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Coherent nonlinear structures in dense electron—positron plasma

S. A. Khan®' and Z. Wazir®

a) National Centre for Physics, Quaid-i-Azam University Campus, Islamabad 45320, Pakistan

b) Department of Physics, Riphah International University, Islamabad, Pakistan

(Received 30 March 2012; revised manuscript received 7 August 2012)

It is shown that rarefactive-type double layer structures exist in ultradense electron—positron plasma. For this pur-
pose, an extended Korteweg de Vries equation is derived and solved analytically in the low amplitude limit by employing
the appropriate fluid equations. A strong influence of quantum degeneracy pressure of electrons and positrons, quantum
diffraction effects and concentration of background positive ions on double layer is noticed. It is also pointed out that the
amplitude and steepness of the double layer increases with an increase in ion concentration or ion charge number. The
results are examined numerically for some interesting cases of dense plasmas with illustrations.
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1. Introduction

The physics of degenerate quantum plasmas has rapidly
grown beyond the conventional plasmas found in space or lab-
oratories; for an overview see, e.g., Refs. [1] and [2]. In such
plasmas, quantum degeneracy effects are dominant at low tem-
peratures and high densities. These are predominantly found
in dense astrophysical objects (e.g., white and brown dwarfs,
neutron stars, magnetars, and so on), core of giant planets
(e.g., Jovian planets) and are aimed to be produced in the next
generation of laser-based plasma compression schemes.’=]
Theoretical models predict that the density, magnetic field, and
temperature of such plasmas vary over a wide range of param-
eters. For instance, in dense astrophysical plasmas and intense
laser-solid target interaction experiments, the degenerate elec-
tron number density may exceed the density of solid matter
by many orders.[>*% The magnetic field is estimated to vary
from a few kilogauss to a few gigagauss (petagauss) in white
dwarfs (neutron stars) and temperature as high as in fusion
plasma. Quantum degeneracy and relativity effects are ubiqui-
tous here because the average inter-Fermion distance is com-
parable to or less than the thermal de Broglie wavelength of
electron Ape(= h/+/2mwmekgT ), where m, is the mass of elec-
tron, A is Planck’s constant, kg is the Boltzmann constant, and
T is thermal temperature. Quantum effects of lighter species
(electrons, positrons, holes, etc.) are more pronounced due
to their smaller mass than the heavier species (ions), which
may behave classically or quantum mechanically depending
upon the degeneracy parameter, which is larger than unity for
the quantum case. At extremely high densities, the electron
Fermi energy e, [= h?/8me(3ne/m)*3] becomes much larger
than thermal energy ~ kg 7. In this situation, the thermal pres-
sure of electrons may be negligible as compared to the Fermi
degeneracy pressure which arises due to the implications of
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Pauli’s principle. The ratio of the typical momentum of ther-
mal distribution and the limiting Fermi momentum (pg,) of
electron is small, i.e., 87r(3mek13T)3/2/3n¢h2 < 1. Then, all the
momentum states below pp, are filled while those above pp,
are empty. Pauli’s principle restricts the momentum states to
the values n(p) = 87p? /h* when p < py, and n(p) = 0 when
P > Ppe» such that n. = (fF“ n(p)dp = 87rp}3:e/3h3. Such de-
generate electrons may be non-relativistic, relativistic or ultra-
relativistic depending upon the ratio of the Fermi energy to the
rest mass energy of electron. In compact astrophysical objects,
the mass is imparted by the ions/nuclei and degeneracy pres-
sure by the electrons which prevent them from collapse coun-
terbalancing the inward pull of gravity. The plasma in their
interior is degenerate and relativistic under such extreme con-
ditions (e.g., the bulk electron number density in white dwarfs
reaches upto 10°° cm™3). However, the relativity effects di-
minish in the outer layers. It is believed that the most common
constituents of white dwarf stars include fully ionized helium,
carbon, and oxygen with an iron core and an outer layer of
hydrogen.”! These atoms have almost an equal number of pro-
tons and neutrons. The thermal energy of degenerate remnant
stars produce observable luminosity. The estimates of star pul-
sations, radiation, and collective oscillations can provide an
effective probe for the properties of inside matter.®!

In recent years, a large number of investigations have
been carried out in degenerate plasma dynamics by using dif-
ferent models employing the equation of state P. ~ ng/ 3, which
is the non-relativistic limit of relativistic-degenerate plasma
case in which P ~ n¥> 1121 It was recognized early on
that the underlying physics of nonlinear quantum-like equa-
tions can be better understood by transforming mathemati-
cal equations in hydrodynamic form. Such equations rep-
resent the evolution of quantum particle densities and mo-
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menta. Over the past few years, the studies of quantum plas-
mas in the framework of the hydrodynamic model have rapidly
increased. This includes quantum ion-acoustic waves, and
instabilities,'' >4l low frequency waves, and solitary structures
in quantum dusty plasma,[!>-!®! solitons and shocks in quantum
electron—positron—ion plasma,l'’”~'° and so on. The peculiar-
ities of modeling nonlinear collective interactions in quantum
plasmas have been pointed out recently in Refs. [2] and [20].
The authors have described the essential physics and salient
features of dense degenerate quantum plasmas in a pedagogi-
cal way. The importance of quantum plasmas has also been
recognized in ultrasmall electronic devices,”!! metallic and
carbon nanostructures,’*>?3 and plasmonics.[**!

The structural properties of ion-acoustic double layers
(DLs) have been studied in classical plasmas both experimen-
tally and theoretically.>>->’! Due to the significance of such
structures in charged particle acceleration, the formation and
propagation of DLs has also been investigated in multicompo-
nent quantum plasmas in various settings.[>3-2%]

Electron—positron (ep) pair plasma is a class of equal-
mass and absolute-charge particle plasmas believed to ex-
ist abundantly in the early universe and many astrophysical
environments.’%3!) The next generation of ultrahigh-power
lasers will enable new light-matter interactions leading to
overdense ep plasmas in the laboratory reaching number den-
sity of 5 x 10%6/cm>[3?] The elementary physics of ep pair
plasmas is different from ordinary matter having well-known
properties.[>33] The pair annihilation process is significant
in such plasmas, which is analogous to recombination in
electron—ion plasmas. For collective plasma effects to play
a role, the annihilation time scale should be larger than the
time scale of collective effects, which is the inverse of plasma
frequency. It has also been pointed out in literature that the
annihilation of electrons and positrons is relatively unimpor-
tant in classical,**! as well as dense quantum plasmas.|3>-36]
The annihilation time 7,, for a nonrelativistic plasma is given
by 40 /[3(1 4 60 )ne , 0:c], where 6 = 6.65 x 1072 cm 2
is the Thomson cross section, and ¢ is the speed of light
in vacuum. Here, the normalized thermal energy is defined
as @ = kpTre/mc* which leads to > < @ < 1 where { =
7.29 x 1073 is the fine structure constant. In terms of tempera-
ture, 3 x 10° < Tr(K) < 5.9 x 10°. Using ney = hpo = np, © >
2.66 x 10_19n(1)/ ? and the pair annihilation can be neglected for
the density range 3.9 x 10?8 < np(em=3) < 1.4 x 10%7, which
has also been shown by Ali ez al.|*! recently. In this regime,
the electron—positron annihilation time is much larger than the
inverse of electron/positron plasma frequency @y p. In many
situations of dense astrophysical plasmas, it is believed that the
ions are also present in the background in addition to electron—
positron (ep) pairs.!*>! It makes the investigation of waves and
nonlinear structures in quantum pair plasmas owing to the dy-
namics of degenerate electrons and positrons in the presence

of ions background of practical interest. In this paper, we
study the formation of electrostatic DL structures by using the
Korteweg de Vries theory. The extended Korteweg de Vries
(eKdV) equation is derived and solved analytically by employ-
ing the quantum hydrodynamic (QHD) model.

The paper is organized in the following way. The theoret-
ical model to describe the electrostatic DL structures, and the
linear wave analysis are given in Sections 2 and 3, respectively.
In Section 4, the eKdV equation is derived and solution is ob-
tained. The numerical results and discussions are presented in
Section 5, and a summary is given in Section 6.

2. Basic set of equations

Consider unmagnetized ultradense plasma of equal mass
species, i.e., m; = m, where j = e and p for electrons and
positrons, respectively. The mean rate of momentum trans-
port per unit area gives rise to the degeneracy pressure. In
the fully degenerate and relativistic limit, this pressure can be

given by!>38!

Py =Af(r), ey

where

T mc\3 4. 2

A= 7(7) me?(= 6 x 102 (cgs)),
F(r)=rvV 141227 =3) +3In(r+ V1 +12),

r=pg;/mc=(n;/5.9 x 10 em™3)'/3,

and Fermi relativistic momentum py,; = (3n%n;/8m)'/3. Equa-
tion (1) was first used by Chandrasekhar to estimate the criti-
cal mass limit M, (also known as the Chandrasekhar limit or
Chandrasekhar mass) of white dwarf stars which results from
the degeneracy pressure of the relativistic electron gas. We
consider the case of spinless particles and ignore the relativis-
tic effects due to the smallness of electron/positron rest mass
energy in comparison with the corresponding Fermi energy.
Then, the equation of state (1) leads to,

Pj=Knl, ()
where K = (4n%h2/5m)(3/87)*3, y =5/3, h = h/2x, and
Tj < Trj(= €g;/kp) with T; being Fermi temperature. In
equilibrium, we assume that the stationary positive ions are
present in background so that the charge neutrality condition
ney = hpo + Zinyg is satisfied, where Z; is the charge state of
ions and subscript 0 denotes the unperturbed value. The set

of normalized equations describing the nonlinear electrostatic
waves in one spatial dimension can be written as

O1Ve + Ve Oyve = 0L — (1/5116)8,6112/3
+ (HZ/2)0:(9%/ne/ v/ne), 3)
O + vpdevp = — e — (8 /5np) ey
+(8'2H2 /2)0c (0} /iy [ \/1ip),  (4)
onj+k(njvj) =0, 5)
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2o =n.—(1—a)np, —a. (6)

Here nj, v, and ¢ are the normalized quantities represent-
ing the plasma number density, fluid velocity, and electro-
static wave potential, respectively. Further, 6 = Tgp/Tr. and
o = Z;n;jo/neo. The quantum diffraction effects of electrons
and positrons are represented by the nondimensional parame-
ters He = hwpe /2kgTre and Hp, = hayp/2kp Ty, respectively,
with @, = \/47njoe? /m being the plasma frequency. The
rescaling parameters used in the set of Egs. (3)—(6) are defined
in the following fashion

= nj/njo, Vi = vi/vej, @' — e/ (2kpTre),
X' = Opex/VvEj, 1" — t@pe. (7

We have dropped the primes from the normalized perturbed
quantities for simplicity.

3. Linear wave analysis

To obtain the linear dispersion relation, we assume that
the quantities in Eqs. (3)—(6) follow sinusoidal perturbations
proportional to exp[i(kx — @t)], where @ and k are the wave
frequency and wave vector, respectively. It leads to the disper-
sion relation

0" — [(VeBr +VEp o)k + (2 - @) o | 0

+ wgevlz:pkzﬁz + wgevlz:ekzﬁl (1 - OC) + Vl%evlz:pk4ﬁll32 =0, (8
where v, (= (2Eg;/m)'/?) is the Fermi speed, Apj = v,/ @);
is the Fermi length, B = 1/3 + H?A2.k*/4, and B, = 1/3 +
Hgﬁ,gpkz /4. For pure degenerate electron—positron plasma,
o =0, Tre = Trp and equation (8) gives rise to the Langmuir

solutions of Eq. (8) can be written as

0 = (1/2) | (o1 + vE,B2)K* + (2 — o) 0 &= Vidisc |, (9)
where

. 2
disc = [(V%eﬁl + v%pﬁg)kz +(2- a)wge] —4 [a)gev%pkzﬁz

+ O Vi B (1 — @) + Vv K 1 B2 (10)

The =+ signs in Eq. (9) correspond to fast Langmuir and slow
acoustic type waves, respectively, which is similar to the clas-

sical pair plasmas.1*”! However, both cases are different phys-
ically.

4. Derivation of the extended Korteweg-de Vries
equation

Let us introduce the stretching of space and time coordi-

nates in Egs. (3)—(6) as follows:?®]
E =e(x—At) and T = €t (11)

where € is a small parameter and A is the normalized phase
speed. The plasma parameters are expanded in the power of ¢

as
n; 1 €nji eznjz
vi| =10 |+ |evj1 |+ Ezvjz +-- (12)
¢ 0 €P1 €92

Using Egs. (11) and (12) in Egs. (3)—(6), we obtain different
orders of parameter ¢. The lowest order O(e) gives ne; =
01/(1/3 = 22). mpy = —1/(8/3 — A2). ver = A /(1/3
A2),and vp; = —A@;/(8/3—A?). Then, the normalized phase
velocity A becomes

wave in quantum ep plasmas. On the other hand, the pres- A=V(-a+8)/32-a) (13)
ence of ions leads to neo # npo and Tge > Trp. Then, the two‘ The next higher order of ¢ leads to
nea —(1/2)(1/9-34%)(1/3 =297 +(1/3-2%) 92 =0, (14)
mpo = (1/2)(8/9-32)(8/3-2%) 97 — (8/3-2%) g2 =0, (15)
ver = (1= +8)/3(2— )" x [(1/3=2A%) " g+ (1/3—2A%){(1/2)(1/9-32%) — (1/3=2%)}f] =0, (16)
vpr— (1= +8)/32— )" 2 x [=(8/3-2%) " 92 +(8/3-2%){(1/2)(8/9-34%) — (§/3-2)}¢7] =0, (I7)
and
[(1/18=322/2)(1/3—A%) 7 — (1—a)(§/18 —34%/2)(6/3 —A%)*]| ¢ =0. (18)

It is to be noted that the term in the square bracket in Eq. (18) should be at least of the first order of ¢ because ¢; # 0. It means
that equation (18) is now third order in €, which should be added in the same order terms of Eq. (6).

From the next higher order terms of €, we have

—la‘: Ve3 — 85 03+ (1/3)8};1’1@3 = —0OVel — 35 (Velvez) + (1/9)8}; (nelnez) — (2/27)7151 a‘gl’lel + (H§/4)8§nel,
—)La[; vp3 + (95 03+ (6/3)85?11,3 = —0OrVel — 85 (Vp1 sz) + (5/9)(95 (I’lplnpz) — (25/27)1’151 85ne] + (51/2H§/4)8§3np1,

—Adgnes + dgve3 + dentel + g (ne1vez) + 9 (neaver) =0,
—Adgnp3 + dgvp3 + denpt + Ig (np1vp) + 9 (np2vpr) = 0,

and

ney — (1= a)nps — 371+ [(1/3—2%) 7 (1/18 =327 /2) — (1 — a)(8/18 =322 /2)(8 /3 — 2%) ] 9 =00

19)
(20)
2y
(22)

(23)

025201-3



Chin. Phys. B Vol. 22, No. 2 (2013) 025201

Equations (19)—(22) lead to
— e 3+ (1/3—2%)0zne3 = y1, (24)
and
0 93+ (8/3 =A%) dznp3 = —y2, (25)
where
y1 = —2A0dtne; —20¢ (verve2) +(1/9 — 12)35 (Me1ne2)
—(2/27)n2, Ogner — (Hg /4) 9 ner,
and
y2 = 2A0rnp +20g (vp1vp2) — (6/9 — 12)8§ (np1np2)
—(28/27)n§185np1 — (H§/4)8§npl.
Solving Egs. (23)—(25) by employing first order solutions and
Egs. (13)—(18), we readily obtain the eKdV equation as fol-
lows:
AdTQ+BI:9°+C @ +D 39 =0, (26)
where the coefficients of Eq. (26) are defined as
A=2A[1-a)(§/3-A")2+(1/3-A%)7%], @27
B = (1/2) [(1 —a)(8/9-3A%)(8/3-2%)73
—(1/9-3A%)(1/3-2%)77], (28)
C = (1/2)[(1/3=22)5{(1/9-32%)?
+4(1/814+A%)(1/3-2%)}
—(1—a)(8/3—2A%)7{(6/9—-3A%)

+4(5/81+2%)(8/3-2%)}], (29)
D = 1—(1/4)(1/3—A%)2H?
— (8°/4)(8/3—-2A%)°Hy, (30)

with @ = ¢. The coefficients A, B, C, and D are functions of
plasma number density. The role of static ion concentration
and ion charge is significant and will be discussed later.

To solve Eq. (26), we introduce the transformation 11 =
& —vo7, with vy being the constant speed of the frame moving
(281 Using the boundary conditions: ¢ — 0

and d¢/dn — 0 at infinity, equation (26) leads to,
(1/2)(dg/dn)*+V(9) =0, (31)

where pseudo-potential function (Sagdeev-like potential)
V(@) is given by

V(9) = —(vA/2D)¢? + (B/3D)¢’ +(C/4A)¢".  (32)
For the DL solution to exist, V(@) and V’(¢) must vanish for

@ =0 and @ = @, whereas, V"(¢) < 0 at the same points.
Then, V(@) reduces to

V() = (C/4A)¢* (o — 9)?
(C/4A)@*(2B/3C + 9)>. (33)

with the structure.

Here, ¢y = —2B/3C is the maximum potential and vy =
—(C/2A) @2 is the constant speed. Thus, the steady state DL

solution of Eq. (31) can be written as

¢ = (¢m/2)(1 —tanh(—C/8D)" 2 7). (34)

5. Numerical analysis and discussion

In this section, we discuss the conditions of existence and
properties of DL structures. The existence of DL structures
requires CD > 0 showing either C or D < 0 as evident from
Eq. (34). In order to decide whether the DL is compressive
or rarefactive, one has to check the sign of coefficient B in the
expression of @y. If B > 0, ¢y, is negative and a rarefactive
DL will be formed whereas for negative B, a compressive DL
will exist. It is noticed that C is always positive for singly
charged ions, and hence D should be negative in this case.
Similarly, B is always positive resulting in the formation of
the rarefactive DL only. This happens in dense e—p—i plasma
situations because, n;y 7# 0, ny0 < neo, and Tr, < T since the
Fermi temperature is a function of density in quantum plas-
mas. For the existence of a DL, the system must have dis-
persion which appears due to deviation from quasi-neutrality
as shown in Poisson’s equation. In quantum plasmas, when
quantum parameters are assumed to be zero, i.e., H. = H, =0,
then the dispersive term does not vanish in Eq. (26) and the DL
solution still exist due to contribution from electrostatic field.
However, in quasi-neutral case, the dispersion effects comes
from the quantum diffraction term. The DLs in such system
are formed due to the balance between harmonic nonlineari-
ties and the quantum diffraction effects. On the other hand, in
a classical quasi-neutral plasmas, the DL structures ceases to
exist. In what follows, we numerically examine the foregoing
results and effects of quantum diffraction as well as ion con-
centration and ion charge on the formation and behavior of an
electrostatic DL by using the typical parameters of the degen-
erate plasmas found in the outer layers of dense astrophysical
objects.['83%] The electron and ion densities are assumed as
nep =~ 6 x 10?8 cm™3 and n; ~ 0.2n9 with Z; = 1. This leads
to the average interparticle distance ne_ol/ 3~ 25%10710 cm,
H. ~0.081, and H,, ~ 0.085. The parametric range in which
the DL solution (30) exists is found by using the values de-
scribed above. The coefficients A, B, C, and D of the eKdV
equation given in Egs. (27)—(30) are functions of plasma num-
ber density only and H; o ng)l/ ® for Jj-th species. A slight
change in the ion number density modify the DL structure
significantly. It is noticed that BC > 0 for all values of n;,
which gives @, < 0. It is also noticed that D assumes negative
values below a certain critical value of n;y only, i.e., ncit =~
2.63 x 10%® ¢cm~3 which leads to CD < 0 (where C is always
positive). Beyond ng;, D becomes positive, CD > 0 and DL
does not exist. However, when the electron number density is
increased, nj shifts to lower values. Similarly, the region of
existence of DL shifts to lower ion concentration for larger Z;
as shown in Fig. 1. The plot of C/D against n;o shows that

025201-4



Chin. Phys. B Vol. 22, No. 2 (2013) 025201

D is negative within a certain range of n;, values. Figures 2
and 3 show the variation of DL potential with electron and ion
number density, respectively. It is seen that the width of the
DL structure decreases (increases) with electron (ion) concen-
tration. Figure 4 shows the variation of pseudo-potential with
electron concentration. It is shown that amplitude and width
of V(@) increases with H, for fixed ion number density. On
the other hand, the amplitude of V(¢) increases but width de-
creases with n;( keeping neq fixed as shown in Fig. 5.

It is evident that the solution (30) mainly depends on the
potential across the DLs. In our case, potential is smaller, i.e.,
|¢om| < 1 leading to the formation of weak DL. The DL so-
lution of eKdV equation, in a co-moving frame with speed vg
is stable since it is obtained as the asymptotic evolution of a
given initial condition.

41 1
[}
- \
SR
a :|\ -. niU/1028 cm™?
S -:_\11',..0.._,__1.5 2.0 2.5 3.0 3.5 4.0
= _9 \|: ;
5
—41

Fig. 1. (color online) Plot showing the existence region of rarefac-
tive DL with the variation of ion charge number Z;. Solid, dotted,
and dashed curves represent Z; = 1, 2, and 3, respectively, where
neo = 8 x 1028 cm 3.

-3 -2 -1 0 1 2 3

n
Fig. 2. (color online) The electrostatic DL potential ¢ is plotted
against 1 for various values of electron number density. Dot-
ted line represents neg ~ 4 x 1028 cm™3, dashed line represents
5% 10?8 cm™3, and solid line represents nep = 6 x 1028 cm—3, with
nip =~ 1x 102 cm™3.

-3 -2 -1

Fig. 3. (color online) Electrostatic potential ¢ is plotted versus
n for different values of ion number density with fixed electron
concentration. Solid (dashed) line represents n;y = 3 x 10% cm™3

(2 x 1028 cm™3) and dotted line represents njo ~ 1 x 10% cm™3
with 7ep ~ 6 x 1028 cm—3.

V(p)/107°

p/1074

Fig. 4. (color online) The effect of electron quantum diffrac-
tion is shown on Sagdeev-like potential V(@) by plotting V(@)
against ¢@. Solid (dashed) line represents ney = 6 X 102 cm™3
(5.7 x 10?2 cm3) and dotted line is for nep = 5.4 x 10?2 cm =3
keeping the ion concentration constant (1;) = 1 x 10%® cm™3).

I
- o

V(p)/107°
|

¢/107

Fig. 5. (color online) Plot of Sagdeev-like potential V(¢) versus
@ with n;¢. Solid (dashed) line represents n;y = 1.1 x 1028 cm—3

(1.05 x 10?® cm™3) and dotted line is for ;0 = 1.1 x 10% cm ™3
for electron number density being the same as in Fig. 3.

6. Summary

To summarize, we have investigated the existence and
formation of low amplitude DLs in a dense unmagnetized ep
plasma in the presence of small fraction of stationary ions
in the background. By employing the QHD model, we have
derived an eKdV equation and found its analytical solution.
The conditions of existence and behavior of DLs in such plas-
mas is discussed, and the influence of ion number density and
quantum effects (degeneracy and diffraction) of electrons and
positrons is pointed out. It is seen that only a rarefactive DL
can exist in this system beyond a critical value of ion number
density. This critical value shifts to lower ion concentration for
heavier ions. The quantum parameters H. and H,, and static
ion concentration significantly affect the amplitude and steep-
ness of the DL structures. These parameters also show a strong
influence on V (¢).

The variation of potential across the DL can accelerate,
decelerate, and reflect particles entering from the sides. The
significant charged particle acceleration to high energies in the
dense astrophysical objects, e.g., white dwarf stars has been
pointed out in some recent observations.[*’] The acceleration
of electron—positron plasma in a neutron star’s crust is also
dictated by DLs.*!! The present study is general which aims
to understand some aspects of DL formation in very dense ep
plasma environments.

025201-5



Chin. Phys. B  Vol. 22, No. 2 (2013) 025201

Acknowledgement

The authors gratefully acknowledge the useful comments

from the anonymous referees which helped to improve the

manuscript.

References

(1]

(2]
(3]

(4]

[3]

(6]
(7]

(8]
[9]
[10]
[11]
[12]
[13]

[14]
[15]
[16]

[17]

Bonitz M, Filinov A and Boning J 2010 Introduction to Quantum Plas-
mas, in: Introduction to Complex Plasmas, eds. Bonitz M, Horing N,
Meichsner J and Ludwig P (Berlin: Sringer)

Shukla P K and Eliasson B 2011 Rev. Mod. Phys. 83 885
Chndrasekhar S 1939 An Introduction to the Study of Stellar Structure
(Chicago: The University of Chicago Press)

Shapiro S L and Teukolsky S A 2004 Black Holes, White Dwarfs, and
Neutron Stars—The Physics of Compact Objects (Weinheim: Wiley-
VCH Verlag GmbH & Co. KGaA)

Potekhin A Y, Baiko D A, Haensel P and Yakovlev D G 1999 Astron.
& Astrophys. 346 345

Lai D 2001 Rev. Mod. Phys. 73 629

Balberg S and Shapiro S L 2000 The Properties of Condensed Matter
in White Dwarfs and Neutron Stars, ed. Levy M (London: Academic
Press)

Koester D and Chanmugam G 1990 Rep. Prog. Phys. 53 837
Manfredi G 2005 Fields Inst. Commun. 46 263

Shukla P K and Eliasson B 2007 Phys. Rev. Lett. 99 096401

Haas F 2005 Phys. Plasmas 12 062117

Khan S A and Saleem H 2009 Phys. Plasmas 16 052109

Haas F, Garcia L G, Goedert J and Manfredi G 2003 Phys. Plasmas 10
3858

Manfredi G and Haas F 2001 Phys. Rev. B 64 075316

Stenflo L, Shukla P K, and Marklund M 2006 Europhys. Lett. 74 844
Yang S F, Wang S J, Chen J M, Shi Y R, Lin M M and Duan W S 2012
Chin. Phys. B 21 055202

Khan S A, Mahmood S and Mirza M Arshad 2009 Chin. Phys. Lett. 26
045203

(18]
[19]
[20]
[21]
[22]

[23]
[24]

[25]
[26]
[27]
[28]

[29]
[30]

(31]
[32]
[33]

[34]
[35]

[36]
[37]
[38]
[39]
[40]

[41]

025201-6

HanJ N, LuoJH, SonGH, LiuZL and Li S Y 2011 Chin. Phys. B 20
025202

Misra A P and Samanta S 2010 Phys. Rev. E 82 037401

Shukla P K and Eliasson B 2010 Phys. Usp. 53 51

Markowich A, Ringhofer R and Schmeiser C 1990 Semiconductor
Equations (Vienna: Springer)

Crouseilles N N, Hervieux P A and Manfredi G 2008 Phys. Rev. B 78
155412

Wei L and Wang Y N 2007 Phys. Rev. B 75 193407

Marklund M, Brodin G, Stenflo L and Liu C S 2008 Europhys. Lett. 84
17006

Hairapetian G and Stenzel R L 1990 Phys. Rev. Lett. 65 175
Lieberman M A and Charles C 2006 Phys. Rev. Lett. 97 045003

Singh N 1982 Plasma Phys. 24 639

Moslem W M, Shukla P K, Ali S and Schlickeiser R 2007 Phys. Plas-
mas 14 042107

Khan S A, Mahmood S and Ali S 2009 Phys. Plasmas 16 044505
Rees M J 1983 The Very Early Universe, eds. Gibbons G W, Hawking
S W and Siklas S (Cambridge: Cambridge University Press)

Burns M L 1983 Positron-Electron Pairs in Astrophysics (New York:
American Institute of Physics)

Ridgers C P, Brady C S, Duclous R, Kirk J G, Bennett K, Arber T D,
Robinson A P L and Bell A R 2012 Phys. Rev. Lett. 108 165006

Yang Z J. Cheng X 1, Zhu Z H and Yang X D 2012 Chin. Phys. B 21
023401

Surko C M and Murphy T J 1990 Phys. Fluids B 2 1372

Ali S, Moslem W M, Shukla P K and Schlickeiser R 2007 Phys. Plas-
mas 14 082307

Berezhiani V I, Tskhakaya D D and Shukla P K 1992 Phys. Rev. A 46
6608

Svensson R 1982 Astrophys. 258 335

Chandrasekhar S 1935 Mon. Not. R. Astron. Soc. 95 676

Zank G P and Greaves R G 1995 Phys. Rev. E 51 6079

Some recent observations, €.g., in
http://www.astronomy.com/asy/default.aspx ?c=a&id=6442

Beskin V S 1993 Contemp. Phys. 34 131


http://dx.doi.org/10.1103/RevModPhys.83.885
http://dx.doi.org/10.1103/RevModPhys.73.629
http://dx.doi.org/10.1088/0034-4885/53/7/001
http://dx.doi.org/10.1103/PhysRevLett.99.096401
http://dx.doi.org/10.1063/1.1939947
http://dx.doi.org/10.1063/1.3140604
http://dx.doi.org/10.1063/1.1609446
http://dx.doi.org/10.1063/1.1609446
http://dx.doi.org/10.1103/PhysRevB.64.075316
http://dx.doi.org/10.1209/epl/i2006-10032-x
http://dx.doi.org/10.1088/1674-1056/21/5/055202
http://dx.doi.org/10.1088/1674-1056/21/5/055202
http://dx.doi.org/10.1088/0256-307X/26/4/045203
http://dx.doi.org/10.1088/0256-307X/26/4/045203
http://dx.doi.org/10.1088/1674-1056/20/2/025202
http://dx.doi.org/10.1088/1674-1056/20/2/025202
http://dx.doi.org/10.1103/PhysRevE.82.037401
http://dx.doi.org/10.3367/UFNe.0180.201001b.0055
http://dx.doi.org/10.1103/PhysRevB.78.155412
http://dx.doi.org/10.1103/PhysRevB.78.155412
http://dx.doi.org/10.1103/PhysRevB.75.193407
http://dx.doi.org/10.1209/0295-5075/84/17006
http://dx.doi.org/10.1209/0295-5075/84/17006
http://dx.doi.org/10.1103/PhysRevLett.65.175
http://dx.doi.org/10.1103/PhysRevLett.97.045003
http://dx.doi.org/10.1088/0032-1028/24/6/006
http://dx.doi.org/10.1063/1.2719633
http://dx.doi.org/10.1063/1.2719633
http://dx.doi.org/10.1063/1.3114941
http://dx.doi.org/10.1103/PhysRevLett.108.165006
http://dx.doi.org/10.1088/1674-1056/21/2/023401
http://dx.doi.org/10.1088/1674-1056/21/2/023401
http://dx.doi.org/10.1063/1.859558
http://dx.doi.org/10.1063/1.2750649
http://dx.doi.org/10.1063/1.2750649
http://dx.doi.org/10.1103/PhysRevA.46.6608
http://dx.doi.org/10.1103/PhysRevA.46.6608
http://dx.doi.org/10.1086/160082
http://dx.doi.org/10.1103/PhysRevE.51.6079
http://dx.doi.org/10.1080/00107519308213810

	1. Introduction
	2. Basic set of equations
	3. Linear wave analysis
	4. Derivation of the extended Korteweg-de Vries equation
	5. Numerical analysis and discussion
	6. Summary
	References

