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Abstract. The inviscid damping of an elliptical perturbation on a 2D vortex is ex-
amined experimentally and theoretically. The perturbation is generated by an impulse
at the wall. Initially, the quadrupole moment (ellipticity) of the perturbation decays
exponentially. This result is significant, since arbitrary perturbations need not decay
exponentially. The decay rate is given by a “Landau pole” of the equilibrium pro-
file. When the Landau damping is weak, the vorticity perturbation, in addition to the
quadrupole moment, behaves like an exponentially damped mode. This “quasi-mode”
is actually a wave-packet of exceptional continuum modes that decays as the continuum
modes disperse.

The inviscid relaxation of a 2D vortex after a weak external impulse is studied
experimentally and theoretically. In the experiments, the 2D fluid is a strongly
magnetized electron plasma in a cylindrical Penning trap, with wall radius R,, [1,2].
These electron plasmas have negligible viscosity and are governed approximately
by the 2D Euler equations:

OC/ot+7-V(=0, T=2xVep, and V= (1)

Here, #(r, 0,t) is the (E x B drift) velocity field in the plane perpendicular to the
trap-axis, ((r,0,t) = 2 -V x ¥/ is the vorticity, and ¢(r, 0,t) is a stream function.
The boundary condition is ¥ = 0 at R,,.

EXPERIMENTS

Figure 1 shows two experiments that illustrate the process of “inviscid damp-
ing” [2-8]. In both experiments, we excite an elliptical (m = 2) perturbation on
an initially circular vortex. The initial vorticity distribution (,(r) and the initial
rotation frequency €,(r) are monotonically decreasing functions of radius, making
the vortex stable [4]. In experiment (a), the impulse excites an undamped elliptical
mode, with frequency w. The fluid rotation is resonant with this mode at a radius
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r, defined by 2Q,(r ) = w, and this critical radius lies outside the vortex. The
vortex in (b) is similar to the vortex in (a), except that (,(r) extends past the
critical radius 7 . The excited mode is now damped by resonant mixing of vorticity
at r . This inviscid damping is analogous to collisionless andau damping, where
a compressional plasma wave decays due to its interaction with charged particles
that travel at the same velocity as the wave [4].

Figure 2 shows the evolution of the quadrupole moment 5 of the perturbation
in Fig. 1(b). e define the quadrupole moment by the equation

5 = rr C%(rt), (2)

where R is the vortex radius, and (2 is the m = 2 Fourier component of the
vorticity perturbation. The amplitude of 5 is a measure of ellipticity. Iso plotted
in Fig. 2 is the theoretical response of the vortex to an externally applied

(t) impulse. Initially, there is good agreement between linear theory and the
experiment. However, after rotations, the experiment diverges from linear theory,
and the amplitude of 5 begins to oscillate. These nonlinear oscillations are due
to mixing of trapped vorticity at r . Eventually, the amplitude saturates, and the
vortex relaxes to a rotating “cat s eyes” equilibrium [Fig. 1(b), far right].

For the remainder of this paper, we focus on the initial linear decay, which prop-
erly describes the evolution for arbitrarily long times if the amplitude is su ciently
small [2]. Figure 2 indicates that the initial decay of 5 is approximately exponen-
tial, i.e.  o(%) 2(0) . This result is generic to the experiments, and is sig-
nificant, since arbitrary linear perturbations need not decay exponentially. fequal
interest is that, when the damping is weak ( /w 1), the actual vorticity pertur-
bation behaves like an exponentially damped eigenmode: ((r, ) (r) ,
for »  r . This perturbation is referred to as a “quasi-mode”, since it is not an
exact eigenmode of the Euler equations.



Q,l

0.01 |

0.1

saturation

oscillations
.‘f\
L 3 \\\ > e—yt ?
10 20 30 40 5 70



w=0.498

A{\ |, exceptional  0.509
r
0.519

—

0 {(r)=0
N
e
\Y Cc
é j\ discrete mode
w=0.496
8
S 0.832
1S 0.968
g 0.992
2 j [ 0.996
E [
o
o
0 0.2 0.4 0.6 0.8
r'R
W

A 0.557

0.990

i 0.995
02 04 0.6 0.8 1



|A(w )| (arb. units)

10"
102
103
10

10t
10
10°®
10*

R — —

e (@)
discrete mode ]

continuum




Q)

0.1
0.01

0.001

S — L R 1] n— T

vorticity perturbation

400 600 T 1000



Q,l

102
104

-6
10 1

S ) E—
vorticity perturbation

108

T 100

100 10







