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The nonlinear evolution of the Rayleigh-Taylor instability (RTI) at a density shear layer transverse

to magnetic field in collisionless plasma is investigated by means of a fully kinetic Vlasov simula-

tion with two spatial and two velocity dimensions. The primary RTI in the MHD regime develops

symmetrically in a coordinate axis parallel to gravity as seen in the previous MHD simulations.

Small-scale secondary instabilities are generated due to secondary velocity shear layers formed by

the nonlinear development of the primary RTI. The secondary instabilities take place asymmetri-

cally in the coordinate axis parallel to gravity. It is suggested that these secondary instabilities cor-

respond to the electron Kelvin-Helmholtz instability generated by the electron velocity shear,

whose development depends on the polarity of the inner product between the magnetic field and

the vorticity of the velocity shear layer. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4967859]

I. INTRODUCTION

The Rayleigh-Taylor instability (RTI) is a well-known

hydrodynamic instability in neutral fluid as well as in magne-

tized plasma, which grows at an interface between two fluids

when a light fluid supports a heavy fluid against an external

force such as gravity. It has been known from (neutral)

hydrodynamic simulations that the interface develops as ris-

ing bubbles of the light fluid between falling spikes (known

as finger/mushroom structures) of the heavy fluid. The mag-

neto-hydro-dynamic (MHD) simulations have shown that the

development of the RTI transverse to the ambient magnetic

field in collisionless magnetized plasmas is similar to that in

the neutral fluid.1–3 The primary RTI takes place in various

situations in natural plasma, such as in the atmosphere/iono-

sphere of stars/planets due to gravity. The RTI is also gener-

ated as a secondary instability of the Kelvin-Helmholtz

instability (KHI) due to a centrifugal force.4,5

Numerical simulations for the RTI with non-MHD

effect have been performed by using the Hall MHD code,6–9

the Finite-Larmor-Radius (FLR) MHD code,8–10 and the

hybrid particle-in-cell (PIC) code.11,12 In contrast to these

previous studies, we perform a full kinetic simulation by

using a Vlasov code, which may be one of the first attempts

for a full kinetic simulation study of the RTI. The previous

studies focused on non-MHD effects to the development of

the primary RTI, while we focus on secondary instabilities at

non-MHD scales in the present study.

During the nonlinear evolution of the RTI, various sec-

ondary instabilities such as RTI and KHI are induced by a

velocity shear and a density shear at secondary interfaces

between the light and heavy fluids.2,3,6,7 Even when the pri-

mary RTI is at the MHD scale, smaller-scale structures gen-

erated by secondary processes of the RTI are sometimes at

non-MHD scales. The purpose of the present study is to

examine particle kinetic effects on the secondary processes

by performing a full kinetic simulation.

II. VLASOV SIMULATION SETUP

The Vlasov code used in the present study solves the

Vlasov equation (1) together with the Maxwell equations (2)

in two spatial and two velocity dimensions ðx; y; vx; vyÞ,
which has already been used for the studies of the KHI13,14

@f

@t
þ v � @f

@x
þ q

m
Eþ v� Bð Þ � @f

@v
¼ 0; (1)

1

c2

@E

@t
�r� Bþ l0J ¼ 0

@B

@t
þr� E ¼ 0

r � E� q
�0

¼ 0

r � B ¼ 0

9>>>>>>>>=
>>>>>>>>;
: (2)

The code adopts a non-oscillatory and conservative semi-

Lagrangian scheme15,16 with several improvements17,18 for

solving the Vlasov equation (1), which exactly satisfies the

continuity equation for charge

@q
@t
þr � J ¼ 0: (3)

The Maxwell equations are solved with the standard Finite-

Difference-Time-Domain (FDTD) method19 as in PIC simula-

tions. The code is well parallelized and is made a performance

tuning for recent supercomputers.20 The detailed descriptions

of the simulation code are given in the references.

In the previous (extended-)MHD simulations,7–10 the

initial density shear layer was in the state of the one-

dimensional MHD equilibrium. The previous hybrid PIC

simulations used a discontinuous density layer with a step

function, which is not in an equilibrium state.11,12 In thea)Email: taka.umeda@nagoya-u.jp
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present study, we perform a Vlasov simulation of a long sim-

ulation time on several hundreds of ion gyro period with a

time step on electron plasma period. Hence, it is important to

use a “stable” initial condition in order to maintain the initial

density shear layer for a long simulation time. As an initial

condition for the present study, we derive a new equilibrium

which satisfies one-dimensional time-independent (steady-

state) two-fluid equations for ions and electrons.

Let us consider a four-dimensional phase space with two

spatial and two velocity dimensions ðx; y; vx; vyÞ and the

gravity in the y direction. In the present coordinate system,

the out-of-plane electric field Ez component and the in-plane

magnetic field Bx and By components are not considered

since the out-of-plane current Jz component does not exist.

Here, we consider a one-dimensional equilibrium for a den-

sity shear layer in which all the physical quantities depend

only on the y coordinate. Then, the time-independent two-

fluid equations for ions and electrons are written as follows:

@Pe

@y
� eNe BzUxe þ Eyð Þ ¼ meNegy; (4)

@Pi

@y
þ eNi BzUxi þ Eyð Þ ¼ miNigy; (5)

@Ey

@y
¼ e

�0

Ni � Neð Þ; (6)

@Bz

@y
¼ el0 NiUxi � NeUxeð Þ; (7)

where Ux represents the bulk velocity of fluids in the x
direction.

We derive a two-fluid equilibrium with the following

assumptions: Ni ¼ Neð�NÞ; @bi;e=@y ¼ 0 (where bi;e ¼ 2l0

Pi;e=B2
z ¼ 2x2

pi;eV2
ti;e=ðc2x2

ci;eÞ with Vt being the thermal

velocity), and

N y½ � ¼
NI � NII

2
tanh

y

L

� �
þ NI þ NII

2
; (8)

where L represents the half thickness of the density shear

layer. The subscripts I and II represent the upper and lower

boundaries, respectively. By solving P, Bz, and Ux, we obtain

Ps y½ � ¼
meþmið Þbsgy

biþbeþ 1

NI�NII

2
log e

y
Lþ e�

y
L

� �
þNIþNII

2
y

� �
þP0s; (9)

Bz y½ � ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2l0Pi y½ �

bi

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2l0Pe y½ �

be

s
; (10)

Uxi y½ � ¼
gy

eBz y½ �
mi �

me þ mið Þbi

bi þ be þ 1

� �
; (11)

Uxe y½ � ¼ �
gy

eBz y½ �
me �

me þ mið Þbe

bi þ be þ 1

� �
: (12)

Here, P0 is an integral constant which is determined such

that the pressure corresponds to PI at the upper boundary.

In the present study, we assume that NI=NII ¼ 9, bi

¼ be ¼ 0:125, and gy ¼ �0:000063xpiVti. The half thick-

ness of the initial density shear is set as L ¼ 4di ¼ 12ri at

y¼ 0, where di and ri are the ion inertial length and the ion

thermal gyro radius, respectively. The simulation system is

taken for 0� x�3L and �6L� y�6L with Nx�Ny¼400

�1600 grid points. Thus, the grid spacing in the configura-

tion space is D¼0:0075L¼4kDi;I for both x and y directions.

The velocity space is taken for �20Vt� vx;y�20Vt for both

ions and electrons, with Nvx�Nvy¼100�100 grid points.

Thus, the grid spacing in the velocity space is Dvi;e¼0:4Vti;e.

The time step is Dt¼0:025=xpe;I. It should be noted that we

adopt a reduced ion-to-electron mass ratio mi=me¼25 for

computational efficiency.

The initial spatial profiles of N, Bz, P ¼ ðPi þ PeÞ, and

Uxi;e as functions of y are shown in Fig. 1. Here,

BzI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2l0PsI=bs

p
. The initial velocity distributions of the

ions and electrons for the Vlasov simulation are isotropic

Maxwellian with the bulk (drift) velocity Uxi;e½y� and the

thermal velocity Vti;e½y� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pi;e½y�=mN½y�

p
. Therefore, the

initial condition is not a Vlasov equilibrium.

The initial bulk velocity of the MHD fluid Ux in the pre-

vious (extended-)MHD simulations7–10 was assumed to be

zero since the MHD equilibrium can take an arbitrary bulk

velocity for density shear layers. On the other hand, the ini-

tial bulk velocity of ions and electrons in full kinetic simula-

tions is non-zero due to the g� B drift and the diamagnetic

drift. It is noted that the initial bulk velocity of ions in the

previous hybrid simulations11,12 was neglected because of

the step-like sharp gradient of the density shear layer at the

spatial grid scale.

In contrast to PIC simulations where instabilities grow

from thermal noises/fluctuations due to a finite number of par-

ticles, Vlasov simulations need a seed perturbation to initiate

instabilities as fluid simulations do. Most of the previous

(extended-)MHD simulations imposed multiple wave modes

with random phase as an initial perturbation, while we impose

a single wave mode as an initial perturbation. This is because

our interests are in physical processes rather than natural phe-

nomena. Turbulent mixing of multiple RT modes in the nonlin-

ear evolution sometimes makes it difficult to identify

secondary instabilities and their generation mechanisms. The

initial perturbation in the present study has the following form:

dUyi;e x; y½ � ¼ U0

cos kxx½ �

cosh2 y

L

� � ; (13)

with U0¼0:01BzI=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l0miNI
p

and kx¼2p=ð3LÞ (mode 1). Since

the wavelength of the primary RT mode is kRT¼3L¼12di

¼48ri at y¼0, the primary RTI is in the MHD regime.

III. SIMULATION RESULT

Figure 2 shows the spatial profiles of ion density at dif-

ferent times. The RTI develops symmetrically in a coordi-

nate axis parallel to gravity (tx0 ¼ 4 and 6 where

x0 �
ffiffiffiffiffiffiffiffiffiffi
gy=L

p
� xciI=23), and typical bubble and finger/

mushroom structures are formed as seen in the previous
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MHD simulations. A secondary instability is generated at the

right-hand side of the finger/mushroom structure at

tx0 ¼ 6:5. Other secondary instabilities are also generated at

the upper edge of the bubble at tx0 ¼ 6:9. These instabilities

develop asymmetrically in a coordinate axis parallel to grav-

ity. The secondary instability at the right-hand side develops

faster than at the left-hand side as seen at tx0 ¼ 7:2 and 7.7.

During the development of the primary RTI, “secondary

density/velocity shear layers” are formed along the edge of

the bubble and mushroom structures. The thickness of the sec-

ondary shear layers is narrower than that of the primary shear

layer, which becomes a source of smaller-scale secondary

instabilities. In order to analyze the generation mechanism of

secondary instabilities, we focus on the structure and thick-

ness of the secondary shear layers.

A. Tip of finger

Figure 3 shows the structure of the secondary shear layer

at the lower-edge (tip) of the finger/mushroom structure at

tx0 ¼ 5:8. As shown in the two-dimensional spatial profile

of the ion density in panel (a), we define the coordinate axes

n and f as the directions normal and tangential to the density

shear layer, respectively. The panels (b), (c), (d), and (e)

show the one-dimensional spatial profile in the normal (n)

direction of the density Ni;e, the magnetic field Bz, the scalar

FIG. 1. Initial spatial profiles of the

density N, the magnetic field Bz,

the scalar pressure P ¼ ðPi þ PeÞ, and

the bulk velocity Uxi;e as functions

of y.

FIG. 2. Spatial profiles of ion density

at different times.
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pressure Pi;e, and the tangential bulk velocity Ufi;e, respec-

tively. The left and right panels of (b–e) show the profiles at

the left- and right-hand side of the bottom of the finger/

mushroom structure, respectively.

At both of shear layers, the ion and electron densities in

panel (b) have almost the same profiles. The magnetic field

in panel (c) has a local minimum at both of the shear layers.

A secondary instability takes place at the local minimum of

the magnetic field at the right-hand side of the tip of the fin-

ger/mushroom structure (n¼ 0), while there is no secondary

instability at the left-hand side.

The wavelength of the secondary instability at the

right-hand side of the tip of the finger is k2nd ¼ 0:26L.

There are various candidates of the secondary instability,

such as the current-sheet kink instability (CSKI), the lower-

hybrid drift instability (LHDI), and the electron-scale

Kelvin-Helmholtz instability (EKHI). The CSKI is gener-

ated by an electric current across magnetic fields and its

typical wavelength is estimated as kCSK � 2p
ffiffiffiffiffiffiffiffi
dide

p
.21 The

LHDI is generated by a relative drift between ions and elec-

trons across magnetic fields and its typical wavelength is

estimated as kLHD � 2p
ffiffiffiffiffiffiffi
rire
p

.22 The EKHI is generated by

an electron velocity shear and its typical wavelength is esti-

mated as kEKH � 4pLUe, where LUe represents the half

thickness of an electron velocity shear layer.23

We estimate di; de; ri; and re at the secondary shear layer

from the cross-section profiles along the normal direction n
shown in Fig. 3. We also estimate LUe by fitting a

tanhðn=LUeÞ function to the electron bulk velocity. The

wavelengths of the CSKI, LHDI, and EKHI with the parame-

ters at the right-hand side of the tip of the finger/mushroom

structure are obtained as kCKS � 0:98L; kLHD � 0:21L, and

kEKH � 0:26L, respectively. The wavelengths of the second-

ary instability at the right-hand side are close to those of the

LHDI and the EKHI. However, the secondary instability is

generated at the local minimum of the magnetic field, where

the relative velocity between ions and electrons (i.e., electric

current) is zero. Hence, it is suggested that the secondary

instability at the right-hand side of the tip of the finger/mush-

room structure corresponds to the EKHI.

A previous study on the secondary instabilities in the

primary KHI14 suggested that the stability of secondary shear

layers depends on the polarity of B �X2, where X2 ¼ r
�Ui2 is the vorticity of the secondary velocity shear of ions.

The electron velocity shear (@Uf;e=@n) at the right-hand side

of the tip of the finger is about ten times stronger than that at

the left-hand side. The polarity of B �X2 is positive at the

right-hand side but is negative at the left-hand side, which is

consistent with the previous study.14

Below, we discuss the reasons for the asymmetry of the

velocity shear. We found that the velocities of both ion and

electron bulk are expressed by the sum of the E� B drift,

the diamagnetic drift, and the g� B drift, i.e.

Us ¼
E� B

jBj2
� r � Psð Þ � B

qsNsjBj2
þ msg� B

qsjBj2
; (14)

where Ps represents the pressure tensor for the species s, and

qi ¼ �qe ¼ e. It is note that the stress tensor in the electron

FIG. 3. Structure of the secondary shear layer at the lower-edge (tip) of the

finger/mushroom structure at tx0 ¼ 5:8. Two-dimensional spatial profile of

the ion density together with the definition of the coordinate axes taken in

the directions normal and tangential to the density shear layer (a). One-

dimensional spatial profile in the normal (n) direction of the density Ni;e (b),

the magnetic field Bz (c), the scalar pressure Pi;e (d), and the tangential bulk

velocity Ufi;e (e).
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pressure is very small (Pe ’ PeI where I is the unit tensor),

suggesting that the electron gyro-kinetics is negligible. It is

also noted that the contribution of the g� B drift is smaller

than the other two drifts. We also found that the electric field

is expressed by the sum of the MHD term, the Hall term, and

the pressure gradient term, i.e.

E ¼ �Ui � Bþ J � B

eN
�rPe

eN
: (15)

Note that the Ampere law (l0J ¼ r� B) is well satisfied.

As seen in panel (e) of Fig. 3, the ion bulk velocity has a

step-like (tanh type) form at MHD spatial scale with several

substructures at ion spatial scale. The MHD-scale structure

of the ion bulk velocity has the different polarity of @U=@n
from the left-hand side to the right-hand side, which consists

of the E� B drift. The ion-scale substructure of the ion bulk

velocity has (almost) a unipolar (1=cosh2 type) form with the

same polarity at both sides. The difference between the bulk

velocities of ions and electrons comes from the Hall term,

since Ue ¼ Ui � J=ðeNÞ. Since the E� B drift does not

generate any electric current, the diamagnetic current is

dominant in the total current, J ’ ðr � PÞ � B=jBj2, where

P ¼ Pi þ PeI with a symmetric Pe.

In Figure 4, we show the structure of the electric current

at the tip of the finger. Panel (a) shows the contour lines of the

magnetic field Bz at tx0 ¼ 5:8, which indicate the structures

of the electric current loops. The arrows show the direction of

the current, the dashed lines show the coordinate axis n in Fig.

3, and the cross marks show n¼ 0. Panels (b) and (c) show

the one-dimensional spatial profiles of the current density

components in the tangential direction at the left-hand side (b)

and the right-hand side (c) of the tip of the finger, respec-

tively. The total current Jf shown by the dotted lines consists

of the MHD component of the ion diamagnetic current shown

by the solid lines, i.e., Jf;i;MHD ¼ ðrPi � BÞf=jBj
2
, the non-

MHD component of the ion diamagnetic current, shown by

the circles, i.e., Jf;i;non–MHD ¼ ðr �Pi � BÞf=jBj
2

(where

Pi ¼ PiIþPi), and the electron diamagnetic current shown

by dashed lines, i.e., Jf;e ¼ ðrPe � BÞf=jBj
2
.

The total (diamagnetic) current at the left-hand side and

the right-hand side has a bipolar form with the same polarity,

turning from positive to negative. However, the amplitude of

the total current at the right-hand side is larger than that at

the left-hand side. The electron diamagnetic current has

(almost) a unipolar form with the opposite polarity to the

total current. From panels (b) and (c) of Fig. 4, it is expected

that the MHD component of the ion diamagnetic current is

dominant. It is obvious from Fig. 3 that the asymmetry of the

MHD component of the ion diamagnetic current between the

right-hand side and the left-hand side is due to the gradient

of the ion scalar pressure. We expect that the asymmetry of

the ion scalar pressure results from non-MHD terms depend-

ing on the polarity of B �X.

B. Base of finger

Figure 5 shows the structure of the secondary shear layer

at the upper-edge of the bubble (base of the finger) structure

at tx0 ¼ 6:4 with the same format as Fig. 3. At the shear

layers at both of left-hand side and right-hand side of the

base of the finger, the ion and electron densities in panel (b)

have almost the same profiles. The magnetic field in panel

(c) has a local maximum at both of the shear layers.

Secondary instabilities take place at the local maximum of

the magnetic field at both sides of the base of the finger

structure (n¼ 0).

The wavelengths of the secondary instabilities at the

left-hand side and the right-hand side of the base of the fin-

ger are k2nd ¼ 0:19L and 0:2L, respectively. In a similar way

to the Subsection III A, we estimate di; de; ri; and re of the

secondary shear layer from the cross-section profiles along

the normal direction n shown in Fig. 5. We also estimate LUe

by fitting a tanhðn=LUeÞ function to the electron bulk veloc-

ity. The wavelengths of the CSKI, LHDI, and EKHI with the

parameters at the left-hand side of the base of the finger

structure are obtained as kCKS � 0:89L; kLHD � 0:2L, and

kEKH � 0:19L, respectively. The wavelengths of the CSKI,

LHDI, and EKHI with the parameters at the right-hand side

are also obtained as kCKS � 0:88L; kLHD � 0:21L, and

FIG. 4. Contour lines of the magnetic field Bz together with the ion density

at tx0 ¼ 5:8 (a), and the corresponding one-dimensional spatial profiles of

the current density components in the tangential direction at the left-hand

side (b) and the right-hand-side (c) of the tip of the finger structure. The

arrows and dashed lines in panel (a) indicate the direction of the current and

the coordinate axis n in Fig. 3 with the cross marks being n¼ 0. The solid

lines, the circles, the dotted lines, and the dashed lines in panels (b) and (c)

represent the MHD component of the ion diamagnetic current, the non-

MHD component of the ion diamagnetic current, the total current, and the

electron diamagnetic current, respectively.
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kEKH � 0:2L, respectively. The wavelengths of the second-

ary instabilities at both sides of the base of the finger are

close to that of the LHDI and the EKHI. However, the sec-

ondary instabilities are generated at the local maximum of

the magnetic field, where the relative velocity between ions

and electrons (i.e., electric current) is zero. Hence, it is sug-

gested that the secondary instabilities at both sides of the

base of the finger structure correspond to the EKHI.

In contrast to the tip of the finger, the secondary instabil-

ities are generated at both sides of the base of the finger,

although the polarity of B �X2 is positive at the right-hand

side of the finger but is negative at the left-hand side. The

spatial profiles of the ion and electron bulk velocities at the

left-hand side and the right-hand side of the base of the fin-

ger are different from each other as seen in panel (e) of Fig.

5, while the electron shear (i.e., magnitude of @Uf=@n) at

both sides is almost same. This is why the secondary insta-

bilities are generated simultaneously at both sides.

The velocities of both ion and electron bulk are

expressed by the sum of the E� B drift, the diamagnetic

drift, and the g� B drift as at the tip of the finger. As seen in

panel (e) of Fig. 5, the ion bulk velocity at the right-hand

side of the base of the finger has a step-like (tanh type) form

at MHD spatial scale with @Uf=@n < 0. On the other hand,

the ion bulk velocity at the left-hand side has a ramp-like

form at MHD spatial scale with @Uf=@n > 0. The MHD-

scale structure of the ion bulk velocity consists of the E� B
drift with different polarity of @U=@n from the left-hand side

to the right-hand side. As described in the Subsection III A,

the difference between the bulk velocities of ions and elec-

trons comes from the (total) diamagnetic current. It is

expected from panel (c) of Fig. 5 that the diamagnetic

FIG. 5. Structure of the secondary shear layer at the upper-edge of the bub-

ble (base of the finger) structure at tx0 ¼ 6:4 with the same format as Fig. 3.

FIG. 6. Structure of the electric current at tx0 ¼ 6:4 with the same format as

Fig. 4.
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current has a bipolar form with the same polarity at both

sides of the base of the finger.

In Figure 6, we show the structure of the electric current

at tx0 ¼ 6:4 and at the base of the finger with the same

format as Fig. 4. In contrast to the tip of the finger, the struc-

tures of the total current at the left-hand side and the right-

hand side are similar to each other, with almost the same

amplitude. From panels (b) and (c) of Fig. 6, it is expected

that the electron diamagnetic current is dominant. As at the

tip of the finger, there is asymmetry between the structure of

the MHD and non-MHD component of the ion diamagnetic

current at the left-hand side and the right-hand side of the

base of the finger. However, the asymmetry of the MHD and

non-MHD component cancels each other out.

As seen in panel (a) of Fig. 6, the structure of the electric

current is generally asymmetric in the coordinate axis parallel

to gravity. Since the structure of the electric current in the tan-

gential direction is (unexpectedly) symmetric between the

onset points, the secondary instabilities at the base of the fin-

ger are generated simultaneously. However, there is asymme-

try between the development of the secondary instabilities

between the left-hand side and the right-hand side of the base

of the finger. The secondary instability at the right-hand side

of the finger develops faster than the secondary instability

at the left-hand side as shown in Fig. 2. Since the polarity of

B �X2 is negative at the left-hand side, the development

of the secondary instability is suppressed. Since the polarity

of B �X2 is positive at the right-hand side, on the other hand,

the secondary instability develops along the edge of the finger.

These results are consistent with those of the previous study

on the secondary instability of the KHI.14

IV. CONCLUSION AND DISCUSSION

A four-dimensional (two spatial dimensions and two

velocity dimensions) Vlasov simulation is performed to

study the non-MHD effects on the nonlinear processes of the

RTI. In the previous MHD simulations, secondary (Kelvin-

Helmholtz) instabilities are generated symmetrically in a

coordinate axis parallel to gravity at both sides of the finger/

mushroom structure. By contrast, secondary instabilities at

kinetic spatial scale are generated asymmetrically at the tip

and base of the finger in the present full kinetic simulation.

It is confirmed that the generation and the development

of secondary instabilities taking place at the secondary shear

layers of the RT fingers/bubbles is affected by the orientation

of the magnetic field and the vorticity of the velocity field at

the secondary shear layers (B �X2). A secondary instability

develops when B �X2 is positive but does not really develop

when B �X2 is negative, which is consistent with the previ-

ous study on the KHI.14 The secondary instability develops

at local extrema (maximum or minimum) of the magnetic

field, where the electric current is zero, but there exists a

strong electron velocity shear. It is suggested from our

analysis that the secondary instability corresponds to the

electron-scale KHI, which is described by the electron-MHD

equations.23 The present secondary instability was not seen

in the previous extended-MHD and hybrid simulations since

the temporal development of the electron bulk velocity was

not solved explicitly. Detailed linear analysis on the compe-

tition between the electron KHI and other instabilities such

as a LHDI is left as a future study.

We suggest the following scenario for the asymmetric

development of the secondary instability at the primary RTI.

The ion scalar pressure develops asymmetrically between the

left-hand side and the right-hand side of the leading edge of

the finger and bubble structures depending on the polarity of

B �X2. The asymmetric ion pressure generates an asymmetric

diamagnetic current and then an asymmetric Hall electric

field. Then, the structure of the electron bulk velocity becomes

asymmetric due to the E� B drift, which results in a strong

velocity shear at a velocity shear layer with B �X2 > 0.

Finally, we discuss the asymmetry of the scalar pressure.

The time development of the ion scalar pressure with the

stress term is described as follows in the present coordinate

system:

@Pi

@t
¼ � Ui � rð ÞPi � 2Pi r � Uið Þ � Pirð Þ � Ui �

r � Qi

2
;

(16)

where ðPirÞ represents a matrix product and Qi � ðQxxxi

þQxyyi;Qxxyi þ QyyyiÞ represents a heat flux vector. It has

been shown by our previous study24 that the stress tensor Pi

can be roughly approximated by the gyro viscosity.25 Then,

the stress term in Eq. (16) becomes zero, which suggests that

the asymmetric development of the scalar pressure is

affected by the heat flux. The detailed analysis of such higher

moments is left as a future study.
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