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Abstract. It is shown that the Rossby and dust-Alfvén waves in a rotating
dusty magnetoplasma are coupled due to the spatial nonuniformity of the angular
rotation velocity of the dust fluid. The nonlinear wave interaction is governed
by a pair of equations comprising the evolution of the dust fluid vorticity and
the dust-Alfvén wave magnetic field. These nonlinear equations are then used to
investigate the generation of zonal winds and the formation of a dipolar vortex.
The results are relevant for understanding the origin of the strong turbulence and
large scale structures, which are often observed in the planetary magnetospheres.
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1. Introduction

Itis well known that most of the objects in our solar system contain dust and plasmas [1]-[5]. The
dust can be charged [6]—[8] due to a variety of processes including the collection of electrons
and ions from the background medium, ultra-violet radiation, sputtering, etc. The collective
interactions between the charged dust and the plasmas are quite complex, and they lead to
many interesting phenomena in the planetary magnetospheres of the Jovian and Saturnian [2, 3]
systems as well as in many other astrophysical objects [4], e.g. in photo-evaporated molecular
clouds (thought to be ‘star nurseries’), galaxies, nebulae, supernova, etc. There are conclusive
evidences of various scale size structures (namely braids, kinks, filaments, solitary vortices) in
planetary rings [9, 10], astrophysics and cosmology [11]-[13]. However, the origin of those fine
and large scale structures is not known, although there have been some attempts [14]-[17] to
understand the properties of those fine structures in terms of the coherent vortices that can exist
in rotating neutral fluids [14]-[17] and in non-rotating dusty magnetoplasmas [12].

In this paper, we investigate the properties of nonlinearly coupled Rossby—drift-Alfvén
(cRdA) waves in a rotating dusty magnetoplasma whose constituents are charged dust, electrons
and ions. By employing a multi-fluid description of our dusty plasma system [8], we derive
a pair of equations which governs the evolution of the dust fluid vorticity and the dust-Alfvén
wave magnetic field, including a nonuniform dust fluid rotation. The equations are then used to
investigate the generation of zonal winds and the formation of a dipolar vortex. The latter can
be associated with the large scale structures in the Jovian and Saturnian atmospheres, as well as
in the atmospheres of Mars and other planets and in some other astrophysical objects (namely
giant molecular clouds in the Eagle Nebula, or double galaxies). Zonal winds [18]-[20] and
vortices [21] are supposed to play a very important role in regulating turbulent transports in
neutral fluids and in astrophysical plasmas.

The present manuscript is organized in the following fashion. In section 2, we derive the
governing nonlinear equations for the cRAA waves. The generation of the zonal winds and the
formation of a dipolar vortex are considered in section 3. Section 4 contains a summary and
possible applications of our work to planetary systems and other astrophysical objects.

2. Derivation of nonlinear equations

We consider a dusty plasma composed of charged dust, electrons, and ions in a uniform magnetic
field By = ZBy, where Z is the unit vector along the z axis and By is the magnitude of the
ambient magnetic field. At equilibrium, we have Q n, = en, — Z;en;, where Q is the dust
charge (Q; = —Z,e for negatively charged dust and Q, = Z,e for positively charged dust,
Z, is the number of charges residing on the dust grain surface, and e is the magnitude of the
electron charge), n; is the number density of the particle species j (j equals i for the ions, e for
the electrons, and d for the dust), and Z; is the ion charge number. The dynamics of the cRdA
waves in a rotating dusty magnetoplasma is governed by the dust continuity equation

ap
a—td +V. (,Od’Ud) =0, (1)

the dust momentum equation

P 1
P (E“""V) Vg = 20404 X L +n404 (E+_'Ud ><B> — Vpa, 2)
C
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the equations of motion for the inertialess electrons and ions, which are, respectively,

1
0= —n.e (E + —v, X B) — Vp., 3
c
and
1
0="Zn,e (E+—’Ui XB) —VP,‘, (4)
c

where p; = ngmy is the dust mass density, m, is the dust mass, v; is the fluid velocity, p; is the
pressure, 2 = 7Q(r), and c is the speed of light in vacuum. The Coriolis force acting on the
dust fluid is 2p,v, X 2 > 2p;v; x 2, where p; = n;m; is the ion mass density and m; is the ion
mass.

The electromagnetic fields, E and B, are given by the Ampere and Faraday laws, which
are, respectively,

4 .
VxB=—j, (%)
c
and
0B
— =—cV x E, (6)
ot

where 3 = Z;en;v; — en,v, + Q n, v, is the plasma current density. We have neglected the
displacement current in equation (5) since the phase speed of the cRdA waves is much smaller
than c.

Combining equations (3), (4), and (5), we obtain

vgx BV (P;+B?/8r) .\ (B-V)B

E - — ) (7)
c Qang 4 Qangy
where P,; = p. + p;. Accordingly, equations (2) and (6) can be written as
0 B? (B-V)B
Pd —+v;-V vd:2pdvd><Q—V P+— )+ — (8)
ot 81 47
and
0B B-V)B
B s xB - Svx| BB 9)
ot 4r Qung

where P = P,;+ p,. Equations (8) and (9) are the magnetohydrodynamic equations for a rotating
dusty magnetoplasma provided that the equation of state for the total plasma pressure is known.
Its specific form is, however, not needed below as the curl of the gradient of the pressure is zero.

We now consider the two-dimensional dust fluid motions in a magnetoplasma with
20 = 2QqzsinA = Zf, where A is the latitude of the site counted from the equator on the
planet, the x, y, and z axes are directed eastwards, northwards, and upwards, respectively, f is
the Coriolis frequency, f = fy + By, where fy = 2QysinAy and 8 = (22y/rp) cos Ay > 0.
Here, within the S-plane approximation, A is the latitude of the site, r( is the distance from the
center of the planet, and y = ro(A — Ag). For two-dimensional dust motions, we can set v, = 0
and B, = Oand take V - v;; ~ 0and V- B, = —0B,/dz =~ 0, where v;, and B, are the
components of the dust fluid velocity and the cRdA wave magnetic field along the z axis, and
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vy, (x,y,t)and B, (x, y,t) = B(x, y, t) — 7By are the transverse (to Z) components of the dust
fluid velocity and the cRdA wave magnetic field, respectively. We then write

’UdJ_ZEXVJ_qb and BJ_:—fvaw, (10)

where ¢ and y are stream functions and V|, = x(9/9x)+ yd/dy. Such choices for the dust fluid
velocity and magnetic field perturbations correspond to a dust fluid vorticity £, = V3¢ and a
parallel current density o< ZV3 .

Taking the curl of equation (8) we have for constant p; and Q, the dust vorticity equation

0 X V.6V Vit pl? L N R AL (11)
R X . _ = | — — —7 X . ,
or Tt Ty T T Jamp, \oz Byt B

where vay = Bo/+/4mp, is the dust-Alfvén speed and VI = 9%/3x? + 92/dy? is the transverse
Laplacian. On the other hand, equation (9) gives the evolution equation for the parallel current
density

0 0
(E+EXVL¢~V>w=—Boa—j (12)

The coupled equations (11) and (12) are the desired set for the cRAA waves in an astrophysical
dusty fluid that is rotating with a nonuniform speed. They conserve the energy integral

1 1
W= [ ardy| v+
2 87T,0d

(Vﬂ#)z] - 13)

In the linear approximation, we can neglect the nonlinear Poisson bracket terms in equations
(11) and (12) and Fourier transform the resultant equations by considering the stream functions
to be proportional to exp(—iwt + ik - r), where w and k are the frequency and the wavevector,
respectively. Combining the Fourier transformed equations, we then obtain the linear dispersion
relation

” + wwg — wx, =0, (14)

which exhibits a linear coupling between the Rossby and dust-Alfvén waves. The Rossby and
dust-Alfvén wave frequencies are denoted by, respectively,

B 2Qpcosrg Kk,

R T e 55
and

Wpg = k;Vaqg. (16)
For k, = 0, the Rossby waves (w = —wg) are degenerated.

3. Zonal winds and vortices

In this section, we present analytical studies of the zonal wind excitation by the cRdA waves,
as well as of the formation of a dipolar vortex in a rotating dusty magnetoplasma. To study the
zonal wind excitation, we write ¢ = ® + ¢ and ¥ = W in equations (11) and (12), where ®
and W are the stream functions associated with the cRdA, and ¢ is the stream function of the
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zonal winds which have a variation only along the y axis. We then find for the cRdA waves the
equations

3v2q>+,3a£ FEX Vi V)V2D+ (2 x V. V) V24—t I vw =9 (17)
o+ dx * T Awpg 9z ’
and
ow od A
¥+Boa—+zXVJ_QD-V\IJ-FZXVJ_\IJ-VQOZO. (18)
Z
In a similar manner, the equation for the zonal winds is found to be
a
IV (Ex Vi V)V2o— — 2L 35V, W.V)V2W) =0, (19)
ot B() 47T,0d

where the second and third terms in the left-hand side of equation (19) represent the stresses
associated with the cRdA waves. The angular bracket in (19) denotes averaging over the cRdA
wave period. In equation (19), W is determined from dW/dt + Byo®/dz = 0. Equations
(18) and (19) are a relevant set for studying the excitation of zonal winds in a rotating dusty
magnetoplasma.

We now consider the parametric excitation of the zonal winds by cRdA waves, given by
equation (14). The nonlinear interaction between a cRdA pump (@, ky) and the zonal winds
(w, k) excite upper and lower sidebands (w4, k+). Thus, we decompose the stream functions as

O = Py, exp(—ia)ot + ik - )+ $p_ exp(ia)ot — ik - )+ Z D, exp(—iwit +ikg - r), (20)
;-

and

v = \If()_,_ exp(—ia)ot + lk() . T) + \IJO_ exp(ia)ot — lki() . 'I") + Z \Iji exp(—ia)it + lkii . ’l"), (21)

and
¢ = gexp(—iwt +ik - r), (22)

where w1 = @ £+ wy and k1 = k £ k, are the frequencies and wave vectors of the sidebands,
and the superscript 0 (%) stands for the pump (sidebands). Such a Fourier decomposition of
modes, satisfying the energy and momentum conservation relations, is a unique characteristic
of the mode coupling processes within the framework of weak turbulence theory in astrophysics
[4].

Inserting (20)—(22) into (17)—(19) and Fourier analysing, we obtain

. Zxko-k -
QL. = Hiws s (k2 — k2 ) Doup. (23)
1+
and
o kKgvas\ 2 x ko k ,_, )
wp=i(1-— > 2 (K2 D, ®_ — K;®_D,), (24)
0 1

2 _ 2 2 .2 _ 2 2 _ 2 2 2 2.2

where Qf = ] +wiwrs—k Vs, 0re = Bkya/ki,, KT = k1, —ki, oj+wowro—kZvy, =0,
_ 2

and WRo = ﬂkXO/kJ_O'
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Eliminating @, from equation (23) by using equation (24), we have the nonlinear dispersion
relation

wro |2 % ko - K| Kiwi|®ol®

2 T2 o2
@o ki el S PRV

where |®¢|?> = @, Po_. Equation (25) admits instability for k.o > k, and ko - k; > 0. The

growth rate is
[ @ro 2
'}/ ~ _—
o

Next, we present the stationary solutlons of equations (11)and (12) inanew frame § = x+az—ut,
where o and u are constants. Supposing that ¢ and i are functions of £ and y only, we obtain
then

ZX’C()

‘Ik k|2 . (26)

,3 ) AVag ( d 1 N ) 2
LIVip—T9p)|-——|———Zx V¥ -V]|Vy =0, 27
( J_¢ u ¢ um aé aBOZ _Llp J_w ( )
and
o B
(w - —°¢) (28)
where £ = (3/0&) —u~'Z x V. ¢ - V. A possible solution of equation (28) is
(XB()
V= —¢> (29)
Hence, equation (27) can be expressed as
2,2
c [(1 _ “—v;d) V2 — é¢:| —0. (30)
u u
Equation (30) is satisfied by the ansatz
Vig = Ci¢p — Cyry, (31)

where the constants C; and C, are related by

2.,2
<1 B o UzAd> (Cl C2) . é —0. (32)
u u u

The localized dipolar vortex solution of equation (31) is well known [21, 22]. It is given by

¢°(r, 0) = ¢o K (pr)siné, (33)
in the outer region, r > a, and

2+2

P'(r,0) = [dbiJ] (gr) — P qzq ur:| sin 6, (34)

in the inner region, r < a, where r = (£2 + y?)!'/2,sin6 = y/r, a is the vortex radius, ¢, and ¢;
are arbitrary constants, K is the McDonald function and J; is the Bessel function of the first kind,
and p? = Bu/(u® — a?vi,) > 0. Through the boundary conditions (continuity of ¢ and d¢/dr)
at the vortex interface we obtain the constants ¢, = p*ua/q*J,(qa) and ¢; = ua/K,(pa). For
a given value of p, we determine g from the transcendental equation

Jo(qa) _ K> (pa)
qali(qa)  paKi(pa)
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Thus, a dipolar vortex involving cRdA waves is formed when u > avs,. For o = 0 the
translational speed of the dipolar vortex is arbitrary. In fact, the dust fluid vorticity is decoupled
from the dust-Alfvén wave magnetic field if d/dz = 0. Here, the dynamics of the flute-like
Rossby waves is governed by

8+A Vigp-V v2¢+,38¢ 0 (36)
JR— X . —_— = )

or A

which is the modified Navier—Stokes equation, admitting dual cascade. The latter ensures the
formation of a vortex.

4. Summary

In summary, we have presented an investigation of the linear and nonlinear cRdA waves in
a rotating dusty magnetoplasma. By employing a multi-fluid approach and Faraday’s and
Ampere’s laws, we have derived a pair of equations which shows a coupling between the dust
fluid vorticity and the magnetic field of the dust-Alfvén waves. The nonlinearly coupled Rossby—
dust-Alfvén waves exchange momentum and energy among themselves and can generate zonal
winds in a rotating magnetized dust fluid. Thus, we have found a novel nonlinear mechanism via
which the zonal winds are excited at the expense of the free energy of finite amplitude short scale
cRdA waves. Furthermore, the nonlinear self-interaction between the cRdA waves can produce
a coherent dipolar vortex of an arbitrary size, whose speed is larger than @v,,. The results of the
present investigation thus offer efficient mechanisms for the excitation of zonal winds and for the
formation of vortical structures, which can control the transport processes in planetary systems
(namely the atmospheres of Jupiter, Saturn, and Mars) and in other contexts [11], [23]-[25]
(namely in giant molecular clouds in our galaxy and in rotating interstellar clouds). Finally, we
stress that our results may also be useful in understanding the jet streams, the zonal winds and
the vortex motions in the Earth’s mesosphere where charged dust particles are inherently present
and the dust fluid is rotating. It is hoped that the forthcoming data from the Cassini mission and
rocket campaigns will offer more information regarding the zonal winds and vortex motions in
the atmosphere of Saturn and in the polar mesosphere of the Earth.
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