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Two-dimensional vortices which move at a velocity below the ion drift velocity can
exist in the stability region of flute waves. Such vortices may be amplified by a
dissipation due to ions. As a result, convection in the plasma will be intensified.

Flute waves in an ideal plasma may be either stable or unstable, depending on the
sign of the curvature of the magnetic field lines.! They go into a very nonlinear regime
even at a comparatively small amplitude. A self-localization of wave packets into
solitary vortices, with a large number of trapped particles, occurs.” In an unstable ideal
plasma these vortices move at a velocity higher than the ion drift velocity, while in a
stable plasma they move more slowly. In the present letter we show that slow vortices
may be amplified when there is a viscosity. It follows that, even in the stability region
of an ideal plasma, flute waves can contribute substantially to an anomalous transport
of heat and particles through a vortex convection.

A system of model equations for the relative perturbation of the density » and the
Jectric potential ¢ was proposed in Ref. 2 for describing the evolution of flute waves
in an ideal plasma. When viscosity is taken into account, that system of equations
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are the velocities of the diamagnetic and magnetic ion drift, respectively; and u is the
ion viscosity coefficient, which was derived in Ref. 3. The magnetic field B, is directed
along the z axis; the plasma and this field are nonuniform along the x axis; and the
derivatives along the magnetic field are assumed to be negligibe. This relatively simple
form of the equations has been achieved thanks to the assumption that a self-localiza-
tion of flute perturbations is possible. That assumption makes it possible to incorpo-
rate the spatial variations in the plasma and the magnetic field by means of the con-
stants « and g.

In the absence of a viscosity (@ = 0), system (1), (2) conserves the energy inte-
gral

By
W= f{(Vo)— (7{%)’ kgn? Ydxdy . (3)

Furthermore, regardless of the viscosity, this system conserves the functional series of
integrals

JAf(n—kx) — f{ — kx/}dxdy

where / is an arbitrary function.

Steady-state solutions of Egs. (1), (2) in the form of dipole vortices, traveling at
a constant velocity and solitary dipole vortices, similar to the Rossby-wave vortices
found in Ref. 4, were derived in Ref. 2 for the case without viscosity. At infinity these
solutions decay as exp( — #/a), where ¥ = x* + (y — ut)?, and
2 Kg

= . (4)

= =)

We see that in a stable plasma (kg < 0) the vortex localization condition (@*> 0) holds
for vortices which are moving at a velocity lower than the ion drift velocity. In an
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unstable plasma («xg>0) this condition holds for vortices which are moving faster
than the ion drift velocity and also for vortices which are moving in the direction
opposite the ion drift.

In the present study we have used numerical methods to examine the stability
problem and the effect of a viscosity on the solutions which have been found. We
solved Egs. (1), (2) by the Lax-Wendroff method (variable directions with periodic
boundary conditions on a 64 X 64 mesh). To calculate the spatial derivatives, we used
a fourth-order-accuracy scheme. We used fast Hartley transforms to invert the Lapla-
cian. As an initial condition we adopted a profile approximating the exact steady-state
solution in the form of a dipole vortex.”*

The numerical calculation shows that in a structurally unstable plasma the vorti-
ces are unstable even in the absence of a viscosity, and they break up over a time on the
order of the reciprocal of the growth rate of the linear flute instability. A calculation
for a stable plasma showed that under the condition x = 0 solitary vortices of the type
in Refs. 2 and 4 do not decay; in fact, they retain their shape. At g > 0, by virtue of the
initial condition n = (kc/uB)¢, we have U~ [1 — (v*/u)]d, and the effective viscos-
ity in (2) changes sign, since we have v*/u > 1 in a stable plasma, according to (4).
This effect is analogous to the change in the sign of Landau damping in the “univer-
sal” drift-dissipative instability,” which occurs because the velocity of drift waves is
below v*. According to Refs. 5 and 6, vortices can also be amplified. Since the density
is frozen in the plasma according to (1), we would expect an increase in |Vé|, i.e., an
increase in the plasma rotation velocity in a vortex. The displacement velocity # and
the shape of the vortex should vary slowly.

The numerical calculations show that the maximum vortex potential indeed ini-
tially increases and then reaches saturation. The maximum density falls off slightly in
the process (Fig. 1). The vortex energy, (3), however, continues to grow, because of
the increase in the potential gradient and thus the particle rotation velocity in the

FIG. 1. 1,2—Time evolution of the maximum potential ¢
(curve 1) and of the quantity (7,/ — ¢)n,,,., where .
is the maximum value of the density perturbation (curve
2) in a vortex; 3—vortex energy W. The properties are
plotted in arbitrary units; the time is expressed in units of
(a ju]) '. The model value of the viscosity is (a,/
[uly =02, u=v*/2.
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FIG. 2. Contour map of the dimensionless perturbations of the potential, &= acg/uB, — ax, and the den-
sity, /i = (a/k)(n — kx), in a vortex. a: = 0; the contour lines of&S and 7 coincide; the lines of the levels 3,
2, 1,..., are shown. b: f = 4; contour lines are shown for 1 = 3, 2, 1,.... ¢: 1 = 4; contour lines are shown for
;ﬁ: 6.4, 2,... . The left sides of the figures, which have been omitted, are antisymmetric with respect to the
right sides.

vortex (Fig. 2). The vortex remains topologically stable, although it deviates signifi-
cantly from the steady-state solution for the case without viscosity.>*

In summary, this study has shown that in the stability region of flute waves dipole
vortices are topologically stable and are amplified by a viscosity. We also note that the
possibility of a dissipative amplification of drift-Alfvén vortices was mentioned in
Refs. 5 and 6, but as yet we have no stability analysis or numerical simulation for that
process. The results of the present study, in view of the similarity of the equations, are
indirect evidence in favor of the conclusions of Refs. 5 and 6.
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