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[1] A sub-Alfve´nic jet in the tailward outflow region near the separatrix of the magnetic
reconnection is observed by Geotail on 9 February 1995. Several dozens of electrostatic
solitary waves/pulses (ESWs) are observed, respectively, on the current sheet-side and the
lobe-side of the separatrix. The ESWs on the current sheet-side are of type-B with
direction outward (toward to the tailward) while on the lobe-side they are of type-A
directed to X-line. The amplitude of ESWs on the current sheet-side is about 6 times more
than those on the lobe-side, suggesting that energies flowing outward from the
reconnection X-line are much larger than those flowing inward. Moreover, observations
show, that electron beams associated with ESWs, which are parallel to the ambient
magnetic field, are much stronger on the current sheet-side than on the lobe-side of the
separatrix. Furthermore, the direction of the electron beam on the lobe-side of the
separatrix is mainly antiparallel to the ambient magnetic field and it is mainly parallel on
the current sheet-side. Both are consistent with the propagation of ESWs which is in
agreement with the generation mechanism of ESWs, which is suggested to be related to
electron beams. These results are helpful for solving the issue of ESWs’ generation
mechanism associated with magnetic reconnection. It also provides an important clue for
understanding the fast energy release during the magnetic reconnection process.
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1. Introduction

[2] The magnetic reconnection is a key mechanism invoked
for the energy release and transformation from the previously
stored magnetic energy to the kinetic energy of particles by
changing the topology of magnetic field line in a local region
and has been widely studied for tens of years. The magnetic
separatrix is an important boundary layer separating the inflow
and outflow regions in magnetic reconnection. The separatrix
region can maintain its internal structure over at least several
hundreds of ion skin depths [André et al., 2004; Retinò

et al., 2006; Khotyaintsev et al., 2006]. It is a rather dynamic
region with wave-particle interactions. During the crossing
of the separatrix with the reversal of plasma flow and Hall
magnetic fields, strong electrostatic lower-hybrid-drift (LHD)
mode was observed [Wang et al., 2010].
[3] The electrostatic solitary waves (ESWs) in the space

are regarded to be the electron phase-space potential holes
(electron holes) which are Bernstein-Greene-Kruskal
(BGK) modes, i.e., one-dimensional equilibrium solutions to
the time-independent Vlasov-Poisson equations [Bernstein
et al., 1957; Chen and Parks, 2002]. ESWs have been studied
for many years since they were regarded as a kind of
Broadband Electrostatic Noise (BEN) in 1990s [Matsumoto
et al., 1994a; Kojima et al., 1994]. They have been observed
in many key space regions, including the solar wind, the
upstream and downstream regions of the terrestrial bow-shock,
the magnetosheath and the magnetopause, the cusp region and
the auroral acceleration region, the plasma sheet boundary
layer, and the magnetotail [Matsumoto et al., 1994a, 1999,
2003; Kojima et al., 1997, 1999a; Mozer et al., 1997; Ergun
et al., 1998; Bale et al., 1998; Cattell et al., 1999, 2003;
Pickett et al., 2003, 2004, 2005; Shin et al., 2008]. In the
magnetotail, numerous ESWs have been observed in the
plasma sheet boundary layer (PSBL) and their characteristics
have also been analyzed [Matsumoto et al., 1994a, 1999;
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Kojima et al., 1997, 1999a]. The propagation of ESWs has also
been studied in the boundary layers [Pickett et al., 2004, 2007].
[4] The ESWs have also been observed in/around the

magnetic reconnection diffusion region (hereafter called
MRDR) both by in situ observations [Deng et al., 2004,
2009; Cattell et al., 2005; Li et al., 2009, 2010, 2013a,
2013b] and by simulations [Drake et al., 2003; Cattell
et al., 2005; Lapenta et al., 2011]. The observation evidence
of high-frequency electrostatic waves inside an ion-scale
magnetic flux rope embedded in a reconnecting current sheet
in the Earth’s magnetotail was also reported [Khotyaintsev
et al., 2010]. Some authors suggested that ESWs can contrib-
ute to accelerating electrons in the reconnection process
[e.g., Farrell et al., 2002; Drake et al., 2003]. However, it
was argued by some others, claiming that the ESWs are just
some small spatial bubbles within the relatively larger
reconnection region [Omura et al., 1996]. But it was accepted
by both arguers that the ESWs around the reconnection diffu-
sion region are mainly observed on the boundary layer of the
reconnection region and will be taken account to the
change of the electron phase distribution.
[5] With respect to the study of ESWs associated with

magnetic reconnection, one important issue is the genera-
tion source region of the ESWs and their role in the energy
releasing process of magnetic reconnection. It is generally
known that in the reconnection process, the electrons will
decouple from the ions and be accelerated into a speed
exceeding the Alfvenic velocity. The relative drift of
electrons and ions or between different electron populations
can then largely exceed the electron thermal speed and stream-
ing instabilities, including the bi-streaming instability and
bump-on-tail instability. These kinds of instability develop
and then generate bipolar structures in electric field which
was termed as electrostatic solitary waves. Particle-in-cell
(PIC) simulation to the electron behavior in the reconnection
with a guide field suggested that the ESWs can be generated
near the magnetic X-line [Drake et al., 2003]. Cattell et al.
[2005] suggested that the electron holes (i.e., ESWs) are
excited in the separatrix region, near the outer edge of the
current sheet. The electron holes occur during intervals when
there were narrow electron beams, either unidirectional or
counterstreaming. Recently, Lapenta et al. [2011] had also
discussed the generation of ESWs in the reconnection process.
They conducted massively parallel simulations for realistic
conditions and for the hydrogen mass ratio in boxes larger
than considered in similar previous studies. In all cases of their
simulation result, along the separatrices a strong electron flow
is observed, sufficient to lead to the onset of streaming insta-
bilities and to form bipolar parallel electric field signatures.
[6] However, direct observations and analysis of ESWs

in both sides of separatrix associated with magnetic reconnection
are rarely reported. This paper mainly focuses on this issue
and tries to answer the following questions: what kinds of
ESWs can be observed on both sides of the separatrix?
Are they locally generated? What are their respective
propagating directions?
[7] In this paper, a magnetic reconnection event, which is

with sub-Alfve´nic jet in the tailward outflow region near
the separatrix, is to be studied. The ESWs are observed when
the spacecraft skims the separatrix. The spatial structure of
ESWs and their polarization will be analyzed. The relation-
ship between the direction of ESWs and the electron beam is

also investigated. High time-resolution data of the electric
field from the Wave-Form Capture (WFC) instrument
[Matsumoto et al., 1994b] are mainly employed for the
analysis of the ESWs. The WFC serves as a part of the
Plasma Waves Instrument (PWI). Three-dimensional elec-
tron and ion distribution data obtained from the Low
Energy Particle (LEP) experiment [Mukai et al., 1994] are
used to analyze the particle characteristics. Other data used
herein include magnetic field data obtained from the
Magnetic Field (MGF) experiment [Kokubun et al., 1994]
and plasma moment data obtained from the LEP instrument.
[8] This paper is arranged as follows: in section 2, the

magnetic reconnection event and the separatrix crossing are
briefly addressed. The observation and analysis of ESWs
associated with the separatrix are shown in section 3. In
section 4, particle activities are shown and discussed. The
discussion and concluding remarks will be presented in the
last section.

2. Overview of Magnetic Reconnection
and Separatrix Crossing

[9] A case of magnetic reconnection with long time duration
has been encountered by Geotail from 09:55 to 13:10 UT on
9 February 1995, when the satellite is located in the near-
earth tail current sheet at (�29.85, 2.06–0.26, �2.49) RE.
This event has been studied in the previous work [Li et al.,
2012] and it will be addressed briefly herein.
[10] Figure 1 gives an overview of the observation history

for the event with panels (a–b) plotting data from 09:40 UT to
11:20 UT and panels (c–g) showing data zoomed-in within
interval of 10:20–11:00 UT. The magnetic field data obtained
from the MGF instrument and plasma moment data obtained
from the LEP are employed for analysis. The magnetic
reconnection event is mainly identified by a large plasma
flow (Vx, Figures 1b and 1e) reversal from negative to posi-
tive at approximately 10:41 UT together with a reversal of
the Bz magnetic field component (Figures 1a and 1d).
Moreover, a strong shrinking of Bz is observed at the same
time of the maximum amplitude of Vx.
[11] In the bottom part of Figure 1, data are zoomed-in

within the time interval of 10:20–11:00 UT, during which
the plasma flow reversal is clearly seen. Figures 1c–1d plot
X- and Z-components of the magnetic field (Bx and Bz) in
the geomagnetic solar magnetosphere (GSM) coordinates.
Figure 1e shows the X-component of the plasma flow (Vx)
in solid line and the parallel component of the plasma flow
(V//) in dashed line. The vertical arrow clearly shows the
plasma flow reversal time, at approximately 10:41:40 UT.
As seen from the V//, the plasma flow is mainly parallel to
the ambient field on the tailward side (“R4” subregion,
tailward-southern hemisphere) while it is mainly antiparallel
to the ambient field on the earthward side (“R3” subregion,
earthward-southern hemisphere). Herein, “R1,” “R2,” “R3,”
and “R4” are the four subregions of the diffusion region in
the X-Z plane for the 2-D reconnection model as illustrated
in Figure 2. The red dashed curve denotes the 0.3 Alfvenic
velocity (0.3 Va, Va ¼ B0=

ffiffiffiffiffiffiffi

μ0ρ
p

). Figure 1f plots the ratio
of bulk velocity to the Alfvenic velocity. It will be addressed
in the next context. The total plasma β (β ¼ 2μ0 �nkT=B2

0) is
in the range (0.1, 1) (Figure 1g) during the plasma flow rever-
sal, suggesting that the magnetic reconnection is encountered
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by Geotail. The black bar in the bottom of Figure 1 marks the
most interesting time interval in this study.
[12] However, since the Bx is a little large (10–13 nT) in

this interval, it is quite likely that the X-line of magnetic
reconnection passed above the Geotail sometime between
~10:20 UT and ~10:50 UT. Thus, the Geotail just detected
the magnetic reconnection on skimming it at the boundary
layer, which is the separatrix region. It suggests that Geotail
has crossed the magnetic separatrix region of this ongoing
magnetic reconnection. Figure 2 schematically illustrates
the trajectory of Geotail when it encounters the ongoing mag-
netic reconnection. The thick-solid curves with arrows in
Figure 2 represent the magnetic field lines; the dashed

arrowed curve stands for the Geotail trajectory with moving
direction; the thin solid lines between the magnetic field lines
represent the separatrix of the reconnection diffusion region.
“R1,” “R2,” “R3,” and “R4” are the four subregions of the
diffusion region in the X-Z plane of the 2-D reconnection
model. The two grey balls denote the locations of Geotail
relative to the magnetic reconnection diffusion region when
WFC operates during the 8.75 s’ observation period every
275 s. The corresponding time scopes are denoted as “W1”
and “W2.” Our analysis in the present study is based on the
observation of WFC during these two time scopes.
[13] In this event, Geotail encounters a developing MRDR

and crosses it from the tailward-southern hemisphere into the
earthward-southern hemisphere on the southern-lobe-side of
the diffusion region which is probably the inflow region.
The flow jet at approximately 10:35 UT is of interest. The ratio
of plasma flow velocity to the local Alfvenic velocity is shown
in Figure 1f. As is seen, the plasma flow bursts largely and
surpasses 0.3Va while the magnetic field decreases during
the time interval of 10:35–10:37 UT. This is a sub-Alfvénic
jet in the tailward outflow region near the separatrix. Due to
the flapping motion of the current sheet in the reconnection
region [Runov et al., 2003; Sergeev et al., 2003] or other
possible reasons, the separatrix is crossed twice by Geotail.

3. Observation and Analysis of ESWs Associated
With the Separatrix

[14] In the present event, two time periods of observations
have been investigated while Geotail crosses the separatrix
near the magnetic reconnection X-line. One observation
period is 8.75 s from 10:31:09.455UT; the other is at 8.75 s
from 10:35:53.476UT. According to the analysis above,

Figure 1. Overview of the magnetic reconnection observa-
tion in the near-Earth magnetotail on 9 February 1995.
Figures 1a–1b and 1c–1f represent, respectively, data within
09:40–11:20 UT (global view) and 10:20–11:00 UT (enlarged
view) between the two vertical solid lines in the top part. (a–b)
The magnetic field and plasma bulk velocity in the GSM coor-
dinates. Black, red, and green lines represent X-, Y-, and
Z-component, respectively. (c–d) X-component (Bx) and
Z-component of the magnetic field (Bz); (e) X-component of
the plasma flow velocity (Vx) in solid line, and the parallel
component of the plasma flow (V//) in dashed line. The dashed
curve in red is the 0.3 Alfvenic velocitiy. (f) Ratio of the
bulk velocity to the Alfvenic velocity. The dashed horizon-
tal line denotes the ratio of 0.3. (g) Total plasma β.

Figure 2. Illustration for the relative location of Geotail to
the reconnection diffusion region and its trajectory from
10:30 UT to 11:00 UT. The reconnection diffusion region is
viewed as a traditional ideal 2-D reconnection model where
the X-line is the core region of the magnetic reconnection.
“R1,” “R2,” “R3,” and “R4” are the four subregions of the
diffusion region in the X-Z plane for the 2-D reconnection
model. The local magnetic field (By) orientation within each
region is indicated by the four balls with dot (out-of-plane)
or cross (in-of-plane) in the center. The thick black arrows
show the plasma outflow jet; the thick solid arrowed curves
represent the magnetic field lines; the dashed allowed curve
stands for the Geotail trajectory with moving direction; the
thin solid lines between the magnetic field lines represent the
separatrix of the reconnection diffusion region. The two black
balls (W1 and W2) indicate the Geotail locations when WFC
operates during the 8.75 s’ duration.
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the observations are made, respectively, on the lobe-side and
the current sheet-side (CS-side) of the separatrix and are
noted as “W1” and “W2.” The orbit of Geotail crossing the
magnetic separatrix adjacent to the reconnection X-line was
shown in Figure 2 and will be illustrated in Figure 5. This
data set is quite appropriate to study the wave activity further,
especially the ESWs associated with the separatrix adjacent
to the magnetic reconnection X-line.
[15] Figure 3 shows two typical cases of ESWs observed

on the lobe-side and the CS-side of the separatrix (enlarged
view of W1 and W2). The panels in left (a–c) and right
(d–f) are, respectively, for W1 and W2 observation. Panels
(a–b) show the electric field components Ex and Ey

(versus time) yielded from Ex=Eu � sin(θ) +Ev � cos(θ) and
Ey=�Eu � cos(θ) +Ev � sin(θ), where Eu and Ev (not shown)
are the electric components directly measured by the two
antennas onboard Geotail. The EU and EV are in satel-
lite-based coordinates (hereafter called sc-coordinates),
which is very similar to the GSE coordinates during the
mission of Geotail. The variable θ(t) is the spin angle
between the U (or V) axis in one time (t = t1) to the
U (or V) axis of the original status (t = t0) within the spin
plane of Geotail. In this case, the plot of Ex(t) and Ey(t)
can be viewed as data in the Geomagnetic Solar Ecliptic

(GSE) coordinate set. Ez is usually set to be zero since
the ambient field is mainly parallel to the x-y plane in
this analysis. The bipolar structure of ESWs is identified
by both the original data (EU or EV) and the transformed
data (Ex or Ey). Commonly, the bipolar structure is mainly
identified by Ex or Ey. Figure 3c shows the parallel
component of the electric field (E//) which is obtained
from E// =E �B/Bt.
[16] The observation of ESWs associated with the separatrix

has been reported [e.g., Kojima et al., 1999b; Cattell et al.,
2005]; however, we will focus herein on polarizations
of the ESWs on both sides of the separatrix. The bipolar
solitary structure of the parallel component of the ESW for
the W1 observation exhibits a first-negative-then-positive
variation bipolar solitary structure, while for the W2
observation case, it has an opposite variation. For conve-
nience, we name the first-negative-then-positive waveform
as “type-A-ESW,” and the opposite one as “type-B-ESW.”
[17] Many cases of ESWs similar to those of Figure 3 have

been identified and analyzed within the W1 and W2 time
intervals. Statistical results are listed in Table 1. In summary,
about 85% (40/47) of the ESWs in W1 period are with the
same polarization of type-A ESWs; while in W2 period, the
percentage of type-B-ESWs can reach 83% (49/59).
Figure 4 shows the waveform Ex - Ey during the W2 period
when Geotail is located at the CS-side of the separatrix.
Figure 4a plots Ex and Ey versus time, respectively, in a time
span of 300 ms starting from 10:30:53.955UT. Tens of spiky
solitary structures with small pulse width can be differenti-
ated from Ex(t) and Ey(t) profiles in Figures 4a and 4b.
An enlarged view is plotted in Figure 4c. Almost all
ESWs within the W2 interval of 300 ms have the same
type-B polarization.
[18] The generation source of ESWs in the magnetosphere

is an important issue and has been investigated by many
authors [e.g., Pickett et al., 2005; Cattell et al., 2005].
However, as for the generation of the ESW associated with
magnetic reconnection, only a few evidences have been
presented based on satellite observation [e.g., Farrell et al.,
2002; Cattell et al., 2005] apart from simulation [Drake
et al., 2003; Lapenta et al., 2011].
[19] In the present event, the opposite polarization of

ESWs on the lobe-side and the CS-side of the separatrix near
the reconnection X-line presents a new way to analyze the
source regions of ESWs in the MRDR and their propagation
directions. As mentioned above, ESWs on the lobe-side of
the separatrix are mainly of type-A, while on the CS-side
they are of type-B. The different polarizations between these
two kinds suggest that the propagating directions of the
solitary potential along the ambient field are opposite. As is
studied by Kojima et al. [1999a] and indicated by Shin
et al. [2008], the propagation direction of the ESWs can be
evaluated from the phase of the bipolar ESW waveforms

Figure 3. Enlarged view of ESWs observed during (left
column) W1 and (right column) W2 events when Geotail
is, respectively, located at the lobe-side and the CS-side of
the separatrix. The observation time for the W1 case is at
10:31:13.673UT, while it is at 10:35:54.110 UT for the
W2 case. The ambient magnetic fields in W1 andW2 ranges
are B0,gse = (�11.8, 8.08, 1.26) nT and B0,gse = (�12.3, 7.3,
� 2.38) nT.

Table 1. Statistical Results of ESWs Observed in the Lobe-Side (W1) and Current Sheet-Side (W2) of Magnetic Separatrix, Respectively

Time Num Type-A Type-B
Amplitude (Mean)

(μV/m)
Amplitude (Max)

(μV/m)
Pulse-width (Mean)

(ms)
Pulse Width
(Max) (ms)

W1 47 40 (85.1%) 7 (14.9%) 86.6 278.3 1.03 2.48
W2 59 10 (17%) 49 (83%) 501.8 1440.1 1.25 6.25
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under the assumption of the polarity of ESW potentials.
When we assume the positive potentials for the ESWs, the
propagation direction of type-A ESWs and type-B ESWs
are, respectively, antiparallel and parallel to the ambient
magnetic field (illustrated in Figure 5a). In summary, the
information on the propagating directions relative to the
ambient field can be obtained from the polarizations of
ESWs, i.e., the type-A-ESW refers to that “antiparallel to
B0,” and the type-B-ESW refers to that “parallel to B0.” In
this case, the separatrix is on the tailward-southern side of
the X-line, thus the ambient field is tailward. The ESWs
observed on the lobe-side are antiparallel to the ambient field
(earthward, i.e., toward the reconnection X-line) while those
observed on the CS-side are parallel (tailward, i.e., outward
and away from the reconnection X-line).
[20] Figure 5b illustrates the tailward side of the mag-

netic reconnection X-line for the present analysis. On the
basis of ESWs observations on both sides of the separatrix
near the reconnection X-line, it also illustrates the polari-
zations of ESWs in the ideal 2-D magnetic reconnection
model in X-Z plane in the near-earth magnetotail. The
thick (thin) arrowed lines stand for magnetic field lines
on the lobe-side (CS-side) of the separatrix, while the grey
bar between these two kinds of lines represents the
separatrix. The W1 and W2 observation are, respectively,
operated when Geotail is located on the lobe-side and the
CS-side of the separatrix. The waveforms in the bipolar
structure represent the ESWs observed by the Geotail.

[21] The opposite polarizations of ESWs in the lobe-side
and the CS-side of the separatrix adjacent X-line can be used
as a “tracer” to derive the source region of ESWs associated
with tail reconnection. However, the observation here only
confirms the case in the tailside-southern region of the X-line
(waveform in blue). So, a future work will be necessary to
extend the present analysis to other regions of the MRDR.
[22] In order to study more carefully the ESWs associated

with the separatrix, a simple statistics is performed and is
summarized in Table 1. Columns 2 to 4 list, respectively,
the total number of type-A-ESW and type-B-ESW. The pulse
widths for ESWs observed on the lobe-side and the CS-side
of the separatrix are listed in columns 7 and 8 of Table 1.
The maximum pulse width of ESWs in the CS-side is
6.25 ms, while it is 2.48 ms for the ESWs in the lobe-side.
The pulse width of the bipolar solitary structure observed
near the X-line of diffusion region is consistent with those
observed mainly in the PSBL in the vicinity of the diffusion
region which is in the scope of 1–5 ms [Li et al., 2009].
[23] A large difference is seen from the amplitudes of ESWs

observed on the lobe-side and the CS-side of the separatrix.
Columns 5 and 6 list the maximum and mean values of
the ESWs’ amplitudes observed in W1 (lobe-side) and W2
(CS-side). On the lobe-side of the separatrix, the average
amplitude is just 86.6 μV/m, while the value on the CS-side
is 501.8 μV/m, i.e., over 6 times longer than that on the
lobe-side. The maximum amplitude is 1440.1 μV/m for
ESWs on the CS-side and is again over 6 times longer than

Figure 4. (a) 300 ms data of Ex and Ey fields observed during the W2 event when Geotail is located at the
CS-side of the separatrix. (b) Zoom-in showing the waveform within the time span marked by the two
vertical lines defined in Figure 4a. (c) 20 ms data observed from 10:35:54.105UT which is the expanded
scale of waveform between the two vertical dashed lines defined in Figure 4b. For reference, the arrow
in Figure 4c marks the bipolar waveform which has been analyzed in (right column) Figure 3. Figure 4d
shows the polarity (Ex - Ey) of the waveform.
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that on the lobe-side. The ESWs’ amplitude is likely
to reflect the energy of the driving electrons and the
vechanism that limits the wave growth (issues that are
discussed in many simulation and theory papers). The large

difference between amplitudes of ESWs observed on the
lobe-side and the current sheet-side of the separatrix
suggests that the electrostatic energy and the kinetic
energy of electrons forming the electron holes moving
outward from reconnection X-line are much larger than
those moving inward.

4. Analysis of Particle Data

[24] Figure 6 shows the time histories of the electron differ-
ential flux from seven different channels of LEP-EA-e
by Geotail. The color bar is unified for the sake of making
comparison between different channels. Top to bottom
panels show the data collected from the channels in the detec-
tor LEP-EA corresponding to the incident elevation angles
of 0°, ±22.5°, ±45°, and ±67.5°. Channel-1 (CH.1) denotes
the detector looking toward the north-most elevation angle
(+ 67.5) and hence measuring the southward-going particles.
Channel-4 (CH.4) is the center detector in the equator plane
(roughly ecliptic plane). Channel-7 (CH.7) is the detector
opposite to Channel-1 and measures the northward-going
particles [Mukai et al., 1994]. The measured data have been
corrected by the g-factor of each channel for EA-e (refer to
Table 2 in Mukai et al. [1994]). Moreover, we use the
efficiency of CH.1 to CH.7 to fully correct the count data,
dividing the g-factor corrected count by efficiency of CH.1
to CH.7, which are 0.49, 0.40, 0.35, 0.34, 0.30, 0.39, and
0.48, respectively [Mukai et al., 1994]. Note that the low
energy portion in the electron counts from the lowest five en-
ergy steps (i.e., Step 31: 43.4–76.6 eV; Step 30: 76.6–134.3 eV;
Step 29: 134.3–213.0 eV; Step 28: 213.0–281 eV; Step 27:
281–349.1 eV) have been filtered and are not shown since it
is too great and will enshroud the electrons in higher energy
flux passes.

Figure 5. (a): Sketch of the propagation of ESWs along the
ambient field according to their waveform (type-A or type-
B); (b) Illustration of the polarization of ESWs in the ideal
2-D magnetic reconnection model on the X-Z plane in the
near-earth magnetotail. The thick (thin) lines with arrows
stand for the magnetic field lines on the lobe-side (CS-side)
of the plasma sheet, while the grey area represents the
separatrix transition layer. The dashed arrow line marks the
trajectory of Geotail. The waveforms of bipolar structures
represent the different ESWs patterns; the thin black arrows
represent their propagation direction, respectively.

Figure 6. Time histories of the electron differential flux (g-factor corrected) from the seven different
channels of LEP-EA-e by Geotail on 9 February 1995. Y axis in each panel is the velocity channel, from
2959 to 51,205 (km/s), which stands for energy bins [Mukai et al., 1994]. For each channel, the electron
account is integrated in all azimuthal directions. Refer to text for detail.
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[25] The two vertical white dashed lines in Figure 6
separate the observation time span into three stages, corre-
sponding to the regions relative to the magnetic separatrix
as lobe-side, CS-side, and then the lobe-side again. It shows
clearly that the electron flux with velocity around 10,000 km/s
enhances mainly in channel 4 and 5 (CH.4–5, Figure 6d–6e),
which is roughly in the ecliptic plane, i.e., in the plane parallel
to the ambient magnetic field. Moreover, it can be seen
in Figure 6d that the electron flux enhances largely on the
CS-side of the separatrix while it is only slightly enhanced
on the lobe-side. The maximum of electron flux on the
CS-side of the separatrix is ~ 6.5 × 106 on 10:36:33 UT
while on the lobe-side it is ~ 4.5 × 106 on 10:32:45 UT.
[26] To investigate whether electron beam exists and their

direction, we have surveyed the two-dimensional cut distri-
bution of electron in the plane parallel to the ambient
magnetic field, i.e., in Channel-4 for all the time interval
as shown in Figure 6d. Figures 7a–7d show the two-
dimensional cut distribution, respectively, for four integrated
time spans as indicated by the four downward white arrows
in Figure 6. Figures 7a–7b are the electron distributions for the
observation on the lobe-side of the separatrix, while the other
two panels are those on the CS-side. The distribution in each
panel is obtained in one LEP integrated period of 12 s. The
electron flux is divided into 16 levels of energy and 16
azimuthal angles scales; however, as addressed in Figure 6,
the lowest five energy levels have been filtered. Note that
Figure 7a is plotted in the time interval including the “W1”
observation and Figure 7c corresponding to “W2” observa-
tion. For Figures 7b, 7c, and 7d, the electron distribution

function is strongly elongated along the ambient magnetic
field (the black arrows) at higher energy levels with velocities
~10,000 km/s, suggesting the existence of bidirectional or
unidirectional electron beams, which is consistent with the
Buneman instability [Matsumoto et al., 2005].
[27] The electron beam in the separatrix has been widely

studied by simulations and observations. A beam of low-
energy electrons flowing toward the reconnection region near
the separatrix was previously identified in observations
[Fujimoto et al., 2001], as well as in kinetic simulations
[Pritchett, 2001; Hoshino et al., 2001]. Deng et al. [2004]
have reported direction reversal of electron beam in the
PSBL near the MRDR, which is an evidence of the Hall
current loop in the magnetic reconnection diffusion region.
They have indicated that the electron beams flow into the
reconnection X-line from the lobe-side of the separatrix.
Nagai et al. [2011] also indicated that the electrons show
basically bidirectional field-aligned distributions near the
separatrix layer. In this case as shown in Figures 7b, 7c,
and 7d, the Geotail/LEP data show basically bidirectional
field-aligned distributions or unidirectional field-aligned dis-
tributions in the region near the separatrix layer of vmagnetic
reconnection. This observation of electron beam associated
with the separatrix is consistent with those observed by
Cluster [Cattell et al., 2005] and Geotail [Nagai et al., 2011].
[28] The ESWs are commonly regarded to be generated by

the electron two-stream instabilities and/or bump-on-tail in-
stability [Omura et al., 1994, 1996, 1999]. Moreover, by ex-
amining the electron distributions on all the satellites of
Cluster, Cattell et al. [2005] suggested that the electron holes

Figure 7. Two-dimensional cut in Channel 4 of 3-D distribution of electron differential flux (g-factor
corrected) as observed by LEP instrument. The unit of the colorbar is the same as that in Figure 6. The
subplots are denoted by the four white arrows in Figure 6. Figures 7a and 7b are for lobe-side while
Figures 7c and 7d are for current sheet-side. The WFC observation time spans “W1” and “W2” correspond
to the plots (a) and (b). The black arrows in the subplots indicate the direction of ambient magnetic field.
Refer to text for detail.
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are excited in the separatrix region, near the outer edge of the
current sheet, where there are narrow electron beams, either
unidirectional or counterstreaming. Fujimoto and Machida
[2006] also suggested that the electron two-stream instability
in association with magnetic reconnection is also responsible
for the generation of the electrostatic solitary waves that have
been frequently detected in the boundary region. The obser-
vation of ESWs and unidirectional electron beam is similar
to the previous result.
[29] In summary, our analysis on the LEP data shows that,

electron beam associated with ESWs parallel to the ambient
field on the CS-side of separatrix is strong while it is weak
on the lobe-side region. Furthermore, the direction of the
electron beam on the lobe-side of the separatrix is mainly
antiparallel to the ambient magnetic field (Figure 7b) and it
is mainly parallel on the CS-side (Figure 7c). Both are consis-
tent with the propagation of ESWs which is in agreement
with the generation mechanism of ESWs which is suggested
to be related to electron beams.

5. Discussion and Concluding Remarks

[30] In the present work, a sub-Alfve´nic jet in the
tailward outflow region near the separatrix of the magnetic
reconnection is observed by Geotail on 9 February 1995.
Several tens of electrostatic solitary waves/pulses (ESWs)
are observed, respectively, on the lobe-side and the CS-side
of the separatrix. The detailed analysis on the polarizations
of ESWs associated with the separatrix has been performed.
The results are summarized as follows:
[31] 1. The ESWs on the CS-side are of type-B with direc-

tion outward (toward to the tailward) while on the lobe-side
they are of type-A directed to X-line. The amplitude of
ESWs on the CS-side is about 6 times more than those on
the lobe-side, suggesting that energies flowing outward from
the reconnection X-line are much larger than those flowing
inward. This feature can be helpful for understanding the role
of ESWs in the process of fast energy release associated to
the magnetic reconnection.
[32] 2. The analysis on the LEP data shows that electron

beams associated with ESWs, which are parallel to the ambient
magnetic field, are much stronger on the CS-side than on the
lobe-side of the separatrix. Furthermore, the direction of the
electron beam on the lobe-side of the separatrix is mainly anti-
parallel to the ambient magnetic field and it is mainly parallel
on the CS-side. Both are consistent with the propagation of
ESWs which is in agreement with the generation mechanism
of ESWs which is suggested to be related to electron beams.
[33] Che et al. [2010] explored the current-driven turbu-

lence and associated electron heating in the dissipation
region during 3D magnetic reconnection with a guide field
by employing particle-in-cell simulations and kinetic theory.
They found that the turbulence was dominated by the
Buneman and lower hybrid instabilities in the late stage of
simulation. Both produce electron holes that co-exist but
have very different propagation speeds. However, in this
work, the generation mechanism of the ESWs cannot be
clearly distinguished. Furthermore, Wang et al. [2010] also
concluded that during the crossing of the separatrix with
the reversal of plasma flow and Hall magnetic fields, strong
electrostatic LHD mode was observed. Our analysis has not

referred to the relationship between the lower hybrid instabil-
ities and ESWs which will be left to future work.
[34] Recent results suggest that ESWs may be generated

in the reconnection diffusion region and propagate along
(parallel or antiparallel to) the ambient field in the outward
flow region. This feature is consistent with the simulation
result of Drake et al. [2003]. The opposite polarizations of
ESWs on the lobe-side and the CS-side of the magnetic
separatrix near the reconnection X-line can be used as a
“tracer” to derive the source region of the ESWs associated
with tail reconnection. However, a future work is necessary
to extend the propagation characteristics of ESWs on both
sides of the separatrix in regions other than the tailside-
southern region of the X-line presented herein.
[35] For the present cases of ESWs observed on both sides

of the separatrix, plasma moment data obtained from the
LEP instrument show that the temperature of ions at W1
(lobe-side of the separatrix) andW2 (CS-side of the separatrix)
observation periods are: (W1) Tiyy=1027 eV, Tizz=862 eV,
(W2) Tiyy= 1937 eV, Tizz=1194 eV. Because the spin plane
is mainly parallel to the X-Y plane, Ti//≈Tiyy and Ti⊥≈Tizz.
Ti//,W2/Ti//,W1≈ 1.9, while Ti⊥,W2/Ti⊥,W1≈ 1.4. Since both
average and maximum amplitudes of ESWs in W2 observa-
tion period (on the CS-side of the separatrix) are about 6 times
larger than those in W1 observation period (on the lobe-side),
the parallel temperature Ti// might be an important parameter
to influence the intensity of the ESWs. However, we do not
have result on this point. Simulation work might be helpful
to classify the relationship between the parallel temperature
and the intensity of ESWs.
[36] Moreover, there are several restrictions in the present

study. First, the observations of ESWs on both sides of the
separatrix adjacent to the reconnection X-line are limited
because the instrument has some constraints since the WFC
experiment is operational only lasting 8.75 s every 275 s.
Then, it is necessary to perform a more complete statistical
analysis to obtain better understanding on this issue. Second,
our study is based on mono-point observations. An extensive
study with multipoints observations based on CLUSTER and
THEMIS data [Angelopoulos, 2008] is necessary and is cur-
rently undertaken.
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