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[1] Previous multi-dimensional particle simulations have shown that electron phase-holes

can be formed during the nonlinear evolution of bi-stream instability. In these holes,
the parallel cut of the parallel electric field (Ek) has bipolar structures while the parallel cut
of the perpendicular electric field (E?) has unipolar structures. In this paper,
two-dimensional (2D) electrostatic particle-in-cell simulations are performed to investigate
the evolution of E? in such electron holes for different plasma conditions, and the
generation mechanism of the unipolar structures of E? is also discussed. The electrons
trapped in electron holes bounce in the parallel direction, which leads to transverse
instability (Muschietti et al., 2000). At the same time, they gyrate in the background
magnetic field, which tends to stabilize electron holes. In this way, the trapped electrons are
forced to accumulate locally, and the charge density has variations along the perpendicular
direction inside the electron holes. The balance between these two effects leads to the
following results: in weakly magnetized plasma (We < wpe, but We is comparable to wpe.
Where We and wpe are the electron cyclotron frequency and electron plasma frequency,
respectively), electron holes have two-dimensional structures (isolated along both the
parallel and perpendicular directions). Within such holes the parallel cut of E? has unipolar
structures. In strongly magnetized plasma (We > wpe), electron holes have one-dimensional
structures along the direction perpendicular to the background magnetic field within which
a series of islands (with alternate positive and negative E?) develop because of the
variations of the charge density along the perpendicular direction. Therefore one recovers
that a parallel cut of E? has unipolar structures at the location of the holes. Present
results show that the unipolar structure of E? in electron holes is attributed to the balance
between the electron transverse instability and the stabilization of the background magnetic
field. The unipolar structures of E? in electron holes last for hundreds to thousands of
electron plasma periods. They are destroyed and the streaked structures are formed in the
whole simulation domain after the electrostatic whistler waves are excited and have
sufficiently large amplitude. The influences of the initial perpendicular thermal velocity of
electrons (via temperature anisotropy) and the drift speed of electron beam on the
structures of E? are also analyzed in details. At last, the relevance between our simulation
results and the unipolar structures of the parallel cut of E? observed in the auroral region
is discussed.
Citation: Lu, Q. M., B. Lembege, J. B. Tao, and S. Wang (2008), Perpendicular electric field in two-dimensional electron phaseholes: A parameter study, J. Geophys. Res., 113, A11219, doi:10.1029/2008JA013693.

1. Introduction
[2] Electrostatic solitary waves (ESWs), which move
along the background magnetic field, have been observed
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in different space environments, such as the magnetotail
[Matsumoto et al., 1994], the auroral region [Ergun et al.,
1998a; Cattell et al., 2002; Franz et al., 1998], the Earth’s
foreshock region [Bale et al., 1998], the magnetosheath
[Pickett et al., 2004] and the solar wind [Mangeney et al.,
1999]. They are positive potential pulses and the parallel cut
of the parallel electric field (Ek) has bipolar structures.
These structures are modeled as electron phase-space holes
which are stationary Bernstein– Greene –Kruskal (BGK)
solutions of the Vlasov and Poisson equations [Bernstein et
al., 1957; Krasovsky et al., 1997; Muschietti et al., 1999;
Chen et al., 2005; Ng and Bhattacharjee, 2005]. Onedimensional (1D) particle simulations have shown that such
electron holes can be formed through nonlinear evolution of
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electron bi-stream/beam instability [Omura et al., 1994,
1996; Mottez et al., 1997; Lu et al., 2005a, 2005b]. In the
nonlinear evolution of the instability, the excited electric
waves coalesce each other, and at last one or several solitary
structures with bipolar electric field are formed. The
electron phase-space holes are associated with these
structures.
[3] The characteristics of electron phase-space holes in
higher dimensions are a subject of ongoing study. Twodimensional (2D) and three-dimensional (3D) particle
simulations of electron bi-stream instability have confirmed
the formation of the electron phase-space holes and the
associated bipolar structures of the parallel cut of Ek during
its nonlinear evolution, and these electron holes can emit
electrostatic whistler waves in strongly magnetized plasma
[Goldman et al., 1999; Oppenheim et al., 1999, 2001].
Recently, the parallel cut of the perpendicular electric field
(E?) in the electron holes are observed to have unipolar
structures by Polar and Fast spacecraft in the auroral region
[Ergun et al., 1998a, 1998b; Franz et al., 1998, 2000, 2005;
Grabbe and Menietti, 2006], and the generation mechanism
for such structures of E? are received more and more
attentions. Miyake et al. [2000] and Umeda et al. [2002]
attributed such structures of E? to ion dynamics. In their 2-D
particle simulations, they chose wpe  We > wb (where We,
wpe and wb are respectively the electron cyclotron frequency,
the electron plasma frequency, and the bounce frequency of
electrons trapped in electron holes), and a reduced ion-toelectron mass ratio mi/me = 100 was used. They found that
the quasi-perpendicular lower hybrid waves excited during
the evolution of electron bi-stream instability can couple
with the electron holes. These one-dimensional (1D) holes
are highly modulated by ion dynamics, or even 2D electron
holes (isolated structures in both the parallel and perpendicular directions) can be formed. The parallel cut of E? has
unipolar structures in such electron holes.
[4] Recently, with 2D particle-in-cell simulations Umeda
et al. [2006] studied the nonlinear evolution of bi-stream
instability in different plasma conditions, and the immobile
background ions were assumed in the simulations to
exclude the effect of ion dynamics. 2D electron holes were
found to be formed in weakly magnetized plasma (wpe > We >
wb), and their parallel cut of E? was implied to have unipolar
structures. In strongly magnetized plasma (We > wpe), 1D
kinked electron holes (the perpendicular extension of the
structures is infinite and the parallel extension is limited)
may be formed during the nonlinear evolution of bi-stream
instability, and the parallel cut of E? in such structures was
also implied to have unipolar structures [Goldman et al.,
1999; Oppenheim et al., 1999, 2001; Umeda et al., 2006].
Ion dynamics were considered to be inconsequential for the
formation of such kinked electron holes. Therefore ion
dynamics is not necessary for the formation of such unipolar
structures. In this paper, a new generated mechanism, which
is not based on ion dynamics, is proposed to explain the
unipolar structures of the parallel cut of E? in electron
holes. We attribute the formation of such structures to the
balance between the transverse instability and the stabilization of the background magnetic field. The transverse
instability in electron holes was firstly proposed by
Muschietti et al. [2000], which is due to the motion of the
electrons trapped in the holes and is a self-focusing type of
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instability. At the same time, the lifetime of the unipolar
structures of the electron holes for different plasma
conditions (such as the background magnetic field, electron
beam drift velocity and the initial electron temperature
anisotropy) is also investigated with the help of 2D
electrostatic particle-in-cell (PIC) simulations. At last, the
relevance between our simulation results and the unipolar
structures of E? observed in the auroral region is discussed.
[5] The paper is organized as follows. Section 2 presents
the simulation model and plasma conditions. Simulation
results are described in section 3. Section 4 summarizes the
discussion and conclusions.

2. Simulation Model
[6] A 2D electrostatic PIC code with periodic boundary
conditions is implemented in our simulations [Decyk,
1995; Lu and Cai, 2001]. The simulation system is taken
in the x  y plane with a uniform background magnetic field
B0 along the x direction. Two electron components are
employed in the simulations, and their initial velocity
distributions are assumed to be bi-Maxwellian. The initial
bi-Maxwellian distribution is assumed to be
!
ðvx  Vdx Þ2 v2y þ v2z Tke
;
fe : exp 

2v2Te
2v2Te T?e

ð1Þ

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where vTe (=
kB Tke =me ) is the initial parallel thermal
velocity, Vdx is the initial parallel mean velocity, Tke and T?e
are the initial parallel and perpendicular temperatures,
respectively. These two electron components have equal
density (ne1 = ne2 = ne), initial parallel and perpendicular
temperatures (Tke1 = Tke2 = Tke, T?e1 = T?e2 = T?e) . Initially,
the first component has no drift velocity and the second has
drift velocity Vd. A Maxwellian distribution of ions with a
mean velocity of Vdx = 0 is also introduced, and its
temperature is the same as the parallel temperature of
electrons.
[7] In the simulations, the densities and velocities are
expressed in units of the total unperturbed density n0 = ni =
ne1 + ne2 = 2ne (where ni is the ion number density) and
initial parallel thermal velocity vTe, respectively. Space and
time are normalized to the electron Debye length lD =
(e0kBTke/n0e2) and the inverse of the electron plasma
frequency wpe = (n0e2/mee0)1/2. The electric field is normalized to mewpevTe/e. Grid size units lD  lD are used in the
simulations, and the time step is 0.02w1
pe . The average
number of particles in every grid size for each component
(background electrons, beam electrons and ions) is 100. The
number of grids used in the simulations is 512  256. In
order to identify the role of ion dynamics in the formation of
the unipolar structures of the parallel cut of E? in electron
holes, we firstly use the realistic ion to electron mass ratio
mi/me = 1836, then compare the simulation results with
different mass ratios mi/me = 1, and 100. When we use mi/
me = 1, ions are actually immobile and their dynamics are
excluded.

3. Simulation Results
[8] The evolution of electron bi-stream instability has
been extensively studied by previous work [Goldman et
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Table 1. Summary of Simulations (Runs 1 – 9)
Run Number

We/wpe

Vd/vTe

T?e/Tke

mi/me

1
2
3
4
5
6
7
8
9

0.4
2.0
10.0
0.4
2.0
0.4
2.0
2.0
2.0

4.0
4.0
4.0
4.0
4.0
4.5
4.5
4.0
4.0

1.0
1.0
1.0
3.0
3.0
1.0
1.0
1.0
1.0

1836
1836
1836
1836
1836
1836
1836
1
100

al., 1999; Oppenheim et al., 2001; Lu et al., 2005a]. During
the linear growth stage, the excited waves are nearly
monochromatic and have a substantial degree of coherence
perpendicular to the background magnetic field, which leads
to an ensemble of ridges and valleys elongated along the y
direction for the parallel electric field (Ex). After the
amplitude of Ex becomes sufficiently large, a part of
electrons is trapped by the waves and nonlinear kinetic
effects develop. In this paper, our main interests are focused
on the unipolar structures of E? in electron holes and their
generated mechanism during the nonlinear evolution of the
instability under different plasma conditions. We have
performed a total of 9 numerical simulations. The key
parameters are listed in Table 1. Runs 1 –3 investigate the
influences of the background magnetic field on the
nonlinear evolution of electron bi-stream instability, Runs
4 – 5 consider the effects of the initial electron temperature
anisotropy, Run 6 –7 and Run 8 – 9 discuss the effects of
electron beam drift velocity and ion-to-electron mass ratio,
respectively. In the follows, we discuss these effects
separately.
3.1. Effects of the Background Magnetic Field
[9] Figure 1 shows the simulation results for Run 1,
which corresponds to weakly magnetized plasma. In the
figure, the left column shows the time evolution of the
electric field energies E2x and E2y , which is normalized by
m2e w2pe v2te /e2. The three right columns show the electric field
components (a) Ex and (b) Ey at wpet = 320, 1060, and 2740
between x = 0 and x = 200lD. With the excitation of the
bi-stream instability, the electric field energy E2x increases
rapidly. When the amplitude of Ex is sufficiently large, the
electric field energy E2y begins to grow because of the
nonlinear effects. After the electric field energies E2x and
E2y attain their maximum values (saturation), they begin to
decrease because of waves coalesce [Goldman et al., 1999;
Lu et al., 2005a]. From the electric field components Ex and
Ey at wpet = 320, we can find that the waves coalesce into
several tubes elongate along the y direction. At the same
time, the tubes begin to break into several segments along y
direction. As a result, several two-dimensional solitary
structures (and associated electron holes), which are isolated
in both the parallel and perpendicular directions, are formed
around wpet = 500. The electric field components Ex and Ey
at wpet = 1060 of Figure 1 clearly shows several such
electron holes. If we cut the edges of the electron holes in
the parallel direction, for example along y = 96lD, we can
find that in the electron hole the parallel electric field has
bipolar structures and the perpendicular electric field has
unipolar structures. As time goes on, such two-dimensional
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electron holes become weaker and weaker, until at about
wpet = 3000 they are too weak to be observed.
[10] Figures 2 and 3 describe respectively the simulation
results for Run 2 and 3, which correspond to strongly
magnetized plasma. Compared with weakly magnetized
plasma, both E2x and E2y field energy become larger in
strongly magnetized plasma although their time evolutions
are qualitatively similar. As in weakly magnetized plasma,
one or several electron holes can be formed through
wave coalesce, and but takes place at earlier times (around
wpet = 300 and 260 for Run 2 and 3, respectively). In
contrast with weakly magnetized plasma case, the electron
holes in strongly magnetized plasma are mainly one-dimensional (the extension along the y direction is infinite), and
they can persist without breaking into segments until to the
end in our simulations. Within these one-dimensional electron holes, a series of islands (with alternate positive and
negative Ey) develops along the direction perpendicular to
the background magnetic field, which can last for about two
thousand of plasma periods. Therefore, in strongly magnetized plasma, bipolar and unipolar structures are recovered
for the parallel cut of Ex and Ey, respectively, which now are
associated with one-dimensional electron holes. These are
similar to the structures observed in weakly magnetized
plasma (associated with two-dimensional electron holes
shown in Figure 1). Such bipolar and unipolar profiles are
easily identified in Figure 4, which shows the parallel cut of
Ex and Ey along (a) y = 25lD and (b) y = 95lD (as illustrated
by the dashed lines in Figure 2) at wpet = 640 for Run 2. The
electron phase-space holes are unstable to electrostatic
whistler waves in strongly magnetized plasma, as described
by Goldman et al. [1999]. The electrostatic whistler waves
are generalized Langmuir waves, which propagate oblique
to the background magnetic field. The electrostatic whistler
waves are considered to be emitted by periodic motions of
trapped electrons in the potential structures of the electron
hole [Berthomier et al., 2002] or vibrations of kinked tubes
[Newman et al., 2001]. The electrostatic whistler waves
begin to be excited at about wpet = 1200 and wpet = 1100 for
Run 2 and 3, respectively. At about wpet = 2000, the
unipolar Ey structures are destroyed for both Run 2 and 3,
and they are replaced by streaked structures in the simulation domain.
[11] The unipolar Ey structures in electron holes (or
variations of Ey in electron holes) can be explained by the
variations of the charge density along the y direction in the
corresponding electron holes. The variations of the charge
density in electron holes are shown in Figure 5, which
shows the charge density r normalized by n0e for (a) Run 1
at wpet = 1060, (b) Run 2 at wpet = 640, and (c) Run 3 at
wpet = 640. In general, the charge density is positive in the
electron holes, which also has two-dimensional structures
in Run 1. In Run 2 and Run 3, the charge density has onedimensional structures, but still has variations along the
y direction same as Ey. This can be seen more clearly in
Figure 6. Figure 6 shows the charge density r, @Ex /@x, @Ey /@y
and Ey along the y direction inside the electron hole for
(a) Run 2 at wpet = 640 around x = 105lD, and (b) Run 3 at
wpet = 640 around x = 110lD. The dash dot lines denote the
average charge density r0 in the electron hole, and it is a
positive value. The average charge density r0 roughly
stands for the contributions of @Ex/@x in the electron hole.
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Figure 1. The left column shows the time evolution of the electric field energies Ex2 and Ey2, which are normalized by
2
vte2/e2. The three right columns show the electric field components (a) Ex(x, y) and (b) Ey(x, y) at wpet = 320, 1060, and
me2 wpe
2740 between x = 0 and x = 200lD for Run 1.
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Figure 2. The left column shows the time evolution of the electric field energies Ex2 and Ey2, which are normalized by
2 2 2
vte /e . The three right columns show the electric field components (a) Ex(x, y) and (b) Ey(x, y) at wpet = 200, 640, and
me2wpe
2120 between x = 0 and x = 200lD for Run 2. In the figure, the dash lines indicate the Y locations of the cut in Figure 4.
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Figure 3. The left column shows the time evolution of the electric field energies Ex2 and Ey2, which are normalized by
me2wpe2vte2/e2. The three right columns show the electric field components (a) Ex and (b) Ey at wpet = 200, 640, and 2120 between
between x = 0 and x = 200lD for Run 3.
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Figure 4. The parallel cut of the electric field Ex(x) and Ey(x) along (a) y = 25lD and (b) y = 95lD
(as indicated by the dashed lines in Figure 2) at wpet = 640 for Run 2.
While r and @Ey/@y are positively correlated in the electron
hole: @Ey/@y increases or decreases when r increases or
decreases. Therefore the variations of r along the y direction
lead to the corresponding variations of @Ey/@y in the
electron holes, and produce the regular structures of Ey
(with alternate positive and negative Ey) along the y direction.
Of course, there is an approximate p/2 phase difference
between Ey and @Ey/@y (or r) along the y direction in the
electron hole. This can be clearly found in the figure.
Complementary analysis shows that the electron holes are
moving along the x direction, and its propagation speed is
about 1/2Vd, which is 2.0vte for Run 2 and 3. Figure 7
represents Ey component along the y direction inside the
electron hole at different times for (a) Run 2 and (b) Run 3.
In the figure, we follow the same electron hole, which is

propagating along the x direction. The Ey structures look
almost stationary along the y direction. Therefore the
structures of Ey move with the electron hole in the x direction,
and they don’t propagate along the y direction.
[12] The variations of r along the y direction in the
electron holes are due to the local charge accumulation,
which is the result of the nonlinear equilibrium between the
transverse instability and the stabilization of the background
magnetic field in the electron holes [Muschietti et al., 2000].
The transverse instability is a self-focusing type of instability
acting at the level of the particle trajectories. When the
bounce frequency of the trapped electrons in the electron
holes wb is larger than their gyrofrequency We (We < wb), the
electrons are focused by the transverse gradients of the
potential into those area that already have a surplus of

Figure 5. The charge density r normalized by n0e for (a) Run 1 at wpet = 1060, (b) Run 2 at wpet = 640,
and (c) Run 3 at wpet = 640.
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Figure 6. The charge density r, @Ex /@x, @Ey /@y and Ey along the y direction inside the electron hole.
(a) describes the results at wpet = 640 for Run 2. The electron hole is located around x = 105lD.
(b) describes the results at wpet = 640 for Run 3. The electron hole is located around x = 110lD. Here r,
@Ex /@x, @Ey /@y and Ey are the average values between 95lD < x < 114lD and 100lD < x < 119lD for
Runs 2 and 3, respectively, and the noise is filtered by FFT. In the figure, the solid, dash, dot and dash dot
line in the left column denote the r, @Ex /@x, @Ey /@y and the average charge density r0 in the electron
hole, respectively.
electrons. This results in larger transverse gradients and thus
the instability of the electron holes. With the increase of the
background magnetic field, when We is larger than We (We >
wb) the magnetic field guides the trapped electrons bounce
back and forth in electron holes. It can prevent the trapped
electrons from being focusing by the transverse gradients of
the potential, and a stable nonlinear equilibrium stage can be
attained. The undulation of the charge density along the y
direction can be found at this equilibrium stage. Therefore,
if We > wb, although the electron holes are one-dimensional
(aligned along the y direction), their perpendicular electric
field Ey has variations along the y direction due to local

charge accumulation. If we decrease the magnetic field such
as We : wb, two-dimensional electron holes are formed. If we
further decrease the magnetic field such as We < wb, there is
no electron hole formed because of the transverse instability
(not shown).
[13] The above conditions on the formation of 1D and 2D
electron holes can be verified by following the trajectories
of the trapped electrons. Figure 8 shows the time evolutions
of v0x = vx  VEH (where VEH is the propagation speed of the
electron hole) and vy of a typical electron trajectory trapped
in one electron hole for (a) Run 1 and (b) Run 2. The
trajectory of the electron is calculated as follows: we put the

Figure 7. The electric field Ey(y) along the y direction measured within the electron hole at different
times. The black, red, green, blue, and cyan colored lines correspond to wpet = 620, 640, 660, 680 and
700 from results of (a) Run 2 and (b) Run 3. Here the value of Ey(y) is the average values near the center
of the same electron hole (40 grids along x direction), and the noise is filtered by FFT.
8 of 17
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Figure 8. The time evolutions of v0x = vx  VEH (where VEH is the propagation speed of the electron
hole, and v0x is the x component of the electron velocity in the frame propagating with the speed of the
electron hole) and vy of a typical electron trajectory trapped in one electron hole for (a) Run 1 and (b) Run
2. In the figure, the solid and dash lines denote v0x and vy, respectively.
particle into the electron hole at (a) wpet = 640 for Run 1 and
(b) wpet = 1060 for Run 2, and then we follow the electron
trajectory in electric and magnetic field fields. From the
figure, we can find that the electron is trapped by the hole.
The bounce frequency of the electron in the parallel
direction (wb) is about 0.16wpe and 0.12wpe for Run 1 and
Run 2, and its motion in the y direction can be approximated
as gyromotion in the background magnetic field with
frequency of We, which is 0.4wpe and 2.0wpe for Run 1
and Run 2, respectively. Therefore, in Run 2, the trapped
electrons can lead to local charge accumulation along the y
direction with the variations of the charge density. In this
way, although the electron holes are one-dimensional
(aligned along the y direction), their perpendicular electric
field Ey has variations along the y direction. The similar
results can be obtained in Run 3 (the wb and We are 0.12wpe
and 10.0wpe, respectively). If we decrease the magnetic field
such that the gyro-frequency of the trapped electrons in the
y direction is comparable to the bounce frequency, twodimensional electron holes are formed (Run 1). If we further
decrease the magnetic field to about We/wpe = 0.2, there is
no electron hole formed because of the transverse instability
(not shown).
3.2. Effects of the Initial Electron Temperature
Anisotropy
[14] As described by Muschietti et al. [2000], the increase
of the electron perpendicular temperature can suppress the
transverse instability in electron holes. Run 4 and 5 analyze
the effects of an initial electron temperature anisotropy on
the evolution of electron bi-stream instability. The results
are shown in Figures 9 and 10, respectively, for weakly
and strongly magnetized plasma conditions. For weakly
magnetized plasma (Run 4), the transverse instability is
suppressed by the larger electron perpendicular thermal
velocity, and the electron holes are easily formed. At about
wpet = 360, several one-dimensional electron holes begin to
be formed. From about wpet = 660, the one-dimensional
electron holes begin to break into several two-dimension
holes associated with tubes breaking (Figure 9). At last,
several two-dimensional holes are formed. In this case, the
temperature anisotropy leads to a lower E2y field energy at

saturation time, but a slightly higher value in the late
nonlinear stage of the bi-stream instability (to compare left
column of Figures 1 and 9). In particular, the electric fields
components have higher amplitudes at the electron hole
locations (to compare Figures 1 and 9 at wpet = 2740). This
is in agreement with the fact that the initial anisotropy
counteracts the resulting parallel diffusion of electrons
which contributes to destroying the electron holes. However,
in strongly magnetized plasma (Run 5), the electron temperature anisotropy has no obvious effects on the evolution
of bi-stream instability. In both weakly and strongly
magnetized plasma, the parallel cut of Ey still has unipolar
structures in electron holes.
3.3. Effects of Electron Beam Drift Velocity
[15] Runs 6 and 7 present the evolution of electron bistream instability when the drift velocity of beam electrons
increases, and the results for weakly and strongly magnetized plasmas are shown in Figures 11 and 12, respectively.
For weakly magnetized plasma (Run 6), the time evolution
of the bi-stream instability is similar to results of Run 1,
after the drift velocity of beam electrons increases. However
the two-dimensional electron holes are now formed early
and field components energy is much higher in particular in
the late nonlinear stage of the instability (to compare the left
column of Figures 1 and 11). For strongly magnetized
plasma (Run 7), the increase of the drift speed of electron
beam can excite stronger electrostatic whistler waves,
compare with Run 2. In Figure 12, we can find that the
electric field energies E2x and E2y begin to decrease after
attaining their maximum values because of waves coalescence. However, from about wpet = 500, electrostatic
whistler waves are excited and the electric field energy in
the perpendicular direction E2y increases. In this case, the
electron holes begin to form at about wpet = 350, and they
also have mainly one-dimensional structures. From the
electric field Ex and Ey at wpet = 780, we can find that
some regular structures inside the electron holes occur for
the corresponding electric field Ey. Within the holes, a series
of islands with alternate positive and negative Ey forms as in
Run 2. Therefore the parallel cut of Ex has bipolar structures
while the parallel cut of Ey has unipolar structures. From
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Figure 9. The left column shows the time evolution of the electric field energies Ex2 and Ey2, which are normalized by
2 2 2
vte /e . The three right columns show the electric field components (a) Ex(x, y) and (b) Ey(x, y) at wpet = 200, 1060, and
me2 wpe
2740 between x = 0 and x = 200lD for Run 4.
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Figure 10. The left column shows the time evolution of the electric field energies Ex2 and Ey2, which are normalized by
2 2 2
vte /e . The three right columns show the electric field components (a) Ex(x, y) and (b) Ey(x, y) at wpet = 200, 640, and
me2 wpe
2120 between x = 0 and x = 200lD for Run 5.
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Figure 11. The left column shows the time evolution of the electric field energies Ex2 and Ey2, which are normalized by
2 2 2
vte /e . The three right columns show the electric field components (a) Ex(x, y) and (b) Ey(x, y) at wpet = 200, 840, and
me2 wpe
1600 between x = 0 and x = 200lD for Run 6.
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Figure 12. The left column shows the time evolution of the electric field energies Ex2 and Ey2, which are normalized by
me2wpe2vte2/e2. The three right columns show the electric field components (a) Ex(x, y) and (b) Ey(x, y) at wpet = 200, 780,
and 1600 between x = 0 and x = 200lD for Run 7.
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about wpet = 900, the amplitude of the electrostatic whistler
waves reaches a noticeable value. As the amplitude of
electrostatic whistler waves is sufficiently large, the unipolar Ey structures are destroyed. In our simulations, the
unipolar Ey structures disappear at about wpet = 1200, and
they are replaced by streaked structures as shown by the
electric fields Ex and Ey at wpet = 1600. Although Ex still has
obvious bipolar structures, the unipolar structures for the
electric field Ey disappear. If we still increase the amplitude
of the magnetic field, the electrostatic whistler waves can be
excited early and stronger. The unipolar structures of Ey
disappear earlier and they last for shorter time periods (not
shown herein).
3.4. Effects of Ion to Electron Mass Ratio
[16] Runs 8 and 9 present the evolution of electron bistream instability when ion to electron mass ratio is
changed, which are chosen as 1 and 100 in Run 8 and 9,
respectively. In this way, we artificially exclude the effects
of ion dynamics in Run 9 and amplify the effects of ion
dynamics in Run 9. The simulations results are shown in
Figures 13 and 14. Compare Run 8 with Run 2, we can find
that before the electrostatic whistler waves are excited at
about wpet = 1200, their evolutions are similar. Therefore the
unipolar Ey structures are obviously unrelated to ion
dynamics. In Run 8, the one-dimensional electron holes
are formed at about wpet = 300, and in the holes the parallel
cut of Ex and Ey have bipolar and unipolar structures,
respectively (as shown at wpet = 640). When the electrostatic
whistler waves are excited, they are much stronger than that
in Run 2, and the bipolar Ey structures are destroyed at
about wpet = 1500 and streaked structures are formed. In
Run 9, before the low hybrid waves are excited at about wpet
= 250, its evolution is similar to Run 2. However, after the
low hybrid waves are excited, they can modulate the
electron holes. The parallel cut of Ex and Ey have bipolar
and unipolar structures, respectively, as described Miyake et
al. [2000] and Umeda et al. [2002]. With the increase of the
amplitude of the low hybrid waves, the electron holes are
broken into several 2D holes as shown at wpet = 640. At
about wpet = 1440, a streaked structure is formed. As
discussed by Oppenheim et al. [2001], ions only become
important when the angle between the background p
magnetic
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
field and wave vector is larger than p/2 
mi =me .
Therefore, if the ion to electron ratio is artificially decreases,
the low hybrid waves may be excited and modulate the
electron holes.

4. Discussion and Conclusions
[17] In this paper, by performing 2D electrostatic particlein-cell simulations we investigate the nonlinear evolution of
bi-stream instability, with emphasis on the unipolar structures of E? in electron holes. Our results show that during
the nonlinear stage of the bi-stream instability the electron
holes can be formed through wave coalescence. In the
weakly magnetized plasma, the electron holes have twodimensional structures, which are isolated in both the
parallel and perpendicular directions. Within such holes, the
parallel cut of Ey have unipolar structures. In strongly
magnetized plasma, electron holes have mainly onedimensional structures elongated along the y direction,
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where a series of islands (with alternate positive and
negative Ey) develop along the direction perpendicular to
the background magnetic field. Again, the parallel cut of Ey
has unipolar structures at the location of the holes.
[18] Our results show that the generation mechanism of
the unipolar structure of Ey in the parallel cut of the electron
holes is not due to ion dynamics. This is demonstrated by
comparing two cases, where realistic ion to electron mass
ratio mi/me = 1836 and immobile ions are used. Their
evolutions are similar before the electrostatic whistler waves
are excited, and the unipolar Ey structures are both recovered. Rather, these structures are attributed to the balance
of transverse instability (which tends to destroy electron
holes) and the stabilization of the relatively strong magnetic
field (which tends to stabilized electron holes) [Muschietti et
al., 2000]. As the strength of the background magnetic field
is large enough, the electron holes have mainly one-dimensional structures. The trapped electrons in electron holes
bounce in the parallel direction, at the same time they gyrate
in the background magnetic field. As a consequence, the
charge density varies along the perpendicular direction
inside electron holes, which are responsible for the unipolar
Ey structures. In the weakly magnetized plasma (wb < We <
wpe, and We is comparable to wpe, where wb is the bounce
frequency of electron trapped in electron holes), the balance
between the transverse instability and stabilization of the
magnetic field leads to the formation of two-dimensional
electron holes. When the background magnetic field continues to decrease and becomes sufficiently weak (We <
wpe), the transverse instability dominates, and the electron
holes are unstable to transverse instability. Then, no electron
holes can be formed.
[19] The two-dimensional electron holes in weakly magnetized plasma have also been studied by Umeda et al.
[2006]. Our simulations show that the increase of the
electron perpendicular temperature can reduce the transverse instability and stabilize the electron holes, as indicated
by Muschietti et al. [2000]. One-dimensional electron holes
may be formed during the evolution of bi-steam instability
when the electron temperature anisotropy is sufficiently
large. In strongly magnetized plasma, the parallel cut of
Ey has unipolar structures within electron holes, which are
implied by Goldman et al. [1999] and Oppenheim et al.
[1999, 2001]. In this paper, we discuss the generation
mechanism of such structures, which are attributed to the
variations of the charge density along the perpendicular
direction. Such structures of Ey can last for hundreds to
thousands of electron plasma periods until they are
destroyed by the electrostatic whistler waves. The increase
of either the drift speed of the electron beam or the
background magnetic field can increase the amplitude of
electrostatic whistler waves, and destroys the unipolar
structures of E? easier and earlier, which at last forms
streaked structures in the whole simulation domain. Another
thing we should point out is that we are interesting in the
unipolar structures of E? in the electron holes before the
electrostatic whistler waves have sufficiently large amplitude. When the electrostatic whistler waves are sufficiently
strong, the one-dimensional electron holes may also be
broken into two-dimensional after several thousand electron
plasma periods as discussed by Oppenheim et al. and Umeda
et al. [2006]. However such two-dimensional electron holes
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Figure 13. The left column shows the time evolution of the electric field energies Ex2 and Ey2, which are normalized by
2 2 2
vte /e . The three right columns show the electric field components (a) Ex(x, y) and (b) Ey(x, y) at wpet = 200, 640, and
me2 wpe
2740 between x = 0 and x = 200lD for Run 8.
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Figure 14. The left column shows the time evolution of the electric field energies Ex2 and Ey2, which are normalized by
2 2 2
vte /e . The three right columns show the electric field components (a) Ex(x, y) and (b) Ey(x, y) at wpet = 200, 640, and
me2 wpe
1560 between x = 0 and x = 200lD for Run 9.
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are different from those formed in weakly magnetized
plasma. Here, the perpendicular electric field forms streaked
structures in the whole simulation domain, and the parallel
cut of E? has no unipolar structures in electron holes.
[20] On the experiment view point, the unipolar structures
of the parallel cut of the perpendicular electric field have
been observed by Polar and Fast spacecraft in the auroral
region [Ergun et al., 1998a, 1998b; Franz et al., 1998,
2005; Grabbe and Menietti, 2006]. Our present simulations
showed that the perpendicular electric field (Ey) has regular
structures (islands), which develop inside the one-dimensional electron holes along the perpendicular direction.
Simultaneously, a parallel cut of the perpendicular electric
field (Ey) has unipolar structures. The generation mechanism of such structure is governed by electron dynamics,
which force trapped electrons to accumulate locally in
electron holes. The structures are shown to last for long
time provided that the drift velocity is not too large (If we
can assume the E? structures can last one thousand plasma
periods as described in our paper, then their lifetime is about
several ms in the auroral region). These results give a
possible explanation of the unipolar structures of the parallel
cut of E? observed in the auroral region, where plasma is
strongly magnetized. Of course, our simulations use 2D
geometry with periodic boundary condition in the y direction.
Such periodic boundary condition assumes that the 1D
electron holes have infinite length in the y direction and the
edge effect is neglected, while the 2D geometry neglects the
transverse instability in the z direction. However, in reality,
the electron holes are three-dimensional, and like tubes
[Ng and Bhattacharjee, 2005; Ng et al., 2006]. Therefore
the comparison between our simulations and observation
data, as well as 3D BGK mode theory, is only qualitatively.
3D PIC simulations of electron bi-stream instability are our
future investigation.
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