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The turbulence developing inside Kelvin-Helmholtz vortices has been studied using a two-ßuid
numerical simulation. From an initial large-scale velocity shear, the nonlinear evolution of the
instability leads to the formation of a region inside the initial vortex characterized by small-scale
ßuctuations and structures. The magnetic energy spectrum is compatible with a Kolmogorov-like
power-law decay, followed by a steeper power-law below proton scales, in agreement with other
studies. The magnetic Þeld increments show non-Gaussian distributions with increasing tails going
towards smaller scales, consistent with presence of intermittency. The strong magnetic Þeld ßuctu-
ations populating the tails of the distributions have been identiÞed as current sheets by using the
Partial Variance of the Increments (PVI) method. The strongest current sheets (largest PVI) appear
around proton scales and below. By selecting several of such current sheets, it has been found that
most of them are consistent with ongoing magnetic reconnection. The detailed study of one recon-
necting current sheet as crossed by a virtual spacecraft is also presented. Inßow and outßow regions
have been identiÞed and the reconnection rate has been estimated. The observation of reconnection
rates higher than typical fast rate� 0:1 suggests that reconnection in turbulent plasma can be faster
than laminar reconnection. This study indicates that intermittency and reconnecting current sheets
are important ingredients of turbulence within Kelvin-Helmholtz vortices and that reconnection
can play an important role for energy dissipation therein.VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4936795]

I. INTRODUCTION

Turbulence is a universal phenomenon occurring in ßuids
as well as in magnetized collisionless plasma, as, e.g., in the
near-EarthÕs environment,1 in planetsÕ magnetosphere,2 and in
the solar wind.3,4 In this work, we focus on the spontaneous
development of turbulence in the saturated phase of the
Kelvin-Helmholtz (K-H) instability.5,6 The physical reference
is the low latitude EarthÕs magnetosphere7 where the shear
ßow between solar wind and magnetosphere plasmas provides
the conditions for this instability to develop and to create a
chain of large scale vortices. The development of the K-H
instability is particularly important in terms of solar wind
plasma transport into the EarthÕs magnetosphere.8Ð11 During
the evolution of the instability, the vortices evolve nonlinearly
and interact one with each other leading to merging or being
disrupted. The vortices disruption is driven by the develop-
ment of secondary instabilities12 around the edge of the arms
of the vortices, in between or inside the vortices themselves.
The evolution is thus characterized by a rich non-linear dy-
namics leading to the formation of a mixing layer where the
magnetospheric and solar wind plasma interact. Spacecraft
observations show the presence of this broad boundary layer
during northward orientation of the interplanetary magnetic

Þeld,13 and vortices have been detected at the low latitude
magnetopause.9,14 Here, we study the small scale dynamics
and structures occurring inside the mixing layer and analyse
the turbulent behaviour by using a two-ßuid, 2.5D numerical
simulations.15

Fluid simulations remain at today a fundamental tool to
explore the turbulent motions driven by the energy typically
injected at the very large-scales. The main motivation is the
possibility to include several decades up to the ion range, but
starting from the MHD scales, thus correctly reproducing the
mechanisms of the energy transfer towards, and injection
into, the kinetic part. The price to be paid is the loss of the
kinetic part of the physics at small-scales; in this sense, ßuid
simulations are complementary to kinetic simulations. In this
context, our aim here is to explore the goodness and the lim-
its of the (two)-ßuid models in capturing the main physics
when crossing the kinetic ion scales such as the ion Larmor
radius and ion inertial length eventually ending in a fully tur-
bulent state. This transition is naturally achieved by the evo-
lution of the K-H instability and recently studied also by
means of kinetic simulations.5,6 In particular, Henriet al.16

in studying K-H instability have compared Hybrid PIC simu-
lations with those obtained from ßuid models, showing that
the two-ßuid model reasonably reproduced the main dynam-
ics of the long time non-linear evolution of the K-H instabil-
ity. We underline that the possibility of using ßuid models ina)claudia.rossi@df.unipi.it
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certain regimes represents an important step forward in order
to reduce the computational requirements of full kinetic sim-
ulations, also in the perspective of providing an alternative
tool for the interpretation of experimental data.

In SectionII , we present the numerical code used for the
simulations; in SectionIII , we analyse the properties of tur-
bulence, such as the spectrum and the anisotropy of the sys-
tem; in SectionIV, we study intermittency of the structures
in this system; Þnally in SectionVI , we studied in detail one
of such structures as a typical magnetic reconnection site.

II. THE TWO FLUID CODE

The two-dimensional numerical code integrates the
Hall-MHD system of equations using dimensionless varia-
bles obtained normalizing to ion characteristic quantities, the
ion massmi, the Alfv�en velocity VA, and the ion inertial
lengthdi. The continuity and motion equations read

@n
@t

þ r � nuið Þ¼ 0; (1)

@nuið Þ
@t

þ r � n uiui þ PtotI � BB
� �� �

¼ 0; (2)

whereui is the ion velocity,n is the density,B is the total
magnetic Þeld, andPtot I is the pressure tensor. We assume
isotropic, scalar pressures, so thatI is the identity matrix and
Ptot is the total pressure, deÞned asPtot ¼ Pe þ Pi þ B2=2.
The subscriptse; i indicate the electrons and the ions,
respectively. Quasi neutrality is assumed,ni � ne � n, and
the displacement current is neglected. Adiabatic closures are
used for both electrons and ions

@nSe;ið Þ
@t

þ r � nSe;iue;ið Þ¼ 0; (3)

whereSe;i ¼ Pe;in� c; c ¼ 5=3 is the polytropic index, andue

and ui are the electron and ion velocities, respectively. The
electric Þeld is calculated through the generalized OhmÕs
law

E ¼ � ue � B �
1
n

r Pe : (4)

The magnetic Þeld is calculated using the Faraday equation.
The code uses a third order Runge-Kutta scheme for tempo-
ral discretization and a compact Þnite difference scheme
with spectral-like resolution for spatial derivatives along the
inhomogeneousx-direction. Numerical stability is achieved
through the use of numerical Þlters.17 The simulation has
periodic boundary conditions in they-direction (direction of
the solar wind ßow) and open boundary transparent condi-
tions in thex-direction.15 A spectral Þlter is used along the
periodic y-direction and a sixth order spectral like Þltering
scheme along the inhomogeneous x-direction. Here the Þl-
ters are used to smooth out only the very short scale-lengths
of the system.

The code convergence has been checked by changing
the grid resolution not only to study the KH instability evolu-
tion but also to test the code correctness on several different

linear instabilities and/or non-linear dynamics. Moreover,
during the simulation, we check the average value of
jrð BÞj=jBj which remains less than 10� 7 and, most impor-
tant, which do not show any exponential growth in time. We
underline that both the in-plane magnetic energy and the ion
thermal energy increase in time of the order of several per-
cent at the expense of the ion kinetic energy (in this model
electrons are assumed as massless).

A. Initial setup

A large scale initial velocity shear along they-direction
and a mostly out-of-plane magnetic Þeld are used to initial-
ize the simulation

uiy xð Þ¼ uey xð Þ¼ Aeqtanh
x � Lx=2

Leq

 !

; (5)

BðxÞ ¼ ð0; B0 sin#; B0 cos#Þ; (6)

with B0 ¼ 1; Aeq ¼ 1, Leq¼6, and# ¼ 0:02 rad. Furthermore,
we take a constant initial density and temperature,n¼1.0,
and Ti ¼ Te ¼ 0:5. The numerical domain is given byLx

� Ly ¼ ½400� 402� di with resolution dx ¼ 0:1di and dy
¼ 0:05di , corresponding toNx � Ny ¼ 4096� 8192 grid
points.

III. NON-LINEAR TURBULENT EVOLUTION

The primary Kelvin-Helmholtz instability and its further
dynamics are characterized by three main phases: the linear
phase, when the instability develops; the non-linear phase,
with the formation of the characteristic vortices interacting
with each other; and the saturated phase, when the vortices
have evolved. During the non-linear phase, the development
of secondary instabilities drives the formation of small scale
ßuctuations and structures, of the order of one inertial length
or less. This is shown in Fig.1 where we draw the shaded
iso-contours of theJzðx; yÞcomponent in the (x, y)-plane at
the end of the saturated phase (t ¼ 1000X� 1

ci ), together with
the magnetic potential Þeld lines. Since we are interested in
studying the turbulent dynamics during the saturated phase,

FIG. 1. Shaded iso-contours of the out-of plane currentJzðx; yÞ together
with magnetic potential Þeld lines. The red square box delimits a turbulent
region inside the K-H vortex.
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