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Abstract

Electrostatic solitary waves (ESWs) have been observed in the reconnection jet region in the Earth’s magnetotail by the Magneto-
spheric Multiscale spacecraft (MMS). A mechanism for the reconnection jet ESWs is proposed in terms of slow and fast ion-acoustic
solitons. At the time of occurrence of ESWs, no hot plasmasheet ions were observed. Based on the observations, the reconnection jet
plasma is modeled by a three-component magnetized plasma consisting of hot electrons and two cold ion beams streaming parallel
and anti-parallel to the magnetic field, B respectively. The model is based on the Sagdeev pseudopotential technique, and it predicts four
types of ion-acoustic solitons, namely, two fast and two slow ion-acoustic solitons, where one of each type propagates parallel and
another anti-parallel to the ambient magnetic field, respectively. The theoretical model predicts bipolar electric fields with amplitudes
in the range of � (3–69) mV m�1, positive potentials with amplitudes of � (51–539) V, and the soliton widths of � (4.5–10.3) Debye
lengths. These predictions are in good agreement with the observed characteristics of ESWs in the reconnection jet region.
� 2021 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Matsumoto et al. (1994) were the first to report the exis-
tence of electrostatic solitary waves (ESWs) in the plasma
sheet boundary layer. Later on, they were observed in sev-
eral regions of the Earth’s magnetosphere (Franz et al.,
1998; Tsurutani et al., 1998; Bale et al., 1998; Ergun
et al., 1998a; Bounds et al., 1999; Pickett et al., 2003;
Pickett et al., 2004; Pickett et al., 2005; Mozer et al.,
2015). ESWs are nonlinear electrostatic solitary structures
observed in the parallel electric fields and are usually bipo-
lar or tripolar. ESWs can have either positive potentials
(electron holes) or negative potentials (ion holes), and
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generally their amplitudes decrease with distance from
the Earth. For example, ESWs amplitudes vary from
100s mV m�1 in auroral region to fraction of a mV m�1

in the plasma sheet boundary layer (Matsumoto et al.,
1994; Kojima et al., 1997; Ergun et al., 1998b; Omura
et al., 1999; Pickett et al., 2004; Franz et al., 2005;
Norgren et al., 2015). Similarly, both the velocities and par-
allel scale sizes of ESWs vary substantially with the dis-
tance from the Earth, e.g., going from the auroral region
to the plasma sheet boundary layer, the velocities and par-
allel scale sizes of ESWs could vary from � a few 100 km
s�1 to a few 10000 km s�1, and from � 100 m to several
10s km, respectively(Cattell et al., 1999; Omura et al.,
1999). It is noticed that fast ESWs, with speeds greater than
ion acoustic speed and close to electron thermal speed, are
generally associated with high speed electron beams. Such
ESWs are interpreted to be either phase space electron
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holes (Bernstein et al., 1957; Schamel, 1982; Singh and
Schunk, 1984; Singh et al., 1987; Omura et al., 1996;
Kojima et al., 1997; Muschietti et al., 1999; Goldman
et al., 1999; Jovanović and Shukla, 2000; Singh et al.,
2001a; Drake et al., 2003; Singh and Khazanov, 2003;
Pickett et al., 2003; Chen et al., 2005; Che et al., 2010;
Hutchinson, 2017) or electron acoustic solitary waves
(Pottelette et al., 1990; Pottelette et al., 1999; Dubouloz
et al., 1991; Dubouloz et al., 1993; Berthomier et al.,
1998; Berthomier et al., 2000; Singh et al., 2001b; Singh
and Lakhina, 2001; Singh and Lakhina, 2004; Tagare
et al., 2004; Cattaert et al., 2005; Kakad et al., 2007;
Ghosh et al., 2008; Lakhina et al., 2008a; Lakhina et al.,
2008b; Lakhina et al., 2009; Lakhina et al., 2011; Singh
et al., 2011; Maharaj et al., 2012a). On the other hand,
the slow ESWs, with speeds close to ion acoustic speed/
ion thermal speed, are generally found to be associated
with ion beams. Slow ESWs have been interpreted either
as phase space ion holes (Temerin et al., 1982; Boström
et al., 1988; Koskinen et al., 1990; Bounds et al., 1999) or
ion-acoustic solitary waves (Koskinen et al., 1990;
Hudson et al., 1983; Reddy and Lakhina, 1991; Reddy
et al., 1992; Maharaj et al., 2012b; Singh et al., 2013;
Mahmood and Ur-Rehman, 2013; Ur-Rehman et al.,
2014; Maharaj et al., 2015; Rufai et al., 2015). Recently,
slow electron holes have been observed in the plasma sheet
boundary layer (Norgren et al., 2015), and at the reconnec-
tion site (Khotyaintsev et al., 2010; Graham et al., 2015).
Kakad et al. (2016) have proposed that slow ion-acoustic
solitons can explain main characteristics of the slow elec-
tron holes observed in the plasma sheet boundary layer
(Norgren et al., 2015).

Magnetic reconnection is considered as a fundamental
plasma process that can convert magnetic energy into
plasma kinetic energy accompanied by changes in the mag-
netic topology (Giovanelli, 1947; Dungey, 1961;
Vasyliunas, 1975; Lakhina, 2000; Angelopoulos et al.,
2008; Birn and Hesse, 2014; Fu et al., 2017; Yamada
et al., 2010). During magnetic reconnection process, ini-
tially two isolated plasmas become magnetically connected,
and the reconnected plasmas are ejected with high speeds
from the reconnection outflow region. Such high-speed
plasma outflows are called as reconnection jets or bursty
bulk flows (Angelopoulos et al., 1992; Cao et al., 2006;
Cao et al., 2013). It has been proposed that reconnection
jets can play an important role in plasma energization in
space plasmas (Khotyaintsev et al., 2011; Fu et al., 2011;
Lapenta et al., 2014; Lu et al., 2016; Liu et al., 2017;
Zhou et al., 2018; Sitnov et al., 2019; Chen et al., 2019;
Zhao et al., 2019), solar flares (Shibata et al., 1995), and
in high-energy astrophysical context, e.g., pulsar winds
(Kirk and Skjaeraasen, 2003), active galactic nuclei
(Larrabee et al., 2003) and gamma-ray bursts (GRBs)
(Drenkhahn and Spruit, 2002), etc.

Reconnection jets in the Earth’s magnetotail can sup-
port a variety of plasma waves and instabilities, like, whis-
tler instability (Deng et al., 2010; Khotyaintsev et al., 2011;
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Huang et al., 2012; Fu et al., 2014), lower hybrid instability
(Khotyaintsev et al., 2011; Divin et al., 2017; Liu et al.,
2018a; Liu et al., 2018b; Pan et al., 2018), broadband
high-frequency waves (Hwang et al., 2014; Yang et al.,
2017), and electrostatic solitary waves (ESWs)(Deng
et al., 2010; Ergun et al., 2014; Liu et al., 2019). ESWs have
been observed not only in the reconnection jets (Deng
et al., 2010; Ergun et al., 2014; Liu et al., 2019), but at
the separatrices (Huang et al., 2014; Wang et al., 2014;
Graham et al., 2015) and inside magnetic flux ropes
(Khotyaintsev et al., 2010) associated with magnetic recon-
nection. Recently, Liu et al. (2019) have analysized the
high-cadence data from the Magnetospheric Multiscale
(MMS) spacecraft, and reported the first observational evi-
dence of ESWs generation by accelerated cold ion beams
inside the reconnection jet. The reconnection jet region
was found to have two counterstreaming ion (proton)
beams and hot electrons. The ion beams have a maximum
relative speed of � 2000 km s�1 at the time of the ESWs.
During the occurrence of ESWs neither strong currents
nor the hot ions (with temperature of �10 keV or so which
are usually present in the magnetotail) were observed. The
ESWs were found to have amplitudes up to 30 mV m�1.
Based on their linear instability analysis, Liu et al. (2019)
suggested that ion beams can be a source of free energy
for the ESWs.

In this paper, we apply a three-component fluid plasma
model consisting of hot Maxwellian electrons, and two
counterstreaming ion beams, developed by Lakhina et al.
(2020), to explain the occurrence of ESWs observed in
the reconnection jets in terms of slow and fast ion-
acoustic solitons. Since the observed temperatures of beam
ions are smaller than that of electrons, the ion-acoustic
modes can exist in this system. We would like to point
out that the model discussed here deals with the time-
stationary state of the plasma system when the plasma
instabilities excited by the counterstreaming ion beams
have saturated. This model deals essentially with the non-
linear modes of the system. In Section 2, we briefly summa-
rize the observations of reconnection jet ESWs reported by
Liu et al. (2019). Section 3, describes the theoretical model.
Section 4 discusses the application of the model to recon-
nection jet ESWs. Section 5 gives the summary.

2. Observations

Fig. 1 illustrates an overview of MMS1 observations
during the reconnection jet front (JF) crossing (Liu et al.,
2019). The data are presented in NML coordinates, which
are derived from the minimum variance analysis of B dur-
ing the JF crossing. Here N is normal to the JF, L is
approximately parallel to B, and M completes the right-
handed NML system (Liu et al.. 2019). The jet front/dipo-
larization front is associated with rapid increase in the near
parallel magnetic field component, BL (Fig. 1a), decline in
electron density (Fig. 1b) and intense electric fields
(Fig. 1c and 1d). Fig. 1c shows the perpendicular electric



Fig. 1. An overview of MMS1 observations during JF crossing: (a)
magnetic field, (b) electron density, (c) perpendicular electric field
components (EM and EN ), (d) parallel electric field component (EL

� Ek), (e) ion velocity, (f) electron phase space velocity in the parallel
direction. However, there is a large uncertainty in the measurements of
low energy <100 eV electrons, and they are excluded, (g) ion phase space
velocity in the near parallel direction (V L), (h) ion energy spectrum, and (i)
electron energy spectrum. Reprinted from Liu et al., ‘‘Ion–beam driven
intense electrostatic solitary waves in reconnection jet”, Geophys. Res.
Lett., 46 [2019].

Fig. 2. Variation of F ðMÞ, the second derivative of the Sagdeev
pseudopotential Sð/;MÞ at / = 0, versus the Mach number M for the
normalized reconnection jet plasma parameters: n0

1 = 0.74, n0
2 = 0.26, r1 =

0.11, r2 = 0.07, U 1 = �1.72 and U 2 = 1.82. There are four real roots (R1,
R2, R3 and R4) giving critical Mach numbers for two fast ion-acoustic
(R1 and R4) modes, and two slow ion-acoustic (R2 and R3) modes.
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field components EN and EM , and Fig. 1d shows the near
parallel electric field components, EL, having bipolar struc-
ture corresponding to ESWs. The perpendicular compo-
nents of the intense electric field are predominant and has
a spiky aspect owing to the ripples generated by density
gradient driven lower hybrid drift instability. Fig. 1e shows
the ion velocity. The JF crossing is associated with sharp
changes in the electron and ion distributions. Fig. 1f
depicts the electron 1-D reduced distribution function in
terms of electron phase space velocity in the parallel direc-
tion to B (Vk). Across the JF electrons are rarer and hotter
and have no field aligned beams. Fig. 1g shows the ion 1-D
reduced distribution in terms of ion phase space velocity in
the near parallel direction to B (VL). The ion distribution
function transforms from nearly flattop to counterstream-
ing distribution. The abrupt changes are also evident from
the ion (Fig. 1h) and electron energy spectrogram (Fig. 1i).
It should be noted that in Fig. 1h, the energy spectrum is
dominated by the ion beam flow energy rather than their
thermal energy (Liu et al., 2019). Figs. 2f-h of Liu et al.
(2019), which are 2-D reduced ion distribution functions
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in L- N plane, clearly show two counterstreaming cold
ion beams at the time of ESWs. The cold ion beams have
similar speed in the N direction, which is close to jet speed
of � 1200 km s�1, but propagate in opposite directions
along L (or field-aligned direction) with a maximum rela-
tive drift speed approaching � 2000 km s�1. The average
flow energy of the beam ions is, therefore, � 12.5 keV
whereas their thermal energy is � 300 eV or less (Liu
et al., 2019). This indicates that the ion spectrum in
Fig. 1h is predominantly due to ion flow energy. This rules
out the presence of hot plasma sheet ions with temperature
of � 10 keV in the reconnection jet. The electrons get
heated and accelerated inside the flux pileup region
(Fig. 1i). The localized intense short duration parallel elec-
tric fields (Ek � EL) (Fig. 1d) are interpreted as ESWs as
they have an asymmetric bipolar profile and broadband
power spectrogram (not depicted). No signature of an elec-
tron beam (Fig. 1f) was found to be associated with the
ESWs signifying that electron beam instability does not
play a role in the generation of ESWs. However, two coun-
ter streaming cold ion beams (Fig. 1g) are found in the field
aligned direction indicating that the ESWs are generated by
ion beams.

Since the ESWs are observed by all four MMS space-
craft, Liu et al. (2019) used timing analysis and calculated
the velocity of ESWs to be VESW = 820 * [-0.06, 0.60, 0.79]
km s�1, which is comparable to the local ion thermal speed
and antiparallel to the local magnetic field, B. The ESWs
were found to be positive potential structures (or electron
holes), their electric field amplitudes vary from � a few
mV m�1 up to 30 mV m�1, and their length scale (W) were
� 9.5 kD, where kD is the local Debye length. From the ion
2-D reduced velocity distributions (cf. Figs. 2f-h of Liu
et al. (2019)) at the time of ESWs, Liu et al. (2019) deduced
the ion parameters as: density of proton beam 1, N 1

=0.026 cm�3, temperature of proton beam 1, T 1 =
300 eV, streaming speed of proton beam 1 anti-parallel to
B; V 1 = �900 km s�1, density of proton beam 2, N 2
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=0.009 cm�3, temperature of proton beam 2, T 2 =200 eV,
streaming speed of proton beam 2 parallel to B; V 2 =
950 km s�1. The electron temperature deduced from
Fig. 1i is T e =2.86 keV. The electron density, as deduced
from the charge neutrality condition, is Ne =N 1+N 2=
0.035 cm�3. However, this value of electron density is
about half of the average Ne observed at the time of ESWs
(see Fig. 1b). This indicates a possibility of some unde-
tected ion density, e.g., background protons or oxygen
ion beams as assumed by Liu et al. (2019). Further, Liu
et al. (2019) performed a linear analysis of the system with
above parameters, and it was found that the system is
unstable to ion beam instability. However, the phase veloc-
ities of the unstable waves were one fourth of V ESW , the
observed speed of the ESWs. Including counterstreaming
oxygen ion beams in the analysis yielded the wave phase
velocities more closer to the observed V ESW . However, it
should be mentioned that oxygen ion beams were not actu-
ally observed in the reconnection jet at the time of ESWs
occurrence.

3. Ion-acoustic soliton model

The reconnection jet plasma is modeled by an infinite,
collisionless and magnetized plasma system consisting of
three components, namely, hot Maxwellian electrons with
density, Ne and temperature, T e, and two fluid proton
beams with densities N 1 and N 2, temperatures T 1 and T 2,
and beam speeds along the ambient magnetic field, B= B
x, as V 1 and V 2, respectively. The subscripts 1 and 2 refer
to the parameter of proton beam 1 and proton beam 2,
respectively. To maintain charge neutrality in the equilib-
rium state, we take Ne ¼ N 1 þ N 2. We consider the electro-
static waves propagating parallel to the magnetic field B.

The normalized number density of hot Maxwellian elec-
trons in the presence of ion-acoustic waves with potential /
can be written as (Lakhina et al., 2014; Lakhina et al.,
2020)

ne ¼ expð/Þ ð1Þ
The dynamics of the proton beams is governed by the mul-
tifluid equations of continuity, momentum, equation of
state of each species, and the Poisson equation (Lakhina
et al., 2018):

@nj
@t

þ @ðnjvjÞ
@x

¼ 0; ð2Þ
@vj
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þ vj
@vj
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@P j
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¼ 0; ð4Þ
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¼ ðne � n1 � n2Þ: ð5Þ

Here, the subscript j = 1 and 2 for the proton beams 1 and
2, respectively, and the adiabatic index cj ¼ 3 is taken in

Eq. (4). The number densities are normalized by the equi-
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librium number density of electrons, N 0 ¼ Ne ¼ N 1 þ N 2,
velocities are normalized with the ion-acoustic speed,

Ca ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
T e=mp

p
; mp is the mass of the proton, lengths are

normalized with the electron Debye length,

kDe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T e=4pN 0e2

p
; e is the electronic charge, time is nor-

malized with the inverse of the proton plasma frequency,

xpp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pN 0e2=mp

p
and electrostatic potential, / is nor-

malized with T e=e, and the thermal pressure P j with

NeT e. Similarly, rj ¼ T j=T e , n0
j ¼ Nj=N 0 and Uj ¼ V j=Ca

are the normalized temperature, equilibrium number den-

sity, and drift speed of the jth species.
In order to investigate the properties of arbitrary ampli-

tude ion-acoustic solitons, we transform the above set of
Eqs. (2)–(5) to a stationary frame moving with velocity
V, the phase velocity of the electrostatic solitary wave,
i.e., n ¼ ðx�MtÞ, where M ¼ V =Ca is the Mach number.

Then, solving for perturbed proton beam densities, put-
ting these expressions in the Poisson equation, and assum-
ing appropriate boundary conditions for the localized
disturbances along with the conditions that the electro-
static potential / ¼ 0, and d/=dn ¼ 0 at n ! �1, we get
the following energy integral (Lakhina et al., 2014;
Lakhina et al., 2018; Lakhina et al., 2020):

1

2

d/
dn

� �2

þ Sð/;MÞ ¼ 0 ð6Þ

Eq. (6) describes the motion of a pseudo-particle of unit
mass in a pseudopotential Sð/;MÞ, where, / and n play
the role of displacement from the equilibrium and time,
respectively. The Sagdeev pseudopotential, Sð/;MÞ, is
given by (Rubia et al., 2017; Rubia et al., 2018; Lakhina
et al., 2018; Lakhina et al., 2020)

Sð/;MÞ ¼ 1 � exp/½ �
þ n0

1

6
ffiffiffiffiffi
3r1

p M � U 1 þ
ffiffiffiffiffiffiffi
3r1

p� �3
n

� M � U 1 þ
ffiffiffiffiffiffiffi
3r1

p� �2 � 2/
h i3=2

� M � U 1 �
ffiffiffiffiffiffiffi
3r1

p� �3

þ M � U 1 �
ffiffiffiffiffiffiffi
3r1

p� �2 � 2/
h i3=2

�

þ n0
2

6
ffiffiffiffiffi
3r2

p M � U 2 þ
ffiffiffiffiffiffiffi
3r2

p� �3
n

� M � U 2 þ
ffiffiffiffiffiffiffi
3r2

p� �2 � 2/
h i3=2

� M � U 2 �
ffiffiffiffiffiffiffi
3r2

p� �3

þ M � U 2 �
ffiffiffiffiffiffiffi
3r2

p� �2 � 2/
h i3=2

�

ð7Þ

Please note that Eq. (7) is written in symbolic form where
the operation of a square root on a squared expression

returns the same expression, e.g.,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM � rjÞ2

q
=ðM � rjÞ.

Please note that in the absence of drift speed of proton



Fig. 3. Properties of fast ion-acoustic solitons (R1) propagating parallel to
B for the reconnection jet plasma parameters given in Fig. 2. Panel (a)
shows variation of Sagdeev pseudopotential Sð/;MÞ versus the electro-
static potential, / for Mach number M = 2.55, 2.57, 2.59, and 2.595 for
the curves 1, 2, 3 and 4, respectively. Curve 4 shows that solitons do not
exist for M P2.595. Panel (b) shows soliton electric potential, /, profiles
for M = 2.55, 2.57, and 2.59 for the curves 1, 2, and 3, respectively. Panel
(c) shows the soliton electric field, E, profiles for M = 2.55, 2.57, and 2.59
for the curves 1, 2, and .3, respectively.
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beams, i.e., U 1=U 2=0, the results of Lakhina et al. (2014)
and Rubia et al. (2016) (in the limit j ! 1) can be
obtained.

Eq. (6) gives a soliton solution when the pseudoparticle
gets reflected in the pseudopotential field and returns to its
initial state (zero potential drop) (Lakhina et al., 2011).
Then, for the existence of soliton solutions, the Sagdeev
pseudopotential Sð/;MÞ must satisfy the following condi-
tions: (i) Sð/;MÞ = 0, dSð/;MÞ=d/=0, and

d2Sð/;MÞ=d/2 <0 at / = 0, (ii) Sð/;MÞ=0 at / ¼ /0 (/0

is the amplitude of the soliton), and (iii) Sð/;MÞ <0 for
0 < j/j < j/0j.

The Sagdeev pseudopotential, Sð/;MÞ given by Eq. (7)
and its first derivative with respect to / vanish at / = 0.

Defining F ðMÞ= d2Sð/;MÞ=d/2at / ¼ 0, we have

F ðMÞ ¼ n0
1

½ðM � U 1Þ2 � 3r1�
þ n0

2

½ðM � U 2Þ2 � 3r2�
� 1

The soliton condition demands that F ðMÞ <0 must be sat-
isfied. The critical Mach numbers, M0 are the solution of
the equation F ðM0Þ=0, which can be solved numerically.
We get four roots from Eq. (8).

In Fig. 2, we have shown the variation of F ðMÞ versus M
for the normalized parameters of the reconnection jet: n0

1=

0.74, n0
2=0.26, r1= 0.11, r2=0.07, U 1=-1.72 and U 2=1.82.

It is clear that critical Mach number occurs at the places
where the F ðMÞ curve cut the M axis. There are four real
roots, R1, R2, R3, and R4 as marked on Fig. 2. Critical
Mach numbers occurring at R1 and R4 are M0=2.51 and
�2.76, respectively, and they correspond to the fast ion-
acoustic modes propagating parallel and anti-parallel to
B, respectively. It is seen that for M > jM0j, the F ðMÞ
curves go below the M-axis, i.e., F ðMÞ <0, thus these are
the regular ion-acoustic solitons. The critical Mach num-
bers associated with R2 and R3 are M0=1.115 and
�0.67, respectively, and they correspond to the slow ion-
acoustic modes propagating parallel and anti-parallel to
B, respectively. In this case, F ðMÞ <0 when M < jM0j.
Thus, the slow ion-acoustic solitons belong to the new class
of ion-acoustic solitons that can exist below the critical
Mach number (Lakhina et al., 2020; Verheest and
Hellberg, 2021).

In Figs. 3–6, we have shown the properties of the fast
and slow ion-acoustic solitons associated with roots R1
to R4 for the reconnection jet plasma parameters. Sagdeev
pseudopotential, Sð/;MÞ, profiles are obtained from
numerical solution of Eq. (7). The profiles of soliton elec-
trostatic potential, /, and electric field, E, are obtained
from the numerical solution of Eq. (6).

Fig. 3 shows the properties of fast ion-acoustic solitons
(R1) propagating parallel to B. From Panel (a) of Fig. 3, it
is seen that the fast ion-acoustic solitons have positive
potentials. The maximum electrostatic potential /
increases with the increase of the Mach number, M, as seen
from the curves 1, 2, and 3. For the curve 4, the soliton
solution does not exist. Hence there is an upper value for
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M, say Mmax, above which soliton solutions do not exist.
Panel (b) of Fig. 3, shows the profiles for the potential,
/, for the same Mach numbers as those of curve 1, 2 and
3 of Panel (a). It is clear that / profiles have monopolar
structures and soliton amplitude increases with increase
of M (cf. curves 1, 2 and 3). Panel (c) of Fig. 3 shows that
the soliton E profiles have bipolar structures, and their
amplitudes increase with increase of M (cf. curves 1, 2
and 3).

Fig. 4 shows the properties of slow ion-acoustic solitons
(R2) propagating parallel to B. From Panel (a) of Fig. 4, it
is seen that the slow ion-acoustic solitons have positive
potentials, and the maximum electrostatic potential /



Fig. 4. Properties of slow ion-acoustic solitons (R2) propagating parallel
to B for the reconnection jet plasma parameters given in Fig. 2. Panel (a)
shows variation of Sagdeev pseudopotential Sð/;MÞ versus the electro-
static potential, / for Mach number M = 1.09, 1.07,1.05 and 1.03 for the
curves 1, 2, 3 and 4, respectively. Curve 4 shows that solitons do not exist
for M 61.03. Panel (b) shows soliton / profiles for M = 1.09, 1.07, and
1.05 for the curves 1, 2, and 3, respectively. Panel (c) shows the soliton
electric field, E, profiles for M = 1.09, 1.07, and 1.05 for the curves 1, 2,
and .3, respectively.

Fig. 5. Properties of slow ion-acoustic solitons (R3) propagating anti-
parallel to B for the reconnection jet plasma parameters given in Fig. 2.
Panel (a) shows variation of Sagdeev pseudopotential Sð/;MÞ versus the
electrostatic potential, / for Mach number M = �0.59, �0.55, �0.53, and
�0.52 for the curves 1, 2, 3 and 4, respectively. Curve 4 shows that solitons
do not exist for M= �0.52 or below it. Panel (b) shows soliton / profiles
for M = �0.59, �0.55, and �0.53 for the curves 1, 2, and 3, respectively.
Panel (c) shows the soliton electric field, E, profiles for M = �0.59, �0.55,
and �0.53 for the curves 1, 2, and .3, respectively.
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increases with the decrease of the Mach number, M, as seen
from the curves 1, 2, and 3. For the curve 4, the soliton
solution does not exist. Hence there is a minimum value
for M, say Mmin, below which soliton solutions do not exist.
These are the new class of slow ion-acoustic solitons that
can exist below the critical Mach number, M0 (Lakhina
et al., 2020). Panel (b) of Fig. 4, it is seen that / profiles
have monopolar structures and soliton amplitude increases
with a decrease of M (cf. curves 1, 2 and 3). Panel (c) of
Fig. 4 shows that the soliton E profiles have bipolar struc-
tures, and their amplitudes also increase with a decrease in
M (cf. curves 1, 2 and 3).
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Fig. 5 shows the properties of slow ion-acoustic solitons
(R3) propagating anti-parallel to B. From Panel (a) of
Fig. 5, it is seen that the slow ion-acoustic solitons have
positive potentials, and the maximum electrostatic poten-
tial / increases with the decrease of the Mach number,
M, as seen from the curves 1, 2, and 3. For the curve 4,
the soliton solution does not exist. Hence there is a mini-
mum value for M, say Mmin, below which soliton solutions
do not exist. These are the new class of slow ion-acoustic
solitons that can exist below the critical Mach number,



Fig. 6. Properties of fast ion-acoustic solitons (R4) propagating anti-
parallel to B for the reconnection jet plasma parameters given in Fig. 2.
Panel (a) shows variation of Sagdeev pseudopotential Sð/;MÞ versus the
electrostatic potential, / for Mach number M = �2.8, �2.85, �2.89, and
�2.9 for the curves 1, 2, 3 and 4, respectively. Curve 4 shows that solitons
do not exist for M = �2.9 and above it. Panel (b) shows soliton electric
potential, /, profiles for M = �2.8, �2.85, and �2.89 for the curves 1, 2,
and 3, respectively. Panel (c) shows the soliton electric field, E, profiles for
M = �2.8, �2.85, �2.89 for the curves 1, 2, and .3, respectively.
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M0 (Lakhina et al., 2020). Panel (b) of Fig. 5 shows that /
profiles have monopolar structures, and their amplitudes
increase with a decrease of M (cf. curves 1, 2 and 3). Panel
(c) of Fig. 4 shows bipolar profiles of the soliton E field.
The amplitudes of E increase with a decrease in M (cf.
curves 1, 2 and 3).

Fig. 6 shows the properties of fast ion-acoustic solitons
(R4) propagating anti-parallel to B. Panel (a) of Fig. 6
shows that the fast ion-acoustic solitons have positive
potentials. The maximum electrostatic potential /
increases with the increase of the Mach number, M, as seen
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from the curves 1, 2, and 3. The soliton solution does not
exist for M=Mmax=-2.9 (cf curve 4). Panel (b) of Fig. 6,
it is clear that / profiles have monopolar structures, and
soliton amplitude increases with an increase of M (cf.
curves 1, 2 and 3). Panel (c) of Fig. 6 shows that the soliton
E profiles have bipolar structures, and their amplitudes
increase with increase of M (cf. curves 1, 2 and 3).

The properties of the ion-acoustic solitons, associated
with roots R1 to R4, in terms of unnormalized quantities,
such as their velocities, V, width, W, electric field, E, and
electric potential, /, are listed in Tables 1. Here the soliton
width, W, is defined as the full width at half maximum.
Columns 1 and 2 describe the root and the mode associated
with it, respectively. Column 3 gives the Mach number
associated with curves 1, 2 and 3 of the respective figure,
Columns 4–7 show the soliton velocity, V in km s�1, width
W in km, electric field, E in mV m�1 and electric potential,
/ in volts, respectively. From Table 1, Rows 1 and 4, it is
clear that for fast ion-acoustic solitons (R1 and R4), the
soliton speeds, V, electric fields, E, potential, /, are
increased and widths W are decreased with increasing
Mach numbers. On the other hand, from Table 1 and
Rows 2 and 3, it is seen that for slow ion-acoustic solitons
(R2 and R3), speeds, V, and widths W increase but the
magnitudes of E and / decrease with increasing Mach
numbers.

4. Comparison with reconnection jet ESWs

For the parameters of reconnection jet plasma, we get
the ion-acoustic speed, Ca=523 km s�1, and Debye length,
kDe= 2.12 km. From Table 1, we see that all fast and slow
ion-acoustic solitons have positive potentials and the elec-
tric fields are in the range of E=(3�68) mV m�1, which
are in agreement with the polarity and the electric fields
of ESWs observed in the reconnection jet. The fast ion-
acoustic solitons (R1) and slow ion-acoustic solitons (R2)
propagate parallel to B. The fast ion-acoustic (R1) solitons
have velocities, electric fields, potentials and widths in
range of (1334–1355) km s�1, (5–17) mV m�1, (70–138)
V, and (9–16) km, respectively. The slow ion-acoustic
(R2) solitons have V ;E;/ and W in the range of (550–
570) km s�1, (3–13) mV m�1, (50–125) V, and (12–22)
km, respectively. The electric fields, potentials and widths
of both fast (R1) and slow (R2) ion-acoustic solitons match
with the observed values of ESWs. While the velocities of
slow ion-acoustic (R2) solitons are in good agreement with
those of the ESWs, the velocities of the fast ion-acoustic
(R1) are on the higher side. However, both slow (R2)
and fast (R1) propagates parallel to the magnetic field
while the ESWs are observed to propagate anti-parallel
to B.

From Table 1, we notice that the slow ion-acoustic soli-
tons (R3) and fast ion-acoustic solitons (R4) propagate
anti-parallel to B, in agreement with the propagation direc-
tion of observed ESWs in the reconnection jet. The slow
ion-acoustic (R3) solitons have velocities, electric fields,



Table 1
Properties of ion-acoustic solitons corresponding to the reconnection jet parameters (Liu et al., 2019): density of proton beam 1, N 1 = 0.026 cm�3,
temperature of proton beam 1, T 1 = 300 eV, streaming speed of proton beam 1, V 1 = �900 km s�1, density of proton beam 2, N 2 =0.009 cm�3,
temperature of proton beam 2, T 2 =200 eV, streaming speed of proton beam 2, V 2 = 950 km s�1, electron density, Ne =0.035 cm�3, and electron
temperature, T e = 2.86 keV. Then, the ion-acoustic speed is Ca = 523 km s�1, and Debye length is kDe = 2.12 km. Here, V is the phase velocity, W is the
width, E is the electric field, and / is the electrostatic potential of the solitons

Roots Mode Mach V (km=s) W (km) E (mV=m) / (V)

Number

R1 Fast ion- 2:55 1334:47 16:412 5:7 70:91
acoustic 2:57 1344:93 12:455 11 106:60

parallel to B 2:59 1355:4 9:808 17:4 138:48

R2 Slow ion- 1:09 570 21:829 3:1 50:73
acoustic 1:07 559:95 15:515 7:6 89:66

parallel to B 1:05 549:49 12:171 13:2 125:99

R3 Slow ion- �0:59 �308:76 14:662 29:6 332:46
acoustic anti- �0:55 �287:83 11:048 54:5 475:64
parallel to B �0:53 �277:36 9:646 68:8 538:63

R4 Fast ion- �2:8 �1465:3 20:943 11:2 175:69
acoustic anti- �2:85 �1491:46 12:867 36:92 367:81
parallel to B �2:89 �1512:4 9:714 63:82 500:11
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potentials and widths in the range of (�277 to �304) km
s�1, (29–68) mV m�1, (330–540) V, and (9–15) km, respec-
tively. The fast ion-acoustic (R4) solitons have V ;E;/ and
W in the range of (�1465 to �1512) km s�1, (11–64) mV
m�1, (175–500) V, and (9–21) km, respectively.

The electric fields and width for both fast (R4) and slow
(R3) ion-acoustic solitons more or less match with the
observed values of ESWs, but the speeds are higher for
the former, and slower for the latter solitons than the
observed speed. The electric potentials of the fast (R4)
ion-acoustic solitons contain the observed potential of
ESWs, but the potentials of the slow (R3) ion-acoustic soli-
tons are on the higher side of the observed potentials.

5. Summary and discussion

Recently, Lakhina et al. (2020) have developed an ion-
acoustic soliton model based on fluid equations for a
plasma system consisting of hot Maxwellian electrons,
and two counterstreaming ion beams, a situation similar
to the reconnection jet plasma. We use this model to
explain the ESWs observed in the reconnection jet region
of the Earth’s magnetotail (Liu et al., 2019). When the
observed parameters of the reconnection jet plasma are
taken as the input for the theoretical model, it predicts four
types of ion-acoustic solitons, namely, two fast ion-
acoustic (R1 and R4) solitons, and two slow ion-acoustic
(R2 and R3) solitons. The solutions R1 to R4 represent
the nonlinear eigenmodes of the system. The fast (R1)
and slow (R2) ion-acoustic solitons propagate parallel to
the magnetic field, B, whereas the other fast (R4) and slow
(R3) ion-acoustic solitons propagate anti-parallel to B. The
slow ion-acoustic solitons (R2 and R3) belongs to the new
class of ion-acoustic solitons that can exist below the criti-
cal Mach number.
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The observed properties of reconnection jet ESWs as
reported by Liu et al. (2019) are: bipolar electric fields,
E � (5–30) mV m�1, positive potentials / � (50–200) V,
velocity anti-parallel to B = - 820 � 0.79 � - 650 km s�1,
widths, W = 9.5 kDe= 20 km. From Table 1 and Figs. 3–
6, one can see that all (R1 to R4) ion-acoustic solitons have
bipolar electric fields in the range of E � (3–68) mV m�1,
and widths W � (9–22) km, which are in good agreement
with the observations. The potentials associated with fast
(R1) and slow (R2) ion-acoustic solitons are in the range
of / � (50–138) V, which is again in good agreement with
the observed ESWs potentials. However, both fast (R1)
and slow (R2) ion-acoustic solitons propagate parallel to
B with speeds in the range of � (1334–1355) km s�1 and
� (550–570) km s�1, respectively. This does not agree with
the propagation direction of ESWs being anti-parallel to B,
though the speed of slow (R2) ion-acoustic soliton seems to
be in fair agreement with the magnitude of ESWs speed.

The potentials associated with fast (R4) and slow (R3)
ion-acoustic solitons are in the range of / � (175–538) V,
which are on the higher side of the observed ESWs poten-
tials. However, both fast (R4) and slow (R3) ion-acoustic
solitons propagate anti-parallel to B with speeds in the
range of � (�1465 to �1512) km s�1 and � (�277 to
�308) km s�1, respectively. This does agree with the anti-
parallel to B propagation direction of observed ESWs,
though the speeds of fast (R4) ion-acoustic solitons are
higher and that of the slow (R3) ion-acoustic solitons are
smaller by a factor of 2 than the observed ESWs speeds.
We can speculate several reasons for the speed mismatch.
Firstly, the speed mismatch can result from uncertainty in
the method used by Liu et al. (2019), to obtain the observed
wave speed. In their observations, the waveforms captured
by different satellites are not exactly the same, possibly lead-
ing to some uncertainty in the timing result. Secondly, the
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ion beams observed during the ESW wave period might not
be the original beam which generated the waves. Thirdly,
the speed mismatch may be due to the missing ion species,
for example due to either missing oxygen ion beams as dis-
cussed by Liu et al. (2019) while doing the linear stability
analysis or the missing background protons. Including
either the oxygen ions or background protons in the system
would yield 6 solutions, R1 to R4 (as discussed here, but
with different Mach number values) and two new solutions
R5 and R6. Liu et al. (2019) found that introducing oxygen
ions gives better match between the phase speed of the
excited mode and the observed ESW speed. We speculate
that one or more of the new solutions R1 to R6 would have
Mach number closer to the observed ESW speed.

We would like to point out that though Liu et al. (2019)
did not observe ESWs propagating parallel to B, as pre-
dicted by our model, it does not mean that parallel propa-
gating ESWs do not exist in the reconnection jet. A
possible explanation would be that all MMS spacecraft
were behind the generation region of ESWs in the recon-
nection jet, and could therefore record only the ESWs
propagating anti-parallel to the magnetic field. To sum
up, the ion-acoustic soliton model provides a plausible
explanation for the occurrence of parallel propagating
ESWs in the reconnection jet. As the model is general,
we speculate that ion-acoustic solitons could exist in recon-
nection jets of astrophysical plasmas, even though in situ

measurements of particle distribution functions and electric
field are not available.
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Plasma jet braking:Energydissipationandnonadiabatic electrons.Phys.
Rev.Lett.106,16.https://doi.org/10.1103/PhysRevLett.106.165001.

Khotyaintsev, Y.V., Vaivads, A., André, M., Fujimoto, M., Retino, A.,
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