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Abstract. We present the characteristics of the Elec-
trostatic Solitary Waves (ESW) observed by the Geotail
spacecraft in the plasma sheet boundary layer based on
the statistical analyses. We also discuss the results re-
ferring to a model of ESW generation due to electron
beams, which is proposed by computer simulations. In
this generation model, the nonlinear evolution of Lang-
muir waves excited by electron bump-on-tail instabili-
ties leads to formation of isolated electrostatic poten-
tial structures corresponding to “electron hole” in the
phase space. The statistical analyses of the Geotail data,
which we conducted under the assumption that polar-
ity of ESW potentials is positive, show that most of
ESW propagate in the same direction of electron beams,
which are observed by the plasma instrument, simulta-
neously. Further, we also find that the ESW potential
energy is much smaller than the background electron
thermal energy and that the ESW potential widths are
typically shorter than 60 times of local electron Debye
length when we assume that the ESW potentials travel
in the same velocity of electron beams. These results are
very consistent with the ESW generation model that the
nonlinear evolution of electron bump-on-tail instability
leads to the formation of electron holes in the phase
space.

1 Introduction

Electrostatic Solitary Waves (ESW) in the plasma sheet
boundary layer were initially introduced as waveforms
of Broadband Electrostatic Noise (BEN) observed by
the Wave-Form Capture (WFC) receiver onboard the
Geotail spacecraft (Matsumoto et al., 1994a; Kojima
et al., 1994). They are series of impulsive and isolated
pulses with the typical pulse width of a few milliseconds.
These solitary waves correspond to the high frequency
portion of the BEN spectra.

Solitary waves similar to the ESW observed by the

Geotail spacecraft have been also found by other space-
craft in various regions. The initial observation of the
solitary waves was reported by Temerin et al. (1982).
They found solitary structures in the electric field data
observed by the S3-3 satellite in the polar magneto-
sphere at the altitude of 6030km. Koskinen et al. (1987)
and Bostrom et al. (1988) conducted further detailed
analyses of solitary waves observed at the same altitude
in the polar region using Viking data. They showed that
such solitary waves are associated with density depletion
and that they correspond to negatively charged poten-
tials. The discovery of the ESW by the Geotail space-
craft was followed by the observations of solitary waves
in the polar region by the FAST, and POLAR spacecraft
and in the solar wind/bow shock by the WIND space-
craft (Ergun et al., 1998; Franz et al., 1998; Tsurutani
et al., 1998; Bale et al., 1998; Mangeney et al., 1999).
As we introduced in the above, solitary waves (solitary
structures) are no longer special phenomena in space
plasmas. The interesting point is the fact that similar
solitary waves are observed in different regions with dif-
ferent plasma parameters. Therefore, what is the most
important in the study of solitary waves is to establish
the comprehensive generation model for explaining ob-
servations of all solitary waves in the different regions.
Kojima et al. (1999a) pointed out that these solitary
waves can be categorized into two groups. They are soli-
tary waves corresponding positively charged potentials
related to electron dynamics (Type I) and those cor-
responding negatively charged potentials related to ion
dynamics (Type II). Solitary waves of the Geotail, PO-
LAR, FAST spacecraft belong to the Type I and those
of the S3-3 and Viking spacecraft belong to the Type II.
In order to identify the generation mechanism of the
ESW observed by the Geotail spacecraft, computer sim-
ulations focusing on electron dynamics were conducted
by Matsumoto et al. (1994a), and Omura et al. (1994).
They demonstrated that generation of ESW is a re-
sult of nonlinear evolution of electron beam instabilities.
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They succeeded in.reproducing the ESW waveforms and
showed that such solitary waves are electron holes corre-
sponding to positively charged potentials formed in the
phase space at the final stage of electron beam instabil-
ities. As the counterpart of these computer simulations
for the ESW, ion holes in the phase space are also dis-
cussed in relation to the generation of solitary waves cor-
responding to negatively charged potentials observed by
S3-3 and Viking spacecraft using computer simulations
(Dupree, 1982; Hudson et al., 1983).

In order to confirm the generation mechanism of the
ESW, it is necessary to discuss the detailed observation
results comparing with the results of computer simula-
tions. However, only a few event studies are not enough
to discuss the natures of the ESW. In the present pa-
per, we present the results of a comprehensive statis-
tical analysis of ESW observed by the Geotail space-
craft in the plasma sheet boundary. In the following
two sections, we summarize the results of Geotail obser-
vations and computer simulations focusing on ESW in
the plasma sheet boundary. After that, we discuss the
results of the statistical analyses referring to the results
of computer simulations.

2 Electrostatic Solitary Waves (ESW)

The WFC receiver, which is one component of Plasma
Wave Instrument (PWI) onboard the Geotail spacecraft
has a capability for sampling waveforms with frequencies
up to 4 kHz (Matsumoto et al., 1994b). Waveform ob-
servations conducted by the WFC receiver revealed that
the BEN in the Plasma Sheet Boundary Layer (PSBL)
consists of a series of solitary pulses called “Electrostatic
Solitary Waves (ESW)” (Matsumoto et al., 1994a; Ko-
jimaet al., 1994). Figure 1 shows that the representative
waveforms of the ESW observed in the PSBL at (GSM-
X, GSM-Y, GSM-Z)=(-12.5, 0.5, 0.7RE) on April 15,
1995. Upper and lower panels show the parallel and
perpendicular electric field components relative to the
ambient magnetic field, respectively. The ESW shown
in Figure 1 have coherent waveform structures in the
parallel electric field component. Their pulse widths are
almost equal to a few milliseconds. The perpendicular
electric field component is quite weak compared with
the parallel one. This waveform feature means that the
ESW are the isolated potentials with one-dimensional
structures traveling along the ambient magnetic field.
These solitary waveform structures show the broadband
nature in the frequency space, nonetheless, their contri-
butions to the BEN spectra are only restricted to high
frequency portions of the BEN spectra.

The properties of the observed ESW are summarized
as follows (Kojima et al., 1997; Omura et al., 1999b).

1. Their typical pulse widths are a few milliseconds.
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Fig. 1. Representative waveforms of ESW observed in the PSBL.
Upper and lower panels show the waveforms of parallel and per-
pendicular components of electric fields relative to the ambient
magnetic field, respectively.

2. They are purely electrostatic and any accompany-
ing magnetic components are not observed.

3. They correspond to isolated electrostatic potentials
traveling along the ambient magnetic field.

4. The potential structures of ESW are mostly one-
dimensional. However, occasionally, we also find
ESW with a two-dimensional potential structure
with large perpendicular electric field component.

5. The two-dimensional potential structures are more
likely to be observed in the near tail region than in
the distant tail region.

The solitary structures as shown in Figure 1 mean
that these waves are highly nonlinear waves. Further,
quick change of their wave properties such as their pulse
widths and inter-pulse widths in the time scale of a few
tens of milliseconds suggest that the ESW are closely
related to electron dynamics rather than ion dynamics
(Kojima et al., 1997).

3 Generation model proposed by computer sim-
ulations

One-dimensional full particle computer simulations con-
ducted by Matsumoto et al. (1994a) and Omura et al.
(1994) succeeded in reproducing the waveforms of ESW.
They demonstrated that the nonlinear evolution of elec-
tron two stream instability leads to the formation of iso-
lated electrostatic potentials. The reproduced potentials
are equivalent to the solution of the Bernstein-Greene-
Kruskal (BGK) mode (Bernstein et al., 1957). Omura et
al. (1996) examined the nonlinear evolutions of several
types of electron beam instabilities and showed that the
bump-on-tail instability, which is more realistic as the
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model in the PSBL, also leads to the formation of the
BGK mode.

The solution of the BGK mode is intrinsically one-
dimensional. However, Miyake et al. (1998) confirmed
that the stable isolated potential structure can be also
formed in two-dimensional space using the two-dimensional
computer simulations. They found that the formed po-
tentials have their uniform structure in the perpendic-
ular direction relative to the ambient magnetic field.
Miyake et al. (1998) concluded that the uniform per-
pendicular potential structures are formed through the
diffusion process due to the electron cyclotron motion at
the contact boundary of adjacent potential structures
aligned in the perpendicular direction. Further, they
also showed that the two-dimensional structure of the
isolated potentials can be formed in the middle stage of
the nonlinear evolution on the way to the formation of
one-dimensional structure at the final stage.

The results from computer experiments on the ESW
are summarized as follows (Omura et al., 1996; Miyake
et al., 1998):

1. The nonlinear evolution of Langmuir waves excited
by electron beam instabilities results in the forma-
tion of isolated positively charged potential struc-
tures, which are equivalent to the BGK solution
corresponding to electron holes in the phase space.

2. Among several kinds of electron beam instabilities,
the bump-on-tail instability is the most realistic
and plausible generation mechanism of ESW in the
PSBL region.

3. Before reaching the final stage of the nonlinear evo-
lution, the two-dimensional potential structure can
be seen in the simulation space. However, the diffu-
sion process due to electron cyclotron motion force
their two-dimensional structure to be reduced to
the one-dimensional structure uniform in the per-
pendicular direction relative to the ambient mag-
netic field.

4. The generated isolated potentials travel along the
ambient magnetic field in the same direction of elec-
tron beams with the same order of electron beam
velocities.

The formation process of ESW in the two-dimensional
space is schematically illustrated in Figure 2 based on
the computer simulation results.

4 Statistical analyses

The waveforms reproduced by computer simulations agree
well with observed waveforms of ESW. Further, Omura
et al. (1999a) reported the several events in which the
direction of observed electron beams corresponds to that
of the ESW, demonstrating that computer simulations
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Fig. 2. Schematic illustration on the time evolution of ESW po-
tential structures. In the nonlinear evolution of the beam excited
Langmuir waves, the coalescence and diffusion processes take place
in the direction parallel and perpendicular to the ambient mag-
netic field, respectively. These nonlinear processes result in the
formation of isolated potential structures at the final stage.

explain the generation mechanism of ESW in the geo-
magnetic tail region very well. However, in order to con-
duct quantitative comparison between the results from
computer simulations and the Geotail observations, it
is necessary to collect more ESW and corresponding
plasma data and to examine characteristics of ESW more
comprehensively.

Since picking up ESW among huge amounts of Geotail
waveform data needs tremendous efforts and time, we
apply the pattern recognition method to select ESW
waveforms from the Geotail data.

There exist many kinds of pattern recognition meth-
ods. However, since some of them require a lot of CPU
resources, such methods are not usable for performing
the statistical analyses of Geotail data, because of huge
amounts of waveform data sets to be analyzed. In our
statistical analyses, we make use of the method of a bit
pattern matching. The brief description of this proce-
dure is as follows (see Figure 3):

1. Making a bit pattern consisting of ‘0’ and ‘1’ for
sample ESW waveform.

2. Making a bit pattern consisting of ‘0’ and ‘1’ for
observed ESW waveforms.

3. Calculating Exclusive OR between the above two
bit patterns.

4. Calculating the number of ‘1’ from the result of
the above Exclusive OR calculation (We call this
number as “Distance”).

When two patterns are completely the same, the Dis-
tance calculated at the fourth step of the procedure
should be equal to zero. Thus, we can recognize the
existence of ESW from small value of the Distance. The
advantage of this method is not to use the complex
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Fig. 8. Schematic illustration on the pattern matching method
used in the present statistical analyses.

calculation such as Fourier transformation or Wavelet
transformation, because what we have to do is to calcu-
late Exclusive OR in each bit pattern. Therefore, this
method does not need much CPU resource and it is very
usable for the statistical analyses of ESW.

We apply this method to the waveform data of electric
field parallel to the ambient magnetic field. As Kojima
et al. (1999b) described, the propagation direction in
the reference to the ambient magnetic field can be iden-
tified from the phase of ESW waveforms, if we assume
the polarity of ESW potentials. Therefore, we prepare
two different patterns with inverse phases each other as
the sample pattern of ESW and calculate two distances
by comparing these two sample patterns with the Geo-
tail waveform data (see Figure 3).

The sample model pattern for ESW is generated un-
der the approximation of Gaussian potential model
(Krasovsky et al., 1997). The Gaussian potential struc-
ture and corresponding spatial waveform of electric field
are defined as

2

doexp (TZ) , (1)
2 52

—gradeg = —)%z exp (/\—22> . (2)

Thus, the sample model waveform of ESW in the time
domain is described as

Bt = 2ol e (;—Z) , ‘ 3)

A
where 7 = v and V is the velocity of ESW potentials.

We generate the sample model pattern of ESW from
Eq. (3) (see Figure 4).

The pulse width of ESW provides important informa-
tion for evaluating potential scales and potential depths.
The definition of the pulse width is ambiguous, but in
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Fig. 4. Gaussian potential model and corresponding waveform.

We define the ESW pulse width (Tgsw) as Tesw = 37pp.

our statistical analyses, we make use of the time in-
terval () between two peak amplitudes |Ejmax| of
ESW waveforms for its definition because they are easy
to be identified from the data. |Ejmax| is obtained at
t = :i:L2 in the above Gaussian potential model (see

Figure 4). Thus, we define the pulse width (Tggw) of
ESW as three times of time interval of two peak ampli-
tudes as follow

r
TESWZSXQXE:?’XTpp- (4)

We applied the above pattern recognition method to
the Geotail waveform data sets observed from Septem-
ber 1992 to December 1996 and picked up 275,808 ESW
waveforms.

In the following sections, we compare the waveform
data with electron velocity distributions detected by
plasma detectors, simultaneously. While waveform data
sampled with the frequency of 12 kHz for one sampling
period of 8.7 seconds can be obtained every 5 minutes,
the time resolution of electron velocity distributions is
12 seconds. In order to avoid errors due to this difference
of the time resolution, we only pick up the data sets with
small value of the mean deviation in ESW amplitudes
and their pulse widths observed for one sampling WFC
period of 8.7 seconds. The mean deviation is defined as

N
1 —
MD($1,--',$N)='NZI$J'—$I, ()
j=1
where z; - -+, zy and T denote peak amplitudes or pulse

widths of ESW observed for one WFC sampling period
of 8.7 seconds and their averaged values, respectively.
In the following sections, we make use of only the data
sets, which are satisfied with the condition that the ratio
of the mean deviation value to the averaged value in one
sampling WFC period is less than 50%.
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5 Relation between electron beams and ESW

In the generation model of ESW based on the results
of computer simulations focusing on electron beam in-
stabilities, the excited ESW potentials travel along the
ambient magnetic field in the same direction of electron
beams. We can examine this fact by comparing statis-
tically the ESW traveling directions with the electron
beam directions, which are observed by the Low En-
ergy Particle experiment (LEP) onboard Geotail space-
craft. The LEP has the capability to measure three-
dimensional electron velocity distributions in the energy
range from several eV/q to 43keV/q (Mukai et al., 1994).

The trapping effects due to the formed potentials re-
sult in formation of high energy tail of electron velocity
distributions in the direction of electron beams (Omura
et al.,, 1996). Omura et al. (1999a) introduced two
events, which show that the ESW traveling direction is
the same with the direction of high energy tail of the re-
duced electron velocity distributions by comparing ESW
waveforms with LEP data. In order to confirm their re-
sults statistically, we performed the statistical analyses
on the relation between ESW traveling directions and
electron beam directions.

The Geotail PWI does not have the capability for.

identifying the polarity of ESW potentials and their
traveling direction. However, when we assume a pos-
itive potential formed by electron holes based on the
computer simulation results, we can identify the trav-
eling direction of ESW using the electric field antenna
polarity (Detailed procedure should be referred to Ko-
jima et al. [1999b)).

In this analysis, we pick up the cases in which the de-
tected electron beam velocities are beyond 10,000km/s
in order to select the events in which we can clearly
identify electron beam components.

From this statistical analysis, we found that 88% of
observed ESW travel in the same direction of electron
beams. This quite good correlation is very consistent
with the ESW generation due to electron beams. This
is the first statistical result for showing the good corre-
lation between ESW observed in the PSBL and electron
beam directions.

Note that if we assume the negatively charged ESW
potentials instead of positively charged ones, the results
become completely inverse. This means that 88% of
ESW travel in the opposite direction to electron beams.
This result is very strange, because it is very unlikely
that excited potentials travel in the different direction
to electron beams as their free energy source. Thus,
we can conclude that our assumption on the polarity of
ESW potentials is quite reasonable.

183
6 Scales and depth of ESW potentials

Based on the results of computer simulations, the elec-
tron bump-on-tail instability is the most realistic gen-
eration mechanism of the ESW in the PSBL. In the
bump-on-tail instability, the potential energies of the
generated isolated potentials are small relative to those
of potentials generated due to the two-stream type in-
stability.

The pattern recognition method introduced in sec-
tion 4 allows us to estimate potential energy of the ESW
by using the information of ESW amplitudes and poten-
tial widths.

We estimate electron beam velocities (V) from LEP
data in order to calculate potential width of ESW (De-
tailed procedure for estimating the electron beam veloc-
ity is formed in Omura et al. (1999a)). Since the Geotail
PWI does not have the capability to identify traveling
velocities of ESW, we assume that the ESW traveling
velocity is the same with electron beam velocities based
on the computer simulation results.

On the other hand, since |Epax| can be described as

Emax = E (\/%) = §\/g¢o, | (6)

by using Eq. (4), we can obtain the potential energy as

Ve
6

Figure 5 is the scatter plot showing the distribution
of ESW potential energy versus their potential widths
obtained by the above Egs. (4), and (7). The symbols of
diamonds and crosses represent earthward and tailward
traveling ESW, respectively. In Figure 5, it is clear to see
that most of ESW potential energies are distributed in
the range less than 4 eV. This value is very small relative
to the background electron thermal energies. Since the
typical thermal energies of background electrons in the
PSBL is a few hundreds of eV, this result means that the
ESW do not play any important roles in thermalization
of electrons and ions in the PSBL. However, it agrees
with the computer simulation result on the bump-on-tail
instability, which shows that energies of ESW potential
generated due to the bump-on-tail instability are very
small relative to background electron thermal energies.

o = IEmaxlTESW‘/eb- (7)

Figure 6 shows the relation between potential widths
of the ESW and electron Debye length()\,). Since the
parent waves of the ESW generated by the bump-on-tail
instability are the Langmuir waves, the potential widths
should be related to the electron Debye length. The
relation of potential width and electron Debye length is
roughly estimated as follows.

The relation between wavenumber(k) of the excited
Langmuir waves and electron beam velocity (Ve,) can
be approximately written as
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Fig. 5. Scatter plot on potential energies of ESW. Obtained
potential energies are mostly confined in the energy range below
4 eV. This means that ESW potential energies are much smaller
than background electron thermal energies and that ESW do not
have an important role in the themalization of electrons in the
PSBL.

II
klje ™~ Veb, (8)

where Il is the electron plasma frequency. Since I, =
y/{hﬂ, we can obtain the relation of potential width(w)

and electron Debye length as

w Veb
— ~ 21 -E
Ae 7Tvthe ’ (9)

where v, is electron thermal velocity.
Since the typical ratio of Ult/}?z ~ 3 in the typical PSBL

(Omura et al. 1999a), we can estimate %\”— as
€

w Vo
— ~ 27
e Vthe

~ 20. (10)

Figure 6 shows that the above rough estimation agrees
well with observation results. Most of observed data
focus on the range of w/A. < 60. This agreement be-
tween the above rough estimation and observation re-
sults on the ratio of potential widths to Debye length
strongly supports the generation model of the bump-on-
tail instability, which was proposed by computer simu-
lations(Omura et al., 1996). This result also shows that
our assumption that ESW potentials travel in the al-
most same speed with electron beams is reasonable.

In Figure 6, we also see some data with huge values of
w/Ae beyond 100. Sometimes we see such huge ESW in
the PSBL. The relation between small ESW and huge
ESW is still unclear.

7 Conclusions and Discussion

The present paper discussed the statistical features of
ESW observed by the Geotail spacecraft in the plasma
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Fig. 6. Scatter plot on the ratio of ESW potential width to
electron Debye length.

sheet boundary based on the statistical analyses. In or-
der to realize the practical analysis of ESW, we applied
the pattern recognition method conducted by the bit
pattern matching to the Geotail waveform data.

The results of our statistical analyses are summarized
as follows:

1. ESW traveling direction is almost the same with
electron beam direction.

2. Potential energies of ESW are mostly less than 4 eV,
which is much smaller than the background thermal
energies.

3. The ratio of ESW potential length to the electron
Debye length is mostly less than 60. This ratio
agrees with the rough theoretical estimation in the
case of the bump-on-tail instability.

Omura et al. (1996) pointed out two plausible pro-
cesses for the formation of ESW using computer simula-
tions. They are the electron two-stream instability and
the electron bump-on-tail instability. The above results
are significantly consistent ‘with the results of computer
simulations focusing on the bump-on-tail instability. In
fact, electron velocity distributions detected by LEP
while observing ESW, do not cause the two-stream in-
stability, because electron beam densities are very small
relative to background electrons. Figure 7 shows the
statistical results on the ratio of electron beam densi-
ties to background electron densities while we observe
ESW in the PSBL. We find that electron beam densities
are very small relative to background electron densities.
The ratio is mostly less than 10%. Further, as we dis-
cussed in Section 5, the typical electron beam velocities
are almost three times higher than background electron
thermal velocities in the PSBL. The above plasma envi-
ronment is satisfied with the condition of the bump-on-
tail instability.
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Fig. 7. Scatter plot on the ration of electron beam density to
total electron density in the PSBL. The electron beam densities
related to ESW are less than 10% of total electron densities.

By combining our results of the Geotail observations
and computer simulations, we can conclude that the
ESW in the PSBL are the results of nonlinear evolu-
tion of the electron bump-on-tail instability and that
they are “electron holes” in the phase space, which cor-
respond to positively charged isolated potentials.

The two-stream instability is the plausible generation
mechanism for solitary waves observed by the FAST or
POLAR spacecraft in the polar magnetosphere, because
there exist energetic and dense electron beams in this
region. In the two-stream instability, the potential en-
ergies of formed solitary waves are expected to be much
larger than those in the bump-on-tail instability. This
expectation is consistent with the observation results,
because amplitudes of solitary waves observed by the
FAST or POLAR, are much larger than those of ESW
observed by the Geotail in PSBL.

The waveform observations with high time resolutions
by several spacecraft revealed that solitary wave struc-
tures are common phenomena in space plasmas. Their
waveforms are very similar to each other. However,
we also find slight different features among them such
as corresponding potential polarities, pulse widths, and
amplitudes. Our final goal is to establish comprehensive
model for generating various kinds of solitary waves ob-
served in various regions with various plasma parame-
ters. Further close collaborations of spacecraft observa-
tions and computer simulations are needed in the future.
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