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Abstract. The nonlinear behaviour of the Kelvin-Helmholtz
instability is investigated with a two-fluid simulation code
in both sub-magnetosonic and super-magnetosonic regimes
in a two-dimensional configuration chosen so as to repre-
sent typical conditions observed at the Earth’s magnetopause
flanks. It is shown that in super-magnetosonic regimes the
plasma density inside the vortices produced by the develop-
ment of the Kelvin-Helmholtz instability is approximately
uniform, making the plasma inside the vortices effectively
stable against the onset of secondary instabilities. However,
the relative motion of the vortices relative to the plasma flow
can cause the formation of shock structures. It is shown
that in the region where the shocks are attached to the vor-
tex boundaries the plasma conditions change rapidly and de-
velop large gradients that allow for the onset of secondary
instabilities not observed in sub-magnetosonic regimes.

Keywords. Magnetospheric physics (Solar wind-
magnetosphere interactions)

1 Introduction

The solar wind and the Earth’s magnetosphere interact
through a range of different physical processes in different
regions around the magnetopause. The effect of these pro-
cesses and the competition between them depend on the spe-
cific plasma conditions and understanding them is a funda-
mental problem of magnetospheric physics. In particular the
interplanetary magnetic field (IMF) and its orientation with
respect to the geomagnetic field (GMF) play a very impor-
tant role. When the IMF orientation is nearly southwards
magnetic reconnection is expected to be the main mecha-
nism through which plasma and energy from the magnetized
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solar wind enter the magnetosphere. This mechanism acts
mainly at locations where the IMF is antiparallel to the direc-
tion of the GMF, i.e. at low Earth latitudes. The occurrence
of magnetic reconnection and its related plasma and energy
transport have been observed by probes and discussed in the
literature, (see, e.g.,Phan et al., 2000; Nishida et al., 1996).

On the contrary, the reconnection process is strongly re-
duced when the IMF is parallel to the GMF. In this case we
would not expect a large transport of plasma and energy or,
in general, a strong interaction between the solar wind and
the magnetosphere. However, during the period in which the
IMF points northwards, a strong mixing layer is observed
(Lennartsson and Shelley, 1986; Mitchell et al., 1987; Fuji-
moto et al., 1998) at low latitudes. In order to account for this
observed exchange of mass and energy it was proposed (Bel-
mont and Chanteur, 1989; Otto and Fairfield, 2000; Naka-
mura and Fujimoto, 2005) that the velocity shear between
the magnetosphere and the magnetosheath leads to the on-
set of the Kelvin-Helmholtz (KH) instability. As discussed
in Miura (1984, 1987), the nonlinear development of the KH
instability can generate an anomalous viscosity through the
formation of vortex structures at the magnetopause flanks.
This analysis provides a reformulation of one of the early
models (Axford and Hines, 1961) in which the solar wind
momentum can enter the magnetosphere through diffusive
viscous processes. Evidence of the KH instability at the low
latitude magnetopause flanks has been reported in several
articles (Hasegawa et al., 2004; Fairfield et al., 2000). Un-
like reconnection, this process takes place independently of
whether the solar wind magnetic field is parallel or antipar-
allel to the field in the magnetosphere, but only if its com-
ponent parallel to the flow is sufficiently small in order that
magnetic tension does not suppress the KH instability. In ad-
dition the onset of this instability and its development depend
on the plasma conditions such as its density and velocity
shear, thus involving a large variety of regimes and configu-
rations, several aspects of which are not yet fully understood.
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A detailed analysis (Fairfield et al., 2000) of Geotail data on
an event on 24 March 1995 when the interplanetary mag-
netic field was pointing northwards showed clear evidence
of signatures of KH vortices. Moreover, by simulating this
event in the framework of a 2-D MHD plasma description,
this study showed that the KH instability can twist the field
lines of the magnetic field leading to the onset of magnetic
reconnection inside the vortices (Otto and Fairfield, 2000).
In these simulations the authors considered an initial config-
uration where the magnetic field is in the same direction in
the magnetosheath and in the magnetosphere regions, thus
excluding the occurrence of reconnection in the plasma ini-
tial configuration. They concluded that the KH instability
allows not only for the entry of energy and momentum into
the magnetosphere at the equatorial flanks, but also for the
entry of mass from the magnetosheath plasma.

Later Nykyri and Otto(2001) quantified the effect of the
reconnection process inside the KH vortices by means of 2-D
MHD simulations showing that reconnection can be an im-
portant mechanism that brings plasma from the solar wind
into the magnetosphere. Moreover, they showed that the
onset of secondary reconnection instabilities can disrupt the
vortex structure and change the large scale evolution of the
configuration significantly. In the low latitude magnetopause
context, the Rayleigh Taylor (RT) instability (Matsumoto and
Hoshino, 2004; Faganello et al., 2008a) is another important
secondary instability that can develop inside the KH vortices.
This instability is driven by the alternating density layers
consisting of solar wind and of magnetosphere plasma re-
spectively which are rolled up in the KH vortex arms. If the
initial density difference is large enough, the vortex centrifu-
gal acceleration, acting as an “effective gravity”, makes the
vortex arms RT unstable. During the nonlinear evolution of
the vortices, secondary fluid instabilities (RT but also KH)
compete with the vortex pairing which is expected to occur
in a KH vortex chain system (Faganello et al., 2008a). The
onset of the RT instability can interrupt the vortex pairing
process and can eventually lead to the generation of a turbu-
lent mixing layer. Furthermore, magnetic reconnection can
occur inside and between the vortices and change the global
magnetic topology as well as the large scale vortex evolution
in the region between the solar wind and the magnetosphere
(Nakamura and Fujimoto, 2005; Faganello et al., 2008b,c;
Liu and Hu, 1988). Recently, it has been shown that the
competition between vortex pairing and secondary KH and
RT instabilities and magnetic reconnection in typical mag-
netospheric conditions leads to the formation of large scale
vortex structures filled by magnetic islands. These islands
are generated by a RT induced reconnection process (Ten-
erani et al., 2010) with a typical width of the order of the ion
skin depth.

Most of these investigations have considered a sub-
magnetosonic flow in the magnetosheath region, thus a pri-
ori excluding the possibility of generating shock structures
induced by the presence of vortices in the flow. Indeed, the

physical properties of the solar wind change when crossing
the Earth’s bow shock and moving tailward inside the magne-
tosheath. In fact, crossing the bow shock, the supersonic and
super-Alfv́enic solar wind velocity, referred to the Earth ob-
stacle, is reduced and, according to the Rankine-Hugoniot re-
lationships, the plasma density and temperature increase thus
leading to subsonic velocities. However, at larger distances,
the shocked solar wind regains a large fraction of its initial
speed as it flows past the magnetosphere and, at the same
time, the plasma temperature progressively decreases mak-
ing the solar plasma supersonic, as explained inSpreiter et
al. (1966) by means of a gasdynamical model. In this model
the solar wind becomes supersonic in the magnetosheath, but
its flow velocity is always smaller than that of the flow out-
side the magnetosheath. By including the presence of a mag-
netic field in a configuration in which the interplanetary mag-
netic field is parallel to geomagnetic field lines (a condition in
which reconnection is weak) inChen et al.(1993) magnetic
tension was shown to play an important role in accelerating
the plasma in the magnetosheath. In this article, which was
supported by observational data, the authors showed that the
plasma velocity in the magnetosheath can be larger than the
solar wind velocity outside the magnetosheath. These results
indicate that super-magnetosonic regimes should play an im-
portant role in the development of the KH instability under
magnetopause and magnetotail conditions.

The most important feature concerning the transition to-
wards magnetosonic Mach numbers of the order of (or larger
than) unity, is the role of the vortices that act as obstacles
and can lead to the formation of shock structures. These
structures can extend far from the transition region between
the magnetosphere and the magnetosheath, similar to what
found in the ideal MHD limit (Miura, 1982, 1990, 1992) and
in the purely hydrodynamic limit (Kobayashi et al., 2008).
Furthermore, during the shock formation, strong rarefaction
and compressional effects occur in the transition region and
modify the non linear processes (pairing, onset of secondary
instabilities) observed in the low magnetosonic Mach num-
ber regime. In a supersonic regime the free energy stored in
the equilibrium configuration is available both for the sec-
ondary phenomena that act during the nonlinear evolution of
KH instability as well as for the formation of shocks induced
by the presence of vortices.

In a recent article (Palermo et al., 2011) we have shown
that the development of shocks in correspondence of vor-
tices is associated to vortex rarefaction effects that tend to
stabilize the inner vortex region against secondary instabil-
ities. However, on longer times, secondary instabilities can
develop along the outer vortex boundary. Due to computa-
tional reasons and to the fact that we focused on the prob-
lem of shock formation, the long time development was not
considered inPalermo et al.(2011). In the present article,
we address the study of the long time evolution where, af-
ter the shock formation, secondary instabilities develop in an
initial supersonic regime. In particular, we show that these
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instabilities form at special locations near the vortex bound-
aries downstream from the shocks. Then, we discuss the
mechanisms that can be responsible for the onset of these
instabilities. We stress that secondary instabilities have been
previously studied only in the sub-magnetosonic regime.

In the following we fix the initial magnetic field angle with
respect to the plane of the flow velocity and vary the inten-
sity of the sheared velocity field and the density profile in
order to study the nonlinear evolution of the KH instabil-
ity in super-magnetosonic regimes with typical Mach num-
bers of order one or larger. Here the magnetic field is in
the same direction in the magnetosphere and in the magne-
tosheath but anti-parallel magnetic layers in the flow veloc-
ity plane are generated by the KH vortex motion. We stress
that the supersonic and/or super-magnetosonic regimes are in
general defined with respect to the solar wind velocity, while
here we are mostly interested in supersonic and/or super-
magnetosonic Mach numbers calculated by considering the
velocity difference between the KH vortices and the large
scale flow (Miura, 1990, 1992).

The present article is organized as follows. In Sect.2 we
briefly recall the set of equations that are integrated in our
simulations and the numerical method adopted. In Sect.3,
after recalling the main results discussed inPalermo et al.
(2011), we present the results of the new simulation runs em-
phasizing that, although the vortex configuration is globally
more stable than in a sub-magnetosonic regime, the physi-
cal plasma conditions vary very rapidly in the region at the
vortex border near the shock leading to the development of a
local secondary instabilities.

We begin by describing the KH instability in a super-
magnetosonic regime with large values of the velocity and
density jumps between the magnetosphere and the magne-
tosheath. However, in this case we do not observe the “stan-
dard” development of the KH instability into fully fledged
secondary vortex structures, and the secondary instabilities
are limited to the region around the external boundary of the
vortex. Then, we decrease the velocity and density jumps
which tends to stabilize the vortex structure by reducing the
growth of the instabilities observed at the outer boundaries.
Nevertheless, at later time secondary instabilities do develop
driven by the pairing process that stretch and compress the
fluid thus locally creating the conditions for the secondary
instabilities to develop. Finally, we reduce the velocity jump
further and keep now an uniform density and temperature
distribution. This allows us to investigate the competition
between the vortex pairing, the onset of secondary KH and
reconnection instabilities and the generation of shocks under
conditions that extend those investigated inFaganello et al.
(2008c).

2 Numerical method

Following the approach adopted in our previous investiga-
tion (seePalermo et al., 2011) of the nonlinear development
of the KH instability in super-magnetosonic regimes we use a
two-fluid description of the plasma dynamics (seeFaganello
et al., 2009, for details). The equations for the electron and
ion fluids (indicated by the subscripts “e”, “i”, respectively)
are set in dimensionless form with time normalized to the in-
verse of the ion gyrofrequency, space to the ion inertial scale
lengthdi = c/ωpi (with ωi , the ion plasma frequency andc
the speed of light), and consequently velocities to the Alfvén
velocity cA

∂n

∂t
+∇ ·(nU) = 0, (1)

∂(nU)

∂t
+∇ ·

[
n(uiui +d2

eueue)+P ¯̄I −BB
]
= 0, (2)

whereU = ui +d2
eue is the fluid velocity,P = Pi +Pe the

pressure andn = ni ≈ ne the density (quasi-neutrality is as-
sumed). We adopt an adiabatic closure equation

∂(nSe,i)

∂t
+∇ ·(nSe,iue,i) = 0, (3)

whereSe,i = Pe,in
−γ andγ = 5/3. The dimensionless sound

velocity is defined ascs= (γP/n)1/2. The electric fieldE is
calculated by means of a generalized Ohm’s law (Valentini
et al., 2007) that includes electron inertia effects

(1−d2
e∇

2)E = −ue×B −
1

n
∇Pe (4)

+d2
e

{
−ui ×B +

1

n
∇ ·[n(uiui −ueue)]

}
,

and the magnetic field is calculated by solving Faraday’s
equation

∂B/∂t = −∇ ×E . (5)

We consider a 2-D,Lx ×Ly, spatial domain with 3-D ve-
locity and electromagnetic fields. The initial equilibrium
configuration is taken to be inhomogeneous along the x-
direction. Periodic boundary conditions are imposed along
the y-direction corresponding to the solar wind direction.
We take open boundary conditions in the inhomogeneous x-
direction based on the MHD characteristic decomposition.
In this way, all the perturbations generated in the central re-
gion of the simulation box where the KH vortices develop
leave the numerical domain without reflection. The idea is
that, except for the zone where the KH vortices develop and
where a separate electron and ion dynamics is possible, far
from the central region the plasma dynamics remains “slow”
so that the MHD approximation holds and MHD boundary
conditions can be used. These transparent conditions are ob-
tained from the ideal MHD set of hyperbolic equations for
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Table 1. The values of the quantities for the different simulation
cases.

1n 1Ti 1Te T0,i T0,e θ

CaseV0 = 6 0.9 2.4 0.4 0.6 0.4 0.02
CaseV0 = 4.6 0.7 0.6 0.4 0.6 0.4 0.02
CaseV0 = 2 0 0 0 0.5 0.5 0.05

which it is possible to define projected characteristic along
the x-direction. For a detailed derivation of these boundary
conditions seeFaganello et al.(2009).

Numerical stability is achieved by means of filters, a spec-
tral filter along the periodic y-direction and a sixth-order
spectral-like filtering scheme along the inhomogeneous x-
direction (Lele, 1992). In the simulations the left side of the
computational box,x < 0, is taken to represent the magne-
tospheric region and the right hand side,x > 0, the magne-
tosheath region with a transition layer aroundx = 0.

We choose a reference frame where the magnetospheric
and the magnetosheath plasma velocities are initially in the
y-direction and are equal and opposite

V eq=
V0

2
tanh(x/Leq)ey . (6)

The initial density and temperature profiles are chosen as

n(x) = n0−
1n

2

[
(1− tanh(x/Leq)

]
, (7)

Te,i(x) = T0;e,i +
1Te,i

2

[
(1− tanh(x/Leq)

]
, (8)

where1n, 1Te and1Ti are the values of the density, elec-
tron and ion temperature jump between the magnetosheath
(R) and the magnetosphere (L) plasma, withT0,e+T0,i = 1
andn0 = 1.

The values of the quantities1n, 1Ti , 1Te, T0,i , T0,e
are specified in Table 1 and, for the sake of clarity, in the fol-
lowing section for each simulation. The different simulation
cases are identified by the value ofV0.

All quantities are normalized using the characteristic val-
ues at the magnetosheath side (the outermost region). The
plasma density increases while the temperature decreases
from the magnetosphere to the magnetosheath, as consis-
tent with satellite observations. For the sake of simplicity
we have assumed that all equilibrium quantities vary on the
same scale lengthLeq (we takeLeq= 3 corresponding to a
transition layer wider than the ion inertial length). The mag-
netic fieldB0(x) is chosen such that the sum of the thermal
pressure and the magnetic pressure is initially uniform in the
x (inhomogeneous) direction

B0(x) =

[
B2

0,R
+2

(
P0,R

−P0(x)
)]1/2

, (9)

with components By(x) = B0(x)sinθ and Bz(x) =

B0(x)cosθ . For each discussed case we choose aθ

value to make the magnetic field almost perpendicular
to the (x,y)-plane, in agreement with the low latitude
magnetosphere-magnetosheath system during northwards
magnetic field configurations when the solar wind and the
geomagnetic field lines are parallel (see Table 1).

We define the solar wind fast magnetosonic Mach number
in the Earth rest frame as

Msw
f = V sw/cf ; cf = (c2

s +c2
A)1/2, (10)

wherecs andcA are the sound and Alfv́en velocity,cf is the
fast magnetosonic velocity calculated at the magnetosheath
boundary andV sw

= V0 is the total velocity jump.
For numerical reasons the mass ratio is fixed as

mi/me= 64.
We take a simulation box withLx = 120 andLy = 60π

and a grid meshdx ' dy ' 0.1 in units ofdi . This simula-
tion box is large enough compared to the typical size of the
vortex structures expected after the development of the KH
instability in the central region of the simulation box.

3 Simulation results

Before discussing the new results obtained with our two
fluid simulations regarding the onset of secondary KH in-
stabilities in a super-magnetosonic regime, we will summa-
rize briefly the main points recently addressed inPalermo
et al. (2011). In this paper the transition between the sub-
magnetosonic and the super-magnetosonic regime was in-
vestigated by varying the solar wind velocity, as controlled
by the parameterV0 in Eq. (6). It was shown in particular
that the value of the density jump plays a crucial role in the
development of the nonlinear phase of the KH instability es-
pecially at super-magnetosonic Mach numbers.

We recall that in the case of a uniform density plasma
the KH vortices would remain at rest in the reference frame
where the flow velocity in the asymptotic magnetosheath
and magnetospheric regions takes the values±V0/2 and the
plasma is at rest at the center,x = 0, see Eq. (6). On the con-
trary, in the presence of a density gradient, the KH vortices
propagate in the direction of the flow of the denser plasma
(in our case the magnetosheath region in the right hand side
of the simulation box). For an incompressible plasma with
a discontinuity in the density and velocity profiles (Leq→ 0
in Eqs. (6), (7), the vortex velocity can be estimated as (Otto
and Fairfield, 2000)

V vort
theor=

V0

2
(n0,R −n0,L)/(n0,R +n0,L). (11)

Since the KH vortices act as “obstacles” in the fluid flow,
determining the propagation vortex velocity induced by the
density variation is of crucial importance for the interpreta-
tion of the shock generation.

For this purpose, as inPalermo et al.(2011), we define
the vortex Mach number in our simulation frame analogously
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to the “convective Mach number” defined inMiura (1990,
1992), as

Mvort
f,L/R = UL/R/cf,L/R, UL/R = ‖V0/2∓Vvort‖, (12)

whereU is the relative velocity of the vortex with respect to
the magnetospheric (L) or to the magnetosheath (R) flow, cf
is the fast magnetosonic velocity in the magnetospheric (L)
or in the magnetosheath (R) side, whileVvort is extrapolated
from the simulations. As explained inPalermo et al.(2011)
compressibility effects become increasingly important for
larger values of the flow velocity and the value of the vor-
tex velocityVvort is found to be lower than that predicted by
Eq. (11). Therefore, Mach numbersMvort

fR & 1 in the magne-
tosheath are obtained for values of the solar wind velocityV0
lower than that predicted on the basis of Eq. (12). At Mach
numberMvort

fR & 1 vortices are seen as super-magnetosonic
obstacles by the flow and thus in correspondence to each vor-
tex a shock structure develops outwards in the magnetosheath
region. In this regime the physical conditions inside the vor-
tices make them essentially stable against the development
of secondary instabilities. As mentioned in the introduction,
in the present paper we show that secondary instabilities can
however develop downstream from the shocks near the vor-
tex boundaries and discuss the mechanisms that can allow
for the onset of these instabilities. Before discussing the re-
sults obtained in the new simulations, we recall that since the
magnetospheric plasma density is lower, the fast Mach num-
ber is larger on the magnetosheath side where we thus find
more favourable conditions for shock formation.

First we present the case withV0 = 6. For this case we
take1n = 0.9 which corresponds to a factor ten for the den-
sity jump in Eq. (7) between the magnetosphere and the
magnetosheath. This is a value typically observed at the
magnetopause flanks. In addition we choose1Ti = 2.4,
1Te = 0.4, T0,i = 0.6, T0,e = 0.4 in Eq. (8) and we con-
sider an angleθ = 0.02. The typical vortex speed observed
in the simulations in this case isVvort ∼ 1.2 that turns out
to be significantly smaller than the valueV vort

theor' 2.4 ex-
pected from Eq. (11). This corresponds toMvort

f,R = 1.1 (in-
stead ofMvort

f,R = 0.4 as would be the case forV vort
theor) and con-

sequently we observe the formation of magnetosonic shocks
in the magnetosheath region. This is shown in Fig.1 where
at t = 160 we observe three well developed vortices and, in
correspondence to each vortex, a shock structure that extends
outward into the magnetosheath region.

On the magnetosphere side we have aMvort
f,L = 0.8, how-

ever the velocity enhancement (Miura, 1984) near the vor-
tex in correspondence ofy ∼ 140 allows us to obtain a local
Mach number larger than one and we thus observe a (weaker)
shock structure that extends into the magnetosphere.

A common feature that emerges from the study of the de-
velopment of the KH vortices in super-magnetosonic regimes
is that, unlike the sub-magnetosonic case, vortices appear
to consist of nearly uniform, low density plasma (see, e.g.,

Fig. 1. Shaded density isocontours att = 160,V0 = 6. White curves
represent magnetic field lines in the (x,y)-plane.

Fig. 1). In the sub-magnetosonic case, instead, the vortices
are composed of spiralling arms of alternating right-side and
left-side values of the density, as discussed inFaganello et al.
(2008a) and inTenerani et al.(2010) in configurations with
and, respectively, without an in-plane magnetic field com-
ponent. The characteristic value of the vortex density is of
the order of the magnetospheric density. Since the density
inside these vortices is approximately uniform, the vortex
structures can be expected to be stable with respect to sec-
ondary instabilities. However, at the vortex boundaries the
local values of the velocity shear and of the density jump are
still large enough to excite small scale instabilities (see for
example Fig.1 at x ∼ 10,y ∼ 160). As a result, the external
boundary of the vortices starts to bend and/or generate local
bumps. This is shown in Fig.2 where we draw the isocon-
tours of the density att = 156 for the top vortex centered at
x ∼ 0, y ∼ 140. We observe the initial development of lo-
cal instabilities at the boundaries, evidenced by the bending
of the magnetic field lines downstream from the shock. Up
to this time, no signature of vortex pairing appears. In this
case we can not invoke the RT instability since at the vortex
boundaries the density gradient and the “effective gravity”
(associated to the rotational motion of the plasma) are both
directed outwards.

In order to identify these instabilities, in Fig.3 we show
the absolute value of the in-plane velocity component (i.e.
in the (x,y)-plane) around the top vortex centered atx ∼ 0,
y ∼ 140. The plasma inside the vortex has been rolled up
with a very large velocity in the lateral zone of the vor-
tex (yellow region in Fig.3). Near this region, but outside
the vortex, the magnetosheath plasma goes through a shock
which decreases its downstream velocity. Consequently the
velocity shear at the vortex boundary increases and consid-
ering that the magnetic field is quasi-perpendicular to the
(x,y)-plane a secondary KH instability can develop. We
can estimate the growth rateγKH of this KH instability as
γKH,max' 0.2Vshear/(2l) (Miura, 1997). Here,Vshear is the
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Fig. 2. Shaded density isocontours att = 156,V0 = 6. White curves
represent magnetic field lines in the (x,y)-plane.

Fig. 3. Shaded isocontours of the absolute value of the velocity
component in the (x,y)-plane att = 160,V0 = 6.

jump through the vortex boundary of the velocity tangent to
the boundary andl is the thickness of the shear layer. How-
ever, even when our simulation is continued for longer times
(t = 166) we do not observe the development of the KH in-
stability into fully fledged secondary vortex structures. This
is due to the fact that the thickness of the shear layer is of the
order of the shear length parallel to the flow direction. Thus
instabilities with a wavelength larger than the layer thickness,
as the fast growing mode, cannot be properly excited.

In Fig. 4 we can observe the same vortex as in Fig.2 but
at t = 160. We observe that the secondary KH instability
starts in correspondence to the shock at the position where
it is attached to the vortex. Here the in-plane magnetic field
line deformations produced by the perturbed plasma motion
allow magnetic reconnection to occur. As a result, in the top
arc of the vortex abouty ∼ 160 in Fig.4 we see the formation
of magnetic islands in the magnetic field component in the
(x,y)-plane with size of the order of the ion skin depth that are
transported by the plasma rotation in its circular type motion.

Increasing the value ofV0 leads to an increase of the ve-
locity at the vortex boundary in correspondence to the shock

Fig. 4. Shaded density isocontours att = 160,V0 = 6. White curves
represent magnetic field lines in the (x,y)-plane.

Fig. 5. Shaded density isocontours att = 330, V0 = 4.6. White
curves represent magnetic field lines in the (x,y)-plane.

where the secondary KH instability develops. In this case,
taking e.g.V0 = 7, we can observe the detachment of entire
vortices that remain inside the magnetosphere (see Fig. 7 in
Palermo et al., 2011).

In order to clarify the nature of this secondary instability
we performed a different simulation with a smaller density
jump corresponding to1n = 0.7 in Eq. (6). We imposed
1Ti = 0.6 and 1Te = 0.4 in Eq. (8) and tookT0,i = 0.6,
T0,e = 0.4. Since from Eq. (11) we expect a reduced vor-
tex velocity, we imposed a total velocity jumpV0 = 4.6 so as
to obtain a Mach numberMvort

f,R ' 1, not too different from
that of the previous case. In Fig.5 we observe att = 330 the
formation of two vortices. We note that the instability growth
rate is reduced with respect to the previous case with a larger
density jump. Since the wavelength of the “fast growing
mode” increases when the density jump1n decreases, the
vortices generated by the KH instability are longer in the y-
direction (with respect to the shear layer widthLeq that is
kept unchanged). As a consequence, a smaller number of
vortices are observed in our (fixed size) simulation box. Thus
a “weak” density jump between the magnetosheath and the
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Fig. 6. Shaded density isocontours att = 350, V0 = 4.6. White
curves represent magnetic field lines in the (x,y)-plane.

magnetosphere is responsible for the formation, in the early
non linear phase of the instability, of vortices with typical
size larger than that expected in the case of a strong den-
sity jump such as the one observed in typical magnetopause
conditions. The structure of these vortices is very similar
to those described above for the case withV0 = 6. How-
ever conditions in the magnetospheric side are different and
we observe the formation of shocks in the magnetosphere in
correspondence to each vortex. The main difference with re-
spect to the case withV0 = 6 is that in thisV0 = 4.6 case the
vortex pairing mechanism can act. This is shown in Fig.6
where we observe att = 350 the early phase of the vortex
pairing process between the two vortices. We observe that,
as a consequence of the vortex pairing, the vortex aty ∼ 40
is stretched in the y-direction. This allows for the full de-
velopment of the secondary KH instability at the boundary
of the vortex, as shown in Fig.7 in a limited region of this
vortex (y ∼ 80) at t = 370 by means of the passive tracers.
These tracers (seeFaganello et al., 2009, for details), purely
advected by the velocity field, represent the evolution of the
magnetospheric (blue) and magnetosheath (yellow) plasma,
separated by the transition region (green and orange).

Finally, we consider an intermediate regime where the
flow velocity is reduced toV0 = 2, corresponding to a fast
magnetosonic Mach numberMvort

fL/R = 0.62 then below the
super-magnetosonic threshold. We takeθ = 0.05, and, at
variance with magnetosonic conditions, a uniform density
n0 and temperature profile,T0,i = 0.5, T0,e = 0.5 in order
to focus on the competition between the vortex pairing and
the secondary KH and reconnection instabilities. The length
of the simulation box in the solar wind flow direction is
Ly = 30π , which allows for the formation of two vortices
in the central region. This case is similar to the one pre-
sented inFaganello et al.(2008c) but with a stronger initial
flow. In Fig. 8 we show the passive tracers and the mag-
netic field lines att = 275. An important consequence of the
pairing process, is the formation between the vortices of two

Fig. 7. Passive tracers att = 370, V0 = 4.6. The point where the
shock is attached to the vortex is localized atx = 30,y = 80.

strong current sheets (not shown here), driven by the com-
pression associated to the pairing mechanism, similar to what
observed inFaganello et al.(2008c).

However, in this case the central large scale ribbon (a re-
gion of compressed and nearly parallel magnetic field lines
that clearly separate the magnetospheric and the magne-
tosheath plasmas (Faganello et al., 2008c) is not cut and re-
connected, as shown by the evolution of the system in Fig.9.
Indeed, the presence of a stronger initial velocity field on
one side accelerates the pairing process and at the same time
drives, in particular near the central reconnection layer, the
development of secondary KH instabilities (see Fig.9) that
slow down the reconnection process. In this regime the hy-
drodynamic interaction between the vortices dominates the
non linear dynamics of the system, as can be expected in
view of the larger Alfv̀en Mach number associated with the
in-plane component of the magnetic field (Baty et al., 2003).
We recall that this Alfv̀en Mach number is a measure of the
importance of the magnetic field line tension in the (x,y)-
plane.

In Fig. 10 we show the final state of the vortex pairing
process from which a single vortex structure has emerged. In
this last phase, in the bottom frame, we observe the forma-
tion of a pair of shocks marked by the strong density varia-
tion (red to yellow) that, starting from the outer regions of the
vortex, extend towards the right and the left boundary of the
box. The shocks are formed because the vortex rotation and
the pairing process lead to a strong modulation of the veloc-
ity field at the flank of the vortices. The combined action of
the shocks and of the vortex pairing creates a turbulent mix-
ing flow embedding several “magnetic islands” with a typical
size of the order ofdi , as shown in the top frame of Fig.10
by the magnetic field lines in the (x,y)-plane. These islands
are quite stable and are advected by the rotational flow of the
vortex.
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Fig. 8. Shaded isocontours of the passive tracers att = 275,V0 = 2.
From the left to the right side along the x-axis, the passive tracers,
purely advected by the velocity field, represent the magnetospheric
(blue) and magnetosheath (yellow) plasma separated by the transi-
tion region (green and orange). Yellow curves represent magnetic
field lines in the (x,y)-plane.

Fig. 9. Shaded isocontours of the passive tracers att = 300,V0 = 2.
From the left to the right side along the x-axis, the passive tracers,
purely advected by the velocity field, represent the magnetospheric
(blue) and magnetosheath (yellow) plasma separated by the transi-
tion region (green and orange).

4 Conclusions

In this article we have investigated with the help of 2-D two-
fluid numerical simulations the nonlinear behaviour of the
KH instability in super-magnetosonic regimes of interest for
magnetospheric Earth conditions. In particular we have fo-
cussed our attention on the role that the shock structures pro-
duced by the interaction between the flow and the KH vor-
tices play at the vortex boundaries. These shocks induce a
rapid change of the plasma velocity between its upstream
and downstream regions which in turns leads to the onset

Fig. 10.Shaded isocontours of the passive tracer (top frame) and of
the density (bottom frame) att = 350,V0 = 2. From the left to the
right side along the x-axis, the passive tracers, purely advected by
the velocity field, represent the magnetospheric (blue) and magne-
tosheath (yellow) plasma separated by the transition region (green
and orange). Yellow curves in the top frame represent the magnetic
field lines in the (x,y)-plane.

of local secondary instabilities at the vortex boundaries. We
have found that these secondary instabilities can develop in
super-magnetosonic regimes under a wide range of plasma
conditions and we expect that their occurrence is a general
feature of the interplay between shocks and KH vortices.

In addition we have investigated the mechanism that
makes these instabilities grow and their influence on the dy-
namical evolution of the vortices. We have identified these
instabilities as secondary KH instabilities that perturb the
plasma flow inside the vortices leading to the formation of
long lived magnetic islands via magnetic reconnection. In
configurations with a large shear velocity field this instabil-
ity is able to detach the entire vortex structure that afterwards
remains completely embedded inside the magnetosphere. As
shown inPalermo et al.(2011) these detached vortices con-
sist in large part of magnetosheath plasma decompressed dur-
ing the vortex generation process at nearly magnetospheric
values. Thus this secondary instability represents a new
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efficient channel by which the solar plasma can enter the
magnetosphere.

We find that the secondary KH instability is also present
in configurations where the plasma density is uniform where
the vortex pairing can act before the shocks can develop. Af-
ter the shocks have developed, a region of turbulent mixing
forms inside the vortices induced by the secondary KH in-
stability and by the pairing process in correspondence to the
shocks.

Finally, even if our 2-D fluid approach should be ex-
tended to a 3-D, fully kinetic model (including Earths mag-
netospheric field lines connection), we may conjecture that
the shock structures described in this article should be ob-
served in satellites data as density (and perpendicular mag-
netic field) transitions connected to vortex structures with a
smooth core and fluctuating boundaries due to the onset of
secondary instabilities.
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Valentini, F., Tŕavńıček, P., Califano, F., Hellinger, P., and Man-
geney, A.: A hybrid-Vlasov model based on the current advance
method for the simulation of collisionless magnetized plasma, J.
Comp. Physics, 225, 753–770, 2007.

Ann. Geophys., 29, 1169–1178, 2011 www.ann-geophys.net/29/1169/2011/

http://dx.doi.org/10.1029/2010JA016400
http://dx.doi.org/10.1088/0741-3335/53/1/015003

