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Decay of MHD-Scale Kelvin-Helmholtz Vortices Mediated by Parasitic Electron Dynamics
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We have simulated nonlinear development of MHD-scale Kelvin-Helmholtz (KH) vortices by a two-
dimensional two-fluid system including finite electron inertial effects. In the presence of moderate
density jump across a shear layer, in striking contrast to MHD results, MHD KH vortices are found to
decay by the time one eddy turnover is completed. The decay is mediated by smaller vortices that
appear within the parent vortex and stays effective even when the shear layer width is made larger. It is
shown that the smaller vortices are basically of MHD nature while the seeding for these is achieved by
the electron inertial effect. Application of the results to the magnetotail boundary layer is discussed.
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The Kelvin-Helmholtz instability (KHI) is a well-
known hydrodynamic instability that grows in a velocity
shear layer, which is studied well also in the magneto-
hydrodynamics (MHD) [1-3]. When the magnetic field is
perpendicular to the flow, which is the geometry we will
concentrate on hereafter, the magnetic field tends to two
dimensionalize the dynamics onto the plane perpendicu-
lar to the magnetic field. This is in contrast to ordinary
hydrodynamic situations in which three-dimensional ef-
fects are crucial [4,5].

MHD equations are derived by assuming that the
dynamics at smaller scales (ion and electron scales) do
not crucially affect the dynamics at MHD scales. While
the equations seem to describe large scale dynamics of
plasmas well, recent studies have shown that coupling to
ion/electron scales can be essential in dynamic MHD-
scale phenomena such as reconnection [6-9]. In this
Letter, we show that MHD-scale KHI is another example
of this category.

The magnetotail boundary layer separates the tenuous
stagnant magnetospheric plasma from the dense shocked-
solar wind and, thus, is a shear layer as well as a current
layer whose width is several times the ion inertial length
[10]. Since the ion scales are not negligible, ion effects
might be crucial for the dynamics therein. We have found
that, for the perpendicular geometry, behavior of KHI in
Hall-MHD (two-fluid system with ion inertial effects
taken into account) is found to be essentially the same
as in MHD, implying that the ion inertial effects are not
crucial. When ion finite Larmor radius effects are taken
into account, if the density is uniform across the shear
layer, large scale ion mixing, which does not take place in
MHD, was shown to occur [11]. This process, which has
been suggested to be the cause of the large scale mixing
observed in the magnetotail boundary layer [12-14],
however, becomes inefficient with moderate density
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jump across the shear layer [15] and its relevance to the
magnetotail issue is questionable.

Electron effects on KHI have been addressed thus far
by full particle simulations [16], however, various arti-
facts, such as small ion-to-electron mass ratio, have pre-
vented us from reaching definitive conclusions. We show
that MHD-scale vortices quickly decay by coupling to
electron inertial effects. Interestingly, the decay proceeds
equally vigorously even when the vortex size is relatively
large and is expected in the magnetotail boundary layer.

The simulations are done by two-dimensional two-
fluid equations including finite electron inertia.
Assuming charge neutrality, the equations are the same
as the MHD equations
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except that the magnetic field B is time advanced by [17]

S(1-58)B=7x [ve x (1 - lA)B}

at M M

where V, is the electron bulk flow, n is the number
density, and M is the ion-to-electron mass ratio. V, is
calculated by V; — J/n, where V; is the ion bulk flow and
J = V X B is the current density. Note that the normal-
izations are made as follows: the magnetic field B and the
density n by the characteristic values By and n,, respec-
tively; the velocities, time, and length by the Alfvén
velocity V,, based on B, and n(, inverse of the ion
gyrofrequency (),, based on By, and the ion inertial
length A,y = V40/Q;9, respectively. The characteristic
electron inertial length is given by A,y =+/1/M (the
term - A in the induction equation implies A%,A).

© 2004 The American Physical Society 145001-1



VOLUME 92, NUMBER 14

PHYSICAL REVIEW LETTERS

week ending
9 APRIL 2004

The system is periodic in the flow (x) direction with
its size equal to the wavelength of the fastest growing
KH mode L, = 15D [18], where D denotes the half
thickness of the shear layer. Conducting walls are lo-
cated at y = =10D. The initial conditions are given as
follows: V;.(y) = Vytanh(y/D); n(y)=1+ (R—1) X
{1 + tanh (y/D)}/2. R ( > 1) is the density ratio across
the shear layer. With the magnetospheric situation in
mind, the higher (lower) density side y >0 (y <O0) is
called the magnetosheath (magnetosphere). The ion tem-
perature is assumed to be uniform and the electron tem-
perature is set to zero for simplicity. The magnetic field is
perpendicular to the plane of the calculation and is posi-
tive in the z direction. The magnetic field intensity
changes across the shear layer to maintain the total pres-
sure balance. n(y)B, + B.(y)*> = const; B, is the plasma
beta in the magnetosphere. That is, the velocity shear
layer is set to be a current layer as well, just like the
magnetotail boundary layer. When V <0, the sense of
the velocity shear [V X V;) - B > 0] corresponds to the
duskside tail boundary. We choose V, = *0.5 and R =
2.5. Setting By = 0.5, B.(y) varies from 1 (magneto-
sphere) to 0.5 (magnetosheath).

Flow  perturbation  8V;, = 0.05exp[—(y/D)*] X
sin (27x/L,) as well as small amplitude (10~%) random
perturbations in the magnetic field are added initially.
Since the basic dynamics are of hydrodynamic nature, we
introduce the time unit D = D/V,, in presenting the
results (e.g., T = 50D), which makes the comparison
among results from different D cases easier.

The numerical schemes are the fourth-order finite dif-
ference in space and the fourth-order Runge-Kutta in
time, with fourth-order hyperviscosity added to ensure
numerical stability. The size of the spatial grid is %/\eo-
The results are tested by changing the hyperviscosity
magnitude, by performing a run with the fifth-order up-
wind scheme, and by reducing the grid size to half.

The magnetic induction equation is derived by assum-
ing that the ion density and the ion velocity do not vary
substantially over the electron inertial scale. Further-
more, the two ; factors should be 51—, to be precise.
This approximation is adopted to save the computational
time. Runs with the precise equation for the cases of R =
2.5, 4, and 8 have confirmed the essential results to be
unchanged by this simplification, at least for the range of
the density ratio we are interested in. This sets a firm basis
for us to discuss the magnetotail situation using the
present results. Another confirmation of the results is
done by running another two-fluid code that is built
according to a different formulation [19], from which
we have obtained essentially identical results.

Figure 1 shows the time sequence of density (left) and
current density [(J2 + J2)'/2, right] spatial patterns for
Vo= —0.5,D =6,and M = 25.T = 50D is the time that
the KH vortex starts to roll up. At T = 70D during the
rolling-up phase, the current density is enhanced at the
hyperbolic point where the flow from above and below
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FIG. 1 (color). Time sequence of the density (left) and
the current density (right) patterns depicting decay of a
MHD-scale vortex by parasitic electron dynamics.

converge. At T = 90D, within the parent vortex, smaller
vortices whose wavelengths are about a quarter of the
parent’s are emerging. The smaller vortices grow as time
elapses, and finally at 7 = 110D they begin to destroy the
well-ordered pattern of the parent vortex. Such a quick
decay of the vortex is not observed when the electron
inertia is turned off (Hall-MHD), indicating that the
electron inertial effects are crucial.
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FIG. 2 (color). Dependence of the vortex decay process on the
initial thickness of the velocity shear layer D. Density pattern
at T = 100D for D = 3 and 12 are shown (M = 25).

To find how the ratio D/ A, affects the decay process,
we have made runs with various initial thickness D while
keeping the mass ratio M = 25. Figure 2 shows the den-
sity pattern at 7 = 100D for D = 3 and 12, respectively.
While D is varied by a factor of 4, emergence of smaller
vortices whose wavelengths are ~1/4 of the parent’s
stays the same. In other words, the decay process is rather
insensitive to the spatial scale ratio.

The above question can be readdressed by changing the
mass ratio M. Figure 3 shows the results at 7 = 100D for
M = 1600 and D = 1.5. Again, despite the factor of 4
difference in the spatial scale ratio [D/A,, = 15 in Fig. 2
versus 60 in Fig. 3], the essential dynamics leading to the
quick vortex decay is unchanged.

The decay process requires electron inertial effects but
is insensitive to the spatial scale ratio. We propose the
following scenario for this puzzling feature [20]: (i) The
seed perturbations for the smaller vortices are produced
by the current sheet kink instability (CSKI) [21] at the
hyperbolic point where the current sheet is highly
pinched during the rolling-up phase (T = 70D). The in-
stability requires finite mass of electrons. (ii) This seed
perturbation at the hyperbolic point propagates with the
electron flow. When the sense of the shear is dusksidelike
(Vy <0), the perturbation is brought to the secondary
shear layer that develops at the outer edge of the parent
vortex. (iii) The secondary shear is located at the density
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FIG. 3 (color).
mass ratio M.

Dependence of the vortex decay process on the

gradient layer and is present because the inner denser part
rotates slower than the outer tenuous part under the same
centrifugal force. The secondary shear layer thickness is
~ iD. (iv) The secondary shear is unstable to KHI whose
wavelength is always about a quarter of the parent’s
(Aona kn ~ 5 15D).

Regarding (i), CSKI [21] is an instability that grows in
thin current sheets. CSKI at the hyperbolic point and its
propagation along the vortex outer edge are shown in
Fig. 4. Shown is the color contour of J, obtained at T =
70D and 90D (M = 25 and D = 3). CSKI emerging at the
hyperbolic point at 7 = 70D is manifested as periodic
variations of J,. Its propagation along the vortex outer
edge is evident at 7 = 90D. This parasitic CSKI produces
perturbations of the wavelength Acgg; ~ 6M~'/4, which
varies with the mass ratio and is larger than A,q, but is
smaller than A,,4 gg. If not coupled to the secondary
KHI, CSKI alone would not have triggered the decay
process that remains viable in a thick shear layer. On
the other hand, A,,4 xy increases with D while Acgk; stays
the same. At huge D, vastly different wavelengths may
reduce the coupling efficiency between the two modes.
This would be the key issue in considering an astrophysi-
cal application, which is done later.

M=25,D=3.0

0 X/M 15D

FIG. 4 (color). Color contours of J, depicting excitation of
CSKI at the hyperbolic point (T = 70D) and its propagation
along the outer edge of the parent vortex (7' = 90D).
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Regarding (ii), when the sense of shear is reversed, the
smaller vortices do not appear and thus the decay process
is eliminated. In this case, CSKI at the hyperbolic point is
still activated but the disturbances propagate with the
electron flow in the opposite direction so as not to reach
the secondary shear layer. The disturbances cause only
unimpressive rippling of the current layer.

Regarding (iii), while it is one of the key issues of the
decay process, we have not understood what makes the
secondary shear layer thickness to be always ~ %D.
The secondary shear is stronger with larger density ratio
R, and we have confirmed that the secondary KHI grows
fast enough for the quick vortex decay as longas R > 1.5.

Regarding (iv), the secondary KHI itself is an MHD
process so that it should emerge even without electron
inertial effects as long as there is appropriate seeding. In a
numerical experiment by a Hall-MHD code, we added
velocity fluctuations similar to those produced by CSKI
at the hyperbolic point when the parent vortex is rolling
up (T = 70D). Subsequently, smaller vortices excited by
the secondary KHI appeared and the decay process was
induced. As such, the role of the electron inertia is to
naturally seed the secondary KHI in the right place at the
right time for the quick decay.

An independent confirmation of the above statements
has been done by various numerical experiments in which
we have turned on/off the electron inertial effects during
the runs. The key conclusion is that the vortex decay is
available as long as the electron inertial effect is on
between 7T = 50D and 70D. That is, the electron effect
is needed when the parent vortex is starting to roll up but
not necessarily when the decay itself is in progress.

While we have shown that the electron inertial effect is
capable of inducing the decay, some other non-MHD
effects not included here may well dominate in some
situations. The present results should be regarded as the
first demonstration that shows coupling to non-MHD
dynamics within an MHD-scale vortex can change the
MHD-scale behavior of it.

Decay of a large scale vortex may lead to large scale
mixing of plasmas that used to be on different sides
of a shear layer. Such mixing is taking place in the mag-
netotail boundary [22]. While the mixing of shocked-
solar wind and magnetospheric plasmas are seen
occasionally in the boundary layer on both dawn and
dusk sides, the duskside mixing often shows a peculiar
feature in which two populations remain separated in the
velocity space [23—-25]. Such a “collisionless” mixing
may be achieved by the vortex decay, which is indeed
expected on duskside.

Let us see if the vortex decay is possible in the tail
boundary situation. The density ratio across the boundary
R is 5-10 so that quick growth of the secondary KHI is
well expected as long as there is appropriate seeding. The
largest wavelength ratio Asng ku/Acskr among the cases
we have inspected is for the M = 25 and D = 12 case. At
the real mass ratio, this wavelength ratio corresponds to
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the D = 4-5 situation. Our results from the realistic mass
ratio cases (M = 1600, D = 1, and 1.5) show that CSKI
at the hyperbolic point is activated when the current
density exceeds 0.6. Our high resolution Hall-MHD run
for D = 4 shows that the current density does exceed 0.6
during the vortex roll-up phase (T' ~ 60D). From these,
we can expect excitation of CSKI and its coupling to the
secondary KHI for the D = 4-5 and M = 1836 case,
which reasonably models the tail boundary situation. It
is concluded that the quick vortex decay is quite possible
in the duskside tail boundary layer.
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