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Abstract

A system of four coupled nonlinear equationsfor dispersive Alfvénwaves(DAW) in nonuniform
magnetopl asmas with two ion speciesis derived, by employing a multi-fluid model. The DAW
frequency is assumed to lie between the gyrofrequencies of the light and heavy ion impurities.
A local linear dispersion relation is derived and analyzed. The latter admits anew type of DAW
in two-ion plasmas. Different types of coherent vortex structures are presented in the nonlinear
case. The relevance of our investigation to space and laboratory plasmasis pointed out.

1. Introduction

The dynamics of non-dispersive Alfvén waves is normally governed by the ideal magnetohy-
drodynamic (MHD) equations. The inclusion of nonideal effectq1], such as the perpendicular
(paralldl) inertial force of the ions (electrons) and the Hall force, is responsible for the disper-
sion of the Alfvén wave. The linear and nonlinear properties of the kinetic Alfven and inertial
Alfvén wavesin atwo-component electron-ion plasma have been discussed in depth by several
authorg2-4]. It is widely thought that the DAW can energize both the electrons and ions,
and that it can aso be associated with numerous scale low-frequency (in comparison with the
ion gyrofrequency) electromagnetic waves in both the laboratory and space/cosmic plasmas.
However, most of the laboratory (such as the tokamak) as well as space and astrophysical (such
as those in Earth’s ionosphere and magnetosphere, the solar wind, cometary tails, etc) plasmas
contain multiple ion specieq 5] and inhomogeneities. Accordingly, it is of practical interest to
examine the properties of linear and nonlinear dispersive Alfven waves (DAW) in nonuniform
multi-component magnetized plasmas with equilibrium density gradients and sheared plasma
flows. Here, we shall employ a multi-fluid model to derive a set of nonlinear equations for the
DAW in a nonuniform magnetoplasma, by assuming that the frequency of the DAW is much
smaller (either smaller, comparable, or larger) than the gyrofrequency of the heavier or inertial
(lighter or inertialess) ions.

2. Linear and nonlinear equations

We consider anonuniform multi-component plasmaimmersed in ahomogeneous magneticfield
Byz. The equilibrium density (n,o) and velocity (v;o) has gradients along the x—axis. Here,
the subscript j equals e for the electrons and i for the ions. The equilibrium gradients are
maintained by body forces and by non-continuous injection of charged particlesin plasmas. At
the equilibrium, the divergence of the equilibrium plasmacurrent density iszero, and the charge
neutrality conditionreadsn.o = Z!nl, + Z!'nl, where the superscript [ (h) stands for the lighter
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(heavier) ion component, and Z; isthe ion charge. We assume that the frequency of the DAW
is much smaller than the gyrofrequency (2, = Z!eB,/mlc) of the lighter ions, where m! isthe
mass of thelighter ions. Thus, the perpendicular (to z) componentsof theelectron andlighter ion
fluid velocity perturbations in the electromagnetic fields of the DAW are, reﬁpectively, Vel R~
VEB + Vpe + (’Ue() + ’Uez) (BL/B()), and Vﬁ X~ Vgp + C/(BOQCI) (&5 + 0,00, + V V) E, +
voB.1 /By, Where vpg = ¢z x V¢ /By, and vp. = —(cI./eBon.)z x Vn, arethe E x By,
and the diamagnetic drift velocities, respectively, E = —V¢ — (1/¢)0; A,z isthe electric field
vector; ¢ (A,) isthe electrostatic (z-component of the vector) potential, and B, = VA, x zis
the perpendicular component of thewave magneticfield. 7, isthe constant electron temperature.
The parallel (to z) component of the electron fluid velocity perturbation (v..) is obtained from
the Ampere's law, v., ~ (c/4mn.pe)V2 A,. The relevant equations for nonlinear dispersive
Alfvén waves in plasmas with two-ion components can easily be derived by substituting the
cited above equations into the continuity equations for the electrons and ions, and the parallel
component of the electron momentum equations. Considering also the conservation of the
charge current density, we obtain the following set of coupled equations:

Dine — BOZ X Ve - Vo + %Oz x VA, -V + 4C€D2V2LAZ =0, (1)
where D = 0; 4 0. + Viep - V + (¢/4mnge) V3 A0, D, = 0. + By'VA, x 2 -V,
Jep = —eneoteo IS the equilibrium electron current density, and n.; (= n. — nep < neo) isthe
perturbed electron number density.

(Dy = NV3D5) Az + Vo VA +¢(0. 4 S - V) 6 — L Do =0, (2)

€Nep

where D; = 0i4+-vep-V,vpo = —(cl./eBoneq)z x Vne istheequilibrium electron diamagnetic
drift, \. = c¢/w,. isthe collisionless electron skin depth, w,. = (4mnge?/m.)'/? isthe electron
plasma frequency, and S.,o = (z X Vve) /we. iSthe electron shear parameter.

cZihe R h chenzo
By XNy Vot Byl

1
DuV3é—ZLeV- (nfyvl)) — 52X Vo VAA+ dzviAz =0,
0
(3)
where Dy = 0; + vly0. + vip - V, Jo = e (nigvio — neoveo) 1S the unperturbed total plasma
current density, and v, is the perpendicular component of the heavier (or inertia) ion fluid
velocity perturbation. The latter is determined from

(D2+92)vh+zieam¢— QC’“ xVp=0, (4)
th ch il m? t BO

where Dy, = 0; + v0. + v -V and Q. = Zl'e By/m!c isthe gyrofrequency of the heavier
ion component. Equations (1)—(4) arethe desired nonlinear equationsfor the study of dispersive
Alfvén wavesin nonuniform plasmas with two distinct groups of ions.

3. Dispersion relation

We Fourier transform (1)—(4) by assuming that the perturbed quantities n.;, v%, , ¢, and A, are
proportional to exp(ik - r — iwt) and w > k,v,o. After some derivations we finally reach the
genera dispersion relation

kS [dr
Dt = whyhoe [ 1412 ( 5T g+ kyk c> (5)
kz BO

2233



1998 ICPP & 25th EPS CCFPP ----- Nonlinear Alfven Wavesin Multi-ion Plasmas

here, D, = (1 + k2\2)w® — wk - vpo — K2k AD, — keyk. 02 J o /€Ne0y P = Vi /e ISt
electron Larmor radius, \p. = (T,./4mn.e?)/? is the electron Debye length, vy (.) is the
electron thermal velocity (the electron gyrofrequency), k. = n.y/neo, S = (Oe0/02) /Qee =
Vio/SQe, and e = [w2, / Qe + w2, Qe / (Q2, — w?)]kyrs + [wiw Q2 +whw/(QF, — w?)]k2 with
wpn, and wy,; being the plasma frequency of the heavier and lighter ion components, respectively.
Furthermore, we have denoted J, = 0.J/0x and r; = (9ny/0x) /nl}. In the absence of the
density gradients and equilibrium sheared plasma flows (5) reduces to

[(1 + k2)\2) W2 — E2c2E2)\2 } <w2 _02 _ M) _ k2y2 (w2 _0? ) —0 (6)
y e zC RyADe ch wzl z VAl ch )

where V3, = B2 /(4w p;) isthe Alfvén velocity and p;(= n'ym!) represents the mass density of
the light ions. Equation (6) shows that the dispersive Alfvén waves are linearly coupled with
the ion-cyclotron waves involving the heavy ion component. For w < €., €q. (6) yields

_ EBVEF RN, )

1+ k2ZN2 ’

where V; = ¢/+/a isthe Alfvén velocity in two-ion plasma, and a = 3, , w?; /. Equation
(7) shows that the phase velocity of the usual kinetic/inertial Alfvén wave is decreased when
an additional ion component is present in plasmas. It can be readily shown from (5) that the
DAW in two-ion plasmas can be driven by sheared plasma flows even in the absence of the
density gradients. For k,v,. < w < Q, the instability occurs provided that (k. + &, S) X
(kyk=c + 4mJo/By) < 0. The latter is satisfied for dve/0z = Viy < 0 and |Vig| /wee > k. /K,
provided that k,k.c > 4nJ,/B,. The growth rate of that current convective ingtability is
ke Valky Vi [kowee| 2.

w2

4. Nonlinear solutions

We discuss here stationary solutions in some limiting cases. Specifically, in the following, we
shall present vortex solutions of (1) to (4)[2—4,8], by assuming that d,n;o = 0, |0 < Qen,
Cwee| VI AL0.] < w2,z x V- V| and 97 < V7. We shall introduce a new reference frame
¢ =y + az — ut, where o and u are constants, and assume that ¢ and A, are functions of x and
¢ only. After some algebrical exercises, we readily obtain

o, A K? 2 [, uBy
Vio= =ewn |- (o= ®)
where ¢, K, and a, are arbitrary constants. The solution of (8) is given by[4, 6]
1
¢ = UBO:U + ¢sIn [2 cosh(Kz) + 2 <1 - ?> cos(Ksﬁ)] . 9)

For a? > 1 thevortex profilegiven by (9) resemblesthe Kelvin-Stuart “ cat’seyes’ that arechains
of vortices. In the presence of sheared plasma flows, we obtain a double vortex solution, the
profiles of which are similar to those given in Ref.[7]. If we consider the case when u > awe.
We readily obtain

ubBy ) ’ (10)

V26 + B — oA, = Fy (¢ - 22

where 3, = aapc®/au® 2, By = age/au)?, and F3 is a congtant. In deriving (10) we have
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assumed that v = oy + A2eneVj, /Bo. From (9) into (10), wefinally have
FsuBy

cA?
where Cy = 31 — F3 — 1/ 2 and Cy = [(F3 — 31) /2] + ¢ /ul?. Equation (11) isafourth
order differential equation, which admits spatially-bounded dipolar vortex solutions. Specific
forms of the latter are given in Ref.[4].

Vigp+ V24 Cogp — =0, (11)

5. Conclusions

We have thusreported a possible mechanism for the generation of dispersive Alfvén-likefluctua-
tionsinthe presence of sheared plasmaflowsin amagnetized plasma contai ning two-ion species.
In the linear limit, we demonstrate the current convective instability of the DAW in plasmas
without the density inhomogeneity. The nonlinear mode couplings between finite amplitude
DAWSs provide the possibility of the formation of solitary vortices. We note that a vortex chain
arises in the absence of the equilibrium sheared plasma flows, whereas the latter are required
for the formation of a dipolar vortex. Thus, a possible saturated state of a current convective
instability could appear asadipolar vortex. Furthermore, it has been shown that finite amplitude
DA disturbances in two-ion plasmas interact nonlinearly, giving rise to the vortex street and
the dipolar vortex as possible stationary states. In conclusion, we stress that the results of the
present investigation should be useful in identifying the frequency and wavenumber spectra of
low-frequency electromagnetic fluctuations and the salient features of associated coherent non-
linear structureswhich are produced by sheared plasmaflowsin anonuniform, low-temperature,
magnetized plasma containing two-ion components. The latter are frequently found in tokamak
edges as well asin space and cosmic environments.
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