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Abstract. Lower-hybrid (LH) oscillitons reveal one aspect finally highlighted. The appendices give a general dispersion
of geocomplexities. They have been observed by rockets ancklation and specific ones of linear modes relevant to all the
satellites in various regions in geospace. They are extraornonlinear modes encountered in the text.

dinary solitary waves the envelop of which has a relatively
longer period, while the amplitude is modulated violently by
embedded oscillations of much shorter periods. We employl

a two-fluid (electron-ion) slab model in a Cartesian geom-nopjinear waves have increasingly drawn much attention in

etry to expose the excitation of LH oscillitons. Relying on {he study of geocomplexities in last decades. They are ubig-
a set of self-similar equations, we first produce, as a referyiioys in space and laboratories under different plasma con-
ence, the well-known three shapes (sinusoidal, sawtooth, anditions. Since the first soliton (also called a solitary wave)

spiky or bipolar) of parallel-propagating ion-acoustic (IA) \yas noticed by John Scott Russell in 1834, the first equation
solitary structures in the absence of electron inertia, alonqi_e_ the Korteweg-de Vries, KdV, equation) was derived to

with their Fast Fourier Transform (FFT) power spectra. The jescribe weakly dispersive, nonlinear water waves in 1895,
study is then expanded to illustrate distorted structures ohng the first prediction was made about the existence of the
the 1A modes by taking into account all the three compo-,on-wave structures in plasmas (called the Bernstein-Green-
nents of variables. In this case, the ion-cyclotron (IC) modey skal. BGK mode) in 1957, many branches have been
comes into play. Furthermore, the electron inertia is incor'developed to meet the needs of solving different problems

porated in the equations. It is found that the inertia mod-yg|evant to the construction, maintenance, propagation, and
ulates the coupled IA/IC envelops to produce LH oscilli- offects of solitary structures.

tons. The newly excited structures are characterized by anor- a tocus is on large-scale, finite-amplitude, solitary en-
mal low-frequency IC solitary envelop embedded by high-\eons. The study can be traced far back to 1970s when
frequency, small-amplitude LH oscillations which are super-gpkja and Yu (1978) offered exact stationary solutions for
imposed upon by higher-frequency but smaller-amplitude I1A;5,_acoustic (IA) solitons propagating obliquely in a two-
ingredients. The oscillitons are shown to be sensitive to S€tomponent (electron and ion), logi-non-isothermal plasma
veral input parameters (e.g., the Mach number, the electrongystem, with an assumption that ions do not have a polar-
ion mass/temperature ratios, and the electron thermal speed}ation drift in a constant magnetic field. In this case, the
Interestingly, whenever a LH oscilliton is triggered, there oC- gjeciron inertia was neglected due to the much smaller mass
curs a density cavity the depth of which can reach up t0 20%an, that of ions. Later, the limit of the polarization drift was
of the background density, along with density humps on bothg|axed by Yu et al. (1980) and a generalized result was ob-
sides of the cavity. Unexpectedly, a mode at much lower fré~aineq. Meanwhile, Temerin et al. (1979) found three shapes
quencies is also found beyond the IC band. Future studies args ejectrostatic solitary waves: sinusoidal, sawtooth, and
spiky/bipolar. In a generalized study, Lee and Kan (1981)
obtained nonlinear IA and ion-cyclotron (IC) waves (the au-

Correspondence tal. Z. G. Ma thors also mentioned another type, so called “IA solitons”;
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it is not an independent type but the IA solitary waves with system. They used the Sagdeev potential to derive the am-
a longer period). Nakamura and Sugai (1996) studied nonplitude, speed, and width of the localized IA shocks in the
linear waves in a three-component (warm ion, cold and enerfluid approximation. Such electrostatic nonlinear structures
getic electrons), unmagnetized plasma system. They pointediere considered to be necessary for auroral electron acceler-
out that a pseudo-potential method (i.e., the “Sagdeev poation up to the observed energies-of0 keV. Recently, Ma
tential”) is more suitable than the KdV approach to produceand Hirose (2009a) performed a parameterized study on 1A
results applicable to experiments. In such a system, Chattesolitary waves by employing the Sagdeev potential in a mag-
jee and Roychoudhury (1997) found that, when the ion tem-netized plasma system consisting of warm ions, background
perature increases, the amplitude of the IA solitary waveselectrons, and energetic electrons.
increases when the corresponding self-similar position (de- It deserves to mention some other topics in the study of
noted bys=x—Vt, wherex is the 1-D coordinatey is the  electrostatic solitary waves, so as to show the robust growth
phase speed of solitons, ands the time) shifts to the ori- of this subject in space physics. One of the subdivisions
gin. For a system containing multi-ionic components butionsis for small-scale plasma systems. In these systems, influ-
are cold, Das et al. (2000) claimed that a power expansiorences brought about by either the finite radius of a flux tube
technigue leads to higher order nonlinear IA wave equations(Gradov et al., 1984,1985), or the boundary in slab mod-
these equations yield various solitary waves (such as, spikegls (Vladimirov et al., 1993) cannot be neglected anymore.
solitons, double layers, etc.) depending on plasma paramd-uckily, as indicated by these authors, the effects are gener-
ters. ally limited in the boundary layers and do not have an impact
More important, Jovano&i and Shukla (2000) found on bulk solitary wave propagations. Another branch is the
a fully nonlinear coherent solution for solitary structures study of EA solitary waves. These type of waves are known
(called “electron-holes” in the text) in the magnetosphere.to contribute most of higher-frequency electrostatic noises
They took into account a low-frequency (LF) ion dyna- than IC/IA waves. Different from the IC case where the elec-
mics, and exposed a typical cylindrically-symmetric hole tron inertia is neglected, the study assumes motionless ions.
of a Larmor-radius size. The results were used to explainThe first study was done by Dubouloz (1993), followed by
FAST/POLAR observations of antisymmetric bipolar pulsese.g., Mamun et al. (2002), Berthomier et al. (2000, 2003),
in the parallel direction to localized magnetic field lines and Shukla et al. (2004), Singh and Lakhina (2004), Kakad et
unipolar ones in the perpendicular plane. In addition, Ma-al. (2007), Lakhina et al. (2008). Specially, Pottelette and
mun et al. (2002) employed the power expansion techniqudderthomier (2009) set up a model which is useful to explain
to study the properties of obliquely propagating electron-observations. The third fork lies in the study on the effects
acoustic (EA) solitary waves in a magnetized plasma sys-of the centrifugal and Coriolis forces on the propagation of
tem of three components: a cold magnetized electron fluidsolitary waves. The work was initiated by Stenflo (1990), and
hot electrons obeying a non-isothermal vortex-like distribu-followed by Yu and Stenflo (1991), Stenflo and Yu (1992,
tion, and stationary ions. It was found that the external mag-1995), Shi et al. (2001, 2005, 2008) and Ma (2010).
netic field and the obliqueness of the solitary waves could The packets mentioned above constitute simple nonlin-
greatly change the amplitude and the width of solitons, andear waves; i.e., the Fast Fourier Transform (FFT) power
positive potential solitons correspond to cold electron den-spectra of the envelops are featured by a single frequency
sity holes/cavitons (note that these electron holes are “ioronly, as well as its harmonics. To our surprise, observations
clumps” as defined by Dupree, 1972; and naturally, the po-of high-sensitivity rockets and satellites in last 20 years ex-
tential is positive). Moreover, Reddy et al. (2002) conside-posed a new type of more complicated solitary waves. They
red a two-component (cold ions and warm electrons), ho-are associated with the lower-hybrid (LH) mode, accompa-
mogeneous, magnetized system. The authors verified thatied by density depletions. The MARIE sounding rocket
parallel-propagating solitary waves have structures of si-made the first definitive observations of the LH cavities (La-
nusoidal, sawtooth, and highly spiky waveforms, and, theBelle et al., 1986), and the waveforms have been exhibited
highly spiky waveforms have periods ranging from IC to by many implemented space projects, such as, the FREJA
IA frequencies. Likewise, Bharuthram et al. (2002) consi- satellite (Dovner et al., 1994; Eriksson et al., 199&c$®li
dered a homogeneous magnetized plasma system consistieg al., 1996; Hgymork et al., 2001), the Alaska-93 sound-
of Boltzmann electrons and warm ions, aiming at the non-ing rocket (Delory, 1996), the AMICIST sounding rocket
linear solitary structures arising from a coupling between the(Pin¢n et al., 1997), the Polar satellite (Cattell et al., 1998,
IA and IC waves. The authors not only obtained the well- 1999), the FAST satellite (McFadden et al., 1998; Pottelette
known three waveforms, but also suggested that a finite ioret al., 1999), the GEODESIC sounding rocket (Knudsen et
temperature suppresses the IC nonlinearity and enhances tla&, 2003; Burchill et al., 2004), and the Viking and Cluster
IA nonlinearity. Furthermore, in order to explain the fine satellites (Tjulin et al., 2003, 2004). Schuck et al. (2003)
structures in the auroral kilometric radiation, Pottelette etmade a detailed review on related observations and simula-
al. (2003) studied the excitation of IA solitons (called “elec- tions.
trostatic shocks” in the text) in a unmagnetized ion-electron
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The new packets exhibit violent modulations in amplitudes s
of relatively slowly-varying, classical solitary structures, per-
formed by embedded quickly-varying, small-amplitude os- 201
cillations. Such a structure was called “oscillitons” (Sauer et
al., 2001), but there, and in subsequent papers by the sam
group of authors (e.g., Sauer et al., 2002, 2003; Dubinin et .20
al., 2002, 2003a, b, c, 2007; McKenzie et al., 2004; Cat- g
taert and Verheest, 2005; Sydora et al., 2007), it was used ir~  -40;,
the sense of nonlinear electromagnetic “whistler” structures, g g
which can exist at parallel and supposedly also at oblique 40
propagation with respect to the static, background magnetic 20/
field (F. Verheest, personal communication, 2010). The mo-
dulation was present in either a multi-species system (more
than two types of charged particles) responsible for observed time 02:05‘:*'“‘2‘5‘_ '
IC oscillitons (e.g., Sauer et al., 2001, 2003), or an electron-
ion system to explain coherent whistler waves and oscillitonsrig. 1. Nonlinear “oscilliton” structures associated with the LH
(e.g., Cattaert and Verheest, 2005; Sydora et al., 2007). Nomode (adapted from Fig. 3 of Cattell et al., 1998). The measurement
tice that in this article and following ones, we expand the was performed by the Polar satellite at the plasma sheet boundary.
intrinsic meaning of the terminology and use it to describeThe bursty nature after 02:05:25.7 exhibits the modulation of the
amplitude-modulated solitary packets, either the waves aréH mode, see, e.g., a detailed discussion by Cattell et al. (1998).
excited electrostatically or electromagnetically, and either in
a non-dusty plasma system or a dusty one. Fidugives
an example to show the observed features of “LH-oscilliton” inertia becomes dominant outside the ion-beam region. Be-
structures, adapted from Fig. 3 of Cattell et al. (1998). Thesides, the Cluster satellites exposed that the widths of the
measurement was performed by the Polar satellite at th€avities lie between the ion gyroradiys=vr, / Qi (Wherevr;
plasma sheet boundary. The large amplitudesEpfand  is the ion thermal speed arfg is the ion gyro-frequency)

Ey can be up to 40mV/m. Each of the LH packets after and the electron inertial lengify=c/wpe (Wherec and wpe
02:05:25.7 lasts<0.1s (about 3 ion gyroperiods) appearing are the speed of light and electron plasma frequency, re-
in density cavities. The bursty nature exhibits the modulationspectively) (Tjulin et al., 2004). This reveals that the elec-
of the LH mode (see details in Cattell et al., 1998). tron inertia is an important parameter due to the fact that ob-

That LH solitary structures are of great importance in theserved LH phenomena are connected, more or less, to inertial
study of nonlinear processes is by virtue of the fact that theyAlfv @én waves (Shapiro, 1998), the nonlinear mode of which
are the prime candidate for the acceleration of ions and gewas found to modulate spatially the electron density and en-
neration of “ion conics” in the high-latitude ionosphere and ergy (Knudsen, 1996).
magnetosphere (see comprehensive contributions in 1980— What is more, in cases where the electron inertia is ne-
90s by, e.g., Chang and Coppi, 1981; Retterer et al., 1986glected, in the linear regime, IA/IC modes are excited (e.g.,
Kintner et al., 1992; Chang, 1993, and references therein)Boyd and Sanderson, 2003); while in the nonlinear regime, it
However, an effective modulational mechanism of “oscilli- is the IA/IC solitary waves, rather than LH ones, that are initi-
tons” had not been proposed till Kourakis and Shukla (2005).ated with either small amplitudes or large amplitudes, where
The authors provided a complicated methodological formu-electrons are free to response to ion kinetics, satisfying the
lation to suggest that the modulation may be due to parameteharge-nuetrality condition (e.g., Reddy et al., 2002). On the
ric interactions between different modes or, simply, to thecontrary, if the electron inertia is present, plasma particles
nonlinear (self-)interaction of some wave itself. are coupled with each other which prevents electrons from

We checked observations after investigating the LH insta-becoming unbounded. In the linear regime, high-frequency
bilities (Ma and Hirose, 2009b). We found that the modula- (w>£2;) electrostatic LH instabilities are excited (e.g., Hirose
tion may be easily understood by noticing the role playedand Alexeff, 1972). By contrast, in the nonlinear regime, on
by the electron inertia. For example, the FAST satellite one hand, the inertia constrains small-amplitude IA solitary
showed the modulations of electrons in the excitation of soli-waves (Kuehl and Zhang, 1991); on the other hand, for large-
tary waves (McFadden et al., 1998): in an auroral densityamplitude ones, the inertia enhances the IC amplitudes (Sen
cavity containing ion beams, electrons inside an ion-beam reet al., 2008).
gion are modulated at hydrogen cyclotron frequency 208 Hz, As a matter of fact, the effects of electron inertia have
while the ones outside it are atLl20 Hz, along with an iden- already been discussed extensively in other fields, such as,
tified LH frequency at~450 Hz which was found to merge linear tearing mode and nonlinear magnetic islands (Shiv-
to IC waves continuously at the boundary of the ion-beamamoggi, 1997), magnetic reconnection (Al-Salti and Shiv-
region. This indicates that the role played by the electronamoggi, 2003), gyrokinetic turbulence (Jones and Parker,
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2003), acoustic instabilities (Merlino and D’Angelo, 2005), Larmor radius, FLR). However, because the conditigsip
and Alfvén compressional wave of gravitational instabilities (where is the wave length, ankb is the Debye scale) is not
(Uberoi, 2009). Manifestly, there should exists an intrin- always valid for the waves, charge separation effects may not
sic interplay via the electron inertia between IA/IC solitary be ignored, though the quasi-neutralibgd~niop wherenyo
structures and “LH oscillitons”. Motivated by Kourakis and is the density at equilibrium) can still be applied because the
Shukla (2005)’s work which provides a generic methodology space-charge densiby., as a result of the charge separa-
applicable to a variety of electrostatic modes, we aim at find-tion, is still relatively small compared ig,0. In a finite time,
ing a formulation to explain the influence of the electron in- these space-charge density granulations retain their structural
ertia on the transition from IA/IC solitary waves to LH oscil- integrity and ballistically propagate along a specific direction
litons. to form “trains” of solitons propagating in space to form soli-
Enlightened by Sauer et al. (2003)’s work, we make use oftary waves (Bcseli, 1985; Chiueh and Diamond, 1986).
a fluid description. In order to concentrate on the mechanism In order to provide the most basic picture for the emer-
of the modulation played by the electron inertia, and gaingence and propagation of nonlinear solitary waves, and thus
important insights into more complicated situations (such ago gain important insights into the effects of electron iner-
a multi-species system), while still being able to illustrate tia on the features of solitary structures, while still being
our approach clearly, we consider a slab model, as describedble to illustrate the process clearly, we focus on a system
in Sect. 2, to formulate a collision-free, two-fluid (electron- composed of two components: isothermal electrons and adi-
ion) system in a Cartesian geometry. We start from introduc-abatic ions. They are described by two-fluid equations un-
ing basic parallel-propagating IA solitary waves in Sect. 3, der collision-free conditions in the Cartesian fratmey, z),
where the electron inertia is not taken into consideration, andncluding conservation equations of mass, momentum, and
the FFT spectra are shown. Then, in Sect. 4, we describenergy, plus four Maxwell’s equations. A generalized set of
distorted IA/IC solitary waves. On the basis of these studiesgquations is as follows:
we investigate in Sect. 5 the impact of the electron inertia
on the possible excitation and propagation of nonlinear LH 97 V- (nete) =0
oscillitons by a parameterized study through a few input pa- % +V-(njuj)=0
rameters. A simulation is performed. Finally, in Sect. 6, we 1 B
summarize the results and have some discussions. The Apgm e V)ue= 5 Vpe— i (E+uex B)

pendices give generalized and specific dispersion relations(2 +ui-V)uj = —milni Vpi+ - (E +uix B)

of Imear_ modes, corresponding to all the nonlinear ones d|s—pe= nekg Teo

cussed in the text. 3)
b (ﬂ)y
pio — \ "o

; ; e VxE=-2

2 Nonlinear, two-fluid equations: a slab model ar

VxB=poj+ 5%

We consider that an external magnetic field permeates

through regions visited by satellites (e.g., auroral accelera-V -
tion regions by FAST, bow shock and magnetopause by Clus-V-B =0
ter). It has three components:

where the coupling of the fluid variables to Maxwell's
Bext= Bxoéx + Byoéy + B0é; (1) equtaions occurs through the definitions that relate the par-
) ) ) ticles’ number densities:g, nj) and flow velocities §e, u;)
in a Cartesian geometry whei®jo (j=X, y, ) is constant 1 the current densityji=e (niui —nete)] and charge den-
in the direction of;j along whiché; is the unit vector. In sity [pe = e (ni —ne)]. Notice that the conservation equations
these regions, the plasma pressure is much smaller than thg energy are reduced to an equation of state for electrons
magnetic pressure, i.¢8<1. Plasma waves excited are thus 5nq an adiabatic equation for ions, respectively. The basic
electrostatic in general, rather than electromagnetic, with,nknowns in the model angs, ni, ue, ui, E, and B, while
kz<ky due to the parallel magnetization of particles (where Teo is the equilibrium temperature of electrons, ands the
k; andk, denote parallel and transverse wavenumbers, rezdiapatic index. Parameters and uo are the absolute per-
spectively). The Landau damping can be neglected due tenjtivity and permeability in free space, respectively, and
the fact that the phase spegglof these waves satisfies ¢ =1/./eoio is the vacuum speed of light. Hereafter, sub-
@) script “o” attached to parameters in English indicates “equi-
librium”. Note thatB is different fromB eyt
wherevr,=+/kgT,/m, is the thermal speed of either elec-  For convenience, we use dimensionless parameters: the
tron or ion species with={e, i}, respectively, in whiclg is electron and ion densitiese and nj are normalized
the Boltzmann constant,, andm, are the temperature and by ng; coordinatesr={x,y,z} by electron Debye length
mass, respectively. ThuspLr<1 (Whereip R is the finite  Ape=vT,/wpe; Velocity uy={uax. Uay. uaz} by the acoustic

vy, L vp L V7,
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speed:s = v/kgTeo/mi; Pressure, by peo=noksTy0; time
t by ion plasma periodcpizwi;l (notice thatwpiipe=cs);
magnetic fieldB by a pseudo-magnetic fielBy = mewpi/e;
electric field E by a pseudo-electric fiel&y = csBg; and,
three coefficients are introducegl = m;/me, &1 = Teo/ Tio,
andé&y=vT1,/c. A dimensionless expression of EG) (s

e 1V (nette) =0

P4V - (niuj) =0

(2 +ue V)ue=—EmVin ne— (E +uex B)

(% +ui-V)ui= —iLVniyflJr%(EJrui x B)

sty-1
__ _ 0B
VXE——W

(4)

2
V x B =& (niti —nette) + ;L 57
V- E =é&m(ni —ne)
V-B=0

249

uxx0 = Uex0lx=0 = uixolx=0 = Up — M, Eylx=0 = Eyo,
Ez|x=0= Ez0, Bx|x=0= Bx0, Bylx=0= Byo, andB;|x—o =
Bzo. Note that theu,,-origin is shifted from “0” to “M”,
and the density equations and Gauss’s law reqt{ge-Sni,
written asS,. Note that the charge densipg in Eq. @) is
at present expressed by a space-charge dengitf solitary
waves.

Equation 6) describes localized, coherent solitary waves
which may be excited in the two-fluid system by the balance
of nonlinearity and the dispersive effect (Davidson, 1972;
Drazin, 1984, and references therein). They transport en-
ergy from nonlinear solitary waves to ambient plasma parti-
cles owing to their retained shape and speed during propaga-
tions (Davydov, 1985; Hasegawa and Kodama, 1995), super-
imposing upon background propagating or non-propagating
plasma oscillations, such as IA and/or IC modes. The clas-
sical dispersion relations of these linear modes have widely
been studied experimentally and theoretically since 1960s,

To reduce the complexity of math in solving the problem €-9-, Tanaca et al. (1966a, b, 1967; IA mode), Hirose et
and pay close attention to the formation of solitary struc- 5}'- (1970a, b, c; IC mode). By solving the perturbed equa-

tures, we employ a slab model where all parameters depentons of Eq. 8), we present related dispersion relations in

only on the x-coordinate. In this cages3. By using a sin-

gle independent variablg for a self-similar transformation

X=x—M: (Lee and Kan, 1981), wherd is the Mach num-
ber independent af, along with

a d 0 d
-M

T dX’ 9x  dx
we obtain a set of equations as follows:

(%)

% =- (Ex +ueyBz — uesz)/<uex— S_m)

Uex

d(;z)?y = —(Sy —uexBz +uezBxo) /tex

%t = — (S~ uexBy —eyBro) /ex

%uxix - Sal(EX + uiy B; — uiz By) / (”ix - ;i.zx )

ddu_xiy =& (Sy — uix Bz +uiz Bxo) /uix (6)
(g{_Xiz =& (Sz+uix By — uiy Byo) /uix

% = —&mnsc

dBy

S iz 1 $2M2
dx _E\? ”(Zix Z:i)/( vSm )
dB; 2 Uj u 1 3M2
ax _%_VS"(#_%)/( _E_m)

in which

Sn =uxxo— M

Sy =Eyo— M Bz0, Sz=Ez0+M By
ne=Sy/uex, ni=Sp/uix
Nsc=nNe—1nNj ")
Ey=8+MB;, E;=S;—MBy
By = Bxo

by using boundary conditiong|x—o=no, ni|x=o0=no,

www.nonlin-processes-geophys.net/17/245/2010/

Appendices for use below.

We solve Eq. §) in three cases by steps. We start from
introducing a basic case of parallel-propagating, electrostatic
IA solitary waves where all variables has only one compo-
nent alongX. Then, we expand the study to a more general-
ized case where they have normal three components. Based
on these studies we focus on the evolving patterns of oscil-
litons to show the modulation of the electron inertia on low-
frequency solitary waves by introducing high-frequency os-
cillations into amplitudes.

3 Inthe absence of electron inertia:
parallel-propagating IA solitary waves

When the electron inertia is neglected, the simplest nonlinear
solitary wave is in the IA mode. This mode propagates in a
direction parallel to local magnetic field lines, superimpos-
ing upon background linear electrostatic IA oscillations the
dispersion relation of which is given in Appendix A.

The set of equations to describe nonlinear IA solitary
waves propagating alonBex: = Bxoé can be derived from
Eq. (6) as follows:

Ne= ecD

duix — —dd/dX

dx i 3s,%3 (8)
ETuiy

e

dx2 = tsc

by usingnj = S, /uix, ne= S, /uex, aNd Ex/&ém = —d®/dX.
Note that (1) all parameters are dimensionless, @nd
the normalized electrostatic potential the unit of which is
ksTeo/e; (2) Sy = S;=0 due to the fact onlyEx component
of E exists.

Nonlin. Processes Geophys., 26322510
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Fig. 2. Parallel-propagating IA soliton space-charge densifyand

the wave-fieldEx underéT=10, andM=1.14 (top panel), 1.16 (bot-
tom left), 1.28 (bottom right), showing three types of shapes (sinu-
soidal, sawtooth, and spiky/bipolar), respectively.

Fig. 3. FFT spectra oFy in corresponding panels of Fig.

in Fig. 3 where the vertical axis has an arbitrary unit. The
top panel is the spectrum #=1.14, exhibiting a couple of
9 peaks: one is ab; = 0.031wp;, the fundamental frequency
of the imperfect sine wave; the other isat = 0.062wp;, a
harmonic ofw1. The former corresponds to the IA period
ey ) Tx=w 1= 32.37pi (note thatwpitpi = 1 as assumed in nor-
malizations) of the solitary structures aloXg as provided

Equation 8) produces a propagating IA mode satisfyin
(cf. Eg. 9 in Ma and Hirose, 2009a)

- /2 (9)  in the topEx panel of Fig.2. As a double-check, we use
(1+i2_2%>+\/[<1+%_2%)]2_% Eq. (A4) to calculate the IA wavelengtty. In dimensionless
A frme M M units, the equation becomes
from which, as well as Eq8}, the space-charge density. 5 v\
and the wave-fieldy of solitary waves can be solved numer- ©“= |1+ 2 ky (10)
ically. T

Takeé1=10. The solitary structures are calculated underyyhere the units of» andky arewp; andig2, respectively. In
different Mach numbers. Their evolution is exhibitedhy  oyr calculations, we usg=10. Thus, we have

andEy. Figure2 illustrates an example of the features of the

soliton trains undeM=1.14, 1.16, 1.28, respectively. w=1015, or, Ay= i - ﬂ‘:’z 327 (11)
The top two panels in the figure illustrate sinusoidal shapes kx w

of bothnsc and Ex, respectively. They both have small am- which is the exact IA wavelength shown in FR.

plitudes atM=1.14:ng.is within 5x 10> andEy is no larger This first study tells us, though very basic, that in the non-

than 0.5. By contrast, whelf increases to 1.16, each packet linear system, solitary waves will develop harmonics due to
of the former exposes a tooth shape, while that of the lattethe fact that the structures do not have pure sine-waveforms.
display a sawtooth one, visible in the two bottom left pan- It is thus predictable that more harmonics will be developed
els. When the Mach number continues to increase to 1.28if the shape of solitons goes farther away from a sine wave.
the two bottom right panels disclose spiky shapes, unipolaiThis case is very similar to that of a piece of real musical
for nsc and bipolar forEy, respectively. It deserves to men- instruments: in addition to the fundamental frequerfcya
tion again that these three shapes of BQ structures (i.e.,  soliton train also has frequencies which are exact multiples
sinusoidal, sawtooth, and spiky/bipolar) are well-known in of f: f, 2f, 3f,.... This prediction is confirmed by other
satellite observations. They were first reported by S3-3 sateltwo panels of Fig3. At M=1.16, for example, the IA fre-
lite in late 1970s (Temerin et al., 1979) and have thereafteiquency spectrum of the sawtooth-likg structures have dis-
been detected in various regions in geospace by numerouinct four harmonics: 0.018, 0.036, 0.054, and 0.072, accom-
satellites (see a detailed review in Ma and Hirose, 2009a). panied by a broadband of noises up ta,5 In the M=1.28

In order to know the features in the frequency regime, wepanel, bipolar solitons provide more harmonics, and these
make use of a fast Fourier transform (FFT) algorithm to give harmonics merge into the background noises eventually. No-
the power densities of the thrag, waveforms, as shown tice that in this case, it is not the fundamental frequency but
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the second harmonic that has the maximum power density,=0.1. Various initial conditions are given to produce corre-
This warns us that, in data analysis to identify in-situ waves,sponding solitary structures. Deformed IA/IC solitary struc-
a frequency with the strongest peak may not represent thatures (sinusoidal, sawtooth, and spiky/bipolar) are obtained.
the wave is excited at that frequency. This is important whenAn example is exposed in Fid.
determining signatures of, e.g., LH waves. Figure4 shows a sinusoidal IA/IC soliton train driven un-
der boundary conditiond/o = {0.3,0,0}, Eo={0,0,1}, and
o Bo=1{0.2,0,1}. Note that all the variables are restricted to
4 Inthe absence of electron inertia: the nonlinear evolutions along one self-similar X-coordinate
generalized IA/IC solitary waves in the slab model. In the figure, top left panel gives solitons’
. . . electron or ion densityn or nj), and top right panel reveals
In reality, variables have three components. We generalizg, space-charge densingg), inserted by an enlarged curve.

the case d|scuss_ed 'f"bo"e to sele ”;f featureshof tg'e Eon“neﬁf)tice that the difference between the electron and ion den-
waves propagatmg In space. In ¢ IS case, the bac groungities is so smallr{sc~ 10~°), five orders smaller than either
electrostatic waves contain propagating IA waves, and non-

i . . . ne Or nj, thatne andn; curves are superimposed upon each
propagating IC waves which oscillate locally. Appendix B

d ibes the di . lai other on the top left panel.
escribes the dispersion refation. The middle three panels show three electric wave-field

Neglect the electron inertia again. The second and thirdcomponentsEx, Ey, E). The K-panel demonstrates two
equations of Eq.) produce types of oscillations: one is the IC mode in a larger period
of X~170 with a cyclotron frequency about 0.005—0u§],
(12)  and the other is the IA mode in a much smaller period of
iexBy + Sz = tteyBxo X~3 with frequencies around Oc3,. Figure5 gives a FFT
spectrum of the fstructures. Obviously, the IC mode has

uexBz — Sy =uezBxo

which gives three harmonics af=0.005%wpi, 0.011wypi, and 0.01%vyp;,
leyB; — iezBy = BS—yBy+ BS_ZBZ (13) respecFingy, while the IA mode shows a narrow—band.spec—

x0 x0 trum within 0.3:0.05wyp;. Above 0.6wy there occurs a wide
and band of noises.

Interestingly enough, the IA mode exist in neittigr nor
uey _ By | Sp/uex

e = B o (14) E,. Both of the components constitute a right (rather than
uez _ By _ Sy/uex

left) circular polarization wave propagating along with the
uex — B Bo Ex wave, as shown in Figs. The tip of the electric field
vector perpendicular téx depicts a circle in the perpendic-
ular plane, and describes a helix along the direction of wave
propagationX. The magnitude of the electric field vector is

Substituting above expressions for the terms in Bjlgads
to a new set of equations as follows:

Ex+ Y B4+52 B, constant as it rotates. This circular polarization is possible
duex _ Bxo ~Y " Byo .
ax — Em due to the fact thakEy and E; are orthogonal with each other
uex
duy _ 1 ExtuyBr—uizBy but hayeasame IC frequency. .
X " &mo a2 Similar to Ey and E,, By and B; give a pure IC mode, as
X . . .
e o BEK"% 5 depicted in the two bottom left panels of Figy. They pro-
o= %W duce a propagating right circular polarization wave, while
_ _ By keeps constant. The bottom right panel of the figure
dujz _ iSZ'FMley—MlyBxO K .o .. .
ax B — ives two total magnetic field strengths, the initial fighd|,
Em ,X (15 9 two total magnetic field strengths, the initial f
dE 1 1 and the soliton field B(X)|. No doubt that the magnetic
X =&mSn (@ - @) field strength is enhanced. This tells us that solitons carry a
wiy By | Syluex stronger magnetic field on average and thus store more mag-
C% =£25, 7370—22’&0 netic energy. A direct consequence may attribute to the mag-
1- 8 netic holes (or decreases, bubbles) in surrounding regions as
uj B u .
B, _ _e2s %77307%3 observed by numerous satellites/spacecrafts (see, e.g., Tsu-
ax Ve em? rutani et al., 2005).

&m

The other two distorted sawtooth and bipolar structures are

Note that in the present case, the electron inertia is stillexhibited in Figs7 and8, respectively. The former is under
not included, just as the previous case. Electrons thus conboundary conditionst/op ={0.2,0,0}, Eo={0.5,0.5, 1}, and
tinue to provide background conditions for the modulation of Bo = {0.2,0.5, 3}, while the latter is under boundary condi-
ions driven by space-charge electric fields to excite linear andions: Uy = {0.3,0,0}, Eg ={0,0.4,1}, and Bo = {0.2,0, 1},
nonlinear IA/IC waves. In simulations, five input parameters howeverM is reduced from 1 to 0.85. There are a few sim-
are chosen as follows/ =1, mj/mp=16,£m=1836.2 £7=10, ilarities compared to the sinusoidal case. Firshly,and E,
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Fig. 4. Sinusoidal IA/IC solitary structures driven in a nonlinear system where all variables depend onlyweodbieinate (a slab model).
Shown in panels of the figure are solitons’ density ¢r nj; top left), space-charge density inserted by an enlarged cuggetOp right),
electric wave-field component&y, Ey, Ez, middle row), magnetic wave-field componemts (lower left) andB; (lower middle), and, total
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Fig. 5. FFT spectrum of the deformed sinusoidg{ solitary struc-

tures Fig. 6. Non-propagating circular polarization IC wave constituted

by Ey and E; oscillations accompanying the sinusoid#l solitary
structures.

form a right circular polarization wave; secondBy and B;
still hold a right polarization wave, however the sawtooth case, while it is about 250 in the bipolar case. What is more,
case offers an elliptical one, while the bipolar case is a cir-the maximum amplitude of the space-charge density does not
cular one. Lastly, the total magnetic fields on average are altetain constant in the latter case. There is a slight increase in
increased from their respective initial ones. X, while the pulsations have a higher-frequency ingredient:
Nevertheless, the space-charge densities evolve very difin the sawtooth case, the IA period i is several Debye
ferently. Their amplitudes change much more abruptly butlengths; in the bipolar case, the periodXnis only a few
periodically withX. The period is about 500 in the sawtooth tenths of a Debye length.
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10° ‘ ‘ 5 Inthe presence of electron inertia: LH “oscillitons”
1021 IC band IA band
2 40 Above two sections discuss cases where the electron inertia
5 0 is neglected. We have known that in those cases IA/IC soli-
Ju 10_1’ tary waves are able to be excited. In this section, we take
§ 1072’ into account the electron inertia, that is, electrons no longer
1074 response to the space-charge density instantly, but in a style
107 ‘ AR constrained by both ion and electron kinetics. We must solve
1E-3 0.01 0.1 1 10 . .
Eq. (6) directly, where both ion and electron masses play an
10° T Cband | Aband equally important role. The shapes of solitary structures may
. 10°4 be modulated to unexpected appearances which are different
[ 10'4 from the three conventional ones in either IA or IA/IC modes.
8 10 In the linear regime, a mega-amount of theoretical and
g 10" experimental work were performed in 1960s and 1970s on
a 1021 plasma instabilities and excited waves in the presence of
10° ‘ ‘ | electron inertia (see, e.g., Artsimovich, 1964; Alexeff et
1E-3 0.01 0.1 1 10 al., 1970; Hirose and Alexeff, 1972; Mikhailovskii, 1974).
Frequency The important outcome is, instead of linear IC and/or IC/IA

modes as described in Appendices A and B, high-frequency
Fig. 9. FFT spectra of the sawtooth (upper panel) and bipolar (lower(w> ;) LH modes are triggered. In a two-fluid model in
panel)Ey solitary structures. the presence of plasma nonuniformities, the LH dispersion

relation was found to be heavily dependent of the gradi-

ents in, e.g., plasma density (Ma and Hirose, 2009b); if

Accordingly, the FFT spectra of the both cases expose difthe plasma is uniform, as described by the generalized set

ferent signatures, as shown in Fg. In the sawtooth case of equations, Eq.3), Appendix C provides a generalized
(upper panel), the IC mode contains a series of harmonics buispersion, Eq.§16), from which either electron and ion
with a narrower IA band than the bipolar case (lower panel);pjasma oscillations, or IC, IA, ion and electron upper-hybrid,
by contrast, the bipolar case owns fewer IC harmonics, bulnd lower-hybrid modes can be obtained under different di-
with a broader IA band up to severa}i. This is understand-  rections relative to local magnetic field lines.
able by considering the small wavelength of the IA mode: @ | the nonlinear regime, the structures of solitary waves
few tenths of a Debye length ii corresponds to sever@hi  can be simulated by employing directly the two-fluid set
in frequency. As a double-check, let’s turn to EB3]. Its of equations, Eq.€), as well as Eq. ). We use a

dimensionless expression is as follows: group of reference initial conditions and input parameters
as follows: {uxxo,uyo, uz0} ={0.3,0,0}, {Exo, Eyo, Ez0} =
22X 1 (16) {0,0,1}, { Bxo, Byo. Bzo} = {0.2,0,1}. We perform a parame-
g% 1+k2 terized study with changes W, mj/mp, &m, &1, andéy, to

see modulations of these input parameters on typical struc-
Obviously, wherk is large, the oscillation frequency cannot tures of soliton trains in the presence of the electron inertia.
be smaller than the ion plasma frequency, i=1. The

critical wavenumbekg, is 5.1 Solitary structure of reference
The same as the IA/IC case, following five input parameters
ker = } 1+E$T2_1 (17) are used to perform a typical simulatiom=1, mi/_mp:16,
2 14 Em=1836.2 £7=10,£,=0.1. The features of the solitary struc-
tures are shown in Fig&dOand11l
In our case, y=3 and &r=10, leading tok=2.3 or In Fig. 10, the top left panel exposes density depletions in

Acrzkc—rlmOA. This means that if the wavelength is shorter eitherne or n; of the soliton train in propagation. The depth
than half of the electron Debye length, it is possible for 1A of the cavity structures is on average 1.33%, with a minimum
oscillations to surpass the ion plasma frequency. This is inter3.39%, of the background plasma density. There are also two
esting because itis well known that a LH frequency is alwaysshoulders for every density holes/dips, which is about 10%
smaller than the ion plasma frequency. It is thus reasonablef the depth. The top right panel shows the space-charge
to deduce that IA peaks can exist in higher frequency bandiensity which is, on average;2.8x10-8, with a maximum

of a wave spectrum than LH ones, just as exhibited already’.1x10~° and a minimum—5.3x10"°. Thus, the density

by those observations in solar wind plasmas (see a compréioles has a tiny excess of positive charges as an arithmetic
hensive review by Briand, 2009). mean.
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Fig. 10. Typical LH solitary structures. Shown in panels of the figure are solitons’ densitgr(n;; top left), space-charge densitys¢;
top right), three components of electron velocityy, uey, uez middle row), and that of ion velocityufy, ujy, uiz; bottom row). Initial

conditions and input parameters as followsixo. uyo. uz0} = {0.3.0,0}, { Exo. Eyo. Ez0} =1{0.0.1}, { Bxo. Byo. B0} ={0.2,0,1}; M=1,
mi/mp=16,Em=1836.2£7=10,&=0.1.
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Fig. 11. Same as Figl0, however, shown in panels are the three components of electric waveHigldy, Ez; top row), magnetic wave-
field componentsKy and Bz) and total strengthesKp| and|B|) (middle row); and amplitudes of electric and magnetic fields in the plane
perpendicular to the propagation directidn;(andB |, lower row), respectively.
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The X-dependent periodicity is also expressed by bothcillations. Such packets, manifesting a low-frequency (IC)
electron and ion velocities. See the panels in the middle andolitary structure but with high-frequency (LH) modulation
lower rows. All the velocity components have a same periodin amplitudes, are called “LH oscillitons”.
as that of the densities. Note that in the propagation direc- Unexpectedly, by enlarging the coordinates (e.g., changing
tion, electrons and ions have a same spagg=£ uix), while the scale o from a maximum value of 1000 to 100) we find
the perpendicular components of the ion velocity is muchtwo extra phenomena: (1) IA oscillations of much smaller
smaller than those of the electron velocity. This implies weamplitudes are superimposed upon the LH oscillitons, and
can neglect the perpendicular motion of ions; equivalently, itthey have a small period, abokt~2—5. (2) Both LH and
is reasonable to assume that the velocity of ions have onlyA waveforms are deformed sine-styles in both amplitudes
one component which is in the propagation direction. and periods. These factors should contribute 1A peaks and/or

Figurelldisplays the three components of electric wave- noises in the high-frequency side of power spectra. To ver-
field (Ex, Ey, E; top row), the magnetic wave-field compo- ify this point, we plot Fig.12 to give the FFT power spec-
nents By and B;) and total strengthegKo| and|B][) (mid- trum (lower panel) of theEy component in Figll, along
dle row); and amplitudes of electric and magnetic fields inwith those of theEy structures in the IA/IC case (upper left)
the plane perpendicular to the propagation direction énd  and the present case (upper right) to identify frequency sig-
B, lower row), respectively. Similar to the IA/IC case, the natures. From discussions in the last section, we know that
two perpendicular components of both the electric and magin the 1A/IC mode, ions have only IC oscillations in y. Thus,
netic fields produce right circular polarization IC waves, andthe spectrum oFy displays only a IC peak as shown in the
the total magnetic field strength of the solitary structures be-upper-left panel. The peak is at 0.006%, corresponding
comes stronger on average than the initial values. It deserve® a period ofX=154. In the LH-oscilliton case, we know
to mention that although every bipol&x structure contains that the LH mode is excited by taking into account the effect
a series of pulses, the averaged amplitude is zero. This meard electron inertia. This will surely leads to peaks or noises
that along the propagation direction, there is no net potentialn the LH band. See the upper-righy panel of the figure.
drop carried by the soliton train. On the contrary, in the trans-At f=0.032, 0.038, 0.044, there are three peaks, correspond-
verse plane, there always exists a pulsative electric ield  ing to periods ofX=23, 26, 31. This indicates that there are
(lower left panel). Thus, the soliton train drivesfa x By three LH oscillations irey-direction. Notice the dominant
drift which behaves as a prime mover of transverse ion heatpeak which represents a period ¥&26. This is in agree-
ing in the presence of a crossBd (see details in Ma et al., ment with the data given in the last paragraph, “a period of
2009). Note that the soliton’s magnetic field also has threeaboutX=25". However, due to the weak coupling between
components, an@®; # 0, as shown in the lower right panel electrons and ions in the transverse plane, the LH signature is
of Fig. 11. BecauseEy is normal toB, , the Ex x B drift not very as strong as that in the parallel direction as revealed
provides an additional source for transverse ion heating. Théy the lower k-FFT panel.
study of this issue is beyond the scope of this article and will In this panel, there are three bands. The IC band is on
be introduced in another paper. the low-frequency side of the spectrum with three harmonic

Figures10 and11 demonstrate two kinds of oscillations: peaks: f=0.0065, 0.01325, 0.01975. Note that the last
IC and LH modes. From discussions presented in abovepeak is in the LH band which contains two groups: One
sections in IA/IC cases, we know that the IC mode differ- owns higher magnitude but lower frequencies with peaks
entiates one soliton from the other in the train after a soli-at f=0.01825, 0.025, 0.03175, 0.03825, 0.04475, 0.05625,
tary wave is excited. The frequency can be easily estimategharing a same interval between adjacent frequencies, and
from the humps or dips of parameter envelops. In the presenthe other has lower magnitude but higher frequencies with
case, the period i¥ = 154, corresponding to an frequency of peaks atf=0.06325, 0.06975, 0.0765 of the same interval.
0.0065wp. This frequency can be easily trace out from the On the high-frequency side of the spectrum, there exists a
perpendicular speeds, andu;, (relative to the propagation narrow IA band of~0.25-0.4. This corresponds to periods
direction) of ions in Fig.10, because, relative to electrons, of X from~2.5—4, the same range as that checked by enlarg-
their mass is so big that it is hard for them to respond im-ing the coordinates. By reviewing thg{panel in Figl1, the
mediately to the high-frequency drive. On the contrary, elec-Ex-FFT panel discloses an important message: an oscilliton
trons are decoupled from ions in the perpendicular plane andnay carry a hidden higher-frequency mode which is unable
their uey andue, carry IC envelops which are modulated by to be discerned from the obvious two features of its own:
any possible faster oscillations. Look at the related panels inow-frequency solitary envelop and high-frequency oscilla-
the figure: there are 6 peaks in every envelop, with a periodion. In the LH-oscilliton case, for example, without the FFT
of aboutX = 25. This is contributed by the LH mode the analysis, it were impossible to perceive the IA mode.
frequency of which can be easily identified frarg, or uix By reviewing the FFT spectra in last and present sections,
waveforms which reveal so strong a coupling in the propagait is worthwhile to stress that it is the electron inertia that
tion direction between electrons and ions that both of themmodulates 1A/IC solitary waves into LH oscillitons. They
contribute together to a LH mode while experiencing IC os-carry low-frequency IC envelops the amplitude of which
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Fig. 12. FFT power spectra of socilliton structures. Upper I&f: in the IA/IC case (last subsection); upper right; in the oscilliton case
(this subsection); lower paneky in the ocilliton case (this subsection).

is embedded with high-frequency LH oscillations superim-  Figure 14 exposes the impact df,=m;/me on the LH-
posed upon by a higher-frequency IA mode. Without the oscilliton wave discussed in the last section witfy m,=16
electron inertia, solitary structures do not have the modulatedrp is the proton mass; lower right 2 panels). We show four
shapes (i.e., oscillitons) brought about by the interaction becases together fornj/m,=3, 4, 8, and 16. When the ratio
tween LH and IA/IC ingredients, but exhibit only the tradi- becomes larger, the amplitudes of bath and Ex tend to
tional three (sinusoidal, sawtooth, and bipolar) 1A/IC shapes.smaller, while the solitaryey structures change more from
bipolar shapes to oscillitons, along with higher-frequency os-

5.2 Parameterized simulation of oscilliton shapes cillations within every envelop. It is thus predictable that

. ) small mass ratios seem to restrain the electron inertia from
There are several input parameters in EGsa(d (): Mach gy citing the LH mode in solitary waves. Different from the

numberM, mass ratio between ion and electéap tempera-  hrevious casesy does not affect the IC-period of the solitary
ture ratioét, and speed ratigy. Their magnitudes influence 5 eq

the appearance of oscilliton waves. Under the same initial
COI’]dtI:IOI’IS atlﬁ the ltyp|ca}lt(r:]ase dlscuss::'d |r][ the last StiCt.'ogpe LH-oscilliton wave discussed in the last section with
\f/vetc a?r?e elv? uesfo .ﬁ.s{e p?ra}me ers 1o expose their o/ Ti=10 (upper right 2 panels). We show four cases to-
ect onthe evoiution ot oscilliton trains. gether forTy/ 7;=6.5, 10, 15, and 20. The larger the ratio,

. Figurela_‘ exhibits the impact_oﬂ:l on the LH oscillitons the higher the amplitudes of the two parameters in roughly
discussed in the last Section witi=1 (lower left 2 panels). linear relations, respectivelyisdmax= 3.65 — 0.08&2 _18,

We display four cases together f&f=0.85, 0.9, 1, and 1.2 and Ey |max= 2.267 — 0.0462 — 10. We are concerned most

to see the evolution of space-charge densityand electric ximax= &.£5T = £ 2557 '

wavefield B-component. With the increase &f, the ampli- abput these relqtlons bepause of the fact that the temperature

tudes of bothi. and E. are enhanced. So does the numberratlo changes violently in space plasmas both spatially and
St X ) temporally. Luckily, the plots simulated here expose that,

of solitons, indicating a reduced IC period. However, the . . :
i . S except the amplitudes, the ratio changes neither the envelops
frequency of the oscillations in every oscilliton is decreased. .
nor the IC and LH periods.

Above M=1.2, no oscilliton entities occur, meaning thereisa )
Figure 16 illustrates the control of the electron thermal

limit for the Mach number only within which can oscillitons - )
be driven speedVr, over oscillitons. When the speed is below 003
' no oscillitons are driven but only LH waves carrying 1A fluc-
tuations. With the increase of the speed, features of solitary

Figure 15 demonstrates the influence &f = T,/ Ti on
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Fig. 13. Impact of the Mach numbe#’ on LH-oscilliton waves.  Fig. 15. Same as Figl3 but the impact of = Te/T; on LH-
Only space-charge density and electric wavefield&x-component  oscilliton waves. Notice that the panels &/ 7;=10 is the typical
are shown. Notice that the panels ®f=1 is the typical case dis- case discussed in the last section.

cussed in the last section.

4 1.0 v,/c=004] 10 v,/ ¢ =0.07
m/m =3 m/m =4 — 10 Te e
— 2 i 0.5 e 5 5
2 0.0 = % 0
% 0 X =
= 3 -10
5 2 05 c -5
< 20 14
40 30
10 7
20 15 .
x w 0 0
w 0 0
-10 -7
-20 -15
20 14
i 133 2 / 0.13
s~ 10 v_/c=0.1 v./c=0.
—~ 20 /m =8 m/m =16 ‘s Te Te
p i P 10 i P 2 5 10
S 10 5 3
= 3 0
< 40 -5
15.0 5 20 24
7'5 10 10 12
. 5 w o 0
w” 0.0 0 »
-10 -
75 -5
-10 20 24
-15.0 0 200 400 600 800 1000 200 400 600 800 1000

0 200 400 600 800 1000 0 200 400 600 800 1000

Fig. 16. Same as Figl3 but the impact ofy = Vt./c on LH-
oscilliton waves. Notice that the panels¥f,/c=0.1 is the typical
case discussed in the last section.

Fig. 14. Same as Figl3 but the impact oty = mj/me on LH-
oscilliton waves. Notice that the panelsmf/me=16 is the typical
case discussed in the last section.

trains become evident gradually. However, aftgr=0.13,  bands are identified by vertical dash lines in all panels. Ev-
only bipolar waveforms manifest. During the development, idently, on one hand, the two upper panels tell us that, at a
the LH-1A signature is dominant at first, but suppressed in-larger Mach number, the IC band shifts to the right, indi-
creasingly with weaker oscillation and more obvious IC fea- cating a decrease in frequency, while the LH band shifts to
tures, even out of sight at last. the left, meaning an increase in frequency. This is in agree-

Figures13-16 exhibit the variation of the oscilliton struc- ment with what we have seen in Fit3. Unexpectedly, we
tures with the four input parameters in the X-space. Ac-can see a much weaker IA band ingredients appesf=it,
cordingly, this change can also be expressed in the frequenayhich is hard to be identified in Fid.3. In the two lower
regime. Figurel? gives two such examples for Figk3-16 panels, on the other hand, only the LH and IA bands exist
by illustrating the features of the FFT power spectra. The up-at a smaller electron thermal speed; by contrast, if the speed
per two panels is the spectra B in Fig. 13underM=0.85 becomes larger, the IC band is apparent, while the original
and 1, respectively; the lower two ones is that in Egunder ~ LH/IA features are suppressed, with lower power densities
V1./c=0.04 and 0.1, respectively. The different IC/LH/IA and narrower bands.

Nonlin. Processes Geophys., 17, 2268 2010 www.nonlin-processes-geophys.net/17/245/2010/



J. Z. G. Ma and A. Hirose: LH oscillitons evolved from IA/IC

10 T T

M=0.85
. IC band LH band IA band
10° 4
10° - 4
2 10° ]
n
c
q‘) 3
ho] 10 T I
— 10° 10° 10" 10°
g 10° T
M=1
o
o 10° ]
L
10° 4
10° T .
10° 10 10" 10°
Frequency
10°
v./c=0.04
Te IC band LH band 1A band
10° 4
16\\V/N\/\\ﬂﬁx\\\\‘\\ ]
>
= 0
= 10° i
c
- .
ko] 10 . ;
6 10° 102 10 10°
10° . .
% v, /c=01
2 10°| ]
Ll
10° ]
i \«W““\i
10° ' .
10° 10° 10" 10
Frequency

Fig. 17. FFT power spectra oFx under two input parameters
M=0.85 and 1 in Fig.13 (left panels) andVt,/c =0.04 and 0.1

in Fig. 16, respectively, as two examples to illustrate the the varia-
tion of frequency with input parameters as exposed from Big

16. The different bands (IC/LH/IA) are labeled in all panels.

5.3 A preliminary simulation to observations

Though the excitation of oscillitons is known to be con-

solitary waves 259

1000

500

10 20 40

LF

power density

10?
frequency

10

Fig. 18. A preliminary simulation to observed LH oscillitons under
Up=(0.2,0,0), Eg= (0.5,0.5,1), andBg = (0.2,0.5,3) with M=1,
mj/mp=16, Te/ T;{=10, andvt,/c=0.05. See Figl for a reference.

However, we would like to point out that higher-frequency
oscillations should be measured if the payload resolution is
high enough due to their modulations to the amplitude of LH
packets.

Under initial conditiond/g = (0.2,0,0), Eg=(0.5,0.5,1),
andBp = (0.2,0.5, 3), along with following input parameters
M=1, mj/mp=16, T/ T;=10, andvr,/c=0.05, we calculate
the LH-oscilliton wavefroms, as given by Fi@y8 where the
electric wavefield componerfiy (upper panel) and its spec-
trum (lower panel) are provided. Thg, panel conveys fol-
lowing messages about the oscillitons. Firstly, the series of
packets has a dominant IC period of about 508, provi-
ding a frequency peak at0.002wp;. Secondly, the envelop
is modulated by LH oscillations of a period about3Q, of-
fering a frequency 0f-0.03wp;. Lastly, superimposed upon
the LH mode, there are higher-frequency IA oscillations of
periods about severabe, contributing to a frequency band
of tenths ofwy;. These results are in agreement with the FFT
spectrum: in the IC band, there are a series of IC harmonics
with a fundamental peak of 0.0048;; in the LH band, there

tributed by the electron inertia, and the modulation of the gre LH peaks the dominant one of which is at 0.03351n
solitary structures by several input parameters is discussedhe IA band, there is a narrow band up to 8g3 the low-
observations recorded much more complicated waveforms ofrequency end of extends into the LH band. Above the IA

oscilliton data. This attracts us to perform a preliminary data-

fit simulation.

band, the high-frequency noises are obvious in the HF re-
gion.

Let’s see the typical modulated waves measured by the Po- Though from Figl, it is hard to identify the periodic fea-

lar satellite (Cattell et al., 1998), as shown in Flg. After

ture of waves before 02:05:25.7, the upper panel in Eg.

02:05:25.7, the slowly-oscillating envelop has a frequencyreveals the seemingly periodic nature bef&re30x 103. It

ws~1/3 ion gyrofrequency, while its amplitude was modu-
lated violently by a quickly-oscillating ingredient with a fre-
guencywq ~8ws. The authors showed that the envelop of

is not hard to see two packets from=0 to X=25x10?,
each of which contains 5 small oscillitons with a period of
X=3000. The period is aboxt=125x10°, the same as that

the modulated amplitude in each packet increases, reachingf the three big oscillitons aftex=30x10%. This very long

a maximum, and finally decreases with the perigasl and
the carried wave frequeney is close to the LH frequency.

www.nonlin-processes-geophys.net/17/245/2010/

period (X=12.5x10%), along with the period ofX=3000,
should provide low-frequency (LF) harmonic peaks at about
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8x107° and 33x10~4, respectively, in the FFT panel. For- also revealed from the wavelet analysis (see Fig. 6 of that ar-
tunately, we can discern a peak corresponding to the secorniicle). This will energize us to generalize Sauer et al. (2002)'s
one in the LF region, though it gives only a tiny hump in oblique-whistler model to warm-plasma cases in which parti-
power. Unfortunately, the first one is unable to be trace out.cles are coupled with each other more closely via the pressure
This is understandable by realizing that there are 12 envelopterm.
of X=3000 from X=0 to X=30x10%, however only 3-5 Last but not least, we will try to find a link between the
(X=12500)-ones fronk =0 to X=60x10°. The two lower-  solitary waves and the two important categories of obser-
frequency modulations than that of the IC mode may bevations: transverse ion heating and broadband noise excita-
aroused by some other mechanism irrelevant of the Landation. This subject is important. On one hand, it will pro-
damping effect (or, the kinetic resonance). (This is becauseide a mechanism for the transverse ion heating via the non-
in the present model, this effect is negligible-(r<«1) for Maxwellian velocity distributions brought about by space
any species, and the electromagnetic perturbation approaatharges in geospace. On the other hand, it will serve as a ref-
due to the resonance does not fit the present study; Kourakisrence in studying the relationship among nonlinear &ifv
and Shukla, 2004; Hirose, 2005, 2007.) waves, discontinuities, proton perpendicular acceleration,
and magnetic holes/decreases in interplanetary space and the
planetary magnetospheres (see new theories and observa-
6 Summary and discussion tions by, e.g., Tsurutani et al., 2002a, b, 2005). The study
will be dominantly based on two facts: (1) soliton trains
Kourakis and Shukla (2005) provided a generic methodolog-carry electric fields contributed by space charges the density
ical formulation for observed oscillitons which are featured of which is periodic in both space and time for a single os-
by quickly-varying oscillations superimposed upon slowly- cilliton train, as depicted in this paper; (2) the spatial extent
varying solitary waves. Inspired by Sauer et al. (2003)'sof a single train perpendicular to the propagation direction
study in a dusty plasma case where an addition of a secis in scales of 2—20ion Larmor radii (see e.g. Ergun, 1999)
ond ion population in a single-ion plasma leads to significantand there appears existing sets of trains propagating in back-
modifications of solitary waves, we specialize Kourakis andground magnetic fields. A simple picture is as follows: ions
Shukla (2005) model to explain the formation of abundantly (not those constituting solitary waves but surrounding ones
observed LH-oscillitons in space plasmas. in the vicinity, at least in the boundary layer, of the waves)
Owing to the fact that the Landau damping is negligible are accelerated by a stochastic space-charge electric field, in
(ArLrk1) for any species, we employed a collision-free, both amplitude and time, contributed by all solitary trains
two-fluid model to perform parameterized simulations. We in the perpendicular plane of the propagation direction. At
started from exhibiting the excitation of the IA/IC solitary any moment, If the field can be considered as proportional to
waves, and investigated the modulation of the IC/IA envelopsthe radius in a cylindrical geometry if the total space charges
by the electron inertia. The inertia triggers LH oscillitons offered by solitary waves are uniform instantly, tie<B
characterized by a normal IC-period solitary envelop embed-drift can drive ambient Maxwellian ions to non-Maxwellians
ded by LH oscillations which contain higher-frequency but transversely with observable orders of upgraded magnitude
smaller-amplitude IA constituents. We exhibited the impactin temperature (Ma et al., 2009).
of the electron inertia on oscilliton packets via several in-  Luckily, this picture appears to be valid in view of obser-
put parameters like the Mach number, the electron-ion masgations (e.g., Ergun et al., 1998; Ergun, 1999; Pickett et al.,
ratio, temperature ratio, etc. Unexpectedly, there exists &005): magnetic flux tubes are always teeming with a dense
lower-frequency mode beyond the IC band. It is hard to becluster of soliton trains. Though solitary packets in each of
explained by the present hydrodynamic model. We will paythe trains can be considered identical, different trains carry
attention to it in our future work. different packets with respective amplitudes, lifetimes, and
Though it has already been illustrated that the electron inscales. These divergences are originated from the saturated
ertia behaves as one key to trigger LH oscillitons which aregrowths of linearization constrained by the input parameters
influenced by input parameters, we realize that initial condi-and boundary conditions at specific positions and time. Un-
tions should also have impacts on the existence of oscillitonsdoubtedly, at any time, the collective behavior of the cluster
Recall the first study of solitary waves by John Scott Russell:of these solitary waves differs from that of a single solitary
the speed of a ship triggers water solitary waves (e.g., Craikirain: both the amplitude and the lifetime of space-charge
2004). Naturally, we are going to report in another paperdensitynscis random. In view of the measurements that soli-
the roles played by the initial conditions. Besides, we aretary trains fill up all spaces in a magnetic flux tube, the whole
very interested in the new Cluster observations on coherentube cylinder has a space-charge densigywhich is instan-
whistler emissions in the magnetosphere (e.g., Dubinin et al.taneously uniform in space, at least to the leading order for
2007). The measurements provided clear evidence that theimplicity, but stochastic in time. Here, the “uniform” de-
magnetic field components are so perturbed as to form a saxotes an average of space-charge densities carried by pack-
quence of oscilliton packets while the periodic structure wasets on different trains with differentsc, while “stochastic”
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gxp_resses the randqm features:gf |n. both amplitude and Table 1. Some typical plasma parameters in auroral plasmas mea-
lifetime. By employing such a physical model, a compan- greq by the Geodesic rocket (Burchill et al., 2004), the Freja satel-

ion paper will introduce the study on the frequency sweep-jite (Eriksson et al., 1994), and the FAST satellite (Ergun, 1999).
ing of IC oscillations, an important subdivision of broadband

noises.
It deserves to verify an essential condition in discussing Vehicle Geodesic Freja FAST
electrostatic waves in this paper: the negligence of the Lan- mi/mp 16 16/1 1
dau damping effect. This effect is very important for ion B (MG) 500 250 100
acoustic waves (see, e.g., Gary, 1993). It can only be ne- ng (cm3) 106 108 10
glected in cases, as mentioned in the beginning of Sect. 2, Q; (krad/s) 0.3 0.15/2.4 1
where the phase speeg}) of the waves is very large com- Qe (krad/s) 8800 4400 1840
pared to the ion thermal speedr(), and very small com- wLy (krad/s) 50 9/37 4.14
pared to the electron thermal speed.f, as expressed by Ti (eV) 0.1 0.2 300
Eq. ). We show that this condition is satisfied automati- Te (eV) 0.2 0.3 700
cally in employing the two-fluid model (e.g., Chapter 4, Bel- vr; (km/s) 0.77 1.10/4.38 170
lan, 2008): by recasting the generalized dispersion relation, vre (Km/s) 187 230 1x10*
Eq. B3), we have cs (km/s) 1 1.3/5.5 260
csB (mV/m) 50 33/140 2600

&r 2 1.5 2.3

k2c2 ) Ey 6.2x10°4 7.7x107%  0.04

w —H/\—%ekﬁyk vT, (18) ADe (M) 0.003 0.13/0.14 62

which reproduces Eq. (4.38) in Bellan (2008). Because the
wavelength 1k is tens ofipe (see, e.g., Figd), we have
A3k?«1. Thus, Eq.18) provides Appendix A

vt Lvp~o/cE+y v% <L VT, (29)

due to the fact thakj>>me andes>0.
Notice that this requirement is not only applicable to re-

Dispersion relation of electrostatic 1A waves

ChoosingBex=Bxoéx, u1 = ux1&, E1= E1x&, B1=0, and
k = kx&y, while other components of perturbed parameters
are neglected, the linearized set of E}).ié as follows:

ne1 _ Qe _kxEix

gions wherett = Teg/ Tio > 1 (or, equivalently,Teo > Tip), o — LB (hxvre)?

but also to those wherg,g < Tjp. Table 1 lists some plasma w9 keE

parameters in auroral regions whefgy > Tip, calculated o B_om (A1)
from measurements by the GEODESIC rocket (Burchill et _

al., 2004), the Freja satellite (Eriksson et al., 1994), and thekxE1x = —i 5> (% - %)

FAST satellite (Ergun, 1999), respectively. By contrast, in

most magnetosphic plasmas (especially encountering somigy neglecting the electron inertia due to its small mass rela-
extreme situations like, e.g., substorngs)lies between 1/12  tive to that of ions. LetE1x = —ikx@. We have

and 1/3, as reported by, e.g., AMPTE/IRM and Cluster obser- .., . o

vations in the Earth’s central plasma sheet, the sheet bound-70 — Bo vZ_

ary layers, and magnetosheath (Baumjohann, 1993; Phan ef;, 122

al., 1994; Lavraud, 2009). It is another interesting topic on "0~ "X Bo w?—yuf k2 (A2)
the excitation of oscillitons under the condition &f < 1, ey (a1 ne
besides the case introduced in this paper ijtls 1. Y=o (% N ﬂ_0>

To finalize this paper, we would like to point out that the which leads a dispersion relation of the IA waves:
descriptions of nonlinear plasma physics often suffer from W2
a lack of a coherent nomenclature for the phenomena: ong)2 — Vv%kar % (A3)
author’s “electrostatic shock” is another authors “soliton”. 1+ (kk%e)

This fact was highlighted in the introduction to Ma and Hi-

rose (2009a) where the authors gave a thorough discussion WherekDe:)\Bé:wpe/UTe is the Debye wavelength. Because
prior literature in this field, and showed that there are oftenkpe >> ky, the dispersion relation becomes
differences in nomenclature used by different authors.

y w?= (y v% —i—cg)kf. (A4)
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Appendix B
Dispersion relation of electrostatic I1A/IC waves

Using b=Bext/| Bexil, the linearized set of Eq3J is as fol-
lows:

= i%[klsl‘f'uel (bxk)]

i1 _ Q; E .
Z—S—lm[l;—;—’-uﬂ-(ka)]

kx E1=wB1 (B1)
ik x B1= ponoe(uip — e1)

B =i (3 -52)

k-B1=0

Neglecting electron inertia under electrostatic caBesO0,
we have

ng _ner R @
ng ~ ng e w2—yv2 k2
rbw n'val n (BZ)
ke Ey=—i%2 (52 —te)
Using E1=—ike, andne1/no~ep/ (kg Te), We have
2
a) .
w?= VU% K+ % (B3)
14 (fee
which produces
w?= (va +cs)k2 (B4)

for kpe>k. Clearly, Eq. B3) is the generalization of the
specialized IA dispersion relation, EQ4).

In addition to the propagating IA waves, there are local
non-propagating IC oscillations in the plane perpendicular
to the propagating direction of the IA modes. In the slab- ("';) YT, kz(”'l) +iQ; ( BBy | k- (uin xb))
model case as introduced in Sect. 2 where parameters are

only dependent ok, we obtain the linearized equations of
Eq. @) for uir, ={ui1y,ui1z} of ions as follows:

iwuity = —Qiltj1z

. B5
iwuirz = Qijuity (B5)
which leads to
o= (B6)

Clearly, this is an ion cyclotron oscillation in the plane per-

pendicular toex. Note that the oscillation frequency is not

an invariable if the strength of the external magnetic field
changes in space and/or time which is excited by nonlinear

waves.
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Appendix C
Dispersion relation of generalized LH waves

For convenience, we temporally transform coordinates
{ex.éy.é2) to [&.6.b] in which b=Bew/|Bexl with

|Bextl=\/ B+ Bjo+ By = By By usingw andk to rep-

resent the wave frequency and the amplitude of the wave
vector k=kxéy + kyéy, + kzb (with k? = k% +kZ in which

k% = kZ + k), respectively, we obtain a linearized set of
equations from Eq.3) as follows:

ol )=k -u
( ) el

no

a)(%) =k-ujn

iwuelz U%el.k (lzl—eol) +Qe<g—;‘ +ue1 X b)
iwuilzyv%ik<%)—§2i (%—i—uilxb) (C1)
kxEi=wB1

ik x B1= ponoe (ui1 — ue1)

Nne1
no

where a homogeneous plasma is assumed #gth0. The
two momentum equations give

ik By =S (1

ik-B1=0

ik - tep= v%eikz(’;—el) +Qe(k EL | k. (1eq X b))
(C2)
iwk-uip = yvr, tkz(”'l) Qi (k'B—? +k-(ujp x b))
which leads to
?(52) = v (52) ~ie(Mt + - (reax ) (C3)

by employing the two density equations in EG1}. To-
gether with the electromagnetic equations, this equation pro-
duces

Honoe 2_ .2 1,2\ ( ner Honoe 2
e (o —f02) (52 g (o

2 1.2\ ( nia
—yvsk )(—)

T A/ g
— 2By hEix _2p

w

in which ney, nj1, and Ex, Ey can be obtained by solving
the two momentum equations in EQX). For electrons, we
have

a1 a2 ai3 | | uelx Ea1x

Q
azrazzazs | | uewy | =i % | E1y (C5)
asy azz azs | | uelz E1;
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in which

ajl=— (1—”%]‘2)

alz=—<i%_”%_e;:ﬂ>

6113=U%‘fzxkZ

dzl—zﬂe+ﬂ

022=_<l wky> (C6)
azz=— (1—”%‘2)

The solution is:

A1 Ao Ajg
K’ Uely= K, Uelz= X (C7)

Uelx=
where
ai1 aiz ai3

212

2 2
A=|ar1 a2 a3 2%-%(1—&)(”3’( —1) (C8)

wZ
as1 azz ass
E1x a1z a13

Q
Ar=i_p-| E1y azz az3

E17 azp as3

0 {[1_ F(§+4) | s (C9)

:l—e
[0} w? Bo

2
+[:L2 (kxky—i-l Qekz) —l%} L

(k %y )Eu}
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a11 E1x a13

. Q
Ap=i—2laz1 E1y az3

wBg

as1 E1z az3

2
. Q, VT . Qe1.2 . Qe | E
—lf{[w—f<kxky—lsz)+l_e:|3_lg

(C10)

2 2 2
PRI P PN

w2

ai11 a12 E1x

e

. Q
Az=i_g|ax a2 Eiy

wBg

az1 a3 E1;

Thus,

k
ziQe[UTe Z(kx+l eky>EB_lox

i k Y Ely 1 23 U%eki Ei,
= (ky=i G T2 ) B

(C11)

. E1y Q2
+(ky—t%kx)3—lg+ kz(l—w—g) g_lo]

Then,

neir . Qe

(C12)

k El__kZElZ lQeBl'b

e, :
o e [1- B (4) ] -or(1-F)

wherewB1-b =

Similarly,

ni1 . Qi

(C13)

(kx E1)-bis used.

k El— IkZElZ+lQ|Bl b

n_o_ Bo 5k2 2 [1__(%)2] —a)2<1—w—i2>

Equation C4,
tion, produce

(C14)

C13 andC14), together with Poisson equa-

w2 w?

k21— -
2 51202 ) — B o2k? v2
(02— )(‘”2*31‘3 Ti)*éwszTi

(-

pew
92) (02 —k3v, ) w23 v

(C15)
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or, alternatively, C1.3 loninertia neglected
1 o In this casepp~vT,. Equation C17) gives
= 2
(w2+gk2u$i %coszﬁ) —o? 0? = k202 +w§e (C22)
e
wée nZ . .
- 7 sine C2 Modes in the plane perpendicular to b

w§—<w2+k2u$e%cos?9>
(C16) In this case¢=90°. Equation C16) reduces to

wpi _? (,()2 wz
+ > _ pi pe
(w2+gk2v$i j—izco§9>—wi2 == R oR—a? (C23)
02 which exhibits more complicated propagating modes through
B wpe<lfﬁ> co0 w, under different conditions.

wg—<w2+k2v12-ei—§co§9>
) ) C2.1 Both electron and ion inertia involved
in the electrostatic case whei®;=0, where co8=k;/k,

sig =k, /k, a)e_,/92+k2uT , andwi=,/ Q2+ yk2v? 2 are In this casewj<Kw<Kwe. Equation C23) gives the Lower-
the pseudo-Bohm-Gross frequencies of eIectrons and iond1ybrid (LH) mode foH):

respectively. Notice that the electric displacement term is 2
neglected due to2<«c? wherevp=w/ k is the phase speed. 2 _ P _ 2 (k) (C24)
p w 1t w? /a)2 OLH
pe/ “e

C1l Modes alongh which leads to, on one hand,

In this case9=0°. Equation C16) becomes wLH (k) = /oiwe (C25)
2 2
1— “pi _ “pe (C17) in a weak magnetic fieldde<<wpe in, €.9., ionospheric plas-
w?—yk?od kP2 —w? mas); on the other hand,
which exhibits several propagating modes under different,, , = wpi (C26)

cases related tor,, within respective ranges @},
in a strong magnetic fieldve>>wpe in, €.9., pulsar or black-

Cl1l.1 Both electron and ion inertia involved hole plasmas).

In this casepr; Kvp<Kuvr,. Equation C17) gives C2.2 Electron inertia neglected
2
w2 — (“Dewpi) (C18) In this casep~wj << we. Equation C23) gives the ion upper-
(kxpe)®+1 hybrid (iUH) mode @iun):
which leads to, on one hand, w2 _w +a) —w|UH(k) (c27)
2 2

=ve(k C19
@ )/e( vTe) ( ) which leads to the ion gyro-oscillation mod®;j if B is
if k<Apa; on the other hand, strong enough.
= wpj (C20)

C2.3 loninertia neglected
if k>Ape
In this casew~we>>wj. Equation €23 gives the Electron

C1.2 Electron inertia neglected upper hybrid eUH modeeun):

2

_ 2, 2 _ 2
In this casepp~vr,. Equation C17) gives »° = We + Wpe = Weyn(k) (C28)

w? =yk?v +wgi (c21)  Which leads to the ion gyro-oscillation mod@d) if B, is
' strong enough.
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