ISSN 1063-780X, Plasma Physics Reports, 2019, Vol. 45, No. 7, pp. 699—713. © Pleiades Publishing, Ltd., 2019.

DUSTY
PLASMA

Radiative and Gravitational Modes and Instabilities
in an Inhomogeneous Magneto Dusty Plasma with Charge Variation

P. Sharma*, A. Patidar“, Sh. Jain’, and B. Vyas® ¢
¢ Physics Department, Ujjain Engineering College, Ujjain, India
b Lokmanya Tilak Science and Commerce College, Ujjain, India
¢ School of Excellence, Ujjain, India
*e-mail: preranaiitd @rediffmail.com
Received March 1, 2018; revised August 2, 2018; accepted December 7, 2018

Abstract—The Jeans instability of collisional magnetized dusty plasmas is examined incorporating polariza-
tion force, charge variation of dust grains, and radiative cooling of ion and electron species. The collisional
effects of dust grains with neutrals are considered with sufficient background of neutral particles. A general
dispersion relation is obtained using normal mode analysis technique which is found to be modified due to
polarization force, dust charge fluctuation, and radiative effects of electrons and ions. The analytical discus-
sion of general dispersion relation is presented in parallel and perpendicular mode of propagation. The Routh
Hurwitz criterion is applied to analyze the stability of the considered system. We report the existence of a
modified cyclotron mode in parallel propagation and a purely collisional mode in perpendicular propagation
along with the gravitational mode. These modes are discussed analytically, as well as numerically, to show the
importance of different parameters considering different situations. The implications of the result have been

discussed for the molecular clouds.
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1. INTRODUCTION

The wide range of applications of dusty plasma in
space and astrophysical situations (such as planetary
nebulae, cometary tails, interstellar molecular clouds,
and stellar atmospheres) make it an interesting area of
research [1—4]. A lot of research has widely been done
in the dusty plasma [5—8]. The presence of massive
dust and neutrals in a cloud significantly alters the
cloud mass such that it exceeds the Jeans mass of the
cloud and leads to the collapse. The mechanism
involved in cloud collapse is attributable to the self-
gravitational instability, which results in further frag-
mentation of the cloud. In various astrophysical phe-
nomena, for example, star formation and planet for-
mation, the self-gravitational instability plays a central
role. Ali and Shukla [9] explored the self-gravitational
instability in collisional dusty plasma. Self-gravita-
tional instability in dusty plasma considering degener-
ate and nondegenerate cases has been studied by Jain
and Sharma [10]. Sharma [11] has observed the self-
gravitational instability in dissipative dusty plasma.
The Jeans instability in magnetized dusty plasma con-
sidering the effect of thermal radiations has been stud-
ied by Tsintsadze et al. [12]. The effect of Boltzmann
distributed negative ions on self-gravitational instabil-
ity has been observed by Roy and Mukherjee [13].
Along with this, the charging of dust grains via plasma

current flowing on dust grains, field emission, photo-
electric effect, etc. [14], also modifies the characteris-
tics of dusty plasma. The charge on the dust does not
remain constant, and, therefore, the effect of dust
charge fluctuation is important to consider [15]. Tsy-
tovich et al. [16] have investigated the dust charging in
dusty plasma. Popel et al. [17] have studied the shock
structures incorporating the dust charge fluctuation in
complex plasma. The effect of dust charge variation on
self-gravitational instability in radiative dusty plasma
has been discussed by Prajapati and Bhakta [18]. Tsy-
tovich and de Angelis [19] observed the effect of dust
charge variation in dusty plasma. Morfill et al. [20]
have described the elementary processes considering
the dust charge fluctuation in dusty plasma.

In the present work, one of the important effect of
dusty plasma, i.e., polarization force, is also important
to study as we have considered the massive and highly
charged dust grains. The presence of large number of
ion number density on negatively charged dust grains
deforms the Debye sheath, due to which an electro-
static force experienced by dust particles which polar-
ized the dust. As a result, new force generates in the
dusty plasma system which modifies the features of
dusty plasma. Khrapak et al. [21] have investigated the
dust acoustic wave propagation in dusty plasma with
the presence of polarization force. Sharma [22] has
studied the effect of polarization force on the Jeans
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instability in magnetized strongly coupled dusty
plasma. Pervin et al. [23] have considered the effect of
fast electrons and dust polarization force in strongly
coupled dusty plasma to study the dust acoustic shock
waves. Influence of polarization force on electrostatic
dust acoustic modes in quantum plasma has been dis-
cussed by Sharma and Jain [24]. Dutta et al. [25] have
explored the effects of polarization force gravito-elec-
tromagnetic stability with dust charge variation in
nonthermal dusty plasma. The effect of polarization
force on dust charge variation in dusty plasma is exam-
ined by Shahmansoori and Mamun [26]. They have
also studied the influence of generalized polarization
force on the propagation of dust acoustic waves.
Recently, Abbasi and Vaziri [27] have observed the
effect of polarization force on self-gravitational insta-
bility in partially ionized dusty plasma considering
dust—neutral and ion—neutral drags.

The structure formation of many astrophysical
bodies and their existence is believed due to self-grav-
itation. However, the existence in some small regions,
e.g., planetary nebulae, a solar prominence, etc., is
due to some kind of radiative condensation process.
Moreover, Gammie [28] observed that the self-gravi-
tational collapse of disk can not proceed until its cool-
ing is not enough. So, this notion that there is an inter-
play between self-gravitational collapse and cooling of
plasma species. In this direction, the radiative con-
densation has been studied in several research works.
The role of thermal instability in molecular cloud has
been discussed by Gilden [29]. The effect of radiative
cooling on self-gravitational instability in partially
ionized dusty plasma including the dust charge fluctu-
ation has been examined by Pandey and Krishan [30].
Sharma and Jain [31] have investigated the radiative
condensation instability in self-gravitating partially
ionized magneto dusty plasma including polarization
force. Pandey et al. [32] have investigated the self-
gravitational instability in dusty plasma with radiative
effect and dust charge fluctuation. Bora [33] has stud-
ied thermal instability in dusty plasma including radi-
ative effects of electron, as well as of ions. The role of
radiative condensations on Jeans instability in colli-
sional dusty plasma considering dust charge fluctua-
tion has been studied by Sharma and Patidar [34].

In the previous investigations, the influence of
radiative condensation of electron and ion on self-
gravitational instability in dusty plasma has been stud-
ied, but nobody have studied the effect of magnetic
field along with the self-gravitation, polarization
force, and radiative cooling of ion in partially ionized
dusty plasma. Shukla and Sandberg [35] have
observed the radiative condensation instability due to
electron species in either magnetized or unmagnetized
dusty plasma including self-gravitation. They have
excluded the effects of radiative cooling of ions, dust
charge fluctuation, and polarization force. Pandey
and Krishan [30] considered the unmagnetized par-
tially ionized dusty plasma to study the dust charge
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fluctuation and electron’s radiative effects on self-
gravitational instability. However, the external mag-
netic field greatly modifies the dynamics of dust parti-
cles and affects the instability of the system. Therefore,
looking toward the importance of the presence of
magnetic field, we have incorporated its effect to study
the self-gravitational instability in collisional dusty
plasma with radiative condensation of ions and elec-
trons, and charge variation and polarization force of
dust grains. The present work is performed in the
region near by the newly born stars of dark molecular
cloud [36, 37].

The manuscript is arranged in the following man-
ner. In Section 2, we have presented the formulation of
the considered dusty plasma system, which consists
basic and linearized sets of equations, and derivation
of general dispersion relation. Section 3 is devoted to
the analytical discussion of the general dispersion
relation. The graphical discussion is explored in Sec-
tion 4. The last section considers the conclusion and
applications of the presented work.

2. FORMULATION

Let us consider partially ionized self-gravitating
dusty plasma with the influence of external magnetic
field H (0,0, H). The plasma system is treated as a
mixture of four components. The dust particles intro-
duce the collective effects in the system, which modi-
fies the characteristics of the plasma. It has been sug-
gested that the consideration of interaction of plasma
species with dust grains is a good approximation [38].

The collisional cross section of plasma particles
with dust grains in the study of dusty plasma is

), where s = e,i; r, is the

o, =mr; (1 —2eq,/r,my ‘vj
dust grain radius; m, is the mass of dust particle; and
e, is the electric charge of the sth species.

For the interaction of ion with the dust, the rate of
absorption on dust surface (v.,), can be expressed as

Z0d
VCh = Vq
1+ Z,d
and the rate of loss of momentum by ions due to

Coulomb collisions and its absorption on the grain
surface is

T+ 2
1+1T+ 2

<l

~ Zod o+ (4/3)T+ (2z§/31) A

- q(1+Zd0d) (1 +T+7)

where Z,, is number of charges on dust grains in equi-
librium, v, is equilibrium charging rate of dust, A" is
the Coulomb logarithm, d = (ny/n,), T =T, /T,,
and z, = Zdez/rdTeo.

Thus, considering the above effects in the continu-
ity and momentum equations of plasma particles, the
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modified ionization source model was developed [39,
40]. But in the present work, we have ignored the col-
lisions of electrons with dust particles as electrons are
considered to be inertialess and it is assumed that the
size of ion in the present system is much smaller in
comparison to the dust radius, due to which the cross
section of interaction of ion with dust can be ignored.
Therefore, the trapped plasma particles on the dust
surface have insignificant role. In addition to this, the
charging of dust particles is considered only due to the
plasma current flowing over the surface of dust grains
and we have not incorporated the other mechanisms
like secondary emission, photoelectric effect, Cou-
lomb collisional charging, etc., in the present model.
The contribution of interaction of plasma particles on
the dust surface yields more interesting results that
would be examined in future work.

2.1. Basic Equations

The self-gravitating, magnetized, collisional, inho-
mogeneous dusty plasma we are studying is made of
four components, i.e., electrons, ions, neutrals, and
massive negatively charged dust grains. We have cho-
sen a set of hydrodynamic equations showing the
dynamics of each species in the plasma system. The
system is enclosed by Poisson’s equation [41] as fol-
lows:

Vo, = 4n(ne — ne + n,Ze), (1)

where 7, is electron number density, #; is ion number

density, n, is dust number density, and ¢ is the elec-
trostatic potential.

2.1.1. Dynamics of dust grains. We consider that
the dust particulates are of uniform radius r, and same

mass m, and having the charge g, = —Z,e. The polar-
ization force of dust grains is considered as the Debye
sheath of the highly negatively charged dust grains
contains high number of ion species, due to which the
Debye cloud of dust deforms and dust becomes elon-
gated. As a result, the electric field sets up between the
dust grains and ions, which polarized the dust grains in
the plasma system. Here, we have ignored the inho-
mogeneous dust density as the inhomogeneity scale
length for density of dust particles must be comparable
to the considered Jeans instability scale length.

A single-fluid model (comprises continuity equa-
tion and momentum equation) which describes the
dynamics of dust grains is given by

d
% +V - (nyvy) =0, ()
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0
mdnd (% + (Vd * V) Vdj
= —q,n,(1-T)Vo, - mdvrzdvnd - md”dv¢g (3

- M(Vd X H) = Bmn,v,(vy = v,).
c

Here, v,,v,, v,4, and T, stand for the velocity of
dust grains, velocity of neutrals, dust thermal velocity,
and dust temperature, respectively. The symbol I" =

(1/4)(|g4l¢/ApT;) (1 — T;/T,) represents the dust polar-
ization interaction parameter, and B = m,n,/m n, rep-
resents the ratio of densities of neutral particles and dust
grains, where n, and m, are the number and mass den-
sity of neutrals. Considering the physical parameters
m; =107"-10" g, r, =10°-10" cm, n, =10~ cm3,
n, =107 cm>3, n, =10°-10° cm™3, H =10 puG, Z, =
2x10°, T, =30 K, and 7, =10 K in the region of
dense molecular cloud [8, 21, 35, 42], it is found that
collisions of dust with neutrals v, is of the order of the
dust Jeans frequency €, (~~~10_9 s~ 1). Thus, the colli-

sional frequency between dust and neutrals is consid-
ered in both the dust and neutral dynamics.

Poisson’s equation for self-gravitational potential

0, is
V2¢g = 4TCGmdi’ld. (4)

The charge dynamics of dust grains are given by
current balance equation as

i — ;[ ST Jrm, exo(e (0, = V) /T,

= 3T, from, (1= e (0, = V) /T;)],

where ¢, = g, / C and V show the dust floating and
bulk plasma potential, respectively, with capacitance
C and the symbols 7, ; and m,; are for the temperature
and mass of electrons and ions, respectively.

(%)

2.1.2. Dynamics of neutral particles. In the dynam-
ics of neutrals, the collisional effect of neutrals and
dust is considered. The continuity and force balance
equations are given as

I 4V - (nv,) = 0, (6)
ot
v,
my,n, (E + (Vn ’ V)vnj = _mnnnvd(vn - vd)' (7)

2.1.3. Dynamics of radiative electron and ion spe-
cies. In the molecular cloud, the plasma species show
radiative effects. The heating and cooling effect of
both species are important as it drives the collapse in
the system. Therefore, we have considered the radia-
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tive effects of both species [33, 35] in the dynamics of
electrons and ions,

on
c+V. =0, 8
o (nv.) (8)
§nea7:f+1>ev.ve =x.V’T, - L(n,T,), )
2 ot
0=enVo, -V (nT,). (10)
Similarly, for ion species, we have
on;
—+V . (mv;) =0, 11
V() (1)
3L pY v, = VT - L(n,T), (1)
2 ot
m;n; % +(v; V)V, =-enVo, -V (nT).  (13)

In Egs. (8)—(13), v,, ., and L(n,,T,) are for the
velocity, thermal conductivity, and heat loss function
of electrons, respectively, while v;, x,, and L (n;,T;) are

for the velocity, thermal conductivity, and heat loss
function of ions, respectively.

2.2. Linearized Equations

Now, to derive the dispersion relation for colli-
sional plasma with self-gravitation, we first linearize
the basic set of equations by putting the combination
of equilibrium state and a perturbation in each physi-
cal variable. For the linearization process the physical
quantities are written as T,, =T, +08T,;, ¢p =
Gpo+00;, Z,=Z4y+08Z;, 0y =040+, n; =0,y +0n,,
and v; = v, + 0v;, where j stands for ion (i), electron
(e), dust (d), and neutral (n) species.

As a consequence of linearization, the basic sets of
equations can be represented as

V80, = 4n(Sn,e — Sne + nyedZ, + dneZy,). (14)

Linearized equations for dust and neutral particles
are

adn,

+ 1,V - Ov, =0, (15)
2
0Ny | Vit g, €201 )50, + V50,
ot ny my (16)
_CZa0 (§y, x H) + P, (v, — &v,) = 0,
my

92, _ Q(% + 8% j Y L T (17)

ot e \ny Ty elmy To—ebs)
V280, = 4nG (m,dn,), (18)
0on (19)

2 +nn0V‘8Vn = 0,
t
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88\;” +v,(v, —dv,) =0.

(20)

The dynamics of the electron species can be given
in the linearized form as

88:18 + neov . Sve = 0,

(21)

9oV, _ € Voo, — 1y VT, +T,0Vn, ,
or m, m,n,,
31y BT, + 10T,V - v
7 8t e0" e0 el
oL oL (22)
-7, - (2L ) o1, (2] .
aTe Te0 8ne "o
where L, = (l/neo)(aL/SSE)TO and L, =

(1/T,y)(0L/9dn,) ~ are temperature and density

dependent heat loss functions for the electron species,
respectively. For the ion species, we have

@ + niov . 6V,~ = 0,
ot 23)
a0V, e n, VOT, + T,V on;
W - Vs, - ,
ot m; m;ny,
31y 00T, +mo TV - Vi
2 ot
oL oL @9
~uvier- (L] ar- (2] o,
a /Ty ani o
where L, = (1/n,.0)(8L/887})T_0 and L, =

(1/T;)(9L/08n;) are temperature and density depen-
Mo
dent heat loss functions for the ion species, respec-
tively.
Furthermore using the wave perturbation ¢(r,?) =

®(r)e™" " in the above linearized set of equations,
the perturbed dust number density, perturbed dust
charge density, perturbed electron number density,
and perturbed ion number density are estimated. The
amplitude of oscillating variable is given by ¢(r), the
symbol G stands for harmonic perturbation frequency
and k is the wave vector in the x and z directions. Now,
the obtained value of perturbed dust density 6n, and

perturbed dust charge 67, are
dn, _ —eZd0; (1-T) {kQ (1.62 —(1+) Gvd)

L .

, 1. opv, Qid(02+i0vd)
+ ki yic - ~—t 2 2
G+ivy io(c’ +iov,) - o'y,
Q? o’ +iov
x| fio- s loion) |
c+iv, io(o’ +iov,)- By,
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Bv .G i0Q2 ki
X (—i(f - —1!3 VaO_ | jovik? — 2t
_IG + Vd k
) B
22 QLk2\(io” —(1+B)ov,)
+ Vfko_ - P Py
k (o+ivy)

82, = el (%—%J. (26)

o +ilA\en,, eny
In calculating perturbed dust density, we have
neglected the terms appearing in multiplication of
k, k. The symbol Q ., = g,H /m,c represents the dust
cyclotron frequency, and Qid = 4nGmyny, is the dust
Jeans frequency.
Similarly the perturbed electron number density

dn, and ion number density d#; are given in the form of
following equations:

on, e, (io+L,))'
— == |- §b,, 27
L) TeO ( Rce j q)E ( )
-1
8”1' e (52 (Rci - (lG + Lni))
O € - 0., 28
my Ty (v,%kz R, ber 29

wherev; = Tyo/m;, R,, = (=3/2)i6 + (1.k’ /(n) + Lz,),
and R, = (=3/2)ic + ((;k* /(o) + Lyy).
The substitution of the values of dn,, dn,, on;, and

0Z, in Poisson’s equation yields general dispersion
relation as

o OBVy Q2 (GZ + icsvd)
c+iv, i6(62 + icsvd) -6'Bv,
2 QZ k2
X [—02 - _ﬁvdc + vk — 24
-0+ Vy, k
2,2 Qj .k \o(ic—(1+B)v,)
+ | viakl > ]
k (o +iv,)
1 i3 R.
x|:1+[2k2_ ; 2]( — J
De (G + lA)k RCe (10 + Lne) (29)
R
kS (O + Ak’
y vk L (=D
o —vik’(1-(ic+L,) / R,) kK’
' ofv, Q?d (02 + icsvd)
X < i0 — L ——— >
G+iv, 1(5((5 + zcvd) -oBv,

.\ Q,(1-Dk;

(6 +1v)) & (z‘<52 —(1+[3)0vd) =0.
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Here, 3 = |[eo|0)id/qdoc§, where Cj = Zdono/md and

Qf,d = 47tnd0Z§0e2 / my . The expression for the Debye

lengths of electron and ion species is ﬁ)e,i =
2

Te,io/ 4mn, €

Equation (29) describes the linear general disper-
sion relation of self-gravitating dusty plasma where the
effects of dust neutral collision frequency, polarization
force, cyclotron frequency, variation of dust charge,
and radiative cooling of electrons and ions are taken
into consideration. If we ignore the effects of polariza-
tion force, magnetic field, dust charge fluctuation, and
radiative cooling from general dispersion relation (29),
the reduced result recovers the result obtained by Ver-
heest et al. [43] under some limitations. Further, in the
case of nonradiative Maxwellian ions and for unmag-
netized fully ionized dusty plasma, general dispersion
relation (29) is similar to the result given by Prajapati
and Bhakta [18] for self-gravitating dusty plasma.
Under the assumption of constant dust charge and
inertialess Maxwellian ion in unmagnetized collision-
less dusty plasma, Eq. (29) exactly takes the form of
result (25) given by Prajapati et al. [44], excluding
strong coupling terms in that work. Therefore, the
present work is the improvement of the previous work
done by Prajapati et al. [44] due to the combined study
of the magnetic field, polarization force, dust charge
variation, and radiative effect of ions.

3. DISCUSSION OF DISPERSION RELATION

The propagations of the system are in two different
directions; therefore, for the sake of simplicity, general
dispersion relation (29) is discussed in parallel and
perpendicular directions separately.

3.1. Mode of Propagation Parallel to the Magnetic Field

In parallel propagation, we consider the case when
perturbations of the system and magnetic field both
are in the same direction for collisional radiative dusty
plasma in the presence of dust charge variation and
polarization force. Therefore, we assume that the per-
turbations of the system are parallel to the direction of
magnetic field and put &, = 0 and k| = k in dispersion
relation (29). In this case, Eq. (29) reduces to

2 2 .
oPv, . Q. (G +lGVd)
G +ivy, ics(cs2 + icsvd) -o’Bv,

i v )
2k (c+iNk*)\R, - (o +L,,)

_( | R j
kD (O +iAK’

ic—

(30)
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2,2
v,k

8 o’ —vik’ (1= (ic + L,;)/R.)

2 -1
x (_62 _ By g _dij ]: 0.

—-ic+Vv,

Itis clear from Eq. (30) that the magnetic field term
gets separated from the radiative terms in the parallel
mode of propagation. Dispersion relation (30) has two
factors out of which the first factor gives modified
cyclotron mode, whereas the other factor shows the
gravitational mode. It is obvious from dispersion rela-
tion (30) that the dust neutral collision frequency
shows its effect on both the cyclotron mode, as well as
gravitational mode. In the absence of ion thermal
velocity, collision frequency, magnetic field, and ion
radiative cooling, dispersion relation (30) becomes
similar to Eq. (31) of Prajapati et al. [44] for weakly
coupled dusty plasma. The first factor of dispersion
relation (30) contributes

+Q,(1-T)

2 2 .
oBv, Q, (0” +iov,) Lo, 6
c+iv, ic(02 +iov, — GZBVd)

io—

This equation shows the cyclotron mode modified
by dust neutral collision frequency. We can find an
interesting consequence from Eq. (31) that, in the
absence of neutrals, Eq. (31) gives a pure cyclotron

mode for fully ionized plasma, i.e., 6 = £Q ,, whereas
in the absence of magnetic field, it gives pure colli-

sional mode ic — v, (1+B) =0 for partially ionized
dusty plasma.

Using the limito < L,,;, Ly, ;, Xe’ikz / n, ;o and sub-
stituting —ic = m in the second factor of Eq. (30), we
get the polynomial form of gravitational mode as fol-
lows:

o + o' (1+B)v, + o' {Kvy - Q)
+ vk (L= LR+ Ep, (Kvio, + Q5,1 -T))}

+ o {(kva = Qg ) Vg + (14 B) vk™v;
x (1= LR + 08 + Q= TVEL] (35,
+ ok = LR (@~ D + Kviy = Q)
b o B2 (kv - 23,
+{Q0- TV gL Vi - L, RY)

+ (kz"il - Qid)vdkz"é(l - LR} + (X’D&(l))e)} =0,
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where Oc[,:l/?»f)[kz—S/Ak2, R;?Z{X;kz/(nio)"‘lfn}_l’

EDe = {1+ (1/Apk> = S/AKDR, /(R — L,,)} "
Wlth Rc'e = Xe kz/(neo) + lTe'

Equation (32) shows the self-gravitational instabil-
ity of inhomogeneous radiative dusty plasma. This
equation describes the combined effects of dust ther-
mal velocity, ion thermal velocity, dust charge fluctu-
ation, dust neutral collision frequency, radiative
effects of electrons and ions, and polarization force on
the growth rate of instability. If we ignore the effects of
dust neutral collisional frequency, polarization force,
self-gravitation, and dust dynamics from dispersion
relation (32), the obtained result is similar to Eq. (14)
of Pandey et al. [32]. Further, if we neglect the radia-
tive effects of ions, polarization force, magnetic field,
and ion thermal velocity from Eq. (32), then the
reduced dispersion relation matches to the result
obtained by Shukla and Sandberg [35] under some
limitations. Therefore, we can say that the result
obtained in this section is an important finding in the
regions of molecular clouds, where polarization force
and radiative effects of electron and ion species along
with dust—neutral collision frequency take part in the
gravitational collapse.

and

Moreover, the condition of the Jeans instability can
be obtained from the constant term of Eq. (32). If this
term is less than zero, then it will give necessarily one
real positive root, which makes the system unstable.
Hence, the modified gravitational instability condi-
tion from Eq. (32) can be written as

Q1= D)1~ LR} &)
(1= LRY ) + 0,

The above expression displays the condition of the
Jeans instability for collisional dusty plasma with radi-
ative effects. This condition is influenced by radiative
effects of electrons and ions, dust thermal velocity,
and polarization force, whereas completely unaffected
by dust neutral collision frequency. We can say from
Eq. (33) that the dust thermal velocity tries to stabilize
the system as it is against the dust Jeans frequency,
whereas polarization force and radiative cooling of
ions and electrons move the system toward destabi-
lization. If we ignore the dust charge fluctuation
and radiative effects of electrons and ions from condi-
tion (33), the obtained condition of Jeans instability is
in good agreement with condition (26) of Prajapati
and Bhakta [18].

To determine the stability of the present collisional
dusty plasma system including radiative effects, we
apply the Routh Hurwitz criterion on expression (32).
It is clear that all the coefficients of Eq. (32) are posi-
tive; thus, the necessary condition of stability is satis-
fied. Further, for the fulfillment of sufficient condi-

kzv,f, +

<Q,. (33)
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tion of the Routh Hurwitz matrix, we rewrite disper-
sion relation (32) as

5 4 3 p
oW+ + 6,0 + 0 +cm+cs =0,
where

¢ = kv — Q2+ vk (1 - Lm.Rc'?)
+ Epe (KPviio + Q5,1 -T),
X ((] - Lm‘Rc'iO) + Oﬁug(z))e) + Qid(l - F)Va’g(l))ea
¢s = IV, (1= LR ) (@01 = DB, + Kviy — Qi)
+ 0k v (v — Q)
¢ = Q1= TWVEhkv; (1= LR
+ (Kviy = Q5 ) vk (1= LR + 0 ).
The principle minors of Eq. (32) are
A =¢ >0,
A, = ¢y —cye; > 0,
Ay =63, — ¢ (¢4 — cocs) > 0, (34)
A4 = 02C3C4CS - C06’2€32
— 665 = ¢5(ciey = ¢oes) > 0,

which are all positive. Therefore, if condition of Routh
Hurwitz matrix (34) is satisfied, the considered system
given by Eq. (32) will be stable.

Further, for negligible self-gravitation, Eq. (32)
provides the dispersion relation for radiative conden-
sation mode as

o + o' (1+P)v, + o {kzv,i, + K (1 - L,,,.R;?)

+ & (KPviioey +Qp,(1 - D))}
+ o {{kzvfdvd +(1+B) vk,
X (1= LR )+ 0 ) + Qa1 =D, E|  (35)
+ w{{k%ﬁ (1 - Lm.R;,.O) (@2~ DES, +£3v2)
+ oGk v +{Q00 = DvEp kv, (1= 1R
+ v (kv (1 - LR ) + KvioEh, |} = 0.
The dispersion relation of this mode is modified

due to the dust thermal velocity, collision frequency,
polarization force, and radiative effects of electrons
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and ions. It can be understood from the constant term
of Eq. (35) that the ion thermal velocity has no effect
on the instability criterion. The condition of radiative
condensation instability can be obtained from Eq. (35)
as

Q,(1-T) [1 - i—J + kv

L, 1 1 3 R,
- 1 - (36)
% { Rc'i " 2Dik2 [[ i 2Dek2 Ak2ch'e — Lne}}

< 0.
1 3 R
1+ - ce
{ (}\%gkz Asz{Rc'e - LneJ}

This is modified due to polarization force, dust
thermal velocity, and radiative effects of electrons and
ions. In the absence of dust thermal velocity, polariza-
tion force, and radiative cooling of ions, it gives the
usual isobaric condition of radiative condensation

instability for electrons, i.e., ¥k /ny + Ly, < Lyp»
whereas if we neglect the effects of dust thermal veloc-
ity, polarization force, and radiative cooling of elec-
trons, it takes the shape of radiative condensation cri-

terion of ions, i.e., Xikz/nio + 1L, <L,.

3.2. Mode of Propagation Perpendicular
to the Magnetic Field

To analyze the effect of magnetic field on instabil-
ity of radiative self-gravitating dusty plasma in this
mode of propagation, we have considered the wave
vector in the direction perpendicular to the magnetic
field and ignored all other directions of the wave vec-
tor. Therefore, we kept k; = k and k; = 0 in general
dispersion relation (29) of partially ionized radiative
self-gravitating dusty plasma.

Thus, the obtained form is

{ic2 -(1+B) Gvd}

(o+ivy)
o vt (o)
2k’ (c+iNKk*)\R., —(ic+L,,)

2,2
v,k

6" —vok’ (1- (o + L,)/R.,)

1 i3 2
X — +Q° (1-T
(xzikz G+ I-A)kzj} w1

.2
2 2 2,2 10PV
c+iv,

(37)

+

=

.2 (<2, -1
iocQ, (G +zc5vd)
. 2 . 2

zc(c +lGVd)—GBVd
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which gives two factors.

The first factor represents pure collisional mode
(6 =—i(1+PB)v,), which has damping behavior in the
magnetized dusty plasma with self-gravitating. The
effect of magnetic field, dust charge fluctuation, and
radiative condensation can be analyzed from the sec-
ond factor

[ v et
Apek’ (0 +iMk’ )\ R, —(ic+ L,,)
vik?

o’ —vik* (1-(ic + L,;)/R.;)

X( 1S j}
kS (O +IiAK’

+Q (-1 {—62 -, vk’ -

(38)
io’Bv,
o +ivy
icQ, (0” +iov,)

-1
+ -0
io(o” +iov, ) - 02[3\/[,} '

which is written in the algebraic polynomial form as
follows:

o +o2v, (1+B)+ o' {—Qid +vgk® + v (1+B)
+ Q2+ vk (1 - L,,,.R;?) + &, (Ko + QL - D))

+ o' {(vik® = QU ) (2+B) vy +2Q%v,

+2(1+B)Vv2k (1 - Ln,.RC'?)
+2(1+B) V& (Kvio + Q5,1 - D))}
+ o {(virk® = QJ ) (14 B) v + Q22
+ (vﬁ, (1+B) + vk — Q3 + Qfd)

X V2K (1 - L,,iR,_f?) +E o kv

(39)
x (Vi (1+B) + vik” - Qj, + Q%)

+ Q1= D), (Vi (1+B) + ik (1= LR ))}

+ ok, (Ehop +(1- LR

2 2 24,2 2
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+ Q1= e, 2+ B) (1= LRY v, | +{vik’
X (E.:ODEG‘D + (] - LniRc'iO)) (_Qidvlzi (1+B)+ divlzi)

+ Q1 =D&k, (2+B)(1- L,RY Vi) =0,

Expression (39) is a sixth-order polynomial equa-
tion, which shows the combined effect of polarization
force, radiative condensation of electrons and ions,
self-gravitation, magnetic field, dust charge fluctua-
tion, and collision frequency. Dispersion relation (39)
recovers the result of Shukla and Sandberg [35] in the
absence of radiative condensation of ion, magnetic
field, dust charge fluctuation, and polarization force.
In order to analyze the effect of considered parameter
on self-gravitation instability in convenient form, we
apply some limits in dispersion relation (39). If we
consider the collisionless self-gravitating plasma in
which the electron and ion species follow a Max-
well—Boltzmann distribution and the charge on the
dust grains is constant, then the dispersion relation
yields as

o +{(1+ A% /M5 ) vik® — Q) + vk
+ Q)+ QALK (-} o
vk {1+ M 05 ) (R — @5, +vik?)
+ QA k(1 -T)} =0.

(40)

Equation (40) is a quadratic in the power of o and the
sum and product of the roots of Eq. (40) can be given as

o + @ ={—(1+Ap [Ny ) vik” + Q) — Q2 — vk —
QApk’1-D)} and ow; = {QAnkA-T) +

(1 + A3, / 7\3,,) (Qid -Q,+ vi,kz)} vik®, respectively.
From the product of the roots, one can notice that
-1
Q + vk’ + QALK A=D1+ 05, /05) < Qs
then, Eq. (40) satisfied by at least one real positive root
which gives the instability in the self-gravitating dusty
plasma. The inequality reveals that thermal velocity of
ion has no connection with self-gravitational instabil-
ity criterion. The increasing value of cyclotron fre-
quency suppresses the effect of the gravitational wave
frequency, while the dust polarization force increases
the effect of gravitational free energy.

Furthermore, if we ignore the thermal velocity of
ions and dust charge fluctuation in collisionless self-
gravitating plasma and consider the radiative conden-
sations of electrons and ions, then Eq. (39) reduces as

Sy =0. (41)
{1 + (l/ki)ekz)(Rc'e/Rc'e - Lne) + (I/Ki)lkz)(Rc't/Rclt - Lni)}
PLASMA PHYSICS REPORTS Vol.45 No.7 2019
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Equation (41) shows the effect of radiative condensa-
tion of electrons and ions, magnetic field, and polariza-
tion force in a dusty plasma including self-gravitation. In
the absence of magnetic field and polarization force, the
obtained result becomes identical with Eq. (32) of

Q,(1-T)
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Sharma and Patidar [34], excluding the neutrals in that
case. Equation (41) recovers the result of Shukla and
Sandberg [35] in the absence of polarization force, ion
radiative cooling, and magnetic field. The obtained con-
dition of self-gravitational instability from Eq. (41) is

24,2 2
vk™ + Q. +

Equation (42) indicates that the combined influ-
ence of radiative condensation and polarization force
reduce the damping effect of dust plasma frequency
over the Jeans frequency. Inequality (42) becomes
similar to Eq. (34) of Sharma and Patidar [34] in the
absence of magnetic field and polarization force.
Thus, the combined effect of polarization force and
ion radiative cooling on Jeans instability in the pres-
ence of magnetic field is our new result of the present
work which has been not reported yet.

Further, if we consider the effect of variable dust
charge and polarization force and exclude the effect of
collisions and ion and dust thermal velocities in radia-

The obtained criterion indicates that the fluctua-
tion in dust charge supports the gravitational free
energy to grow.

In the magnetized dusty plasma, if the influence of
self-gravitation is very small and the plasma species
follow the Maxwell—Boltzmann distribution, disper-
sion relation (38) yields the modified cyclotron mode
in terms of dust charge fluctuation, collision fre-
quency, and polarization force as follows:

o +0'2v, (1+B)+ o {vf, (1+B) +vok” + QL
+ vk +vik o /(14 B,) + @, (1-T)/(1+ B,)}
+ 0 {Vik® (24 B) Vg +2Q0v, + 2(1+B) v, vik”
+2(1+B)vavak’ 0p/(1+ B,) + Qv  (1-T)
X (2+PB)/(1+ B,)} + o vk (1+B) + Qv
+ vk (1+ 0 [(1+ B,))((1+B) Vi + vigk” + Q2 )
+Qva(1-T)(1+B)/(1+ B,)
x Qo (1-T)vak’ [(1+ B,)} + of&’v;
X (1+0p/(1+ B,)) (vk® (2+B) vy +2v,Q%)

(44)
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i+ (120 (R R, - 1,0)+ (1/25") (R /R - 1)

1+ {(1/257) - (3/AR)} (R./ R, - L,
+{(1/256) - (3/ Akz)}(R;,-/ R, - Lm-)

<Q, (42)

tive self-gravitating dusty plasma, then dispersion rela-
tion (37) yields
Lne )j

1+(1 3 j( R,
2k> (o +iNk’ )\ R, — (ic

— 1 _ IS Rci 43
( i)ikz (o+ iA)k2j(Rci —(@co+ Lm’)] @)
Q-1 _
o +Q,-Q

which gives the condition of gravitational instability

-1

< Q3

+ Q,(1-T)kv; 2 +PB)v,/(1+B,))
+{k*vi (1+ ap /(14 B,)) (vik® (1+B) + Q2 ) Vi
+ Q1=K (1+B)va/(1+ B,)} =0,

where B, = 1/k27\.206 - 5/Ak2.

Equation (44) describes the effect of dust neutral
collisions, dust charge fluctuation, and polarization
force on the propagation of dust cyclotron mode. If we
consider the dust charge variation and ignore the self-
gravitational and radiative effects in Eq. (41), the
obtained mode takes the shape as (® = —iG)

o' —Q —vik’
4 45)
-0, (1-T)(1/K2}, - 3/AK%) =0

Quadratic equation (45) satisfied by the two roots:
o, and G,, whose value can be written as

G (46)

- J_r\/gzid + vk + Q0,1 - F)(l/ KAy, -3/ Ak2)’1,
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which gives two oscillating cyclotron mode modified
by thermal velocity, polarization force and charge
fluctuation of dust.

4. NUMERICAL DISCUSSION

In the previous section, the analytical discussion of
the properties of general dispersion relation has been
performed, but in order to know the influence of spe-
cific considered parameter on the growth rate of grav-
itational instability, we perform the numerical estima-
tion of general dispersion relation in both parallel and
perpendicular mode of propagation. Now, to analyze
the effect of collisions, magnetic field, dust charge
fluctuation, and polarization force on the growth rate
of Jeans instability in the presence of radiative con-
densation of electrons and ions, we rewrite the disper-
sion relation of parallel (32) and perpendicular (39)
mode of propagation in normalized form as
k2 %)

v =1+ K72 (1- L8

)

5o (1-T)]

+ oi"{k*z (k*zv,’l:,2 - 1)(1 ~LE + aZiEe)

o’ +ot(1+p)V) +o” {k
+ &, (o(',;k*2 +Q0(1- F))} o {vj (k*zv:f
+(1+B)vik™ (1 L&+ oc";&”,}e) +Qavy

(47)

+ Qo (1-T)E (67 1- £}
(Vo (k27 = 1) (1= 8" + o)
+ O (1-T)VkE, (1- L&) =0,
and
Vi =1+ Vi (14 B
+Qp (-1

+ o {4 B)Vi (K — 1) + Vil

o+ 2v;(1+B)+o™ {k

* o %)

QU+ K (1= L)+ € ok

+ 2V (14 B) (1= L& + )
+ Q5 (1-T) eV 2+ B)f + 07 {vi? (14 )
X (k72 1)+ QEIVE + K7 (1= L7 + o585
e eI QS @)
+ Q0 (1= D) &5 (K7 (1= L ) +vira + B}
ol (1- L8 + ot

x {(k*zv,";2 - 1)(2 +B) + 2ij}vj
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+ Q5 (1= D&k (2 +B)(1- L))}
K7 (1= L8+ oipn V(K = 1)a+B)

+ 0+ QR (- eI 1+ ) (1- £ )] =0,

where
oF = Q) k* = kV”- * XL»QJd/neO
- > - > e P 5
Q Q, Vii
* Lne Lﬂ—; — l’fe V* — Vd
ne Q s e Q ’ d — Q )
Jd Jd Jd
* XiQJd/ ny I L, Li; _ Ly
Xi - 2 ) ni T Q ’ i Q s
Vi Jd Jd
2
N_— Api Q4 N ApeS2sy 7
Di — ’ De — ’ 2
Vi Vi Ade (49)
V* _ Vﬁ Q* _ ch Q* _ de
d — ] cd — s pd — )
Vii Q Q

& =gk i)

ko, %D * %
&j)e :1+[#+ S*J[Xek +LTe_LneJ’

*2m k2 D ¥ %2 %
k ?\'De +l’Fe

K2 yok
%k
Oﬁ) :[ *21 *2 +372]
k™ Ay k

The influence of polarization force on growth rate of
instability with wavenumber in parallel mode of propa-
gation has been displayed in Fig. 1. The four curves
stand for different value of polarization force I' = 0.0,

0.1, 0.3, and 0.5. The value of other parameters are
*k

taken as B=0.8, v, =2.5 Q,, =05, L, =0.1,
L; =01, Ap =Ap=0.01, % =0.1, L, =0.1,
Yy =0.1,and L, = 0.1.

The nature of curves reveals that, as the effect of
polarization force increases in the system, the growth
rate of self-gravitational instability becomes stronger.
Thus, one can say that the polarization force has
destabilizing effect on the growth rate of self-gravita-
tional instability of collisional magnetized radiative
dusty plasma.

In Fig. 2 the dimensionless growth rate of the Jeans
instability is displayed with the dimensionless wave-
number for different values of collision frequency in
parallel mode of propagation. The fixed values of

plasma parameters are taken as [ = 0.8, l;e =0.1,
Ly = 0.1, Ap, = 0.01, Q7, =0.1, Ay, = 0.01, Q, =

01,L,=01,L,=0.1,% =0.0,% =00,T=0.2,
and 3* = 0.05. Figure 2 contains three curves for dif-
ferent values of dust neutral collision frequency. It can
PLASMA PHYSICS REPORTS  Vol. 45
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Normalized growth rate

1 J
2 4 6 8 10 12 14 16
Normalized wavenumber

Fig. 1. Growth rate of gravitational instability is plotted
against wavenumber in parallel mode of propagation for
different values of polarization force I'.

Normalized growth rate

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3

0.2 1.5 20 25 30 35 40 45 5.0

Normalized wavenumber

Fig. 3. Growth rate against wavenumber in parallel mode
of propagation is plotted for different values of dust charge
fluctuation 3*.

be seen from curves that the growth rate of instability
is higher for lowest value of dust neutral collision fre-
quency. Further, for the positive increasing of colli-
sion frequency, the growth rate of instability decreases.

In Fig. 3, the normalized growth rate is plotted
against the normalized wavenumber in the parallel
mode of propagation for various values of dust charge
fluctuation (3* = 0.0,, 3.0, and 6.0) by taking the fixed

values of remaining parameters as x» = 0.1, x* = 0.1,

PLASMA PHYSICS REPORTS Vol.45 No.7 2019

Normalized growth rate

0.4

3 6 9 12 15 18 21 24
Normalized wavenumber

Fig. 2. Growth rate of Jeans instability versus wavenumber
in parallel mode of propagation is plotted for different val-

ues of dust—neutral collision frequency v}.

Normalized growth rate
1.0

0.9%
0.8F
0.7
0.6
0.5

0.4

\

1 1 1 1 1 1 1 K [
0 02 04 06 08 10 12 14 16 18
Normalized wavenumber

0.3

Fig. 4. Growth rate of Jeans instability versus wavenumber
in perpendicular mode of propagation is plotted for differ-

ent values of dust cyclotron frequency Q?d.

vi=00, v,=02, L,=0.1, L, =0.1, A}, =0.1,

Q, =0.1, Ay, =0.1, L, =0.1, and L, =0.1. It is
clear from the figure that the growth rate of instability
increases with increase in dust charge fluctuation.

Figure 4 shows the influence of cyclotron fre-
quency on the growth rate of Jeans instability in the
perpendicular mode of propagation. In the figure, the
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Fig. 5. Growth rate of Jeans instability against wavenumber in perpendicular propagation is plotted for different values of

dust—neutral collision frequency VZ}.
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Fig. 6. Growth rate of Jeans instability against wavenumber in perpendicular mode of propagation is plotted for different values

of polarization force.

solid curve is for Qfd = 0.1, while dashed and dotted

curves are for Qfd = 0.3 and Qfd = 0.5, respectively.

The values of other normalized parameters are
selectedasP = 0.2, v, =0.2,3*=0.2, L;, = 0.5, Ly, =
0.1, Ap =0.01, Q5 =0.1, A} =0.01, x =0.5,

L,=051L,=017% =01,T=0.4,and v, =0.2.
The figure shows that the growth rate of instability
decreases on increasing the value of the magnetic
field; therefore, increase in the magnetic field moves
the system toward stabilization.

To observe the effect of dust neutral collisions (Vj)
on the growth rate of the Jeans instability against wav-
enumber in perpendicular mode of propagation, Fig. 5

has been plotted. The right panel is for v: = 0.0, and

the left panel is plotted for v = 0.1, 0.2, and 0.3. It
can be seen that the increasing value of dust neutral
collision frequency decreases the growth rate of insta-
bility. The dissipative effect of the dust neutral colli-
sion frequency reduces the effect of free energy avail-
able to increase the growth rate of self-gravitational
instability. Thus, the dust neutral collision frequency
has stabilizing behavior on the growth rate of Jeans
instability in perpendicular mode of propagation of
magnetized radiative dusty plasma with polarization
force.

The positive roots of normalized growth rate in
perpendicular propagation are plotted against the nor-
malized wavenumber in Fig. 6 for four different values
of polarization force (I' = 0.0, 0.3, 0.6, and 0.9). The
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Dispersion frequency
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Fig. 7. Dispersion frequency against wave number in per-
pendicular of propagation is plotted for presence and

absence of dust thermal velocity v}y .

figure shows four curves (I"'= 0.0 in the right panel and
I'=10.3, 0.6, and 0.9 in the left panel). It is observed
from the figure that the growth rate of the Jeans insta-
bility increases with increasing the values of polariza-
tion force. The system tends to move toward destabili-
zation; thus, the polarization force shows the destabi-
lizing effect on the collisional radiative self-gravitating
dusty plasma. Hence, the existence of the polarization
forces has a vital role in the instability of the system.

Now, we have plotted Eq. (45) in Figs. 7 and 8 in
order to study the influence of dust thermal velocity
and polarization force on the dust cyclotron mode in
perpendicular mode of propagation.

The dispersion frequency versus wavenumber is
plotted in Fig. 7 for the absence and presence of dust
thermal velocity. We have kept the dust plasma fre-

quency Q , = 5.37><10_2, dust cyclotron frequency

Q. =16x 10, and polarization force I" = 0.3. The
solid curve shows the absence and dotted curve shows
the presence of dust thermal velocity. Figure 7 illus-
trates that the dispersion frequency is greater in the
presence of dust thermal velocity and the dispersion
frequency increases with increasing the wavenumber
in the plasma system.

Figure 8 demonstrates the variation of dispersion
frequency of dust cyclotron mode with the wavenum-
ber for three different value of dust polarization force.
The solid curve is for the value of polarization force
I" = 0.0, dashed curve represents I" = 0.5, and dotted
curve represents I' = 0.9, while the value of other

fixed parameters are chosen as Q ,, = 5.37x107,

Q,, =1.6x107,and v, = 8.4 x 10~ The behavior of
curves describes that the growing value of polarization

PLASMA PHYSICS REPORTS Vol.45 No.7 2019
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Fig. 8. Dispersion frequency against wavenumber in per-
pendicular mode of propagation is plotted for different val-
ues of dust polarization force I'.

force reduces the dispersion frequency of dust cyclo-
tron mode.

Furthermore, the dispersion frequency of pure dust
cyclotron in parallel mode of propagation and modi-
fied dust cyclotron mode in perpendicular mode of
propagation is plotted in Fig. 9. The variation of dis-
persion frequency of dust cyclotron mode against the
dust cyclotron frequency is shown in Fig. 9. The cyclo-

Dispersion frequency x10™
24 +

—s— Parallel propagation X

21 F e Perpendicular propagation

18 -
15+

12+

0 2 4 6 8 10 12 14 16 18 20
Dust cyclotron frequency x10~#

Fig. 9. Dispersion frequency against dust cyclotron fre-
quency in parallel and perpendicular modes of propaga-
tion is plotted.
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tron mode (in perpendicular propagation) modified in
terms of dust thermal velocity, polarization force, and
dust charge fluctuation is represented by solid curve,
while the pure cyclotron mode (in parallel propaga-
tion) is signified by dotted curve. Figure 9 indicates
that the dispersion frequency increases with increasing
value of dust cyclotron frequency. It can also be seen
that the cyclotron mode in perpendicular mode of
propagation has higher value of dispersion frequency
in comparison to the pure cyclotron mode.

5. CONCLUSIONS

The influences of polarization force, magnetic
field, and dust—neutral collision frequency on the
self-gravitational instability of partially ionized radia-
tive dusty plasma are studied in the present work. The
discussion of general dispersion relation is done in
both the parallel and perpendicular modes of propaga-
tions. We get cyclotron and radiative gravitating mode
in parallel mode of propagation, while the collisional
and radiative gravitating mode modified by magnetic
field is observed in perpendicular mode of propaga-
tion. In parallel mode of propagation, the dust—neu-
tral collision frequency and the ratio of densities of
neutrals and dust particles modify the cyclotron
mode, while the mode remains unaffected from the
dust self-gravity. The radiative condensation instabil-
ity condition is affected by the presence of dust charge
variation, dust thermal velocity, and polarization
force. The condition and growth rate of gravitational
instability of dust grains is affected by the magnetic
field in perpendicular mode only. The numerical
results show that the dust—neutral collision frequency
and magnetic field have a stabilizing effect on growth
rate of the Jeans instability of dust, whereas dust
charge fluctuation and radiative cooling of electrons
and ions have the destabilizing effect on growth rate of
the Jeans instability. Furthermore, the influence of
dust polarization force enhances in the system and
increases the growth rate of self-gravitational instabil-
ity. The polarization force and thermal velocity of dust
has significant influence the dust cyclotron mode.
The obtained results are important for the study of
molecular clouds.

FUNDING
Authors gratefully acknowledge the DST-SERB, New
Delhi (SB/FTP/PS-075/2014) and MPSCT, Bhopal
(R&D File no. A/RD/RP-2/2015-16/243) for the financial
assistance.

ADDITIONAL INFORMATION

The article is published in the original.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.
29.
30.

31.
32.

33

PLASMA PHYSICS REPORTS

SHARMA et al.

REFERENCES

. S. 1. Popel, V. N. Tsytovich, and M. Y. Yu, Astrophys.

Space Sci. 256, 1 (1998).

. S. I. Popel and V. N. Tsytovich, Astrophys. Space Sci.

264, 219 (1999).
K. Avinash, B. Eliasson, and P. K. Shukla, Phys. Lett.
A 353, 105 (2006).

V. N. Tsytovich, Phys. Usp. 58, 150 (2015).

C. B. Dwivedi, Phys. Scr. 53, 760 (1996).

V. N. Tsytovich, Phys. Usp. 40, 53 (1997).

P. K. Shukla and L. Stenflo, Proc. R. Soc. A 462, 403
(2006)

R. Bingham and V. N. Tsytovich, Astron. Astrophys.
376, .43 (2001).

. S. Ali and P. K. Shukla, Phys. Scr. 73, 359 (2006).
10.

S. Jain and P. Sharma, Phys. Plasmas 23, 093701
(2016).
P. Sharma, Astrophys. Space Sci. 361, 114 (2016).

N. L. Tsintsadze, R. Chaudhary, H. A. Shah, and
G. Murtaza, J. Plasma Phys. 74, 847 (2008).

B. Roy and S. Mukherjee, Int. J. Nonlin. Sci. 23, 67
(2017).

S. 1. Popel, A. A. Gisko, A. P. Golub’, T. V. Losseva,
R. Bingham, and P. K. Shukla, Phys. Plasmas 7, 6
(2000).

V. N. Tsytovich and U. de Angelis, Phys. Plasmas 6, 4
(1999).

V. N. Tsytovich, G. E. Morfill, and H. Thomas, Plasma
Phys. Rep. 28, 8 (2002).

S. I. Popel, M. Y. Yu, and V. N. Tsytovich, Phys. Plas-
mas 3, 12 (1996).

R. P. Prajapati and S. Bhakta, Phys. Lett. A 379, 42
(2015).

V. N. Tsytovich and U. de Angelis, Phys. Plasmas 9, 6
(2002)

G. E. Morfill, V. N. Tsytovich, and H. Thomas, Plasma
Phys. Rep. 29, 1 (2003)

S. A. Khrapak, A. V. Ivlev, V. V. Yaroshenko, and
G. E. Morfill, Phys. Rev. Lett. 102, 245004 (2009)

P. Sharma, Eur. Phys. Lett. 107, 15001 (2014)

S. Pervin, S. S. Duha, M. Asaduzzamanand, and
A. A. Mamun, J. Plasma Phys. 79, 1 (2013).

P. Sharma and S. Jain, Eur. Phys. Lett. 113, 65001
(2016)

P. Dutta, P. Das, and P. K. Karmakar, Astrophys.
Space Sci. 361, 322 (2016).

M. Shahmansouri and A. A. Mamun, Eur. Phys. J. Plus
131, 321 (2016).

A. Abbasi and M. R. Rashidian Vaziri, Plasma Sci.
Technol. 20, 035301 (2018).

C. F. Gammie, Astrophys. J. 553, 174 (2001).

D. L. Gilden, Astrophys. J. 283, 679 (1984).

B. P. Pandey and V. Krishan, IEEE Trans. Plasma Sci.
29, 2 (2001).

P. Sharma and S. Jain, Phys. Scr. 91, 1 (2016).

B. P. Pandey, J. Vranjes, and S. Parhi, Pramana J. Phys.
60, 3 (2003).

. M. P. Bora, Phys. Plasmas 11, 523 (2004).

Vol. 45

No. 7 2019



34. P. Sharma and A. Patidar, Phys. Plasmas 24, 013705
35.
36.
37.
38.

39.

RADIATIVE AND GRAVITATIONAL MODES AND INSTABILITIES 713

(2017)

P. K. Shukla and I. Sandberg, Phys. Rev. E 67, 036401

(2003).

L. Spitzer, Jr., Physical Processes in the Interstellar

Media (Wiley, New York, 1978).

A. Dalgarno and R. A. McCray, Ann. Rev. Astron.

Astrophys. 10, 375 (1972).

S. I. Popel, S. N. Andreev, A. A. Gisko, A. P. Golub,

and T. V. Losseva, Plasma Phys. Rep. 30, 284 (2004).

S. 1. Popel, A. P. Golub’, and T. V. Loseva, JETP Lett.

74, 362 (2001)

PLASMA PHYSICS REPORTS

Vol. 45

No. 7

2019

40.

41.

42.

43.

44,

S. L. Popel, A. P. Golub’, T. V. Losseva, R. Bingham,
and S. Benkadda, Phys. Plasmas 8, 5 (2001).

S. I. Popel, A. P. Golub’, T. V. Losseva, A. V. Ivlev,
S. A. Khrapak, and G. Morfill, Phys. Rev. E 67, 056402
(2003).

M. A. Sarwar, A. M. Mirza, and M. S. Qaisar, Phys.
Plasmas 14, 073702 (2007).

F. Verheest, P. K. Shukla, G. Jacobs, and V. V. Yaros-
henko, Phys. Rev. E 68, 027402 (2003).

R. P. Prajapati, S. Bhakta, and R. K. Chhajlani, Phys.
Plasmas 23, 053703 (2016).



	1. INTRODUCTION
	2. FORMULATION
	2.1. Basic Equations
	2.2. Linearized Equations

	3. DISCUSSION OF DISPERSION RELATION
	3.1. Mode of Propagation Parallel to the Magnetic Field
	3.2. Mode of Propagation Perpendicular to the Magnetic Field

	4. NUMERICAL DISCUSSION
	5. CONCLUSIONS
	FUNDING
	ADDITIONAL INFORMATION
	REFERENCES

		2019-07-09T12:40:47+0300
	Preflight Ticket Signature




