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Vortex formation in sheared flow driven fluctuations in nonuniform magnetized dusty gases
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The linear and nonlinear properties of low-frequertity comparison with the ion gyrofrequencglectro-
static and electromagnetic waves in nonuniform, magnetized dusty plasmas with sheared plasma flows are
examined. For this purpose, the multifluid dusty plasma model is employed to derive the relevant nonlinear
equations for the modified dust-convective cells as well as for the coupled dusnAlMeges and dust-
convective cells. In the linear limit, we obtain dispersion relations which exhibit instabilities of both the
electrostatic and electromagnetic waves. In the nonlinear case, it is shown that the newly derived dynamical
equations for weakly coupled waves admit various types of vortex solutions. The results can have relevance to
the understanding of the salient features of nonthermal fluctuations and coherent vortex structures in nonuni-
form dusty magnetoplasmas such as those in the Earth’s ionosphere as well as in cometary tails and interstellar
clouds.[S1063-651X98)11101-7

PACS numbdss): 52.25.Vy 52.35.Lv 52.35.Mw

[. INTRODUCTION the latter is coupled to modified dust-convective cells and to
linearly coupled dust-Alfve waves and the dust-convective
A dusty plasma is a low-temperature partially or fully cells. On the other hand, finite amplitude electrostatic and
ionized gas, consisting of neutral atoms, electrons, ions, anélectromagnetic waves interact nonlinearly. Accounting for
micron-sized charged particulates of solid matfelust convective and Lorentz force nonlinearities, we derive a set
graing. The latter, which are extremely massive, could beof nonlinear fluid equations in the presence of sheared
either negatively or positively charged to a high degree. Th@lasma flows. It is found that the nonlinear equations admit
electrostatic charging of the dust grains results from variou§€w classes of coherent vortex structures.
processes such as the electron and ion collection from the The manuscript is organized in the following fashion. In
ambient plasma, the photoelectric emission, the secondageC. Il, we derive the relevant nonlinear equations for both
electron and ion emission, the field emission, etc. The dughe electrostatic and electromagnetic waves, by assuming
grains can acquire a huge electric chafge to tens of thou-  that the wave frequencies are much smaller than the ion gy-
sands of an electron chang®usty plasmas are ubiquitous in rofrequency. The effects of dust charge perturbations are also
space environments as well as in laboratory dischaftyes incorporated. However, for simplicity, we discuss in Secs. IlI
3]. and 1V, the linear and nonlinear results, respectively, when
Recently, considerable attention has been focused otfe dust charge perturbations are ignored. Finally, Sec. V
studies of wave$4—8| and instabilities9—13, as well as contains a brief summary and applications.
the nonlinear structurdd3-15 in dusty plasmas. Charged
dust grains can give rise to new normal modes, in addition to Il. DERIVATION OF EQUATIONS
modifying the existing plasma wave spectra. For example, it , . .
has been found that consideration of the dust dynamics is, L€t US consider a nonuniform multicomponent dusty
responsible for the dust-acoustic way&3, which are now pIasmAa immersed in an inhomogeneous magnetic field
experimentally observefll1,16. Linear properties of elec- Bo(X)z, whereBy, is the strength of the external magnetic
trostatic and electromagnetic waves and mechanisms fdteld, andz is the unit vector along the axis. The dusty
their excitation in a uniform dusty plasma were reviewed byplasma also has equilibrium densityn(y/dx) and velocity
Verhees{17]. (dvjo/ax) gradients, which are maintained by some external
In this paper, we study linear as well as nonlinear propsources. Here;, andv, are the equilibrium density and the
erties of low-frequencyin comparison with the ion gyrofre- magnetic field aligned flow velocity of the particle spedies
quency electrostatic and electromagnetic waves in a nonunifj equalse for the electrons, for the ions, andl for the dust
form magnetized dusty gas. The latter waves contaifyraing.
equilibrium density and magnetic field gradients as well as  The charge neutrality condition at equilibrium can be ex-
sheared plasma flows. It is found that free energy stored ipressed as

Nio=nNeo+ ZdoNdo> (1)
*Permanent address: Department of Physics, Quaid-i-Azam Uni-
versity, Islamabad 45320, Pakistan. whereZ,, represents the number of charges residing on the
TPermanent address: Instituto de Fisica, Universidade Estadual diist grains. The dust particles are supposed to be point
Campinas, 13083-970 CampinaSoJaolo Brazil. charges, and their sizes and the intergrain spacings are much
*Permanent address: Department of Physics, Quaid-i-Azam Unismaller than the characteristic scale lengtvig. gyroradii,
versity, Islamabad 45320, Pakistan. Debye radius, etg.of the dusty plasma. Furthermore, there
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are sufficient numbers of dust grains in a Debye sphere, sthe fluid velocities from Eqgs(2) and (3) into Eq. (5), we
that the collective interactions, as described below, are intactbtain, for electrostatic wave8( =0),

In the presence of low-frequency waves, the electron and
ion fluid velocity perturbations in the drift approximation

2 2
< - . W hi W i ~
(|2 <wci=eBy/mic) are (det )| V24 2292 | ot 28 (14 4100,) V2 $— A2

~ Wi W i

Ve~VepT (VeoTUer) B /IBotveZ ) 5 ¢ “
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and xXV B_o) -Vo+ameny,gd,ve,
Vi Vest ViptvioB, /Bo, @ +4menyo(dr-+Vgo+ V) Zay =0, ®

wherevgg=czXx V ¢/By and viy= — (¢/Bowg)[ d+ vi+ Veg o
-V +0,0,]V, ¢ are the usuaEX B, and the ion polariza- Whereve, is given by
tion drifts, respectivelyE=—V ¢— (1/c)3,A,z is the elec-
tric field vector; ¢(A,) is the electrostaticZ component of
the vectof potential andB, = VA,x z is the perpendicular
component of the wave magnetic field,is the speed of
light, and »; is the ion collision frequency. The compres-
sional magnetic field perturbation has been neglected in vie
of the low-8 approximation. For electrostatic waves, we can

e C.
(Diet ve)ve,=—— 0,0+ 52X Vv V. 9
Me BO

J\;IeredtzatJrvEB-V, andD=di+ (vegtver) ;-
The dust charging equation f&<1 is given by[18]

setB, =0.
The parallel component of the electron fluid velocity per- (0t+Vao- V+ven)Gar~ler tlis, (10
turbation is determined from the component of Ampe’s
law, giving wherel;,;=fojv;f,;dv is the perturbed current in the pres-
Ve~ (ClAmnge) V2A,, 4)  ence of disturbances, and .= ma?(1+2Z4e%/m; {a) is
the charging collision cross section; the plgmsinug sign
whereV? =92+ (95. stands for the iongelectrong. The first order distribution

The dynamics of waves in our dusty plasma system idunctionf,; (=f;—F;) is given by
governed by the equations of the continuity, and the momen-
tum, which are supplemented by Poisson’s equation and Am- q
pere’s law. For our purposes, for the conservation of the (at+vj~V)f1j——J[cV¢>+ f7tAz2—Vj
charge density we have m;c

F(Ne=Nj) + Ve d(Ne= Neo) = ¥ ¢(N; = Njg) + V- (NeVe—N;V;) X (Bo=2XVA,)]-V.f;
=0, (5) = —Ngoa; e(v)v[f1j(V)) —Fj(vj)], (1D

Poisson’s equation whereF; is the equilibrium velocity distribution function. It

V2¢=4me(n,—n+Zgny), (6) appears that the charging equati(d@) is quite ted?ous for
electromagnetic waves in nonuniform magnetized dusty

and the parallel component of the electron momentum equaplasmas- _ _ .
tion, It is straightforward to derive the relevant equations for

electromagnetic waves from Eq4)—(7). We have
1 ~
(0t Vet vegdyt Ve VIve,= —(€/Mg)| E,+ E(VeX B,)- Z},
(7) (d¢+vo)

wfz)l 2 ~
¢+ —z(vi+vi0<9z)Vi¢—4ﬂTeCZ
Wi

2
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2 Pla2
v+ L2
w

Cl
wherew, is the electron collision frequency and the ions are
assumed to be singly charged. In Eﬁ) we include[18] the _ « V(@) Vé+cd,V2A,— 4_7Ti>< VA, Vg
source of the plasma particles which compensates for their Bo Bo
losses due to the recombination on the surface of the dust
grains. The effective collision frequencies for thermal Max-
wellian plasma particle distributions ang, 4= v; 4(1+ P)
= vP(1+ 7)) p(1+ 7+ ), Where P=ngyoZgo/Ney,7=T,/  aNd
Ti. 7=Zge’aTe, and veg=wia(l+7+n)lvy V2.
Here a is the size of the dust grainy,; the ion plasma Die(1-NGV)A, = vehsVEA,+ (3,4 S,0- V) =0,
frequencyp the ion thermal velocity, and, (T;) the elec- (13
tron (ion) temperature. FOP<1, we havev, 4= v; 4= vo.

In order to derive nonlinear set of equations, we writewhere wy=(4mn;e?/m;)"2 is the ion plasma frequency,
n;=njo(X) +nj1, Wheren;;<njo(x). Thus, substituting for Ae=c/ w, the collisionless electron skin depth,. the

+47Tend0((9t+vd0'V)Zd1:O, (12)
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electron plasma frequencyJgi=e(Njgvip— Negleo), and ,

S,0= ZX Vv e/ wee. We have denoted,=a,+ VA,x 7/B,,. W= 0| wgtKpeot

k§C2kZUi0 )

21,2 2.27..2

The origin of various terms in Eq§8)—(13) is now clear. vk H ki)
The first three terms in Eq$8) and(12) come, respectively, kiczkzvio
from the deviation from the quasineutrality and the linear K eo| sy + 2 (K24 K22 v2)
and nonlinear ion polarization drifts, whereas the fourth term VAl yCTvR)
in Egs.(8) and(12) originates from théeX B convection of A1k K,CI(Jei/ Bo)
the equilibrium dust charge density, as the divergence of the —( 3 i ); > 2 2 )
difference of the electron and ion fluxes in nonuniform dusty (k*+kycTvi)
magnetoplasmas remains finite. The fifth and sixth terms in (14+Kk-S,0/k,)
Eqg. (12 originate due to the coupling of the equilibrium X = (15
plasma currents with the perturbed magnetic field; these (1+kyAe)

terms do not appear in the electrostatic mo@l On the
other hand, the nonlinearity on the left-hand side of @yis
due to theEx z convection of the parallelto z) electron
velocity perturbation, whereas the important nonlinear terms (

Equation (15 predicts an oscillatory instability. Fomw
>K,v g, the threshold condition is

2.2
kv

in Eq. (13 ; th g ol eloction inexi 41K K,Cy(Jei/Bo) | (1+K-S,0/k,)
in Eq. come from the nonlinear parallel electron inertia > 22 2 N
as well as the nonlinear Lorentz force. The parallel phase (k*+kycva) (1+kyre)
velocity of the disturbances is assumed to be much larger K2c2K.0- 2
>( y& KzUio )
Sv .

than the electron thermal velocity. 7  —
va(kK2+koc?/v3)

On the other hand, for a highly collisional plasma in

I1l. DISPERSION RELATIONS .
which vekiA 5> (1+KINE) X (0 —K,veo) and v>kvio, We

. . . . . have
The local dispersion relation for electromagnetic waves is

now derived by neglecting the nonlinear terms in Ed2)

and(13) and the dust charge fluctuations. We supposedhat 0= wg,— i{ vot+
andA, are proportional to ex{,y+ik,z—iwt), wherek, and

k, are the components of the wave veckgrand w is the

frequency of the oscillations, and that the scale lengths of the + k20i+ AmKyk,Cox(Jei/Bo) | (1+k-Sy07k,) _
equilibrium inhomogeneities are much larger than the wave- ‘ (K +KZc/v}) vekiNS
length. The resultant dispersion relation is of the form

kSCZVi

va(k?+k2c?/vd)

(16)
Equation (16) exhibits an instability ifk-S,y/k,>1 and

_ koc?(kvio—ivi) 47k k,Cdy(Jeil Bo) (K2 +Kic?vz) >KZva as well as both
0~ g, T1vo— Z(szczlz) the density and velocity gradients are negative. The threshold
VA y© 1A condition is
. Vekg)\i
X (a)— kzveo) + IW kzvz + 47TkykZC&X(Jei/BO) (1+ kSUOIkZ)
(Irighe) AT ENE0E) | kN2
_ { 224 47Kkt Tl Bo) et
z 2. 1,2-2/,.2 >Svot 55—
(ke ° LA+ K2CMv3)
1+k-S,p/k
x#, (14 Next, we focus our attention on sheared flow driven dust-
(1+kyhe) convective cells. The appropriate dispersion relation for the

latter can be directly derived either from E@8) and(9), or
by settingkj\2>1 in Eq.(14). We have
where wg,=4meck dy(ZaoNdo/Bo)/ (K*+kic?/v}) is the

dust convective cell frequencya(=cwg/w,) represents w?— o[ g, +KveoFvig) =i (vo+ Vet 1y)]
the usual Alfve velocity, andk?=k2+k2. We note that for
. S y .z K 4w, (Iei/Bo) k-S,
a highly dissipative case, the modes are damped. Also, for — 2.2 x\Jei/ Bo (1+ 0) (17)
kic?/vz>Kk?, the convective cell modes and Alfvavaves LH K kyk,C k, |’

are linearly coupled. It should be noted here that the presence

of wg, is attributed to the presence of the static charged dusthere o, =(w.w)Y? is the lower-hybrid resonance fre-

grains, and would not arise otherwise. quency, andw,> w has been assumed. An inspection of
In the collisionless case, the dispersion relati@d) be-  Eq. (17) reveals that the dust-convective cells are driven at

comes nonthermal level on account of free energy stored in the
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magnetic field aligned velocity gradient and the density in-
homogeneity. The maximum growth rate of the dust-

convective cell instability is roughly o y(k,/ky)|[1
+475(Jeil Bo) (Kyk,€) 1(1+K-S,0/k,)| Y2 for S,0<0 and
|k'Su0|>kz-

IV. NONLINEAR SOLUTIONS

In this section, we present the nonlinear coherent vorte
solutions of Eqs(12) and(13). Accordingly, we look for the
stationary solution of the nonlinear equatiofi®) and (13
in the stationary frame£=y+ yz—ut, by assuming that
|ZXV ¢ V|>(Cog/w,?)VIA,d,; where y is a constant
and u is the translational speed of the vortex, by ignoring
dissipative terms. FoN?<w;V:/w} and 9;<V{, Egs.
(12) and (13) can then be rewritten in the following forms:

Ui 9V p—Ugd:p— (C/Bg)I(p, V2 ¢p) — (valC) y

X

4
Vi C—yaxuei/Bo)] 9eA,

+(1yBo)I(A,,V2A,) [=0 (18
and
(3¢ (C/Uey Bo)(dypde— agwx)][(l—xéV@Az— %¢
=0, (19
where Uy = —4meawsdy(ZgoNgo/Bo)/ w5, I(F,9)=(dxf 9,9

—dyg d,f) is the Jacobianyo=y+ (dxve0)/ wce aNd uj,

U Yo — -
The solutions of Eq(19) can be obtained in two limiting

cases. First, when the scale size of the nonlinear structure

much shorter than the collisionless electron skin depth, then
the parallel electron inertial force can be neglected. For this

case, Eq(19) gives
A~ (CyolUey) . (20

Substituting forA, from Eq. (20) into Eq. (18), we obtain
2, Cm 2
A e CASTD)

dmyva (e

Bo

Ug
— J— (9)(
oUj, COU;, Ug,

|

where y=yo+4m(\2/¢)d,(Jei/Bo), m=(1— y2valuZ,)!s,
and 6= (1~ yyqva/ Ui Uey )

Equation(21) admits both the dipolar vortd{.9] and the
vortex street[20] solutions. The dipolar vortex appears
provided  that [UgUe, — 47 Yovady(Jei/CBo) 1/ (Uix Ues
—yyovi)> 0, and that the vortex profiles are similar to
those given in Refl19]. On the other hand, the dusty vortex
street arises Wheudz(4wy0v,§/cue*)(9x(Jei/Bo). Here Eq.
(21) reduces to

J:=0, 21)
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Cu
9V p— ——=3($,V2 $)=0. (22)
uI*BO
For u>0, Eq.(22) is satisfied by
4¢poK?2 2 Ui, Bo

2 =—exp{—— - x| |, 23
X + a(z) oo umc 3

where ¢y, K, anday are some constant parameters. The
solution of Eq.(23) is [20]

B
c O+ qsoln[z cosme)JrZ( 1-

Uiy

1
b= )cos(Kf)l,

a5

(24)
which represents the Kelvin-Stuart “cat's eyes” that are
chains of vortices fomy?>1.

Second, we consider the case when the scale size of the
nonlinear structure is of the order of the collisionless electron
skin depth and that the vortex translation speed is much
larger thanyv jo. Here a typical bounded solution of EG.9)
is

1

F( A~

e

CYo

_¢)_

VIA, '

(29

Substituting Eq(25) into Eq. (18), we obtain

[9:— (clUBy)(dypds— 3:03,) [V b+ Brb— B2A,] =(g.6)

A possible solution of Eq(26) is
is

2 uBy
(VL+B1_B3)¢_BZAZ+B3RX:01 (27)

provided that y=y,+ (4m/c)\23,(Jei/Bo). Here Bi=
—ug/u+ yyvalu®\2, B,=—yova/cur2, andB; is an ar-
bitrary constant of integration.

Combining Egs(25) and(27), we obtain

4 5 uBg
(Vi+xiVi+x2)p—Bs >—x=0, (28
AguC

where x1=B1—B3= 1IN and x,=[(Bs—B1)+cBvo!
u]/\2. Equation(28) admits spatially bounded dipolar vor-
tex solutions[21,22. If we setB;=0 then the solution of
Eqg. (28) in the outer regioni(>R) can be expressed as

¢=[C1Ky(s1r)+ CoKy(s2r)]coss, (29
whereC; and C, are constantsK, is the modified Bessel
function of the first order, ane? ,=[— y,+(yi—4y,)*3/2
for ;<0 and y?>4v,>0. Here y;=B;—\, 2 and y,=
—(Bl/)\g)JchzyO/u)\g. In the inner region (<R), we
write the solution as
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B UB, Finite amplitude disturbances in nonuniform dusty gases
¢=| C3dy(Sar) +Cyl1(S4r)— — c ricosd, (300 weakly interact among themselves, and the nonlinear mode
N HEX2 coupling can lead to the formation of dipolar vortices and

vortex streets. This has been analytically shown by seeking
the stationary solutions of the governing nonlinear equations
(12) and (13). We find that dusty vortex streets appear in a
region where the dipolar vortices are forbidden.

The present investigation of the dusty plasma wave gen-

whereJq (1) is the Bessel function of the first order having
real (imaginary argument, andC; and C, are constants.
Here, s3./=[ (xi—4x2) Y%= x11/2 for x,<0. Evidently, the
outer and inner region profiles of inertial electromagnetic
vortices are different from those of noninertial vortices for . : . :
which the vortex scale sizes are much smaller thanlt is erat_lon and the nonlinear mode coupling leading to the for-
worthwhile to mention here that the sheared equilibriummat'on of coherent vc_thex structures Qm_as not account for the
electron flow is responsible for a complete localization of thedust charge fluctuations. However, it is expected that the
dipolar vortex in the outer region. Furthermore, the constantftter should introduce a non-Landau-type dissipafibdl.
C,, C,, Cs3, C,, andB5 can be determined by matching the Accordingly, the growth rate of the instability has to over-
inner and outer solutions @f andA, and the higher deriva- come the damping associated with the dust charge perturba-
tives V ¢, stﬁ, V,A,, and VfAz at the vortex interface tion, whereas vortices might be amplifi€20] in a dissipa-
(r=R). Mikhailovskii et al.[22] performed this calculation, tive dusty medium. Furthermore, the dust grains are assumed
and presented explicit expressions for the various conto be immobile, which is justified as long as the typical os-
stants. cillation frequency is much larger than the dust plasma and
In passing, we mention that stationary solutions ofdust gyrofrequencies. However, fd#,|> w.q and p3|V?|
Egs.(8) and(9) can also be readily obtained in the moving > 1, wherew.q andpq are the dusty gyrofrequency and the
frame é=y+ yz—ut, with |zXV ¢-V|>(Bg/c)ved,. In  dust gyroradius, respectively, the dust grains would follow a
the absence of dissipative effects from EE), we have straight-line orbit across the external magnetic field direc-
Ver=—(€v9/MaUe, ) @, Which can then be inserted into Eqg. tion. The corresponding dust number density g
(8) to yield ~NgoeXPEyed/Ty), whereTy is the dust temperature. Thus
the inclusion of the dust dynamics shall give rise to a new set
of nonlinear equations and new classes of unstable waves

2
2, |, @YY _c 2 and coherent nonlinear structures whose studies are beyond
Uik 9¢V1 & (ud Uey Ieh BO‘](d”Vi $)=0, the scope of the present paper. Finally, the stability of the
(31)  dipolar vortices and vortex streets, as found here, has to be
analyzed.

In conclusion, we stress that we have reported possible
where we again assumed tha|V?|>wZV? and dis- mechanisms for the generation of electrostatic as well as
carded the dust charge fluctuation. It turns out that forelectromagnetic fluctuations in the presence of sheared
Ugy Uiy — Ug, Ugt yyowEH>O, Eq. (31) admits dipolar vor- plasma flows in nonuniform magnetized dusty gases. We
tex of the type discussed in Refl9], whereas forug have also shown that the nonlinear mode coupling provides
=yyOwEH/ue* , EQ.(31) reduces to the Navier-Stokes equa-the possibility of the formation of dusty plasma vortices
tion which is identical to Eq(22) except that herqe=1.  which can have different scale sizes. Thus, the results of the
Clearly, for this case, we will have a chain of vortices thatpresent work should be useful in identifying the frequency
are given by Eq(24). and wave-number spectra of fluctuations and the features of

coherent nonlinear structures which are produced by sheared
V. SUMMARY plasma flows in nonuniform dusty gases. The latter are fre-
quently found in cometary tails and interstellar clouds, as

In this paper, we investigated linear as well as nonlineaivell as in many low-temperature laboratory devices.
properties of coupled Alfve and convective cells modes in

nonuniform multicomponent magnetized dusty gases. For
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