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Abstract

The nonlinear propagation of dust-ion-acoustic (DIA) waves in an unmagnetized
collisionless degenerate dense plasma (containing degenerate electron, positron, ion fluids
and negatively charged dust grains) have been theoretically investigated. The Burgers’
equation has been derived by employing the reductive perturbation method and by taking
the effect of viscous force in the ion fluid into account. The stationary shock wave solution
of Burgers' equation is obtained, and numerically analyzed in order to identify the basic
properties of dust-ion-acoustic shock structures. It has been shown that depending on
plasma parametric values, the degenerate plasma under consideration supports compressive
or rarefactive shock structures. The relevance of our results in astrophysical objects like
white dwarfs and neutron stars, which are of scientific interest, are briefly discussed.

PACS numbers: 52.27.Ny, 52.35.Fp, 52.35.Tc, 52.25.Vy

Keywords: Dust-ion-acoustic waves; Shock waves; Degenerate pressure; Relativistic
factor; Compact objects.

Introduction

Now-a-days, the linear properties of the DIA waves in dusty plasmas are well understood
from both theoretical and experimental points of view [1-5]. Recently, the nonlinear waves
particularly the DIA shock waves (DIA ShWs) have received an impressive interest in realizing
the basic properties of localized electrostatic perturbations in space and laboratory dusty
plasmas. The physics of quantum plasmas, rapidly grown beyond conventional plasmas
found in space or laboratory for many years [6,7]. This is mainly due to the potential
applications of quantum plasmas in different areas of scientific and technological importance
[8-11]. It is a common idea that electron-positron plasmas have presumably appeared in the
early universe [12,13] and are frequently encountered in active galactic nuclei [14] and in
pulsar magnetospheres [15,16]. This electron-positron-ion plasma is usually characterized as
a fully ionized gas consisting of electrons and positrons of equal masses. Recently, there has
been a great deal of interest in studying linear as well as nonlinear wave motions in such
plasmas [17,19]. However, most of the astrophysical plasmas usually contains ions, in addition
to the electrons and positrons. Clearly, the properties of wave motions in an electron-
positron-ion plasma should be different from those in two-component electron-positron
plasmas. For example, Rizzato [20] and Berezhiani et al. [21] have investigated envelope
solutions of electromagnetic waves in three-component electron-positron-ion plasmas.

The electron-positron-ion plasmas are thought to be generated naturally by pair
production in high energy processes in the vicinity of several astrophysical objects as well as
produced in laboratory plasmas experiments with a finite life time [22]. Because of the long
life time of the positrons, most of the astrophysical [23] and laboratory plasmas [24] become
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a mixture of positrons, which is the analog of recombination in
plasma composed of ions and electrons, is relatively unimportant
in classical [25], as well as in dense plasmas [26] to study the
collective plasma oscillations. The ultra dense degenerate
electron-positron plasmas with ions are believed to be found in
compact astrophysical bodies like neutron stars and the inner
layers of white dwarfs [26-29] as well as in intense laser-matter
interaction experiments [30,31].

Now-a-days, a number of authors have become interested
to study the properties of matter under extreme conditions [32-36].
Recently, a number of theoretical investigations have also been
made of the nonlinear propagation of electrostatic waves in
degenerate quantum plasma by a number of authors [37-39]
etc. However, these investigations are based on the electron
equation of state valid for the non-relativistic limit. Some
investigations have been made of the nonlinear propagation of
electrostatic waves in degenerate dense plasma based on the
degenerate electron equation of state valid for ultra relativistic
limit [40-42]. We are interested to study the dissipation relation
of the DIA ShWs in a degenerate e-p-i plasma system where we
have added positrons for the rather long lifetime of positrons,
most of the astrophysical [14,16-18,23,29,43-45] as we have
mentioned in the introductory chapter. The DIA ShWs are
longitudinal oscillations of the ions (and the electron-positron) a
dusty e-p-i plasma. The linear dispersion relation (DR) will give
the relation between the wave frequency ‘@ and the wave
number 'k. The number density of the degenerate electron and
positron in a compact object is so high (e. g. in white dwarfs, the
degenerate electron number density can be order of 10°% cm?®
even more, and order of 10° ¢cm= even more in neutron stars)
that the non-relativistic limit is not practically applicable for de-
generate fermions (electron-positron-ions). The equation of
state for degenerate particles in astrophysical compact objects is
the ultra-relativistic limit mathematically explained by S.
Chandrasekhar [33]. It is very important to note that the
degenerate pressure depends only on the fermion number
density, but not on its temperature.

To the best of our knowledge, no theoretical investigation
has been developed to study the extreme condition of matter
for both non-relativisticand ultra-relativistic limits in a degenerate
plasma system with the nonlinear propagation and formation of
the dust-ion-acoustic shock waves (DIA ShWs). Therefore, in our
present investigation, we consider a degenerate dense plasma
system in absence of the magnetic field containing non-
relativistic degenerate cold ion fluid, both non-relativistic and
ultra-relativistic degenerate electrons and positrons where the
ion is the heavier element among all other elements. To study
the basic features of the dust-ion-acoustic nonlinear structures
of shock wave in such unmagnetized three component
degenerate dense plasma, we have studied the Burgers’ equation
and the numerical solution of Burgers’ equation. The model is
relevant to compact interstellar objects (e. g, white dwarf,
neutron star, etc.) [46].

Governing equations

We consider an unmagnetized collisionless degenerate
dense plasma system consisting of non-relativistic degenerate

cold degenerate ion fluid and both non-relativistic and ultra-
relativistic degenerate electrons and positrons fluids and
negatively charged dust grains. The dynamics of the one
dimensional DIA ShWs in such a degenerate dense plasma
system is governed by
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where u is the ratio of the number density of negatively
charged dust and ion (Zsn4/nio) & p=1+0,-ae,ns is the plasma
number density of the species s (s = e for electron, i for ion,
and p for positron) normalized by its equilibrium value ng,(ne,),
Us Us is the plasma species fluid speed normalized by
Cin=(mec?/m;)"? with m¢(m;) being the electron (ion) rest mass
mass and ¢ being the speed of light in vacuum, ¢ is the
electrostatic wave potential normalized by m.c?/e with e being
the magnitude of the charge of an electron, the time variable
(t) is normalized by w,i=(47mn.e*/m;)"”> and the space variable
(x) is normalized by A,,=(m.c?/4rn,e®)’>. The coefficient of
viscosity n is a normalized quantity given by wA2,mn,,, and a,
is the ratio of the number density of electron and ion (n./n;)
and a, is the ratio of the number density of positron and ion
(n,/ny). The constants Ky=ng~'K;/m;?C? and Ky=n§ 'K./m;Ci?=
ny'K,/m;C2. The equations of state used here for the
degenerate pressures of electrons, ions and positrons are
given by

Pi=Kin;“ (6)

where |

0= K =§(£T”’i~ éAjzc, @
37" 5\3) m~

for the non-relativistic limit (where A, =z#*/mc =1.2x10"°
c¢m, and 7 is the Planck constant divided by 2x).

While for the electron fluid,

Pe=K.nt, (8)
and while for the positron fluid
P,=K,nt, 9)
where for non-relativistic limit [33-35,40,42]
r=a; Ke=K,=K; (10)
and for the ultra-relativistic limit [33-35,40,42]
1

7/=i;K{,:K =3[”]3hc~3hc, )

3 ? 40 9 4

Derivation of Burgers’ equation

Now we derive a dynamical equation for the nonlinear
propagation of the dust-ion-acoustic shock waves by using (1 -
5). To do so, we employ a reductive perturbation technique to
examine electrostatic perturbations propagating in the relativistic
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degenerate dense dusty plasma due to the effect of dissipation,
we first introduce the stretched coordinates [47]

c=€ (x—th), (12)
r=€e’t, (13)

where 7, is the wave phase speed (@ / kK with @ being angular
frequency and K being the wave number of the perturbation
mode), and € is a smallness parameter measuring the weakness
of the dispersion (0 < € < 1). We then expand n,,n,,u,, and 1/
, in power series of €:

n=l+en" +&n? +.., (14)
n,=1+en" +&n? +.., (15)
n,=l+en," +&’n, + .., (16)
u =eu" +&u? +.., (17)
¢p=e0" +&°¢? + ..., (18)

and develop equations in various powers of €. To the
lowest order in €, using equations (12)-(18) into equations
(1)-(5) we get as, u®=v,60/(7-k) n"=¢"/V>-k;)

n =n =¢" /K, and V,,=I[ 'fapm;], where K, =n"'K,/m>C? and

a,

K,=ny'K,/mC=n]"K,/mC} The relation V,,=f[a’f3 +l<.‘] represents

@,
the dispersion relation for the ion-acoustic type electrostatic
waves in the degenerate plasma under consideration. We are
interested in studying the nonlinear propagation of these
dissipative dust-ion-acoustic type electrostatic waves in a
three components degenerate plasma. To the next higher
order in €, we obtain a set of equations
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Now, combining (19-23) we deduce a Burgers? equation
6¢“) 6¢<]) 02¢(”

T (1)
P +Ag o c o (24)
where the value of A and C are given by
A_(V,f_K;)z W+ Ki@=2) (r-Dl+a,—p)- (@, +p-1) 25)
o, v -&) K, '
c:%. (26)
The shock wave solution of (24) is
¢ =4, {1 - tanh(gﬂ (27)

where the special stretched coordinates, &=¢ —u,,the
amplitude, @, =u,/ 4, the width, §=2C/u,,u, is the wave
speed and the parameter 77 was chosen from standard value
[48] for the system under consideration.

Figure 1. The effect of 77 on shock wave for positive potential when
e-i-p being non-relativistic degenerate.

Figure 2. The effect of 77 on shock wave for positive potential when
e-p being ultra-relativistic and e-i-p being non-relativistic degenerate.

Numercial analysis

We have numerically solved the Burgers' equation(24),
and have studied the effects of n,¢,,and «, with & on dust-
ion-acoustic nonlinear structures of shock waves in both non-
relativistic and ultra-relativistic degenerate electrons and
positrons where ions always being non-relativistic degenerate.
It is obvious from figures 1-12 that the degenerate plasma
system under consideration supports compressive and
reductive DIA ShWs which are associated with both positive
and negative potential and the amplitude of these nonlinear
structures of shock waves depends on the Chandrasekhar
limits [33], i.e. non-relativistic and ultra-relativistic limits.

In figures 1-6 we have observed the effect of 7,¢,,2,
and # on the potential structure with the variation of & in
case of both non-relativistic and ultra relativistic limits. It has
been observed when the values of 4 is smaller than 0.82 (u
< 0.82) then we observe the formation of positive potential
for the nonlinear structures of compressive shock wave in our
considered degenerate plasma system. Again we consider the
values of 4 is greater than or equal to 0.82 (& > 0.82) then
we observe the negative potential for the nonlinear refractive
structures as shown in figures from 7 to 12. It should be noted
here that in both cases we keep all the parameters same so
that it could be easy to analysis the effects of every parameter.
The interesting point is that with the increasing values of &,
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and a,, the values of potential increases smoothly, but the
increasing values of 7 the potential decreases smoothly. It
should be noted that the formation of the compressive dust-
ion-acoustic shock waves depends only on the values of the
ratio of the electron number density and the ion number
density («,) and does not depend on the values of &, (the
ratio of the electron number density and the positron number
density). And the figures 1-12 also show us that the potential
for electron-positron (e-p) being ultra-relativistic and ion (i)
being non-relativistic degenerate is always greater than for
electron-ion-positron (e-i-p) being non-relativistic degenerate.

Figure 3. The effect of @, on shock wave for positive potential
when e-i-p being non-relativistic degenerate.

Figure 4. The effect of &, on shock wave for positive potential when
e-p being ultra-relativistic and e-i-p being non-relativistic degenerate.

Figure 5. The effect of @, on shock wave for positive potential
when e-i-p being non-relativistic degenerate.

Figure 6. The effect of «, on shock wave for positive potential when
e-p being ultra-relativistic and e-i-p being non-relativistic degenerate.

From the study of the negative potential in our three
components degenerate plasma system, we have observed
that with the increasing value of 77 the potential also increases.
But it has been also noted that with the increasing values of
1 the potential, (") also decreases very smoothly in both
limits from figures 7 to 12. It should be noted here that in this
case, the values of  is always greater than or equal to 0.82 (
4 > 0.82). It needs to be pointed here that the formation of
the reductive DIA ShWs (shown in figures 7 to 12) depends
only on the values of the ratio of the dust number density and
the ion number density (#) and does not depend on the
values of @, and &, (the ratio of the number density of
electron and ion and the ratio of the positron number density
and ion). From the analysis of the negative potential structures
for = 0.82 (shown in figures 7 -12) it has been again
pointed out that the potential for electron-positron (e-p)
being ultra-relativistic and ion (i) being non-relativistic
degenerate is always greater than for electron-ion-positron
(e-i-p) being non-relativistic degenerate.

Figure 7. The effect of 77 on shock wave for negative potential
when e-i-p being non-relativistic degenerate.

The profiles of shock wave, caused by the balance
between nonlinearity and dissipation, are depicted in figures
1-12. And the potential of the dust-ion-acoustic shock waves
profiles for non-relativistic degenerate ions fluid and ultra-
relativistic degenerate electrons and positron fluid is different
from that when all the particles follow the same limit. From
the mathematical calculation and the numerical solution of
Burgers’ equation we have found that for a certain value of u
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we get both positive and negative potential when all other
parameters are kept same, i.e. when the values of u is always
less than 0.82 (2 < 0.82) then we obtain positive potential and
when the values of u is greater than or equal to 0.82 (2
0.82) then we obtain negative potential. It has made the great
interest in the study of the dust-ion-acoustic nonlinear
structures of shock waves in an unmagnetized degenerate
dense plasma system to analysis the existence conditions for
the positive and negative potential where the elements
electrons, ions, and positrons are always being degenerate.

10

Figure 8. The effect of 77 on shock wave for negative potential when
e-p being ultra-relativistic and i being non-relativistic degenerate.

Figure 9. The effect of @, on shock wave for negative potential
when e-i-p being non-relativistic degenerate.

= 0 8

Figure 10. The effect of @, on shock wave for negative potential
when e-p being ultra-relativistic and i being non-relativistic
degenerate.

Figure 11. The effect of , on shock wave for negative potential
when e-i-p being non-relativistic degenerate.

Figure 12. The effect of «, on shock wave for negative potential when
e-p being ultra-relativistic and i being non-relativistic degenerate.

Itis to be noted here that we have taken all the parameters
in normalized form, so all the ranges of parameters are taken
arbitrarily.

Discussion

We have considered an unmagnetized degenerate dense
plasma containing non-relativistic degenerate cold ions fluid,
both non-relativistic and ultra-relativistic degenerate
electrons and positrons fluid, and negatively charged dust
grains. We have examined the basic features of the
electrostatic nonlinear structures that are found to exist in
such degenerate dense plasma. In our present investigation
all the degenerate constitutes of the considered dense
unmagnetized plasma system follow relativistic limits of
pressure. The nonlinear DIA shock waves and its propagation
have been described thoroughly with Burgers” equation (24)
and it's solution (27). The effects of different plasma
parameters on the nonlinear propagation of DIA shocks
waves have been graphically shown (Figures 1-12).

Our present investigation is different from the related
Investigations [40-43,49,50] in the way that we have
considered the pressure of all the constituent particle
(electrons and ions), as the whole system is degenerate and
all the particles should follow the equation of state [6-11]
whatever the limit is (non relativistic or ultra-relativistic). This
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is obvious that the shock profiles obtained from our present 2. Shukla PK, Silin VP. Dust ion-acoustic wave. Phys Scr. 1992; 45(5): 508.
investigation are also quite different from the previous do 10.1088/0031-8949/45/5/015
investigation [40-42,49,51] in the sense that we have had 3. Barkan A, D'Angelo N, Merlino RL. Experiments on ion-acoustic waves
. - - in dusty plasmas. Planet Space Sci. 1996; 44(3): 239-245. doi:
electrostatic shock.profll.es while .the others have got to 10.1016/0032-0633(95)00109-3
support electrostatic solitary profiles [40-42] and double .
. 4. Merlino RL, Barkan A, Thompson C, D'Angelo N. Laboratory studies o
layers £4(:;41{<' Ihe tdegenirate bdel"IS? Filasmad IS fo;nci to waves and instabilities in dusty plasmas. Phys Plasmas. 1998; 5: 1607.
support shock structures wnose basiC Teatures dependent on doi: 10.1063/1.872828
the plasma nL.me.er d.enSIty' From this point of view our 5. Shukla PK, Rosenberg M. Boundary effects on dust-ion-acoustic and
present investigation is more acceptable and the system dust-acoustic waves in collisional dusty plasmas. Phys Plasmas. 1999;
constituents havemade the validity of our investigations 6(3): 1038. doi: 10.1063/1.873345
unique. 6. Manfredi G. How to model quantum plasmas. Fields Institute
We note that in our numerical analysis we have used a wide Communications. 2005; 46: 263-287.
range of the degenerate plasma parameters [33,40,42,49,52,53], 7. Bonitz M, Filinov.A, Boning .J, Dufty JW..Introduction to ngntum
which are relevant for many cosmic environments and compact Plasmas. In: Bonitz M, Horing N, Ludwig P (eds). Introduction to
. . . T Complex Plasmas. Springer; 2010.
astrophysical objects. The results of the present investigation is,
. . . . 8. Markowich PA, Ringhofer CA, Schmeiser C. Semiconductor Equations.
therefore, expected to be useful in understanding the dispersion D o T
R ; : . 1st edition. Vienna, VE: Springer; 1990.
properties of the electrostatic shock waves in such cosmic
. . . 9. Agrawal G. Nonlinear Fiber Optics. 2nd edition. San Diego, SD:
environments  [14,16,23], compact astrophysical objects . :
. ; Academic Press; 1995.
[17,1829] and interstellar compact objects [4445]. The _ ) o o
lectrostati . ltra-relativisti d _relativisti 10. Tanner PJ, Gallagher TF. Dipole-Dipole Excitation and lonization in an
€lectrostatic waves in an ultra-relativistic and non-refativistic Ultracold Gas of Rydberg Atoms. Phys Rev Lett. 2005; 94(17): 173001,
degenerate dense plasma, which is relevant to interstellar doi: 10.1103/PhysRevLett.94.173001
CompaCt queCts like white dwarfs, ha\{e.been 'lnvelzstlgated. The 11. Kremp D, Bornath T, Bonitz M, Schlanges M. Quantum kinetic theory of
results, which have been found from this investigation, represent plasmas in strong laser fields. Phys Rev E. 1999; 60: 4725. doi: 10.1103/
ion acoustic-type of electrostatic waves in which the restoring PhysRevE.60.4725
force comes from the electron-ion degenerate pressure and  12. Misner W, Thorne KS, Wheeler JA. Gravitation. 1% edition. San Francisco,
inertia is provided by the ion mass density. SF: W. H. Freeman and Company; 1973.
It can be expected that the basic features and the 13 gibbgr); GVZ,B l-lcaWkLi)n% SV\LIJ, Siklos Sr;TC T1h;83Very Early Universe.
. . . . , CB: t " .
underlying physics of the DIA shock waves with the existence amriage ambridge Tniversity Fress
conditions for positive and negative potential, that have been 14. ,1\/|9|ng HR, Witta PJ. Active Galactic Nuclei. Berlin, BE: Springer-Verlag;
presented in our present work should be verified by further '
laboratory experiments. It may also be added here that our 15.  Goldreich P,‘Jullan WH. Pulsar Electrodynamics. Astrophys J. 1969; 157:
. L . . 869-880. doi: 10.1086/150119
investigation is valid for small amplitude DIA shock waves and
for unmagnetized and uniform degenerate dense plasma 16. Michel FC. Th?ory of pulsar magnetospheres. Rev Mod Phys. 1982;
. 54(1): 1-66. doi: 10.1103/RevModPhys.54.1
system. These results may be useful to explain some aspects _ o .
of shock waves in dense e-p-i degenerate plasma. However, 17. Shukla PK, Rao NN, Yu MY, Tsintsadze NL. Relativistic nonlinear effects
. . P gene p ) in plasmas. Phys Rep. 138(1-2): 1-149. doi: 10.1016/0370-1573(86)90157-
arbitrary amplitude DIA shock waves in uniform/nonuniform >
degenerate. dense plasma with or WIthO,Ut the external 18.  Yu MY, Shukla PK, Stenflo L. Alfven vortices in a strongly magnetized
9 9
magnetic field are also problems of recent interest for many electron-position plasma. Astrophys J. 1986; 309: L63-L66.
space and laboratorydu,Sty pI.asm.a situations, but beyond the 19. Michel FC. Theory of Neutron Star Magneto-spheres. 1< edition.
scope of our present investigation. Although such plasma Chicago, CH: Chicago University Press; 1991.
cannpt be produceq in a laboratory, yet they are 9aINING 50 Rizzato FB. Weak nonlinear electromagnetic waves and low-
considerable attention of the researchers working on frequency magnetic-field generation in electron-positron-ion
degenerate dense astrophysical plasma and numerical plasmas. Plasma Phys. 1988; 40(2): 289-298. doi: 10.1017/
simulations. We hope that our present investigation will be 50022377800013283
helpful for understanding the basic features of the localized ~ 21. Berezhiani VI El-Ashry MY, Mofiz UA. Theory of strong-
electrostatic disturbances in compact astrophysical objects electromagnetic-wave propagation in an electron-positron-ion
, P phy ) plasma. Phys Rev E. 1994; 50: 448. doi: 10.1103/physreve.50.448
(e.g. white dwarfs, neutron stars, black hole, etc.).
22. Mishra MK Tiwari RS, Jain SK. Small amplitude ion-acoustic double
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