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Using a completely kinetic description to analyze wave propagation in dusty plasmas, the case of
propagation of waves exactly parallel to the external magnetic field and Maxwellian distributions for
electrons and ions in the equilibrium is considered. A model for the charging process of dust
particles which depends on the frequency of inelastic collisions between dust particles and electrons
and ions is used. The dispersion relation and damping rates for Alfvén waves are obtained. For the
numerical solutions, the average value of the inelastic collision frequency is used as an
approximation. The results show that the presence of dust particles with variable charge in the
plasma produces significant additional damping of the Alfvén wave. A novel process of mode
coupling of low-frequency waves is demonstrated to occur due to the presence of dust particles. ©
2005 American Institute of PhysidDOI: 10.1063/1.1899647

I. INTRODUCTION However, the dust-charge fluctuation is not considered. Also,
Salimullah and Rosenberg investigated the modification of
Alfvén and magnetoacoustic wave propagation in athe damping mechanism for kinetic Alfvén waves originated
dusty plasma has been investigated previously by a numbéyy the misbalance of electron and ion densities, for the case
of authors. Some of thef focused on the ultralow- in which the dust particles may capture a great amount of
frequency waves, with frequencies much below the dustelectrons’
cyclotron frequency. These waves are affected by the dy- Kotsarenkoet al. have studied low-frequency kinetic
namic of the dust grains. Others authors considered thalfvén waves in a dusty plasma using a fluid analysis, which
circularly polarized electromagnetic waves propagating pardoes not include Landau dampify.Das et al. have
allel to the magnetic field in a plasma with static dust grainsconsidered kinetic Alfvén waves in the frequency regime be-
in particular, the case of frequencies much below the ionfow the dust-cyclotron frequency, in a plasma with magne-
cyclotron frequenc§f7 tized massive dust grains, and have studied damping due to
More specifically, Pillipet al. showed that even if the charge fluctuation$' Also using a fluid model, Shukla and
fraction of negative charge on the dust grains is quite smalRahman investigated shear Alfvén waves and other low-
compared to that carried by free electrdbgpically =10*  frequency electromagnetic waves in nonuniform dusty
in interstellar clouds it can have a large effect on hydro- magnetoplasmas.
magnetic Alfvén waves propagating at frequencies well be-  In addition, low frequency, long wavelength Alfvén
low the ion-cyclotron frequency.Mendis and Rosenbefg, waves in multibeam dusty plasmas, with application to com-
and Shukl4 showed that the dispersion properties of Alfvén ets and planetary rings, have been consid&tédso effects
and magnetoacoustic waves in a dusty plasma at frequencies dust on absorption of Alfvén waves in tokamak edge plas-
below the ion-cyclotron frequency, but well above the dust-mas has been discussédalam et al, using a multifluid
cyclotron frequency, are modified when a fraction of thetheory, considered the growth rates of propagating waves in a
negative charge is on the dust grains. magnetized dusty plasma in the presence of dust-charge fluc-
Salimullahet al., using a kinetic description, have stud- tuation and of a weak magnetic fiellAnother example to
ied the circularly polarized electromagnetic waves propagatbe mentioned is that dust-charge fluctuations as well as the
ing along homogeneous magnetic field in a dusty plafémadynamics of the dust charging process can lead to the appear-
They have found that in addition to the usual Landau dampance of an imaginary part in the dispersion equation for ion-
ing, a novel mechanism of damping of the Alfvén wave, duesound waves$® leading to a damping of the wave in addition
to the correlation between dust particles, comes into playto the Landau damping.
The conclusion to be drawn is that the presence of dust
dElectronic mail: juli@astro.iag.usp.br particles can lead to the modification of the usual Landau
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damping of low-frequency waves, or to the appearance of In the present work we focus our attention on low-
additional damping mechanisms for these waves. It is therdfrequency waves in a weakly coupled dusty magnetoplasma.
fore important to take into account the presence of dust whebust particles are assumed to be immobile, and consequently
discussing the dispersion relation for low-frequency wavesthe validity of the proposed model will be restricted to waves
However, to the best of our knowledge, Alfvén waves in awith frequency much higher than the characteristic dust fre-
magnetized dusty plasma with variable charge on the dusjuencies. In particular, we will consider the regime in which
particles have not previously been considered in the contexf)y <w<|Q|, whereQ4 and(), are the cyclotron frequen-
of the kinetic theory. The point is that in kinetic theory the cies of the dust particles and of electrons and ions, respec-
distribution function of electrons and ions satisfies an equatively. This modeling excludes the modes that can arise from
tion with a collision term with dust particles, which assuresthe dust dynamics.
the possibility of variation of the charge of the dust particles.  As we will see, in this range of frequencies the dust
In this paper we will consider this question in the study ofparticles modify the dispersion relation through modifica-
the Alfvén wave propagation in a dusty plasma. tions of the quasineutrality condition and through effects due
The structure of the paper is as follows. In Sec. Il weto dust-charge fluctuation. These dust-charge fluctuations
discuss the model used to describe the dusty plasma. In Sgmovide an additional damping mechanism for the Alfvén
[ll we present the dielectric tensor for wave propagation exwave, beyond the well-known Landau damping mechanism.
actly parallel to the external magnetic field, derived assum-
ing Maxwellian distributions for the electrons and ions in the

equilibrium. In Sec. IV the dispersion relation for Alfvén lll. PROPAGATION PARALLEL TO B , AND

waves is obtained, the inelastic collision frequency is mody\,ax\WELLIAN DISTRIBUTION FUNCTION
eled, and some limiting cases to this dispersion relation are

discussed, in order to clarify the numerical procedure used. |[f f po iIs @ Maxwellian distribution, we get, from Eq.

In Sec. V the numerical results for the damping of Alfvén (A10) in the Append|x L(fgo) 0, and the effects of charge
waves modified by the dust are presented and discussed. Theriation in the terme”, given by Eq.(A2), only occurs in
conclusions are presented in Sec. VI. In the Appendix, wehe resonant denominator, being this result independent of
give the general expression for the dielectric tensor of a hothe direction ofk. The resonant denominator is modified by
mogeneous magnetized dusty plasma, fully ionized, withthe addition of a purely imaginary term which contains the
dust particles assumed to be identical, immobile, and withnelastic collision frequency of electrons and ions with dust
variable charge. particles.

In the case of propagation exactly parallel to the external
magnetic field, the term given by Eq.(A13), only occurs
for i=j=3 (whetherfg, |s or is not a Maxwellian distribu-

We consider a plasma in a homogeneous external magion).
netic fieldBy=Bge,. In this magnetized plasma we take into In the case of propagation parallel to the external mag-
account the presence of spherical dust grains with constametic field and Maxwellian distributions for the electrons and
radiusa and variable charggy; this charge originates from ions, the dielectric tensor assumes the form

Il. THE DUSTY PLASMA MODEL

inelastic collisions between the dust particles and particles of c

speciess (electrons and ionswith chargeq,z and massmg. €11 €12 0

For simplicity, we will consider simply charged ions. e=| - 6(1:2 efl 0 , (1
The charging model for the dust particles must in prin- 0 0 &+e

ciple take into account the presence of an external magnetic

field. This field must influence the characteristics of chargingvhere

of the dust particles, because the path described by electrons L N

and ions is modified: in this case we have cyclotron motion  €53= 1+ XI5+ 151, 2

of electrons and ions around the magnetic field lines. How- B

ever, it has been shown by Chang and Spariosu, through _

numerical calculation, that fora<pg, Wwhere pg &£ = '_2 X [f* —f’] 3)

=(m/2)Y?r . andr . is the electron Larmor radius, the effect A B

of the magnetic field on the charging of the dust particles can

be neglected’ For the values of parameters used in the 0

present work the relatioa<< pg is always satisfied. e33=1 +2 Xl g (4)
We will consider the dust grain charging process to oc- P

cur by the capture of plasma electrons and ions during inwith

elastic collisions between these particles and the dust par-

ticles. Since the electron thermal speed is much larger than »s _ fdg P, dfpo/dp, (5)

the ion thermal speed, the dust charge will be preferentially — # ng L kP, Qg 154(p)

negative. As a cross section for the charging process of the Mo S w + w

dust particles, we use expressions derived from the orbital b

motion limited theory!®° wheres=+1 and
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f0_ 1 ¢ p, &fﬁolapl(p”/pl) ©) In order to evaluate the mtegrdl% we replace the func-
B n Ngo L ka” ,, d(p) tions vﬁd(p) by their average values in momentum space,

mB(,() w

1
=— | & v4(P)f o, 15
We also have Vg o f P vsa(P)f g0 (15

No- 47TindoU S, @) where v%d(p) is given by Eq.(A8). The frequency given by

B w Eq. (15) represents the rate of capture of particles of species

B by dust particles in equilibrium state. For Maxwellian dis-
where L7 :
tributions we obtain

i

Us= : v = 2y"ZTa2n vri(1+x)
w+|(Vch+ Vl) i doY Ti i/

1 kupu o V3d(P) P

(0]

where x,=Z4€*/(aT), xe=—(Ti/ Te)xi, andvrg=(T g/ mg)*/2
The number of charges in each dust partiglg,is calculated
1 2(p) from the equation of balance of current in the dust particles,
S= > quf d3p—-3d— in the equilibrium state, and from the quasineutrality condi-
B w tion, which gives alsmg if we fix the ion and dust densities
N, and nyo.
kﬁfﬁo/ﬁm ( P ) 9 This approximation has been adopted in order to arrive
_ Kbk +iZ d( ) \PL at a relatively simple estimate of the effect of dust-charge
Mmgw @ fluctuation, which is usually neglected in analysis of the dis-
with persion relation for low-frequency waves. If the dispersion
relation obtained using the averaged effect of collisions be-
_ N 9 3. tween electrons, ions, and dust particles shows significant
Veh= 2 fd P Gﬁ(p)pfﬁo’ (10 effect due to the charge fluctuations, there will be reason for
further research in order to improve the approximation. For
the present approach, the approximation shall provide at least
d®p [Wﬁd(p)/w]%(p)p fﬁo- (11 qualitatively a fair idea about the effect which is under in-
1- kP ’_’M vestigation.
mﬁw @ Therefore, using this approximation, the relevant integral
for the dispersion relation can be evaluated and gives

33

) 15,=2852(85),
IV. THE DISPERSION RELATION FOR ALFVEN 3= 2052(8})

WAVES whereZ is the plasma dispersion function, defined by

The general dispersion relation f&r=k; e, and Max- +o ot
wellian distributions of electrons and ions follows from the Z({) = J dtm
determinant, m

=N € 0 and
del -¢, €,-N2 0 =0. 12 i
12 117 Ny o N (12 _ /_a) , AZEQHEQQHV@.
0 0 €331 €33 V2kprg V2Kjv1g
In this expressionN,=kc/w is the refractive index in Then the dispersion relation, given by E@4), assumes

the parallel direction to the external magnetic field. The disspe form

persion relation for Alfvén waves is obtained retaining only

the components in the upper leftx2 determinant in Eq. [Nﬂs: 1+ XBK%Z(EE)- (16)
(12), that is, by imposingd=,=0,

[N2- €512+ (€)%=0 The Z function can be substituted by its asymptotic
series” This dispersion relation in the absence of dust, for
the conditions of existence of Alfvén waves, has only one

[NFL. = € 2D (13)  branch, meaning that the two modes solutions of @)

collapse to only one, therefore reproducing the traditional

dispersion relation for an electron-ion plasma. The modifica-

[NZ]g=1+ 12 Xﬁls (14)  tions introduced by the dust particles occur via the quasineu-
trality condition (n,p# ng) that must be used to evaluate

or

Using Egs.(2) and(3), and denoting by=+1:
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XﬁEwsB/wz, and also in the dust-charge fluctuation present

in terms which contain the average inelastic collision fre
quencyvg.

Phys. Plasmas 12, 052109 (2005)

The numerical calculations done using the complete and
-the expanded dispersion relation give the same results. We
tried also to calculate using the approximate expression,

In order to find the numerical solution we introduce di-

mensionless quantities, in the following way:

n; n
zZ= 21 5_ _IO’ = ﬁ!
QO Neo Nio
U1g )\zniol)A ~
Uﬁz , = , a=A\a,
VA QO
Te Kiva
)\ =, - =,
T q Q
~ EE _w

(17)

whereuv, is the Alfvén velocity,
2
Up = BO
A 47Tni0mi '

Ai(z)
e
Jz

=z,

whereA, andA; are, respectively, the real and the imaginary
parts of the dispersion relation, which is valid4f <|z|, but

the results show that this condition is not always satisfied in
the presence of dust. In the absence of dust this condition is
satisfied and we get, as usual,

cq
=, (21)
vaVLl+7f
2
T 7i 1
z=- \/: exp(— ) . (22)
8q(1+7)u 2070

V. NUMERICAL ANALYSIS

We consider the following parameters: Ambient mag-

The relevant results can therefore be cast in terms of atic fieldB=1.0x 104 T. ion temperaturd;=1.0x 10* K
these dimensionless quantities. The dimensionless collisiog, densityn;=1.0x 10° cm3, ion charge numbeZ;=1.0

frequencies are given by

T = 2\2meyaui(1 + ),

Vo= 2\#%67/52%8"9, (18)

where x;=Zy4/a and ye=—x;/ 7e.
The complete dispersion relation becomes
qZCZ _
5=

Ua

2
145 8 7

19
B V2qugz (19

(&),
where

3 z+srz+ivg

= =
P V2qug

Taking into account that in the range of parameters o
interest the argument of thfunction is very large, it is easy
to obtain the expanded dispersion relation

—
o, U l_ V2qug
vi 8 \r’Equﬁz Z+srg+ivg
i~ )2
- Z+srg+ivg
+|\7rexp<—( 221,) . (20
29°ug

and ion massn,=mj, the proton mass. For most of the nu-
merical results, unless explicitly stated otherwise, we con-
sider electron temperatuie,=T;. For the radius of the dust
particles, we assuma=1.0x 10* cm.

For the classical distance of minimum approach, mea-
sured in centimeters, we use the valup=1.44
X 1077/ T;(eV), whereT;(eV) means the ion temperature ex-
pressed in units of eV.

One of the motivations of our choice of parameters is the
following. A long standing issue in the theory of the loss of
mass in stars is the explanation of the low terminal velocities
and the high rate of mass loss occurring in the stellar winds.
Alfvén waves have been utilized by many authors when at-
tempting to explain the characteristics of stellar wiftig®
Since the damping and propagation of Alfvén waves may be
f's\ffected by the presence of dust, we have chosen parameters
which are in the range of parameters of interest for the stellar
winds. For instance, the densities in stellar winds may be
n,=1x 10 cm3, with n;=n, (n, is the density of neutral
particles; assuming slightly smaller ion density, we have
usedn;=1x 10° cmi3). The diameter of dust grains may be
a=1um=1x10%m, and the electron temperatufg,
~1 eV?? For the magnetic field, the value which we have
assumed is representative of fields in the interstellar medium.
Moreover, it is possible to show by numerical analysis that

If the effect of the charge fluctuation is neglected thethe results which we have obtained with our choice of pa-

quantitiesvg will vanish (v4=0, for B=i,e). In that case, the
real part of Eq(20) becomes the same as E§) of Ref. 5,
in the rangew,q< w<(};. It also reproduces dispersion rela-

rameters are also obtained, qualitatively, within a range of
values around those which were chosen as example.
Initially, we consider the solution of the dispersion rela-

tions appearing in other well-known works on low-frequencytion given by Eq.(19) for several values o€, starting from
waves, for instance, in Refs. 3 and 7. This choice of thee=0. In the limit e=0, ion and electron densities are equal
frequency range is necessary because the dynamics of thed7,=7;=0, and therefore the dispersion relation becomes
dust particles has been neglected in the derivation of Ecthe usual dispersion relation for Alfvén waves in the absence
(20). of dust.
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FIG. 1. Real part of the normalized frequer(gy) for the two roots obtained oot ' ' y ' '
usings=1 and for the two roots obtained usieg-1, as a function ofj, for a
five values ofe. B=1.0X10* T, T;=1.0x 10* K, njp=1.0xX 10° cm3, Z
=1.0, ;=m,, and T,=T,. Radius of dust particlea=1.0x10*cm. The b
dust densitynyg is obtained frome=ngyy/n;y, and the values of utilized are I
€=0.0, 1.25¢10°5, 2.50x 10°°, 3.75x 10°5, and 5.0< 10°°.
N -0 — ) .
We start by investigating the range of small values of sl \\ e\\\
dust density, consideringbetween 0 and 50 10°%. In Fig. ol \ \\\
1 we observe the real part of the two roots obtained from Eq. o
(19 for each of the signs=1 ands=-1, as a function o§. ooy N
There are two curves with positive values pf describing 008 (O
waves propagating in the positive direction. The uppermost . . . . .
curve is obtained witls=1, and corresponds to the so-called ° 0z o o6 o8 ! 12

whistler branch, while the lower curve in the positive side is

obtained withs=-1 and corresponds to the branch identifiedFIG. 2. (a) Imaginary partz of the roots labeled as=1, a ands=-1, ain

with circularl polarized waves propagaling along the ambi8, 28 1TEn % o e vabes i 1 Imeanen par o e

ent magnetic field. These curves, labeled, respectivelg, asajyes ofe. The curves are identified by “a?=0.0, “b” e=1.25x 10°6, “c”

=1, a ands=-1, b in Fig. 1, are easily recognized from e=2.50x10%, “d” ¢=3.75x 107, and “e” e=5.0x 10°°. The parameters

well-known textbooks® For negative values of. we have are the same as in Fig. 1.

perfectly symmetrical solutions propagating in negative di-

rection, obtained, respectively, witb=1 (the upper curve,

labeled ass=1, b) ands=-1 (the lower curve, labeled &5

=-1, a). For small values 0§, q=<0.2, the two branches of fied with Alfvén waves, the damping rate is negligible for

waves propagating in a given direction collapse together in @=0, becoming significant foig approachingg=1. This

single branch known as the branch of the Alfvén wavesdamping is due to wave-particle resonance and is known as

approximately described by E(R1). Each of the curves ap- the ion-cyclotron damping, which occurs fas| = Q;. In the

pearing in Fig. 1 indeed corresponds to the superposition gfresence of dust this mode detaches from the mode depicted

five curves, obtained witke=0.0, 1.25<10°°, 2.50x 106, in Fig. 2a). The damping due to the dust particles is rela-

3.75x 10°%, and 5.0< 10°. These results show that the pres- tively small for very smallg, becomes significant for larger

ence of a small density of dust particles has negligible effectvalues ofg, and competitive with the ion-cyclotron damping

on the real part of the roots obtained from the dispersiorfor q=1. Even forq=1, Fig. 2b) shows that the damping

relation of low-frequency waves propagating along the magdue to dust particles tends to dominate over the ion-cyclotron

netic field. damping, even for the relatively small dust density which has
In Fig. 2 we see the corresponding imaginary parts. Figbeen considered in the present case.

ure Aa) shows the imaginary part of the root corresponding It is interesting to note that, in the absence of dust, the

to the whistler branch appearing in Fig. 1, either $ar1 or  damping rate in the range of smgliis given analytically by

s=-1. It is seen that the damping rate for these waves i€q. (22), corresponding to the well-known Landau damping

negligible in the absence of dugt=0), but becomes signifi- of Alfvén waves. For the parameters which we are utilizing,

cant in the presence of even a small amount of dust, specially;=0.13. The exponential factor appearing in Eg2) is

in the range of small values af. Figure 2Zb) depicts the nearly 1.0<1077° for q=0.4, and even smaller for smaller

imaginary part corresponding to the branch of the circularlyvalues ofg. Landau damping of Alfvén waves is in practice

polarized waves, labeled as 1, b ands=-1,bin Fig. 1. In  completely negligible for the parameters which we are uti-

the region of small values af, where the waves are identi- lizing, while the damping due to the presence of dust par-
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FIG. 3. (a) Real part of the normalized
frequency(z) as a function ofy ande,
for the upper root obtained fos=1
(the whistler branch in the range of
z small values ofg. (b) Imaginary part
! of the normalized frequenc{z) as a
function ofq ande, for the upper root

01 obtained fors=1, in the range of small
_0(1) values ofqg. Other parameters as in
02 Fig. 1.
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-0.5
-0.6
-0.7
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0
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(b)

ticles may become very significant even for small values ofFig. 1, corresponding to the mode which for larger values of
dust density, as seen in Fig. 2. g has been identified with the branch of circularly polarized
The region of small values off is explored in more waves. Although Fig. 1 has shown that the real part of the
details in the two panels of Fig. 3 and in the two panels offrequency is almost insensitive to the density of dust par-
Fig. 4, considering a more extended rangeedhan in the ticles, Fig. 4a) shows that fore=1.0x10"° the absolute
case of the previous figures. Figur@gBshows the behavior value|z| tends to a value close to zero for the whole range of
of the root labeled as=1, a in Fig. 1, which we have iden- q values depicted in the figure. Figuréb# shows that the
tified as the mode which for larger values@becomes the damping rate attains maximum value fonear 1.0 10°°, in
whistler branch. In the range a@f shown in the figure, the the range ofj depicted in the figure, and becomes much less
real part of the frequency grows linearly withh for very  significant for larger values of.
small dust density, according to what is shown in Fig. 1.  Acloser look into the real part of the solution appearing
However, fore=5.0x107°, the quantityz, appears almost in Fig. 1 provides interesting information about the contribu-
insensitive toqg, with value z,=0.12. The corresponding tion of the dust particles to the dispersion relation. Figure 5
damping rates appear in Fig(t. It is seen that this mode, displays the values of the real part of the normalized fre-
which is not damped foe=0, becomes heavily damped for quencyz as a function ofe for three values of} and both
larger e. The damping rate grows nearly linearly with the signss=+1 ands=-1 for € up to 5.0< 107>, while Fig. 6
dust population for the whole range gfappearing in the shows the corresponding values of the imaginary part. The
figure. values ofg depicted in panelsa)—(c) of the figures are, re-
Figure 4 shows the behavior of the other root propagatspectively,q=0.05, 0.1, and 0.15. According to what we
ing in the positive direction, the root labeled ss—1, b in have learned from Fig. 1, far=0 the uppermost and lower-
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as a function ofj ande, for the upper root obtained for
s=-1 (the branch of circularly polarized wavein the
N range of small values of. (b) Imaginary part of the
;_.z..:.:-;-'::;-;;—:}%_ normalized frequencyz) as a function ofj and e, for
e the upper root obtained fa=-1, in the range of small
values ofg. Other parameters as in Fig. 1.
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most curves forz, shown in each of the panels of Fig. 5 The analysis of the imaginary parts appearing in Fig. 6
correspond to the values @f for the whistler branch ob- shows that the damping of both modes, which is negligible
tained fors=+1 and s=-1, respectively. The other two for e=0, increases linearly with the dust density, up to nearly
curves in each panel pertain to the other mode, the circularlthe same value ot where mode-coupling occurs. At this
polarized branch. point, the damping of the two modes are separated one from
It is seen from Fig. 5 that the two roots corresponding tothe other. The damping of the waves in the whistler branch
the whistler branch display decreasing valuegzdffor in-  continues to increase almost linearly with the dust density,
creasing dust density, up to a certain point, and then $how while the damping of the waves in the branch of circularly
increasing linearly withe. The point of minimum value of polarized waves is gradually reduced for increasing values
|z| is close toe=0.7x107° for q=0.05, 1.3x10° for q  of e.
=0.1, and 1.%X 10°° for g=0.15. On the other hand, the two The effect of the plasma temperature can be appreciated
roots corresponding to the circularly polarized waves propain Figs. 7a) and 1b), which display, respectively, the values
gating in positive and negative directions, which are wellof the real and the imaginary parts of the normalized fre-
separated foe=0, feature mode coupling for increasing dust quency, as a function o, for € up to 5.0< 1075, for the
density. The point of mode coupling approximately corre-representative valug=0.1 and both signs=+1 ands=-1,
sponds to the value af for which the minimum value of,  for T;=5.0x 10* K, with T,=T,. The comparison between
occurs for the whistler branch, increasing with the valug,of Figs. 8§b) and 7a), which displayed the case of;=1.0
in the range of values off appearing in the figure. Alfvén X 10* K, shows qualitatively similar results, with the point
waves propagating in a given direction in an inhomogeneousf mode coupling between forward and backward propagat-
medium may arrive to a region where the mode-couplingng circularly polarized waves being moved toward smaller
conditions are satisfied and may therefore be transmitted aralues ofe with the increase of temperature. Similar trend
reflected. This coupling of waves propagating in positive andcan be seen for the imaginary part by comparing Figk) 6
negative directions is a completely novel phenomenon whictand 7b). It is noticeable that the separation between the
is caused by the presence of dust particles. damping rates of the whistler branch and of the branch of
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FIG. 6. Imaginary part of the normalized frequendig$ as a function ofe
for s=+1, and three values daf. () q=0.05; (b)=0.1; (c)=0.15. Other pa-

FIG. 5. Real part of the normalized frequencies as a function ofe, for rameters as in Fig. 1.

s=+1, and three values af. (a) g=0.05;(b)=0.1; (c)=0.15. Other param-
eters as in Fig. 1.

with the rise ofT/T;, for the whole range o] values con-
sidered in the calculation. Figuréd® shows that the damp-
circularly polarized waves occurs for decreasing values ofng rate for the waves in the branch of circularly polarized
dust density, as the plasma temperature increases. waves is decreased in the range of small valuag wfith the
The effect of the difference of temperature between ionsncrease off ./ T;, while the damping rate for higher values of
and electrons can be seen in Fig. 8, which shows the solut increases considerably with the increase of the temperature
tions of the dispersion relation fae=5.0x 10°® and three ratio.
values of the ratid/T;, T,/ T;=0.2, 1.0, and 5.0. Figure & Finally, we discuss an approximation which is frequently
shows the relative independencezfrelatively to the ratio employed for the dispersion relation in dusty plasmas,
of temperature. Figure(B) shows that the damping rate of namely, the neglect of the collision frequerigy, while at
the Alfvén waves in the branch of whistler waves increaseshe same time taking into account the difference in electron
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Imaginary part of the normalized frequen€y) as a function ofe, for q a

=0.1 ands=#+1, for ion temperaturel;=5.0xX 10" K, with T,=T;. Other IR

parameters as in Fig. 1. -0.05 |- B b 1

and ion densities due to the presence of the dust particles. 1t 1
In Fig. 9@ we observe the real part of the two roots :

obtained from Eq(19) for each of the signs=1 ands=-1,

but using as an approximation tha=7,=0, for five values

of e. The values ofe utilized aree=0.0, 1.25< 107>, 2.50

X 1075, 3.75x 10°°, and 5.0 10°°. Other parameters are the oz 1

same as in Fig. 1. It is seen that the waves corresponding 1 (©)

the branch of whistler waves are more affected by the pres

ence of the dust, but the effect is not very clear in the scalea  *%» 02 04 06 05 ' 12
Fig. 9. An amplification of the region of small values of 4

can be seen in Fig. 19. Itis seen that, as the dust denSity is FIG. 8. (a) Real part of the normalized frequen), as a function ofj, for
increased, the values ¢/ increase for the waves in the e=5.0x10%, and three values oF,/T;, the two roots obtained usirgg1.
whistler branch, and decrease for the waves in the branch d)l?) Im(a?ilr;?;y il:}é;rrz 0; trhe (;??rt]se Ifgggg?aﬁj;aa;ﬂa%eilga), ;r?eT(;L)m;tsiO;
cwcu_lgrly_ polarized waves. However, the magnitude .Of th??un%tic():n of q.gTheyc?Jrv‘és are identified by “aTe/Tizlo.Z, T) Te/Ti’:1.0,
modifications due to the presence of the dust particles igyq «c' T/7,=5.0. Other parameters as in Fig. 1.
much smaller than the magnitude of the modifications ap-
pearing when the inelastic collision frequengy is taken
into account, which can be appreciated, for instance, ir2(a), which shows that when the collision rafésand7, are
Fig. 5. taken into account very significant damping rate for waves in
In Fig. 9b) we see the imaginary parts corresponding tothe whistler branch occurs for nonvanishing dust density.
the real parts appearing in Fig(&. It is seen the vanishing Figure 9b) also shows nonvanishing damping rates pr
value ofz for the root corresponding to the whistler branch, =0.8, for the waves in the branch of circularly polarized
for the whole range of values af which has been consid- waves. The damping rate for these waves is slightly modified
ered. This is in contrast with the situation depicted in Fig.relating to the usual Landau damping value. An amplification
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FIG. 9. (a) Real part of the normalized frequency,) for the two roots  FIG. 10. () Real part of the normalized frequen¢g) for the two roots
obtained using=1 and for the two roots obtained usieg—-1, as a function  obtained using=1 and for the two roots obtained usisg-1, as a function
of g, for five values ofe, and assuming; =0 andw,=0. (b) Corresponding  of q in the range of small values @f, for five values ofe, and assuming
values of the imaginary part of the normalized freque(gy as a function  3,=0 and7,=0. (b) Corresponding values of the imaginary part of the nor-

of g, for five values ofe, and assumin@;=0 and7,=0. The values of malized frequencyz), as a function ofy, in the range of values af where

utilized are €=0.0, 1.25< 105, 2.50x 107, 3.75X10°®% and 5.0<10°  Landau damping may become important, for five values, @nd assuming

Other parameters are the same as in Fig. 1. 7,=0 and 7,=0. The values ofe utilized are ¢=0.0, 1.25<10°5, 2.50
X107°, 3.75X10°° and 5.0<10°°. Other parameters are the same as in
Fig. 1.

of the region ofg values for which significant damping oc-
curs is seen in Fig. 1B). The comparison between the
damping rate shown in Figs(l9 and 1@b), obtained using
the approximatiorv;=0, and Fig. 20), obtained taking into
account the collision frequendy;, shows a completely dif-
ferent result. The approximation;=0 means that the only

the capture of electrons and ions during inelastic collisions
between these particles and the dust grains. We have used
this kinetic formulation to obtain the dispersion relation and
damping rates for low-frequency electromagnetic waves. In

effect of the presence of dust particles is the loss of th&rder to simplify the calculations, we have assumed that the

balance between ion and electron densities, with the cons&€duency of inelastic collisions between the charged dust

quent modification of the Landau damping. On the othefarticles with electrons and ions is approximated by an av-

hand, when the charging of the dust particles is taken int&rag¢e value. _ _
account through the inelastic collisions, a different mecha- | "€ results obtained show that, as in the case of dustless

nism of absorption of wave energy is involved, which canPlasmas, the dispersion relation describes two different
result in much more efficient wave damping. modes, identified for higher frequencies as the whistler

waves and as the circularly polarized waves. For frequencies
well below ion-cyclotron frequency, these two modes col-
lapse together in the absence of dust, forming the well-
In the present paper we have used a kinetic descriptioknown branch of the Alfvén waves. In the presence of dust
to analyze wave propagation in dusty plasmas, consideringarticles with variable charge, however, these two modes be-
the case of propagation of waves exactly parallel to the exeome separated. The presence of the dust particles with vari-
ternal magnetic field, and considering Maxwellian distribu-able charge also produces additional damping of the Alfvén
tions for electrons and ions in the equilibrium situation. Thewaves, which may completely override conventional Landau
process of charging the dust grains is assumed to occur lyamping for large wavelengtlismallq in our dimensionless

VI. CONCLUSIONS
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variables. In fact, it has been seen that for smaltonven-  with the prescription above, there is a term which is propor-
tional Landau damping is completely negligible for the pa-tional to the inelastic collision frequency of electrons and
rameters considered. The results have shown that the damipns with the dust particles. The expression &ris***°

ing of the two modes increase nearly linearly for small dust X

density. For continued increase of the dust density, waves in 65 =5+ > 28

the circularly polarized branch have the damping rate further g Npo
decreased, while waves in the whistler branch continue to +oo ; PP
have increased damping rates. xS d3ppLM(ﬂ> “r8
Another significant novel feature appearing from the n=—c Dng \P1 !
present investigation is the occurrence of mode coupling due
to the presence of dust particles, between waves in the 32 _éfd3p L(f O) P
branch of circularly polarized waves, propagating in opposite
directions.
The results obtained indicate that Alfvén waves may be 32 Xs E { K.Bti(_)i&)< Py ) }Rinﬂ,
considerably damped due to the effect of the dust particles, 8 Npon=—= ® PL .
which have therefore to be taken into account in the descrip- (A2)

tion of wave processes relevant to this environment. More-
over, it has been seen that, when the effect of variation on thehere
charge of dust particles due to inelastic collisions is taken

0
into account, the damping of the waves can be much more D=1 _kipy _ Qg + iM, (A3)
significant than predicted by the approximation which ne- Mpw w

glects the effect of inelastic collisions, keeping the charge
imbalance between ions and electrons as the only effect of
the presence of dust particles.

The results obtained also indicate clear need for further
investigation. For instance, we intend to investigate in the
near future the role of the approximation which has been RQQZ—R%:I Jn(bg)Ji(bp), (A5)
utilized, namely, the assumption of an average collision rate b
ruling the charging process of the dust particles, instead of
the more precise calculation using the velocity dependent R:L3_ Rgév’:ﬂ\]ﬁ(bﬂ), RZZ_J’Z(bE) (AB)
collision frequency. We also intend to investigate in more b
detail the mode coupling process, which has been demon-
strated to occur in the presence of dust. It would be also R34 =-R5=—-iJ,(bp)J;(by), (A7)
important to investigate the nonlinear stage of the interac-

i i i 2 2
tion, in order to fully appreciate the effect of the heavy %d(p)_ mang (p +CQ)H(p2+CB)

n2
RIT= 5 i(bs), RS =Ji(by), (A4)
B

damping indicated by the present linear calculation. v B Mg (A8)
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APPENDIX: THE DIELECTRIC TENSOR Xg=—5, Wop= , QB: ) (A11)
The dielectric tensor for a magnetized dusty plasma, ho-
mogeneous, fully ionized, with identical immobile dust par- k. p 20,5M4%0
ticles and charge variable in time, could be written in the  bg= — =, Cy= - R (A12)

mBQ B a

following Way29 0
c where the subscripB=e, i identifies electrons and ions, re-
&= € + e” (A1) S ; . o
pectively,qq=¢gq4 €% is the equilibrium charge of the dust
The termeij is formally identical, except for the8 com-  particle (positive, e4=+1, or negativegy=-1) andH de-
ponents, to the dielectric tensor of a magnetized homogeaotes the Heaviside function.
neous conventional plasma of electrons and ions, with the The term.sﬁl is entirely new and only exists in the pres-
resonant denominator modified by the addition of a purelyence of dust particles with variable charge. Its form is
imaginary term which contains the collision frequency of strongly dependent on the model used to describe the charg-
electrons and ions with the dust particles. Forith€ompo- ing process of the dust particles. The expression for this term
nents of the dielectric tensor, in addition to the term obtaineds*>*°
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Q=== Puss, (A13)
with
i
Ui = Eé

a w+i(ven+ vy) B mf;

gopPL78P ol (p)fﬁop( p")i ¥ (A1)
Dng P

XE

n=-—o

d3 V(_;d( )

EQE

ONgo g "=

-
|||

% o(g)<p|> R
Dng \P.

-

wNyo B

+|—‘—EqBE

wndo B n=-o

;[ ipthi0) 1
) P

[ng(p)/w]z L(fgo)
Dng P

3] ’
(A15)

where

V=" s J d®p a(p)pfgo, (Al6)
s Mg

V1=

lw
%—i _2_: o [I—V% o 5(p)f soP RS-
(A17)

In the expressiongAl4), (Al6), and (A1l7), we have
used the notationr;;(p)E(aoﬂlaqd)|qd=_zde, and oy is the
charging cross section, given 1y

2 2
Uﬂzwaz(l_M>H(1_M)_ (A18)
ap ap
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Effects of charge variation of dust particles occurs in the
terms withv%d(p)/ o and effects of presence of dust particles,
introduced via quasineutrality relatidm;y # ng), occurs in
terms withX,= w5,/ ?.
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