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Electrostatic instabilities in current-carrying magnetoplasmas with equilibrium density
and ion velocity gradients
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Detailed studies of electrostatic wave instabilities in a current-carrying magnetoplasma with equilibrium
density and ion velocity gradients are presented. For this purpose, a general dispersion relation is derived by
using a non-Boltzmann electron response as well as an ion density perturbation, which includes the ion-neutral
drag. Our dispersion relation contains previously known results as limiting cases, but it also includes some
additional instabilities associated with the electron-wave resonant interaction. The present results can help to
understand the origin of the nonthermal electrostatic waves in laboratory and space plasmas where there are
free energy sources due to ion velocity gradients and streaming particle motions.
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In the 1960s D’Angelo@1# predicted a novel electrostati
instability in the presence of a parallel~to the external mag-

netic fieldẑB0) ion velocity gradient (]ui0 /]x5ui08 ), where

ẑ is the unit vector along thez axis,B0 is the strength of the
magnetic field, andui0 is the magnetic field aligned unpe
turbed ion flow speed. The physical mechanism of the in
bility is attributed to an adverse phase lag between the
allel ion velocity perturbation and the wave potentialf due
to the E3 ẑ convection of the equilibrium ion flow speed
whereE52“f is the wave electric field. The parallel io
velocity gradient instability also exists in collisional@2# and
nonuniform@3,4# magnetoplasmas.

Recently, there has been a great deal of interest in stu
ing experimentally@2,5–9# and theoretically@10,11# the ex-
citation of electrostatic waves by the parallel ion veloc
gradient. Koepke@12# presented contributions ofQ-machine
experiments to the understanding of auroral wave activi
and associated particle acceleration processes. Howev
seems that the combined effects of the sheared ion flo
particle streamings, and interparticle collisions have not
been fully investigated. Accordingly, in this Brief Report, w
present an improved study of electrostatic wave instabili
in current-carrying collisional magnetoplasmas with equil
rium density and ion velocity gradients, by using a no
Boltzmann electron response and a hydrodynamic desc
tion for the ions. We assume that the sheared ion flows
inhomogeneities are maintained by external sources, the
tails of which are not essential here.

We consider a multicomponent plasma whose constitu
are electrons, ions, high-Z impurities~e.g., charged dust par
ticles@13#!, and neutrals. The plasma has an equilibrium d
sity gradient (]ni0 /]x5ni08 ) along thex axis. The unper-
turbed ion number density isni0(x)5ne01Zdnd0, wherene0
and nd0 are the unperturbed electron and dust number d
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sities, respectively, andZd is the number of electrons resid
ing on each dust grain. The latter is supposed to be stat
ary, since the time scales of our interest are shorter than
dust plasma period.

In the presence of low-frequency~in comparison with the
electron gyrofrequencyvce5eB0 /mec, wheree is the mag-
nitude of the electron charge,me is the electron mass, andc
is the speed of light in vacuum! long-wavelength~in com-
parison with the electron and ion thermal gyroradii! electro-
static perturbations with uv2kzue02kyuE2ve* 1 inenu
!kzVTe and nen!kzVTe , we have for the electron numbe
density perturbation@13#,

ne1'ne0

ef

Te
S 11 iAp

2

Ve

kzVTe
D , ~1!

where Ve5v2kzue02kyuE2ve* , ue0 is the magnetic
field aligned unperturbed electron streaming speed,uE
5cE0x /B0 is the cross-field drift due to a dc electric fie
2 x̂E0x , Te is the electron temperature,v is the wave fre-
quency, ve* 52ky(cTe /eB0ne0)]ne0 /]x is the electron
drift wave frequency,nen is the electron-neutral collision fre
quency,kz is the magnetic field aligned wave number, a
VTe5(Te /me)

1/2 is the electron thermal speed.
The ion number density perturbationni1 is determined

from

] tni11“•~ni0vi !50 ~2!

and

~] t1vi•“1n in!vi52
e

mi
“S f1

g iTi

eni0
ni1D1vcivi3 ẑ

2
1

mini0
“•Pi , ~3!

wherevi is the ion fluid velocity,n in is the ion-neutral col-
lision frequency,mi is the ion mass,g i is the adiabatic index
©2002 The American Physical Society01-1
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for the ion fluid,Ti is the ion temperature,vci5eB0 /mic is
the ion gyrofrequency, andPi is the ion stress tensor.

Equations~1!–~3! are closed by means of Poisson’s equ
tion

¹2f54pe~ne12ni1!. ~4!

Letting vi5 ẑ(ui01v iz)1vi' , wherev iz and vi' are the
parallel and perpendicular components of the ion fluid vel
ity perturbation, we obtain from Eq.~3!,

~Dt
21vci

2 !vi'52
e

mi
Dt¹'w1

e

mi
vciẑ3“w ~5!

and

Dtv iz1vi'•“ui052
e

mi
]zw2

1

mini0
~“•Pi !z , ~6!

where Dt5] t1ui0]z1n in[dt1 in in and w5f
1g iTini1 /eni0.

Inserting Eqs.~5! and ~6! into Eq. ~2! we obtain after
some manipulation

@~Dt
21vci

2 !~Dtdt2g iVTi
2 ]z

2!2Dt
2g iVTi

2 ¹'
2 #ni12

e

mi
vciẑ

3“ni0•“Dtf2
ni0e

mi
~Dt

2¹21vci
2 ]z

2!f1
ni0e

mi
vciẑ

3“ui0•“]zf50, ~7!

whereVTi5(Ti /mi)
1/2 is the ion thermal speed. Supposin

that ni1 andf are proportional to exp(ik•r2 ivt), wherek
5k'1 ẑkz is the wave vector, we Fourier analyze Eq.~7! and
obtain

$@~V1 in in!22vci
2 #@V~V1 in in!2g ikz

2VTi
2 #

2~V1 in in!2g ik'
2 VTi

2 %
ni1

ni0

5
e

mi
F ~V1 in in!vcik•~ ẑ3“ ln ni0!

2kz
2vci

2 S 12
k•~ ẑ3“ui0!

kzvci
D 1k2~V1 in in!2Gf, ~8!

whereV5v2kzui0 andk25k'
2 1kz

2 .
Inserting Eqs.~1! and ~8! into the Fourier transformed

version of Eq.~4!, we obtain fork2lDe
2 !1, wherelDe is the

electron Debye radius, the dispersion relation
06740
-

-

S 11 iAp

2

Ve

kzVTe
D $@~V1 in in!22vci

2 #

3@V~V1 in in!2g ikz
2VTi

2 #2~V1 in in!2g ik'
2 VTi

2 %

5Cs
2F ~V1 in in!vcik•~ ẑ3“ ln ni0!

2kz
2vci

2 S 12
k•~ ẑ3“ui0!

kzvci
D 1k2~V1 in in!2G , ~9!

whereCs5(ni0Te /ne0mi)
1/2 is the dust ion-acoustic speed

Equation ~9! is the general dispersion relation for low
frequency electrostatic waves in nonuniform current-carry
collisional magnetoplasmas, with equilibrium density a
parallel ion velocity gradients. It can be numerically inves
gated to understand the interplay between the elec
streamings, ion velocity gradients, and ion-neutral collisio

Several comments are in order. First, forn in ,kVTi!uVu
!vci, andkz!ky , we obtain from Eq.~9!,

V22Vv i* 2va
2S 12

ky

kz
SvD

1 iAp

2

v2kzue02kyuE2ve*
kzVTe

V2

11k'
2 rs

2
50,

~10!

which is the dispersion relation for the coupled dust io
acoustic-drift~DIAD ! waves including the electron-Landa
contribution@the last term in the right-hand side of Eq.~10!#.
Here, we have denoted v i* 52kyCs

2ni08 /vcini0(1
1k'

2 rs
2),rs5Cs /vci , va5kzCs /(11k'

2 rs
2)1/2, and Sv

5ui08 /vci . For Sv,0, Eq. ~10! exhibits the growth of the
coupled DIAD waves whenkzU0.v r , where U05ue0

1ui0 and v r5kzui01ve* 1(v i* /2)6(1/2)@v i*
2 14va

2(1
1kyuSvu/kz)#1/2. On the other hand, forSv.kz /ky and
va

2kySv /kz.v i*
2 /4, we have an oscillatory instability@3# of

the driftlike waves without the inverse Landau damping
fect. In a plasma with a flat density profile and without t
electron Landau damping~growth! effect, we have the shea
flow instability growth rate

gs5kzCsS ky

kz
Sv21D 1/2

, ~11!

which attains a peak valuegp5kyCsSv/2 for kz5kySv/2.
Second, we focus onuV1 in inu!vci anduVu!n in . Here,

Eq. ~9! reduces to

S 11 iAp

2

v2kzue02kyuE2ve*
kzVTe

DV

52 i
kz

2Cs
2

n in
S 12

ky

kz
SvD2

Cs
2

vci
ky

ni08

ni0
2 in ink'

2 rs
2 .

~12!
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Letting v5v r1 iv i in Eq. ~12!, where v i(,v r) is the
growth rate, we obtainv r5kzui01ve* 1v i* [kzui01v* ,
kzU01kyuE.v* , and the growth rate

v i5v*
kzU01kyuE

kzVTe
1

kzkyCs
2

n in
Sv.

kz
2Cs

2

n in
1n ink'

2 rs
2

~13!

for Sv.kz /ky . Equation~13! shows that energy due to pa
ticle streaming and ion velocity gradients is coupled to dr
like oscillations in a nonuniform collisional magnetoplasm

Third, we consider the coupled ion-cyclotron-drift-du
acoustic modes in a collisionless magnetoplasma with c
ions. Here, Eq.~9! gives

11 iAp

2

v2kzue02kyuE2ve*
kzVTe

2
k'

2 Cs
2

V22vci
2

2
kz

2Cs
2

V2 S 12
ky

kz
SvD2

kyCs
2vci

V~V22vci
2 !

ni08

ni0
50,

~14!

which ~for kz!ky) generalizes the work of Shukla and Ste
flo @4# by including the electron-Landau contribution. In th
absence of the latter, Eq.~14! yields

V25 1
2 ~vci

2 1k'
2 Cs

21kz
2Vs

2!6 1
2 @~vci

2 1k'
2 Cs

21kz
2Vs

2!2

24kz
2Vs

2vci
2 #1/2, ~15!

which depicts an oscillatory instability of the electrosta
ion-cyclotron waves, provided thatkz /ky and Sv are suffi-
ciently large. Here, we have denotedVs

25Cs
2(12kySv /kz).

The velocity shear origin of low-frequency electrostatic io
s.

ett

a
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gyroresonant waves in a nonuniform space plasma, wh
are described by Eq.~14!, has been reported by Carrollet al.
@14#.

To summarize, we have presented a unified picture
some instabilities involving low-frequency long-waveleng
electrostatic modes in a current-carrying collisional mag
toplasma with equilibrium density and parallel ion veloci
gradients. We have used a non-Boltzmann electron resp
arising from the electron-wave interaction, and have deriv
a general dispersion relation by employing hydrodynam
equations for the ions and the Poisson equation. The gen
dispersion relation exhibits the interplay between the ion
locity gradient and the inverse electron-Landau damping
fect. It is found that the latter causes instability of th
coupled drift-dust ion-acoustic waves whenui08 ,0. In addi-
tion, whenui08 .0, the driftlike waves in collisionless an
collisional magnetoplasmas are destabilized due to the c
bined effects of the ion velocity gradient and streaming p
ticle motions. Furthermore, it is also found that the para
ion velocity gradient can drive electrostatic ion-cyclotro
waves. The present investigation should therefore be us
in understanding the threshold behavior and the incremen
broadband electrostatic waves that are spontaneously ex
in current-carrying magnetoplasmas~viz., low-temperature
laboratory and Earth’s ionospheric plasmas! which contain
sheared ion flows, equilibrium density gradients, and highZ
charged impurities~dust grains!. A rapid cross-field enhance
ion transport in a plasma with sheared parallel flow is a
expected@15#.

This work was partially supported by the Swedish R
search Council through Grant No. 629-2001-2274, as wel
by the European Commission through Contract No. HPR
CT2000-0140.
ev.

ev.

ys.
@1# N. D’Angelo, Phys. Fluids8, 1748~1965!.
@2# J. Willig, R.L. Merlino, and N. D’Angelo, J. Geophys. Re

102, 27 249~1997!.
@3# P.K. Shukla, G.T. Birk, and R. Bingham, Geophys. Res. L

22, 671 ~1995!.
@4# P.K. Shukla and L. Stenflo, Plasma Phys. Rep.25, 355~1999!.
@5# D.R. McCarthy and S.S. Maurer, Phys. Rev. Lett.81, 3399

~1998!.
@6# J. Willig, R.L. Merlino, and N. D’Angelo, Phys. Lett. A236,

223 ~1997!.
@7# E. Agrimson, N. D’Angelo, and R.L. Merlino, Phys. Lett. A

293, 260 ~2002!; Phys. Rev. Lett.86, 5282~2001!.
@8# T. Eiji, K. Toshiro, H. Rikizo, and S. Noriyoshi, J. Plasm
.

Fusion Res.4, 524 ~2001!.
@9# C. Teodorescu, E.W. Reynolds, and M.E. Koepke, Phys. R

Lett. 88, 185003~2002!.
@10# V.V. Gavrishchaka, S.B. Ganguli, and G. Ganguli, Phys. R

Lett. 80, 728 ~1998!.
@11# R.L. Merlino, Phys. Plasmas9, 1824~2002!.
@12# M.E. Koepke, Phys. Plasmas9, 2420~2002!.
@13# P.K. Shukla and A.A. Mamun,Introduction to Dusty Plasma

Physics~Institute of Physics Publ., Bristol, 2002!.
@14# J.J. Carrollet al., Geophys. Res. Lett.25, 3099 ~1998!; G.

Ganguli, S. Slinker, V. Gavrishchaka, and W. Scales, Ph
Plasmas9, 2321~2002!.

@15# F. Skiff and A. Fasoli, Phys. Lett. A184, 104 ~1993!.
1-3


