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Jeans instability in a quantum dusty magnetoplasma
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Jeans instability in a homogeneous cold quantum dusty plasma in the presence of the ambient
magnetic field and the quantum effect arising through the Bohm potential has been examined using
the quantum magnetohydrodynamic model. It is found that the Jeans instability is significantly
reduced by the presence of the dust-lower-hybrid wave and the ion quantum effect. The minimum
wavenumber for Jeans stability depends clearly on ion quantum effect and the dust-lower-hybrid
frequency also. © 2009 American Institute of Physics. [DOI: 10.1063/1.3070664]

In recent years, there has been a growing enthusiasm in
quantum plasmas because of their importance in microelec-
tronics and electronic devices with nanoelectronic
components,l’2 dense astrophysical systems,S_5 and in laser-
produced plasmas.679 When a plasma is cooled to an ex-
tremely low temperature, the de Broglie wavelengths of the
plasma particles could be at least comparable to the scale
lengths, such as, Debye length or Larmor radius, etc., in the
systems. In such plasmas, the ultracold dense plasma would
behave as a Fermi gas and quantum mechanical effects might
play a vital role in the behavior of the charge carriers of these
plasmas under these extreme conditions. Shukla and
Stenflo'® have pointed out the importance and the range of
validity of quantum effect on Jeans instabilities of self-
gravitating astrophysical quantum dusty plasma systems
where the electromagnetic and gravitational forces on plasma
charge carriers become comparable.

In the dense astrophysical situations, such as, the interior
of white dwarfs and neutron stars, the plasma density may be
very large. Here, the interparticle distance may be compa-
rable to the de Broglie wavelength of the cold plasma par-
ticles. Hence, the quantum effect arising through the Bohm
potential might become important. However, the Jeans insta-
bility is a relatively fast process for the gravitational
collapse.1 10 The presence of ambient magnetic field and the
quantum effect might affect the Jeans instability in a quan-
tum dusty magnetoplasma. In this brief communication, we
examine the role of the ambient magnetic field in comparison
to the quantum effect on the Jeans instability in any astro-
physical cold quantum dusty plasma system.

We consider an infinitely extended homogeneous high
density dusty magnetoplasma containing electrons, ions, and
charged dust grains in the presence of a homogeneous static
ambient magnetic field BllZ. At equilibrium, we assume that
the charge quasineutrality condition is satisfied, that is n;
+(qq/ €)ngo=n,9, where nj, is the equilibrium number density
of the jth species (j=electrons, ions or dust), g, is the aver-
age charge on a dust grain, and e is the electronic charge. We
analyze the stability properties of the system against the elec-
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trostatic perturbations including the self-gravitational effects
among the heavier species.

The governing equations in the quantum hydrodynamic
(QHD) model'"?! for the supercooled electrons, ions, and
charged dust grains in the presence of the ambient magnetic
field B, are

9 . . K2
—v/'=—£]LV¢+—qLVjXBO+ TV (V). (D)
ot - m; mic m.n;

J J j'%j0
on;
gtl"L”JOv -v;=0, 2)

where # is the Planck’s constant divided by 2, ¢(r,1) is the
electrostatic potential in the quantum magnetoplasma, and ¢,
mj, njy, and c are the charge, mass, equilibrium number den-
sity of the jth species, and the velocity of light in a vacuum,
respectively. Here, we take into account the quantum effects
of all the species when they are considered extremely cold.

Further, the Poisson’s equations satisfying the electro-
static potential ¢ of the perturbation and the gravitation po-
tential ¢ for the relatively heavier dust grains are

V2¢=4779<”e1 _nil_%ndl) (3)

and
V2¢= 47TGmend1, (4)

where G is the universal gravitational constant and the sub-
script 1 indicates the perturbed quantities in the presence of
the perturbed potential ¢ and .

Following Ref. 22 for the cold and quantum magneto-
plasma, we can easily derive the dielectric susceptibilities of
magnetized electrons and ions as
_ __wa‘fL“ _ k_ﬁg;l (5)
Xa= K wfa— wzfi KB o f,

where a=e,i and the quantum factor arising due to the
Bohm potential is given by

© 2009 American Institute of Physics
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For k2l>kﬁ for maximum magnetic field effect and w?,
>w2fi for low-frequency perturbation, the above suscepti-
bilities for electrons/ions reduce to

Xaz Uafa? (7)

_ 2 .2
where 0,=w,,/ v, and

2
w, o

fum1- e ®)
4wy,

with wQazﬁkz/ma and o=,/ w, being the dust-
lower-hybrid frequency.B’24 For nearly perpendicular propa-
gation and neglecting small quantum mechanical correction,
we have substituted”” w=w,y, in f, and f; given by Eq. (8).

Considering the relatively massive dust grains to be un-
magnetized but mobile and including the self-gravitational
and quantum effects, we can obtain

ov h?

Fdl__ gy Vs ——V Vny, 9)
ot my 4mzn 4o

ndl =nd0k~Vd1/a). (10)

Writing ny,=-x,k*¢/4mq,, we obtain the dielectric suscep-
tibility for dust-plasma as

— —wL (11)
Xa= w + w%d - wsz/4 ’
where de=hk2/ my and w;,;= \e"477Gmdnd0 is the dust Jeans
frequency. Using Egs. (7) and (11) in the Poisson’s equation,

Eq. (3), we obtain the dispersion relation for (w,k) from

w
L+ 0 f,+0fi— 52— =0. (12)
0+ W), — wy,/4
Since wf,,fi/ w?> wie ./ w2, for the high density quantum
magnetoplasma, the above dispersion relation yields

2 2

I o
w2=—w3d+ﬂ+—@. (13)

fi 4

Thus, in the presence of the ambient magnetic field and
the quantum effect on the cold dust grains, the growth rate of
the modified Jeans instability is given by

2 w2 \12
2 dih _ @0d
y:(wjd— T ) . (14)

In the absence of the ambient magnetic field and the
quantum effect arising through the Bohm diffraction term of
the dust component, the well known Jeans instability is ob-
tained. Clearly, both the magnetic field B, and the ion and
dust quantum effects reduce the growth rate. Therefore, they
stabilize the Jeans instability. Obviously, the quantum effect
on Jeans instability will be significant for large values of the
wavenumber k. In the absence of the ambient magnetic field,
the limiting value of k£ was obtained in Ref. 10. However, in
the presence of the magnetic field, this value of k is signifi-
cantly modified.
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To have some numerical appreciation of our analytical
results, we have calculated the Jeans frequency and the dust-
lower-hybrid frequency for the following typical parameters
of an astrophysical plasma environment, n,,=n;,
=10 cm™, ngp=10" cm™, my=10"%m;, m;=12m, (m, is
the proton mass), Z,=107, and B,=10'" G. The numerical
values of w;; and wyy, turn out to be 4.10X 107! s7! and
7.98 X 1072 s7!, respectively. The Jeans instability growth
rate is further reduced by the quantum effect on ions for large
k [cf. Egs. (8) and (14)] when the dust quantum effect is
neglected because of their heavier mass. It is noted that the
Jeans instability growth rate is a sensitive function of the
strength of the ambient magnetic field because of the pres-
ence of the dust-lower-hybrid wave.

The stability condition for the quantum dusty magneto-
plasma can be obtained from y=0. Neglecting the product of
ion and dust quantum corrections, we obtain the stability
condition of the Jeans instability as

5 2 2 1/4
k= m; Wya ~ P (15)
= 2 2 /02 22
Wyl Wiy + M 1My

We note here that the ion quantum correction stabilizes the
Jeans instability in the presence of the ambient static mag-
netic field when the above condition on k in Eq. (15) is
satisfied. Usually, w;;> w,, since the dust-lower-hybrid
wave is an ultralow frequency wave in a magnetized plasma.
Thus, the Jeans stability condition on k in a quantum dusty
magnetoplasma reduces to

.
k= \/%. (16)

Hence, the ion quantum correction gives rise to the limit of
the wavenumber which increases with the strength of the
ambient static magnetic field. Both the magnetic field effect
and the ion quantum effect arising through the Bohm diffrac-
tion term contribute to the minimum wavenumber which sta-
bilizes the Jeans instability.

In summary, we have examined the Jeans instability in
the presence of the ambient static magnetic field and the
quantum effects of the plasma species arising through the
Bohm potential in a cold quantum dusty magnetoplasma. It
is noticed that the Jeans instability is drastically reduced by
the ion quantum effect and the dust-lower-hybrid frequency
resulting from the dynamics of unmagnetized dust grains and
the magnetized ions. The electron contribution to this reduc-
tion is insignificant. It may be added here that the nonunifor-
mities in the plasma density and the ambient magnetic field
might play important roles on the Jeans instability and the
work in these lines is in progress.

One of the authors (M.S.U.) would like to thank Profes-
sor P. K. Shukla for useful discussions on the work.
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