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In the present work, we have undertaken, for the first time, investigation on the effect of trapping
on the formation of solitary structures in relativistic degenerate plasmas. Such plasmas have been
observed in dense astrophysical objects, and in laboratory these may result due to the interaction
of intense lasers with matter. We have used the relativistic Fermi-Dirac distribution to describe
the dynamics of the degenerate trapped electrons by solving the kinetic equation. The Sagdeev
potential approach has been employed to obtain the arbitrary amplitude solitary structures both
when the plasma has been considered cold and when small temperature effects have been taken
into account. The theoretical results obtained have been analyzed numerically for different
parameter values, and the results have been presented graphically. © 2011 American Institute of

Physics. [doi:10.1063/1.3646403]

I. INTRODUCTION

Nonlinear effects in relativistic classical plasmas have
been considered for more than three decades. Early investi-
gations in this area are given in the paper by Demchenko
and El-Naggar' where the effect of nonlinear forced longitu-
dinal oscillations in a relativistic plasma was considered. It
was demonstrated that the nonlinear terms appearing in the
equations of motion due to the relativistic nature of oscilla-
tions not only limit the oscillation amplitude in the reso-
nance region but also lead to the development of a
parametric instability. In Ref. 2 the authors considered trans-
port phenomena in ultrarelativistic plasmas, later in Ref. 3
the authors studied parametric instabilities in a relativistic
plasma and showed that in relativistic electron plasma
(T>>m0802) the electron mass oscillations in the external
electrical field led to the instability of Langmuir and low fre-
quency aperiodic oscillations, and in Ref. 4 the effect of ion
dynamics on relativistic oscillations was considered. The
investigation of solitary waves in relativistic plasmas has
been taken up by many authors beginning with the work of
Tsintsadze,” who considered ion acoustic solitary waves in
the weak relativistic limit and obtained the Korteweg deV-
ries (KdV) equation. Later Nejoh6 also obtained the KdV
equation for solitary waves with fully relativistic streaming
ions. This approach was later extended by employing the
Sagdeev potential approach which made possible the consid-
eration of arbitrary amplitude waves.”” More recently, Lee
and Choi'® used the fully relativistic two-fluid model in a
flowing plasma to obtain the Sagdeev potential to investi-
gate solitary structures. Such studies have proved useful in
considerations related to laser plasma interactions'' and
space plasmas.12

More recently, investigations of degenerate quantum
plasmas have gained much currency and these studies have
covered different topics related to linear and nonlinear propa-
gation of waves employing the quantum hydrodynamic
model.'*"'® Degenerate plasmas are of interest on account of
their applications in astrophysical environments, in modern
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lasers in their interaction with plasmas, and also in microelec-
tronic devices. The relativistic effects are important in super-
dense astrophysical objects, such as white dwarf stars, which
have number densities of the order of 10°> m—> and beyond.
The most common constituents of the interior of white dwarf
stars are thought to be fully ionized helium, carbon, and
oxygen. '

However, relativistic degenerate plasmas have not
received much attention although such plasmas are of impor-
tance in different astrophysical situations, where particle
velocities become comparable to the speed of light and rela-
tivistic temperatures are prevalent. Astrophysical objects
such as active galactic nuclei, pulsar and neutron star magne-
tospheres, quasars, and accretion discs®® > are examples of
where relativistic degenerate plasmas are dominant, and stud-
ies of relativistic plasmas and the accompanying nonlinear
effects should be able to provide interesting new insights into
phenomena in such plasmas. Recently in Ref. 24 we have
investigated nonlinear static screening in ultrarelativistic
electron positron plasmas by deriving a generalized nonlinear
Poisson equation which was then investigated in different
limiting situations, and the results were compared with the
Debye and Coulomb screening results. The possibility of for-
mation of bound structures and the role of electrostatic fluctu-
ations were also discussed.”*

The effect of adiabatic trapping as a nonlinear phenom-
ena at the microscopic level was first introduced by Gure-
vich,?® and it was seen that adiabatic trapping produced 3 /2
power nonlinearity instead of the usual quadratic one with-
out trapping. Computer simulations*® and experimental
investigations®’ confirmed the existence of trapping as a
microscopic phenomenon. The effect of trapping on the
propagation characteristics of ion acoustic solitons was
investigated using Maxwellian and non-Maxwellian distri-
bution functions.”® It was seen in both cases that solitary
dynamics was considerably modified, especially in the lat-
ter case where spiky solitons were obtained. The effect of
trapping on the formation of vortices in a classical plasma

© 2011 American Institute of Physics
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was considered, and a modified Hasegawa-Mima equation
was derived and analyzed by considering the bounce fre-
quencies of the trapped particles in shallow and deep poten-
tial wells, respectively.”” The effect on the Sagdeev
potential was also investigated. One of the first investiga-
tions in the area of quantum plasmas was carried out by
Luque ef al.*® who considered quantum corrected electron
holes by solving the Wigner-Poisson system perturbatively.
Demeio®! considered the effect of trapping on Bernstein-
Greene-Kruskal equilibria by using a perturbative approach
to solve the Wigner-Poisson system and to investigate the
trapping effect in quantum phase space; however, in Refs.
30 and 31, the statistical nature of trapping was not investi-
gated since the Wigner-Poisson equation was used, which
accounts only for quantum diffraction effects.

Trapping in quantum plasma using the Gurevich
approach has been considered very recently by us,*” and the
formation of solitary structures was investigated in the instan-
ces of fully degenerate plasma and when small temperature
effects were taken into account. Jovanovich and Fedele™
studied the nonlinear effects on a slow timescale by compari-
son with the electron plasma frequency in the plasma regimes
characterized by the overlapping of the wavefunctions of indi-
vidual electrons, by the presence of a large amplitude Lang-
muir pump wave, and whose temperature is higher than the
Fermi temperature. It was shown that the electron trapping on
closed orbits in phase space is strongly affected both by the
classical nonlinear ponderomotive effects and by the quantum
super-diffusion. Motivated by these developments, in the pres-
ent work, we consider the effect of trapping in a relativistic
degenerate plasma and the subsequent formation of solitary
structures. In Sec. II, we present the general mathematical for-
malism for trapped particles by using the relativistic Fermi-
Dirac distribution function for the electrons and the equations
of motion and continuity for ions which are treated classically.
The linear dispersion relation is derived and the limiting non-
relativistic and ultrarelativistic cases are also briefly dis-
cussed. In Sec. III, we derive the expression for the Sagdeev
potential, and soliton formation is discussed. Throughout the

/

ne(r,t) =

where y =y — Tz and z = i’ — moc?/T. Simplification of
the above equation yields

87 JHI /2 2 4
ne=———>— — mgctd
e (27‘575)363 oc? DAY 0 y

T* (24 — mjc*) JOC zdz @
23/t —mic* o e+ 1

1
T c moc*
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text, the subscripts R, N, and U are used to differentiate
between the relativistic, nonrelativistic, and ultrarelativistic
cases, respectively.

Il. BASIC SET OF EQUATIONS

We begin by deriving an expression for the number
density of the adiabatically trapped electrons which are rel-
ativistic and degenerate. We follow Landau and Lifshitz**
which outlines the method for obtaining the expression for
the number densities of the trapped and free electrons,
when the trapping of the electrons is due to the potential of
the ions. The relativistic electron energy (which includes
the rest mass energy) in the presence of a potential field ¢
is given by & = ¢+/p? + m3c? + u, where p and my are mo-
mentum and rest mass of the electrons, respectively, and
u = —e¢ is the potential energy of the well in which the
electrons are trapped. Electrons with ¢ > 0 and ¢ < 0 are
the free and trapped electrons, respectively. Trapping
occurs when the condition ¢ = 0 is fulfilled.

In general, the normalized occupation number for the
Fermi-Dirac distribution (after integration over the azimuthal
and polar angles) is given by>’

8n Joo prdp
277)? oy/P2micttu—p
( T ) 0 ¢ ul +1

(D

Ne =

Here n,(r,?) is the total number density and u is the chemi-
cal potential. We now express the integral in terms of the
energy ¢ and arrive at the following expression by setting

U=ep+ 1
8 00 2 2 4d
nelf ) = —— J L )
(21h)*c3 J g2 el@—1)/T 41

where ¢ = ¢ — U and ¢ = u — U. Using the trapping condi-
tion ¢ — U = 0 and making a change of variables by substi-
tuting z =¢ — /T, we obtain the following expression
(following Landau and Lifshitz’ 5) for n,:

(W = T2)\/ (@ = Tz)*—mic*

dz—
0 er + 1
) 3)
< (W +T2)\/ (i + Tz)*—mict ’
Jo e +1 ’

The first integral in Eq. (4) is evaluated in a straightfor-
ward manner and represents the effect of trapped par-
ticles; however, the second integral is evaluated only
approximately by taking the small temperature limit and
expanding the functions in the numerator. Thus, upon
integration we obtain for the normalized total number
density
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Here u = erg + mpc? is the chemical potential in the relativ-
istic case (although this is not strictly correct when 7 # 0
but in the small temperature limit this is a reasonable
approximation), &pg = (3n2n0)2/ : (R*/2m) is the Fermi
energy, @ = e/ is the normalized (relativistic denoted
by the subscript R) potential, T =T /u is the normalized
temperature, and g = moc? /u is the total normalized
energy. In the absence of the trapping potential O the elec-
tron number density n.g = nog, where

_ &k (1— 2)3/2 n*TR(2 — &)

Nnor = )
o 3n(hc)? 0 6(1—22)"/?

(6)

for a relativistic Fermi Dirac distribution of electrons.

We now turn our attention to the ions which are taken to
be cold and non-degenerate due to their heavy mass by com-
parison with the electrons. The ion equation of motion and
continuity equation are

3/2 7T2T2 {2(1 + q)R)z - F(z)}

Phys. Plasmas 18, 102306 (2011)

mini<;+‘_’}‘§>‘7}

0 -
5”i+v'ni‘7i:07

= eV, (7)

®)

and the set of equations is closed by the Poisson’s equation

Vi = 4n(n, — n;). )
In order to investigate the nonlinear properties of ion acous-
tic waves in a relativistic degenerate plasma, we simplify the
procedure and consider a one dimensional case with propa-
gation of the quantum ion acoustic waves taking place in the
x-direction only by shifting to a comoving frame of reference
by taking & = x — ut, where u is the velocity of propagation
of the perturbation. We integrate Eqs. (8) and (9) by making
use of the boundary conditions such that £ — oo, v;, ¢ — 0,
and n; — ngy, where ng is the background number density of
the electrons and ions for a degenerate plasma, and obtain
the following expression for the normalized number density
of the ions

ni = nog(1 — dg /M%) 12, (10)

where 7o is the equilibrium number density given by expres-
sion (6) and My, is the given by Mg = \/m;u® /2.

We now substitute Egs. (5) and (10) in the Poisson’s
equation Eq. (9) and obtain

{(1 + D)2 — gg} +—
dzd)R o 47E€2I’ZOR

de? s nor

Before we proceed further, we linearize Egs. (5), (9), and
(11), and using the definition of the My given above and tak-
ing the velocity u = w/k we obtain the expression for the
linear dispersion relation of ion acoustic waves in a plasma
having relativistically degenerate electrons

1
o =kegy | ——=—,
1+ kz/“TF,R

where the relativistic Thomas Fermi length A7p g is given by

(12)

u
Mg = | ——, 13
TR\ 4ne?norAg (13)
and the relativistic sound velocity ¢y is given by
u
SR = ; 14
CsR = 4 /mi A (14)

12
{1+ -} D) 2
—(1-32 (11)
R
|
and
w*T?(2 — 3&2)
31— )"+ =0
18(1 — &)
A = T I (15)
(1 . 82)3/2 + T (2 — 80)
e -g)

where Ag contains the relativistic and temperature correction
effects, which shows that the phase velocity has a compli-
cated dependence on the temperature 7 and the relativistic
energy &. We can now define the Mach number using the
linear dispersion relation (12) and the general definition of
the Mach number we obtain

Mg = Mp+/Ag.

lll. LIMITING CASES

(16)

We consider two limiting cases, i.e., the nonrelativistic
case when mc? => epy and the ultrarelativistic case when
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m002 << &Fp-
reduces to

Thus in the nonrelativistic limit Eq. (5)

_ (2m08F0)3/2 Ty

(1+dy) 4+ o SN+ @)Y (A7)

We note here that this is essentially the same expression as
that obtained in our earlier paper> except for the difference
in the normalization of 7. Thus in the nonrelativistic limit
the chemical potential i = ¢pg, and the normalized tempera-
ture and electrostatic potential are given by Ty = nT/er
and ®y = e /ero, respectively. The expression for the limit-
ing nonrelativistic number density in the absence of the trap-
ping potential @y is then given by

3/2
- (ZmosFO) / [1 N nzTﬁ,} (18)

Substituting expressions (9) and (15) in the Poisson equation
(10) and using Eq. (16) we obtain

POy anengy | (L ON)F N{”‘D '
déz  epo nON
o\ 12
_(1_A71;> | (19)
N

Linearizing Eq. (17) and using a plane wave solution and tak-
ing the definition of the in the nonrelativistic case to be
My = \/mu?®[2¢ery, we obtain the expression for the linear
dispersion relation for ion acoustic waves in a degenerate
plasma with small temperature corrections, and this is given by

1
w=keyn,|——. 20
N \/ 1+ k%%F’N 20)

Here, the nonrelativistic Thomas Fermi length Apry is
given by

; €Fo
=,/ — 21
ATFR 47‘562}’10NAN ( )
The nonrelativistic sound velocity cgy is given by
2¢erg
N = } 22
CsN iy (22)
The temperature corrections are included in the factor
3(1 272 /24

(1 —m2T2/72) °
The nonrelativistic Mach number is given by

My = My+/Ay. 4)

In the ultrarelativistic case mgc?> << gr¢ the number density
given by Eq. (5) becomes

Phys. Plasmas 18, 102306 (2011)

3
€Fo 2, 290
ney = L+ @) (1+ @)+ T (@25
U= (14 0y)[(1+ @ +2TE . (25)
The subscript U refers to the ultrarelativistic case and the
Fermi energy in this case should be computed using ultrarela-
tivistic number density. In general for the ultrarelativistic
case the Fermi energy is replaced by the momentum py as

&p0 = CPpF = (3n2n)l/ 3lic. We note that the nature of the non-
linearity in the ultrarelativistic case is quite different from the
relativistic and nonrelativistic cases as the fractional power
indices are replaced by whole number indices. The number
density in the absence of the trapping potential reduces to

(21’}’1081;0) 3/2

2 [1+7°T7]. (26)

noy =
Substituting Eqgs. (10) and (22) in (9) with appropriate nor-
malization yields the following expression for the ultrarela-
tivistic Poisson equation

dZ(DU 4717621’1()U (1 + (DU){(I =+ (DU)Z} + T(2]

o\ 12
_ (1 _ W) . 27)
U

Linearization of Egs. (14) and (15) and the subsequent use of
a plane wave solution yields the dispersion relation for the

relativistic case
1
o =kesy 55— (28)
\/ 1+ k%TF’U

Here ¢,y = +/¢ero/miAy is the ultrarelativistic sound velocity
and the ultrarelativistic Thomas Fermi length is given by

ATFU = 4 /m and the temperature dependent ultrarela-
tivistic factor is given by

Ay =3(1 + m*T{/3) /(1 + 7°T?). (29)

And the relativistic Mach number is

My = My+\/Ay. (30)

IV. SAGDEEV POTENTIAL

In this section, we derive an expression for the Sagdeev
potential in the relativistic case and obtain conditions for the
existence of solitary waves by taking into account small tem-
perature corrections when 7' # 0.

Using the analogy of a particle in a potential well after
integration and following Refs. 36 and 37, we obtain Eq.
(11) in the following manner:

do
( ng> +Vi(0g) =0, 31)
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where the relativistic Sagdeev potential is given by

(~1+46) (=6 - 47T} +153) +8M3 (—T3 (—2+ ) + 6(~1+)°)
+963\/1—€%L0g[1+\/1—€%:|
41865 +2(9+ 2T/ T- @) -3¢ (124213 /1= ) )
o 1/1—e%(l—‘,-(I)R)\/—e%—i—(l—|—<DR)2(471:2T1%—156%+6(1+(I)R)2>
M |1 -5+
R

4(—T,§(—2+e§) +6(-1 +e§)2)

(-1+€)

Ve=—

(-73(-2+@)+6(-1+4)’)
9¢54/1— € Log [1 +@p 41/ —€+ (1 +<DR)2]

4(—7‘52T2(—2 +e)+6(—1+ eé)2>

T3 (~2+ 3¢
18 1—6(%( —g+ R ach: 60))

18(—1 —&-eg)

(32)

Here the constants of integration have been evaluated by using tive solitary waves and for compressive solitary waves
the same boundary conditions as those used for the ions, i.e., Vr(®r) < 0 when 0 > ®g > Dgyin, where Dg o (min) is the
when ¢ = &/Jqpp — 00 ®g — 0. Furthermore, it is evident maximum(minimum) value of the potential ®p for which
from Eq. (20) that Vg(®) = dVgx(®)/d® =0 when ® =0,  Vg(Pg) = 0. Below we discuss two special cases for the exis-
and following the argument given in Refs. 36 and 37, we see tence of solitary waves. The lower limit on the Mach number
that in order to obtain solitary waves solutions from Eq. (9), (i) is obtained by Taylor expanding the Sagdeev potential given
if (d*Vyg/ dCI)IZQ)@R:o < 0, i.e., the fixed point is unstable at the by Eq. (11) and by setting the coefficient of the quadratic term
origin and (ii) Vg (®g) < 0 when 0 < @g < @gppyx for rarefac- in ®r = 0 which in our case yields

T3 T3
(1 _85)3/2+1—8R(2—3gg)> 3((1 _83)2+TR(2—83)>
Mg jors = y - =/1/2. (33)
R

2
2<(1 — )+ nlg’? 2- 333))

The upper limit of Mg, is obtained from the first (ion) term in Eq. (10) such that it does not yield an imaginary result. In general
the range Mg, is obtained numerically for different values of ¢y and 7.

As in the preceding section we now turn our attention to the two limiting cases viz the nonrelativistic case and the ultrare-
lativistic case, respectively, for the Sagdeev potentials. In the nonrelativistic limit nc? => &g, the expression for the Sagdeev
potential reduces to

TEZTI%/ 1/2 4 5/2 4M12V (DN 1/2 TCZTI%/
(1+ @) = (1+ Dy) +3< M12v) (1+ 24>

1 18
Vy(@y)=————>+—— 34
N (DPy) (1 —m12/72) ] - . (34)
~% (24 4+ 57°Ty) (1 + 5My,)
|
1 2772 3 272 2
For the relativistic case the lower limit on My is obtained as Vy(dy)= T 2T\ (14+7°T3) Dy “E(l +nTy/3)Dy
3 (1 +TU)
My jower = é 35) o4 ® 1/2
' 2 +<I>~§]+T”+2M§](1+n2T§) <1 _AT;J)
U

And in the ultrarelativistic limit moc? << &po ~ &ro the Sag- —2M2 (14+7°T2, )} (36)

deev potential reduces to
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The lower limit on ultrarelativistic Mach number is

1 + 2T},
=" 37
6 (1 + T3 /6 37)

We note that in both limiting cases the expressions for the
Sagdeev potentials are less complicated than for the general
relativistic case.

V. RESULTS AND DISCUSSION

In the present section we present some results of our nu-
merical investigations. We have taken here the parameters of
white dwarfs. There is a whole range of values for the number
density and magnetic field in a white dwarf as a wide variety
of them is found in nature. In the nonrelativistic case, we
choose n = 10%° — 10* cm 3 (Ref. 38) and for the relativis-
tic and ultrarelativistic cases, we choose n; = 10°*°-10*? cm™?
(Ref. 38). We begin by considering the relativistic Sagdeev
potential given by Eq. (26). In Fig. 1, in the upper panel, we
have obtained plots for the Sagdeev potential Vi for different
values of the electron temperature 7, for fixed values of the
Mach number (Mg = 0.8) and normalized relativistic energy
(e0 = 0.3). We see that as temperature increases the mini-
mum of the Sagdeev potential decreases but the maximum
values of @ remain close to one another. The lower panel of
Fig. 1 shows the corresponding soliton profiles for the same
parameters. In Fig. 2 we have similar plots but here the elec-
tron temperature (normalized) and Mach number are kept
fixed and the relativistic energy ¢ is varied. It is observed

V(®)

0.0001 ,

-0.0003

0.12

0.08 -

0.04 -

-12 -8 -4 0 4 8 12 16 f

FIG. 1. Sagdeev potential (upper panel) and corresponding solitary struc-
tures (lower panel) for different values of 7 for fixed values of &y = 0.3 and
M=0.38.

Phys. Plasmas 18, 102306 (2011)

0] M=08 T=02

-12 -8 -4 0 4 8 12 16 f

FIG. 2. Sagdeev potential (upper panel) and corresponding solitary structures
(lower panel) for different values of & for fixed values of M =0. 8 and
T=0.2.

-0.003 -

o T=02 €y=03

12 §

FIG. 3. Sagdeev potential (upper panel) and corresponding solitary struc-
tures (lower panel) for different values of M for fixed values of T=0.2 and
&) = 0.3.
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V(®)
| 0.002 - ]
I
\\ |
Q .
-0% -0.1
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AN -0.002
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-02*+

FIG. 4. Asymmetric Sagdeev potential (upper panel) and corresponding sol-
itary structures (lower panel) for different values of T for fixed values of
g =0.8and M =0.9.

that an increase in the value of ¢, increases the minimum of
the Sagdeev potential, V. In Fig. 3 the values of the relativis-
tic energy and electron temperature are fixed and the Mach
number is varied. The Sagdeev potential shows a greater sen-
sitivity for different values of the Mach number. It is seen
that for a greater Mach number, the Sagdeev potential is
deeper and the potential @ is larger. In Fig. 4 we see that
when the normalized electron temperature, i.e., T > 0.5 then
both compressive and rarefactive solitons are obtained. A
similar trend was observed in our previous paper.>” It should
be mentioned here that like the Tz < 0.5 cases, the depth of
the Sagdeev potential and the corresponding potential @ get
modified with variations in the relativistic energy as well as
the Mach number. Fig. 5 shows the variation of the Sagdeev

V(®)
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—02 -~
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-0.05+-

FIG. 5. Sagdeev potentials for different values of M without temperature
effect, i.e., T=0 in the ultra-relativistic limit, i.e., & = 0.
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FIG. 6. Sagdeev potentials for different values of 7 for M= 0.9 in the ultra-
relativistic limit, i.e., &g = 0.

potential and the potential @y for different values of ulrala-
tivistic Mach number My. It is found that the changing Mach
number affects the depth of the Sagdeev potential and the
value of the potential ®; appreciably. Fig. 6 shows that the
inclusion of finite electron temperature enhances the depth of
the Sagdeev potential and the values of the ultrarelativistic
potential become larger. Finally, we would like to mention
that the values of the potential have been found to be largest
for non-relativistic, intermediate for ultra-relativistic, and
least for the relativistic case.

In conclusion we have investigated the formation of sol-
itary structures in degenerate relativistic plasma. Such inves-
tigations, to the best of our knowledge, have been carried out
for the first time, and the results of our work should have im-
portance for ultra strong laser plasma interactions and should
help in understanding astrophysical observations of dense
objects such as white dwarfs. We have numerically investi-
gated our theoretical results for different parameter values
such as the rest mass energy, Mach number, and the electron
temperature. These results have been presented graphically
illustrating the formation of solitary wave structures and
their dependence on the different parameters mentioned
above.

V. V. Demchenko and 1. A. El-Naggar, Physica 58, 144 (1972).

°D. 1. Javakhishvili and N. L. Tsintsadze, Zh. Eksp. Teor. Fiz 64, 1314
(1973) [Sov. Phys. JETP 37, 666 (1973)].

3N. L. Tsintsadze and E. G. Tsikarishvili, Astrophys. Space Sci. 39, 191
(1976).

“A.C.-L. Chian, Plasma Phys. 24, 19 (1982).

SN. L. Tsintsadze and D. D. Tskhakaya, JETP 72, 480 (1977).

oy, Nejoh, Phys. Fluids B 4, 2830 (1992).

V. 0. Strasser, Phys. Rev. E 53, 5194 (1996).

8B. Sahu and R. Roychaudury, Phys. Plasmas 11, 1947 (2004).

“B. Sahu and R. Roychaudury, Phys. Plasmas 13, 072302 (2006).

'N. C. Lee and C. R. Choi, Phys. Plasmas 14, 022307 (2007).

'""H. Kuehl and C. Zhang, Phys. Fluids B 3, 555 (1991).

2y, Nejoh and H. Sanuki, Phys. Plasmas 1, 2154 (1994).

135, Mahmood and W. Masood, Phys. Plasmas 15, 122302 (2008).

4h. Ren, Z. Wu, J. Cao, and P. K. Chu, Phys. Plasmas 16, 103705 (2009).

SW. Masood, S. Karim, H. A. Shah, and M. Siddiq, Phys. Plasmas 16,
112302 (2009).

'*W. Masood, Phys. Plasmas 16, 042314 (2009).

7W. Masood, Phys. Lett. A 373, 1455 (2009).

'8p. Chatterjee, K. Roy, S. V. Muniandy, S. L. Yap, and C. S. Wong, Phys.
Plasmas 16, 42311 (2009).

Downloaded 07 Dec 2011 to 111.68.103.123. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1016/0031-8914(72)90014-6
http://dx.doi.org/10.1007/BF00640520
http://dx.doi.org/10.1088/0032-1028/24/1/002
http://dx.doi.org/10.1063/1.860157
http://dx.doi.org/10.1103/PhysRevE.53.5194
http://dx.doi.org/10.1063/1.1695558
http://dx.doi.org/10.1063/1.2216549
http://dx.doi.org/10.1063/1.2536581
http://dx.doi.org/10.1063/1.859906
http://dx.doi.org/10.1063/1.870614
http://dx.doi.org/10.1063/1.3010705
http://dx.doi.org/10.1063/1.3257170
http://dx.doi.org/10.1063/1.3253623
http://dx.doi.org/10.1063/1.3119209
http://dx.doi.org/10.1016/j.physleta.2009.02.066
http://dx.doi.org/10.1063/1.3117483
http://dx.doi.org/10.1063/1.3117483

102306-8 Shah et al.

19S. Balberg and S. L. Shapiro, “The Properties of Condensed Matter in
White Dwarfs and Neutron Stars,” in Handbook of Elastic Properties of
Solids, Liquids, and Gases, edited by M. Levy, H. Bass, R. Stern, and R.
Paspet (Academic, London, 2000), Vol. 4, Chap. VII; in Handbook of
Elastic Properties, edited by H. E. Bass, V. M. Keppens, M. Levy, and R.
Raspet (Academic, New York, 2003).

20F_C. Michel, Rev. Mod. Phys. 54, 1 (1982).

2l R, Orosz, R. A. Remillard, C. D. Bailyn, and J. E. McClintock, Astro-
phys. J. Lett. L83, 478 (1997).

2P, Goldreich and W. H. Jullian, Astrophys. J. 157, 869 (1969).

23], Daniel and T. Tajima, Astrophys. J. 498, 296 (1998).

2N. L. Tsintsadze, A. Rasheed, H. A. Shah, and G. Murtaza, Phys. Plasmas
16, 112307 (2009).

25A. V. Gurevich, Sov. Phys. JETP 53, 953 (1967).

26N. S. Erokhin, N. N. Zolnikova, and 1. A. Mikhailovskaya, Fiz. Plazmy 22,
137 (1996) [Plasma Phys. Rep. 22, 829 (1996)].

Phys. Plasmas 18, 102306 (2011)

2R. Z. Sagdeev, Review of Plasma Physics (Consultants Bureau, New York,
1996), Vol. 4.

28A. Mushtaq and H. A. Shah, Phys. Plasmas 13, 0123031 (2006).

29H. Siddiqui, H. A. Shah, and N. L. Tsintsadze, J. Fusion Energy 27, 216
(2008).

30A. Luque, H. Schamel, and R. Fedele, Phys. Lett. A 324, 185 (2004).

3IL. Demeio, Transp. Theory Stat. Phys. 36, 137 (2007).

4. A. Shah, M. N. S. Qureshi, and N. L. Tsintsadze, Phys. Plasmas 17,
032312 (2010).

¥D. Jovanovic and R. Fedele, Phys. Lett. A 364, 304 (2007).

34L. D. Landau and E. M. Lifshitz, Physical Kinetics (Pergamon, UK, 1981).

L. D. Landau and E. M. Lifshitz, Statistical Physics, Part 1 (Butterworth-
Heinemann, Oxford, 1980).

36E. Witt and W. Lotko, Phys. Fluids 26, 2176 (1983).

3 A. A. Mamun, Phys. Rev. E 55, 1852 (1997).

3D. Koester and G. Chanmugam, Rep. Prog. Phys. 53, 837 (1990).

Downloaded 07 Dec 2011 to 111.68.103.123. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1103/RevModPhys.54.1
http://dx.doi.org/10.1086/30553
http://dx.doi.org/10.1086/30553
http://dx.doi.org/10.1086/150119
http://dx.doi.org/10.1086/305518
http://dx.doi.org/10.1063/1.3264737
http://dx.doi.org/10.1063/1.2154639
http://dx.doi.org/10.1007/s10894-007-9131-0
http://dx.doi.org/10.1016/j.physleta.2004.02.049
http://dx.doi.org/10.1080/00411450701456857
http://dx.doi.org/10.1063/1.3368831
http://dx.doi.org/10.1016/j.physleta.2006.12.015
http://dx.doi.org/10.1063/1.864400
http://dx.doi.org/10.1103/PhysRevE.55.1852
http://dx.doi.org/10.1088/0034-4885/53/7/001

