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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’'Angeld1] predicted a novel electrostatic sities, respectively, and, is the number of electrons resid-
instability in the presence of a parallgb the external mag- ing on each dust grain. The latter is supposed to be station-
netic fieldzB,) ion velocity gradient fu;o/dx=u/,), where a7, since the time scales of our interest are shorter than the
A . . . dust plasma period.

Zis the _un|_t vector along the axis, BO_'S t_he strt_angth of the In the presence of low-frequenéyn comparison with the
magnetic field, andi;q is the magnetic field aligned unper- electron gyrofrequency .=eB,/m.c, wheree is the mag-

“!f_bed ion f.IOW speed. The physical mechanism of the instas;y,,je of the electron chargm is the electron mass, amd
bility is attributed to an adverse phase lag between the Paky he speed of light in vacuumong-wavelength(in com-
velocity gradient instability also exists in collisiond] and  density perturbatiof13],
. m Qe

1-+i Ek V; , (1)
citation of electrostatic waves by the parallel ion velocity z7Te
seems that the combined effects of the sheared ion flows, -
present an improved study of electrostatic wave instabilities
tion for the ions. We assume that the sheared ion flows an

allel ion velocity perturbation and the wave potengatue  parison with the electron and ion thermal gyroradiiectro-
to the EXz convection of the equilibrium ion flow speed, static perturbations with |0 —KlUeo— KyUg— @y, +i Ve
nonuniform[3,4] magnetoplasmas.

Recently, there has been a great deal of interest in study-
gradient. Koepke12] presented contributions @-machine  where 0,= w—k,Ugo— kyUg— e, , Ugo IS the magnetic
experiments to the understanding of auroral wave activitie§ie|q aligned unperturbed electron streaming speeg,
particle streamings, and interparticle collisions have not ye_XEOX’ Te is the electron temperature is the wave fre-
been fully investigated. Accordingly, in this Brief Report, we uency, we, = —ky(CTe/€BoNeo) INeo/dX is the electron
in current-carrying collisional magnetoplasmas with equilib-3“62(?.11k/ZnI]S)tlk/]zeiSﬂﬁgnsgzt:fr:dtﬁélgggf Sw:(\a/g number, and
rium density and ion velocity gradients, by using a non-" "¢ e e peed.
inhomogeneities are maintained by external sources, the de- ani +V-(nigvi)=0 )
tails of which are not essential here. vt 1071

whereE=—V ¢ is the wave electric field. The parallel ion < v, and v,,<k,Ve, We have for the electron number
ep
ing experimentallyf2,5—9 and theoreticallyf 10,11 the ex- neﬁneo-l-—e
and associated particle acceleration processes. However,dtcg /B is the cross-field drift due to a dc electric field
drift wave frequencyy,, is the electron-neutral collision fre-
Boltzmann electron response and a hydrodynamic descrip- The ion number density perturbation, is determined

We consider a multicomponent plasma whose constituentgng
are electrons, ions, highimpurities(e.g., charged dust par-
ticles[13]), and neutrals. The plasma has an equilibrium den- e YT R
sity gradient gn,o/dx=n/;) along thex axis. The unper- (d¢+Vi- V4 wip)vi=— HV( ¢+ e_nionil) tocViXz
turbed ion number density iq(X) = Ngg+ ZgNgo, Whereng '
andngyg are the unperturbed electron and dust number den-

V'l_[i ’ (3)

*Also at the Department of Plasma Physics, Untsdversity, ~ wherev; is the ion fluid velocity,v;, is the ion-neutral col-
SE-90187 UmeaSweden. lision frequencym; is the ion massy; is the adiabatic index

1063-651X/2002/6@)/0674013)/$20.00 66 067401-1 ©2002 The American Physical Society



BRIEF REPORTS

for the ion fluid, T; is the ion temperaturey;;=eBy/m;c is
the ion gyrofrequency, anH; is the ion stress tensor.

Equationg1)—(3) are closed by means of Poisson’s equa-

PHYSICAL REVIEW B6, 067401 (2002

5]

7 Qe
1+] \[2 ([(Q+ivy)2-

K, Vte

tion XLQUQ+ivin) = yikEVE] = (Q+ivin) ik VA
V2h=4me(Ng—niy). (4) =C2| (Q+iviy) wgk-(zx V Innjo)
Letting v, =z(u;o+v;,) +V;, , wherev;, andv;, are the Ck2o?| 1- k-(zXVuj) RO+ 2], ()
parallel and perpendicular components of the ion fluid veloc- el K,w¢i n

ity perturbation, we obtain from Ed3),

(DF+ ol =~ o DV.g+ 0o Ve (5)
and
e
Dwiz+ Vi, - VUujo=— ﬁaz@_ miniO(V'Hi)z, (6)
where D= di+ Ujgd,+ vip=di +iviy and o=d

+yiTinir/eng.
Inserting Egs.(5) and (6) into Eq. (2) we obtain after
some manipulation

e ~
—weZ
m; ci

[(D2+wCI)(Ddt ')’IVTlaz) D 7|V12'|V2]n|1

202 Nio€
X Vnio- VDt¢——(D Vit 0gdl) ¢t - w2
i

XVUiO'VU-'zd’:Ov (7)

where V= (T;/m;)*? is the ion thermal speed. Supposing
thatn;; and ¢ are proportional to exf-r —iwt), wherek

=k, + 7k, is the wave vector, we Fourier analyze Eg).and
obtain

{[(Q+ivin)? = G +ivin) — vikEVE]

. Ni1
_(Q+|Vin)27ikiv'zl'i}n+
i0

e ~
:H (Q-I—ivm)wcik-(ZXVlnnio)
|

k- (zX Vuj)

—K2w?
Z77Cl
I(zwci

+K2(Q+iviy)?|o, (8)

whereQ = w—k,ujo andk?=k? +k?.

Inserting Egs.(1) and (8) into the Fourier transformed
version of Eq.(4), we obtain foﬂ<2)\2De<1, where\ p. is the
electron Debye radius, the dispersion relation

where Cs=(n;oTe/Neem;)*? is the dust ion-acoustic speed.
Equation (9) is the general dispersion relation for low-
frequency electrostatic waves in nonuniform current-carrying
collisional magnetoplasmas, with equilibrium density and
parallel ion velocity gradients. It can be numerically investi-
gated to understand the interplay between the electron
streamings, ion velocity gradients, and ion-neutral collisions.

Several comments are in order. First, faf , kV,i<|Q|
<, andk,<k,, we obtain from Eq(9),

NN
N

which is the dispersion relation for the coupled dust ion-
acoustic-drift(DIAD) waves including the electron-Landau
contribution[the last term in the right-hand side of E40)].
Here, we have denoted w;, =—k, C2 N{of w¢inio(1
122 pe=Colwg,  wa=kCol(14K2pD2 and S,
=Ujy/ w;. For S,<0, Eq. (10) exhibits the growth of the
coupled DIAD waves wherk,Uy,>w,, where Uo—ueo
+Ujp and w,=K,Ujg+ we, +(w|*/2)+(1/2)[w +4wa(1
+ky|Sv|/kZ)]1’2. On the other hand, foiS,>k,/k, and

® kySU/k >w .14, we have an oscillatory |nstab|l|1[38] of
the driftlike waves without the inverse Landau damping ef-
fect. In a plasma with a flat density profile and without the
electron Landau dampin@rowth) effect, we have the shear
flow instability growth rate

k 1/2
o1
s kz ’

which attains a peak valug,=k,CS,/2 for k,=kS,/2.
Second, we focus off) +iv;,| <w¢; and|Q|<v;, . Here,
Eq. (9) reduces to

©—KUgg—KyUg— g, 0?2

01
Ve 1+ kJ_ps

(10

11)

T 0 —KUegp—KyUg— @
1+i \/\ ed E ex
2 szTe
k§C§ ky Cg ni’0 . 2 2
=—1 i 1—k—ZSU _w_cikyn_io_lvinklps.
(12
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Letting w=w,+iw; in Eq. (12), where w;(<w,) is the gyroresonant waves in a nonuniform space plasma, which
growth rate, we obtaim, =Kk,U;g+ we, + wi, =K,Ujg+ 0, , are described by Eq14), has been reported by Carrel al.
k,Up+kyug>w, , and the growth rate [14].
5 > To summarize, we have presented a unified picture of
kUo+kyUe I kzkycssv>kzcs +u K22 some instabilities involving low-frequency long-wavelength
K,V1e Vin Vin inLPs electrostatic modes in a current-carrying collisional magne-
(13)  toplasma with equilibrium density and parallel ion velocity
gradients. We have used a non-Boltzmann electron response
arising from the electron-wave interaction, and have derived
a general dispersion relation by employing hydrodynamic
equations for the ions and the Poisson equation. The general
ispersion relation exhibits the interplay between the ion ve-
city gradient and the inverse electron-Landau damping ef-
fect. It is found that the latter causes instability of the
- [mo—Kligp— Kyl — 0 cpupled drift,-dust ion—acqugtic waves v.vheiia<'0'. In addi-
1+i > IV tion, whenu,>0, the driftlike waves in collisionless and
z¥Te collisional magnetoplasmas are destabilized due to the com-

W= W,

for S,>k,/k, . Equation(13) shows that energy due to par-
ticle streaming and ion velocity gradients is coupled to drift-
like oscillations in a nonuniform collisional magnetoplasma.

Third, we consider the coupled ion-cyclotron-drift-dust
acoustic modes in a collisionless magnetoplasma with col
ions. Here, Eq(9) gives

K2C2 K2C2 K kClw. n' bined effects of the ion velocity gradient and streaming par-
- 2—25( 1- 2 v) - —9_p, ticle motions. Furthermore, it is also found that the parallel
O ~owg QO kz Q(Q% = wg) Nio ion velocity gradient can drive electrostatic ion-cyclotron

(14) waves. The present investigation should therefore be useful

in understanding the threshold behavior and the increment of

which (for k,<k,) generalizes the work of Shukla and Sten- broadband electrostatic waves that are spontaneously excited
flo [4] by including the electron-Landau contribution. In the in current-carrying magnetoplasmagz., low-temperature

absence of the latter, E¢L4) yields laboratory and Earth’s ionospheric plasmasgich contain
L o o a1 o oo o sheared ion flows, equilibrium density gradients, and igh-
0%=3 (w5 +kiCEHKIVE) * 5[ (w5 + ki CE+kIVE)? charged impuritie$dust graing A rapid cross-field enhanced
22 2102 ion transport in a plasma with sheared parallel flow is also
Ak VsG] ™ (15) expected 15].
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