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We derive the dielectric tensor for multicomponent magnetized dusty plasmas, in-
cluding the effect of capture of plasma electrons and ions by the dust particles. For
propagation perpendicular to the external magnetic field and Maxwellian distribu-
tions of electrons and ions, we obtain compact expressions for the components of
the dielectric tensor, which can be used to analyse wave propagation. An application
to the magnetosonic wave is presented.

1. Introduction

In recent years, interest in dusty plasmas has increased significantly because it
has been recognized that they are important for a number of applications in space
plasmas and in the Earth’s environment, as well as in laboratory plasmas and in
several technologies (D’Angelis 1992).

A dusty plasma may be defined as an ensemble of dust particles immersed in a
fully ionized plasma composed of electrons and ions. The dust particles may possess
variable mass, size and shape, and, predominantly, fluctuating charge. In general,
dust particles are highly charged (of order 10%e—10*¢) with variable sizes (10 nm—
100 pm) and masses. The assumption that the dust particles are spherical point
masses with constant radius can be made as a first approximation, but the charge
acquired by them must be taken into account. The dust particles in a dusty plasma
can be charged by plasma current, photoemission, secondary emission, etc. (Draine
and Salpeter 1979).

Several analyses, treating the dust as a charged-particle species of uniform mass
and charge, have shown that the presence of the charged dust component leads to
the appearance of new plasma modes arising from the dust-particle dynamics or to
modification of the existing plasma modes (Rao et al. 1990; Shukla 1992; Rao 1995).
In recent years, several works that have taken account of the charge variation of
the dust particles (Melandso et al. 1993; Varma et al. 1993; Vladimirov 1994) have
pointed out the importance of this feature as a source of damping or amplification
of waves propagating in dusty plasmas. These analyses describe the dusty plasma
in the framework of kinetic theory, but, in general, they concentrate on obtaining
the dielectric tensor for a particular mode of propagation, except in the work of
Vladimirov (1994), where general expressions for the dielectric tensor are obtained,
but in the absence of an external magnetic field. To the best of our knowledge,
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general expressions for the components of the dielectric tensor of a dusty plasma
with variable charge of the dust particles, in the presence of an external magnetic
field, have not previously been obtained.

In this work we develop a kinetic theory of dusty magnetized plasmas with vari-
able charges on the dust particles. The dust particles are assumed to be immobile,
and consequently the validity of the proposed model will be restricted to waves with
frequency much higher than the characteristic dust frequencies. We observe that
the dominant role of the dust particles in the process of wave propagation is due to
charge variation and that this modelling excludes the possibility of analysing modes
that can arise from the dust dynamics. Exact expressions for the components of the
dielectric tensor are derived and then particularized to propagation perpendicular
to the external magnetic field, and Maxwellian distributions of electrons and ions.
The expressions obtained show that there are two kinds of modifications introduced
by the presence of dust particles with variable charges. The dielectric tensor can
be written as the sum of two terms. One term is formally identical to the dielec-
tric tensor of a homogeneous magnetized plasma, with the resonant denominator
changed by the addition of a purely imaginary term containing a frequency that
characterizes the collisions between plasma particles and dust particles. The second
term is entirely dependent on the model used to describe the process of charging
of the dust particles.

We intend to apply this dielectric tensor to analyse several modes of propaga-
tion, trying to understand the importance of the charge variation as a mechanism
of damping or amplification. We shall also try to analyse the competition that
may arise between Landau damping and the damping due to the presence of dust
particles with variable charges.

The plan of the paper is as follows. In Sec. 2 we present the basic equations of
the model proposed for the dusty plasma, linearize these equations and analyse the
quantities that characterize the equilibrium of the system. In Sec. 3 the derivation
of the dielectric tensor is presented, restricted only by the requirements imposed by
equilibrium. In Sec. 4 complete expressions for the components of the dielectric ten-
sor are presented for propagation perpendicular to the external magnetic field and
for Maxwellian distribution functions of electrons and ions. In Sec. 5 a preliminary
application of the developed formalism is made to the magnetosonic wave, showing
that the charge variation of the dust particles in a plasma gives the possibility of
absorption. Some numerical results that show the dependence of the damping rate
on temperature and on the external magnetic field have been included. Finally, in
Sec. 6 we summarize our results and drawn some conclusions.

2. The basic equations of the model

We consider a homogeneous plasma composed of particles of charge gg and mass
mg, where the subscript 3 = e, ¢ identifies electrons and ions respectively, in a
homogeneous external magnetic field By = Bje,. In this magnetized plasma we con-
sider embedded spherical dust grains with radius @ and variable charge g; this vari-
ation originates from collisions between the dust particles and particles of species (3.
The assumption of spherical dust grains is valid in the limit a € Ap < Ay, pp, Where
Ap is the plasma Debye length and A, s, is the mean free path of the electrons and
ions. We observe that most astrophysical and laboratory dusty plasmas satisfy this
condition. The charging model for the dust particles must take into account the
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presence of an external magnetic field. This field must influence the characteristics
of charging of the dust particles, because the path described by electrons and ions
is drastically changed: in this case we have cyclotron motion of electrons and ions
around the magnetic field lines. It has been shown (Hutchinson 1987; Chang and
Spariosu 1993) that for a € p, where p is the electron gyroradius, the effect of the
magnetic field on the charging of the dust particles can be neglected.

The distribution function that describes the dust particles, which are assumed to
be immobile because of their large mass, is fg = fa(q,r,t) and is the solution of the
equation

0
a{f q[ (@)fal = 21)
where
- 3 p o
= ;/d pqwﬁ(q,p)mfﬁfg (2.2)

is the current on the dust particle (Tsytovich and Havnes 1993), fs(r,p,t) the
distribution function of particles of species 3, and oz is the charging cross-section,
given (Spitzer 1978) by

oy (1 2 (1 205,
ap ap=

where H denotes the Heaviside function.

The distribution function of electrons and ions satisfies a Vlasov equation with
a collision term, which assures the possibility of variation of charge of the dust
particles:

0 1
ﬁ +t—rp- Vfﬁ'i‘(]ﬂ <E+

B
ot mgys px ) Vafs

mpgysc

=— /o8 mmﬁ (fafs — faofso) dg, (2.3)

where v3 = (1 +p /m %)1/2 is the relativistic factor.
The connection vmth the fields is described by the Maxwell equations:

V-E=4r (> qs [ fad’p+ [ qfadq |, (2.4)
[ foos |

1 aB -
V. -B=0, (2.6)

10E 47T ; .
VxB=_— Cz Wfd (2.7)

The set of equations (2.1)—(2.7) is linearized, resulting in the following zeroth-
order equations, where we assume fg = fgo(p) and fao = fao(q):

0

%[LJ(Q)de] =0, (2.8)
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Io(q Z/d‘p q308(4, p) fﬁm (2.9)
(p x Bo) - Vpfpo =0, (2.10)
Zqﬁ/fﬁ()dgp‘*/Qfdodq:Q (2.11)
g
Z N / 2 pdp=o. (2.12)
mg J Vs

We also define the auxiliary function I/ﬁd(p)

Vga(p) = /U,Gni)ﬁfd() dq. (2.13)

These equations that describe the equilibrium are satisfied if fg is a function with

azimuthal symmetry: fzo = fgo(pL,p)). Using fao = naod(q + Zge), where —Zge is

the equilibrium charge of the dust particles, we obtain

Ndop ma~ngy (p© +C
o5(p, —Za€) = T (B * )

H@p* + Cp), 2.14
me e » ( ) (2.14)

Vga(p) =
where Cg = 2Z4eqzmg/a. Also, the quasineutrality condition is given by
Z%nﬁo = Zgendo- (2.15)
B

The auxiliary function l/g 4(p) is related to the frequency characterizing the rate of
capture of particles of species 8 by dust particles in the equilibrium state, which
can be obtained from

1 . )
Vgd = —— / d*p V34 (p) f30- (2.16)
n30

Using the expression for og, the current on the dust particles in equilibrium can
be written as

q : q .
I(} WQZZ A /d; <p - C[jZ ) H(pz - CﬁZJ@) fg(). (217)

In this calculation we have assumed that g < 0, that is, the net charge acquired by
the dust particles is negative. For a Maxwellian distribution of particles of species 3,

— g0 —p*/2mpTs
= e ,
To0 = Grma o

we obtain

75\ '"?
— 9,2/ 1/22 B _ _ 984 e/ Te 9 7¢
b= 8 qﬁnﬁo(my) <1 Te aé’ge Tﬁa)eeq el (208)

where ég. is the Kronecker delta symbol.
The equilibrium charge of the dust particles, —Zge, is obtained by imposing the
condition that

Io(—Zge) = 0. (2.19)
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From (2.18) we get a relation from which we can determine Z;:

9 2
wy w;
Yre ~Ixel = Pt (1 4 Ixe |> , (2.20)
UTe vT; T
where
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=2 2.21
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q; Te Xi
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8 Tsa (2.23)

The first-order equations arising from the set of equations (2.1)—(2.7) are

Ofa1 |, O

ot T %[I()(Q)fdl + Ii(q) fao] = 0, (2.24)
_ 3 4p o ox
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V E =4n Z‘M/fﬁl d3p+/qfd1 dq |, (2.28)
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By =———- 2.2¢
VB c Ot’ (2.29)
V.B, =0, (2.30)

10E, 4w qs p 3 /
By =—-——+ — [ —fadp. 2.31
VB c Ot czmg fyfﬁlp (2.31)

We note that if we exclude the charge variation of the dust particles from the
proposed model, this will be equivalent to taking o(g,p) = 0. Thus our model will
retain information about the presence of the dust particles in the plasma only in the
quasineutrality condition. The dielectric tensor that we obtain in this case is the
same as that obtained for a magnetized plasma of electrons and ions, but the value
of some components of this tensor will be modified because the quasineutrality
condition has changed. When we discuss the application to the magnetosonic wave,
we shall return to this point.
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3. Derivation of the dielectric tensor
From the linearized system of equations (2.24)—(2.31), we shall obtain the dielectric
tensor for the dusty plasma considered. We note that this linearized system is a
coupled system of integro-differential equations, and in order to get the algebraic
system of equations that leads to the dispersion tensor, some approximations must
be made.

We take some moments of the distribution function of the dust particles, fq(q,r,t),
in the variable ¢. The zeroth-order moment is given by

/mmumemw, (3.1)

where the integration is from —oo to 0, because we have assumed in the calculation
of Iy(q) that ¢ < 0. Linearizing this relation, we get, at zeroth order,

/fdo dq = nao, (3.2)
which is satisfied if fg = ngod(q + Zge), and, at first order,
/fdl dq = na (r,t). (3.3)
The first-order moment in the variable ¢ is
/fd(q,r, t)gdq = naQ(r,t), (3:4)
which, after linearization, gives, at zero order, Qy = —Zg4e, and, at first order,
/fdlqdq = ngoQi(r, ). (3.5)

The linearized system and (3.3) and (3.5) are Fourier-transformed in space and
time:

Ay(L,r,t) — ATk, w)el ), (3.6)
where A; denotes any of the perturbed variables and I represents p or g. We obtain
., 0 P, -
—iwfq+ %[I()(q)fd +1(q) fao] = 0, (3.7)
o= [ @ Losammhs (3.9)
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Dga(p) = /Uﬁ(%p)nfﬂfd dg, (3.10)

ik B =4 ZQB/fﬁdgp"‘/Qfddq , (3.11)
5
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/ faqdq = naQ. (3.16)
We rewrite (2.27) in the form
8faux ] R

B aux as aux — vg4(p)t ‘
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where
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for = e Voallt A, (3.19)

Integrating 3.17 over the unperturbed orbits we obtain

t

fﬁl(p>r7t) = —eil"ﬁ}d(mt/

—00

dt’ e3P {V,}id(p/a v’ ')

+qp [El(r’,t’) + p x Bl(r’7t’)] .Vp,}fﬁ(,(p’% (3.20)

mpgypc

where the unperturbed orbits are given by (Krall and Trivelpiece 1973)

Q
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where 7 =t/ —t, and Qg = ¢gBy/mgc is the gyrofrequency of particles of species (3.

The equilibrium distribution function fg is an arbitrary function of the constants
of motion, which in this case are p; and p, as can easily be obtained from the
equations for the unperturbed orbits. The Fourier—Laplace transform of (3.20) can
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be written as

0
fﬁ(P) = - / dr e”bd@)‘fei(k-R—m-) [f/ﬁd(p)
— 00

- 1 N
tgs( B+ "xB)-Vy 3.27
qﬁ( mgract ) p:|fﬁ0(pj_ap|)7 (3.27)

where R =1’ —r.
In order to clarify the derivation that follows, we write the Fourier-Laplace
transform of the perturbed distribution function as

fsp) = f5 + f5 (3.28)

where

0
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0
f5=- / d e Rl () . (3.30)
— 00
The components of the dielectric tensor can be written as
€ij = & ey, (3.31)

where the first term originates from f;} and the second from fév

We note that fg has the same formal structure as the perturbed distribution
function obtained when we are calculating the traditional dielectric tensor for a
homogeneous magnetized plasma (Caldela et al. 1989), substituting w + wﬁd( p) for
w in the argument of the exponential. We conclude that this part of the perturbed
distribution will give rise to a contribution to the dielectric tensor (whose compo-
nents we are representing by €?j), that is formally identical to the corresponding
components of the dielectric tensor of a homogeneous plasma composed of particles
of species 3 in the presence of a external magnetic field, except for the addition in
the resonant denominator of a term that takes care of the damping due to colli-
sions between dust particles and the electrons and ions. These components of the
dielectric tensor can be written as

6izt8;2
&y = bij + Z Z /dg &l fﬁo) (ﬂ) Ri;

nﬁ()

61632 /d3 LUs) P (5 59
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w mgs VB
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the explicit expressions for the R;; are given in Appendix A, and Xg = wgﬁ/wQ,
where w,g is the plasma frequency for particles of species 3.

The second contribution to the dielectric tensor (whose components we are repre-
senting by ef\; ), also comes from the process of charge variation of the dust particles.
To derive this contribution, we write, as usual,

2 q Pi p ;3 _ S o op
=S [P =Y ok, (3.36)
3 mgJ g ;
which gives
4
€& = — 0y (3.37)
where Ui}’ must be obtained from the relation
Nf qﬂ/spiw o ¢
o E; = — [ d’p—f5". (3.38)

We see that in order to obtain this contribution to the conductivity tensor, we
must express fév in terms of the components of the perturbed electric field. Re-
membering that p is a constant of motion, we can write

I = —15(0)94(p) f50, (3.39)

where

0
Is(p) = / dr eilkR-(wriv)T) (3.40)
— o0

which can easily be calculated using the unperturbed orbits and (2.14) for ng, and
Dgq(p) is given by (3.10). We see from this equation that 734 depends in an integral
form on the complete perturbed distribution fa. In order to determine this function,
we use (3.7), which depends on (g). which in turn depends on an integral form of fg
(see (3.8)) that is given by (3.28). In other words, the equation that determines fa
is a complicated integro-differential equation. It is reasonable, for wave frequencies
much higher than the characteristic frequencies of the dust particles, to assume
that the ¢ dependence of f; follows the same law as fgo:

fa=mnald(q+x) —6(q+ Zae)], (3.41)

where © = z(k,w) will be determined from the moments of fa in the variable g.
From (3.15), we conclude that « > 0, and from (3.16) that = Zze — Q. In order
to determine (), we take the first moment in the ¢ variable of (3.7), getting

~ 7 o ~
nnQ == [ @]+ Ha)fulda 3.42)
which can be written as
O=—""(T\+T), (3.43)
Wndo
where
R (3.44)

t.= [ fwsnda (3.45)
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Using the assumed form for fd, we get

T = naolo(q = Qv + Q), (3.46)
which, if |Q\ < |Qo|, using a Taylor expansion around Qy = —Zgze, and retaining
only the dominant contribution, can be written as

Ti ~ —nao)Q, (3.47)
where
R
I — o 0 . (3.48)
q q=—Zge
Substituting this result into the expression for Q and calculating Ty, we get
VY
(1 +i—< > Q= I(q = —Zge). (3.49)
w
Using (3.8) and (3.28) and remembelmg (2.14),
O\ A A .
(1+i%) - X [ Eovaonds+ i), (3.50
Wndo
Remembering that fév = —I3(p)?g4(p) fa0, we calculate Dgq(p) using the assumed
form for fz and making a Taylor expansion of g around ¢ = —Zze, retaining only
the relevant term. We obtain
N Ndo 4 A -
~ 4 3.51
pa(p) my P70 (PQ, (3.51)
where
0o
o5(p) = a—ﬁ .
q q=—2Za4e
After some algebra, we can write
A i
= dpv 3.52
Q= T o] ZQ,H/ pVsap) f5 (3.52)
where
qﬁ d =
pv3a(P) (PP (D) fo0- (3.53)
Using these results, we can ﬁnall} write
AN _ i / 3,0 th 2 =,
=— I o | d’pv , 3.54
PR D e T LD DU KV S
A
= Ty (3.55)
where
pz =
Ui = — T Z 2 / (P)Pos(p) fa0, (3.56)
_ i 2 3 ~
Si =~ oo Zﬂ:qﬁ d*pvi(p)Agy, (3.57)
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0 /
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& / [( 7%%@) Ip; Joo o 878 e < Vo f0lp; !

(3.58)

4. The dielectric tensor for k:” = 0 and Maxwellian distributions of
electrons and ions

We shall particularize the general expressions for the dielectric tensor obtained
in Sec. 3. We consider propagation perpendicular to the external magnetic field,
choosing the coordinate axes in such a way that k = ke,. We also assume distribu-
tion functions to describe electrons and ions in equilibrium such that fzy = fz0(p)
and consider the nonrelativistic approximation yg = 1. It is easy to show that the
dielectric tensor reduces, without any approximations, to the form

~h N  :h N
hten €htey 0
_ ~h N zh N )
€= | —€htey Epntey 0 ) (4.1)
0 0 e

where the non-null components that occur in the above expression are given by
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In these expressions we now use the explicit form of the Maxwellian distribution

and retain only the contribution of the lowest harmonics, n =

0,%1. Making small-

Larmor-radius expansions of the Bessel functions and their delivatives mantaining

terms up to second order, and expanding the denominator D7 +1 1/

(p)/w in powers

of 4( V a/w) /Dn,@’ retaining terms up to second order, we obtain for the nonvanishing
eomponentq of the dielectric tensor the following expressions:
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with

n=0,1,2,

s=1,2,3.

Explicit expressions for these integrals are given in Appendix B. Also

in these
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expressions,
1+Y} 1+ 3Y} 2
— B — B —
Ep=—5 Ep=—ms B=—o3
1-Y3 (1-Y3) 1-Y;
o 3+Yj; 5 _3-Y; o— 1287%a
ST 3L I A T 92w+ i) + )|
__ Xs N sV _ Nig
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In this approximation, v/} + vy is given by
4713a ; . o Y . _
35 3

5. The magnetosonic wave

The dispersion relation for the magnetosonic wave can be written formally as

A=N? - Sty Cavyz _ (5.1)
Eil)l‘

In order to study the simplest effect produced by the inclusion of dust particles
with variable charge in the propagation properties of this wave, we make the fol-
lowing approximations in the calculation of the ¢;;, which are given in Sec. 4: we
neglect contributions arising from terms that contain (l/gd/w)Z; we neglect terms in
,ué and higher orders in ,u%, which corresponds to making a small-Larmor-radius
approximation (in this case a cold-plasma approximation); and we work in a fre-
quency regime such that Yg > 1, which is the appropriate regime for magnetosonic

waves. In this case €;; ~ €Z and the dispersion relation can be cast in the form
2 2
. e te
A=N?- 22—, (5.2)
€xx
with
€xa = 1+ X500 +ix, (5.3)
oy = Z;’ (5.4)
where
47 2 I}
(n) — ngB _ - =
X = — — n=20,1, (5.5)
e 3 25: le,@ ng(,mng
4 (32 Y@
€= —w — 2 5.6
3 ZB: V3, ngomsTs (5.6)
and
; B?
Vig= —— 5.7
AB 4mngymg (5.7)

is the square of the Alfvén velocity of particles of species (3.
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Using the explicit expression for If;ﬁ and remembering the approximations
utilized, we can write

dmc
© = B Z 3043, (5.8)
05
which, using the quasineutrality condition, can be cast in the form
4me
= —Zdend(,. (59)
By

We observe that in the absence of dust particles ¢ = 0, which implies that e;, = 0,
and the dispersion relation reduces to N2 =¢,, =1 +02/Vji, which is the traditional
form of this relation for magnetosonic waves in the cold-plasma approximation
(Krall and Trivelpiece 1973). We note that even if the dust particles have fixed
charges, ¢ + 0 which implies €, # 0, and produces modification in the dispersion
relation.

We can write

0 C
Xzz = 172 (5.10)
=Sy
where we have used the condition that V3, < V3_, and
450 5 G Mg c ey B N
X = 2em) P —urgl (24 xa)8p e S (€ + )8l = =, (5.11)
w < Vis w

The relevant components of the dielectric tensor that occur in the dispersion
relation can be written as

4 4
€pe = A +1—, €xy = 1—,
w w
where o/ = 1+ XQ’;, and .7, # and € are positive quantities. The real and imaginary
parts of A are

A= — 1 - Fw), (5.12)
B
i = ——[1+ FW)], (5.13)
where

Flu) = =22 514
(w) - LUZ + 0“2, (O. )

A %

a=—, w=_
From A, (w,) =0, we get the real part of the propagation frequency

Wi = 3[-Q +(Q + 4wjal)' /7, (5.15)
Q = af — (a3 +uwp), (5.16)

2k2 k?vz
W=l = i (5.17)

o 1+ V2 /e

2 = w2, the usual result for the frequency of the

which in the limit ngy — 0 gives w
magnetosonic wave.



Dielectric tensor for dusty magnetized plasmas 257

) B ae—— S I T T@
-0.0002 |- © |

—0.0004 |- e

w; —0.0006 |- e
_i —0.0008 |- g
—-0.0010 |- -

—-0.0012

T

~0.0014 | I | I I !
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

ch/Q;
Figure 1. w; /Q; as a function of ck/Q; for T = 1.5 X 10* eV, ngy = 10* em™, n4ip = 10% em ™2,

a = 10"* ¢m, and several values of the external magnetic field By: (a) 0.2 T; (b) 0.3 T; (c) 0.4
T; (d) 0.5 T.

The imaginary part of the frequency is obtained from

Ai(kawr)

C T 00w o, 1
and is given in this case by
2 +
wi = _%a‘ 2 :F(ii(;)é)(wr)’ (5.19)
where
ot
Gw,) = m (5.20)

We note that w; = 0 if ngo = 0, and when ngy = 0 we have w; < 0, showing that
the wave is absorbed. This absorption comes from the presence of the dust particles
with variable charges in the plasma.

We note also that if we do not have charge variation, € # 0 but # = 0, because
it originates from terms that are dependent on ng = 0. This implies that w, will
be modified, but we shall still have w; = 0.

In what follows we make several numerical estimates of the relevant parame-
ters that describe the propagation and absorption of the magnetosonic wave in the
proposed model. All the results presented here were calculated using a = 107+ em
for the radius of the dust grain. We have checked, for each set of parameters em-
ployed, if the limits a <€ Ap and a < p, which restrict the validity of the model,
are satisfied. All the figures presented are consistent with these limitations. The
equilibrium densities of electrons, ions and dust, and the equilibrium charge of the
dust particles, are obtained given two of these quantities and determining the other
two in such a way that (2.15) and (2.20), which characterize the equilibrium, are
satisfied.

In Fig. 1 we show w;/Q; as a function of ck/Q;, for several values of the external
magnetic field By. The curves labelled by (a), (b), (c¢) and (d) correspond to By =
0.2, 0.3, 0.4 and 0.5 T respectively. The fixed parameters are T = 1.5 x 10* eV,
nao = 104 em ™, ny = 10% em = and @ = 10~* em, which give Z4 ~ 9766. We see
that the absolute value of w;/Q; decreases with increasing By, and for By > 0.6 T
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Figure 2. w;/Q; as a function of ck/Q; for By = 5 X 1072 T and several values of the
temperature 1" of electrons and ions: (a) 100 eV; (b) 50 eV; (c) 10 eV; (d) 5 eV. The other
parameters are as in Fig. 1.
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Figure 3. w,/Q; as a function of ng for a = 107 em, By = 5 x 1072 T, ny = 10° em ™2,
ck/Q; = 0.5 and several values of the temperature T' of electrons and ions: (a) 15 keV;

(b) 1 keV; (c) 170 eV; (d) 100 eV.

the curves become nearly horizontal approaching the axis for larger values of B,.
We remark that increasing Bj causes the ions and electrons to be more closely
bound to the magnetic field lines and therefore to contribute less to the variation
of the currents that charge the dust particles.

In Fig. 2 we show w; /Q; as a function of ck/Q;, for several values of the tempera-
ture T of electrons and ions. The curves labelled by (a), (b), (¢) and (d) correspond to
T =100, 50, 10 and 5 eV respectively. The external magnetic field is By = 5x 1073
T, and the other parameters are the same as used in Fig. 1. In this case Zg is ap-
proximately 6164, 8302, 9606 and 9694, for curves (a), (b), (c) and (d) respectively.
We see that the increase of the absolute value of w;/Q; increases with increasing
temperature of electrons and ions; for very low values of the temperature we obtain
horizontal lines, and the absolute value of w; /Q; approaches to zero. We remark that
with increasing temperature, electrons and ions contribute more to the variation
of the currents that charge the dust particles.

Figure 3 shows w,./Q; as a function of ng, for several values of the temperature
T of electrons and ions. The curves labelled by (a), (b), (¢) and (d) correspond to
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Figure 4. w; /Q; as a function of ngy for several values of the temperature T' of electrons
and ions. The other parameters are as in Fig. 3.
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Figure 5. w,/Q; as a function of ng for a = 107 em, T = 1.5 x 10* eV, niy = 10° em ™2,

ck/Q; = 0.5 and several values of the external magnetic field By: (a) 2 X 1072 T:
(b)) 4 x 1072 T; () 6 x 1072 T; (d) 8 x 1072 T.

T = 15 keV, 1 keV, 170 eV and 100 eV respectively. The fixed parameters are
a=10"*ecm, By =5x 107* T, n;p = 10° em ™~ and ck/Q; = 0.5. We see that w,./Q;
decays sharply to small values with increasing nq9, and that this depends on the
temperature of electrons and ions: the critical value of ngy where the abrupt decay
occurs diminishes with increasing temperature.

In Fig. 4 we show w;/Q; as a function of ngy, for the same parameters as used
in Fig. 3 and the same values of electron and ion temperature. We remark that
at the values of ngy where w,/Q; decays to small values, w;/Q; presents minimum
points. These minimum points are shifted to higher values of ngy with decreasing
temperature.

Figures 5 and 6 show, for a = 107* em, T = 1.5 x 10* eV, njy = 108 em™® and
ck/Q; = 0.5, w,. /Q; and w; /Q; as functions of ngg, for several values of the external
magnetic field By: (a) 2 x 1072 T, (b)) 4 x 1072 T, (¢) 6 x 1072 T and (d) 8 x 1072 T,
We see the same kind of behaviour in these figures that we have observed in Figs 3
and 4.
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Figure 6. w;/Q; as a function of ngy for several values of the external magnetic field. The
other parameters are as in Fig. 5.

We remark that variations in the temperature of electrons and ions and in the
external magnetic field have the same type of effect on the enhancement of the
currents that charge the dust particles: these currents grow with increasing tem-
perature or decreasing magnetic field.

6. Summary and conclusions

In this paper we have developed a complete treatment, in the framework of kinetic
theory, in order to obtain the dielectric tensor that describes a plasma composed
of electrons, ions and dust particles immersed in an external magnetic field, taking
the charge variation of the dust particles explicitly into account.

The general expressions obtained show that the dielectric response of the plasma
is modified in two ways by the charge variation of the dust particles. First, the
denominator that usually occurs in the expression for the components of the di-
electric tensor of a homogeneous plasma in the presence of an external magnetic
field is modified by the addition of a purely imaginary term. This term can give rise
to amplification or absorption of the wave that is being considered. Also, in some
situations, we can have competition between Landau damping and the damping
due to the presence of the dust particles with variable charge. Secondly, due to
the charge variation of the dust particles, the dielectric tensor components have
an additional term that depends strongly on the process of charging of the dust
particles.

We have presented general expressions for the dielectric tensor components, and
have also derived particular expressions for the tensor, suitable for perpendicular
propagation and Maxwellian distribution functions of electrons and ions.

We have made a preliminary application of this formalism to the magnetosonic
wave. The magnetosonic wave propagates perpendicularly to an external magnetic
field, and is usually an undamped mode. We have shown that the inclusion of
dust particles, using the model proposed in this paper in its simplest form, leads
to the possibility of the magnetosonic wave being absorbed. We intend to explore
this application more deeply, retaining the effects of charge variation of the dust

N

particles that are included in €;;.
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The quantities I;;

R
Rza:

RR

R
Ra:z

R
Ry

R
Rzz

Dielectric tensor for dusty magnetized plasmas

are given by

= J? + cos b (ZQJ,% - J,’?) , Rl =0
B

<b2 J2 - J,’f) singcosy,  RL = - T,

bg

= be;L cost, RL =J,J! sinvy,

,
= m sty (02 ) Rl =0,
v =

R
R,

= ij sing),  R),=—JyJ] cosy,
bs

SR L=

with Rff = RE and R}, = —R};.
The quantities R;; depend on particle species, but are written without explicit
reference to the B index in order to not burden the notation.
In the above expressions the Bessel functions J,, and their derivatives depend on

the argument bg = k1py /mgQgs. and ¢ = tan~"'(k,/k;)
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is the angle between the

vector k; and the x axis; k is the perpendicular component of the wave vector.
In the situation treated in this paper, ¢ = 0.

Appendix B

We give the integrals for the computation of the dielectric tensor for dusty plasmas
when k| = 0 and fgo is a Maxwellian distribution function.

1P Q1ON.Q m
Expressions for 1§

(a) For even m,

(b) for odd m,

a1 _ Mol 1-1/2
1)[;r - 271_3/2 (ZmﬁTB) / .
Expressions for I
71'0, ndo
17?3 = (fo HARES Cﬁf(),a )7
ma? Tdo : ma? Tdo
Illﬂ = wmg (f()ﬁ + Cﬁfoﬂ) 1135 = wmg (f()ﬁ + Cﬁfoﬂ)
) Ta® Ndo ma* Ndo
IiL,G = (foﬁ + Cﬁ/og) I]B = (foﬁ + Cﬁ/og)

wm

Izl _ Npo (2l - l)”

¢ -1
08 = 7w(2mﬁTﬁ) ;

. =

) 3 ) 15 ;
Iyg = o "eomsT, Ijg = E”ﬁO(mﬂTﬂ)z-
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Expressions for Iy

ra’n
L = < do) (fo 05+ Zcﬁfoﬁ + Cﬁf(;g )7

7TCL2’I’Ld()

2
) (#8420 94 + CoA2s),

o
I
7 N
&
E
=

rang \’
) d0 3 .,
Igﬁ = < > (jﬁﬂ+205/35 +C;23f<4>5)-

Expressions for s
(a) Form =0,

S5 = 0 [1 = §geerf(€)].

ZW(ngTﬂ)
(b) For even m,
‘ —¢2 1 5e2k—1

o (2D fngo -1 Oemeo [ et (26)2F =1 k!

f()ﬁ - l!22l*l E(QmﬁTﬁ) 71_3/_) (ZmeTe) 9 ; (2]{),
1/2
+ eff’(f)} }
f = % - Spenien - 6752 elf
05 = 13/2 B 1

+ _ 3 [ngo dgeneo 253

j#‘ﬁ - Z{ A (2m ﬂTﬁ) 7:3/26 (2m.Te) ,
£

30 2 OpeNeo 2 e~ (48 2¢3
——(2mgTp)” — 2meTe)™ | — +

4m
/2
+4e1f<5>] }

105 [ ngo 3 6,6’6"60 3 6762 867 465 255
— (2mgTg)” — 2m.T.)° | — + - 4
<h {47r( mele)” =~ (Fmele) BRI
1/2
+7T4 erf(f)”.

(c) For odd, m

21—1)/2 l b
g I'ngo(2mgTs)—1/2 eyl
20+1 _ B0 BLp ) 13 S
j()ﬁ - 271‘3/2 651 + 6666 Z Ll 5

k=0

ngo(2msTs) "1/

S (0 + 8see™),

1 _
Jog =

s mgo(2mpTp)/? it
Sip = %[6&» + 8507 (E2+1)],
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5 _ 2ng0(2mpTy)5> e (& o
S =5 am |06 T 0see S e

6n50(2msTs)"> o (€5 e
f?)ﬂ:W{émﬁ'@;ee ¢ (6+2+§Z+1>:|7

where £2 = |x.|.
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