Franz et al. [2000] (see
Figure 3).
[19] The perpendicular electric field in the electron holeswill

also influence the electron trajectories which pass through the
holes. This leads to the variation of the charge density r along
the y direction, which forms the streaked structures of E?
outside the electron holes. When this occurs, the interactions
between the streaked structures of E? and the vibrations of
the kinked electron hole emit electrostatic whistler waves.
Electrostatic whistler waves are often observed in 2D simu-
lations of electron bistream instabilities. Several mechan-
isms, including (1) the bounce motion of trapped electrons
in electron holes [Oppenheim et al., 2001; Berthomier et al.,
2002] and (2) the vibration of kinked electron holes
[Newman et al., 2001b] have been proposed to explain the
emission of the electrostatic whistler waves. Our simulations
seem to indicate that the probable mechanism is vibration of
kinked electron holes.
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