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Nonlinear electrostatic shock structures in dissipative magneto-rotating electron-positron-ion
(e-p-i) plasmas with warm ions, non-thermal electrons and positrons following the g-
nonextensive velocity distribution are investigated. The Korteweg de Vries Burger (KdVB)
equation which describes the dynamics of the nonlinear shock structures is derived by using
small amplitude reductive perturbation technique. The quantitative analysis of different physical
parameters on the shock structures is presented here. It is found that the shock structures are
sensitive to the Coriolis force, obliqueness, entropic indices of electrons and positrons (g. and
gp), ions temperature, positrons temperature and to the positrons concentration. This study
would be helpful to understand the dynamics of the shock structures in the subextensive and

superextensive plasmas with warm ions such as astrophysical and space environment.

1. Introduction

The ion acoustic wave (IAW) is a low frequency
electrostatic mode which involves plasma density
perturbations [1, 2]. The small as well as large amplitude
IAW leads to different types of nonlinear structures such
as solitons, shocks and vortices. It is well known that in a
nonlinear dispersive media the solitary structures formed
due to balance between the nonlinearity and dispersion
which also leads to the formation of the shocks in the
presence of dissipation [3]. The nonlinear structures have
been found in laboratory as well as in space plasmas.
Some authors have presented the observations of Freja
and Viking satellites in order to understand the existence
of wvarious nonlinear structures in the planetary
magnetospheres [4]. For this reason theoretical study of
the nonlinear structures in space and laboratory plasmas
have gained particular interest amongst the physicists.
Cairns et al., 1995 investigated the effect of superthermal
particles on the electrostatic solitary structures. The
results of their study are in good agreement with the
satellite observations [5]. Numerous other studies have
also proved that Boltzmann Gibbs statistics based on the
Maxwellian distribution is not a valid description for
space plasmas under all conditions. There are various
physical factors that create non-Maxwellian particle
velocity distributions. For example the spatial variations
of plasma density, temperature and the magnetic field as
well as the background turbulence lead to the non-
Maxwellian behavior of the particles for which
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Boltzmann Gibbs (BG) statistics is not valid description.
The space plasmas such as the solar wind, the planetary
magnetospheres and the interstellar medium are well
known examples of non-equilibrium systems which
contain significant population of superthermal particles.
For description of such systems Kappa or Flat top
distributions have been successfully applied [6].
Furthermore, the generalization of BG statistics based on
Tsallis/ non-extensive entropy has been used for several
decades. During the last few decades, it has been proved
that the systems which present long-range interactions
and long-time memory cannot be dictated by the
conventional Boltzmann Gibbs statistics. The main reason
is that the BG statistics is based on additive or extensive
formalism. According to the additive property the entropy
of the composite system (A+B) of two independent
systems A and B is equal to the sum of the entropies of

the subsystems A and B; i.e., S(AB) g4, 5B
However, for the non-extensive system the entropy of the

A+B A, B AcB
SCAE) ~sA 1 ST+ (1-q)S]'ST.
where g is the entropic index and it determines the
deviation from the BG statistics. Tsallis entropy has been
found in many systems e.g., long-range Hamiltonian and
Gravitational systems such as dark matter holes, cosmic
rays, galaxy clusters, pulsar magnetospheres and space
plasmas [7]. The non-extensive approach is based on the

g distribution for the particle velocities which can be
written as:

composition  is:
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where Cq is the constant of normalization and { is the

non-extensive parameter. In the limiting case when (g-1)
the g velocity distribution reduces to the well known
Maxwellian distribution. In the superextensivity limit:
—1<g<1, the constant of normalization is

F( ! % m,(1-q) . .o
c,=n,, 1=q"  |Te and in subextensivity
q F( 1 ) ZﬁkBTe

1q2

F(—+ ) —
limit: ¢g>1, C :neoi i-q 2’ [me(1-q) ,
q 2 r(ﬁ) \| 27kgl,

where /" corresponds to the standard gamma function. In
subextensivity limit the thermal cutoff on the maximum
value of the electrons velocity is given as:

2k
Vmax = H ( k T
Mg B'e

In this study we deal with the plasma system which is
composed of electrons, positrons and ions also known as
electron-positron-ion (e-p-i-) plasma. The e-p-i plasmas
found in several astrophysical environments such as in
active galactic nuclei, in a pulsar magnetosphere, in
neutron stars and in the early universe exhibit long-range
interactions [10, 11]. It is well understood that he
dominant constituents of these astrophysical plasmas such
as the electrons and positrons can be described by the
non-extensive velocity distributions. The g velocity
distribution significantly affects the nonlinear structures
and for this reason it has been used in a large number of
theoretical investigations during past few years. Many
authors studied the excitation of the nonlinear
electrostatic structures in various plasmas [12]-20]. The
purpose of the present study is to investigate the
propagation properties of the shock structures in
dissipative  magneto-rotating e-p-i  plasmas. The
propagation characteristics of the small amplitude
perturbations in the dissipative plasma can be adequately
described by the non-linear Korteweg-de Vries Burgers
(KdVB) equation. The dissipative Burger term in the
KdVB equation comes from the kinematic viscosity of the
inertial ion fluid. A small amplitude reductive
perturbation scheme is used to derive the KdVB equation.
The effects of various parameters such as the Coriolis
force, obliquity, temperature, positron concentration and
nonextensivity are also presented. It is found that the
kinematic viscosity plays key role in the formation of the
shock structures in magnetized, rotating and dissipative e-
p-i plasma. The remainder of this article is organized in
the following manner: Section Il briefly explains the
model and governing equations. Section 1l deals with the
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mathematical approach which is used to derive Korteweg
de Vries Burger (KdVB) Equation. In section IV, we
present results and the effects of various plasma
parameters. Finally, Section V contains a summary and a
general discussion of our findings.

2. Model

We consider the propagation of ion acoustic wave
(IAW) in magnetized, rotating, and dissipative plasma
whose constituents are hot ions and non-Maxwellian
electrons and positrons. The model is electrostatic in
which the ambient magnetic field is along z-axis (i.e.

B:Boi). The plasma is rotating with frequency Q

about the axis of rotation which makes angle € with the
magnetic axis as illustrated in Fig. 1.

<"

X
Fig. 1: [Ilustration of the geometry of the system
The rotational  frequency Q is given as

a4 = (2,sin8,0,0,c0s8) with €2 is the magnitude of

the rotational frequency. The normalized continuity and
momentum equations for the ion fluid are given as:

(&)
Py 1 ==V¢-V-P+Q2 (V.xz)+
Hi o2 = AN Ar O
LV +2(V,;x2)+Q2x(2xTF) (3)
ml.nl.
Where n, , Mi and ¥, represent ion density, mass

being the ion cyclotron

. . eB
and velocity with 2 = mj
frequency. Here < s the electrostatic potential, I5I is
the anisotropic pressure tensor and ; is the dynamic
viscosity of ions. The kinematic viscosity of the ion fluid

2211071 7,4,

is given as , where A and Z

IL[. =
! z* A

represents the atomic weight and charge, 7, is the ion
temperature and /n A is the Coloumb logarithm. In Eq. 3
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the last two terms represent the Coriolis force and
Centrifugal force. We consider slow rotation; i.e.,

£ <1 and therefore, the higher order terms of the
rotational frequency (2 are less significant. It can be
seen that the Centrifugal force is directly proportional to
€0, and in slow rotation limit its effect is weak and can
be neglected [18]. When plasma rotates its physical

parameters exhibit their dependence on all three
coordinates (x, y, z); i.e.ﬁ (ai ai ﬂ) With these
y O

assumptions we found the following set of partial
differential equations:

%+a(n1 IX) @(111 IY) 5(111 lZ) =0
ot ox oy oz ’ @)

The external magnetic field introduces anisotropy in
the ions pressure which splits the pressure tensor into two
components in the directions perpendicular and parallel to
the magnetic field. The anisotropic pressure is modeled
by using double adiabatic or Chew- Golberger-Low
(CGL) theory which is given by the following relation
[21-24]:

ﬁj:pj_j[_'_(p//j_pj_j)éé/ )

where 7 s the unit tensor, and Z is the unit vector
along the external magnetic field. The parallel and
perpendicular components of the pressure are given as:

n i
PLi=Pi( H_)' (6)

io

n.
Pyi = PyioC n—l)S/ @

10

n.
here pLi:piio(n_I;) and p//joznjoT//I- represent

the equilibrium ion pressures in perpendicular and parallel
directions respectively. In isotropic case p,;=p;; ,and

it leads to the following relation: V-2 =Vp,. The

difference in the parallel and perpendicular temperatures
also introduces the anisotropy in the kinematic viscosity
of the ion fluid. The x, y, and z components of the
momentum equation can be written as:

aViX-+(V 2 +v 9 +v o iy ==C Lo
6[ A’&X @'ay &'az Ix 17 n aX
oD
_8_X+(a)d +240 cos Q)Vl-y +771'J_V2V1'X ®)
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o iy +(v, 0 +v iﬂ, i)V — ié‘i_a_@
ot ¥ ox Yoy ozl W L"171. oy oy

~(w;+2802 cosO)v, +202 sinbv, + 77,¢V2V1y 9)

0 0
6 +(Vv Vix a lya_H/iz a_Z)ViZ =_30-//1'
on, 0@ 2
’ 621 _6_Z_ZQ sinQv,, +n,, Vv, (10)

In above equations v, , v, represent x, y

w

and z components of the ions velocity, n;

and Vi,
is the ion

density. The symbol is the ratio between the

i
perpendicular ion temperature (7,;) and electron

_ TJ.]' 7 H
= and Oy ls the ratio

e

temperature (7, ) ; i.e, o ;

i I

between the parallel ion temperature ( ;) and electron

T,.
temperature (7, ) ; i.e., .:%. The inertia less

o
V2 .
species such as electrons and positrons are described by
the non-extensive g velocity distribution which in the
normalized form can be written as :

qp+1

Z(QP_Z)

n,=v[1-(q,-1)c,®0] (11)

here g, and q, are the entropic indices for the electrons

. . . T
and positrons respectively. In above equations: o, =T—e
p

denotes the ratio of electrons to positrons temperature,

pu="eo and v="Po p
io Tjp
unperturbed densities of electrons, positrons and ions
respectively. At equilibrium the following quasineutrality

condition holds:

and n,, represent

eor po

H—v=1 (12)
Poisson's equation is given as:
2 2 2

0 cD+6 @ 0 ¢=He—np—ﬂ,- (13)

ox? 6y2 0z%

Where @ is the normalized electrostatic potential.

Following normalization is used: n,, n, and n, by
— - - kETe -

n;,, , v, by ion acoustic speed C_= el the ion

1

cyclotron frequency <2 and plasma rotational frequency
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£ are normalized by the

., ion plasma frequency

2

. kpT, .
@ =4 and @ by <“Be. The spatial and
pr Eoimj e

temporal scales are normalized by the Debye length

(Ap)

7 _ H1i%i
and o : —

respectively, 7, = and

—//’—2’” are the normalized kinematic viscosities

Myi =
S
of the ion fluid in the direction perpendicular and parallel

to the magnetic axis.

3. Reductive Perturbation Scheme

A small amplitude reductive perturbation method is
used to derive the KdVB equation [2]. The following
stretching variables are used:

E=eP(Lx+Ly+1Lz—At),t=¢¥*t (14

Here /., Iy
wave vector in the direction perpendicular and parallel to
the magnetic field, 4 is the phase velocity of the ion
acoustic wave (IAW) and ¢ is the small parameter
(0<&<1) which determines the weakness of the

and IZ are the direction cosines of the

nonlinearity. The physical quantitiesn;, v, , Vigr Vig

and @ are expanded in terms of ¢ . The expansions used
are given as:

n; :1+gn1.(1) +£2n1.(2) + ... (15)
w =€ V(J) +£3V(2) +.. (16)
3 (1) (2)
2 2
Vig =€V, eV 4 a7
v, :gVI.(Z]) +6‘2Vl-(ZZ) +.. (18)
D=ed) +2p(?) 4 . (19)
1
My =€y (20)
1
N =0, (21)

Due to the anisotropy induced by the external
magnetic field, the parallel component of the ion velocity

v,, is stronger than the perpendicular components v,

and Vig - This affect is noticeable from the powers of ¢

that is, v;, contain lower powers of & as compareto v,

and Vi . By transforming the above set of equations in

new varlables ¢, r and using the perturbation scheme
given in Equations (16) to (22) we get different order
terms of ¢ . The lowest order terms of ¢ give the
following set of equations:

- ;V'(Zl) (22)
v _I—X oW 0.0y (23
K (@ +29, cosa)( ¢P 00,07 (23)

v _ A v@

Yix (@ +2Q, cosH) Ocvy (24)

209 =1,0,0W +31,031,0,n (25)

n® = Qo® (26)

where Q= (yqf‘+1+va ) Equations (23) to (27)

are used to obtain the phase speed of IAW which is given

as:
:Jé(lf +

(3|z o} + 2Q, smHlXIZal,)
wgj +2Q, cos O

2Q, sin 6l |,
Wgj +2Q, cosf

@7)

It can be seen from Equation (27) that the phase speed
of the ion acoustic wave in e-p-i plasma depends on
various plasma parameters e.g. plasma temperature

through o ; and Oy the degree of nonextensivity
through parameter
gyrofrequency @,

Q, the obligqueness &, the ion
and the rotational frequency (2, .

When 6=0°that is the rotational axis is aligned with the
magnetic axis then the rotational effects in the phase
speed disappear. In limiting case, when plasma is
composed of the nonextensive electron and cold ions

o, =0y =0 and q, =0 , the phase speed reduces to:

1 .2
A= 1=(1
C \/Q(Z+

Hussain et al.,
plasma; i.e.,

%) which is determined by
+20 cos0

2013 [18]. Furthermore, for Maxwellian

q.,=1 and q, =0 , the phase speed is

identical to the one reported by Mushtag, 2010 [25]. The

higher order terms of /' leads to the following set of
equations:

117



N. Imtiaz et al. / The Nucleus 53, No. 2 (2016) 114-120

1 1 1) (1
0,.nf )+1x‘3§"1gr)+lza;(”1( W) (28 where o, =3 - and A= 105’ represent the maximum
amplitude and W|dth of the shock structure. In this section

1 1 1 2
’wg zg )_Uu] ”( )ag 1( )=0o zlxag 1( & we investigate the dependence of the ion acoustic shocks
in a magnetized dissipative e-p-i plasmas on relevant

(2) (2)

1,0, = (0 + 283, cos0 v, (29 plasma parameters such as nonthermal positron
populations, Coriolis force, magnetic field, obliqueness,
(1) =(w,;+20,cos O W'} (30)  positron to electron temperature ratio ( o, ), ion to
(1) (1) (1) (g (1) electron temperature ratio ( o, ), nonextensivity, and

a‘[VlZ +]ZVIZ aé‘ iz +3O—//1'1 ” aé‘ i /
kinematic viscosity. The variations in the phase speed of
o0V 1) =40, v 1,0, 0% - the ion acoustic shock waves with nonextensive
2_(205/119[/5/ % ~306,,1,0,n n?) 31)  parameters e and Up are shown in Fig. 2. It can be seen

that the phase speed of the ion acoustic shocks decreases

(1) y(qe+1)(5’—qe)—v0'§(qp+1)(3—qp) with increasing the entropic index of the electrons Je .
e - 7 However the decreasing trend in the phase speed is

different for the sub-extensive ¢g,>7  and super-

0

oo o) =go. (%) —5,.n(?) (32)
d d ¢ extensive g, <I regime. It is found that the phase speed

By eliminating ”1'(2)v VI(Z)’ VI(ZZ) and @(?’ from decreases fast in the super-extensive regime and it

. 4 . ] decreases slowly in the sub-extensive regime. On the
Equations 29 -33, we get the KdVB equation for the ion  gther hand, the phase speed of the ion acoustic shocks
acoustic shocks in magnetized rotating e-p-i plasma. The  gecreases linearly with increasing the nonextensive

KdVB equation is given as: parameter of the positrons q, . The phase speed also

(1) (s p(1) (1) (1) _
0,0/ + AD agcb +B@C¢§d) +C@§§d) =0 (33)

1.2,

Here 4, B, and C represent the nonlinear, dispersive — o008
and dissipative  coefficients  respectively.  These o3 =0.13
coefficients can be given as: e

o-lﬂ= -
20 sin0l 1 .
A== 10?307 +0,,1, -0 0
22Q (o, +2€0 cos0) Ge
A% -aZ
f%m(qe +1)(3-q,)-vor(q,+1)(3-4q,))]
(34)
A1+ .
2/10 (a)a. +20 cos 6?)2
20 sin6l 1 :
(]5 _ o X ZO-J_I (35)
(o, ;+20 cos0) Fig. 2: Variation of the ion acoustic phase speed with parallel
temperature
o
C= 36 0.008F =
2 (6) 0008 -
. . 0.006f
4. Results and Discussion
. . . P 0004
We have used the following analytical solution of the
KdVB equation [3]: 0.002
0.000k - . I
, go6c? . _6c? —200-100 0 100 200 =—=2
_ 25B _ 25B
D=, [sech” ( y )+2(1-tanh( y )] g
(37) Fig. 3: Effect of the positron concentration on shock strength
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exhibits strong dependence on the parallel component of
the ion pressure or temperature and this effect is

illustrated through Oy as shown in Fig. 2. It is found

Tyi
through - enhances the

i =T,
phase speed of the ion acoustic shocks. Fig. 3 shows the
impact of positron species on the propagation of the
shocks in the system. It is noticed that by increasing the
positron content ( v ) the amplitude of the shock
increases and its width decreases. This is due to decrease
in the values of the coefficients A and B which in turn
affect the amplitude and width of the shocks. The

rotational frequency ( €2, ) determines the strength of the

Coriolis force and also modifies the behavior of the
nonlinear structure as illustrated in Fig. 4. It is noticed

that by increasing the rotational frequency ( €2, ) the

that increasing 7),;

0.005}
0.004 ¢
@ 0.003;
0.002
0.001

0.000% : :
—200-100 O

{

Effect of the rotational frequency on the strength of ion acoustic
shocks

100 200
Fig 4:

shock strength increases. The effect of the external

magnetic field is studied through o, _ % a5 shown in

a)pl-
Fig. 5. It is noticed that by increasing the strength of the
external magnetic field decreases the amplitude and
increases the width of the shocks. We explore the
dependence of the ion acoustic shock potential on the
obliqueness through @ which is the angle between wave
propagation and the magnetic field as shown in Fig. 6. It
is found that increasing the value of & enhances
the amplitude of the ion acoustic shock as well as its

steepness. The entropic indices ¢, and q, also affect

0.006]
0.005 ===~
0.004 |
D 0003
0.002
0.001
0.0000 oo
Z200-100 0O

{

Effect of the magnetic field on the strength of ion acoustic
shocks.

100 200

Fig 5:

0.006E==00s
0.0053F———= =
0.004 ¢

0.000k : s
—200-100 0O

{

Effect of obliqueness on the strength of ion acoustic shocks

100 200

Fig 6:

the properties of the ion acoustic shocks. In sub-extensive
regime that is g, =q,>1, the shock potential increases

and width decreases with increasing the entropic
parameters g. and g,. It is also observed that the shock
amplitude increases and width decreases due to increase
in the subthermality of the electrons and positrons. On the
other hand it is noticed that increasing the
superextensivity of electrons and positrons or decreasing
the entropic parameter the shock strength decreases. The
strength of the shocks strongly depends on the kinematic
viscosity of the medium that is the shock strength

increases with increasing77,,, ~This is due to the fact that

increasing the parallel kinematic viscosity is equivalent to
high dissipation in the system which leads to a large value
of the dissipation coefficient C . This in turn leads to large
amplitude of the ion acoustic shock structures.

5. Conclusions

We have studied the propagation of ion acoustic (1A)
shock waves in magnetized, rotating, dissipative,
nonextensive e-p-i plasmas. The plasma is composed of
inertial warm anisotropic ions and inertialess q-
nonextensive distributed electrons and positrons. Small
amplitude reductive perturbation technique is adapted to
derive the Korteweg de Vries Burger (KdVB) equation
which describes the dynamics of the ion acoustic shock
structures in the system. The results show strong
dependence on the plasma parameters which can be
summarized here:

e The phase speed of the ion acoustic shocks shows
strong dependence on the parallel component of the
ion temperature. This in turn leads to the variation in
the shocks potential at different ion temperatures.

e By increasing the positron concentration the ion
acoustic shock strength increases.

e Increasing the strength of the Coriolis force enhances
the ion acoustic shock potential.

e As the strength of the external magnetic field
increases the shock potential decreases.

e The strength of the ion acoustic shock structure
increases with increasing the subextensivity of the
electrons and positrons. However, it decreases with
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increasing superextensivity of the electrons and
positrons. This is due to the fact that the entropic
indices of the electrons and positrons affect the phase
speed of the ion acoustic shocks reciprocally.

Finally, the shock strength increases with increasing
the dissipation coefficient in the system through the
kinematic viscosity of the ion fluid.
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