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Abstract. The problem of small amplitude electron-acoustic al., 1984). They are associated with broadband electrostatic
solitary waves (EASWSs) is discussed using the reductive pernoise (BEN), a common high-frequency background activity,
turbation theory in magnetized plasmas consisting of coldregularly observed by satellite missions in the plasma sheet
electrons, hot electrons obeying nonextensive distributiorboundary layer (PSBL) (Matsumoto et al., 1994; Cattell et
and stationary ions. The presented investigation shows thadl., 1999; Kakad et al., 2009). BEN emission includes a se-
the presence of nonextensive distributed hot electrons (duges of isolated bipolar pulses, within a frequency range from
to the effects of long-range interactions) causes a reductiombout 10 Hz up to the local electron plasma frequency (about
in the soliton amplitude while its width increases. The effects10 kHz) (Matsumoto et al., 1994). This clearly suggests that
of the population ratio of hot to cold electrons and also theBEN is related to electron dynamics rather than to the ions
effects of the presence of magnetic field in this situation are(Matsumoto et al., 1994; Kakad et al., 2009). During the past
also discussed. decade, there has been a vast body of theoretical literature
on electron-acoustic waves to explain the space observations
of solitary waves with either negative (Tagare et al., 2004)
1 Introduction or positive potentials (Mamuna et al., 2002a, b). Verheest et

al. (2005) demonstrated that the inclusion of the hot electron
The idea of electron-acoustic (EA) mode was conceived byinertia can lead to compressive electron-acoustic solitons and
Fried and Gould (1961) during numerical solutions of the may render the analysis much more intricate (Verheest et al.,
linear electrostatic Vlasov dispersion equation in unmag-2007). There are several other papers dealing with electron-
netized, homogenous plasmas. Gary and Tokar (1985) petscoustic waves (Yu and Shukla, 1983; Singh and Lakhina,
formed a parameter survey and found conditions for the ex001: Cattaert et al., 2005; Lakhina et al., 2008, 2009: Pot-
istence of the EA waves. Electron-acoustic waves (EAWSke|ette and Berthomier, 2009).

can exist in a two temperature (cold and hot) electron plas- However, these investigations (Dubouloz et al., 1991;
mas (Watanabe and Taniuti, 1977) in which the cold elec-\ace et al., 1991: Berthomier et al., 2000) are not valid
trons provide the inertia and the restoring force comes fromgg obliquely propagating EASWs in magnetized plasma.
the pressure of the hot electrons. The ions play the role of ane nonlinear propagation of the EA waves in a magne-
neutralizing background only. These are electrostatic wavesjzed plasma has been considered by Dubouloz et al. (1993).
of high-frequency (in comparison with the ion plasma fre- They reported that the electric field spectrum produced by
quency), propagating at a phase speed which lies betweegn EASW is not significantly modified by the presence of a
the hot and cool electron thermal velocities. EAWS have beef]nagnetic field. Recently, Mace and Hellberg (2001) studied
observed in laboratory experiments (Derfler and Simonenihe properties of obliquely propagating EASWs in magne-
1969; Henry and Treguier, 1972; lkezawa and Nakamurayzed plasmas. They have shown that the existence of nega-

1981) and space plasmas, e.g. in Earth's bow shock (Thomyjye potential EASWs corresponding to a compression of the
sen et al., 1983; Feldman et al., 1983; Bale et al., 1998) angg|d electron density is possible.

in the auroral magnetosphere (Tokar and Gary, 1984; Lin et
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On the other hand, space plasma observations indicatthe missing link to fundamental physics is provided within
clearly the presence of electron populations which are fathe framework of an entropy modification consistent with
away from their thermodynamic equilibrium (Vasyliunas, nonextensive statistics. The family ef distribution is ob-
1968; Leubner, 1982; Armstrong et al., 1983; Gill et al., tained from the positive definite pary4d <« < oo, corre-
2006; Anowar and Mamun, 2008; Pakzad and Tribechesponding to—1 < ¢ < 1 of the general statistical formalism
2010; Danehkar et al., 2011). Over the last two decades, avhere in comparison the spectral indexs a measure of
great deal of attention has been paid to nonextensive statistthe degree of nonextensivity. Since the main theorems of the
cal mechanics based on the deviations of Boltzmann—Gibbsstandard Maxwell-Boltzmann statistics admit profound gen-
Shannon (B-G-S) entropy measure. A suitable nonextensiveralizations within nonextensive statistics (Plastino, 1994,
generalization of the B-G-S entropy for statistical equilib- Rajagopal, 1995, 1996; Chame and Mello, 1997; Lenzi et
rium was first recognized by Renyi (1955) and subsequentlyal., 1998), a justification for the use efdistributions in as-
proposed by Tsallis (1988), suitably extending the standardrophysical plasma modelling is provided from fundamental
additivity of the entropies to the nonlinear, nonextensive casehysics.
where one particular parameter, the entropy inglecharac- The effects of electron nonextensivity on the existence
terizes the degree of nonextensivity of the considered systerand possible realization of EASWSs in unmagnetized plas-
(¢ = 1 corresponds to the standard, extensive, B-G-S statismas have been studied in Pakzad (2011b). To study the effect
tics). Indeed, there are many physical systems which cannatf nonextensive hot electrons on small amplitude electron-
be explained using the classical statistical description coracoustic double-layers (EA-DLs), Pakzad and Tribeche
rectly. Some of them can be described by suitable frameworK2011) considered unmagnetized electron and ion fluids. The
of nonextensive statistics. As is well-known, the Maxwellian plasma systems under investigation in other papers are differ-
distribution in Boltzmann—Gibbs statistics is believed valid ent in master equations. Note that electron-acoustic solitons
universally for the macroscopic ergodic equilibrium systems.in plasmas consisting of cold and hot electrons are investi-
However, for systems with long-range interactions, such agjated in this paper.
plasmas (Coulombian long-range interaction) and gravita- Motivated by this situation, we consider a magnetized
tional systems, with non-equilibrium stationary states, theplasma model consisting of a cold, magnetized electron fluid,
Maxwellian distribution might be inadequate for complete hot electrons obeying a nonextensive distribution, and sta-
description of the features. The parametehat underpins tionary ions, and investigate the properties of obliquely prop-
the generalized entropy of Tsallis is linked to the underly- agating EASWSs.
ing dynamics of the system and measures the amount of its
nonextensivity. Nonextensive systems (in statistical mechan- ) )
ics and thermodynamics) are systems for which the whole? Basic equations
entropy is different from the sum of the entropies of the re-

spective parts. In other words, the generalized entropy of théNe consider homogeneous plasmas consisting of a cold elec-

whole is greater than the sum of the entropies of the partéron fluid, hot electrons obeying a nonextensive distribution
if g < 1 (superextensivity), whereas the generalized entrop)f’.ml((jj S;atlfngrx 'OT”hS n th?. presednce Of. an efx ttirnallm?gnetlc
of the system is smaller than the sum of the entropies of thetle t'o - I'?Z. € nonlinear ynzmt;csﬂ:) € t? ef:t ron-d
parts forg > 1 (subextensivity). Nonextensive statistics was acoustic solitary waves IS governed by the con ,II’IUI y an
successfully applied to a number of astrophysical and cosmotion equations for cold electrons, and Poisson’s equation
mological scenarios. Those include stellar polytropes (Plangamun etal., 2002):

tino and Plastino, 1993), the solar neutrino problem (Kani- 9z
adakis et al., 1996), peculiar velocity distributions of galaxies 5,
(Lavagno et al., 1998) and systems with long-range interac-j,

+ V- (ncuc) =0,

tions and also fractal-like space-times. Cosmological impli- 75, + (e Vyue = aVe — wcc(uc-2), and (1)
cations were discussed in Torres et al. (1997), and plasma os—2 1 1
cillations in a collisionless thermal plasmas (which has beenV“y = ;”c +nh— <1+ &) .

recently analysed) were provided frgynstatistics (Lima et

al., 2000). In the above equationsg (np) is the cold (hot) electron num-
On the other hands distributions are highly favoured in  ber density normalized by its equilibrium values (nn0).

any kind of space plasma modelling (Mendis and Rosen-u. is the cold electron fluid velocity normalized by the phase

berg, 1994) where a reasonable physical background waspeed of electron-acousti€d = (kg Th/ame)*/?) in which

not apparent. A comprehensive discussior dfistributions  kp is Boltzmann’s constang, the electron chargex. elec-

in view of experimentally favoured nonthermal tail forma- tron mass and = n;0/nc0. wec = (e Bo/mc) /wpc the cold

tions is provided in Leubner and Schupfer (2000) where alsaelectron cyclotron frequency normalized by the cold electron

typical values of the index are quoted and referenced for plasma frequencyyc, andg the electrostatic wave poten-

different space plasma environments. In the present analysial normalized bykg 7, /e. The time and space variables are
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in units of the cold electron plasma periogc1 and the hot dimensionless parameter measuring the weakness of the dis-
electron Debye radiuspp, respectively. persion and nonlinearity. Parametéysly and!l, are the di-

To model the effects of nonextensivity due to the long- rectional cosines of the wave vectbralong the x-, y-, and
range interactions between the electrons, we refer to the-axes, respectively, so tHéHrlerlz 1.Thexis unknown
one-dimensional equilibrium distribution function given by  phase velocity which will be determlned later. In the above

Watanabe (1975), transformationy). is normalized byCe.
L We also expandec, u.x, y,; andg in a power series of as
mev2 g-1 follows
= 1+(A- . 2
fe(ve) +d-9 2T ¢ 2) ne = l4enic+enpc+...
Uex = ¥ 2u1ex + %uzex+ . ..

The constant of normalization is
ucy = 83/2M1Cy+821/l2cy+... (9)

I 2
Cq = neo (f ) JUED for —l<g<1  (3) | Mz = E1cztEUlct

(17 ?) ® =8<p1+82g02+...

1 1
C, = neo<15q) F(ﬁ:?) /m;igT—l) for ¢ > 1. 4  Wewrite equation setin Eq. (1).in \_/arious ppwersolFrom
F(m) € the lowest order ire of the continuity equation, the z com-
nent of the momentum tion and Poisson’ tion

Here, the parametegrstands for the strength of the nonexten- ponent ot the 0 entu equa on and Poisson's equation,

2
sivity and the quantity” for the standard gamma function. It We havenic = T‘Plr Ulcz= x fprandi =,/ 25lz. One
may be useful to note that, fgr> —1, theq distribution in ~ can write the lowest order of the x and y components of the

Eg. (2) is unnormalizable. If the electron velocity distribu- momentum equation as
tion is the well-known Maxwell-Boltzmann distribution, the

: A ; —aly dp1 aly 0¢1
corresponding value of the paramegeis unity, Ulex =~ Y E Ulcy = w_X¥ ) (10)
CcC CC 1
n V2 — 2Tep/m which represent the y and x components of the cold elec-
f (l) )= —eoexp _e—e(Pe ( . .. .
S o Te/me) 2 2o/ me - tron drift arising due to the balance between the electric

and Lorentz forces respectively. We can also obtain the next

Integrating Eq. (2) over the velocity space and noting that, forhigher order x and y components of the momentum equation
q > 1, the distribution function in Eq. (2) exhibits a thermal a@s

cutoff on the maximum value allowed for the velocity of the —alyh %1 —alyr 3% 1)
i i Uex= — 5 .5 » U2cy= —5 (75 - 11
particles, given by w2, &2 y w2, 0E2
2T, 1 These are the x and y components of the cold electron pola-
Umax =,/ — < 1 ) (6)  rization drift respectively. To the next higher ordetirfrom
1= the continuity equation, the z component of the momentum
we get equation and Poisson’s equation, we obtain
3 d 3 dup 3
fjo? fe(ve)dve for —-1<qg<1 57s — n2c +x7 uzcx +hy e Cy 5 ulcz =0
TETINT e (voydve  for L
—tmax 7 €1 TEITTE 1 —Dgfz —A Dul 2t utcdz =% ulcz - Ollz JE =0 . (12)

Finally, the normalized hot electron density is given by
Gougam and Tribeche (2011) and Amour and Tribeche| 52,  npe  g+1 L @tDEg) 2 _

(2010) 9 a2 ¢ 591 =0
ot Finally, from Eqgs. (10), (11), and (12), the KdV equation
nh=[1+(g—1)¢]ZT . (8) yields
a1 g1 33(p1 B
3 Solitary structure a3 T A‘plg + B@ =0, (13)

In order to study the electron-acoustic solitary waves inwhere the coefficients are

the plasma model under consideration, we construct a4 _ —lz {3—‘1 3<‘1+1>a}
weakly nonlinear theory of the electrostatic waves with JV2(g+1) 2 2
small but finite amplitude, which leads to a scaling of )
the independent variables through the stretched coordinateg _ _* 1-4
c1/2 3/2 = I+ — (14)
£=eY2(lyx+ lyy +1,z— At), T = €3/?t, wheres is a smalll g+1 w2,
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The above results can be compared with the results in Pakzad 20+
(20114, c) in unmagnetized plasmas for planar and nonplanar 18]
geometry, respectively. Our results are also in agreement with 164
the outcomes for the propagation of electron-acoustic waves 14.] A>0
in the presence of trapped electrons as reported in Mamun et 12]
al. (2002). 10]
In order to study a stationary solitary wave solution for q sl
Eq. (13), we assume that the stationary solution can be ex- %
pressed ag; = ¢1(x), Wherey = & — ut. Substituting this 61
expression into Eq. (13), the following stationary solitary 41
wave solution can be obtained: 24
S/ X 04
¥1=goSed: (5) ’ (15) 0.00 0.25 0.50 075 1.00

[0

wheregg = 3u / A is the soliton amplitude ana = 2\/B/u ~ Fig- 1. Parameted in -« space.
is its width.

The electron-acoustic soliton in Eq. (15), which is ob- tensive parameter. Absolute value of the soliton amplitude
tained in the small amplitude approximation, clearly indi- ¢g increases wheg increases (i.e. the long-range interac-
cates the existence of solitary waves with negative amplition between hot electrons is not negligible). Increasing the
tude.A is positive ifg > %. Figure 1 shows the regionin soliton amplitude is more sensible for the larger valueg of
which A is positive. This figure shows that both positive and (smaller values of;). This figure also shows that the soliton
negative solitary waves can be created in this media. Howamplitude is an increasing function ¢f Thus the soliton
ever for a small set of the medium parameters, positive amamplitude finds its maximum values in smaller values,of
plitude solitons can be propagated (which has been markeds mentioned before.
in Fig. 1). The general shape of thg as a function ofy but with

The soliton maximum amplitude is independent of the greater values of thg is the same as what we can see in
magnitude of the external magnetic field as one can observ€ig. 2. The difference is that the increasing ratio in the abso-
in other similar plasma systems (Mamun et al., 2002; Anowarute value of soliton amplitude becomes smaller when-
and Mamun, 2008). It is obvious that the magnetic field can-creases (i.e. nonextensivity properties are negligible.). Note
not change the energy of a physical system. Equation (14)hat nonextensive distribution goes marginally toward the
shows that the parametdris proportional td, (I; = cosy, Maxwellian distribution in greater values @f Therefore one
wherey is the angle between the directions of the wave prop-can conclude that the existence of nonextensive distributed
agation vectok and the external magnetic fieBb). There-  hot electrons decreases the soliton amplitude. Adsds a
fore g is inversely proportional th. Itis interesting to know  sensitive function of the population of hot electrons when the
that the soliton maximum amplitude is inversely proportional concentration of nonextensive electrons becomes higher. The
to /2 in plasmas containing electrons with nonisothermal dis-soliton energy is proportional to its amplitude. Thus we can
tribution (Mamun et al., 2002). On the other hand, Eq. (14) conclude thag-distributed hot electrons decrease the soliton
indicates that the soliton amplitude is also inversely propor-energy.

tional tow«. ¢g is a complicated function of, and one can Figure 3a and b present maximum soliton amplityg@s
find the effect of this parameter on the soliton amplitude us-a function ofy with different values of. Figure 3a has been
ing numerical analysis. plotted with a negativg value g = —0.5), while Fig. 3b is

For 1- 12 « w@c the soliton width is almost independent the same as Fig. 3a but with a positiyglg = 0.5). These
of wee and directly proportional ta/I;. For 1—12 > w2, figures clearly show that the absolute value of the soliton
the soliton width is very sensitive @cc.. These results are peak decreases with an increasingComparison of Fig. 3a
in agreement with the results for nonisothermal distributionsand b shows that the decreasing rate in the soliton ampli-

(Mamun et al., 2002). tude is more sensible for greater valueg;ofr herefore sen-
sibility to the ratio of hot to cold electrons decreases in a
4 Results and discussions plasma system with-distributed hot electrons. On the other

hand, the soliton energy decreases when the population of hot
Numerical analysis has been employed to study the effects oflectrons (relative to the cold electrons) increases, as Fig. 3a
nonextensive hot electrons, the density ratio between hot anend b demonstrate.
cold electronsd) and external magnetic field on the charac- Variation of the soliton width with respect to has been
teristics of solitary waves. plotted in Fig. 4 for different values aof. In general, the
Figure 2 shows how the amplitud® changes with re- soliton width has a maximum value in the variate range of
spect to the propagation angle, for different values of nonex-y. This figure shows that the maximum value of the soliton
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ferent values for the parametegc. (b) Soliton width with respect
to y with ¢ = 0.5 and different values for the parametgy.

width decreases asincreases. Itis mentioned that nonexten-  Figure 5a and b demonstrate the width of the soliton with
sive distribution reduces to Maxwellian distribution for large respect toy with different values of the parameteg.. Fig-
values ofg. This means that the effect of nonextensivity is ure 5a has been plotted with= —0.5, while Fig. 5b has
noticeable for smaller values gf Therefore, one can con- been sketched withh = 0.5. This figure demonstrates that the
clude that the presence of nonextensive electrons increasesliton width decreases with an increasing. Therefore a

the width of the soliton. It is obvious that rapid electrons havesoliton finds smaller width in greater magnetic field. It is not
greater mean free path, thus decreasing the soliton compacsurprising, because greater magnetic field reduces the radius
ness. Also one can find from Fig. 4 that the variatioryof of particle circular motion. It is obvious that for =0 the
value does not change the angle in which the maximum solisoliton width is not depending on the.. as also presented

ton width appears. in Fig. 5a and b.
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5 Conclusions Phys. Plasmas, 7, 8 pp., doi:10.1063/1.874150, 2000.

Cattaert, T., Verheest, F., and Hellberg, M. A.: Relativistic break-
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