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Abstract. An investigation is presented on the very low-frequency electrostatic drift waves due to
the motion of the plasma particles in the combined effect of the static magnetic field and the inhomo-
geneous particle distribution in a dusty plasma using the Vlasov-kinetic model of plasmas. These
modes arise and are driven unstable due to the equilibrium diamagnetic currents of heavier species
of the dusty plasma. The implications of these modes to the structure formations in astrophysical
situations have also been pointed out.

[PACS Numbers: 52.25.Vy, 52.35.Fp, 52.35.- g, 52.35.Lv]

1. Introduction

In recent years, there has been a rapidly growing interest in dusty plasmas (Goertz,
1989; Northrop, 1992; Mendis and Rosenberg, 1994; Shukla, 1995; Spitzer, 1978;
Nakano et al., 1996; Montmerle, 1991; Bliokh, et al., 1995; Mendis, 1996) be-
cause of their potential applications in space and astrophysical situations, such as
nebulae, molecular clouds in interstellar media, protostars and circumstellar disks,
cometary tails, planetary magnetospheres, asteroid zones, etc., as well as in the
laboratory systems, industrial and modern plasma processing technologies (such
as plasma etching, microelectronics, and Coulomb dust-crystal formations for the
new materials of the future). The sources of dusty plasma in the Earth’s ionosphere
include cometary deposits, satellite burning, rocket and plane exhaust, volcanic
eruptions, meteorite trails, large fires, explosions, industrial pollutions, etc. (De An-
gelis, 1992). A dusty plasma is a three-component plasma consisting of electrons,
ions, and a very tenuous phase of massive solid grains. Since the dispersed solid
grains are subject to radiative and plasma environments, they acquire large electric
charges. Dust particles are often negatively charged by plasma currents. The grains
can be charged either positive or negative depending on the competition among
the various charging processes, such as electron and ion currents, photoelectric
effects, secondary impact ionization, transient events like thundering, shock waves
or magnetic reconnections (Meyer-Vernet, 1982; Horanyi and Goertz, 1990). The
typical size of grains varies in the range from a fraction to a few microns having
mass and charge on the grains varying in the wide range, viz.,md ∼ 10−2−10−15g

andZd e ∼ (103− 106) e. The presence of static charged dust grains in the plasma
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modifies its collective properties giving rise to electrostatic and electromagnetic
waves. Moreover, the dynamics of the highly charged and massive low-density
grains introduces new time and space scales in the collective behaviour leading to
the new waves, instabilities, and a large number of novel phenomena (De Angelis,
et al., 1989; Salimullah and Sen, 1992; Rao et al., 1990; Shukla and Silin, 1992;
Shukla, 1993; Shukla and Rahman, 1996; Rosenberg, 1993; Rao, 1995; Katsarenko
et al., 1997; Salimullah et al., 1998). A magnetic field is almost invariably present
in the dusty plasmas either in ambient conditions or is applied for convenience of
plasma processing or experimental purposes. Because of the charge on the grains,
their dynamics in the presence of an external magnetic field is of vital importance.

In a recent work, Bose (1997) has considered a homogeneous magnetized dusty
plasma and studied the electrostatic waves in the frequency rangeωci, ωcd � ω�
ωce (whereωcd,i,e are the cyclotron frequency of the dust, ion, and electron) by
using fluid model. Since the mass of the dust grain can be many orders higher
than that of the ion, the finite Larmor radius (FLR) effect must be significant
(Salimullah et al., 1998; Salimullah, 1996). To include this FLR effect, Salimullah
and his co-workers (1998) have employed the kinetic theory and investigated the
dust-lower-hybrid mode (ωcd � ω � ωci) and the ultra-low-frequency dust mode
(ω � ωcd) in a homogeneous magnetized dusty plasma. In most of the dusty
plasma situations, inhomogeneities of plasma particle densities may occur and play
important roles on the new waves and instabilities, particularly in the molecular
clouds where structure formations take place on fragmentation of the clouds of
nonuniform and magnetized dusty plasmas (Shukla et al., 1991).

Recently, Bharuthram and Singh (1997) have considered an inhomogeneous
dusty plasma and examined the lower-hybrid drift modeωci � ω � ωce and its
instability in an inhomogeneous dusty plasma where inhomogeneity in the dust
distribution of the dust particles has been ignored. The present work has treated an
inhomogeneous magnetized dusty plasma and studied the dust lower-hybrid drift
modeωcd � ω � ωci and ultra-low-frequency dust drift modeω � ωcd where
the inhomogeneity in the distribution of dust paricles, ions, and electrons have been
taken into account.

In general, dusty plasmas may be viewed in the two approaches. In the first, the
random distribution of the massive, isolated, immobile and highly charged particles
can change the dispersion properties leading to new waves and new mechanism of
damping due to the motion of plasma particles around the correlated dust centers
(De Angelis et al., 1989; Salimullah and Sen, 1992). On the other limit, dust can be
taken as a third component of plasma having constant charge and mass. We assume
for simplicity that the charge on the dust particles is not affected by the waves.
Similar model of constant charge on dust grains has been considered for low-
frequency waves in dusty plasmas. The variation of the dust grain charges (Jana
et al., 1993; Melandso et al., 1993) can lead to additional damping apart from the
collisionless Landau damping of these modes derived in the text. Fluctuations of
grain charge can be negligible so long as the grain thermal speed is much less than
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the electron or ion thermal speed. When the dust particle density is such that the
average inter-grain distance becomes comparable with the Debye length(r0 ∼ λD),
collective effects due to the motion of the massive and charged grains become
evident and significant, leading to new low-frequency wave modes. Consequently,
the dust grains are assumed to be negatively charged point particles. The grain sizes
and intergrain spacings are also assumed to be smaller than the dusty plasma Debye
radius and the gyro-radii of the dusty plasma particles. Further, the characteristic
wave frequency is much larger than the attachment/ionization or recombination
frequencies, so that, the latter are not important.

In Section 2, we write the general expression of the dielectric response function
for a uniformly magnetized and inhomogeneous dusty plasma due to the presence
of any electrostatic mode(ω, k). We, then analyze the general dispersion relation
for the extreme low-frequency drift modes and their stability conditions in the same
section. First, the dust low-frequency drift waves with frequency rangeωcd �
ω � ωci � ωce and then the ultra-low-frequency drift waves with the frequency
rangeω � ωcd are considered. Finally, a brief discussion of the results is given in
Section 3.

2. Dispersion Relation

We consider the presence of a low-frequency electrostatic mode(ω, k) in a three-
component inhomogeneous dusty plasma embedded in an ambient magnetic field
along the z-direction (Bo ‖ ẑ). The plasma density inhomogeneities are assumed
to be along the x-direction (i.e., transverse to the magnetic field) and described by
an inhomogeneity scale-lengthLn. Electrons and negatively charged dust particles
have diamagnetic drifts in the same direction while the ions have diamagnetic drifts
in the opposite direction giving rise to a net diamagnetic current. This current may
drive the low-frequency drift waves and make them unstable to grow in time de-
pending upon the parameters of the plasma and the phase velocity of the waves. In
the equilibrium, the system of electrons, ions, and the charged dust grains remain
quasi-neutral, i.e.,

Zinoie − noee − nodZde = 0, (1)

wherenod,i,e is the equilibrium number density of dust grains, ions, and electrons,
e is the magnitude of the electronic charge, andZi andZd are the number of
electronic charge on the ions and the dust grains, respectively. Usually,Zi = 1 for
a hydrogen plasma, butZd may have large values, between 102 − 105 in the space
or laboratory dusty plasmas (Mendis, 1996). Although dust particles may have
varieties of size, shape, and mass, we consider them, without loss any generality, as
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point particles having constant charge and mass. In the presence of an electrostatic
mode, the dispersion relation is obtained from (Liu and Tripathi, 1986)

ε(ω, k) = 1+
∑
α=e,i,d

χα = 0, (2)

where

χα =
2ω2

pα

k2v2
tα

[
1+ ω − ω

∗
α

k‖vtα

+∞∑
n=−∞

Z

(
ω − nωcα
k‖vtα

)
In(bα)exp(−bα)

]
, (3)

with α = e, i, d representing the plasma species,In(bα) being the modified bessel
function of order n with its argument. Here,ωpα = (4πq2

αnoα/mα)
1/2 is the plasma

frequency of the speciesα, vtα = (2Tα/mα)1/2 is the thermal velocity,ωcα =
qαBo/mαc is the cyclotron frequency,bα = k2

⊥v2
tα/2ω

2
cα, ω

∗
α = kyvdα is the dia-

magnetic drift frequency of the speciesα, where the diamagnetic drift speeds are
given byvde,i = ∓v2

te,i/2Lnωce,i , vdd = −v2
td/2Lnωcd ; mα qα, Tα, andc being the

mass, charge, temperature of the speciesα, and the velocity of light in a vacuum.
In the following, we study the two cases of the low-frequency drift waves in the
dusty plasma.

A. DUST LOWER-HYBRID DRIFT WAVES

To study dust lower-hybrid waves we consider the following limits of parameters

ωcd � ω � ωci � ωce,

k‖vtα � ω, be,i � 1, but bd � 1. (4)

Electrons and ions are assumed to be strongly magnetized while the dust compon-
ent is taken to be unmagnetized bacause of its large mass compared to the ion mass.
Using Equation (3), we obtain the plasma susceptibilities as

χe,i = 1

k2λ2
De,i

[
1− ω − kyvde,i

ω
0oe,i

+i√π ω − kyvde,i
k‖vte,i

exp

(
− ω2

k2
‖v

2
te,i

)
0oe,i

]
, (5)
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[
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ω
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= 1

k2λ2
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− k
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ω2
+ i√π ω − kyvdd

kvtd
exp

(
− ω2

k2v2
td
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, (6)
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whereZ is the plasma dispersion function,0oe,i = Io(be,i)exp(−be,i), Io is the
zeroth order modified Bessel function.

Using Equations (5) and (6) in Equation (2) we obtain

ωr = kyvdd (Zi/Zd )(noi/nod)0oi[1− (noe/noi )(1/Zi)(0oe/0oi )− (Zd/Zi )(nod/noi )(1/0oi)]
k2λ2

Dd
+ (Td/Te)(1/Z2

d
)(noe/noi )(1− 0oe)+ (Td/Ti )(Z2

i
/Z2
d
)(noi/nod)(1− 0oi)

+ k2v2
td (Zd/Zi)(nod/noi)

0oikyvdd [1+ (1/Zd )(noe/nod )0oe − (Zi/Zd)(noi/nod)0oi ] . (7)

This equation represents the dispersion relation for the dust lower-hybrid drift
mode which arises due to the diamagnetic drift of the dust particles under the
combined effects of the magnetic field and the inhomogeneity of the dust distri-
bution in the dusty plasma under consideration. In deriving Equation (7), we have
assumedZinoi0oi > Zdndo which is true for the usual dusty plasma parameters.
The imaginary part of the frequency is given by

ωi = −εi/(∂εr/∂ω), (8)

= εiω
3
r

{(kyvde/k2λ2
De)0oe + (kyvdi/k2λ2

Di)0oi + (kyvdd/k2λ2
Dd)}ωr − (2v2

td/λ
2
Dd)

,

where
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√
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k2λ2
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[
ω − kyvde
k‖vte

0oe exp

(
− ω2

k2‖v2
te

)]

+
√
π

k2λ2
Di

[
ω − kyvdi
k‖vti

0oi exp

(
− ω2

k2
‖v

2
t i

)]

+
√
π

k2λ2
Dd

[
ω − kyvdd
k‖vtd

exp

(
− ω2

k2v2
td

)]
. (9)

In Equation (9), the ion contribution toεi will dominate over the electron and
dust components. Hence, the mode will be unstable and grow in amplitude when
ωr/k > vdi . This condition is opposite to that of Bharuthram and Singh (1997) be-
cause we are here considering the very low-frequency dust drift mode whereωcd �
ω � ωci. This dust lower-hybrid drift mode arises due to the inhomogeneous
distribution of the dust grains in the magnetized dusty plasma.

B. ULTRA-LOW-FREQUENCY DUST DRIFT WAVES

We now study the extreme low-frequency drift waves under the following condi-
tions:

ω � ωcd � ωci � ωce,
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k‖vtd � ω� k‖vti � k‖vte, (10)

k⊥ρe,i � 1, and k⊥ρd < 1.

In this limit, all plasma particles are assumed to be magnetized. Various susceptib-
ility components are given by

χe,i = 1

k2λ2
De,i

[
1+ i√π ω − ω

∗
e,i

k‖vte,i

]
, (11)

χd = 1

k2λ2
Dd

[
1− ω − ω

∗
d

ω
exp(−bd)+ i√π ω − ω

∗
d

k‖vtd
exp

(
− ω2

k2
‖v

2
td

)]
. (12)

Thus, the real and imaginary parts of the frequency of this extreme low-frequency
drift waves are given by

ωr = ω∗d

(
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Z2
d

Z2
i

Ti
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)(
1+ neo

nio

1

Z2
i

Ti
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)
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1+ bs , (13)
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(
ndo

nio

Z2
d
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, (14)

where

bs =
(
ndo

nio

Z2
d

Z2
i

Ti

Td

)
bd, (15)

ω∗d = kyvtd/2ωcdLn.

It is noticed from Equation (13) that the electron contribution to the mode can be
neglected asnioZ2

i Te > neoTi . The mode arises due to the diamagnetic drift of the
charged dust grains in the presence of magnetic field and the inhomogeneity in the
dust distribution. From Equation (14), we note that the mode is unstable and grows
in time when the perpendicular phase velocity is smaller than the diamagnetic drift
velocity of the ions(ωr/ky < vdi). This condition of the dust-drift instability
contradicts that of Bharuthram and Singh (1997) because we consider the extreme
low-frequency dust-drift waves(ω� ωcd � ωci).

3. Discussion

We have studied the low-frequency drift waves in a magnetized and inhomogen-
eous dusty plasma. We consider two frequency regimes, viz.,ωcd � ω � ωci,
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the dust lower-hybrid frequency andω � ωcd, the ultra-low-frequency limit. In
both the limits, the dynamics of the electrons, i.e., the lightest component is not
important for the low-frequency modes and they arise due to the motion of the
heavier species, i.e., the ions and the charged dust particles.

The modes under consideration arise on account of the diamagnetic drift of the
particles under the combined effect of the magnetic field and the inhomogeneity
of the dust distribution in the dusty plasma. The growth or damping of the modes
depends on the phase velocity and the diamagnetic drift velocity of the ions. For the
lower-hybrid drift waves, the mode is unstable when the phase-velocity is greater
than the diamagnetic drift velocity of the ions(ω/ky > vdi) [cf., Equation (8)].
However, for the ultra-low-frequency dust-drift case, the mode grows when the
phase-velocity is smaller than the ion diamagnetic drift velocity(ω/ky < vdi) [cf.
Equation (14)].

In the present investigation, the dust grains are taken as a third-component of
the inhomogeneous dusty plasma having constant charge and mass. For simplicity,
we have assumed that the charge on the dust grains is not affected by the waves.
The variation of the dust charge can lead to an additional damping (Jana et al.,
1993; Melandso et al., 1993) apart from the collisionless Landau damping of the
low-frequency electrostatic modes studied here.

These low-frequency modes may cause enhanced low-frequency electrostatic
noise from the dust-plasma environments. They can have many other applications
in space and astrophysics as well as in laboratory experiments on Coulomb-dust
crystallization and dust coagulation. The resonant interaction of these modes and
the dust grains may provide a new mechanism of dust attraction causing the forma-
tion of structures. Various collective effects including dust Coulomb crystallization
and the parametric mode-coupling interactions through these ultra-low-frequency
modes in magnetized dusty plasmas will be an important field of research in the
future and the work in these lines is in progress.
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