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Abstract Using the reductive perturbation technique
(RPT), the nonlinear propagation of magnetosonic soli-
tary waves in an ultracold, degenerate (extremely dense)
electron-positron (EP) plasma (containing ultracold, degen-
erate electron, and positron fluids) is investigated. The set
of basic equations is reduced to a Korteweg-de Vries (KdV)
equation for the lowest-order perturbed magnetic field and
to a KdV type equation for the higher-order perturbed mag-
netic field. The solutions of these evolution equations are
obtained. For better accuracy and searching on new fea-
tures, the new solutions are analyzed numerically based on
compact objects (white dwarf) parameters. It is found that
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including the higher-order corrections results as a reduc-
tion (increment) of the fast (slow) electromagnetic wave
amplitude but the wave width is increased in both cases.
The ranges where the RPT can describe adequately the total
magnetic field including different conditions are discussed.

Keywords Higher-order nonlinearity - Solitary waves -
Relativistic effect - Degenerate pressure - Compact objects

1 Introduction

Since the early investigations of Bohm and Pines [1], major
studies [2, 3] have been directed toward the study of phys-
ical properties of dense plasmas which are called quantum
plasmas. Due to the significance of Pauli exclusion mech-
anism in such plasmas, rather distinct features such as
quantum tunneling, degeneracy pressure, quantization of
electronic density of states, and many other peculiar fea-
tures [4] are expected to occur which are absent in the
ordinary plasma. Such quantum effects can lead to distinct
collective phenomena in quantum plasmas. Despite numer-
ous applications of quantum plasmas in different areas such
as semiconductors, nanotechnology, quantum optics, and
electronics [5], there are many astrophysical situations such
as white and brown dwarfs, neutron stars, and magnetars
where quantum effects become dominant [6, 7].

A dense plasma can be described as a quantum fluid
where its number density is so high that the electrons
become degenerate and obey Fermi Dirac distribution. The
study of a degenerate plasma has gained interest due to
its existence in interstellar compact objects whose number
densities lie in the range from 10> to 10*° cm™ [6-11]
and in intense laser plasma experiments [12]. The quantum
effect of degenerate plasmas becomes important when the
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de-Broglie thermal wave length associated with the species
(generally electrons) turns out to be equal or larger than
the interparticle distance or the Fermi temperature (which
depends on the particle number density) of the species
becomes greater than the system thermal temperature [1, 6—
8, 13, 14]. The degenerate plasma pressure in compact stars
arises due to the combined effects of Pauli’s exclusion and
Heisenberg’s uncertainty principles, which depends upon
the number densities of the constituent particles but is
independent of their own temperatures. The peculiarities
of modeling nonlinear collective interactions in quantum
plasmas have been pointed out recently [6, 7], where the
essential physics and salient features of dense degenerate
quantum plasmas are discussed. The study of electrostatic
and electromagnetic perturbations with degenerate elec-
tron pressure under such extreme conditions of matter has
recently been focused within the plasma physics commu-
nity [15-21], with use of models concerning applications in
astrophysical situations.

Whereas in an electron-ion (EI) plasma, the large mass
difference among electrons and ions induces a significant
disparity between relevant frequency and length scales,
which can be exploited advantageously to disentangle some
of the solitary wave characteristics. This is true not only
for linear modes but also for nonlinear excitations. Among
the most important types of nonlinear waves observed in
EI plasmas is the ion acoustic (IA) wave. Using the reduc-
tive perturbation technique (RPT), Washimi and Taniuti [22]
first studied the propagation of IA solitary waves that can
be described by the Korteweg de Vries (KdV) equation. On
the other side, a number of authors [23-26] have studied
the nonlinear propagation of intense electromagnetic waves
in electron-positron-ion (EPI) plasmas, in laboratory exper-
iments [27-29], in fireballs producing gamma-ray bursts
[30], and in solar flares [31]. In a warm EPI plasma at
nonrelativistic temperatures, one has the possibility of exist-
ing acoustic-like waves [32]. Shukla et al. [16] stated that
the electromagnetic pulses are associated with the compres-
sion of the plasma density and the wave magnetic field. In
the electron-positron (EP) plasma, the solitary wave mag-
netic field pressure provides the restoring force, while the
inertia comes from the equal mass electrons and positrons.
The solitary pulses are formed due to a balance between
the compressional wave dispersion arising from the curl
of the inertial forces in Faraday’s law and the nonlinearity
associated with the divergence of the electron and positron
fluxes, the nonlinear Lorentz forces, the advection of the
EP fluids, and the nonlinear plasma current densities. Later,
a strongly magnetized, ultradense EP plasma with degen-
erate electrons and positrons is considered by Khan et al.
[33, 34]. They found that by introducing ion species in their
EP model, the shear electromagnetic wave is shown to cou-
ple with electrostatic ion mode under certain conditions.

@ Springer

Recently, the cosmic-ray positron fraction has been mea-
sured by Payload for Antimatter Matter Exploration and
Light-nuclei Astrophysics (PAMELA) satellite [35-38].
The observed positron fraction rises in the energy range
of 10-100 GeV, contrary to the prediction of secondary
positrons, which are generated from cosmic-rays propa-
gating in the interstellar medium. Over the last 5 years,
several satellite and balloon observatories have suggested
intriguing features in the cosmic ray lepton spectra [39,
40]. Kashiyama and Ioka [41] proved that white dwarf pul-
sars potentially could become TeV energy EP source based
upon the energetics. Later on, Kashiyama et al. [42] stated
that white dwarf pulsars can produce EP pairs and acceler-
ate them up to TeV. Also, Kashiyama et al. [42] succeeded
in explaining the reported excess of the EP flux in the
range 100 GeV-1 TeV and the PAMELA positron excess.
Serpico [43] has summarized the global picture emerging
from the data, and some astrophysical diagnostics are also
introduced.

To remove discrepancies between experimentally
observed characteristics/space data of solitary wave soli-
tons and theoretical predictions, various studies [44—49]
have proved the necessity of including higher-order nonlin-
earity and dispersion in studying nonlinear plasma waves.
The new soliton solutions are called “dressed solitons.”
For instance, Esfandyari-Kalejahi et al. [46] have studied
the dressed electrostatic solitary excitations created in
a three-component pair plasma. They observed that the
higher-order nonlinearity leads to deformation of the soliton
structure from bell-shaped to W-shaped depending on the
variation in plasma parameter values. Chatterjee et al. [47]
have studied the effects of positron concentration, electron-
to-positron Fermi temperature ratio, and the soliton velocity
on the amplitude and the width of the produced dressed
soliton. Later, Akbari-Moghanjoughi [48] examined the
possibility of propagation of bright- and dark-type solitary
excitations by incorporating the higher-nonlinearity terms.
Recently, Mehdipoor and Esfandyari-Kalejahi [49] proved
that the higher-order corrections significantly change the
properties of the KdV solitons propagating in an EPI
plasma. However, all of these studies are only concerned
with the electrostatic solitary wave solutions. To the best of
our knowledge, no investigation has been made to examine
the contribution of higher-order nonlinear and dispersion
terms to electromagnetic excitations under extreme con-
dition of matter which is the main motive of the present
study. We consider a degenerate dense EP plasma model
containing nonrelativistic, inertial ultracold electron and
positron fluids. The mass ratio parameter is kept arbitrary to
include an investigation for EI plasma model too. The basic
equations describing our plasma system are presented in
Section 2 . A KdV equation is derived, for the lowest-order
perturbed magnetic field. The higher-order nonlinear and
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dispersion effects are taken into account in the derivation
of the inhomogeneous KdV type equation valid for the
higher-order perturbed magnetic field. In Section 3, the
renormalization method [50] is used to get the analytical
stationary solutions of the two evaluation equations. A set
of numerical illustrations along with a discussion related to
white dwarfs application are provided in Section 4.

2 Basic Equations

The propagation of electromagnetic perturbations in a
degenerate dense EP plasma system containing degener-
ate ultracold electron and positron fluids is considered.
This plasma system is assumed to be immersed in an
external static magnetic field B,). Focusing on the propaga-
tion of the electromagnetic (transverse) perturbation modes
(V-E = 0) in such a plasma medium is made. So,
from Poisson’s equation, we have N, = N, = N. The
degenerate electron pressure (P,), which is a function of
electron density and thus approximately equals to the degen-
erate positron pressure (P, = P, = P), is assumed
to be satisfied by the nonrelativistic degenerate equation of
state [8]:

3 /a\inah® 5 3 5

( ) N3 ~ 2A heN3,

M 5

where A, = wh/mec = 1.2 x 10710 cm, A is the Planck
constant divided by 2w, m, is the mass of an electron, and
c is the speed of light in vacuum. The dynamics of such
electromagnetic perturbations in a degenerate EP plasma
medium are described in normalized forms by[18]

0rn + 9y (nuy) =0, (D
1 5 5 3 2 )
ity + -0, (b2 +67) + 5B 0un’ =0, @)
1 1
diuy —Wdy | =0xb; | — —byx0yby =0, 3)
n n
1 1
diu, + nd; (;Bxb}) — ;bxﬁxbz =0, “4)
0;by + 0y (uxby — uybx) + 0ydru; =0, (®)]
0tby + 0x (uxb; — uzby) — dxdiuy =0, (6)

where d; (= 0; + u,0dy) is normalized by the reciprocal
of the electron cyclotron frequency; a)c_e1 [= mec/ (eBo)],
uj is the fluid velocity of j-plasma species (its com-
ponents are uy,uy, and u;) normalized by Va[=
By /./4mng (me + mp)]. B = 2hcACn§/3/ [Vj (me + mp)]
and n = N/n,, where n, is the equilibrium value of N.
The quantity m, is the mass of positron species (it may

be noted here that to pin-point the effect of the property
of being equal mass of the plasma species, we will use
W = m,/m, instead of using m,/m, = 1).b = B /B,. It
was assumed that [18] (i) the perturbations propagate along
the x-axis (i.e., v = &,9/dx), where &, is the unit vec-
tor along the x-axis, and (ii) the external magnetic field b
lies in the x — z plane (i.e., b makes an angle 6 with the
x-axis). It may be remarked here that in this model, we
concern with the electromagnetic waves propagating mak-
ing an angle 6 with the external magnetic field b. This is
equivalent to one of the two geometries [51]: (i) i) = e,k
and b = & B, cosf + &, B, sin®; (i) b = &, B, and
X = €, k cosf + €, k sin@. In addition, 8 = 0° (6 = 90°)
corresponds to the electromagnetic (EM) mode propagating
parallel (perpendicular) to the external magnetic field.

3 Derivation of KdV and KdV Type Equations

To study the nonlinear propagation of the electromagnetic
perturbation modes in the proposed ultracold and degenerate
EP plasma, we use a weakly nonlinear theory which leads
to the scaling of the independent variables as [22]

X=€e2(x—n)and T = /%1, @)

where A is the wave phase speed and € is a measure of
the solitary wave amplitude. We now expand the perturbed
quantities n, uy y ;, and by , about their equilibrium values
in powers of € as
n =14+en®4+2n® +3n® 4
Uy = eug) + ezuiz) + 63145(3) + ...,
uy = 63/21451) + 65/2u;2) + 67/2u§3) + ...,
u; = euél) + ezuf) + e3u§3) + ... ®)
by =cos0,
by =P 4+ 2P 1 72D 4,
b, =sinf + ebt + e2bP + 3P 4 ..
To the lowest orders in €, we get
bV sing AbtV sing
1 2 ”)(cl) _ 7z uD —

n’ = ,
o) o)

b;l)cose
T

s

®

where a» = A% — B and

xf,s=\/% [(1+ﬂ)i\/(1+ﬂ)2—4ﬂc0529] (10)

Equation 10 is the linear dispersion relation which yields
two possible electromagnetic wave velocities in the mag-
netized degenerate EP plasma under consideration; the fast
(slow) magnetosonic wave mode velocity Af (As) corre-
sponds to + (—) sign. It is noted here that Eq. 10 agrees

@ Springer
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Fig. 1 The fast electromagnetic
waves (A = A ), propagating in
an EP plasma with p = 1,
B=12,u,=0.1.The
variations of bgl) (solid black
curve), bg,)(red dashed curve)
and b, (dot-dashed blue curve)
are plotted against y. In (a)

6 =30°, (b) 8 =45°, (¢) 6 =60°,
and (d) 6 = 80°. Note that the
shaded region is the region
where the solution, b_, is valid

Fig. 2 The fast electromagnetic
waves (A = A f), propagating in
an EP plasma with p = 1,
B=09,u,=0.1. The
variations of b'" (solid black
curve), bg,) (red dashed curve),
and b, (dot-dashed blue curve)
are plotted against y. In (a)

6 =40°, (b) 6 =45°, (¢) 6 =60°,
and (d) 6 = 80°

@ Springer
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(b)

(c)

Fig. 3 The slow electromagnetic waves (A = Ay), propagating in an
EP plasma w1thu = 1,8 =1.2,u, = 0.1. The variations ofb( ) (solid

black curve), b (red dashed curve), and b, (dot-dashed blue curve)
are plotted agamst y. In (a) 8 =50°, (b) 6 = 65°, and (c) 6 = 80°

exactly with the relation obtained in [18, 52]. Whereas,
Mamun et al. [52] employed Fourier linear analysis and a
general dispersion relation is obtained. They discussed in

details the dispersion properties of parallel and perpendic-
ular propagating electromagnetic waves in EI dense mag-
netoplasma. Their dispersion relation is split into two, one
corresponds to Alfven-like and the other to magneosonic-
like wave mode. The next set of the equations, which are
obtained by substituting (7) and Eq 8 into Egs. 1-6 and then
equating the coefficients of €2, leads to

(1) 1)
ab; ob
ul) =D Aol =p—- 11

Wx OOy T hhxe b
where Dy, = p — {(I—-wecos’/vn}, n =
A(l —w)cosB/vy and v = A2 — cos? 6. For w=1,(l1)
becomes

(1

ab

ul) = ——and b’ = 0.

Therefore, m, = m, has asignificant role in the expressions
of u§1) and b;l).

Going further in the perturbation theory, considering
the coefficients of /2 and eliminating the second-order
perturbed quantities, we obtain a KdV equation as,

8b(1) ab(l) 33b(1)
+ APV —=- 4+ D—=- =0, 12
8T 0X + ax3 (12)
where
A = Fsin6 (303 + $psin0),
D =% (= Dy) + Dy,
with

H = (alkz sinZ + a%vz) / (a2,

o] = oy + 2B and v, = vy +200329.Foru =1,D,=1,
D > 1 which allows the existence of solitary wave solutions
of Eq 12. Equation 12 agrees exactly with the work of El-
Taibany et al. [18]. The stationary soliton solution of Eq. 12
is given by,

bV = by, sech? (y/A) (13)

where y = X — u,T. The solitary wave amplitude b, is
3u,/A, whereas its width A is given by A = 2./D/u..

On the other hand, the second-order perturbed quantities
n®, u)(cz), and ugz)can be estimated in terms of bgl)and bgz),
with the help of Eqs 9-12, as follows

2 1?

n(2) — Sll‘leb( ) + E axz + Fb( ) , (14)
2 2

u® = Asno,® +G83§2 + Hb", (15)

+ Acoseb(l) (16)

2 04,(2)
uz) cos b + I aXZ

where the coefficients E, F, G, H, and [ are given
in the Appendix. In addition, from the next higher-order

@ Springer
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in €, we can calculate the values of b(z) and u (2) as
follows,
2 b2 a3ph (1 apt"
ulP) =Dy e+ Kb S (17)
2 b2 | g o’b (1) "
b;) =n X + X3 + bZ X (18)

where the values of the coefficients J, K, L, and M are
provided in the Appendix.

Equating the coefficients of €
we get,

7/2in the basic equations,

X

?2)
on 0 (u(3)
T 90X

—an® + Dy @ 4 u§1>n(2>) =0, (19)

@
3 9
et o (sin0 60 a4 D@ 45 b
1 1 2
Lo L)+
M @ )
sin @ n(l)zabz —n(l)abZ —n(z)abz
9X 9X X
bl L 2,0 m?
—nOpD o=, (20)
ax T3P ax
@ 3) 2, (1) 2, (1)
dug?  out by ) 9%y
aT 39X IXoT ' * ax2
M 2,2
Ll (o ]
X 90X IX?2
3) 2 D
bt b b
o_2%" m9b” | 2)0b: "
cos ( ox " ax T x
M @ M)
(1)28bZ (l)Bu (2)814 .
T =) +u =0, 21
" ax) xR Tx @D

v
4 — | sinfu'® — cos Qu?) — kb§3) + ugl)bgz)

oT 0X
(1) )
ouy (0% duy
oT L D'¢
32 (2)

FA =0, 22)
Solving this nonlinear system of partial differential equa-
tions; (19)—(22), by eliminating the third-order perturbed
quantities, we obtain finally, with the aid of Eqs 9-12,
a linear inhomogeneous equation (a KdV type) for the
second-order perturbed magnetic field, b§2>

2) 3,(2)
db; d 3b
42 (0 <2>) +pL% _ <1>> )
o7 T A%x (b b 3 X3 Q(bZ @3

Fu@p —
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with
200" o) 92" R L
b<”) RV Ry 4 Ryp Ry
Q(Z ax TRy Gxr TRk s RS
(24)

where R (s = 1, 2, 3,4, 5) are given in the Appendix.
Thus, we conclude that the basic set of Eqs. 1-6 is
reduced to a KdV equation, (12), for the first-order per-
turbed magnetic field, bgl), and a KdV type equation, (23),
for the second-order perturbed magnetic field, b,
Applying the renormalization method [50, 53] and
removing the secular terms, we can finally obtain the higher-

order magnetic field soliton solution

b b
b, =bM 452 = [bm n % + 7 — g seh? (y/A)] sech? (y/A), (25)

where b§ » 1s the particular solution of Eq. 23 and

18u0 <R2+R3
a=—2

SRy 36140 Ry 5 Ry Ry + 2R3
— —— ) andb = - =
AD A D

2 \atam 2DA

It is noted here that we omit the details of the renormaliza-
tion method. For review of the details of this method, please
consult for example [47-50, 53].

4 Discussion and conclusion

We have considered a degenerate EP plasma consisting of
inertial ultracold electron and positron fluids following the
nonrelativistic equation of state P; N >3 The con-
tribution of higher-order nonhnearlty and dlspers10n to the
electromagnetic waves propagation in such a degenerate EP
plasma system is investigated. We have left the mass ratio
parameter, L, to be arbitrary in order to include an analy-
sis for EI plasma model where i > 1. Using a RPT, the
basic set of fluid equations describing the system leads, at
the lowest-order of perturbation theory, to KdV equation,
Eq. 12, and to inhomogeneous linear KdV type equation,
(23), for the higher-order perturbed magnetic field. The
higher-order nonlinear and dispersion terms are included in
searching for a better accuracy and for new features that
may exist. Using the renormalization method [50, 53], the
solutions of these coupled evolution equations are obtained,
Egs. 13 and 25.

In the following set of illustrations, let us take the
actual parameter values of white dwarfs; n, = 105 —
10%%cm~3and B, = 107 — 10°G, [10, 11, 18, 52, 54-57].
Before going through the numerical illustrations, let us first
check the validity of the proposed theoretical model accord-
ing to the selected white dwarf numerical values. We have
neglected the spin effects of electrons and positrons [54]
since the (magnetization energy) WgB, < kpTr, (Fermi
energy) [where Up is the Bohr magneton for electron and
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defined as up = eh/(2m.c)] is valid and it holds in
our numerical calculations as well. We have calculated the
numerical values of the these parameters upB, = 8.5 X
10~ %ergs [with B, = 10° G] and Fermi energy of electrons
is kgTre = 2.76 x 10~ 8ergs [with Tr, = 2 x 108K]. So it
is clear that up B, < kpTFe.

We assign for the lowest- [higher-] order perturbed
magnetic field bél)[bg,)] solid black [dashed red] curve;

however, the total magnetic field, (25), b, is presented by

(a)

(c)

Fig. 4 The fast electromagnetic wave (A = Ay), propagating in an EI
plasma with jt = 1836, = 89°, u, = 0.1, the variations of b" (solid
black curve), bg,) (red dashed curve), and b, (dot-dashed blue curve)

a dotted blue curve. The shaded area determines where
the higher-order solution evaluated from the RPT is valid.
AR
Some authors concern on the verification of this condition
only at y = 0; however, we stress it should be satisfied for
the whole y-range. Very recently, El-Taibany et al. [18] have
shown that the electromagnetic perturbation wave behaviors
change drastically around the value 8 = 1 (B is a physical
parameter proportional to the degenerate plasma pressure

Within this area, the condition bg)‘is verified.

(b)

(d)

are plotted against y. In (a) 8 = 0.5, (b) 8 =1, (¢) B = 1.5, and (d)
B =2.In (e), the three-dimensional variation of b, against B and y

@ Springer
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form, it is normalized by Vj and it depends explicitly on the
plasma density, n,, and the magnetic field, B,). As defined
in Section 2, B = 2hcAn>)/ [V3 (me+mp)] that can
be reformulated to be f = 9.54 x 10726 <n2/3/B§). For

instance, let ng = 10% cm™ and By = 10° G, we get
B = 0.044, though the unity g value; § = 1,corresponds to
ne = 6.5 x 10% and 10° G. Setting 10%° cm—3and choos-
ing the same value of B, = 10°, we obtain B = 2.06.
Therefore, in the following numerical illustrations, we pre-
fer to cover possible wide range of § for two reasons: first,
to compare these results with those of Ref. [18] and sec-
ond, to illustrate the reliable relation of the electromagnetic
wave characteristics against the plasma density and the mag-
netic field strength. In other words, we can say that smaller
values of S correspond to small value of n, or large B,
value; very strong magnetic field and vice versa. In Fig. 1,
for a dense EP plasma; 8 = 1.2, the variation of the total
fast electromagnetic wave (corresponds to A7), b, is plot-
ted against 6 variation in different panels. It is proved that
since the soliton wave for the lowest-order perturbed mag-
netic field, bgl), has a compressive character [18], though
including the higher-order corrections reveals that it trans-
fers to be a compressive hump with two rarefactive tails
for intermediate values of 0; 30° < 6 < 80°. But when
going closer to & = 90°, b, returns back to be a pure com-
pressive wave. It is obvious that the RPT can cover fast
electromagnetic soliton description where 50° < 6 < 90°.
In Fig. 1a, for 6 = 30°, bgl) exceeds the equilibrium value of
b, [see b, expansion in the last equation of (8); b;l) ~ 0.95
and bg,) = 2.2 but sinf = 0.5]. Also, the wave ampli-
tudes in this panel exceed the small-wave amplitude limit.
In other words, for smaller propagation angle, 6 < 50°,
the theory cannot describe the produced wave soliton due
to verification of the above-mentioned condition, though it
could work only for the variation around y = 0. More-
over, introducing the higher-order nonlinearity reduces the
fast electromagnetic wave amplitude and shrinks its width
in such dense and degenerate EP plasma, c.f. Fig. 1 panels
(b—d). On the other side, with § = 0.9, Fig. 2 illustrates
the dependence of b, on 6 variation. It is remarked here
that, in this case, the total magnetic field, b,, lies within
the verified area, i.e., the RPT works perfectly. In addi-
tion, b, has a compressive feature similar to bgl) produced
by El-Taibany et al. [18]. For 6 < (> 45°), the ampli-
tude of b, increases (slightly increases), though its width
becomes narrower for any value of 6. Figure 3 is devoted
to illustrate the variation of the slow electromagnetic wave,
b,, (corresponding to Xy), against 6 changes. In this case,
incorporating the higher-order nonlinear terms results in
inverting the slow electromagnetic wave dip to be a two-
hump compressive soliton. The RPT restriction yields that

the theory can describe the whole slow electromagnetic

@ Springer

soliton corresponding to B = 1.2 within a very small
range of 6; 65° < 6 < 70° and partially (just around
y = 0) for 50° < 8 < 65° and 70° < 6 < 80°.
However, for 8 < 1, the RPT cannot work for this
slow mode in EP plasma (not shown here). Generally,
the amplitude of the soliton wave is reduced as well
as its width. Comparing among Fig. 3 panels, one can
observe that, by increasing the value of 0, the magnetic
field soliton appears within a smaller y-range; the soliton
structure is shrunk.

Now, let us examine the case of an EI degenerate dense
plasma model (setting @ = 1836) that appeared as Fig. 4
with A = A ¢. It should be mentioned here that to verify the
degeneracy state of ion species in the case of EI plasma, the
following condition (Fermi temperature of ions) Tr; > T
(thermal temperature) is satisfied. The degeneracy related
parameter is defined as x; = Tf;/T (where j = e, p,
or 7). Therefore, x; > 1 for both of electrons and ions
[using Tp, = 2 % 108K and Tr; = 8 x 107K as the Fermi
temperature for electrons and ions, respectively]. On the
other side, the Coulomb coupling parameter for ions is
defined as I' = ¢?/ (kgTd) where d = (3/47'm(,)1/3
is the mean interionic distance. Using 7 = 2 x 10’
K and n, = 102 cm™3, we have ' = 0.029 <« 1
[55]. Thus, we can assume that the correlations among
ions (i.e., the ion crystallization effect) are ignored in
the proposed fluid model of dense plasma. Figure 4
elucidates that the b, soliton becomes wider with an
amplitude smaller than that of bgl), due to the introduc-
tion of the higher-order nonlinear and dispersion terms.
In addition, b, is firstly a two-hump soliton structure
corresponding to very small B value, then becomes a
wider compressive soliton (at moderate B value) then
finally for higher values of B, it becomes two-dip rar-
efactive (W-shaped) soliton with smaller amplitude and
narrower width, c.f. Fig. 4d. As discussed in El-Taibany
et al. [18], the present results would be applied to an
EI plasma model (last case) by satisfying the following
condition

u< Asec?o —1, (26)

which corresponds to a positive value of the dispersion coef-
ficient, D. According to Eq. 26, 6 should be very close
to 90°. Since El-Taibany et al. [18] proved that the fast
electromagnetic perturbed magnetic field wave, b is a
compressive soliton, b, changes its feature from compres-
sive (8 < 1) to rarefactive at B > 1. Although the RPT
cannot provide a description for the soliton which corre-
sponds to the slow wave velocity, Ag. It is noted from
Eq. 10, A corresponds to the negative sign. Therefore, the
wave velocity as well as the produced soliton wave are very
sensitive to € and B variations.
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To conclude, it is important to incorporate the higher-
order nonlinear corrections; however, the RPT cannot
work perfectly for all nonlinear electromagnetic wave
domain in either EP or EI dense and degenerate plasma.
We can summarize the effects of these corrections
as follows:

1. InEP dense plasma (U = 1), for the fast wave (A = A ¢),
it reduces (increases) the soliton amplitude correspond-
ing to B > 1(< 1); however, its width decreases for
any value of 8. For 8 < 1, the final soliton type
is compressive; for § > 1 it is also a compressive
soliton, with rarefactive tail appearing at moderate 6
and disappearing for increasing 6. Moreover, the RPT
can work for the whole 0 variation with § < 1 but
for § > 1, it could be used for 50° < 6 < 90°
only.

2. In EP dense plasma (U = 1), for the slow wave (A =
M), it contributes in changing the soliton from a rarefac-
tive dip structure to a two-humped compressive one,
with similar amplitude but with reduced width. The
RPT is working for very small range of the propagation
angle, 65° < 6 < 70° with 8 > 1. Otherwise, it cannot
be employed.

3. For El dense plasma (L = 1836), for the fast wave (A =
A r), it changes the soliton structure from two-hump (at
very small B value), passing through a wider compres-
sive soliton ( moderate 8 values) and finally at higher
value it becomes two-dip rarefactive soliton (W-shaped
soliton). The RPT works perfectly for these fast modes
where 6 is very close to the perpendicular direction, i.e.,
6 ~90°. Whereas it can not be used for the slow wave
modes.

4. Finally, we stress that one must be careful when
applying the RPT in studying obliquely propagating
electromagnetic waves in either EI or EP plasma.
We suggest to employ a non-perturbative technique
or numerical simulation method where RPT can-
not work. The present findings due to incorpora-
tion of these higher-order corrections show signifi-
cant modifications on the basic properties of the soli-
tary wave solutions (polarity, amplitude, and width),
and revealing new features in comparison between
EP and EI plasmas.

Our present investigation would be helpful in under-
standing the basic features of the localized electromagnetic
disturbances in compact astrophysical objects, e.g., white
dwarf stars, which are used as appropriate application [35-
43]. It may be added that the effects of inhomogeneity in
plasma density and ambient magnetic field on these electro-
magnetic solitary structures and their stability analysis are
also problems of great importance, but this is beyond the
scope of the present work.

Appendix

The expressions of the coefficients appeared in Eqs. 14-16
are

_ 2D sin6 _ 1 AAsin6
a% ’ 20 a%
: 2
sin” 6 B
3 —y — = ,
+ 2a§ ( 2% 3)
Dsin0 Asin?6  Asin®
G =Er+ L H=F\— 5 s
) o5 207
D A(l—
I = cos® ——u .
A2 o

The expressions of those presented in Eqs. 17 and 18 are

9

J = (L—Dy)D—Lcos6 K — [(n—Dy)A—M cos6] _ using
- A ’ - A o)

L _E[H_AS_@] M:_i[ﬂ_sinécosze].

T A a V1 V1 A o

Finally, the coefficients appeared within the source term,
(24), are

R, = —Hil [(sinze/az) <00329 22 i—l n (sin29/a2)
n [2 sin? 6/ (9ﬂa§)] }) — (A/3)sinf cos? 0
VF { B [cos2 6+2 ()»2/012) sin2 9] — ,\2}
+H [(az /%) (3x2 + cos? 9) +3 (o1 j@2) A sin? 9]] ,
Ry = —Hil {30[2)» (KA + Mpcosd) — 22 sin@ [uz — P

+Du(1=w]+E (B{cos?-+2 (32 sin? 0) /G ]

)

1
R3 = ~H {062)\. (AK 4+ M cos )
1

—A2sin6 [zuz + Dy (1 — 2u)]
G [a2 + (1 /a2) sin? 9]
12/ Baa)] EBA2 sin 0 — AT sin 6 cose} ,

oA
Ry = —— (AJ + UL cosB),
H
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