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Ion-to-magnetohydrodynamic scale physics of the transverse velocity shear layer and associated
Kelvin—Helmholtz instability (KHI) in a homogeneous, collisionless plasma are investigated by
means of full particle simulations. The shear layer is broadened to reach a kinetic equilibrium when
its initial thickness is close to the gyrodiameter of ions crossing the layer, namely, of ion-kinetic
scale. The broadened thickness is larger in B-€ <0 case than in B-€ >0 case, where € is the
vorticity at the layer. This is because the convective electric field, which points out of (into) the
layer for B-Q <0 (B-Q>0), extends (reduces) the gyrodiameters. Since the kinetic equilibrium
is established before the KHI onset, the KHI growth rate depends on the broadened thickness. In
the saturation phase of the KHI, the ion vortex flow is strengthened (weakened) for B-Q <0
(B-Q>0), due to ion centrifugal drift along the rotational plasma flow. In ion inertial scale vortices,
this drift effect is crucial in altering the ion vortex size. These results indicate that the KHI at
Mercury-like ion-scale magnetospheric boundaries could show clear dawn-dusk asymmetries in

both its linear and nonlinear growth. © 2010 American Institute of Physics.

[doi:10.1063/1.3385445]

I. INTRODUCTION

The Kelvin—Helmholtz instability (KHI) is a well-known
hydrodynamic instability that grows in a velocity shear layer.
The KHI has been considered as one of the most important
processes for causing transport of momentum and energy or
transport and mixing of plasma in collisionless space plasma
systems, such as across a planetary magnetospheric
boundary,1 in solar wind,” and in a galaxy cluster.?

Linear analyses under magnetohydrodynamic (MHD)
approximation have shown that the KHI tends to grow easily
when the magnetic field component perpendicular to the KHI
k-vector dominates the parallel component (Bl <B1)*
This is because magnetic field tension of the parallel field
suppresses the growth of the KHI. Indeed, in sifu spacecraft
observations around the Earth’s low-latitude magnetospheric
boundary have shown that KH waves tend to be observed
when the northward magnetic field component dominates in
both regions outside and inside the boundary.f”7 Here, the
northward direction is almost perpendicular to the direction
of the KHI k-vector. These results imply the importance of
understanding the role of the KHI induced in transverse
shear layers where the magnetic field is perpendicular to the
k-vector.

Since most of the KH waves observed around the Earth’s
magnetospheric boundary were of MHD-scale, a number of
numerical simulations have been performed of a MHD-scale
KH vortex in the transverse case.’ '° Here, the MHD-scale
vortex means that induced in a MHD-scale velocity shear
layer in which D> p;, where Dy, is the initial half thickness
of the shear layer and p; is thermal ion gyroradius. On the
other hand, a KH wave could be induced also in a smaller-
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scale (including ion-kinetic scale) velocity shear layer as ex-
pected at Mercury’s magnetospheric boundary. Indeed, under
northward interplanetary magnetic field (IMF) condition dur-
ing its first flyby of Mercury, the Messenger spacecraft ob-
served short wavelength (500-5000 km) magnetic field
waves at Mercury’s magnetospheric boundary that may be
associated with KH mode waves.'"" Thus, for better under-
standing of the KHI especially at the planetary magneto-
spheric boundary, it is necessary to investigate the physics of
the KHI induced in the velocity shear layer not only of
MHD-scale but also of ion-kinetic scale.

An important question concerning the ion-kinetic scale
transverse velocity shear layer is how an equilibrium is
established.* ™" Using an electrostatic Vlasov approach, Cai
et al."* have shown that the ion density profile in the trans-
verse velocity shear layer in kinetic equilibrium becomes
different from the one predicted by a MHD model, due to the
convective electric field effect on the ion gyromotion. They
have also shown that this convective electric field effect de-
pends largely on the polarity of B- €2, where =V XV is the
vorticity at the velocity shear layer. These results regarding
the kinetic equilibrium were confirmed in this paper using
our electromagnetic full particle (proton and electron par-
ticle) simulations as well. Furthermore, in this paper we will
demonstrate that the convective electric field effect also re-
sults in broadening of the ion-kinetic scale velocity shear
layer. In Sec. III, we show our particle simulation results
regarding such a complex kinetic equilibrium of the
shear layer (Secs. IIT A and III B) and discuss how the modi-
fied kinetic equilibrium affects the linear growth of the KHI
(Sec. I C).

Regarding nonlinear evolution of the KHI induced in the
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ion-kinetic scale transverse velocity shear layer, Huba'® has
performed finite Larmor radius (FLR) MHD simulations,
which include the first order finite gyroradius effects.
He found that gyroradius effects on the development of the
KH vortex become larger as D, approaches p;. Besides
several particle simulations of ion-kinetic scale'™” and
MHD—scade,g’18 KH vortices in the transverse case have been
performed. None of these studies, however, has systemati-
cally investigated spatial scale (simultaneously including
ion-kinetic scale and MHD-scale) dependence of the evolu-
tion process of the KH vortex. Thus, this study presents the
first full particle simulations systematically investigating the
ion-kinetic scale and MHD-scale physics of the KH vortex
induced in the transverse velocity shear layer (Sec. IV). The
results newly show that the drift motion of protons, caused
by the centrifugal force acting on the vortex flow, affects the
vortex flow itself, and this drift effect becomes larger as the
vortex size becomes smaller (Secs. IV B and IV C).

In Sec. V A, we summarize our new results on the ki-
netic equilibrium of the transverse shear layer and the sub-
sequent evolution of the KHI. Finally, in Secs. V B and V C
we discuss applications of our results.

Il. SIMULATION SETTING

We have performed two-dimensional and 1/2-
dimensional (two spatial dimensions, three vector compo-
nents) relativistic electromagnetic particle simulations which
retain the full dynamics of electrons and ions. The basic
equations used are as follows:
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where the subscript j represents each particle, ¢ is the light
speed, ¢ is particle charge, m is particle mass, and vy is the
Lorentz factor. In this study, we consider only protons (here-
after called “ions”) and electrons as the particles. The electric
and magnetic fields are obtained by integrating the Maxwell
equations, and the particle velocity is obtained by integrating
the relativistic equation of motion. The particle-in-cell (PIC)
method is used when the current density J and the charge
density on each spatial grid are computed from the particle
data, and also when the electric and magnetic field values at
each particle position are obtained. More details of the PIC
method are described in Ref. 19. Note that we use the rela-
tivistic equation of motion due to the computational limita-
tion; the full particle PIC simulation requires that the size of
the spatial grid is shorter than the electron Debye length A,
(=NeVie/c) in order to avoid numerical grid heating. For
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treating MHD-scale (3>\;> \.) dynamics, therefore, the elec-
tron thermal speed V. needs to be set close to the light
speed (in this paper, V.~ 0.4¢). In order to accurately solve
the motion of such quasirelativistic electrons, it is necessary
to consider the Lorentz factor. In this paper, however, essen-
tial results are not affected by such electrons as shown in
Secs. III and IV.

In this study, we focus on fundamental situations in
which the initial density ny, temperature, and magnitude of
the magnetic field B, are uniform. The ion-to-electron tem-
perature ratio T;/T.=1.0. The initial magnetic field is per-
pendicular to the flow direction (X-direction). To form the
velocity shear layer, particles are initialized with shifted
Maxwellian velocity distributions having a bulk velocity
Vxo= £ V,/2-tanh(Y /D), where Dy, is the initial half thick-
ness of the velocity shear layer and V|, is the initial velocity
jump across the shear layer. The -V, (+V)) case corresponds
to the field-aligned vorticity (FAV) B-Q at the shear layer
being positive (negative) and is called the “positive (nega-
tive) FAV case.”

In order to sustain the shear flow, it is necessary to set up
a convective electric field Eyy=—Vx,-B,. Here, it should be
noted that the nonuniform convective electric field breaks the
charge neutrality to satisfy the Gauss’s law as follows:

14
47Tq(ni - ne) =V-E= O')_Y[i VoB() . tanh(Y/DO)] (5)

In our simulations, ions are loaded uniformly and electrons
are loaded nonuniformly to satisfy Eq. (5).%° Figure 1 shows
the initial profiles of the bulk flow velocity, transverse mag-
netic field component, convective electric field, and net
charge density normalized by the maximum initial charge
density p,o=1/4m[V-E], in the positive FAV (-V,) and
negative FAV (+V)) cases. Note that the convective electric
field in the positive (negative) FAV case points into (out of)
the shear layer as illustrated by red arrows in Fig. 1.

The ion-to-electron mass ratio M is set to be M
=m;/m.=25 and the ratio between the electron plasma fre-
quency and the gyrofrequency is set to be 1.0. The ion ther-
mal speed and ion Alfven speed are set to be V;;=0.19c and
VAi=0.2c, respectively. The size of the spatial grid dx is set
to be slightly shorter than Ap,.. The averaged particle number
density is taken to be nydx*=100. In this setting, the ion
inertial length \; is 16dx and the gyroradius p; for thermal
ions is about 7.2dx. The system is periodic in the X-direction
with its size equal to one wavelength of the KH mode Ly
=Nxu (5\; to 80\,), and the conducting walls are located at
the Y= *Ly. The initial half thickness of the shear layer
varies in the range between 0.25\; ~ 0.5p; (ion-Kinetic scale)
and 2.0\~ 4p; (MHD-scale). The initial velocity jump V, is
set to be 1.0V 5;=0.2c unless otherwise noted. To initiate the
KH mode, we add a small flow perturbation 6V =6V,
=6V Vi exp[-Y/Dy]-sin(27mX/Ly), where 6V, is the
amplitude of the initial perturbation. In this paper, 6V, is
set to be 0.01 (we have confirmed that the essential results
are not changed when 6V, varies in the range of 0.001
=6V,=0.02).

Note that these numerical settings address only the so-
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FIG. 1. (Color online) Initial profiles of the bulk flow velocity Vy, trans-
verse magnetic field component B, convective electric field Ey, and net
charge density p,o=1/47[V-E],,, in the positive (upper) and negative (bot-
tom) field-aligned vorticity (FAV) cases. The convective electric field direc-
tions are illustrated by arrows.

called strong shear case V((Y)/€Q;~ p;/Dgy-Vo/ Vi~ LM
and do not address the so-called weak shear -case
V((Y)/€Q;<1, in which in addition to the KHI, an ion wave
around the ion-cyclotron frequency could be excited by the
convective electric field.**!*? Here, Vi(Y)=dV(Y)/dY. In
the strong shear case, the strong convective electric field can
produce a complex but kinetically rather stable equilibrium
of the velocity shear layer as shown in Sec. III.

lll. EQUILIBRIUM OF VELOCITY SHEAR LAYERS
A. Kinetic equilibrium

First, we investigate kinetic equilibrium of the transverse
velocity shear layer. The shifted Maxwellian distributions are
used as initial particle settings. It means that the initial con-
ditions are equivalent to the MHD equilibrium. The
Maxwellian loading of the particles, however, provides only
an approximate equilibrium, and previous kinetic studies
have shown that the true equilibrium is established by the
FLR effect."* ™" Cai et al."* have shown that the orbit of ions
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FIG. 2. (Color online) Density profiles at T=10 Qi’] from the simulations
for the ion-kinetic scale shear layer case, in which Dy=0.5\;~ p;. Upper
(bottom) panels show the results from the positive (negative) FAV case.

Density of particles which initially exist in the Y>0 (Y <0) region are
shown separately. Solid (dashed) lines show the ion (electron) density.

crossing the velocity shear layer is altered by the convective
electric field, and these ions produce a complex kinetic equi-
librium as explained below.

Figure 2 shows density profiles at T=10 Qi_l from the
simulations for the ion-kinetic scale velocity shear layer
case, in which Dy=0.5\; ~ p;. Blue (red) lines show the den-
sity of particles which initially exist in the Y>0 (Y <0)
region. Solid (dashed) lines show the ion (electron) density.
In the negative FAV case, ions are mixed extensively over
the initial thickness, while in the positive FAV case, ions are
not mixed over the initial thickness. This is because in the
negative FAV case, ions crossing the center of the shear layer
are accelerated by the outward convective electric field, and
thus the gyroradii of the ions are extended in the Y-direction.
In the positive FAV case, in contrast, ions crossing the center
of the shear layer are decelerated by the inward convective
electric field, and thus the gyroradii of the ions shrink in the
Y-direction. Here, the timescale for this ion mixing process
AT, is about one ion gyroperiod, that is, AT,;, <10 Qi_l.
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FIG. 3. (Color online) Ton velocity distribution functions in the middle of
the shear layer (|Y|<2dx) at T=10 Q,”" in the positive (left) and negative
(right) FAV cases. Black and white lines show contour lines of an equal
count level at T=10 ;™' and T=0 (initial), respectively.

These convective electric field effects on the ion gyro-
motion also produce temperature anisotropy of ions in the
shear layer. Figure 3 shows velocity distribution functions of
ions existing in the middle of the shear layer (|Y|<2dx) after
the above ion mixing process has occurred (at T=10 ,7").
There is a clear difference in the direction of the temperature
anisotropy between the positive and negative FAV cases; in
the positive (negative) FAV case, Tix > T;y (Tix <Tiy). This
difference results from the difference in the convective elec-
tric field direction: In the positive FAV case, since the ion
gyromotion within the shear layer is restricted in the
Y-direction by the inward electric field, that is, the trough
structure of the potential [as shown in Fig. 7(a) in Cai
et al. 14], the ion temperature in the Y-direction is reduced. At
the same time, since ions that fall into the trough of the
potential reach, around the middle of the layer, a maximum
or minimum y position on their gyro-orbits, the ion tempera-
ture there is enhanced in the X-direction. In the negative FAV
case, in contrast, since the ion gyromotion within the shear
layer is extended in the Y-direction by the outward electric
field, that is, the peak structure of the potential [as shown in
Fig. 7(b) in Cai er al. 7 the ion temperature in the
Y-direction is increased. At the same time, ions that move
into the potential peak contribute to a reduction in the ion
temperature in the X-direction. These results are consistent
with past kinetic studies.™!3

B. True thickness of the velocity shear layer

We discovered that the ion mixing by the modified ion
gyromotion can lead to broadening of the velocity shear
layer. Figure 4 shows the profiles at T=10 Qi_l of the Vy
component in the positive and negative FAV cases. Solid
(dashed) lines are of ions (electrons). Only in the negative
FAV case, both ion and electron velocity shear layers are
clearly broadened. It should be noted that the broadened
shear layer is collocated with the ion mixing region shown in
Fig. 2. This broadening of the ion and electron shear layers
can thus be explained as follows: (i) In the negative FAV
case, since the gyroradii of ions crossing the center of the
shear layer are extended and those of ions moving into the
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FIG. 4. (Color online) Profiles at T=10 ;' of the Vx component in the
positive (upper) and negative (bottom) FAV cases. Solid (dashed) lines are
of ions (electrons). Shaded regions show the initial velocity shear layer.

center of the layer shrink by the diverging convective electric
field, the distance between ions at |Y|<p! tends to be ex-
tended, where p; is the extended gyroradius for thermal ions
[Fig. 5(a)]. Therefore, the density at |Y|<p, decreases [Fig.
5(b)]. This result is qualitatively consistent with the past Kki-
netic study [see Fig. 3(h) in Cai et al.'*]. (ii) The ion density
depletion flattens the peak structure of the charge density,
leading its thickness to be the ion diameter 2p; [Fig. 5(c)].
(iii) The flattening of the charge density structure also corre-
sponds to the broadening of the convective electric field
structure [Fig. 5(d)]. (iv) Both ions and electrons are con-
vected by the modified electric field, and consequently both
ion and electron shear layers become broadened. Since the
thickness of the ion mixing region corresponds to the ex-
tended ion gyroradius p; as shown in Sec. Il A, the shear
layer is broadened to the thickness of the ion mixing region.
From the potential structure point of view, the density deple-
tion corresponds to the exclusion of ions from the potential
peak, and the shear layer broadening corresponds to the flat-
tening of the potential peak structure. In the positive FAV
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negative FAV
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FIG. 5. (Color online) (Upper) Illustration of representative orbits of ions,
one crossing and the other moving toward the center of the shear layer, from
the initial state until a quarter of ion gyroperiod in the negative FAV case
(red solid arrows) and no shearing flow case (black dashed arrows). (Below)
Profiles at T=1.5 Q7' (~a quarter of ion gyroperiod) of ion density (b),
difference between ion and electron densities (c), and electric field Ey com-
ponent (d) in the Dy=0.5 and negative FAV case. Narrow lines in Figs. 5(c)
and 5(d) show initial profiles of (n;—n,) and Ey, respectively.
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case, on the other hand, the ion density in the shear layer
increases and this ion density increase can also lead to the
broadening of the shear layer. However, since the ion mixing
region is thinner than in the negative FAV case, the shear
layer does not broaden as extensively as in the negative FAV
case.

Figure 6(a) shows the thickness at T=10 Qi_l of the
broadened shear layer D’ versus the initial thickness D,
for 24 cases in which changed are the initial shear layer
thickness D, (=0.25,0.5,1.0,2.0), shearing flow speed V,
(=0.5,1.0), and ion thermal speed Vg, (=0.9,1.8) (we have
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FIG. 6. (Color online) Thickness at T=10 €, of the broadened shear layer
D’ vs the initial thickness D, for 24 cases in which changed are the initial
shear layer thickness D, (=0.25,0.5,1.0,2.0), shearing flow speed V,
(=0.5,1.0), and ion thermal speed V; (=0.9,1.8) are changed. Solid lines
show the results from V(=V,; and V;=0.9V,; cases including the results
discussed in Secs. III A and III B. Dashed lines show the V(=0.5y,; and
Vpi=0.9V,; cases, and dotted lines show the V(=V,; and V;=1.8V;
cases. Both D' and D, are in Fig. 6(a) (b) are normalized by the ion inertial
length \; [the modified ion gyroradius p!; see Eq. (7)].

confirmed that for all cases, the time AT,,;, needed for the
kinetic equilibrium to be accomplished is always about one
ion gyroperiod, that is, AT, ;<10 Q,"). Here, D’ is esti-
mated by fitting V,y to the hyperbolic tangent function. Solid
lines show the results from V=V ,; and V;;=0.9V,; cases
including the results discussed in Secs. II A and III B.
Dashed lines show the V(=0.5V,; and V;=0.9V ; cases,
and dotted lines show the V(=V,; and V;=1.8V; cases.
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For all cases, as the initial thickness D approaches zero, the
modified thickness relative to the initial thickness D’/D, be-
comes larger. In the negative FAV case, the larger the veloc-
ity jump V|, or the thermal velocity Vy, is, the larger the ratio
D’/D, becomes. In the positive FAV case, on the other hand,
as V, becomes smaller or V; becomes larger, D'/D, be-
comes larger.

In order to explain the results in Fig. 6(a), we focus on
the simple Dy=0 case. The accelerated (decelerated) speed
of thermal ions which perpendicularly cross the shear bound-
ary Y=0 in the negative (positive) FAV case is described as

Vo
B, T2

E .
! convection
Vii=Vimi = — . =Vpmi *

(6)

The second term on the right hand side in Eq. (6) represents
ion acceleration (deceleration) by the outward (inward) con-
vective electric field in the negative (positive) FAV case. Us-
ing this V{;, the increased (decreased) gyroradius of the ac-
celerated (decelerated) ions is described as

Pi,=Pi<1 * _O> (7)

Since Eq. (7) indicates that ion mixing by the ion gyromotion
should occur at |Y|<p/, p/ would be roughly equal to the
half thickness of the broadened shear layer D’ in the Dy=0
case. Figure 6(b) shows D’ versus D, normalized by p; for
the same cases as Fig. 6(a). We see that all points are on
almost the same curve; D’ decreases with decreasing D, and
as D, approaches zero, D’ converges toward p;. Namely, p!
is the lower limit of the half thickness of the modified veloc-
ity shear layer. These results imply that the transverse veloc-
ity shear layer in a kinetic equilibrium can never remain
thinner than the modified ion gyrodiameter 2pi’ , that is, the
transverse velocity shear layer always becomes thicker than
the ion-kinetic scale (p; /D’ <1).

Here, the magnitude of the convective electric field ef-
fect on the shear layer (p] —p;)/Dy is equivalent to the term
Vi(Y)/ Q. Cai et al."* revealed that ion-kinetic effects can
strongly modify the density structure in the velocity shear
layer as the term V((Y)/); becomes larger, as shown in
Figs. 3(a)-3(g) of Cai et al.'* Our electromagnetic study
clearly confirms their results, and further shows that larger
deformation of the density structure in the shear layer leads
to larger broadening of the shear layer.

Note that this broadened state of the shear layer is not a
perfect kinetic equilibrium. In the negative FAV case, for
example, ions excluded from the potential peak tend to be
concentrated around the edge of the broadened shear layer as
seen in Fig. 5(b). Since this ion concentration can disturb the
charge neutrality, the convective electric field tends to be
disturbed around the edge of the layer. Consequently, this
disturbed convective field results in the velocity fluctuation
around the edge of the velocity shear layer as partially seen
in Fig. 4. Therefore, there may be no perfect equilibrium of
the transverse velocity shear layer. The amplitude of the fluc-
tuation at the edge of the layer approaches about 5% of the
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maximum shearing speed and does not increase further after
one ion gyroperiod. Thus, in this study, we call this quasi-
steady state the kinetic equilibrium.

C. Linear growth rate of the KHI

A notable point of the above results is that the time re-
quired for the kinetic equilibrium formation is about one ion
gyroperiod, which is quite shorter than the growth time of
the KHI even in the ion—kinetic scale shear layer case. This
result implies that the ion-kinetic effects play a role only in
the kinetic equilibrium formation and not in the linear
growth of the KHI, which is confirmed below.

Figure 7(a) shows the growth rate of the KHI versus the
wave number normalized by the initial half thickness D of
the shear layer for Dy=2.0, 1.0, and 0.5 cases. Here, the
growth rate is obtained from time variation in the amplitude
of the ion bulk velocity Vy component at Y =0 for one wave-
length mode (m=1). Black solid lines show the growth rates
calculated from compressible MHD simulations using the
same fluid parameters as the particle simulations, and dashed
solid lines show those from the linear incompressible MHD
theory for discontinuous velocity proﬁle.4 As shown in the
earlier studies, there is no difference between the positive
and negative FAV cases in the KHI growth in the MHD
regime.5 Figure 7(a), however, show that there is a clear
difference between the positive and negative FAV cases in
the KHI growth rate. While for both positive and negative
FAV cases the growth rate is lower than for the MHD simu-
lations and decreases with decreasing D, the growth rate
decrease for the negative FAV cases is prominently larger.
We find that the growth rate decrease seen in the Kkinetic
cases results from the broadened velocity shear layer in the
kinetic equilibrium. Figure 7(b) shows the growth rates ver-
sus the wave number of the KHI normalized by the half
thickness of the modified shear layer in the kinetic equilib-
rium for the same cases as Fig. 7(a). We see that there is little
difference in the growth rate between the MHD and kinetic
cases. This strongly indicates that there are almost no kinetic
effects on the linear growth of the KHI because even when
the initial shear layer thickness is of ion-kinetic scale, the
kinetic effects broadens the shear layer to the nonkinetic
thickness (>p;) before the onset of the KHI.

Note that such a difference between the positive and
negative FAV cases in the growth of the KHI in the ion-
kinetic scale shear layer was also seen in earlier electromag-
netic particle simulations.'> While Wilber and Winglee15 sug-
gested that such difference may result from kinetic effects on
the linear growth of the KHI, they did not discuss the broad-
ening of the shear layer when reaching the kinetic equilib-
rium before the KHI onset. This was partially because they
were not able to perform sufficiently high resolution simula-
tions with sufficient amount of particles, which can repro-
duce the fine structure of the broadened shear layer in the
kinetic equilibrium. Our high resolution simulations with the
sufficient amount of particles clearly show that kinetic ef-
fects on the ion-kinetic scale velocity shear layer is essential
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FIG. 7. (Color online) Growth rate of the KHI vs the wave number normalized by the initial half thickness of the shear layer D (a) and the broadened half
thickness of the shear layer D’ (b) for Dy=2.0, 1.0, and 0.5 cases. Left (right) panels show the results from the positive (negative) FAV cases. Square marks
show the growth rates calculated from compressible MHD simulations using the same fluid parameters as the particle simulations, and dashed lines show the
rate from the linear incompressible MHD theory for discontinuous velocity profile (Ref. 4).

not for the KHI linear growth itself but for the formation of
the kinetic equilibrium of the shear layer, which is accom-
plished before the KHI onset.

Nagano23 and Huba'® have performed linear analyses us-
ing FLR MHD equations for the discontinuous velocity pro-
file, that is, the velocity shear layer with zero thickness. They
have shown that as the wavelength of the KHI approaches
the ion gyroradius, the FLR effects increase or decrease the
linear growth of the KHI more largely. Our particle simula-
tions, however, reveal that the thickness of the velocity
shear layer in the kinetic equilibrium is of ion-kinetic scale
(D' >p!), and the finite thickness of the shear layer crucially
controls the linear growth rate of the KHI as shown in Fig. 7.
Thus, for true understanding of the ion-kinetic effects on the
linear growth of the KHI, it is necessary to consider kinetic
effects on the velocity profile before the KHI onset as dem-
onstrated in this section.

IV. EVOLUTION PROCESS OF KH VORTEX

A. Difference between positive and negative FAV
cases

We further investigated the nonlinear evolution of the
KHI, that is, the development process of the KH vortex.
Figure 8 shows 6Vy as a function of time for the fastest
growing KH mode (m=1) obtained from Fig. 7 in Dy=2.0

and 0.5 cases. Solid (dashed) lines show the results for ions
(electrons). In the positive FAV case, the wavelengths of the
fastest KH mode Agy (=Lx) in Dy=2.0 and 0.5 cases are
20Dy=40\; and 20D(y=10\;, respectively. In the negative
FAV case, gy (=Lx) in Dy=2.0 and 0.5 cases are 20D,
=40\, and 30Dy=15\,, respectively. In all cases, we see that
there are clear differences in the saturation value of the KHI
growth between ion and electron. The difference tends to
become larger as the size of the KH vortex becomes smaller.
Furthermore, there is a clear difference between the positive
and negative FAV cases in the magnitude relation between
6V,y and 6V .y; in the positive FAV case 6V;y < 6V.y, while
in the negative FAV case 6V,;y> 6V.y. Figure 9 shows the
difference 6Viy—d&V.y as a function of time. Figure 9(a)
shows the vortex size dependence in which Dy=2.0, 1.0, and
0.5 cases are compared for V(=1.0V ;. Figure 9(b) show the
shearing flow speed dependence that compares Vy=1.0 and
0.5 cases for Dy=1.0. The difference 6V;y—V.y decreases
roughly proportional to the size of the vortex in both the
positive and negative FAV cases [Fig. 9(a)], and increases
roughly proportional to the square of the shearing flow speed
[Fig. 9(b)].

Note that large fluctuations of 6V,y seen in Figs. 8 and 9
are numerical ones associated with the large electron thermal
speed (about twice of V,;). We have confirmed that 6V.y
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FIG. 8. (Color online) 8Vy for the fastest growing KH mode in Fig. 7 as a
function of time for Dy=2.0 and 0.5 cases. Upper (bottom) panel shows the
results from the positive (negative) FAV cases. Solid (dashed) lines show the
ion (electron) vortices.

fluctuations become smaller as the number of particles per
cell is increased, although the essential results seen in Figs. 8
and 9 are not changed by such increase in the number of
particles.

B. Centrifugal drift effects

The above results regarding the difference 6Vy—06V.y
can be explained by the centrifugal drift of ions which flow
along the vortex edge. In the transverse case, since the mag-
netic field is oriented in the +Z-direction, the centrifugal
force for the rotational flow in the vortex is directed outward
from its center. The direction of ion centrifugal drift is then
always clockwise, when seen from +Z position, along their
rotational motion in both the positive and negative FAV
cases. Thus, in the positive FAV case, the ion rotational
speed decreases by the drift speed, while it increases in the
negative FAV case. As shown later, electrons are too light for
the centrifugal drift to affect the vortex rotation speed in our
simulation setting.
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Figure 10 shows the density contour at T=200 Qi_' for
ions which initially exist at Y <<0 in the positive FAV and
Dy=2.0 case. Black lines show the ion streamlines. The
white solid line shows a streamline passing through point A2
where 6V,y and 6V.y have a maximum value. Since at
around T=200 Q,”' the KHI reaches the saturated quasi-
steady state where the vortex keeps rolling quasisteadily, the
white streamline roughly corresponds to the orbit of the
guiding center of an ion which rotates along the edge of the
vortex. At point A1 (X ~30);), the ion rotates along the vor-
tex edge at about the shearing flow speed Vx~V,/2, while
at point A2 it rotates at a speed of about 6V,y. Assuming that
the ion orbit is elliptical (as shown by the white dashed line
in Fig. 10), the Y-coordinate at point Al can be obtained by
the conservation of angular momentum of the ion as

Vi 5V,
Yo~ Xpp: =22~ Xy —2
Al A2 VA[ Al Vx
Ay OV, OV,
_OKH ZViy _IXAKH- (8)
4V, 2V,

Then, the curvature radius at point A2 can be written as

Y, 2 6v.2
Ry, ~ —L ~ )\ 9
A2 XAZ VO KH ( )

Thus, the centrifugal drift speed for ions at point A2 can be
described as

m;-6V,.> 1 m Vv, V,?
Vp| ~ —— . —~ —. L~ 0" =% (10)
Ra» gBy  gBy Agm AkH

Since 6V,y is always saturated at about 0.3V, in all cases, as
seen in Fig. 8, the ion centrifugal drift speed in the developed
KH vortex can be roughly described as

Vo' _ VolVal’

|V | - Qi_l ’ = :
b Men MkulMi]

(1

By the same formula, the ion centrifugal drift speed in the
negative FAV case can also be described as Eq. (11). Dotted
lines in Fig. 9 show the values obtained from Eq. (11). We
see that the differences 6V;y— 6V.y obtained from the simu-
lation results agree well with the theoretical values obtained
from Eq. (11). Thus, it can be concluded that the difference
in the vortex rotational speed between ions and electrons
results from the centrifugal drift of ions.

In addition, from Eq. (11) the drift speed normalized by
the vortex rotation speed can be described as

v v v VoLV ai
Vol Vol o Yo, VYAl

Vrotation VO/2 ' )\KH )\KH[)\i] -

This equation means that the ion centrifugal drift becomes
more effective in the evolution of the KH vortex when its
size is small with respect to the ion inertial length \; or the
rotation speed of the vortex is fast with respect to the ion
Alfven speed V u;.
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FIG. 9. (Color online) Difference 6V;y—&V.y as a function of time in the positive FAV (left) and negative FAV (right) cases. (a) The vortex size dependence
in which D(=2.0, 1.0, and 0.5 cases are compared for V,=1.0y4;. (b) The shearing flow speed dependence in which V,=1.0 and 0.5 cases are compared for

Dy=1.0. Dotted lines show the theoretical values obtained from Eq. (10).

On the other hand, in the same regime as Eq. (12), the
centrifugal drift speed for electrons can be described as
[Volee . Vol Vail me [Vilion m.

Vrotation )\KHD\i] m; Vrotation m;

(13)

Since the drift speed of electrons is inversely proportional to
the ion-to-electron mass ratio, the electron centrifugal drift
effects on the growth of the KH vortex can be neglected
unless the vortex rotation speed is extremely large or the size
of the vortex is extremely small. In our simulation settings,
since Vg~ V,; and N> 5A\;, and m;/m.=25, the right hand
of Eq. (12) is always below 0.01.

Interestingly, the centrifugal drift speed shown by Eq.
(11) can be obtained also in the two-fluid (ion and electron
fluids) regime. If it is assumed that streamlines in Fig. 9 are
elliptically distributed around points Al and A2, the conser-
vation of mass flux for ions between points Al and A2 can
be written as pa; Va1 Ya1=pa2VarY as, Where pai(pas) is the
mass density at point Al (A2). Since the density is almost
equal at both points Al and A2, the Y-coordinate at point Al
of Fig. 10 can be described as

Vas
VAI

Prr Vs
pai Vai

oViy OV,
—y _X)\KH'

vV, 2V,

YAl NXAZ' NXAZ'

~ Xar- (14)

Since this equation is the same as Eq. (8), the centrifugal

drift speed can also be written as Eq. (11) by the same for-
mula as the above kinetic picture. It means the centrifugal
drift effect is not of kinetic nature but of two-fluid one. This
is compatible with the fact that the magnitude of the centrifu-
gal effect shown by Eq. (12) is controlled by the ion inertial
(rather than kinetic) scale.

C. Structure of the KH vortex

We further found that the difference in the evolution of
the KH vortex between ions and electrons results in the dif-
ference in its structure. Figure 11 shows, for the fastest grow-
ing KH mode in Dy=0.5 cases, density contours at the satu-
ration time of the KHI for ions (left panels) and electrons
(right panels) which initially exist at Y <0. Solid (dashed)
white lines show the most bulging edges in the Y-direction of
the ion (electron) vortex. Here, the bulging edge is defined
by the line where the density is half the peak value near the
vortex edge. Note that since the vortex edge structure is not
clear due to numerical limitations associated with the lack of
particles at the vortex edge, the position of the bulging edge
contains uncertainty. In the positive FAV case, since elec-
trons rotate faster than ions, electrons fall into the center of
the vortex faster than ions, and also the size of the bulge is
larger for electrons than for ions. The difference in the bulge
size between ions and electrons, which corresponds to the
difference in the Y-coordinate between the white solid and
dashed lines in Fig. 11, is about 3% of the KHI wavelength.
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FIG. 10. (Color online) Density contour at T=200 Qi’] for ions which
initially exist at Y <O in the positive FAV and Dy=2.0 case. Black lines
show the ion streamlines. The white solid line shows a streamline passing
through point A2 where 6V;y and 6V.y have a maximum value. At point A1,
the white streamline crosses X=20\;. The white dashed line is an ellipse
passing through both Al and A2 points, an approximation of the white
streamline.

In the negative FAV case, on the other hand, since ions rotate
faster than electrons, ions fall into the center of the vortex
faster than electrons, and also the bulge size is larger for ions
than for electrons. The difference in the bulge size between
ions and electrons is about 2.5% of the wavelength.

Figure 12 shows the same contours as Fig. 11 but in
D(=2.0 cases. The difference in the vortex structure between
ions and electrons is smaller than in Dy=0.5 cases; the dif-
ference in the bulge size is only about 1% of the KHI wave-
length in both the positive and negative FAV cases.

If it is assumed that the size of the vortex bulge is ex-
pressed by the Y-coordinate at point Al in Fig. 10, the dif-
ference in the bulge size between ions and electrons normal-
ized by the KHI wavelength can be described as

5RKH . YA1|ion_ YAl|ele — 5viy_ 5vey
)\KH )\KH 2\/0
A\ Vol Va;
Yo g5 YolVail (15)
2V, Mgl Ai]

This is roughly consistent with our simulation results (for
example, in the Dy=2.0 and positive FAV case shown in the
upper panels in Fig. 12, dRgy/Agy~0.013), although the
values obtained from the numerical simulations contain un-
certainty. Equation (15) means that the difference in the vor-
tex structure between ions and electrons depends directly on
the magnitude of the ion centrifugal drift speed, that is, the
difference becomes larger as the vortex rotation speed be-
comes larger relative to the ion Alfven speed V,; or the
vortex size becomes smaller relative to the ion inertial length
N
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FIG. 11. (Color online) Density contours at the saturation time of the fastest
growing KH mode for ions (left panels) and electrons (right panels) which
initially exist at Y <0. The upper and lower panels show the positive and
negative FAV cases, respectively, for Dy=0.5. Solid (dashed) white lines
show the most bulging edges in the Y-direction of the ion (electron) vortex.
The edge is marked by the line where the density is half of the peak value
near the vortex edge.

V. SUMMARY AND DISCUSSION
A. Summary

In this study, we have performed two-dimensional and
1/2-dimensional full particle simulations to systematically
investigate the ion-kinetic scale and MHD-scale physics of
the KHI induced in the transverse velocity shear layer. First,
we found that a kinetic equilibrium of the shear layer is
established in about one ion gyroperiod, and that the shear
layer in the equilibrium is broadened by the ion finite gyro-
radius effect. This broadening occurs more largely as the
initial shear layer thickness D, approaches zero. Here, it
should be noted that the broadened half thickness of the
shear layer can never remain thinner than the modified ion
gyroradius in the presence of the convective electric field.
The lower limit of its half thickness becomes larger (smaller)
than the original nonmodified gyroradius in the negative FAV
B-Q <0 (positive FAV B-€>0) case as the term Vy/Vy,;
becomes larger as expressed by Eq. (7).

Next, we found that the KHI linear growth rate depends
not on the initial shear layer thickness but on the broadened
thickness, since the kinetic equilibrium and associated shear
layer broadening are accomplished before the KHI onset.

Furthermore, we found that in the saturation phase of the
KHI, the rotation speed of the vortex becomes faster (slower)
for ions than for electrons in the negative (positive) FAV
case, due to the ion drift motion associated with the centrifu-
gal force exerted by the vortex flow. Moreover, the differ-
ence in the vortex evolution between ions and electrons can
lead to the difference in the size of the vortex bulge between
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FIG. 12. (Color online) The same contours as Fig. 11 but for Dy=2.0.

ions and electrons. These ion centrifugal drift effects become
larger as the term V[V o;]/Agul\i] becomes larger, as shown
in Egs. (12) and (14).

By using Egs. (7), (12), and (15), the results of our fun-
damental study can be applied to various shearing flow speed
(Vy), spatial scale (D), and ion temperature (Vy,;) situations
in space, such as planetary magnetospheric boundaries, as
discussed in Sec. V B. However, this fundamental study in-
cludes various issues that should be addressed in the future
for more detailed comparisons with actual situations, as dis-
cussed in Sec. V C.

B. Application to the planetary magnetospheric
boundary

KH wavelike quasiperiodic fluctuations have been fre-
quently observed around the Earth’s magnetospheric bound-
ary layer.24_26 The KH waves tend to be observed around the
low-latitude boundary layer when the IMF direction is
northward.® In addition, a recent in situ observation of
Mercury’s magnetosphere during the Messenger’s first flyby
has reported quasiperiodic fluctuations of the magnetic field
around the duskside magnetospheric boundary.“’12 Since
these magnetic field waves were observed when the IMF
direction was probably northward, Slavin et al" suggested
that these waves might be of KH-type, although the forma-
tion mechanism of these waves could not be confirmed by
the magnetic field data from one flyby only. These observa-
tional results imply the necessity of understanding the role of
the KH vortex-induced in the transverse velocity shear layer
not only in the Earth-like MHD-scale situation but also in the
Mercury-like smaller-scale (including ion-kinetic scale) situ-
ation. Here, note that the positive (negative) FAV case in this
study corresponds to the duskside (dawnside) boundary of
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the Earth’s and Mercury’s magnetospheres under northward
IMF conditions.

1. Regarding the wavelength of observed KH waves

In the Earth’s situations, since in sifu observations have
confirmed that the thickness of the low-latitude magneto-
spheric boundary layer is always more than a few times the
ion gyroradius,27 the dawn-dusk asymmetry (that is, the dif-
ference between positive and negative FAV cases) in the
wavelength of the fastest growing KH mode is not expected.
Indeed, past in situ observations have found no clear dawn-
dusk asymmetry in the KHI Wavelength.é’7 On the other
hand, the recent in situ observation of Mercury’s magneto-
spheric boundary has shown that the wavelength of the mag-
netic field waves, which were observed only on the duskside,
was about 500-5000 km. If it is assumed that the wavelength
corresponds to that of the fastest growing KH mode, the
estimated half thickness of the velocity shear layer is about
30-300 km. Since it is considered that the gyroradius of
thermal ions is of the order of 100 km and the observed
shearing flow speed (100-200 km/s) is comparable to the ion
thermal speed, the lower limit of the shear layer thickness
calculated by Eq. (7) can become about half the thermal ion
gyroradius, which is roughly equal to the estimated value of
the smallest half thickness of the velocity shear layer. This
indicates that the observed waves could be of the fastest
growing KH mode induced at the velocity shear layer in the
kinetic equilibrium. Furthermore, if the same situation is
achieved at the dawnside magnetospheric boundary layer,
since the lower limit of the shear layer thickness is expected
to be about twice the thermal ion gyroradius, the wavelength
of the KH waves at the dawnside boundary layer could be
about four times larger than that at the duskside boundary
layer. In the near future, such a clear dawn-dusk asymmetry
of the KHI wavelength may be confirmed by the Messenger
spacecraft or in situ observations of the next generation.

2. Regarding the evolution of KH vortex

In the Earth’s situations, since the observed wavelength
of the KH waves is of order 10* km (about 100 times \;) and
the shearing speed is of order 10° km/s (same order as V ;),
the magnitude of the term for the centrifugal drift effect
Vo[V ail/Agu[\;] is of order 1072. Thus, in Earth-like large-
scale situations, the ion centrifugal drift effects are not ex-
pected to affect the evolution of the KH vortex. Indeed, there
is no apparent dawn-dusk asymmetry in the structure of the
vortices observed around the Earth’s magnetospheric
bounda\ry.7 On the other hand, in Mercury’s situation, since
the observed wavelength of the magnetic field waves was of
order 10? to 10> km (one to ten times \;) and the shearing
speed is of order 10> km/s (same order as Vj;),
Vol Vail/AkulAi] is of order 0.1 to 1. It means that in
Mercury-like small-scale situations, more than 10% differ-
ence in the vortex size between ions and electrons is likely to
occur.

Thus, we expect clear dawn-dusk asymmetries not only
in the wavelength of the KHI but also in the structure of the
KH vortex in Mercury-like small-scale situations. Since the
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KH vortex is believed to be one of the most important can-
didates for entry of solar-wind plasmas through the magneto-
spheric boundary, our results imply a large dawn-dusk asym-
metry in the entry process of solar-wind plasmas in Mercury-
like situations.

C. Some remarks on the future works

In this study, we focus only on fundamental situations in
which the initial density is uniform. In actual situations in-
cluding planetary magnetospheric boundaries, however, the
density jump across the velocity shear layer should not be
neglected. If the density jump is taken into account, the
structure of the shear layer in the kinetic equilibrium may be
largely changed since the charge separation in the ion mixing
region by the ion gyromotion, as seen in Fig. 5(c), is ex-
pected to become larger and more complicated. Besides, the
density jump may also cause charge separation at the edge of
the rolled-up KH vortex, since the ion centrifugal drift leads
to the difference between the ion and electron edges of the
vortex as shown in Figs. 11 and 12. An additional electric
field perpendicular to the vortex edge produced by this
charge separation may promote plasma mixing or transport
through the vortex edge. Basically, this charge separation
process associated with the nonuniform density is expected
to be effective only in Mercury-like small-scale situations.
Past numerical studies, however, have revealed that the den-
sity jump across the shear layer produces a thinner secondary
velocity shear layer at the edge of the rolled-up vortex, and
the secondary shear layer produces smaller-scale secondary
KH vortices.'® Since the spatial scale of the secondary vor-
tices is about four times smaller than that of the parent vor-
tex, the charge separation processes may become effective
even in Earth-like large-scale situations via the secondary
smaller vortices.

While the initial uniform magnetic field is assumed in
this fundamental study, actual velocity boundaries such as
planetary magnetospheric boundaries often consist of mod-
erate magnetic field gradient across the shear layer, which
may affect both the kinetic equilibrium of the shear layer and
the evolution of the KHI. Regarding the kinetic equilibrium
of the shear layer, since the gyroradius of particles depends
on the magnetic field strength, the perpendicular magnetic
field gradient across the shear layer may lead to an asymmet-
ric structure of the broadened shear layer. Such a more com-
plicated shear layer structure in the kinetic equilibrium could
also affect the linear growth of the KHI. Furthermore, in the
nonlinear stage of the KHI, the gradient of the perpendicular
magnetic field strength can be strengthened along the
rolled-up vortex edge. Since this large perpendicular field
gradient could cause the drift of particles in the direction
parallel or antiparallel to the direction of the centrifugal drift,
this gradient B drift could also lead to different vortex struc-
ture between ions and electrons. Thus, the nonuniform mag-
netic field should be considered as the next step of this fun-
damental study.

Only protons and electrons were considered in this study.
In order to exactly understand the physics of Mercury’s mag-
netospheric boundary, however, the effects of heavy ions
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such as Na* should also be included. The plasma data from
the Messenger spacecraft have shown that a moderate
amount of Na* exists in Mercury’s magnetosphere and mag-
netosheath regions.11 From our results regarding the kinetic
equilibrium of the transverse shear layer, it can be predicted
that if a sufficient amount of Na* ions exists, a double broad-
ened shear layer (the broadened layer by protons and more
largely broadened layer by the larger gyroradius of Na* ions)
might appear. Besides, since the thickness of the double
broadened layer at the dawn-side boundary could be larger
than that at the dusk-side boundary due to the convective
electric field effects, the double broadened structure could be
observed more easily at the dawn-side magnetospheric
boundary. On the other hand, since the gyroperiod of Na*
ions can become comparable to the timescale of the KHI
growth, the nonequilibrium state of the Na* ion shear layer
could affect the KHI growth itself. Thus, the existence of the
heavy ions could make the magnetospheric boundary physics
more complicated and interesting.

Recent fluid-approximation numerical studies have been
shown that if the parallel magnetic field component (not con-
sidered in this fundamental study) exists, the parallel field
lines are highly deformed by the vortex flow and then can be
reconnected.”® ! This so-called vortex-induced-reconnection
process can lead to direct plasma mixing and transport across
the shear layer.SO Indeed, direct evidence of the vortex-
induced-reconnection process has been recently reported.26
Hasegawa et al.*® have also reported that around the vortex-
induced-reconnection region, electrons were strongly accel-
erated along the magnetic field line. While these results
clearly imply the importance of kinetic roles in the plasma
mixing and particle acceleration, no kinetic simulation of the
vortex-induced-reconnection process has been performed to
date. Thus, kinetic simulation study considering the parallel
magnetic field component is also a necessary next step of
this study.

Recent MHD simulations have shown the importance of
three-dimensional effects in both the linear’> and nonlinear™
evolution of the KHI. The three-dimensional effects are also
believed to be important from the kinetic aspect; Nishikawa
et al.*' have shown that the component of the KH k-vector in
the Z-direction (parallel to the magnetic field) tends to
largely reduce the growth rate of the KHI, and hence the
ion-cyclotron modes can dominate the KHI. Thus, three-
dimensional effects should not be neglected in considering
the kinetic properties of the KHI and associated vortex struc-
ture. While three-dimensional full kinetic simulations of the
KH vortex cannot be performed on the present computa-
tional resources, the next generation supercomputer will al-
low us to perform such large-scale simulations.

This study treats only the moderately strong shear case
in which V{(Y)/€Q;~ p;/Dy-V¢/ Vi~ 1. Although most of
observed KH-like waves at the Earth’s and Mercury’s mag-
netospheric boundaries are believed to be driven under mod-
erately strong shear conditions V((Y)/€;~0.1-10, for more
complete understanding of the KHI it is necessary to inves-
tigate weaker and stronger shear cases. In the weaker shear
case V/(Y)/Q;<1, an ion-cyclotron mode could be excited
in addition to the KHL13 and this short wavelength mode
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could affect the kinetic equilibrium of the shear layer. In the
stronger shear case V;(Y)/Q;>1, on the other hand,
the stronger convective electric field could significantly af-
fect not only the ion gyromotion but also the electron
gyromotion. Namely, in this case, not only ion but also
electron kinetic equilibrium should be considered. In addi-
tion, in the stronger shear case, the fast Mach number
M;=V/(V,2+C?)"? may be more than unity unless the
temperature is extremely high. Here, C, is the sonic speed.
When M;>2, the strong compressibility prevents the linear
growth of the KHI.>** Recent hydrodynamical simulations,
however, have suggested that even in the supersonic shearing
flow, the KHI can grow in the subsonic downstream region
of the shock wave.” Thus, the stronger shear case could be
greatly complicated with direct coupling between the ion and
electron kinetic equilibrium-associated processes, the shock
wave, and the KHI.

Finally, the ion-to-electron mass ratio M is set to be 25
for all runs shown in this paper. While this value is far
smaller than the real one (M=1836), we have confirmed that
the essential results are not changed even when the mass
ratio is larger (up to M=100). This indicates that the electron
mass effects in M =25 cases are small enough to be ne-
glected. This is because both the electron gyroradius effect
on the kinetic equilibrium as shown in Eq. (7) and the mag-
nitude of the electron centrifugal drift effect shown in Eq.
(12) are directly proportional to the mass ratio. The electron
mass effects, however, can become crucial in electron-scale
velocity shear layer case, that is, extremely strong shear case
not treated in this paper.
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