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[1] A comprehensive examination of particle and wave data from multiple Thermal
Emission Imaging System (THEMIS) satellites has been made of an electron injection
structure in the magnetotail as it propagated earthward from −20 RE to −11 RE on 27
February 2009. The electron injection, which was closely associated with a dipolarization
front and bursty bulk flows, occurred within a thin plasma boundary layer and had
both perpendicular and parallel energization, with very little energy dispersion. The thin
plasma boundary layer had a thickness comparable to the ion inertial length and displayed
different plasma characteristics at different locations. Strong electromagnetic waves
between the lower hybrid frequency and the electron gyrofrequency, as well as
electrostatic waves up to the electron plasma frequency, were observed within the thin
plasma boundary layers. The two outermost spacecraft at X = −20.1 RE and X = −16.7 RE

detected intense whistler waves, most likely driven by an observed electron temperature
anisotropy with T?/Tk > 1. Closer to Earth at X = −11.1 RE, whistlers were not seen,
consistent with the observed electron distribution having T?/Tk < 1. Near the electron
injection region, nonlinear electrostatic structures such as electrostatic solitary waves and
double layers were also observed. These nonlinear electrostatic structures can interact with
the electron distribution and accelerate electrons; high energy distributions could be
generated if the electrons encountered a large number of these structures. The observations
show that nonideal MHD, nonlinear, and kinetic behavior is intrinsic to the electron
injections with multiscale coupling.
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1. Introduction

[2] The sharp increases of energetic particle fluxes in the
near‐Earth tail, known as particle injections, are among the
most important and well‐known manifestations of magneto-
spheric Substorm [e.g., Arnoldy and Chan, 1969]. The term
injection has been defined as an increase in the particle flux of
finite energy bandwidth [Kivelson et al., 1980]. The energetic
particle fluxes in the injections may show either energy dis-
persion or be dispersionless. Two rather distinct ideas exist

concerning the injection processes. The first postulates a time‐
varying, spatially localized acceleration or heating process
with subsequent flow in a quasi‐static convection pattern
[McIlwain, 1974]. The second postulates a time‐varying
convection pattern which drives earthward flowing plasma
with quasi‐static properties [Baker et al., 1982; Li et al.,
1998]. In either interpretation, the dispersionless flux in-
creases take place in the region where the injection occurs.
Apatenkov et al. [2007] investigated injections using ob-
servations from four Cluster spacecraft on high latitude near
Earth tail field lines along with observations at synchronous
orbit and argue that bursty bulk flows (BBFs) [Angelopoulos
et al., 1992] transport the injections from the tail into the inner
magnetosphere. The injection signature in the near‐Earth tail
also is characterized by a rotation of the magnetic field to a
more dipolar configuration [McPherron, 1972]. These rapid
rotations are frequently called dipolarization fronts (DFs). In
a superimposed epoch analysis of dipolarizations observed
by the Geotail satellite [Ohtani et al., 2004], the fast flows
identified as BBFs were closely associated with the dipolar-
izations. Recently, Runov et al. [2009] used observations
from four Thermal Emission Imaging System (THEMIS)
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spacecraft, which were lined up in conjunction near mid-
night during a substorm, to show inward motion from X ≈
−20 RE to X ≈ −11 RE of the dipolarization fronts and
associated particle injection. Ashour‐Abdalla et al. [2009]
investigated the relationship between electron injection and
dipolarization fronts during another substorm event observed
by multiple THEMIS spacecraft [Zhou et al., 2009]. By
coupling global magnetohydrodynamic simulations with large‐
scale kinetic particle simulations, they demonstrated that
betatron and Fermi acceleration were insufficient to account
for the observed enhancement of the electron fluxes. They
used particle in cell simulations to argue that wave particle
interactions may provide the acceleration necessary to
account for the injections.
[3] Plasma waves have been observed during substorms

on both the Cluster and THEMIS spacecraft [Le Contel et al.,
2006, 2009]. In particular, Le Contel et al. [2009] reported
quasi‐parallel whistler emissions before, during, and after
local dipolarizations. The observed electron temperature an-
isotropies (T?/Tk) were sufficient to generate the whistler
waves. Another type of kinetic behavior in the plasma sheet
was reported by Ergun et al. [2009], who observed using
THEMIS data clear examples of parallel electric fields (Ek)
in the plasma sheet. They did not carry out a detailed analysis
of the role of these structures in the tail but noted that they
were associated with BBFs. The structures are very similar
to double layers associated with field‐aligned currents
observed much closer to the Earth in the auroral region
[Ergun et al., 2001].
[4] In this paper, we take advantage of the alignment of

THEMIS spacecraft, each with its suite of particle and wave
instruments, to investigate in detail the electron injection as
a function of radial distance, and study its relationship with
DFs, BBFs, and plasmawaves. In the next section, we discuss
the observations from THEMIS P1–P4. In section 3, we
summarize the observations and conclude with a discussion
of the overall ramifications of this study.

2. Observations

[5] Figure 1 shows the locations of the five THEMIS
spacecraft on 27 February 2009. The THEMIS spacecraft
were at midnight and aligned between −20.1 RE to −11.0 RE

along the Sun‐Earth line. Figure 2 shows an overview of

this event from THEMIS P2 for 15 min before and after
the dipolarization events identified by Runov et al. [2009].
Data from the fluxgate magnetometer (FGM) [Auster et al.,
2008], electrostatic analyzer (ESA) [McFadden et al., 2008]
and the solid state telescope (SST) [Angelopoulos, 2008]
were used in this study and are shown in Figure 2. From top
to bottom, we have plotted three components of the mag-
netic field in geocentric solar magnetospheric (GSM) co-
ordinates, the three GSM components of the flow velocity
and ion and electron spectrograms from SST and ESA. Prior
to 0753 UT, THEMIS P2 was in the central plasma sheet at
x ≈ −16.7 RE. Three dipolarizations which are characterized
by increases in Bz, can be seen in the magnetic field observa-
tions. The sharpest increase in BZ was at ∼0753 UT and was
followed by increases at 0757 UT and 0801 UT. Each of
the increases in Bz was associated with an increase in the
earthward flow velocity (Vx). The increases in velocity are
similar to BBFs [Angelopoulos et al., 1992; Baumjohann et
al., 1999]. The dipolarization intervals are associated with
increases in the energetic ion and electron fluxes (SST and
ESA spectrograms). There are decreases in the fluxes of lower
energy electrons and ions.
[6] Figure 3 shows a closeup of THEMIS observations of

the earthward electron injection associated with dipolariza-
tion during the tail conjunction on 27 February 2009. We
have plotted 8 min of data around the time of the first
dipolarization in Figure 2. In addition to THEMIS P2, we
have included data from THEMIS P1 located tailward of
P2, and THEMIS P3 located earthward of P2. From top to
bottom, we have plotted the magnetic field components in
GSM coordinates (Figure 3a), plasma densities (Figure 3b)
and temperatures (Figure 3c) for ions (blue) and (Figure 3d)
electrons (red), electric fields from particle burst mode
waveform data with components parallel (Figure 3e) and
perpendicular (Figure 3f) to the ambient magnetic fields, and
the energetic electron flux in different energy ranges indicated
at the right side in line plot format for ESA observations
(Figure 3g) and SST observations (Figure 3h). The electric
field observations are from the electric field instrument
[Bonnell et al., 2008]. From Figures 3g and 3h, we can see
that there is a sudden increase of energetic electron flux
observed by P1 (left) near 0751:30 UT, and by P2 (middle)
near 0752:30 UT, and then by P3 (right) near 0754:10 UT,
respectively. These are marked by the yellow boxes. The SST
data are uncalibrated, and therefore the absolute values of
moments may have systematic errors, although spot checks of
the data show that these systematic errors have no impact on
the analysis. The electron injections display very little dis-
persion. Although the electron energy flux increases by up to
an order of magnitude at higher energies >2 keV, there are
decreases in the energy flux at energies below 1 keV. All three
THEMIS spacecraft observed similar structures. It is evident
that there are temporal and local changes in the energetic
electrons in addition to the changes caused by the motion of
spatial boundaries.
[7] Coincident with the electron injection, very thin

plasma boundary layers with rapid changes of plasma den-
sity (Figure 3b) and ion temperature (Figure 3c) and electron
temperature (Figure 3d) are observed. The electron and ion
moments were calculated by combining the data from the
ESA and SST instruments. At the electron injection front,
the densities (Figure 3b) of ions (blue) and electrons (red)

Figure 1. The relative positions of the five Thermal Emis-
sion Imaging System (THEMIS) spacecraft in GSM coordi-
nates on 27 February 2009. The THEMIS spacecraft were at
midnight and aligned between –20.1 RE to –11.0 RE along
the Sun‐Earth line.
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decrease sharply, whereas the temperatures (Figure 3c) of
ions (blue) and (Figure 3d) electrons (red) increase. There are
large temperature anisotropies for both ions and electrons. At
P1 and P2, the ion temperature (Figure 3c) increases primarily
in the direction perpendicular to B creating a temperature
anisotropy with T? > Tk. There is an electron temperature
increase (Figure 3d), in both T? and Tk for all three satellites,
however, at P1 T? ≈ Tk, whereas at P2, T? > Tk and at P3 T? <
Tk. Runov et al. [2009] showed that the earthward propaga-
tion speed of the thin plasma layer associated with the dipo-
larization is ∼300 km/s, and its thickness is estimated to be

∼400 km [Runov et al., 2009], which is near the ion inertial
length of 300 km.
[8] It is important to recall that the electron injection and

thin plasma boundary layer are closely related to the mag-
netic field dipolarization fronts and BBFs (Figure 2). The
dipolarizations at P1 and P2 are preceded by small decreases
in Bz similar to those reported by Ohtani et al. [2004] and
Runov et al. [2009] and have been shown in full‐particle
simulations with open boundaries by Sitnov et al. [2009].
[9] The electric field instrument (EFI), provided three‐

axis electric field waveform data with time resolution of
128 Hz in the particle burst mode and 8192 Hz in the wave

Figure 2. Overview of the observations from THEMIS P2 for 15 minutes before and after the dipolar-
ization events identified by Runov et al. [2009]. From top to bottom are the three components of the
magnetic field in GSM coordinates, three components of the plasma velocity, and ion and electron energy
flux spectrograms from the solid state telescope (SST) and electrostatic analyzer (ESA) instruments. The
dipolarizations and increases in the energetic ion and electron fluxes occur during bursty bulk flow events
(BBFs).
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Figure 5. The detailed pitch angle distributions are shown from THEMIS P2 during the electron injec-
tion for 15 different energy channels from 0.123 keV to 25.256 keV with an accumulation time of 3 sec.
When injection starts at about 0752:34 UT, the increase at higher energies is dramatic and the increase
peaks at 90° pitch angle.

Figure 4. The color‐coded electron energy flux pitch angle distributions versus time for different energy ranges observed
by the THEMIS SST and ESA instruments for (left) P1, (middle) P2, and (right) P3, respectively. The scale on the y‐axis
gives electron pitch angles with 0° (parallel) at the bottom and 180° (anti‐parallel) at the top of each image. The top contains
the three components of the magnetic field. The next six images contain energy fluxes for 0.1–1 keV, 1–5 keV, 5—25 keV,
25—50 keV, 50—80 keV, and 80—250 keV respectively. On the bottom, the plot shows the differential energy flux in
pitch angle versus energy format for P1, P2, and P3, respectively. The times for each plot on the bottom are indicated
by the green arrows.
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burst mode [Bonnell et al., 2008]. Figures 3e and 3f show
the calibrated 3‐D particle burst electric field waveform data
along the magnetic field. It is important to note that there is
strong enhancement of the electric fields coincident with
the sharp flux increases in the energetic electrons at all of
the satellites. The electric fields spike up to 10 mV/m in the
direction parallel to the magnetic field (Figure 3e) and up to
60 mV/m in the direction perpendicular (Figure 3f) to the
ambient magnetic field.
[10] Figure 4 shows color‐coded electron energy flux pitch

angle distributions versus time for different energy ranges
observed by the THEMIS SST and ESA instruments for P1
(left), P2 (middle), and P3 (right), respectively. The scale on
the y‐axis gives electron pitch angles with 0° (parallel) at the

bottom and 180° (anti‐parallel) at the top of each image.
Variations in the magnetic field are shown for reference at the
top. We can see that both perpendicular (near 90°) and par-
allel (0° or 180°) acceleration is observed [Apatenkov et al.,
2007]. There are two interesting aspects of the electron
pitch‐angle behavior: the pancake anisotropy (90° peak) is
mainly observed by P1 and P2, whereas the field‐aligned
anisotropy is mainly observed by P3 and P4 (not shown)
during the dipolarization. On the bottom, we have plotted the
differential energy flux in a pitch angle versus energy format.
The plots are limited to times during which the spacecraft
were in the electron injection region at the top. At energies
above 20 keV, P1 and P2 mainly observed perpendicular
acceleration (near 90°), whereas P3 (and P4) mainly observed
parallel acceleration (small angles). An enhancement at pitch
angles close to 90° as seen at P1 and P2 is consistent with
betatron acceleration. Enhancements at smaller pitch angles
as seen at P3 (and P4 not shown) is consistent with Fermi
acceleration, which occurs when a particle bounces between
mirror points within a flux tube that becomes shorter as it
dipolarizes and moves toward the Earth.
[11] We have plotted detailed pitch angle distributions

at different times for the electron injection observed by
THEMIS P2 in Figure 5. The energies plotted are given on
the left. Just prior to the injection (top two rows) the lower
energy particles have a butterfly distribution with peaks at
small pitch angles. Higher energies are nearly isotropic.
Once the injection starts, it proceeds quickly with higher
energies (>5 keV) peaking at ∼90°, whereas lower energies
(<0.5 keV) tend to have a minimum ∼90°. For instance, in
the third image from the top, the injection starts at about
0752:34 and is clearly evident by 0752:37 (third image). As
noted earlier, the phase space density of the lower energy
particles decrease by over an order of magnitude, and the
phase space density of the higher energies increase dra-
matically. The increase peaks at 90° pitch angle. In the last
row starting at 0752:49, the particle phase space density has
started to decrease at high energies and increase at lower
energies. It is interesting to note that as the dipolarization
front passes over P2, the electron distribution appears to be
split into two components within the injection region. The
lower energy population (<0.5 keV) is more field‐aligned,
whereas the higher energy population shows signatures of
transverse acceleration.
[12] In Figure 6, we display the electron phase space

density versus energy obtained before the dipolarization
(black) and during electron injection (pink) for P1
(Figure 6a), P2 (Figure 6b), P3 (Figure 6c), and P4
(Figure 6d), respectively. This format clearly shows the
energy dependence of the injections. Note that the phase
space densities did not increase for all energies. In fact, at
lower energies, the phase space density decreases, whereas
at higher energy, the phase space density increases. The
flux of electrons in the lower energy range (<1 keV)
decreases while the flux increases at energies from 1 keV
up to >100 keV. It is interesting to note that the crossing
points of the red lines and blue lines move to higher
energy from P1 (located at −20.1 RE) to P2 (–16.7 RE) and
then P4 (−11 RE). That is, the injection starts at higher
energies closer to the near‐Earth than in the distant tail.
The injection also extends to higher energies in the inner
tail (P4).

Figure 6. The electron phase space density versus energy
obtained before (black) and during (red) electron injection
for (a) P1, (b) P2, (c) P3, and (d) P4, respectively. The
region between the energies at which the black and red
curves cross have been shaded pink.
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[13] We now consider the plasma wave activity that
occurred at the different satellites during this event. In
Figure 7, we have plotted 2 min of data from all four
spacecraft, where for reference the three GSM components
of the magnetic field are plotted at the top. In the bottom two
images, we have plotted frequency time spectrograms of the
magnetic field wave (middle) and electric field wave (bot-
tom) power spectral densities. In each spectrogram, we have
superimposed dashed traces showing the electron cyclotron
frequency (red) and the lower hybrid frequency (black). At
all four spacecraft, there is low‐frequency power in both the
magnetic and electric field spectrograms that start at the time
of the dipolarization. In addition, at P1 and P2, there is

higher‐frequency power primarily in the magnetic field.
This power is most evident near the peak in the dipolar-
ization signal.
[14] Using the method of Samson and Olson [1980], we

have analyzed the polarization characteristics of magnetic
fluctuations near the electron injection region with the par-
ticle and wave burst mode data from the search coil mag-
netometers (SCM) [Le Contel et al., 2008]. In particular,
during the dipolarization at P2, wave burst mode data col-
lected at 8192 samples/s were available. In Figure 8, we
have plotted the results of the wave analysis of the burst
mode data. Starting from the top, the first image shows the
three components of the magnetic field in GSM coordinates,

Figure 8. The results of the wave analysis of the wave burst mode data taken of 8192 samples/s on P2.
From top to bottom are three components of (a) the magnetic field in GSM coordinates, (b) the pertur-
bation magnetic field in a field‐aligned coordinate system, (c) the perturbation electric field in a field‐
aligned coordinated system, (d) dynamic power spectral density from fluctuations of the Bx component,
(e) the degree of polarization, (f) the wave angle, and (g) the ellipticity, respectively. The superimposed
white dashed curve corresponds to electron cyclotron frequency.

Figure 7. Two minutes of wave data from all four spacecraft: (a) P1, (b) P2, (c) P3, and (d) P4. Each plot in Figures 7a–7d
show (top) three GSM components of the magnetic field, (middle) frequency time spectrograms of the magnetic field wave,
and (bottom) electric field wave power spectral density, respectively. The superimposed dashed traces are at the electron
cyclotron frequency (red) and the lower hybrid frequency (black).

DENG ET AL.: WAVES AND PARTICLES DURING INJECTIONS A09225A09225

9 of 14



the second and third images show the magnetic and electric
fields in a field‐aligned coordinate system, respectively, the
fourth image shows the dynamic power spectral density from
fluctuations of the Bx component, the fifth image shows the
degree of polarization, the sixth image showswave angle, and
the bottom shows ellipticity. The wave angle is the angle
between the wave vector and the background magnetic field,
and the ellipticity is the ratio between the major and the minor
axes of the polarization ellipse. The superimposed white
dashed curve corresponds to the electron cyclotron fre-
quency. From this high‐resolution wave burst data, clear
signatures of whistler waves have been identified at fre-
quencies between 200 Hz and 400 Hz. They are right‐hand
circularly polarized (red in the third image) with ellipticity
near 1 (red in the bottom) and propagate parallel or anti‐
parallel to the ambient magnetic field with wave angle near
zero (blue region in the fourth image). The broadband
whistler emissions have little frequency dispersion, sug-
gesting that the sources are very close to the probe. At this
time, the electron perpendicular temperature is larger than
the parallel temperature as shown in Figure 3 (middle col-
umn, row d). This can be clearly seen in Figure 9, where we
have plotted the electron distribution function during the
burst interval. The distribution function contours are elon-
gated along the perpendicular velocity axis at higher
velocities, which is consistent with an anisotropy‐driven
whistler mode instability [Kennel and Petschek, 1966;Gary
and Karimabadi, 2006]. Note that the velocity distribution
function in Figure 9 shows the two‐population character-
istic discussed previously in Figure 6, in which the lower
energies tend to be field‐aligned and the higher energies are
transversely aligned.
[15] We have plotted 3‐D burst mode electric field data

from P2 and P3 in Figure 10. Note that the plotted time
intervals are different for each image. The top two images
show P2 observations, and the bottom two images show P3
observations. Near the electron injection region, large ampli-

tude nonlinear electrostatic structures, such as electrostatic
solitary waves (ESWs) and double layers (DLs) were
observed. The ESWs (shaded pink) are characterized by
solitary bipolar pulses in the electric field parallel to the
backgroundmagnetic field [Matsumoto et al., 2003]. Nearer
the Earth at P3, double layers (orange) were observed in
addition to the ESWs. The DLs have unipolar signatures in
the electric field parallel to the background magnetic field
[Temerin et al., 1982]. The ESWs and DLs are 3‐D structures
with signatures in the directions parallel and perpendicular
to the ambient magnetic fields. The amplitudes in the parallel
component of the ESWs are ∼20 mV/m, and the amplitude
of the perpendicular components range from 2 mV/m to
6 mV/m. The amplitudes of the parallel component of DLs
observed at P3 are ∼10 mV/m, whereas the amplitudes of
the perpendicular components are <2 mV/m.

3. Summary and Discussion

[16] A study of a dipolarization front that brings together
comprehensive particle and wave data frommultiple THEMIS
satellites has been carried out. Although various aspects
related to dipolarization fronts and substorm activity have
been examined previously, including particle energization,
the thickness and speed of the dipolarization fronts, whistler
wave activity, double layers, and electrostatic solitary waves,
these have been considered for the most part separately. This
study here brings all of these particle and wave measurements
together for a particular event as a dipolarization front moves
earthward from THEMIS satellite to THEMIS satellite in an
effort to understand how they are related and how particle
acceleration occurs.
[17] Before discussing the implications of this study, we

first summarize the main findings:
[18] 1. The earthward moving dipolarization front on 27

February 2009 was associated with an electron flux increase

Figure 9. The electron distribution function during the wave burst mode interval shown in Figure 8.
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at energies >2 keV and decrease in the electron energy flux
for the lower electron energy population.
[19] 2. In conjunction with the observed changes in the

electron energy flux at dipolarization, an enhancement in the
wave activity level occurred. In the outer magnetosphere
(THEMIS P1 and P2), whistler waves were observed. Closer

to the Earth (THEMIS P3 and P4), electrostatic solitary
waves and double‐layer structures were found.
[20] 3. In the outer magnetospheric region, the perpen-

dicular temperature was greater than the parallel tempera-
ture, i.e., T? > Tk, whereas closer to Earth, the temperature
anisotropy was reversed such that T? < Tk.

Figure 10. Nonlinear electrostatic structures observed near the electron injection region for P2 and P3.
Note that the time intervals plotted are different for each image. (a) E║ at P2; (b) all three components of
E at P2. (c and d) All three components of E have been plotted from P3. Electrostatic solitary waves are
shaded pink, and double layers are shaded orange.
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[21] 4. As the dipolarization front passes P2, the electron
distribution function appears to be split into two components
within the injection region. The lower energy population
(<0.5 keV) is more field‐aligned, whereas the higher energy
population shows signatures of transverse acceleration.
[22] Understanding electron injections as examined here

is important because the acceleration of particles and the
transport of plasma through the magnetosphere, and spe-
cifically the magnetotail, govern magnetospheric structure
as well as its dynamics. Angelopoulos et al. [1992] and
Nakamura et al. [2002] reported dipolarization and electron
acceleration associated with BBFs. Most previous studies of
particle injections have been made at locations near geo-
synchronous orbit. In this paper, multipoint observations
from the five THEMIS probes aligned in conjunction between
−20 RE and −11 RE in the tail have provided the first
observations of earthward dispersionless electron injections
with thin plasma boundaries. All four spacecraft were very
near the neutral sheet when they observed the electron
injection. The dipolarization front, a thin plasma boundary
and electron injection region, was observed by each of the
satellites and was associated with earthward BBFs (Figure 2).
The electron injection front and thin plasma boundary layer
propagate earthward at speeds of 300 km/s, and the thickness
of the thin plasma boundary is estimated to be 400 km, which
is comparable to the ion inertial length [Runov et al., 2009]. In
the electron injection region, a very localized and sharp
increase of parallel and perpendicular electric fields has been
observed. The sharp magnetic field changes could be asso-
ciated with strong induced electric fields and field‐aligned
currents [Aggson et al., 1983; Lui, 1996]. At THEMIS P1 and
P2, the acceleration was primarily at 90° pitch angle, whereas
at THEMIS P3 and P4 nearer the Earth, it was primarily field‐
aligned (Figure 4). The perpendicular acceleration is most
likely the result of gyrobetatron and drift betatron acceleration
acting respectively on the gyromotion and the drift motion of
the particle, whereas the acceleration of particles along the
field direction is consistent with Fermi acceleration in which
a particle bounces between mirror points within a flux tube
that becomes shorter as it dipolarizes and moves toward the
Earth. However, during the substorm on 15 February 2008
(see Zhou et al. [2009] for a discussion of the observations),
Ashour‐Abdalla et al. [2009] used simulations to argue that
betatron and Fermi acceleration were insufficient to account

for the electron acceleration and that acceleration by plasma
waves or other processeswas required. Smets et al. [1999] and
Apatenkov et al. [2007] showed that contracting magnetic
flux tube during magnetospheric reconfiguration can provide
betatron and Fermi acceleration in a good comparison with
observations.
[23] The role of waves and nonlinear electrostatic struc-

tures in the dynamics of the Earth’s magnetosphere has long
been an important topic [e.g., Deng and Matsumoto, 2001].
Near the electron injection region, nonlinear 3‐D electrostatic
structures, including double layers (DLs) and electrostatic
solitary waves (ESWs), as well as intense right‐hand circu-
larly polarized whistler waves with frequencies up to 400 Hz
were observed in the wave burst data. Self‐consistent numer-
ical studies have shown that the nonuniformity of the magnetic
field plays a key role in the amplification process of whistler
mode wave emissions formed at the equator and that nonlinear
effects can increase the frequency of the emissions [Omura et
al., 2008]. Table 1 summarizes the wave observations at the
THEMIS spacecraft during the electron injection. THEMIS P1
and P2were the most tailward of the spacecraft on 27 February
2009, and both observed whistler waves while the two earth-
ward spacecraft (P3 and P4) did not. The energetic electron
distribution functions observed at P1 and P2were peaked in the
perpendicular direction with T? > Tk (see Figures 3, 4, and 9).
This is consistent with the local generation of whistler waves.
Table 1 also summarizes the whistler mode observations re-
ported during a substorm by Le Contel et al. [2009]. They
observedwhistler modewaves at the two inner most spacecraft
and not at the outer spacecraft. However, P1 and P2were fairly
far from the neutral sheet in their study. It is interesting to note
that the characteristics of the plasma boundary layers near the
Earth (P3 and P4 located near –11 Re) are quite different from
that in the middle tail region (P1 and P2 located at −20 Re and
−16.7 Re, respectively). At P3 and P4, T? < Tk and thus
whistlers were not being locally generated.
[24] The BBF and shear flows can generate Alfvén waves.

When Alfvén waves propagate earthward and encounter the
thin plasma boundary layers, the large gradients in the
plasma and magnetic field can effectively couple large‐scale
Alfvén waves with kinetic Alfvén waves [Hasegawa and
Chen, 1975; Lysak, 2008; Johnson et al., 2001]. By com-
paring the Alfvén speed calculated by the local plasma and
field parameters and the phase speed estimated by the ratio

Table 1. Summary of the Wave Observations Made by THEMIS Spacecraft

Event P1 P2 P3 P4 P5

Deng et al.
(present study)

Position (RE) (−20.1, −0.6, −1.5) (−16.7, −1.6, −2.2) (−11.1, −2.7, −2.2) (−11.1, −1.8, −2.4)
Wave around

the DF
Whistler Whistler ESW Double layer & ESW

Eperp/Epara=0.25∼1
Double layer

& ESW
Distance to neutral

sheet (RE)
0.6 −0.1 −0.2 −0.4

Le Contel et al.
[2009]

Position (−29, 2.3, −9.) (−18, 1.6, −5.6) (−9.5, 1.6, −3.) (−8.2, 2.5, −2.3)
Wave around the DF No No Whistler Whistler
Distance to neutral

sheet (RE)
−5.6 −2.2 0.1 0.6

Ergun et al.
[2009]

Position (−18.4, −2.1, −5.9) (−9.2, 2.6, −0.9) (−8.7, 3.6, −1.6)
Wave around the DF Double layer & ESW

Eperp/Epara =2.5
Double layer & ESW
Eperp/Epara = 0.3∼1

Double layer & ESW
Eperp/Epara =0.7

Distance to neutral
sheet (RE)

−2.7 −1 −0.4
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(E/B) of the amplitudes of wave fluctuations of electric field
(E) over that of the magnetic field (B), we can find that
ahead of the electron injection fronts, enhancement of
electromagnetic waves with the phase velocity comparable
to the Alfvén speed were observed, just at the electron
injection fronts with thin plasma boundary layer, greatly
enhanced electrostatic like waves with the phase velocities
much larger than Alfvén speed were observed. As we know
that kinetic Alfvén waves can get a parallel electric field
component, break down the “``frozen‐in” condition, decou-
ple the plasma from field lines, and play important role in the
electron accelerations. The different draft between electrons
and ions can also trigger instabilities, and nonline electron
structures, such as double layers, electron holes can form. In
an inhomogeneous magnetic field, a parallel electric field
may form due to the pitch‐angle anisotropy mechanism.
ESWs were observed at P2, P3, and P4, but not P1 and DLs
were found at P3 and P4. The electric field ratio E?/Ek at P3 is
similar to that reported by Ergun et al. [2009] near the neutral
sheet (shown in Table 1). These observations indicate that
strongly nonlinear, kinetic behavior is intrinsic to the electron
injection. These nonlinear microscopic effects can contribute
to the formation of parallel potential difference along the field
lines. Electrostatic DLs have been proposed as an acceleration
mechanism in solar flares and other astrophysical objects.
Low‐altitude satellites have provided direct observation of
DLs [Ergun et al., 2001], whose properties and role in elec-
tron acceleration have been analyzed using simulations
[Newman et al., 2001]. Ergun et al. [2009] reported the first
direct observations of parallel electric fields carried by DLs
in the plasma sheet of Earth’s magnetosphere during
enhanced magnetic activity. ESWs represent potential or
density structures generated out of nonlinear processes.
These electron phase‐space holes are thought to be important
in scattering and energizing electrons by providing dissipa-
tion for collisionless reconnection and heating electrons
across collisionless shocks [Drake et al., 2003;Matsumoto et
al., 2003; Bale et al., 2003]. Hoshino and Shimada [2002]
studied the suprathermal electron acceleration mechanism
in a perpendicular magnetosonic shock wave in a high Mach
number regime by using a particle‐in‐cell simulation. They
found that shock surfing/surfatron acceleration producing
suprathermal electrons occurs in the shock transition region.
There is a series of large‐amplitude ESWs excited by the
Buneman instability, and the electrons are likely to be trapped
by ESWs. During the trapping phase, electrons can be
effectively accelerated by the shock motional/convectional
electric field.
[25] Particle acceleration still remains one of the most

challenging aspects of space and astrophysics. The obser-
vation of DLs and ESWs reveal that the electrostatic tur-
bulence observed in the electron injection region is coherent
and often composed of 3‐D small‐scale, large‐amplitude
nonlinear electric field structures. The energy dissipation
under these nonlinear electric fields is apparently not pro-
vided by conventional turbulent waves. These structures
interact with the electron distribution and accelerate electrons
by transit time acceleration, and high‐energy electrons could
be generated when the electrons pass a large number of these
structures. The electron injection process is clearly quite
complex. Nonideal, strongly nonlinear, kinetic behavior is
intrinsic to electron injection with multiscale coupling of

MHD, ions, and electrons. We have only begun to investigate
the potentially rich multiscale structuring phenomena that
result from the coupling of the MHD scale to the scale of
electron kinetics. The observations reported here provide
clues for the generation and propagation of high energetic
electrons and also shed light on the physics and dynamics of
magnetotail. Further studies of the coupling in multiscale
structured phenomena by combining theory, simulations, and
observations should help to elucidate how plasma heating and
high‐energy particle acceleration are provided in the mag-
netosphere and in space plasmas in general.
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