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The turbulence developing inside Kelvin-Helmholtz vortices has been studied using a two-fluid

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

fluctuations 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 field increments show non-Gaussian distributions with increasing tails going

towards smaller scales, consistent with presence of intermittency. The strong magnetic field fluctu-

ations populating the tails of the distributions have been identified 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. Inflow and outflow regions

have been identified 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 fluids

as well as in magnetized collisionless plasma, as, e.g., in the

near-Earth’s environment,1 in planets’ 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 Earth’s magnetosphere7 where the shear

flow 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 Earth’s magnetosphere.8–11 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

field,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-fluid, 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, fluid

simulations are complementary to kinetic simulations. In this

context, our aim here is to explore the goodness and the lim-

its of the (two)-fluid 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, Henri et al.16

in studying K-H instability have compared Hybrid PIC simu-

lations with those obtained from fluid models, showing that

the two-fluid 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 fluid 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 Section II, we present the numerical code used for the

simulations; in Section III, we analyse the properties of tur-

bulence, such as the spectrum and the anisotropy of the sys-

tem; in Section IV, we study intermittency of the structures

in this system; finally in Section VI, 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 mass mi, the Alfv�en velocity VA, and the ion inertial

length di. The continuity and motion equations read

@n

@t
þr � nuið Þ ¼ 0; (1)

@ nuið Þ
@t
þr � n uiui þ PtotI � BB

� �� � ¼ 0 ; (2)

where ui is the ion velocity, n is the density, B is the total

magnetic field, and Ptot I is the pressure tensor. We assume

isotropic, scalar pressures, so that I is the identity matrix and

Ptot is the total pressure, defined as Ptot ¼ Pe þ Pi þ B2=2.

The subscripts e; 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

þr � nSe;iue;ið Þ ¼ 0 ; (3)

where Se;i ¼ Pe;in
�c; c ¼ 5=3 is the polytropic index, and ue

and ui are the electron and ion velocities, respectively. The

electric field is calculated through the generalized Ohm’s

law

E ¼ �ue � B� 1

n
rPe : (4)

The magnetic field is calculated using the Faraday equation.

The code uses a third order Runge-Kutta scheme for tempo-

ral discretization and a compact finite difference scheme

with spectral-like resolution for spatial derivatives along the

inhomogeneous x-direction. Numerical stability is achieved

through the use of numerical filters.17 The simulation has

periodic boundary conditions in the y-direction (direction of

the solar wind flow) and open boundary transparent condi-

tions in the x-direction.15 A spectral filter is used along the

periodic y-direction and a sixth order spectral like filtering

scheme along the inhomogeneous x-direction. Here the fil-

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

jrðBÞj=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 the y-direction

and a mostly out-of-plane magnetic field are used to initial-

ize the simulation

uiy xð Þ ¼ uey xð Þ ¼ Aeq tanh
x� Lx=2

Leq

 !
; (5)

BðxÞ ¼ ð0; B0 sin#; B0 cos#Þ ; (6)

with B0 ¼ 1; Aeq ¼ 1, Leq¼ 6, and # ¼ 0:02 rad. Furthermore,

we take a constant initial density and temperature, n¼ 1.0,

and Ti ¼ Te ¼ 0:5. The numerical domain is given by Lx

�Ly ¼ ½400� 402� di with resolution dx ¼ 0:1 di and dy
¼ 0:05 di, corresponding to Nx � 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

fluctuations 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 the Jzðx; yÞ component in the (x, y)-plane at

the end of the saturated phase (t ¼ 1000 X�1
ci ), together with

the magnetic potential field lines. Since we are interested in

studying the turbulent dynamics during the saturated phase,

FIG. 1. Shaded iso-contours of the out-of plane current Jzðx; yÞ together

with magnetic potential field lines. The red square box delimits a turbulent

region inside the K-H vortex.
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we select a square box in the turbulent area as shown in

Fig. 1. A zoom of the box marked in red is shown in Fig. 2.

It contains the iso-contours of the out-of-plane current Jz,

with over-plotted the magnetic potential lines in the domain

½180� 240� di � ½70� 130� di. This figure clearly shows a

turbulent dynamics characterized by the presence of small

scale structures and by strong current fluctuations. This is the

largest square box we can take inside the turbulent region,

selected in order to avoid the influence of the vortex ribbons

(outer scale structures). In this box, we have calculated the

energy spectra of the magnetic field fluctuations, defined as

dBiðx; yÞ ¼ Biðx; yÞ � hBiðx; yÞi; i ¼ x; y; z, and calculated

the total spectral magnetic energy of the fluctuations. In

order to estimate the power spectrum of the fluctuations, we

have applied a 2D Fourier transform combined with a

Hanning window, chosen because side lobes fall off rapidly

in this window. By analysing the evolution of the distribution

of the spectral magnetic energy in the wave-vector space

ðkx; kyÞ, we observe that the system was initially strongly

anisotropic, due to the velocity shear imposed in the x-direc-

tion and due to the fact that the vortex structures are not

round shaped. A weaker anisotropy is also introduced by the

in-plane component of the mean magnetic field. However, as

expected, this anisotropy is progressively destroyed during

the non-linear dynamics of the system. The level of isotropy

of a system can be quantified using the Shebalin angle;18 this

quantity measures the ratio between the energy in the per-

pendicular direction and in the parallel direction, with

respect to the magnetic field, and it is defined as

tan2#B ¼
P

kk2
x jdB kx; kyð Þj2P

kk2
y jdB kx; kyð Þj2

: (7)

For an isotropic spectrum, one gets # ¼ 45�, corresponding

to tan2# ¼ 1. A tendency to an isotropic value is observed

by calculating tan2# throughout the simulation. During the

linear phase of the primary K-H, its value is of the order of

tan2# ¼ 4, corresponding to # � 63�. However, as soon as

the vortex non-linear dynamics take place, secondary insta-

bilities develop and the Shebalin angle value is decreased

more and more until it reaches the isotropic value tan# � 1

in the final phase of the simulation, t � 1000 X�1
ci .

Once the isotropic spectral configuration has been

achieved, we calculate the magnetic spectrum by integrating

the energy of magnetic fluctuations over concentric shells

from kmin ¼ 2p=Lx ¼ 0:1 d�1
i to kmax ¼ 2p=ð2dxÞ ¼ 32 d�1

i .

The results are shown in the omni-directional spectrum given

in Fig. 3. The dashed turquoise part of the spectrum indicates

the scales where the filters are effective, resulting in an expo-

nential decay. The injection scale (vertical dashed line in

Fig. 3), kinjdi ¼ 0:04 , corresponds to the most unstable wave

vector of the primary K-H instability, and its corresponding

wavelength to the initial vortex size. At smaller scales

0:2 < k?di < 1, i.e., in the MHD range, the spectrum is well

represented by a power law with an exponent �1.8 (continu-

ous red line in Fig. 3), not far from the Kolmogorov value 5/3.

This observation is consistent with particle-in-cell simula-

tions of K-H turbulence.6 This behaviour is observed starting

from t ’ 750 X�1
ci , corresponding to the onset of the satu-

rated phase. It is worth noticing that our model has been cho-

sen to study the dynamics around the proton scales, so that

we do not expect to observe an extended inertial range.

However, a break in the power-law spectrum is present

around k?di � 1. Below proton scales, the spectrum is com-

patible with a steeper power law ’ k�3:8
? (continuous blue

line in Fig. 3). Such exponent is somewhat larger than the

one found in the same range in particle-in-cell simulations,5

and it is within the values typically observed in near-Earth

space.19–22

IV. INCREMENTS AND PROBABILITY DISTRIBUTION
FUNCTION (PDF)

To characterize the turbulence inside the K-H vortex,

we have studied the PDFs of the magnetic field increments,

which is defined as

DBðr; lÞ ¼ Bðrþ lÞ � BðrÞ ; (8)

where r ¼ ðx; yÞ is the position and l ¼ ðlx; lyÞ is the scale

vector. For each component of the magnetic field, increments

have been evaluated in the x- and y-directions, in the range

FIG. 2. Magnification of out-of-plane current in the red box indicated in Fig.

1 in the domain ½180� 240� di � ½70� 130� di.

FIG. 3. Omnidirectional magnetic energy spectra, obtained by integrating

over concentric shells in the (kx, ky) wave-vector space. A Kolmogorov-like

spectrum is observed at MHD scales, while a steeper power law is suggested

below proton scales. The spectrum at scales k?di > 3 is dominated by the

action of the numerical filters in the simulations.
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of scales 1:5 di � jlj � 20 di. In Fig. 4, top panel, we show

the PDFs of the increments of the Bx component calculated

inside the red box of Fig. 1, for ten different scales. For each

scale, the magnetic field increments were standardized by

normalizing to their standard deviation. The blue dashed line

represents a reference Gaussian distribution with r¼ 1.

Similar results were found for the By component (not shown

here), confirming the isotropic nature of turbulence in this

phase, in agreement with the Shebalin angle results.

First of all, we note that the probability distribution

functions are characterized by high tails and that the devia-

tion from Gaussian increases towards smaller scales. The

scale dependence of the statistical properties of the field is

usually referred to as intermittency and is universally

observed in turbulent flows.23–25 The fat tails are due to par-

ticularly intense magnetic field fluctuations, usually related

to the presence of structures. Fat-tail PDFs of the magnetic

field increments have been also found in PIC simulations of

turbulence induced by a shear velocity field.5,6

For comparison, we have calculated the PDFs of the

increments in a box selected outside the K-H vortex (not

shown here). In this case, PDFs show a Gaussian behavior

and typical of random motions where turbulence is not yet

developed. Note that small scale Gaussian fluctuations are

also observed in PIC simulations of turbulence.26

A different way to quantify the deviation from a

Gaussian distribution is the flatness, which is defined as the

normalized fourth order moment of increments

F lð Þ ¼ hDB lð Þ4i
hDB lð Þ2i2

: (9)

The flatness is significantly larger than the value expected for

a Gaussian distribution F(l)¼ 3 (Fig. 4, bottom panel).

In particular, it increases from FðlÞ � 4 at larger scales to

FðlÞ � 9 at smaller scales. This behaviour is quantitatively in

agreement with the results found at ion scales in PIC

simulations.5

It is interesting to note that the flatness increases as a

power law of the scale, FðlÞ � l�c. The scaling exponent c
gives a quantitative estimate of the intermittency, i.e., of the

anomalous scaling of the magnetic fluctuations.27 A power-

law fit of the flatness gives c ¼ 0:1060:02, which is the typi-

cal value observed in Navier-Stokes turbulence.28

V. RECONNECTION REGIONS

As we have mentioned in Sec. IV, intermittency is the

signature of the increasing presence of relatively intense

magnetic field fluctuations occurring towards small scales. In

order to indentify and characterize these structures, we have

used the Partial Variance of the Increments (PVI),29,30 which

is defined as

PVIi lð Þ ¼ jDBi lð Þjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hjDBi lð Þj2i

q ; (10)

where i ¼ x; y and the normalization factor is the standard

deviation r of the fluctuations at a given scale.

This quantity has been calculated at four different scales

(l ¼ 0:5; 1; 2; 5 di) on vertical and horizontal cuts of the tur-

bulent box in Fig. 2, separated by 5 di and shown by dashed

black lines. For each scale, we show in Fig. 5 the histograms

of the number of structures with PVI intensity larger than r,

2 r, and 3 r, represented in blue, red, and yellow color,

respectively.

The most intense structures with PVI > 3r appear

mostly at scales of the order of the ion inertial length,

l ¼ 0:5–1 di. High PVI structures are usually associated with

reconnecting current sheets as revealed by the analysis of

magnetic topology29,30 and are important sites of energy dis-

sipation, as shown by in-situ spacecraft observations.31–33

Dissipation in thin current sheets has been specifically stud-

ied in 2D PIC simulations of shear-flow turbulence,5,6,26

where the largest contribution to dissipation was found to be

very intermittent and concentrated in small-scale current

sheets with high values of the current density J.5,26 The dissi-

pation in such simulations was quantified by evaluating the

quantity E � J. The formation of secondary islands was also

found6 which provides evidence of reconnection. In our

FIG. 4. The distribution functions of normalized increments DBxðlÞ are

shown in the top panel of the box inside the K-H vortex. The blue dotted

line is a Gaussian distribution used as reference. In the bottom panel, the

Log-log plot of the flatness is plotted as a function of the scale; the value

expected for a Gaussian distribution F¼ 3 corresponds to the horizontal axis

and the green superposed line is a power-law fit.

FIG. 5. Histograms of the total number of structures with PVI larger than r,

2 r, and 3 r, represented with blue, red, and yellow histograms, respectively.

PVI was calculated for four scales, l ¼ 0:5; 1; 2; 5 di.
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study, we provide evidence of reconnection by directly

showing the expected reconnection signatures around the

X-point (inflow/outflow patterns, Hall physics, etc.) as dis-

cussed in detail below. We have also observed the formation

of islands (not shown), further supporting the reconnection

scenario.

We have selected several structures characterized by

large values of the PVI index (corresponding to large current

densities), and we have checked their consistency with recon-

necting current sheets by using a diagnostic similar to that

used in spacecraft data analysis.31,32,34 This diagnostic

complements the evidence of reconnection based on the anal-

ysis of the magnetic topology typically done in simulations of

reconnection in turbulence.30,35 As an example, in Fig. 6 we

show the PVI computed at scales l ¼ 0:5; 1; 2; 5 di for a cut

along y ¼ 90 di in Fig. 2. For this cut, we observe that the

most intense current sheets have PVI larger than 2r. We

selected one such current sheet having scale of the order of di

(x ’ 225 in Fig. 6(b)). Note that the lag over which the PVI is

calculated roughly identifies the thickness of the current

sheets, as can be easily verified by visual inspection of the

simulation data. Therefore, the histogram shown in Fig. 5 also

roughly represents the distribution of the current sheet

thickness.

Fig. 7 shows the magnetic field lines superposed to the

out-of-plane current Jz for the selected current sheet. The local

magnetic topology is compatible with a reconnection site. The

dashed red lines mark the position of the X-point. There is a

small density and magnetic field amplitude asymmetry across

the current sheet (Table I), while the out-of-plane magnetic

field Bz (guide field) is large with respect to the reconnecting

component By, Bz=By ’ 5.

FIG. 6. Magnetic field PVI for the hor-

izontal cut performed at y ¼ 90 di. Top

panels refers to scales l ¼ 0:5 di and

l ¼ 1 di (top-left and top-right, respec-

tively) and bottom panels to scales 2 di

and 5 di (bottom-left and bottom-right

panels, respectively). The thresholds

are marked with horizontal continuous

lines colored in blue for 1r, in red for

2r, and in yellow for 3r.

FIG. 7. Iso-contours of the out-of-plane current Jz with magnetic potential

field lines (in black) for the structure in the range ½226� 228� di

� ½88� 95� di. Red dashed lines mark the position of the X-point. Virtual

satellite cuts at y ¼ 91 di and y ¼ 92 di are marked with black dashed hori-

zontal lines.

TABLE I. Main parameters in the two inflow regions R-I and R-II and in the

outflow region for the selected current sheet. The two regions are defined in

the ranges ½226:5� 226:75� di and ½227:6� 228� di along the x-axis.

Inflow (R-I) Outflow Inflow (R-II)

hBi 0.69 0.66 0.61

hBxi 0.03 0.02 0.02

hByi 0.08 0.08 0.02

hUe;xi 0.06 0.01 0.03

hUe;yi 0.21 0.32 0.19

hNi 0.6 0.63 0.66
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To provide direct evidence of reconnection, we show

how different quantities vary along a virtual satellite crossing

of the current sheet and we compare them with expectations

for ongoing reconnection. Here we have considered the hori-

zontal cut at y ¼ 91 di, shown with black dashed line below

the X-point in Fig. 7. Although the choice of the cut is arbi-

trary, the profiles of the different quantities do not depend

significantly on the specific cut. It should be noticed that

when reconnection is embedded in a turbulent background,

as in our case, the typical patterns observed in simulations of

magnetic reconnection initialized with one single current

sheet36,37 are not always easily identifiable. Nevertheless, a

number of typical features of reconnection are recovered in

our case. Several different quantities along the selected cut

are shown in Fig. 8. All the quantities are normalized to ion

characteristic parameters in the magnetosheath at the begin-

ning of the simulation. The local reference frame of the cur-

rent sheet computed through minimum variance analysis of

the magnetic field is very close to the simulation frame;

therefore, we use the simulation frame in our analysis.

Figure 8(a) shows the magnetic field. The reconnecting

component By changes sign across the centre of the current

sheet, while the component normal to the current sheet Bx is

roughly constant and positive, as expected for a crossing of

the current sheet below the X point. The out-of-plane com-

ponent Bz slightly increases in the center of the current sheet,

as expected for Hall reconnection in case of large guide

field.37 It is worth to underline that around the X-points we

do not observe the so-called Hall-quadrupole; a reason could

be the fact that in our case, there is a large guide field

(Bz � 5By) as well as a small density asymmetry that affects

the structure of the quadrupole.43,44 Also note that compres-

sibility effects could contribute to mask the presence of such

Hall quadrupole.45 Figure 8(b) shows the out-of-plane cur-

rent Jz. The current density is slightly stronger around the

left separatrix of the current sheet, as can be also observed in

Fig. 7, as expected in guide field configurations.37,38

Figure 8(c) shows the ion and electron velocities nor-

mal to the current sheet Ui;x; Ue;x in the X-point reference

frame. This frame has been obtained by subtracting the

mean ion velocity around the X-point to both ion and elec-

tron velocities. Note that such mean velocity does not

change significantly when averaging over slightly different

regions around the X-point. The electron velocity Ue;x is

consistent with plasma inflowing towards the center from

both sides of the current sheet as expected during ongoing

reconnection, being negative in the left and positive in the

right inflow regions. It should be noted that the Hall regime

applies everywhere, so that the inflow of plasma and of

magnetic flux tubes is represented by the electron velocity

since ions are unmagnetized. The value of the inflow veloc-

ity Ue;x is consistent with fast reconnection, as discussed in

detail below. Figure 8(d) shows the ion and electron out-

flow velocities Ue;y; Ui;y in the X-point frame; we note that

Uy < 0, as expected for plasmas being accelerated within

the current sheet away from the X-point.

The reconnection rate was evaluated for the selected cur-

rent sheet by computing the local angle between the normal,

Bx, and the reconnecting, By, magnetic field components

around the X-point, that gives the aspect ratio between the half

width d and the half length L of the ion diffusion region.12,39

We estimate this quantity by computing the ratio between the

average normal magnetic field across the current sheet hBxi
and the average reconnecting component in the inflow region

hByi as done in spacecraft data analysis.31,40,41 We have found

that the reconnection rate is R � 0:25 and R � 0:1 when aver-

aging in the R-I and R-II inflow regions, respectively, see

Table I. The difference between the values in the two regions

is due to the slight asymmetry of the reconnection structure

observed in this case. From the continuity equation, this aspect

ratio is also the ratio between the inflow velocity Ux and the

outflow velocity Uy. We therefore estimate the aspect ratio

from the velocities by computing the ratio between the average

electron inflow velocity hUe;xi and the average electron out-

flow velocity hUe;yi in the X-point frame, see Table I, and we

have found R � 0:3 and R � 0:15 when averaging in the R-I

and R-II inflow regions, respectively. The rates are normalized

to the local Alfv�en velocity. We also calculate the aspect

ratio based on the prediction for asymmetric reconnection38

d=L ¼ ½n1Ux;1 þ n2Ux;2�=ð2noutUyÞ and found d=L � 0:24, as

consistent with the fact that the asymmetries for both the den-

sity and the magnetic field are relatively small in this case.

The formulas used above are valid for steady-state, non-driven

reconnection where the reconnection electric field is relatively

constant. In our simulation, reconnection is often unsteady and

FIG. 8. (a) Components of the magnetic field Bx, By, and Bz. (b) Out-of-

plane current. (c) The inflow velocity Ux for both ions (red) and electrons

(blue). (d) The outflow velocity Uy for both ions (in red) and electrons (in

blue). Both velocity are represented in the X-point reference frame by sub-

tracting the mean value of the ion velocity near the X-point hUix;Xpointi
¼ 0:24vA; hUiy;Xpointi ¼ 0:7 vA. Vertical dashed lines indicate the two inflow

regions on both sides of the current sheet and the outflow region.
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driven by turbulent motions and therefore the rate would be

higher. Yet the reconnection rate we estimate here represents a

lower bound for the actual rate. The fact that we find higher

rates than 0.1 even by using a steady-state assumption suggests

that reconnection may be faster than we report.

A similar analysis done on several other current sheets

yields similar values for the reconnection rate. The reconnec-

tion rate found for the selected current sheet is consistent

with fast reconnection, even if a bit larger with respect to the

rate found in simulations of single current sheet Hall recon-

nection with large guide field,37,42 where values below 0.1

are typically recovered. One possible explanation is that

when reconnection occurs in a turbulent environment, as in

our case, turbulence itself can enhance the reconnection rate

over the typical �0:1 value expected for fast reconnection,

as suggested by other studies.35 The turbulent dynamics may

in fact act as a driver for the system, even though no external

forcing is imposed. We believe that this could be one of the

possible reasons for the observation of reconnection rates

larger than 0.1 in our simulations.

VI. CONCLUSIONS

In this work, we have analysed the 2D turbulence spon-

taneously emerging inside K-H vortices. The 2D spectral

magnetic energy shows an initial anisotropy in the (kx, ky)-

plane, due to the imposed initial velocity shear. A quantita-

tive estimate of the anisotropy through the Shebalin angle

shows an evolution towards isotropy. In the isotropic regime,

a power-law spectrum k�1:8 has been observed above the

proton inertial scale, followed by a steeper spectrum at

smaller scales. Furthermore, in the saturated phase of the

instability, one observes the formation of a turbulent region

characterized by the presence of small scale fluctuations and

structures of the order of one inertial length or less.

We have observed a scale dependent deviation from

Gaussianity of the magnetic field increments, as consistent

with the generation of intense small scale fluctuations and

structures, typical of intermittent turbulence. Our results are

in agreement with previous results from PIC simulations of

shear flow turbulence.5,6,26

A detailed analysis of such intense structures on scales

of the order of the proton inertial length, identified with the

PVI method,29,30 shows that they are consistent with recon-

necting current sheets. A reconnection rate R ’ 0:1–0.3 has

been found, slightly larger than the typical Hall reconnection

rate for a single current sheet with guide field37,42 but in

agreement with other simulations of reconnection in a turbu-

lent medium.35

The study of the reconnection regions performed in a

way similar to in-situ satellite data analysis31,41 extends

based on the analysis of the magnetic field topology.30,35

Yet, the complex structure of the magnetic field and plasma

around the current sheets often makes a clear identification

of the inflow/outflow regions difficult, so that a statistical

analysis is not straightforward. Nevertheless, a number of

significant features of intermittency and reconnecting current

sheets have been pointed out in our simulations. All this can

be used to guide the analysis of turbulent reconnection

within K-H vortices with data from recent and future space-

craft missions, in particular, the NASA/MMS mission which

is tailored to study the microphysics of reconnection and

ESA/THOR, a mission concept currently under study phase

and fully devoted to study energy dissipation and particle

energization in turbulent plasmas. Improved diagnostic of

reconnection sites in turbulence simulations in the coming

future would therefore be advantageous.

Our finding that thin reconnecting current sheets form in

K-H turbulence supports reconnection as a fundamental dis-

sipation mechanism in turbulent plasmas, as recently pro-

posed by several authors.5,6,31–33,35,46
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