#1 JOURNAL IN 2014 GOOGLE SCHOLAR METRICS

Ll T

Dielectric tensor for inhomogeneous plasmas in inhomogeneous magnetic field
R. Gaelzer, L. F. Ziebell, and O. J. G. Silveira

Citation: Physics of Plasmas 6, 4533 (1999); doi: 10.1063/1.873740

View online: http://dx.doi.org/10.1063/1.873740

View Table of Contents: http://scitation.aip.org/content/aip/journal/pop/6/12?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

Dielectric permittivity tensor and low frequency instabilities of a magnetoactive current-driven plasma with
nonextensive distribution

Phys. Plasmas 22, 122102 (2015); 10.1063/1.4936825

Effect of magnetic field on the wave dispersion relation in three-dimensional dusty plasma crystals
Phys. Plasmas 19, 073704 (2012); 10.1063/1.4737600

The dispersion relation and excitation of transverse magnetic mode electromagnetic waves in rippled-wall
waveguide with a plasma rod and an annular dielectric
Phys. Plasmas 19, 013109 (2012); 10.1063/1.3676154

Relativistic plasma dielectric tensor evaluation based on the exact plasma dispersion functions concept
Phys. Plasmas 13, 072105 (2006); 10.1063/1.2217309

Effects of magnetic curvature on the lower-hybrid-drift instability
Phys. Plasmas 8, 1159 (2001); 10.1063/1.1354646

VACUUM SOLUTIONS
FROM A SINGLE SOURCE

Pfeiffer Vacuum stands for innovative and
custom vacuum solutions worldwide,
technological perfection, competent advice
and reliable service.



http://scitation.aip.org/content/aip/journal/pop?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/259615425/x01/AIP-PT/Pfeiffer_PoPArticleDL_050416/15.12.09_3_Prod_1640x440_EN_USA.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=R.+Gaelzer&option1=author
http://scitation.aip.org/search?value1=L.+F.+Ziebell&option1=author
http://scitation.aip.org/search?value1=O.+J.+G.+Silveira&option1=author
http://scitation.aip.org/content/aip/journal/pop?ver=pdfcov
http://dx.doi.org/10.1063/1.873740
http://scitation.aip.org/content/aip/journal/pop/6/12?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/22/12/10.1063/1.4936825?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/22/12/10.1063/1.4936825?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/19/7/10.1063/1.4737600?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/19/1/10.1063/1.3676154?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/19/1/10.1063/1.3676154?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/13/7/10.1063/1.2217309?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/8/4/10.1063/1.1354646?ver=pdfcov

PHYSICS OF PLASMAS VOLUME 6, NUMBER 12 DECEMBER 1999
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The derivation of explicit expressions for the effective dielectric tensor to be utilized in the
dispersion relation for weakly inhomogeneous plasmas is discussed. The general expressions
obtained are useful for situations with simultaneous existence of weak inhomogeneities in density
and magnetic field. The particular case of a Maxwellian distribution in velocity space for the
electron population is discussed, and relatively compact expressions for the dielectric tensor are
obtained, which depend on the inhomogeneous plasma dispersion function introdJczakckser

et al, Phys. Rev. B55, 5859(1997] and ultimately on the well-known Fried—Conte function and

its derivatives. ©1999 American Institute of Physid$$1070-664X99)04512-7

I. INTRODUCTION In the present paper we present a generalization of the
formalism, taking into account the simultaneous presence of

The dielectric properties of weakly inhomogeneous plas.'inhomogeneities in the magnetic field and in other plasma

mas may be well described by.g dispersion relation that i arameters. The motivation for this generalization is the fol-
formally the same as that utilized for an homogeneous . : . -
owing. As is known, the so-called lower-hybrid-drift insta-

p!asmal, with the d|electr!c tgnsor replaced .by eﬂ,ff'ectwe' bility (LHDI) has been considered as a possible trigger
dielectric tensort The derivation of the effective dielectric . . . .
mechanism for current disruptions in the Earth

tensor is based on an iterative procedure, due to Beskin . . L .
P magnetotait!~1® Some early studies of this instability con-

Gurevich, and Istomin, denoted in what follows as the “BGI . . . 2
r§|dered it as approximately electrostdtid? but the electro-

procedure,” which is aimed to assure that the absorptio i ch od as i for th
coefficient obtained from the solution of the dispersion rela_magnetlc character was soon recognized as important for the

tion is effectively connected with energy exchange betwee@nalysis of the instability, which occurs due to electron in-
waves and particles. .homog.ene}tles. However, in the ensuing treatments of the
We have adopted the BGI procedure in our studies Oﬁnstgblhty including fully e]gctromagnetlc f_eatL_Jres, a con-
wave propagation and absorption. In some of these Studiegenthnal approach was utilized for the derivation of the di-
we considered the situation in which the magnetic field is€!€ctric tensor, and Onsager symmetry was not preserved for
homogeneous and other plasma parameters can KBe elements of this tenst ® This feature was noticed later
inhomogeneous;® obtaining explicit expressions for the ef- on and anad hocsolution was proposed in order to restore
fective dielectric tensor components, which were shown tdhe desired symmetry/. However, some important shortcom-
satisfy the correct symmetry properties, as does the tensor féfgs of thead hocsolution are noted in Ref. 17 itself, which
an homogeneous plasrhdor any direction of propagation @also recognizes the need for a satisfactory and consistent
relative to the inhomogeneity. In another approach, we conapproach to the problem.
sidered the situation in which the magnetic field is inhomo-  This is the framework where we believe that the formal-
geneous and other plasma parameters are homogeneous, a0 developed in the present paper can be useful. We arrive
deriving explicit expressions for the components of the efat quite general expressions, based on the previous ap-
fective dielectric tensor, with the correct symmetry proaches, and particularize these general expressions in the
properties’® In several of these publications, as well as in anonrelativistic limit for the case of a Maxwellian distribution
recent commentary upon the symmetry featured by the effedunction of velocities, with a linear density profile. The final
tive dielectric tensot’ we compared our formulation with expressions obtained incorporate the relevant effects of inho-
other approaches found in the literature, including ap-inogeneities, and are written in terms of the inhomogeneous
proaches which do not preserve Onsager symmetry. The irplasma dispersion functio’DF) and in terms of the Fried—
terested reader is therefore directed to these previous publGonte function and its derivativésAs demonstrated previ-
cations for a list of references on the subject of waveously, in the nonrelativistic limit the inhomogeneous PDF
propagation and absorption in inhomogeneous plasmas. may also be written as a function of the Fried—Conte func-
tion and its derivatives, which makes the final expressions
3Electronic mail: rudi@ufpel.tche.br quite practical to be utilized. In Sec. Il we describe these
PElectronic mail: ziebell@if.ufrgs.br more recent developments. Some final remarks and com-
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ments on the perspective for future work are added in Semeities in magnetic field and other plasma parameters along
[l thex direction. Some particular cases have already been con-

sidered in recent years, and the main results obtained will be
Il. OUTLINE OF THE DERIVATION OF THE reproduced here.

EFFECTIVE DIELECTRIC TENSOR FOR For instance, in the case of homogeneous magnetic field
INHOMOGENEOUS MEDIA and other plasma parameters inhomogeneous, the compo-

Let us consider a magnetized plasma, with magneticients of the effective dielectric tensor may be written as
field pointing along the direction, and featuring inhomoge- follows:?

u L(f,) u A i = Biz+ 9]
5,25,22 f goy it U _iy 2 fdrf d3u €PnaO7y ,C(fa)( ) (RR+|R,J)
a m, (,U u; « Mo ==
U”f’ . 4’7Tqi C .

+(8iySj,+ 8 5,y)2 Jd3 a o @ mf de d3u €Pna0)7y

f’baSInl// UH §iz+ R 4'7Tq C 3 iD UH 5i2+§jz

Cae > (0712 pogry| 20
X o (uL RE+iR})—i > e 0L nﬁ i} drfd ué uzL(f)) m
XE[(SRHS' )+ (SR+iS)*] )

o LIS 719 ji T 1951) 7

where f!=0df,/ox, b,=k u, c/Q,, u=p/(m,c), Q, whereP means the principal part of an integral. After these
=q,Bo/(m,c), andy denotes the angle between the vectorsimple steps, it is very easy to convert the operatoasd L,
k, and the direction of the inhomogeneity. We have alsoas well as the quantit,,, to the definitions utilized in Ref.

used the following definitions: 2.
) Equation(1) can be cast in an even more suitable and
kLULCZ i compact form by the definitions of the following auxiliary
Dna( eB) =Yyo— Ck”U” - nQa(1+ EBX) - GBT sin lﬂ quantitities:
u, _(ndu(by) s
‘C(fa):(?u fo— a)! L(fa):_au fa_au foz' Tina ™ b COS"b_IJn(ba)Slnl// &
L u, L Il a

. . . nJ,(b,) . ) R
It is important to remark that in Ed1) we have considered + siny+i3(b,)cosy g,
the particular case ob,,(0). The quantity eg which ap- b,

pears inD,,(eg) will be defined below, when considering v, .
inhomogeneous magnetic field. + 5 In(ba)e;, i)
Definitions of R;;, S, and other basic quantities ap- L

pearing in Eq.(1) can be found in Ref. 2 and will not be 2 4
repeated here for the sake of space economy. Equéijaa @, n (b,)— In(ba) sin(24)
exactly the same as E() of Ref. 2, although it is written in ¢ b2 b,

a slightly modified form in order to be more adequate for our ,
present purposes. The original form can be easily recovered, A n nJn(b,)

. . . —i| —Jn(b,)—
however, by some simple procedures, as explained in the bi b,
following. First of all, the integral in the variable can be

R n2
RANE

easily performed, 1 Ji(b,)
—E)Jnma)— . ]cos(zwu 7 9n(b)
! =—ij drePna”,
Dn. 0 nJ.(b,)
", SIn(Zw)}ey n(b )siniys
In addition to this, the resonant contribution can be separated
from the principal part, R
+i3/(b,)cosy|&, 3
1

—1m8(Dpa), . - .
Dhe  Dhna (D As a result of using these definitions, we may write
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® and other plasma parameters as being homogeneous, assum-
- E drf d3u u, L(f o) ing that the magnetic field is pointing along thexis and is
a®@ n==e Jo inhomogeneous along thex direction, Bg(x)=Bg(1
+epx)e,. The waves were assumed to be propagating in
fd3u—Lfa0 arbitrary direction, making an anglé with the magnetic
field, with the perpendicular component of the wave vector,

47Tqa

e=1-i>

47Tqa

Xeana(O)Tﬂn Tha ézézz
a m, w
41 k, , making an angle} with the inhomogeneity. Details of
—iz e f drf d3u €PnalO7y the derivation may be found in Ref. 9. For our present pur-
a M@ ©n==e poses, it is sufficient to reproduce here the components of the

f 'b, sing 4rg? c effective dielectric tensor, as they appear in 8).0of Ref. 9,
11-I’lar'wr'lar IE a
Ya Q 477qi 3
_— | :—|§a:mermfdv-fduuL w0)
X er d3u €Pna(®7y?
n——o J0O — +
I, 11,
X @Pnal®TE  (7)](Inl-1) 212
’ ‘]n" * : (W W+)‘n|
‘C(fa) Eeyﬂna—i_q)naﬂna
ang? o [ uf, a3 Sk R
t(eete8)2 —— o | du—=, (4)
N ) where
Where[ . 1" means the Hermitian part of the dyadic, and
ey ande, are the unit vectors. Jinj+1(Wq) 1o .
For inhomogeneous plasmas where the magnetic fieldlln,=*| NJjn|(Wy)Gr,(7) + TF (7D sing
itself is not uniform, a fundamental difference exists relative n
to the case of the homogeneous field. The unperturbed orbits J|n|+1(W§)

of the plasma particles are not affected by inhomogeneities X e +i
in plasma parameters like density and temperature, but they

are affected by the magnetic field inhomogeneity. As a con-

sequence, the resonance condition in momentum space is XFl/Z(T)(b cosyr+ K, 7)
affected by the inhomogeneity, and it is necessary to add an

infinite number of corrections in order to build up the effec-

tive dielectric tensof. The procedure has been carried out + _Jln\(W EY(1)e,,
previously, by considering inhomogeneous magnetic field

IN[Jn| (W )G 1) F

=+

n

&

Kor+ b, cosy+iS,b,sing  GnaGna=—1,
Kat=b,cosy+iSyb,sing’  FY2G> =—(K,r¥b,cosy+iS,b,siny),

Gﬁa(r)=l

W, =[b%*2b, cosyC,7+ i1, Ky=negcu, /2,

S,=sign(n), andD,,(€g) is as defined along with Edq1). e=1+0Qz+0p, (6)
For the more general case with the simultaneous Presyhere

ence of weak inhomogeneities both in the magnetic field and

in other plasma parameters which appear in the distribution 6 2 f dTJ’ d®u u, £(f,)

function, the same general approach applied to these previ- a Myw nS=w

ous cases may be followed. Since the inhomogeneity is o

weak, gradient effects are kept only up to first order, except X @Pnal @) TF (T)](\n| 1) L

those necessary to avoid secular terms in the unperturbed (W, W*)'“‘

orbits® The outcome is such that we may collect together

Egs.(1) and(5), and write the effective dielectric tenséras q f d3u —L(f )(UL up), @

follows: '

477qa
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. 4mq simultaneous effects of magnetic field and density inhomo-
Qp=—i2, - Lj Z f drf d3u &Pna®7y geneity, we makesg—0 in the term of order ¢%). What
« == remains is the following:

f'b, siny 47-rqi c
X—ﬂ:aﬂna_lg 0 0. S
QB=i§ Xaw,uanEx . drf d*u u’g,
3y, D pe(0)7) 2
xn;m drfdue u? PRI
X dPnal®)E (7)](Inl-1) 12N
I H (W, w;Hn!
Xﬁ(f;)[zneyﬂna+(p:awna}
, , —IXE € X 0, 2 drf diuu?g,
Q, ¢ uf, noe 0
—f Pu— @ o
2 Qa Ya Xé na( )Tﬂ'naﬂ':a. (12)

Let us now assume a model distribution function which
is Maxwellian in velocity space and features a linear spatia[
profile, which is a suitable approximation for the case of
weak density inhomogeneity. For simplicity, we consider
uniform and isotropic temperature,

We can at this point rewrite the dielectric tensor, adding
ogether all the terms containing, into a quantity which
will be denoted byyp, while the term which contains the
magnetic field inhomogeneity will be callegs,

, 312 - =1+ s+ e, (13
f(u?,u,X)=(1—€,X)Ng— e Ha!
il Il 0(277_)3/2
where
=(1-eX)Ngga(uf ,uy), ©)
— 2 o .
where,ga—n_]ac _/Tq. _ _ _ XP_IE €, X, 2 de d3u €Pna®7y g,
Using this distribution function, after some calculations, n—-c« Jo
Egs.(7) and(8) can be written as ¢ b, siny
X ; ay MU X ﬂ:aﬂna

ﬁBzig (1_E“X)X“w’u“n;m . drf d%u uv?g,
—IE €aMoXq e~ de d3u
a ﬂ—> o0

-7+
X @PnaleR) T (7)](Inl= 1)& (10)
(W, W+)\ﬂ|’

X ei0na(@) 73 g , (14)

Jn-
?ey'ﬂna"' (I)naﬂ'na

Qp=i Z €, X, w— 2 . er d3u ePnal®7y

n——oo

XB—|2 X0y 2 . dTJ d3u qu-gaeiDna(eB)T

<D Sin c n——o
g—wwnoz“'na |2 €EalaXy a)Q - .
(Inl-1) na
. X[Faal 1D 2 (15
X Z de d3u &Pnal07y3 ga[ > &/ha
n=-e A. Evaluation of the velocity and time integrals
appearing in the g tensor
+(I):a”““ (eyez+ezey) The evaluation of the velocity integrals which appear in
the yg tensor, Eq(15), can be analytically performed both in
XE X ij dau% (11) the weakly relativistic and in the nonrelativistic limit. After
“ ’ these integrals, the componentsygf can be written in terms

of the so-called inhomogeneous plasma dispersion function

whereX,= w},/ . PDF, as demonstrated elsewhé&feThis inhomogeneous

The last term in Eq(11) is indeed null with the sym-  pDF can be related to other well-known plasma dispersion
metrical distributiong,, defined in Eq.(9), but appears here functions appearing in the case of homogeneous plasmas,
only for completicity. From Eq(10), it is seen that tensor |ike Fried—Conte or Shkarofskii functiods.For the present
(33, which incorporates the magnetic field inhomogeneitiesapplication, we will consider the nonrelativistic limit. For an
may be separated into two parts, one of ordei)( and  isotropic distribution such as E@9), the nonrelativistic in-
another of order(i). In order to avoid quadratic terms with homogeneous PDF may be written as follows:
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© (jt) e y where we have introduced the auxiliary functibfy ,
G ol = — i f —_ efﬁtzef(va+ant2)/(l+i§at)
pm, 0 (1+ig,t)P Ho(x)=e 1 (x). (18)
><[Hna(t)]m Snalt) 16) For the particular case gf=1, we may use Eq69) of
[S,.(D] \1+idat) Ref. 18, obtaining

where ®
Gr pmy=—12057D fo du ue™ "I (\2v,0)

Hna(t) = 12— 1281, SiNgxnat — x5.t2 .
X JO dt(it) &ra It B, (19)

_[3 2 212, 4 14

Snel V)= VVa= 2V, €08 20t Xt Using now the following definition of the Fried—Conte
and where we have introduced the following definitions: f,nction and its derivative,
:(w//“La) 7, Z:Ma5nav 6na:1_nYa(1+€BX)v B
=waNZ2, Xna=wnY%pn,La=NgN, singlY,, Y,=Q /o,
pn=nNg/2, andNg= esC/w. Moreover,v,=N, /(u?Y,)
=ck, /(nX?0,), andl,(z) is the modified Bessel function
of the first kind. The relationship between the inhomoge- o _ )
neous PDF and well-known functions from the literature is Z(“)(z)=if dy(iy)"el=y=y74), (20b)
particularly useful for computational reasons, since the ana- 0
lytic properties of these functions are well studied, and manyne may express the inhomogeneous PDF germ/2 in
useful mathematical relationships can be found in the literaterms of the derivative of ordar of the Fried—Conte func-
ture. These features can be illustrated here by the considejipn,
ation of an example. For instance, let us consider the case of

Z(2)=i f;dy elizy-y24), (203

y=ml2, and harmoniai= 0. In that case the inhomogeneous 2,2(m=1) w 2, 3 .
PDF becomes G =— a—f du ue Y J32(2v, u)zC
P (V2 N D Jo I
. 2
o[ (i) eHat 2 Mo~ LU
G pmi= =172 [ "ot e x| =] (20
rpm 0 (L+i )P V2N,
. 2 For other values op similar but more complicated expres-
X e v (1H1E], THict sions may be found.

Complete expressions for the componentggin terms
yi of the inhomogeneous PDF, for any valueypfcan be found
1tic t)’ in Ref. 9. As an example, for completeness, we reproduce
“ here the expression for the componerisand yx of that
(17 tensor:

n

oo i r j at
_ —ivi(m*”J gr D€ e
0 (1+iZ,H)P

o0

. . 2 2 H
(xe)(3y ="~ > Maxan > {1200 X0 SINYLG1 112 340 10|~ Y2G1.172.300] ol + 1+ X2aGa,172.3j0] -+ 1] =1L N Go 1/2.140) - 1n|
a — — 0

2 2 2 o
= v5(Go,172,2in| - 1Jn| ~ G0,212,2)n),In|+ 1) T Xnal G2,172,2in| — 10| T G2,1/2,2)n|,|n|+ 1) ] — V& SIN 24

2 2
X[Go.12,:3jn),n| — INGo 112,200 - 1|~ VaGo.12.3n),In|+ 1T XnaF2,1/2,3pn,In[+ 1] — 2N V0 Xna COSYG1 112 2jn| - 1]} -
(22

B. Evaluation of the velocity integrals appearing in the X tensor

In the nonrelativistic limit, the components §& may be written as

+ o0
o . c ck - c o -
)?pziz €, X, > . dTe'(’””QH(O))THZ Q—Lsin =2, X | (l)—z,lLaQ_( 12476, (23

n— —o @ a
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where

I W= f d3U eiiCkHu”Tuigaw:awna!

. N Jnn H
[ (2)=J diueihuirydg, ?eywna} ,

and

@)= J dPu e "Ml g [ B} o, ]

The evaluation of these integrals requires a large amount

Gaelzer, Ziebell, and Silveira

i) + ViH n( Vi)]

| 2) 1 nQa
W 2m, | ck,

of algebra, and will not be shown here. The final outcome of

the velocity integrals is presented in what follows.
For the '™ components,

2
o,
% | |2

2
n _ 2202
+C0S" h—Hy( vi)} g ¢k (2pa)

a

o vi)—bi%&vi)](l—coé )
(249

1 . . {
I [(g;i/ = M—[Zvi siny cosy+in]H vf,)e“:2k<2 ) 721(20),
o

(24b
@ .ckT
I()z(i__ o (Ckl OS¢Hn(V )
. ck. _ 22l ;2
+i SlnI/IMaQaHn(Vi))e R ICra) (240

L | LY NP A in?
=1 | 2 tn(ve) = 2vHa(ve) | (1= sint y)

a

r]2
+SI? g —Ho(v2) & KR, (249
VCV
c
I(i)z—— ul ( smz//Hn(v)
zy) ki
+|cos¢ H (v 2)) e~ <K P21y (24
21,2 2
|(1)_: (1_C K ) n(V )e *c k(2 2/(2//-) (24f)

In Eqgs.(24b), (240, and(248), the upperlower) component

of tensor i), is related to the uppeflowen sign of the
imaginary number.

For thel® components,

1X=13= (259

2)_1(2)_
|§x)—|§z)—0,

P cky 2 2
+ _ ’
*i SII’](/IMQQQ (1=2v0)H o(v5)
n 2 2y (2l 2
+ 5 =1 Ha(v2) | e e e (25h)
Va
nQ,,
I(yf,)— ok, sm:,b—[H (v2)
+ 2 H (v2)]e K R, (250
@1 —i = T 02
yz y 2,“01 n
+12H [ ﬁ,)]e*czkmI P1(2ua) (250)

For thei® components,

13 = smw

ok { coS Y[ —2Hn(v3) +2v2H (V)]
L

n2
+ —an<vi>—<1+2vi>Ha(vi)]

(3

e 22 22,

(263

{ N cosy(4 cog —3)[ Hn(v2)

2
n
—2—-n?
Voz

+02 | Ho(v2) + (202412

—V2H (V3] =i sinyg

+2vHYH L (V2) (26b)

} k(2 2/(2,“ )

n2
— 1 N 2
[ e

sin¢cos¢iin[2co§z//(

2Mhe Mo

(ZX

1 ckr
(3) i I [2

1
—Hn(v2)

a

—H\(v2)

1
—H,:ui))——ZHn<vi>+2Ha<vi>H

a

% e_C2k<2AI)72/(2Ma), (260
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19 =sin LQT[coszw[ZHn(v) 202 H [ (v2)]
‘L

2

n 2
+ —2—1 Hn(va)

V&
- (Vi+ 1)Hé(vi)] e*Czk(zm)Tzl(Zﬂa), (260)
@ . 1 ckr n2 ) ,
liyzj =i =— —— —2—+1|Hay(v) + (V5
ZyJ 2/_La /'La Vi
n2
Fapg+2 o8l | -1 H,02)
Va/
’ 2 . n 2
—Ha(vy) | | F1] ZHa(vy)
Va
_ nH,g(Vi) 2 Sinc//CoS,/,] e—C2k<2m)Tz/(2ﬂa),
(269
Q,1 c2Kk272
|§3Z)=ncki’u Si”‘ﬁ{l— MH Ho(v2)e K Pl 2ng),
(26f)

C. Final form for the xp tensor and for the effective
dielectric tensor

One must now apply the time integrals that appear in
(23) to the results presented in Eq24), (25), and(26). In
doing so, the integrations are again identified with the Fried—
Conte function(20), and we arrive at the final and compact
expressions for the components of the tengpr Since the
calculations are also lengthy and tedious, but otherwise
straightforward, details are again omitted, and we show in
what follows the final expressions, evaluated at position
=0:

+ oo

11/2X
| oy, 2

@ aYa/ n— —o

1 ck
()(P)xxzsm'r//k_ujL E (2

[e3

2
X | —Hn(v2) = 2v5H (V2SI ¢

Vo

1 n
Va2

a

{ 2 Sirf Y[ Hn(v2)— v2H [ (v2)]

Z(z,),

n2
+ —Hn(V2) = H p(v5) = 2H,y( vi)]

a

(279

Dielectric tensor for inhomogeneous plasmas in . . . 4539

1ck, vzoox %
xy —
()3 ki o % ( a) ey, n;x
X | siny[ 212 siny cosy+inH [(v2)

Yi iz{ n cosyl H(v2) — 2 Sirt y[ Hy(v2)

2
—VaH (v 1= sin ll/{ - n—an(V§)+(n2

V(lf
+ o

11
(XP[le_gk—g aYME |SimlfYa

+2H (V) | Z(z0), (27h)

— —®

X[ —ncosyH,(v2) FivZsingH [(v2)]

*in

Ho(v2) —H (v, ))

n? L
v

X Ha(v5) =My Vi)l sinys COSI//] zM(zy),

cos z/;(

a

1 2 12
- 2_2Hn( ve)tHa(ve) |+

a

(270

-1 ck
(XP)yy_Smlﬂk_HT >

a

1 1/2 Xa +o
( ) €ay 2
2/u’a Ya n——x

2
n
—Hn(v3) = 2V5H [ (V2)coS i

Vo

X

[ 2 cod Y[ Hn(v2)— v2H (V)]

<
lej

1
Y,

a

Z(zp), (270

n2
+ ;Hn(vb —H(V2)

+ oo

11
(xe)(%3] _Ek_ Z. a'Ya nE

— —

Y, sSinyg

X[ —nsinyHy(v2) =iv2 cosyH |(v2)]
n2

1
—1)Hn<vi)—H;<vi)lri{—anwi)

@

2
a

n2 2 1 1o 2
+ _Hn( Va) - EH n( Va) - CO§ ¢
14

zMW(z,), (279

—H vi)] N siny cosy



4540 Phys. Plasmas, Vol. 6, No. 12, December 1999 Gaelzer, Ziebell, and Silveira

1 ck, 1\¥2 x L . lckl(l)l Xe. 5 )
—siny— — _« =——— € 2VeH ((vE)Z(zZ
(XP) 2z Slnz,/fkH - (2,%&) ana n;w 1 (XP)xx ki © \2ue ey Ve o(ve)Z(2)
V2
1 n 1 = e X VIH (12
_ Y_ - Hn(vi) Z(Zn)+ E2(2)(Zn) , (27f) €e kH ereHo( Ve)Z(ZO)v (28)
a Va . i
where zp=(u,/2)"?wl(ck) = w/(kve). It is important to
where the argument of the Fried—Conte function is remember thav, and Y, are negative quantities, according
to the definitions presented along with Ed6).
, :(@) 2(w-n0,4(0)
" 2 ck; Ill. CONCLUSIONS AND FUTURE DEVELOPMENTS
These expressions, together with the componentggof In the present study we have presented an effective di-

as given by Eq(22), must be introduced in Eq13) in order  electric tensor to be utilized in the dispersion relation for
to have the complete expressions for the components of thelectromagnetic waves in weakly inhomogeneous plasmas
effective dielectric tensor. They may appear to be very imwith inhomogeneities both in the magnetic field and in other
pressive. However, as we have already demonstrated, fgriasma parameters. This new development follows and uni-
practical use it is quite straightforward to proceed with thefies previous approaches developed for the case of magnetic
approximations that are convenient in each case, like selectield inhomogeneity with uniform density and plasma
ing the most important harmonics, or using the small Larmotemperaturé;® and for the case in which the magnetic field
radius approximation. These expressions incorporate inhas homogeneous and other plasma parameters can be
mogeneity effects and preserve the correct symmetry exnhomogeneou$:® The development of this unified ap-
pected from the dielectric tensor, and the fact that they ar@roach, incorporating both gradients of the magnetic field
ultimately written in terms of a well-known plasma disper- and of other plasma parameters, will make possible a con-
sion function adds to their simplicity and utility for use in the siderable increase in the range of phenomena to be investi-
study of plasma waves in situations where inhomogeneitygated.
effects are expected to be important. We are presently working on the use of the formulation
In order to demonstrate the use of approximations ofeported in the present paper in the investigation of phenom-
these complete expressions in practical use, we consider gna that occur in regions where the field gradient is predomi-
what follows the case of propagation in thez plane, which  nantly perpendicular, like the magnetic equator of planetary
meansy=m/2, using as an example the componegp)yx ~ magnetospheres or the central region of coronal loops in the
for the electron population. For waves with frequency in thesolar corona and chromosphere. Particularly, we are inter-
vicinity of the lower hybrid frequency, we can keep only ested in the cross-field drift instabilities, which are due to
harmonicsn=0,+=1, and neglect the effect of higher har- plasma inhomogeneities and are assumed to be important in
monics. From Eq(27), we obtain the energization phase of magnetotail substorm$?°The
lack of Onsager symmetry of the conventional approach has
V2 X already been recognized and corrected in ah hoc
e 294002 7 . .
) EeYe[ 2veH o(ve) Z(Zo) mannert’ and it may be expected that the new expressions

o Lleck; ( 1
developed here may bring some interesting contribution to

()(P)xx=k—H "o | 2m,

1 the understanding of the physical picture of the situation. We
+ 21 —Hn(vE) = 2v5H 1 (v5) intend to report our findings in a forthcoming publication.
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