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Abstract. Kelvin-Helmholtz instability (KHI) is a shear flow-driven instability that
imposes important changes in the macroscopic dynamics of some magnetized plasmas
such as the solar corona, astrophysical jets, and Earth’s magnetopause. Using two-
dimensional magnetohydrodynamic (MHD) simulations, the externally driven KHI is
studied in a compressible plasma with a uniform magnetic field parallel to the direc-
tion of flow streaming. We show that the perpendicular perturbation of either plasma
velocity or magnetic field on the fluid boundary in the form of a single localized pulse
or a sinusoidal wave or a superposition of multiple sinusoidal waves with random wave-
lengths and amplitudes results in the excitation and the fast growth of KHI on the
interface layer. It is found that as the wavelength of sinusoidal perturbation is smaller
or the amplitude is larger, the KHI becomes faster. However, in the fully nonlinear
regime, the dynamics of KHI becomes independent of the type or the magnitude of
boundary perturbation. Moreover, it is shown that when the boundary is disturbed by
a single highly localized pulse of plasma velocity, the formation location of KH vortices
on the interface layer is irregular. The KHI will then develop throughout the interface
layer. The externally forced KHI is more effective in space and astrophysical plasmas
when the internal perturbations are absent or very weak on the interface layer, or the
initially weak shear flow is unable to trigger the KHI sufficiently. In these environ-
ments, the boundaries are highly likely to be disturbed continuously or intermittently
by external fluid motions.

Keywords: Kelvin-Helmholtz Instability, Externally driven, MHD Simulation, Space
plasma, Boundary perturbation

1 Introduction

The relative motion of two plasma fluids separated by a thin interface layer can be unstable
to the Kelvin—-Helmholtz instability (KHI; [1-3]). Rolling up of the interface and subsequent
vortex formation is a typical signature of the KHI. The KH dynamics then develops into a
nonlinear stage involving large-size vortices, and eventually, the turbulent motions appear
where vortices merge and monster vortices emerge. Strong gradients of plasma and magnetic
pressures and magnetic tension force define KHI’s primary and fundamental dynamics.
KHI is a well-known viable mechanism for momentum and energy exchange and transport
between two different plasma fluids. It is important for the understanding of space and
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astrophysical phenomena involving a sheared plasma flow, such as the interaction between
the solar wind and planetary magnetospheres and ionospheres [4-9] and the structure of
cometary tails [10]. KHI has also been applied in MHD models of pulsar magnetospheres
and extragalactic radio jets [11-14]. KHI has been extensively studied in the low solar
corona. For instance, ripples at the prominence surface [15], billows on the flank of coronal
mass ejecta [16-18] and traveling fluctuations at the boundaries of magnetic structures [19]
have been attributed to the KH instability.

Until now, magnetized KHI has been extensively studied analytically, numerically, exper-
imentally, and observationally by taking into account different physics, effects, and various
ranges of main parameters such as compressibility, viscosity, resistivity or with the presence
of non-uniform mass density or temperature (e.g. [20] and references therein). In previous
numerical studies, KHI was initiated by applying a small perturbation on the interface layer
separating two fluids. As the instability develops, associated oscillations propagate away
from the interface layer and change the plasma dynamics almost throughout the fluids.
On the other hand, the external boundaries of a plasma can be disturbed continuously or
intermittently (with low or high frequency) by the perpendicular perturbations of plasma
flow, pressure, or magnetic field. Consequently, the perturbations propagate in the fluids
and eventually affect the interface layer, where the KHI occurs. In particular, when the
spatial sizes are finite, the external disturbance becomes more effective. Moreover, when the
plasma is dilute (i.e., low density), the propagation of external perturbations in the form of
magnetoacoustic waves towards the interface layer is faster. Therefore, the interface layer
can be affected quickly. In addition, the effect of boundary perturbation in driving KHI
becomes important when the initial shear flow is substantially weak or the internal pertur-
bation on the interface layer is extremely poor to excite the KHI. This type of KHI being
driven externally (forced KHI), has not already been discussed in the relevant literature.
Therefore, it is interesting to study this problem here.

Considering externally driven instabilities, several works have studied the issue of forced
magnetic reconnection, known as the “Taylor problem” which its onset is due to the bound-
ary disturbance of a highly conductive plasma embedded in a magnetic field that changes
its direction in a narrow region [21-23]. The external perturbations propagate towards the
current sheet. As a result, magnetic field lines cut and reconnect to each other continu-
ously within a current sheet due to the presence of some non-ideal MHD effects such as
the plasma resistivity, electron inertia, or electron pressure gradient. On the other hand,
the phenomenon of magnetic reconnection can be initiated within the current sheet by ap-
plying an appropriate perturbation on the magnetic field or plasma resistivity within the
current sheet. This type of magnetic reconnection is known as the “spontaneous magnetic
reconnection”.

In this study, similar to the “Taylor problem” in the forced magnetic reconnection [21],
we investigate the onset and growth of KHI on the interface layer with a shear flow due to
perturbations of the plasma velocity on either the up or down boundary. Boundary pertur-
bation assumed in our study is a sinusoidal wave with a specified wavelength and amplitude
or a superposition of multi-waves with random wavelengths and amplitudes. Moreover,
the boundary perturbation can be in the form of a single localized pulse. The consequent
dynamics of KHI will be discussed by considering each of these three types of boundary
perturbation. To do so, the rest of the paper is structured as follows: in the next section,
the simulation setup and initial model are presented. The results are given in Section 3,
followed by a summary and conclusion in Section 4.



Externally Driven Kelvin-Helmholtz Waves in a Space Magnetized Plasma 113

2 Simulation Setup

Two-dimensional MHD simulations use the PLUTO code, a publicly available numerical code
for astrophysical plasma simulations developed at the University of Turin [24]. PLUTO
solves conservative partial differential MHD equations, equation (1). It is an Eulerian,
finite volume, shock-capturing code based on high-order Godunov methods providing several
integration algorithms, Riemann solvers, time-stepping methods, and interpolation schemes.
The set of single-fluid ideal MHD equations in the conservative form to be solved numerically
is

dp
- (pV) =0
5 T V-(PV) =0,
0 B?
! OB (1)
— E=0
o + V x ,
oF V2
Tt V(= 4 pe+ P)V +E x B] =0,
ot 2
where the Ohm’s law defines the electric field, E = —V x B with the electric current

density J = V x B. Here, the permeability constant is set to one, iy = 1. For the sake of
simplicity, we ignore the effect of plasma resistivity by setting n = 0. Actually, including the
resistivity term in the generalized Ohm’s law, mainly affects on the evolution of magnetic
field, and its effect on the dynamics of KHI is less significant, in particular, in small values
of resistivity, which is the relevant case in space and astrophysical plasmas. Furthermore,
FE; = pe+ ‘;‘—: + %2 is the total energy density with e, p, m and B being the internal energy
density, mass density, momentum density, m = pV, and magnetic field respectively. Finally,
V and I are the bulk velocity of plasma and the unitary tensor. An ideal equation of state
provides the closure for MHD equations in the form pe = P/(I' — 1), where P and IT" are
thermal pressure and the constant ratio of specific heats. The divergence-zero constraint for
the magnetic field, V.B = 0., is being checked by the code at every time-step of integration
of equations.

To set up the initial conditions for the growth of KHI, the mass density is given as
p(y) = (p1+ p2)/2 4 ((p2 — p1)/2) tanh(y/A) with a narrow half width A =0.01, p; = 1.0
and po = 0.5. Meanwhile, as an essential condition, the plasma velocity hyperbolic tangent
profile is defined by V(y) = Vp tanh(y/A)& with Vi = 0.4. To trigger the KHI, we perturb
the up or down boundary in three different ways: (1): perturbation of plasma velocity on
the boundary as V,(z,y) = €Vp sin(kz)exp(—(y — xp)?/A?) with the up/down boundary
position xp = +L, and k = 27/A. We perturb only one of the boundaries. Here, eVp
defines the amplitude of external perturbation. We set ¢ = 0.05,0.15,0.3,0.5 and A\ =
0.040,0.0625,0.125,0.250, 0.450 for different numerical runs. (2): perturbation of plasma
velocity on the boundary in the form V,(x,y) = >[4, sin(kn,z) + By, cos(knx)]exp(—(y —
x)?/A?%) which is the linear superposition of multiple (n = 1 : 10) sinusoidal waves with
random amplitudes and wavelengths specified below. (3): perturbation of plasma velocity
on the boundary in the form V,(z,y) = eVpexp(—(z — L,/2)?/A%) exp(—(y — xp)?/A?),
which is a velocity perturbation with a single pulse localized at @ = L, /2 and y = x} with

zp = —L, (down boundary). We emphasize that, any initial perturbation is imposed only
on the boundary of plasma, not the interface layer.
The square simulation box size in the  —y plane is « = [0, L,]| and y = [—L,, L], with

dimensionless L, = 2L, = 1.0. Therefore, the interface layer between two fluids is set at
y = 0 line parallel to the = axis. The number of grid points is N, = N, = 800, so the spatial
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grid sizes are Az = Ay = 0.00125. In addition, the CFL condition determines the time
step at every integration cycle. Considering the assumption that A << L, the density and
velocity profiles are approximately step functions. This means that for y < 0 the velocity is
V(y < 0) = —0.4%x and p(y < 0) ~ 1.0, while for y > 0 the velocity is V(y > 0) =~ +0.4%x and
p(y > 0) = 0.5. Moreover, a uniform magnetic field parallel to the streaming flow is initially
imposed in the form B = Byx with By = 0.002. We applied open (outflow) boundary
conditions on all boundaries in the x and y directions.

3 SIMULATION RESULTS and DISCUSSION

Considering the initial profiles, parameters, and simulation setup, we now run the 2D MHD
PLUTO code to study the externally driven KHI in a magnetized compressible plasma. The
main purpose is the study of KHI which is driven by the external perturbation applied on
the boundary. Indeed, our simulations can be extended to the case where both up and down
boundaries, parallel to the interface layer, are simultaneously perturbed symmetrically or
asymmetrically in terms of the perturbation amplitude. However, the general results will
be similar. Our results are presented in three subsections according to the type of external
perturbation described in Section 2; Forced KHI with a single-wavelength wave (Section
3.1); Forced KHI with a multiple-wavelength wave (Section 3.2); Forced KHI with a single
pulse (Section 3.3).

3.1 Forced KHI driven by a single-wavelength wave

First, we perturb perpendicularly the up boundary (y = +L,) with a sinusoidal wave in
the form V ey = V, (2,9)] = €Vg sin(kx)exp(—(y — L,)?/A?)j where k = 27/)\. Here, we
run five simulations with A = 0.040, 0.0625, 0.125, 0.250, 0.450, and ¢ = V5 = 0.4. The
corresponding wavenumbers are k = 157.0, 100.48, 50.24, 25.12, 13.96 respectively. Never-
theless, if the initial perturbation is tangential to the boundary in such a way that there is
only a parallel component of velocity, i.e., Vperte 7# 0, Vpert,y = 0, then the V}, component
will also be generated according to the momentum equation of equation (1). However, con-
sidering only the perpendicular perturbation is more convenient in our simulations. Figure
1 plots the spatiotemporal variation of the z-component of flow vorticity, w, = (V x V),
normalized to V;/Ay, in the z — y plane for A\ = 0.125L, = 0.125. The initial perturbation
in the vorticity imposed on the up boundary is seen in Figure 1(a). The initial velocity
perturbation excites magnetoacoustic MHD waves that propagate in the fluid with a local
velocity which is determined by both the sound and Alfvén speeds. MHD waves perturb the
velocity, density, and pressure of the compressible plasma and the magnetic field everywhere
as the wave reaches there. For example, Figure 2 shows the propagation of the perturbed
plasma density in the x — y plane.

As the MHD waves arrive at the interface layer, influence the initially stable shear flow
with associated perturbations. Note that, when the wave arrives at the interface layer, the
amplitude of velocity perturbation is relatively smaller compared with its magnitude on the
boundary. For example, in this case, V,(t = ¢,y = 0)/eVp = 0.03/0.16 ~ 0.19. Here, t; is
the time when the wavefront reaches the interface layer. As a result, even with such a weak
local perturbation, the KHI is triggered on the interface layer. Figs. 1(b-d) show how a
KHI develops fast from a linear regime into a fully nonlinear one, where the vortices grow
adequately and merge to produce larger ones. This well-known nonlinear stage of KHI is
similar to those results published previously where the initial perturbation is applied on the
interface layer. Therefore, the subsequent late-time nonlinear regime of KHI is independent
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Figure 1: The z— component of flow vorticity on the z — y plane at different times (color online).

of the initial perturbation type and position. So far, it can be concluded that an external
perturbation imposed on a boundary of plasma in the form of a sinusoidal wave with a finite
wavelength is capable enough to trigger the KHI on the interface layer between two fluids
with a shear flow, and it is not necessary to apply an initial perturbation on the interface
layer to excite the KHI. Similarly, Figure 3 shows the spatiotemporal variation of magnetic
flux contours, 1, defined by B = V x (¢z) for A = 0.125. As the KHI develops, initially
uniform and straight magnetic field lines are perturbed and rolled up by flow vortices due
to the frozen-in-flow condition in a highly conductive plasma, which leads to strong spatial
gradients on the boundaries of vortices. The amplification of the magnetic field via the
dynamo process occurs mainly on the boundaries of vortices during KHI. To clarify the effect
of perturbation wavelength on the KHI, Figure 4 depicts the z—component of flow vorticity
for four values of wavelength A\ = 0.040, 0.125, 0.250, 0.450 at the same time ¢ = 0.004 and
amplitude. According to Figure 4, the growth of vortex structures during KHI becomes
faster as the perturbation wavelength increases, or equivalently, the wavenumber decreases.
Therefore, a perturbation with a larger wavelength is more favorable for driving the KHI.
Regarding the effect of perturbation wavelength on the magnetic energy of KHI, Figure 5
shows the time variation of the logarithm of perturbed magnetic energy normalized to the

initial magnetic energy, & = Log({) with ¢ = [Eﬁ,fg? — E,(,%g] / E',(,?()lg, for five different values
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Figure 2: Time variation of the perturbed plasma density at different times (color online).

of perturbation wavelength, A\. As mentioned above, the initial magnetic field for all cases is
parallel to the initial flow stream with the magnitude By = 0.002. As seen, the growth rate
of magnetic energy decreases as the wavelength increases. For example at ¢ ~ 0.0015, (A =
0.062)/¢(A = 0.250) = exp(E(A = 0.062))/exp(¢(E = 0.250)) = exp(—1.2)/exp(—4.2) ~ 20.
However, at later times, in the fully nonlinear regime of KHI, magnetic energy is saturated,
and reaches a value almost independent of the wavelength magnitude. It seems that the effect
of wavelength magnitude on the magnetic energy evolution and the dynamics of vortices are
quite different, at least at early times of KHI.

The last point we discuss in this subsection concerns the effect of perturbation amplitude,
€Vp, on the KHI. Figure 6 presents the time variation of the logarithm of perturbed magnetic
energy normalized to the initial magnetic energy, = that is defined above. As expected, the
perturbed magnetic energy increases by increasing the amplitude of the perturbation wave.
The growth rate of magnetic energy is larger at very early times when the KHI is in the
linear stage. However, at later times, it becomes saturated, and therefore, independent of
the perturbation amplitude. Moreover, a similar effect is found for the dynamics of vortices.
That is, for larger amplitudes, vortices are formed considerably fast.
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Figure 3: Contours of magnetic flux function, v, at different times.

3.2 Forced KHI driven by a multiple-wavelength wave

It is more realistic to consider a complex disturbance of plasma boundaries perturbed si-
multaneously with multiple modes rather than a single-wavelength wave. Therefore, in this
subsection, the upper boundary (y = +L,) is disturbed with a perturbation of perpendicular
velocity in the form V,(z,y) = 2;0:1 (A, sin(knz)+ By, cos(knz)]lexp(—(y—Ly)?/A?%), which
is the linear superposition of ten sinusoidal waves with random amplitudes and wavelengths
as

A, =1[0.1,0.08,0.07,0.06, 0.05, 0.055, 0.066, 0.073, 0.075, 0.081],

B,, =[0.03,0.04,0.05,0.055, 0.06,0.051, 0.042,0.038,0.032, 0.02],

kn = [139.6,103.0,50.24, 41.59, 29.90, 25.12,20.29, 17.44, 14.95, 12.82].
We note that the values of A, and B, are small in comparison to the amplitudes eVy
considered in the case of single-wavelength wave (Section 3.1). In other words, all modes

that are supposed to disturb the boundary are considerably weak. Similar to the single-
wavelength mode, here the KHI is also triggered and develops.
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Figure 4: The z— component of flow vorticity on the z — y plane at ¢ = 0.004 for four values of
wavelength, A = 0.040, 0.125, 0.250, 0.450 (color online).

To compare the results with those in the previous subsection, Figure 7 plots the time
variation of Z for four cases; one of them is the case of multiple-wave perturbation, and the
other three are the cases of single-wavelength wave with different wavelengths and amplitudes
as specified in Figure 7. In terms of the magnetic energy amplification, obviously, the effect of
multiple-wave perturbation is approximately similar to the case of single-wave perturbation
with a strong amplitude ¢ = 0.5. However, there is a significant difference with the other
two cases of smaller amplitude € = 0.3. Generally speaking, as far as the temporal evolution
of perturbed magnetic energy is concerned, the effect of multiple waves with relatively small
amplitudes is similar to the effect of a single wavelength wave with a large amplitude. With
these set of values for A,, and B,,, the growth of KH vortices is, respectively, slower and faster
compared to the cases of a single-wavelength mode with the amplitude of eV = 0.5 x 0.4 =
0.2 and €V = 0.15 x 0.4 = 0.06. Applying multiple waves each of them has an amplitude
comparable to or greater than the values assumed in the previous subsection, definitely will
result in a drastic and fast forced KHI.



Externally Driven Kelvin-Helmholtz Waves in a Space Magnetized Plasma 119

_E(O) )IE(O) )
mag mag’ mag

(tot)

Log((E

. . . \ |
0 0.5 1 15 2 25 3 3.5 4 4.5 5
time %1073

Figure 5: Time variation of the logarithm of perturbed magnetic energy normalized to the initial
magnetic energy, Z, for five different values of perturbation wavelength (color online).
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Figure 6: Time variation of the logarithm of perturbed magnetic energy normalized to the initial
magnetic energy, =, for four different values of perturbation amplitude (color online).

3.3 Forced KHI driven by a single pulse

The third scenario in our study of forced KHI is disturbance of the lower boundary (x =
—L,) with a single velocity pulse as

Vy(z,y) = Vg exp(—(z — Ly /2)?/A®) exp(—(y + Ly)?/A?),

with a small amplitude eV = 0.04. The pulse is spatially localized at ©+ = L,/2 and
y = —L, /2 with a half-width of A = 0.01 in each direction. The main question to answer is
whether a weak velocity pulse that is highly localized on the boundary can drive the KHI
throughout the interface layer with a shear flow.

Figure 8 displays the temporal evolution of the perturbed plasma pressure. As the
corresponding perturbation propagates radially away from the initial position in the x — y
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Figure 7: Temporal variation of Z for four cases; a multiple-wavelength case and three single-
wavelength ones.

plane, its left side (z < 0.5) is convected to the left boundary accompanied by the plasma
flow and outflows from the left boundary which is set to be open. As the pulse arrives at the
interface layer, a fraction of the pulse is reflected and a larger fraction transits into the upper
fluid. At the late times of simulation (see Figure 8(e)) irregular perturbations attributed
to the KHI are excited on the interface layer that grows in amplitude, with a wavelength
A ~ 0.143, Figure 8(f). The excitation and subsequent growth of KHI can be seen clearly in
the corresponding images of flow vorticity in Figure 9. It can be inferred that even a weak
single velocity pulse deeply localized on a boundary can lead to the formation of KHI. The
last but not the least point to mention is that, the results of numerical runs with a magnetic
pulse in the form

By(z,y) = eyBo exp(—(x — Lo /2)?/A%) exp(=(y + Ly)*/A?),

shows that, the KHI can be again triggered. Since the results are similar to the case of
velocity pulse, we do not report the corresponding graphs here. In fact, in a collisionless
(zero-resistivity) plasma due to the coupling between the plasma velocity and the magnetic
field, the excitation of each of these leads to the similar excitation of the other one.

4 Summary and Conclusion

Two-dimensional MHD numerical simulations are carried out to study the externally driven
KHI in a compressible magnetized plasma with a shear flow on the interface layer. The initial
magnetic field is parallel to the streaming flows and the fluids are assumed highly conductive
plasmas with zero resistivity. To trigger the KHI on the interface layer, we disturbed the up
or down boundary with a component of plasma velocity that is perpendicular to the stream-
ing flows. It is worthy of note that, any sufficient and appropriate perturbation of plasma
velocity, density, pressure, or the magnetic field results in the excitation of MHD waves that
propagate away from the boundary towards the interface layer. Even a disturbance of a
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Figure 8: The perturbed plasma pressure on the x — y plane at six different times (color online).

boundary with an appropriate parallel component of velocity, i.e., tangential perturbation,
can lead to the excitation of KHI. As the wave perturbations arrive at the initially stable
shear flow, the noises will grow in time. Eventually, the interface layer becomes unstable
to the KHI and the associated vortices are gradually formed. As the structures of vortices
develop, the instability transits into a nonlinear regime and then into a turbulent phase
where secondary giant vortices appear by merging with large vortices.

In our simulations, the boundary disturbance has been carried out in three ways: First,
we disturbed the upper boundary with the perturbation of the perpendicular component of
plasma velocity in the form of a sinusoidal wave with a specified amplitude and wavelength.
Note that, the boundary perturbations in all three types take place only one time, initially at
t = 0. The results showed that a sinusoidal perturbation of velocity with a finite wavelength
can trigger the KHI on the boundary. The formation of KH vortices is faster for a wave
with a larger wavelength. However, the amplification of magnetic energy is stronger when
the wavelength is smaller. Nevertheless, the temporal evolution of both the KH vortices
and the magnetic energy appears to be saturated eventually, and therefore independent of
the wavelength magnitude in the late times, when the instability is in the fully nonlinear
regime. In addition, a strong perturbation with a larger amplitude results in a faster KHI
(i-e., high growth rate).

As a second scenario of external disturbance which is more realistic, we perturbed the
upper boundary with a complex mode which is the linear superposition of multiple sinu-
soidal waves with random amplitudes and wavelengths that are applied on the boundary
simultaneously. We considered small amplitudes and very short wavelengths. We found that
the initial formation of KH vortices on the interface layer is relatively irregular regarding
their appearance location and topology. This is due to the initial profile of the perturba-
tion wave which is the superposition of ten sinusoidal waves with different amplitudes and



122 Mahboub Hosseinpour

Vorticity , t = 0.004 Vorticity , t = 0.0045

0.1 0 01 0
0.02
0.08 56 0.08
0.06 0.06 0:.04
-0.04
0.04 0.04 0.06
0.06 0.08
0.02 0.02
0.1
-0.12
-0.02 201 -0.02
0.14
-0.04 1 -0.04
0.12 -0.16
0.06 0.06
014 0.18
-0.08 -0.08 o
01 . 0.16 01 .
0 02 04 06 08 1 0 02 04 06 08 1
X X
(a) (b)
i Vorticity , t = 0.005 i Vorticity , t = 0.0055
0.05
0.08 0.08
o 0
0.06 0.06
0.05 0.05
0.04 0.04
-0.1
0.02 04 0.02 Q A
-~ £ -0.15
e % A — ) > 0 ) A A
0.15 L\/ 02
0.02 0.02 D
-0.25
0.04 1 702 0.04
-0.3
0.06 [ 0.06 m
0.08 0.08
0.3 0.4
0.1 : 0.1 : :
0 02 0.4 06 08 1 0 02 04 06 08 4
X X

(©) (d)

Figure 9: The z-component of flow vorticity on the z —y plane at four different times (color online).

wavelengths. The effect of this type of perturbation on the KHI is comparable to the effect
of a single sinusoidal wave with a larger amplitude.

The last way of disturbance was to apply a single velocity pulse being highly localized on
a narrow region on the boundary. The pulse is localized in the middle of the z— direction
(parallel to the interface layer) in the vicinity of the down boundary in order to affect
symmetrically both the left and right sides of the interface layer. As the pulse propagates
radially in the fluid, it is also pushed towards the left boundary due to the flow stream from
the right to the left below the interface layer. As a result, some part of the pulse leaves the
fluid through the open boundary, and therefore, the symmetry of the propagating pulse is
broken. As the pulse arrives at the interface layer where the density is different above and
below, then a fraction of the pulse is reflected and another fraction transits into the other
fluid. Eventually, perturbations affect irregularly the interface layer with a shear flow, and
irregular KH vortices are formed there. This means that even a weak velocity pulse imposed
on the boundary can bring drastic effects to the structure of the initially stable interface
layer by driving KHI. We also found that a localized pulse of magnetic field imposed on
the boundary leads to similar dynamics of KHI that were observed in the case of a velocity
pulse.

Three final points to mention: first, we emphasize that, in the absence of any external
perturbation, there will be no sign of KHI on the interface layer which is initially free of
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internal perturbations. Under these conditions, the KHI was not observed even at very long
times of simulation.

Second, the externally driven KHI is important when the interface layer with a shear
flow is free of any internal perturbation or the internal perturbation is very weak to trigger
the KHI, particularly, when the shear flow is weak. In the space and astrophysical plasmas,
the length of the possible interface layer is large. Therefore, it is highly likely that the
external boundaries of plasmas are easily disturbed by a single pulse or a wave of plasma
velocity or magnetic field perturbation. Since the space plasmas are relatively less dense, the
propagation velocity of MHD waves is relatively larger. This means that any perturbation
on the external boundary can reach the interface layer very quickly.

Third: our study is the extension of the idea presented by the “Taylor problem” of the
forced magnetic reconnection (Hahm and Kulsrud, 1985) to the KHI. According to this
theory, the onset of magnetic field line reconnection within the current layer is due to the
boundary disturbance of a highly conductive plasma embedded in a magnetic field that
changes its direction in a narrow non-ideal MHD region, called the current sheet. It was
interesting to extend this general idea to the KHI and to study whether the KHI can be
triggered by a perturbation imposed on the boundary. The main and general conclusion is
that the external disturbances imposed on the boundaries as the perturbations of velocity,
density, pressure, or magnetic field can trigger the KHI on the interface layer. However,
the exact and detailed dynamics such as the topology of KH vortices, the growth rate of
instability and energies depend on the way of disturbance and its associated parameters.
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