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Low-frequency electrostatic waves in a hot magnetized dusty plasma
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A gyrokinetic study of low-frequency—Ilower than the dust cyclotron frequency—electrostatic modes in a
magnetized dusty plasma has been presented. It is found that the inequalities of charge and number densities of
electrons, ions, and dust particles, and the finite-Larmor-radius thermal kinetic effects of the mobile charged
dust grains, introduce the existence of low-frequency electrostatic eigenmodes in a three-component hot mag-
netized dusty plasma. The relevance of our investigation to space and astrophysical as well as laboratory
experiments for dust-particulate attraction is pointed f81.063-651X96)50409-5

PACS numbsgs): 52.35.Fp, 52.25.Mq, 52.35.Mw, 52.35.Ra

Dusty plasma$1-20Q| are finding numerous applications  We consider a fully ionized plasma consisting of positive

in systems ranging from space and astrophysical situationens, electrons, and negatively charged dust grains. Although
and planetary atmospheres to laboratory and modern techihe size, the mass, and the charge of the dust grains vary
nologies as well as in macroscopic Coulomb crystal formafrom one grain to another, we assume that the dust grains all
tion. Electrons, ions, and electrically charged extremelyhave uniform size and negative charge, and that they neither
heavy dust grains are the constituents of a dusty plasma. TH¥eak up nor coalesci21]. When the grain size is much
dust grains are usually negatively charged, with a large numsmaller than the wavelength of perturbations and the inter-
ber of electrons on each dust graif(~ 10°—10%), they are particle distance, then the dust grains can be treated as nega-

of micrometer and submicrometer size, and they have a mag¥yely charged point massétke negative ions In the equi-
that is much larger than the positive ion massy(m, librium, the plasma is quasineutral and the conservation of

~10°-10'8). the particle number density must always hold. Thus

There are two important features that distinguish dusty
plasmas from the usual multiple-component plasmas, which
have either more than one kind of ion species or electron ZNeot ZgNgo=ZiNio, (1)
species with different temperatures. First, the presence of the
very massive, charged dust grains introduces new time and
space scales in the plasma behavior, leading to new waveghereZ.=1 andZ; andZ, refer to the charge states of ions
and instabilities[21-24. Second, the charges on the dustand dust particlesn;, is the unperturbed particle number
particles can vary, owing either to the wave-motion-induceddensity. We assume constant charge on the dust particles and
electron and ion currents flowing onto the grain surface or tahereby neglect any damping of the modes that may arise
equilibrium charging process¢25—-27. It has been shown because of grain charge fluctuations. Such an approximation
recently that grain charge fluctuations typically give rise tocan be justified for those dusty plasmas that have fairly small
damping of waves that would otherwise propagate as normalust particles with weak chargif@1].
modes[28,30. In this paper, we study the low-frequency modes in a hot

Although a large body of literature has focused attentionand uniformly magnetized dusty plasma by considering dust
on collective effects in unmagnetized and magnetized dustgynamics with Vlasov-gyrokinetic theory. In particular, we
plasmas with a magnetohydrodynami®$HD) description investigate the low-frequency electrostatic modes propagat-
[21-23,31], consideration of thermal kinetic effects is also of ing almost perpendicular as well as almost parallel to the
great importance. It is anticipated that the presence of exteexternal magnetic field and having frequency below the dust-
nal magnetic fields with inclusion of thermal kinetic effects cyclotron frequency. Let us now consider a very low-
can open a number of additional or new modes or can changeequency electrostatic mode (k) propagating obliquely to
or modify the existing plasma modes in a dusty plasmaan external magnetic fielB | z. We assume that the wave
Since the mass of a dust grain can be many orders highggctor k of the mode lies on thexz plane in a three-
than that of the ions, the finite-Larmor-radi(SLR) effects  gimensional Cartesian coordinate system. The dispersion re-
must become significant in a hot magnetized dusty plasmaation for this kind of electrostatic low-frequency mode can
We show in this paper that the FLR effects of the massivgye obtained by considering the gyrokinetic theory of the
and mobile charged dust grains can give rise to a very lowmytiple-species dusty plasma. The dispersion relation of this

frequency(lower than the dust cyclotron frequenaglectro-  yjtra-low-frequency electrostatic mode is obtained fi@)
static mode in the dusty plasma, which exists only in the

presence of an external magnetic field and the mode disap-
pears when the external magnetic field vanishes. This low-
frequency electrostatic mode has no counterpart in the usugtw K)=1+ E

———|[1+T,£,2(¢,)]=0, 2
cold-fluid MHD description of the magnetized dusty plasma. aZe,i,d (kz)\%a [ 0abaZ(La)] @
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=k?V3 [2w2,; |, is the zero-order modified Bessel func-
tion with argument,, andZ is the plasma dispersion func-
tion with argument ¢,; Vyp=2T./my)*? and
w.,=Z.,eBJ/m,c, are, respectively, the thermal velocity and +
cyclotron frequency of patrticles of speciesm,, is the mass
of a particle, andr , is the temperature of speciese is the
magnitude of electron charge ands the velocity of light in (7)
a vacuum.
We now solve Eq(2) explicitly for the dispersion relation The electrostatic mode, given by E(G) is an obliquely
for low-frequency electrostatic waves for the following two propagating low-frequencylower than the dust cyclotron
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conditions. frequency dust mode. It does not have a counterpart in the

cold-fluid MHD description of the dusty plasma. This mode

A. Quasiperpendicular low-frequency electrostatic dust mode  in the hot magnetized dusty plasma appears to be entirely

sideration satisfies the following conditions:

due to the inequalities of charge and number densities of
electrons, ions, and dust particles and the FLR thermal ki-
netic effects, as can be seen from Eg). It is noted that the
dispersion relation of the low-frequency electrostatic mode
contains all the parameters of the dust component of the
, €) multiple-species dusty plasma. It is interesting to note from
Wcd Wi Wce the dispersion relation, E@6), that the frequency of this
low-frequency mode becomes zero either when there is no
external magnetic fieldBs=0) or when the mode is assumed

In this case, we assume that the modek)) under con-

k. V K Vini k. V
L thd>1> L th|> L Vthe

Wee> W¢i> Weg> W, @ 1o propagate exactly along the perpendicular direction
k;=0). Since the parallel component of the wave vector of
the mode is very small compared to the perpendicular com-

kHVthe> k”Vth,>w> k||Vthd . (5)

ponent k <k, ), the Landau damping rate of the mode is
negligibly small, as is evident from the analytic expression

To satisfy these conditions simultaneously, we must havéor the damping, Eq(7).
k, >k . This means that the mode should be quasiperpen-
dicular. It is important to note that conditi@d) is the essen-
tial criterion for the derivation of the dielectric response
function, Eq.(2) for low-frequency electrostatic wav¢32). We now assume a mode (k) which satisfies the follow-
Using conditiong3)—(5), the dispersion relation, E¢R), for  ing conditions:

the mode under consideration reduces to

B. Slow-dust sound wave

k. V K Vini k. V
1> L thd> 1 th|> 1 the,

8
w2= ( @Wed Wed Wi Wce
VK, Ving
Z4(8—1)kfch W 0> 0e¢> o, 9
X 1
14+ Z4(Te/T)(Nig/Neg) + Z5(Te/ Tg) (Ngo/Neo)
kHVthe> kHVthi>w>kHVthd . (10)

(6)

whered=2Z;n;,/ng>1 andcy=(T./my) Y2 The normalized Utilizing these conditions, Eq2) gives the following disper-
Landau damping rate of this low-frequency mode ission relation for the low-frequency mode (k) in the hot
obtained as magnetized dusty plasma:

Z4(5—1)kfch

2:
1+ZH(Te/T)(Nig/MNeo) + KNG T {N D+ Za(5— 1) pghtkT

O]

(11)
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wherepy=c4/w.q. The normalized Landau damping rate of the gyrokinetic theory to derive the dispersion relation of this

this low-frequency mode is obtained as mode. Due to the FLR effects, the slow-dust sound wave
acquires a finite perpendicular group velocity. The expres-
AL o \3 o \2 sion for the Landau damping rate, which is finite for this
—=— \/;( W) expl’ - ( "y ) ] mode, has also been determined.
@ I¥thd I¥thd In the present investigation, the dust particles were taken

Ti

Z\2( T\ 32/ m\ Y2/ o \2 as a third component of the plasma having constant charge
(—') ( d) ( ') ( '0) p[—( ) H and mass. For simplicity, it was assumed that the charge on
Zq K Vini the dust particles is not affected by the wave. The variation
(12) of the dust charges can lead to additional dampRfy-3Q
apart from the collisionless Landau damping of the modes
Equation (11) is the dispersion relation of a very low- derived in the present text. The charge fluctuation on the dust
frequency (lower than the dust cyclotron frequencgust particles may be the dominant damping mechanism for the
mode in the hot magnetized dusty plasma. The counterpart dbw-frequency modes, except for very long and short wave-
this mode in a two-component electron-ion plasma is thdengths, and the effect is maximum when the wave frequency
slow-ion sound wave. Actually, the MHD version of this is equal to the charging frequency of the di&d]. Further-
mode was first predicted by Rao, Shukla, and[20], in an  more, the charging effects can lead also to renormalization of
unmagnetized dusty plasma and the mode is known as dusite electron plasma frequency, namely, to its decreasing
acoustic wave. The mode described by Efil) may be [27]. Fluctuation of grain charge can be negligible as long as
called slow-dust sound wave in the hot magnetized dustyhe grain thermal speed is much less than the electron or ion
plasma. As we see from E@ll), due to the FLR thermal thermal speed.
kinetic effects, the mode acquires a finite perpendicular The low-frequency modes studied here can have many
group velocity, i.e., the mode can now propagate across thapplications in space and astrophydi88—35 as well as in
external magnetic field and this can lead to cross-field energhaboratory experiments for dust-particulate attraction during
transport, which is absent in the usual description of the unthe formation of the dust crystals and dust coagulafti8+
magnetized cold dusty plasnial]. In thek, —0 limit, one  20]. It has been theoretically demonstrated recently that at-
recovers the MHD result of Rao, Shukla, and Yu, i.e., thetraction between dust particulates is possible in a dusty
so-called dust acoustic wave. We also notice from the explasma only due to the presence of low-frequency electro-
pression for the Landau damping rate, Efj2), which is  static dust mode§36,37. The attraction between dust par-
finite for this dust mode, the damping is due to both ions andiculates can properly explain the formation of Coulomb dust
dust grains. crystals and the structure formations in astrophysical situa-
In summary, we have presented a gyrokinetic study otions. Experimental observatiori45,38 also indicate that
low-frequency electrostatic modes in a hot magnetized dustprior to Coulomb crystallization, there appear low-frequency
plasma. It is found that the inequalities of charge and numbeelectrostatic fluctuations. It is important to mention here that
densities of the different plasma species and the FLR thermaxtensive investigations have been done in this direction on
kinetic effects of the charged and massive dust grains introthe direct observation of macroscopic Coulomb crystal for-
duce the existence of electrostatic eigenmodes in a threenation in dusty plasma environments both theoretically and
component uniform hot magnetized dusty plasma. In Case Agxperimentally in recent yeaf43—-20Q. The low-frequency
a quasiperpendicular low-frequency dust mode is found taust modes studied here will be helpful in explaining the
exist due only to the FLR thermal kinetic effects of the mas-experiments of Coulomb dust crystallization in a realistic
sive, heavily charged and mobile dust grains and it does ndtituation where an external magnetic field might be neces-
have a counterpart in the cold-fluid MHD description of thesary for experimental purposes. Furthermore, these low-
dusty plasma. It is interesting to note that this particular low-frequency dust modes and their consequent influence on dust
frequency mode disappears either when the external magoagulation may play an important role in the interstellar
netic field vanishes or when the mode is assumed to propaegions where the star-formation processes take place
gate along a direction exactly perpendicular to the externdl39,40. Collective effects on Coulomb dust crystallization
magnetic field. We have also studied the existence of a lowand parametric mode-coupling interactions through these
frequency dust mode, which may be called slow-dust sountbw-frequency modes in dusty plasmas will be important
wave (Case B in the hot magnetized dusty plasma. This fields of research in the future.
mode is the kinetic version of the so-called dust acoustic
wave predicted by Rao, Shukla, and ¥24], in an unmag- The author would like to thank Professor M. Salimullah
netized dusty plasma. The FLR effects have been included ifor a number of useful discussions.
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