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[1] Generation of electrostatic solitary waves (ESWs) in the plasma sheet boundary layer
in terms of electron-acoustic solitons and double layers is proposed. The plasma sheet
boundary layer is treated as a multicomponent magnetized plasma consisting of
background electrons, counter-streaming electron beams and ions. The model is based on
the multifluid equations and the Poisson equation, and uses the Sagdeev pseudo-potential
technique. For the plasma parameters at the time of broadband electrostatic noise in the
plasma sheet boundary layer observed by Cluster on 22 September 2004, the model
predicts solitons/double layer with electric field ~(0.01-30) mV/m with time durations
~(0.1-4.5) ms. Such short electric field pulses, when Fourier transformed to the frequency
domain, can appear as broadband electrostatic noise in the frequency range of ~220 Hz to
10 kHz. It is proposed that the model can be a good candidate for explaining the generation

of broadband electrostatic noise in the plasma sheet boundary layer.

Citation: Lakhina, G. S., S. V. Singh, A. P. Kakad, and J. S. Pickett (2011), Generation of electrostatic solitary waves in the
plasma sheet boundary layer, J. Geophys. Res., 116, A10218, doi:10.1029/2011JA016700.

1. Introduction

[2] From the analysis of the high time resolution of the
plasma wave data from GEOTAIL, Matsumoto et al. [1994]
showed for the first time that the broadband electrostatic noise
(BEN) in the plasma sheet boundary layer (PSBL) actually
consists of short electrostatic solitary waves (ESWs) whose
Fourier spectrum gives rise to the broadband nature of the
noise. Later on, ESWs have been observed at the bow shock
[Bale et al., 1998], in the magnetosheath [Pickett et al.,
2003, 2005], the polar cusp and polar cap boundary layer
[Franz et al., 1998; Tsurutani et al., 1998; Cattell et al.,
1999], and on the auroral field lines [Temerin et al., 1982;
Bostrom et al., 1988; Mozer et al., 1997; Ergun et al., 1998a,
1998b; Bounds et al., 1999]. The ESWs are observed in the
electric field component parallel to the background magnetic
field, are usually bipolar, sometimes monopolar or tripolar,
and are generally associated with electron or/and ion beams
[Omura et al., 1994; Bounds et al., 1999]. The electrostatic
solitary structures can have either positive or negative
potentials, and their electric field amplitude can vary from a
fraction of a mV/m in the plasma sheet boundary layer to
several 100 mV/m in the dayside auroral zone [Pickett et al.,
2004; Franz et al., 2005; Ergun et al., 1998a, 1998b]. The
velocities of ESWs can vary from ~ a few hundred to a few
tens of thousand km s™', and their parallel scale sizes from
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~100 m to tens of kilometer, as one moves outwards from
the auroral region to the plasma sheet boundary layer
[Cattell et al., 1999; Omura et al., 1999]. The most common
interpretations for the ESWs observed in the PSBL are based
on the nonlinear evolution of a bump-on-tail instability/
electron two stream instability [Omura et al., 1996; Kojima
et al., 1997; Goldman et al., 1999; Singh, 2003] leading
to the formation of Bernstein-Greene-Kruskal (BGK)
[Bernstein et al., 1957] potential structures (i.e., phase space
electron holes) which reproduce well the observed electro-
static solitary waveforms.

[3] We would like to point out that the ESWs observed by
spacecraft are characterized by an amplitude-width rela-
tionship where the amplitude of the potential, ¢, of the
solitary wave tends to increase with its width, W. This
property of ESWs is opposite to that of KdV type solitons
where the soliton amplitude increases as its width decreases.
This shows that the ESWs observed by spacecraft are not the
usual KdV type of small-amplitude ion-acoustic or electron-
acoustic solitons. Actually, because of the misconception
that all weak solitons would behave like KdV solitons, the
generation mechanisms based on ion-acoustic or electron-
acoustic solitons were considered unfeasible [Ergun et al.,
1998b; Pickett et al., 2004; Franz et al., 2005]. The prop-
erties of the arbitrary amplitude solitons predicted by the
models based on the Sagdeev pseudo-potential techniques
are different from the KdV type solitons; that is, depending
upon the parametric range, their amplitudes can either
increase or decrease with the increase of their width [Ghosh
and Lakhina, 2004]. Therefore, the models based on arbitrary
amplitude electron-acoustic solitary waves are promising
in providing an alternate interpretation for the generation
of ESWs [Kakad et al., 2007; Lakhina et al., 2008, 2009;
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Table 1. Properties of Electron-Acoustic Solitons and Double Layers, Such as Soliton Velocity (V), Potential (¢), Electric Field (E),
Soliton Width (W) and Pulse Duration (7), for Various Values of the Core and Beam Electron Densities, and Beam Velocities for the

Case of Equal Density Counterstreaming Electron Beams®

Vp!/Ci =10.0 Vp!/Ci =200

Ne Np \% é E W T \Y é E W T
ny ng  (10° kms™) (volt) mvVm?)  (km) (ms) (10°kms™") ) (mvVm>)  (km) (ms)

0.7,0.15  13.6-14.1 0.4 ——61.7 0.01-29.9 35.0-147 2.6-0.1 174-17.5 -03--89(DL) 0.01-28 19.6-1.7 1.1-0.1
06,020 14.5-146 —0.9--43.8 (DL) 0.02-4.2 40599 2807 17.8-17.9 0.4-36 (DL) 0.03-5.7 9.7-10.8 0.8-0.5
05,025 155-15.6 0.8-127.9 (DL)  0.02-10.8 34.8-19.4 2.6-12 18.1-18.6 0.2-67.9 0.02-284 8.1-3.7 0.5-02
03,035 17.1-18.2 0.4-108.8 0.02-41.9 18.0-3.3 1.1-02  18.6-19.1 0.1-11.6 0.01-102 6.2-1.5 0.3-0.1
0.1,045  18.6-19.1 0.2-9.8 0.02-5.4 8922 05-0.1 19.0-19.2 0.03-0.8 0.01-0.9  3.1-1.1 0.2-0.1

The plasma sheet boundary layer parameters are taken as 1o = 0.3 cm >,

T;=4keV, T./T; = 0.175, Tz/T; = 0.005. The double layers can occur at the

maximum value of the velocity, V, and are marked as “DL” under the potential, ¢.

Ghosh et al., 2008]. The earlier models of electron-acoustic
solitons considered two/three temperature electron plasmas,
and they could explain the space observations (e.g., Viking)
of solitary waves which had negative potentials [Pottelette
et al., 1990; Dubouloz et al., 1991, 1993; S. V. Singh et al.,
2001; Singh and Lakhina, 2004; Tagare et al., 2004].
Berthomier et al. [2000] introduced an electron beam in the
system having cold and hot electrons and they could obtain
the positive potential structures. Cattaert et al. [2005] and
Verheest et al. [2005] have shown that in two-electron-
temperature plasmas, the electron-acoustic solitons having
positive potentials can exist in some parametric range, even
without the electron-beam component, provided the hot
electron inertia is retained in the analysis.

[4] Recently, the plasma measurements made on the
Cluster spacecraft in the plasma sheet boundary layer have
shown that broadband (~2—-6 kHz) electrostatic noise is
associated with cold countersteaming electron beams flow-
ing through the hot Maxwellian plasma [Teste and Parks,
2009]. The observed plasma parameters were (compare
Table 1, under R1, of Teste and Parks [2009]): total electron
density, 1y = (0.27-0.32) cm >, core electron temperature,
T. = 600-800 eV, ion temperature, 7; = 3.7-5.0 keV,
electron beams drift speed, vz = 7000-12000 km s L elec-
tron beams temperature, T = 10-100 eV, and magnetic
field, By = 8—12 nT. It is interesting to note these parameters
are quite different than those employed in most theories for
the PSBL ESWs based on two-stream instabilities with a
bump-in-tail configuration, where the beam is hot and the
back-ground electron population is cold [Matsumoto et al.,
1994]. Teste and Parks [2009] suggested that electrostatic
waves could be produced by the nonlinear evolution of the
electron-acoustic and electron-ion instability driven by the
electron beams as discussed by Schriver and Ashour-Abdalla
[1989]. We feel the theory of Schriver and Ashour-Abdalla
[1989] cannot be applied directly to the present situation.
First, their simulations of the electron-acoustic and electron-
ion instabilities are done for a specific case where hot electron
temperature and the ion temperature are the same, i.e., 7, =
T; =500 Tp (in their notation 7}, = T; = 500 T,) which is not
the case in the present situation. Second, their simulations
are done for the ion-electron mass ratio, m;/m, = 400. It is
not clear whether the instabilities will saturate at higher or
lower level or at speeds faster or slower for the case of
realistic mass ratio of 1836. Third, even when taking their
results at the face value, the instabilities will destroy the
electron beams in about ¢ = 100@«);,61 (wpe being the electron

plasma frequency) [Schriver and Ashour-Abdalla, 1989],
i.e., in time less than 10 ms or so.

[5s] Here, we propose an alternative generation mechanism
for the PSBL electrostatic noise reported by Teste and Parks
[2009] in terms of an electron-acoustic soliton model devel-
oped for the magnetosheath ESWs [Lakhina et al., 2009].
This model deals with the time stationary state of the plasma
system when the plasma instabilities, if present initially,
have been saturated. In a sense, the model deals with the
nonlinear modes of the system. We will adopt this model to
the case of PSBL plasma parameters.

2. Electron-Acoustic Soliton/Double Layer Model

[6] We model the plasma sheet boundary layer plasma by
a homogeneous, collisionless, and magnetized four compo-
nent plasma consisting of hot core electrons (N, T, v.), two
cold electron beams (N, T;, v;) and (N, T5, v,) propagating
along the magnetic field, and hot ions (NV;, T; v;), where N;,
T;, v; represent the equilibrium values of the density, tem-
perature and beam velocity (along the direction of the
ambient magnetic field) of the species j, and j =4, ¢, 1, and 2
for the ions, core electrons, beam 1 electrons and beam 2
electrons, respectively.

[7] For the nonlinear electrostatic waves propagating par-
allel to the magnetic field, the dynamics of the species is
governed by the multifluid equations of continuity, momen-
tum, and equation of state of each species, and the Poisson
equation [Lakhina et al., 2009, 2011] as

R g
%+vj%+ﬁ%f%%=0 )
%+vj%+3&%:0 ()
%fznc+nl+nrn,- ()

where p; = m;/m;, where m; and m; represent the mass of the
Jjth species and the ions, respectively, and Z; = +1 (—1) for
electrons (ions), respectively. In equations (1)—(4), all den-
sities are normalized with the unperturbed ion density, N; =
N, + N; + N,, velocities with the ion thermal velocity C; =
(T;/m;)"?, time with the inverse of ion plasma frequency,
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= (47N; ez/m,)l/ 2, the lengths with the ion Debye length,
)\dl (T;/ATN;e*)'?, the electrostatic potential ¢ by T}/e, and
the thermal pressures P; with N;7;. We have considered the
same adiabatic index, i.e., ~ = 3, for all the species in the
equation of state (i.e., equation (3)). Here, we have normal-
ized all the parameters with respect to ions as they are the
hottest species in the PSBL. In principle, one can choose the
normalization with respect to any of the electron species also.
[8] In order to study the properties of arbitrary amplitude
electrostatic solitary waves, we transform the above set of
equations to a stationary frame moving with velocity V, the
solitary wave velocity, i.e., £ = (x — Mf) where M = V/C; is
the Mach number with respect to the ion thermal velocity.
Then, solving for perturbed densities, putting these expres-
sions in the Poisson equation, and assuming appropriate
boundary conditions for the localized disturbances along
with the conditions that ¢ = 0, and d¢/d& =0 at £ — + o0, we
get the following energy integral [Lakhina et al.,2009,2011],
a0\’

3 (5) + vl =0

X 5)

where the pseudopotential, 1(¢, M), is known as the Sagdeev
potential, and is given by,

(o) = b { o1 == P2 g

+ T 1= 2V2(M —v)’B )

+ ;m?{(M - vl)z—MB}ﬂ}

V2
0T, {1 —2V2(M - v1)3B;3/2}
+ /mg{(M — )’ L\émb’yz}

+ngT2{ —2\/_( —Vz

273/2}

+n?{(M— v,-)z—(Mi\év")B}/z}
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In equation (6), = N,/N; such that nd+n)+nd=n?=1,and
the temperatures of the species are normalized w1th the ion
temperature. We must point out that various B;s appearing in
equation (7) are proportional to the square of the density of
the respective jth species. Therefore, in order that various B;s
are real, and the associated densities attain their undis-
turbed values in the limit of ¢ — 0 when £ — +oo, we must
use the + (plus) sign when the condition (M — v]) +=2 20 >34

satisfied, and the minus sign when (M — v]) + 2:5 < 35’ holds
[Verheest et al., 2008; Lakhina et al., 2009, 2011].

3. Soliton and Double Layer Solutions

[9] Equation (5) describes the motion of a pseudo-particle
of unit mass in a pseudo-potential 1) where ¢ and £ play the
role of displacement x from the equilibrium and time ¢,
respectively. It will give a soliton solution when the pseudo-
particle is reflected in the pseudo-potential field and returns
to its initial state (zero potential drop). Therefore, for soliton
solutions, the Sagdeev potential (¢, M) must satisfy the fol-

lowmg conditions: (¢, M) = 0, dii(¢p, M)lde = 0, d*y(¢p, M)/
d¢* <0 at ¢ =0, Y(p, M) =0 at ¢ = ¢y, and (¢p, M) < 0 for

0 < |¢| <|¢po|- The double layer solutions could also exist at
the upper limit on the Mach number M = Mp,; provided one
more additional condition, namely, di)(¢, M)/d¢p = 0 at ¢ =
op;, and M = Mp,, is satisfied. In such a case, the pseudo-
particle is not reflected at ¢ = ¢p; because of the vanishing
pseudo-force and pseudo-velocities. Instead, it goes to
another state producing an asymmetrical double layer (DL)
with a net potential drop of ¢p;, where ¢p; is the amplitude
of the double layer.

[10] From equation (6), it is seen that ¥)(¢, M) and its first
derivative with respect to ¢ vanish at ¢ = 0. The condition
d*y(¢, My/de? < 0 at ¢ = 0 is satisfied provided M > M,,
where M, satisfies the equation

}’lo no

f(Mo) = . + !
) 3T¢ 2 3T
| (Mo = ve)™— | (Mo —vi)"——
1 1

" 0

' =0

' iz [(Mo — v2)2_ 3%} i [(Mo - v,-)273]

(8)

Equation (8) yields 6 roots but all the roots will not be
physical. We will consider here only the real positive roots
for My, or the critical Mach numbers representing the min-
imum admissible Mach number for the solitary solutions.
Numerical solution of equation (8), in general yields three
critical positive Mach numbers corresponding to an ion-
acoustic and two (slow and fast) electron-acoustic beam
modes. However, for a given set of plasma parameters, any
one, two or all three of the modes can satisfy the soliton
conditions given above.

4. Numerical Results

[11] We have numerically solved equation (6) for the
Sagdeev potential, ¢(¢, M), as a function of ¢ for various
values of Mach numbers M > M, for the case of counter-
streaming electron beams having equal densities (i.e., N =
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Figure 1. Variations of Sagdeev potential, (¢, M), ver-
sus electrostatic potential, ¢, for electron-acoustic solitons/
double layer for the identical counterstreaming electron
beams with plasma parameters: v. = v; = 0.0, v; = —v, =
vg=10.0, T.=0.175, Ty = 0.005, N./ny = 0.5, Np/ng =
0.25 and for M = 25.10, 25.175, and 25.2161.

N, = Np) and temperature (i.e., T; = T, = Tj), and equal and
opposite streaming velocities (i.e., vi = —v, = vg). Based on
the observations provided by Teste and Parks [2009], we
consider the following normalized parameters for the
numerical computations: v, = v; = 0.0, T./T; = 0.12-0.22,
Ts/T; = 0.002-0.005, vg/C; = 10.0-20.0, and N./ny = 0.1-
0.7 (correspondingly Np/ng = 0.45-0.15). Teste and Parks
[2009] do not give the relative number densities of the core
electrons and beam electrons. Therefore, we have taken
arbitrary values of the core and beam electron densities to
cover the different cases where the total beam electron
density (2Np) is larger, equal and smaller as compared to
the core electron density (N.). For all these parameters we
get only one critical Mach number M, corresponding to
electron-acoustic solitons.

[12] Figure 1 shows the variation of Sagdeev potential
(¢, M) versus the normalized electrostatic potential ¢ for
various values of the Mach number (M > M,) for the case
when the core electron density is equal to the density of both
electron beams, i.e., N, = 2Np. The curves for M =25.10 and
25.175 correspond to the electron-acoustic soliton solution,
and the curve M = 25.2161 to the double layer solution.
There are no soliton or double layer solutions for the Mach
numbers exceeding 25.2161. It should be noted that the
electron-acoustic solitons and double layer have positive
potentials for the parameters considered here. This is essen-
tially due to the retention of electron inertia effects in the
analysis.

[13] Figure 2 shows the profiles of normalized electro-
static potential, ¢ obtained from the solution of equation (5),
and corresponding to the parameters of Figure 1. It is
interesting to note that the width (W) and amplitudes of ¢
tend to increase as Mach number, M increases.

[14] From Figures 1 and 2, it is clear that for the para-
meters of the PSBL, the electron-acoustic double layers
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having Mach number M ~ 25 are rather weak as ¢ ~ 0.03 or
so. Recently, Sorasio et al. [2006] have put forward a model
of the very high Mach number electrostatic shocks resulting
from the collision of plasma slabs with different tempera-
tures and densities. The shock transition region is modeled
as a planar one dimensional double layer. They predict large
values of electrostatic potential ¢g = e¢/T,; ~ 10-200 for
shock wave Mach numbers Mg = V/V, ~ 10-20 or higher
[see Sorasio et al., 2006, Figure 2]. Here T,; is the cold
electron temperature on the lower potential side of the
double layer, and V; = T,;/m; is the ion acoustic speed. In
our case, in the normalization of ¢ the ion temperature is
used as opposed to the electron temperature. Even when ¢
is normalized with the beam electron temperature, we get
ep/Tg ~ 6 which is much smaller than ¢g. The reason for this
apparent contradictory result lies in the different approaches
on which the two models are based and also the choice of
plasma parameters. Our model is based on the multifluid
approach, whereas the shock model of Sorasio et al. [2006]
adopts a kinetic approach for the electrons (free and trapped
electron populations) and treats ions as a fluid. Another
important difference between their and our model concerns
the limit on the amplitude of the double layer potential.
Sorasio et al. [2006] take the upper limit on potential as
ber = MP/2 which corresponds to infinite compression of the
cold ions by the shock electric field whereas in our case, the
amplitude of the double layer, ¢p,, is decided by the charge
neutrality condition, i.e., di(¢, M)/dp = 0 at ¢ = ¢p;.
Further, the plasma parameters for the PSBL events are such
that the ions are the hottest species, whereas in the model of
Sorasio et al. [2006] the ions are treated as a cold fluid.
Therefore, the results of the Sorasio et al. [2006] model
cannot be applied to the present case.

0.04 T T T T

0.03 — —

< 0.02 — —

0.01 — —

-40 -20 0 20 40

Figure 2. The profiles for electrostatic potential, ¢ for the
electron-acoustic solitons/double layer for the parameters of
Figure 1. Curves 1, 2 and 3 are for the Mach number M =
25.10, 25.175, and 25.2161, respectively. These can be
taken as typical electrostatic potential profiles.
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Figure 3. The profiles for electric field, £, versus the normalized spatial coordinate, &, for the electron-
acoustic solitons/double layer corresponding to electrostatic potential, ¢, profiles shown in Figure 2 for
(a) M =25.10, (b) 25.175, and (c) 25.2161. (d, e and f) The corresponding fast Fourier transform (FFT)
power spectra of the electric fields shown in Figures 3a, 3b, and 3c. The x-axis represents the logiq f,
where f'is the frequency in Hz. The y-axis denotes the power of the electric field expressed in units of

dB (mV/m/vHz).

[15] Figures 3a, 3b, and 3c show the profiles of the
electric field E, corresponding to potential, ¢, profiles
shown in Figure 2. The electric field has a bipolar structure
for the solitons (Figures 3a and 3b) and a monopolar
structure for the double layer (Figure 3c). Figures 3d, 3e
and 3f show the fast Fourier transform (FFT) power spec-
tra of the electric fields shown in Figures 3a, 3b, and 3c,
respectively. In all the three cases, the frequency, f, in the
range of 330-450 Hz contributes maximum to the electric
field structures. It is interesting to note that the first peak in
power spectrum occurs near the inverse of the time duration
of the soliton/double layer, 7 = W/V (where W is the soliton
width and V is the soliton velocity). The maximum electric
field amplitudes are in the range of 4-12 mV/m. It should be
noted that the power in the power spectrum decreases as
frequency increases. The power spectrum tends to noise
level for frequencies beyond 10-12 kHz.

[16] The properties of electron-acoustic solitons and
double layers such as their velocities, V, electric potential, ¢,
magnitude of the electric field E, soliton/double layer width,
W, and time duration, 7 = W/V, are given in Tables 1 and 2
for the parameters observed in the PSBL. For each case, the

electron-acoustic solitons can exist over a range of V, W, 7,
¢ and E. However, the double layers have only one value of
these parameters (the highest value of the range under each
column). For example, the double layer velocity is simply
the highest value of /" mentioned in Tables 1 and 2. Fur-
ther, the double layers, if they exist, are indicated by “DL”
under the potential ¢ in Table 1. In Table 2, the ¢ values are
not shown as the solitary structures have positive potentials
which end up with double layers for all the cases.

[17] From Table 1, it is clear that for a relative core
electron density smaller than 0.6 the solitons and double
layers have positive potentials whereas for N./ny > 0.6, they
may have negative potentials (see first two sets of ¢ values
in Table 1). An increase in beam velocity shifts the soliton
velocity to higher values but leads to a reduction in the
values of ¢, E, W and pulse duration as well as their ranges.
Cattaert et al. [2005] have given an explanation for the
transition from negative to positive potential solitons/double
layer in terms of the cold electron density increasing from a
small to a large value in the gasdynamics formalism
involving the sonic points of cold and hot electrons and the
charge neutral points. According to them, at small values of
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Table 2. Variations of Soliton Velocity (V), Electric Field (E), Soliton Width (W) and Pulse Duration (7), for Various Values of the Core
and Beam Electron Temperatures for the Parameters of Table 1 Except That N,./ny = 0.5, Ng/ny = 0.25, V/C; = 10.0°

T,/T; = 0.002 T,/T; = 0.005

TJT; V (10° km s E (mV m") W (km) 7 (ms) V (10° km s ") E (mV m)) W (km) 7 (ms)
0.125 13.4-13.6 0.01-12.6 38.2-12.5 2.9-0.9 13.6-13.7 0.004-9.8 452-11.6 3.3-0.8
0.150 14.4-14.6 0.01-12.6 39.0-12.8 2.7-0.9 14.6-14.7 0.01-10.3 46.8-14.3 3.2-1.0
0.175 15.3-15.5 0.01-12.9 52.2-16.0 3.4-1.0 15.5-15.6 0.01-10.8 58.3-12.9 3.77-0.8
0.200 16.2-16.4 0.01-13.3 73.5-16.1 45-1.0 16.4-16.5 0.01-11.4 59.2-20.7 3.6-1.3
0.225 17.0-17.2 0.01-13.8 77.9-18.5 4.58-1.0 17.1-17.3 0.01-12.1 97.8-19.6 5.7-1.1

“Here, the potential ¢ is not shown since the solitons have positive potentials and the double layers occur for all the cases at the maximum value of the

velocity, V.

cold electron (in our case beam electron) density, the cold
electron sonic point is reached first, which compresses the
cold electrons and produces negative potential solitary
structures. When the cold electron density is increased
above a certain value, the hot electron sonic point is reached
first where the hot electrons are accelerated and rarefied
producing positive potential solitary structures.

[18] Table 2 shows that increases in core electron and
beam electron temperatures, in general, tend to increase the
soliton and double layer velocities, electric field amplitude,
soliton width and pulse duration.

5. Discussion

[19] Multispecies plasma, e.g., cold background (electron-
ion) plasma and cold/hot electron-ion beams have been
observed in the magnetosphere by several spacecraft. The cold
plasma (temperatures a few eVs) originates in the ionosphere
and the hot plasma (temperatures 100s eVs to a few keVs)
comes from the magnetosphere. The intermixing of cold and
hot plasmas occurs in the flow boundary, like, magneto-
pause, plasma sheet boundary layer, polar cusp and auroral
field lines, etc. The multicomponent plasmas containing
cold and hot electrons and ions, formed by the mixing of
two plasmas of different temperatures, could exist on a
timescale shorter than the thermalization time, which in the
collisionless space plasmas could be very large, of the order
of several hours to days in the magnetosphere. The time-
scales we are dealing with are very short, ~ milliseconds to
seconds, and hence we are justified in treating the multi-
species as multifluids.

[20] The theoretical model for the electrostatic solitary
waves presented here is quite general and can be applied to
other space and astrophysical plasma situations where mul-
ticomponent magnetized plasmas consisting of core elec-
trons, counterstreaming electron beams and ions are present.
The characteristics of the solitary waves and double layer
will depend on the plasma parameters of the system. For
example, the normalized amplitudes of the double layers
for the magnetosheath plasma parameters are found to be
~0.02-0.15 [Lakhina et al., 2009], whereas for the PSBL
case, they are ~0.03—0.05. However, our model is valid for
the parallel propagating ESWs which are not affected by the
ambient magnetic field. The obliquely propagating electro-
static solitary waves are significantly affected by the mag-
netic field [see Ghosh et al., 2008]. In fact, the electron
magnetization plays an important role on the structure as
well as stability of the ESWs. Franz et al. [2000] have
shown that ESWs observed by the Polar spacecraft are

roughly spherical for R = f../f,. > 1 (f.. and f,. being the
electron cyclotron frequency and the electron plasma fre-
quency, respectively), and become more oblate (with per-
pendicular scale larger than the parallel scale) as R decreases
to less that 1. N. Singh et al. [2001] have carried out 3D
particle simulations of electron holes (e-holes) and found
that e-holes are essentially planar and highly transitory for
R <1, while for R > 2 they are long-lasting and can have a
variety of structures from spherical to planar. During the
interval of interest, the electron plasma frequency was f,. =
(4.7-5.1) kHz and electron cyclotron frequency was f., =
(220-330) Hz in the PSBL [Teste and Parks, 2009], thus
giving R = (0.04-0.07). Since R < 1, the long-lasting
electron phase space holes are most unlikely to exist in the
PSBL for the case considered here.

[21] The model presented here allows the existence of
electron-acoustic solitons and double layers for the plasma
sheet boundary layer parameters reported by Teste and Parks
[2009]. The electric field amplitudes, parallel widths, veloc-
ities and time duration of the electron-acoustic solitons/
double layers predicted by the models are in the range of
~(0.01-30) mV/m, ~(1-100) km, ~(13.4-19.2)10°> km s,
and ~(0.1-4.5) ms, respectively (see Tables 1 and 2). These
characteristics are in good agreement with the properties of
ESWs in the plasma sheet boundary layer observed by the
Geotail spacecraft [Omura et al., 1999, Table 1]. The power
spectrum analysis of the soliton/double layer electric field
implies that a broadband range of frequencies from ~220 Hz
to 10 kHz can be generated. The peak power lies at the
frequency corresponding to 7 ', i.e., the inverse of the
soliton/double layer time duration.

[22] Unfortunately, the Cluster WBD waveform data for
this event discussed by Teste and Parks [2009] are not
available to confirm the presence of bipolar and monopolar
pulses predicted by our analysis. However, we note that the
pulse durations of ~(0.1-4.5) ms, typical for the PSBL as
shown in Figures 3 and 4 of Pickett et al. [2004] from
Cluster WBD measurements and as exemplified in a plasma
sheet case study during a substorm onset [Pickett et al.,
2009], could give rise to broadband electrostatic emissions
ranging from ~220 Hz to 10 kHz. This agrees well with
the results of Figures 3d-3f. Further, the amplitude of
the intense electrostatic emissions (~0345-0346:50 UT on
22 September 2004 [see Teste and Parks, 2009, Figure 2]) is
seen to be §E ~ (0.05-0.1) mV/m. It is noticed that both the
observed frequency range (~2—6 kHz) and electric field
amplitude are within the limit of predicted values by the
electron-acoustic soliton model. In fact, the predicted elec-
tric fields, corresponding to the lower range of soliton
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velocity ranges in Tables 1 and 2, seem to be in excellent
agreement with the observed 6F. The predicted £ ampli-
tudes (~10-30 mV/m) of the solitary structures near the
upper range of soliton velocities appear to be much higher
than §E deduced from the spectrogram of the ES waves. In
view of the fact that the observed spectrogram is produced
over a time period of ~80 ms, whereas the pulse duration of
the solitary waves near the upper range of soliton velocities
are typically ~0.1-1.0 ms (see Tables 1 and 2), the dis-
crepancy is expected. To summarize, the generation of
broadband electrostatic noise observed in the plasma sheet
boundary layer by Teste and Parks [2009] may be explained
by the electron-acoustic soliton/double layer model dis-
cussed here.
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