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Satellite data-based 3D simulation of Kelvin-Helmholtz instability and induced magnetic reconnection at the Earth's magnetopause

We present a 3D two-fluid simulation using plasma parameters as measured by MMS on September 8th 2015

• We observe that vortex induced and mid-latitude magnetic reconnection coexist

• We estimate the effective diffusion coefficient associated with reconnection, obtaining D ef f 10 10 m 2 /s, large enough to explain the observed mixing -1-

Introduction

Several decades of studies definitely proved the key role played by the Kelvin-Helmholtz instability (KHI) in regulating plasma transport from the solar wind (SW) into planetary magnetospheres. In particular, satellite data collected around the Earth's magnetopause revealed the presence of rolled-up KH vortices [START_REF] Hasegawa | Transport of solar wind into Earth's magnetosphere through rolled-up KelvinHelmholtz vortices[END_REF] under a variety of SW magnetic field orientations [START_REF] Hasegawa | Single-spacecraft detection of rolled-up Kelvin-Helmholtz vortices at the flank magnetopause[END_REF][START_REF] Hwang | Kelvin-Helmholtz waves under southward interplanetary magnetic field[END_REF][START_REF] Farrugia | A vortical dawn flank boundary layer for near-radial IMF: Wind observations on 24 October 2001[END_REF][START_REF] Kavosi | Ubiquity of KelvinHelmholtz waves at Earths magnetopause[END_REF] and the direct proof of magnetic reconnection events forced by the vortices themselves [START_REF] Hasegawa | Kelvin-Helmholtz waves at the Earth's magnetopause: Multiscale development and associated reconnection[END_REF][START_REF] Eriksson | Magnetospheric Multiscale observations of magnetic reconnection associated with Kelvin-Helmholtz waves[END_REF]. This proof is of paramount importance since KH vortices alone cannot explain the observed transport. Vortices develop as large-scale, nearly magnetohydrodynamic (MHD) structures that strongly perturb and fold the magnetopause but preserve the magnetic topology. Thus, they cannot induce an effective transport [START_REF] Foullon | Evolution of Kelvin-Helmholtz activity on the dusk flank magnetopause[END_REF][START_REF] Nykyri | Plasma transport at the magnetospheric boundary due to reconnection in Kelvin-Helmholtz vortices[END_REF]. In contrast, new open field lines emerging from reconnection events allow particles to stream from the SW into the magnetosphere leading to direct plasma entry (Nakamura & Daughton, 2014;[START_REF] Daughton | Computing the reconnection rate in turbulent kinetic layers by using electron mixing to identify topology[END_REF]. This kind of dynamics is of great interest also for planetary magnetospheres [START_REF] Johnson | Kelvin Helmholtz Instability in Planetary Magnetospheres[END_REF] and magnetized astrophysical objects characterized by the presence of strong velocity gradients [START_REF] Lovelace | Kelvin-Helmholtz instability of the magnetopause of disc-accreting stars[END_REF][START_REF] Li | Quasi-periodic Oscillations from Rayleigh-Taylor and Kelvin-Helmholtz Instability at a Disk-Magnetosphere Interface[END_REF]).

Here we focus our analysis on northward Interplanetary Magnetic Field (IMF) periods at Earth when the magnetic field advected by the SW is mainly parallel to the magnetospheric one at low-latitude, but including a rotation in the transition from the SW to the magnetosphere. In this region KH vortices can effectively grow with wavevectors nearly perpendicular to the average magnetic field minimizing the effect of magnetic tension, but still fairly aligned with the flowing SW maximizing the velocity shear driver [START_REF] Faganello | Magnetized KelvinHelmholtz instability: theory and simulations in the Earths magnetosphere context[END_REF][START_REF] Southwood | The hydromagnetic stability of the magnetospheric boundary[END_REF]Walker, 1981;[START_REF] Miura | Nonlocal stability analysis of the MHD Kelvin-Helmholtz instability in a compressible plasma[END_REF].

If an initial magnetic rotation is taken into consideration, the associated current sheet is pinched in between vortices and Type I Vortex Induced Reconnection (VIR) is forced on the ideal KH time-scale, faster than the usual reconnection one [START_REF] Chen | Resistive tearing instability with equilibrium shear flow[END_REF][START_REF] Knoll | Magnetic Reconnection in the Two-Dimensional Kelvin-Helmholtz Instability[END_REF]. VIR creates "open" field lines crossing the magnetopause eventually producing the development of a mixing layer [START_REF] Nakamura | Three-dimensional dynamics of vortex-induced reconnection and comparison with THEMIS observations[END_REF]. At magnetopause flanks, the KHI is gradually stabilized at higher latitudes [START_REF] Farrugia | Charts of joint Kelvin-Helmholtz and Rayleigh-Taylor instabilites at the dayside magnetopause for strongly northward interplanetary magnetic field[END_REF][START_REF] Gratton | The stability of the pristine magnetopause[END_REF][START_REF] Contin | Theoretical results on the latitude dependence of the Kelvin-Helmholtz instability at the dayside magnetopause for northward interplanetary magnetic fields[END_REF]. As a result magnetic field lines are advected differently at low latitude, once engulfed in vortices, and at high latitudes where the flow is more and more unperturbed. In such a way, even if IMF and magnetospheric field lines are aligned, so that no magnetic rotation is present, mid-latitude current sheets are created where reconnection finally occurs (Faganello, Califano, Pegoraro, & Andreussi, 2012;[START_REF] Borgogno | Doublereconnected magnetic structures driven by Kelvin-Helmholtz vortices at the Earth's magnetosphere[END_REF]. Proceeding at the same time in both hemispheres, mid-latitude reconnection (MLR) is able to create twice-reconnected, "newly closed" field lines connected to the Earth at both poles while embedded within SW plasma at low-latitude.

Twice-reconnected field lines allow for a direct and effective injection of SW plasma into the magnetosphere (Faganello, Califano, Pegoraro, & Andreussi, 2012;[START_REF] Johnson | Northward interplanetary magnetic field plasma sheet entropies[END_REF]. Measurements of remote reconnection signatures using electron particle fluxes have been reported by Cluster (Bavassano Cattaneo et al., 2010), Themis (Faganello et al., 2014) and MMS [START_REF] Vernisse | Signatures of complex magnetic topologies from multiple reconnection sites induced by Kelvin-Helmholtz instability[END_REF]. In these works the location of reconnection sites is inferred by looking at the angle of detected suprathermal particles with respect to local magnetic field: parallel particle fluxes are related to events occurring in the southern hemisphere, while antiparallel fluxes come from events in the northern one. Interestingly, MMS observations on September 8th 2015 indicate that VIR proceeding at equatorial latitude and MLR coexist [START_REF] Eriksson | Magnetospheric Multiscale observations of magnetic reconnection associated with Kelvin-Helmholtz waves[END_REF][START_REF] Vernisse | Signatures of complex magnetic topologies from multiple reconnection sites induced by Kelvin-Helmholtz instability[END_REF]. MMS was located close to the GSE equatorial plane where vortices and in-situ VIR outflows were detected. At the same time satellites observed parallel and antiparallel particle fluxes as signatures of remote reconnection, with more events with parallel fluxes. This fact suggests that the latitudinal distribution of remote reconnection events was asymmetric, with more events located in the southern hemisphere rather than in the northern one. This dynamics have been confirmed by numerical simulations taking into account high-latitude stabilization as well as the initial magnetic rotation [START_REF] Fadanelli | North-South asymmetric Kelvin-Helmholtz instability and induced reconnection at the Earth's magnetospheric flanks[END_REF], but not the actual magnetic/plasma parameters of the observed MMS event. The magnetic rotation breaks the reflection symmetry with respect to the equatorial plane so that the system evolves differently in the two hemispheres. As a consequence, MLR and the production of twice-reconnected lines could be affected [START_REF] Fadanelli | North-South asymmetric Kelvin-Helmholtz instability and induced reconnection at the Earth's magnetospheric flanks[END_REF][START_REF] Ma | Plasma Transport Driven by the Three-Dimensional Kelvin-Helmholtz Instability[END_REF]. At the same time local kinetic simulations of this MMS event have been performed focusing on VIR only (Nakamura, Hasegawa, et al., 2017;Nakamura, Eriksson, et al., 2017), showing that VIR can become turbulent producing a layer where different particle populations are effectively mixed-up, with a local entry rate comparable with that required for the observed mass transfer during northward IMF periods [START_REF] Sonnerup | Theory of the low-latitude boundary layer[END_REF]. However, for such simulations, the numerical box has a limited size in latitude, thus they cannot reproduce the remote dynamics of MLR.

Here we analyze a 3D two-fluid simulation using the parameters measured during the MMS event of September 8th 2015 and a large enough numerical box in order to include high-latitude stabilization. We show, in agreement with MMS observations, that VIR and MLR coexist and determine the complex magnetic field topology. To summarize: i) even if the symmetry of mid-latitude reconnection is broken by the presence of the large scale magnetic field rotation, the production of twice-reconnected field lines is still efficient, ii) the effective diffusion coefficient associated with such a complex topology can explain the observed transport in a wide latitude range, iii) the asymmetry of reconnection events reproduces that observed during the MMS event on which the simulation parameters are set, iv) the late nonlinear phase is extremely rich with vortex merging and the development of secondary KH instability that boost the production of reconnected lines and the effective diffusivity. Our simulation is able to account for the main features characterizing the dynamics as inferred from MMS data on September 8th 2015 [START_REF] Eriksson | Magnetospheric Multiscale observations of magnetic reconnection associated with Kelvin-Helmholtz waves[END_REF][START_REF] Vernisse | Signatures of complex magnetic topologies from multiple reconnection sites induced by Kelvin-Helmholtz instability[END_REF] and predicts an even more complex evolution of the magnetic topology when moving tailward as compared to the satellite position.

We consider a slab geometry with the x-axis perpendicular to the magnetopause, z as the latitude and the y-axis along the SW flow. The plasma evolution is described by a two-fluid set of equations:

∂ t n + ∇ • (nU) = 0 ; n = n i n e
(1)

∂ t (nU) + ∇ • nUU + (P i + P e + B 2 /2) Ī -BB = 0 (2) ∂ t (nS j ) + ∇ • (nS j u j ) = 0 ; S j = P j n -5/3 ; j = i, e (3) 
where n is the plasma density, u i U the ion fluid velocity, u e = U -J/n the electron fluid velocity, J = ∇ × B the current density and P j , j = i, e, the pressures.

All quantities are normalized using the ion mass and charge, the ion skin depth d i and the z-component of the Alfvén velocity at the center of the simulation domain. The Faraday equation and a generalized Ohm's law,

E = -u e × B - 1 n ∇P e + ηJ, (4) 
complete the set. We use a small but finite resitivity η = 10 -3 , corresponding to a resistive diffusion time scale τ R η -1 a 2 10 4 , associated with the equilibrium scale length a, which is far bigger than the simulation time. As a consequence the magnetic field is frozen-in to the large-scale KH motion and we don't observe any appreciable magnetic diffusion until reconnection starts in d i -scale current sheets. Here reconnection is expected to develop on a time scale nearly independent of the η value as for Hall-dominated reconnection [START_REF] Birn | Geospace Environmental Modeling (GEM) Magnetic Reconnection Challenge[END_REF]. Even if a kinetic model would better reproduce the finer structures of magnetic reconnection, our description is nevertheless able to capture the correct reconnection time-scale in the complex 3D evolution of KHI and to describe the evolution of the global magnetic topology (Faganello, Califano, Pegoraro, & Andreussi, 2012). We model the initial large-scale configuration by using a 2D Grad-Shafranov equilibrium that includes the strong gradients across the magnetopause and reproduces the high-latitude stabilization along z [START_REF] Faganello | Magnetic reconnection and KelvinHelmholtz instabilities at the Earth\textquotesingles magnetopause[END_REF]. All equilibrium quantities are obtained by a flux function

ψ(x, z, t = 0) = 2 3 x + 1 3 L z 2π sinh 2πx Lz cos 2πz L z (5) giving B eq = ∇ψ × ŷ + (B f low /2) [1 + tanh(ψ/a)]ŷ, n eq = 1 + (∆n/2) tanh(ψ/a),
U eq = (∆U/2) tanh(ψ/a)ŷ, P i,eq + P e,eq + B 2 eq,y /2 = (P i,eq + P e,eq + B 2 eq,y /2)| ψ=0 with P i,eq = 4 P e,eq . Here B f low is the flow-aligned component of the IMF that, adding to the northward component of the magnetic field, reproduces its rotation. We take equilibrium quantities compatible with the MMS event, as given by the values reported in the outer magnetosphere and in the adjacent magnetosheath in the auxiliary material of [START_REF] Eriksson | Magnetospheric Multiscale observations of magnetic reconnection associated with Kelvin-Helmholtz waves[END_REF]. In particular n varies from 5.7cm -3 to 20.1cm -3 , with an averaged value of ∼ 13cm -3 . Using this value when normalizing, we have n = 1 at the magnetopause and ∆n = 1. The GSE z-component of the magnetic field is nearly constant at ∼ 67nT while the flow aligned component in the sheath is ∼ -24nT . The velocity jump is ∼ 350km/s. As a consequence normalized quantities read B z,eq | ψ=0 =

1, B f low = -0.3 and ∆U = 0.9. The thermal temperature varies from

T th = T i + T e = 2638eV + 124eV ∼ 2800eV to T th = T i + T e = 189eV + 36eV ∼ 200eV
; thus the averaged thermal temperature is ∼ 1500eV and (P i,eq + P e,eq )| ψ=0 = 0.9. The pressure equilibrium condition given above reproduces a temperature jump across the magnetopause of ∼ 2080eV , slightly less but consistent with the MMS data. We set a = 3 so that the fastest growing mode (FGM) wavelength λ F GM 4πa is big as compared to d i and KH vortices develop at MHD scales. The box size is given by L x = 90 2.4λ F GM , Later on, at t = 600 a secondary current peak is visible at z ∼ 100 so that MLR is expected to occur in the northern hemisphere (dashed line), while the main broad peak, although shifted southward by differential advection, would remain linked to VIR. Since reconnection in a 3D geometry is not trivial to be identified, we follow the ideal MHD evolution of the initial magnetic surfaces by integrating in time ∂ t ψ + U • ∇ψ = 0. At t = 0 |ψ| measures the distance from the (perturbed) magnetopause, with ψ x around z = 0.

L y = 24π = 2λ F GM , L z = 96π = 8λ F GM .
To look at reconnected field lines, we trace at given times a set of 22500 magnetic field lines whose feet are uniformly distributed in the (x, y) region [-15, 15]×[0, L y ] at z = -L z /2. We define a line as "reconnected" when ψ has a jump along the line of at least ±a/2 across the magnetopause. "Once-reconnected" lines have only one jump, "twicereconnected" lines have two jumps, and we call "2 + -reconnected" lines with three or more jumps. In order to provide a visual representation of the previous definitions, in Fig. 2, panel a, we plot the value of ψ along two chosen magnetic field lines. One is once-reconnected and has a single ψ-jump around z 0, while the other is twice-reconnected having a second jump around z ∼ 100. Note that around both latitudes, where the connection changes occur, we observe clear ion and electron outflows pointing away from the site where the parallel current is maximal and where reconnection is proceeding (see Fig. S1 and S2 of Supporting Information). Signatures of the Hall quadrupole are visible below z = 0, even if quite distorted because of the "guide field" effect [START_REF] Eastwood | Asymmetry of the ion diffusion region hall electric and magnetic fields during guide field reconnection: Observations and comparison with simulations[END_REF] and of the density asymmetry across the current sheet [START_REF] Pritchett | Collisionless magnetic reconnection in an asymmetric current sheet[END_REF]. A kinetic description would probably reduce the distortion associated with the density asymmetry since particles streaming along reconnected field lines would rapidly smooth out density variations [START_REF] Sturner | On multiple hall-like electron currents and tripolar guide magnetic field perturbations during kelvin-helmholtz waves[END_REF]. At z ∼ 100 the magnetic fluctuations due to the KH vortex strengthen, suppressing possible quadrupolar signatures (see Fig. S3 and S4 of Supporting Information).

For all field lines having a jump in ψ we record the latitude at which they cross the magnetopause in order to obtain a latitudinal distribution of sites of connection changes gesting that the dynamics favour an efficient conversion from once-to twice-reconnected lines. After t ∼ 675 this ratio reaches a plateau corresponding to nearly 60% of twicereconnected lines. Even if not all once-reconnected lines reconnect a second time, the number of lines doing this is far from being negligible. The production rate of twice-reconnected line is smaller by a factor of three than in the case without an initial magnetic rotation [START_REF] Borgogno | Doublereconnected magnetic structures driven by Kelvin-Helmholtz vortices at the Earth's magnetosphere[END_REF] but is of the same order of magnitude. The number of 2 + -reconnected lines stays negligible.

Reconnection leads to the development of a mixing layer across the magnetopause where field lines have different topologies, from the original one, to "open" connection and "newly closed" ones. Because the mixing between the different populations is dominated by parallel streaming along reconnected lines [START_REF] Daughton | Computing the reconnection rate in turbulent kinetic layers by using electron mixing to identify topology[END_REF][START_REF] Nakamura | Three-dimensional dynamics of vortex-induced reconnection and comparison with THEMIS observations[END_REF], in our fluid approach we look at the average displacement of magnetic field lines with respect to their initial distance from the magnetopause. We thus evaluate < ∆ψ 2 >, where the average is on the set of 22500 field lines defined above, ∆ψ = max(ψ)min(ψ) along a line and where < ∆ψ 2 > would thus correspond to the average width of the mixing layer. As shown in Fig. 2, panel e, < ∆ψ 2 > grows linearly in time from t 575 to t 675, indicating a diffusive-type widening of the mixing layer, with an effective magnetic and matter diffusion coefficient D ef f 0.1v A,z d i . Taking a z-component of the Alfvén velocity v A,z 400 km/s and d i 300 km (which corresponds to a KH wavelength λ KH 12000 km, as inferred in the MMS event) we obtain D ef f 10 10 m 2 /s, even bigger than the diffusion coefficient needed to account for the observed plasma mixing in a simplified viscous model of the magnetopause [START_REF] Sonnerup | Theory of the low-latitude boundary layer[END_REF].

Since all new connection changes observed during a given time interval are due to reconnection events, we can compare the spatial distribution of reconnection sites obtained in our simulation with the ones inferred during the MMS event [START_REF] Vernisse | Signatures of complex magnetic topologies from multiple reconnection sites induced by Kelvin-Helmholtz instability[END_REF]. In order to reproduce a magnetopause crossing by a virtual satellite at equatorial latitudes, we define three cases: 1) in-situ reconnection sites (with respect to the MMS spacecraft position) when the magnetopause crossing is located around the equators (-10 d i < z < +10 d i ); 2) remote sites in the northern hemisphere for a crossing at z > +10 d i ;

3) remote sites in the southern hemisphere for a crossing at z < -10 d i . These definitions are related to the satellite position, not to the type of reconnection going on. The results for different time intervals are listed in Tab.1. In agreement with the MMS event [START_REF] Vernisse | Signatures of complex magnetic topologies from multiple reconnection sites induced by Kelvin-Helmholtz instability[END_REF] in the early nonlinear phase (t 600) the most of the remote reconnection sites are located in the southern rather than in the northern hemisphere.

Note that vortices are expected to be in their early nonlinear phase for this event, as inferred by Nakamura, Hasegawa, et al. (2017) by a careful comparison between their local simulation and the MMS observations. Moreover MMS satellites are close to the GSE equatorial plane [START_REF] Eriksson | Magnetospheric Multiscale observations of magnetic reconnection associated with Kelvin-Helmholtz waves[END_REF], where the growth rate of the KHI is supposed to be close to its maximum [START_REF] Vernisse | Signatures of complex magnetic topologies from multiple reconnection sites induced by Kelvin-Helmholtz instability[END_REF]. In our case, this plane correspond to the z = 0 one.

In order to interpret the complex topology extrapolated from MMS data, in Fig. 3 we draw the density iso-contours corresponding to a 2D chart of vortices in the equatorial plane during the early nonlinear phase, together with the intersection points of reconnected field lines. At t=550 black circles symbolize once-reconnected lines, generated by VIR. These lines intersect the selected plane close to the compressed current sheet between vortices. The number of these intersection points gradually increases in time along the vortex arms. An "arm" is defined as the low (high) density plasma plume that is gradually folded into a vortex, e.g. the blue (red) region in between y ∼ 20 and y ∼ 40, at x ∼ 2 (x ∼ -5). Since these lines reconnect at z 0, satellites at z 0 would measure either in-situ reconnection signatures, for example reconnection outflows and Hall magnetic field, or accelerated particles streaming parallel to B (coming from the south). It is worth noticing that due to the relative motion of vortices during their merging, the current sheet centered at y ∼ 20 is more compressed and enhanced as compared to the one in y ∼ 55. At later times, t = 575, some field lines have also reconnected a second time also in the northern hemisphere (purple points) and satellites encountering these twice-reconnected field lines would also observe also antiparallel particle fluxes. Note that black intersection points are located either close to the compressed current sheet or along vortex arms while purple points are only located along vortex arms. This kind of behaviour associated with remote mid-latitude reconnection, for which antiparallel fluxes of accelerated particles from northern reconnection sites could be detected only along the vortex arms, could help in discerning this type of reconnection mechanism from other kinds of remote reconnection events, such as lobe reconnection [START_REF] Gosling | Observations of reconnection of interplanetary and lobe magnetic field lines at the high-latitude magnetopause[END_REF][START_REF] Song | Model of the formation of the low-latitude boundary layer for strongly northward interplanetary magnetic field[END_REF][START_REF] Le | Structure of the magnetopause for low Mach number and strongly northward interplanetary magnetic field[END_REF], for which the intersection points would be equally distributed between the compressed current sheet and the vortex arms.

In the late nonlinear phase, vortices first merge (t 600) and then the single large vortex turns out to be unstable with respect to secondary KHI (t 700) that devel- 

Discussion and Summary

By performing a 3D two-fluid simulation using the parameters measured by MMS on September 8th 2015 and using a large numerical box including high-latitude stabilization, we have studied the development of remote northern MLR together with vortex-induced reconnection. Even if the North-South symmetry of the system is broken, the production of twice-reconnected lines turns out to be fairly efficient with 60% of oncereconnected lines reconnecting a second time. An estimation of the diffusion coefficient D ef f associated with reconnection turns out to be large enough to explain the observed plasma mixing [START_REF] Sonnerup | Theory of the low-latitude boundary layer[END_REF] and compatible with the one inferred by Nakamura, Eriksson, et al. (2017); Nakamura, Hasegawa, et al. (2017) where, however, the numerical box is too small to account for the remote dynamics. Two main regimes have been identified thanks to the analysis of connection changes. In the early nonlinear phase VIR and northern MLR coexist and generate a latitudinal distribution of connection changes with two different bumps at different latitudes. Following a virtual satellite around the equatorial plane we observe, as found by MMS, more "remote" events in the southern hemisphere than in the northern. However, while [START_REF] Vernisse | Signatures of complex magnetic topologies from multiple reconnection sites induced by Kelvin-Helmholtz instability[END_REF] identify southern "remote" events as MLR our simulation suggests that they could be related to VIR, which is found to develop in a wide latitude range reaching into the southern hemisphere.

In the late nonlinear phase, as it would be observed by satellites farther tailward along the magnetopause, vortex merging and secondary KHI develop and force reconnection to occur in a wider latitudinal range. In this case the number of reconnection events becomes larger in the northern hemisphere. Finally, we show a 2D chart of KH vortices in the equatorial plane with reconnection line intersections, that would help in discerning MLR from other kinds of remote reconnection events in observations. Indeed, during the early nonlinear phase, particles signatures from remote MLR is limited in space along the vortex arms, while particle signatures from lobe reconnection would intersect the entire mixing region uniformly. 

  The number of grid points is n x = 600, n y = n z = 512. All details on the numerical code, including transparent boundary conditions, can be found in[START_REF] Fadanelli | North-South asymmetric Kelvin-Helmholtz instability and induced reconnection at the Earth's magnetospheric flanks[END_REF] and references therein.3 Data analysisIn Fig.1, panel a, we show a 3D rendering of the KH vortices at t = 525. Vortices develop around the equator while high-latitude regions are stable. The vortex axis, as shown by the folded shaded surface of the magnetopause, is tilted with respect to ẑ since the FGM wavevector is nearly perpendicular to the average B eq in the central region.This tilting is also underlined by the three central planes drawn perpendicularly to the vortex axis. As expected for B f low < 0[START_REF] Fadanelli | North-South asymmetric Kelvin-Helmholtz instability and induced reconnection at the Earth's magnetospheric flanks[END_REF], vortices are more intense above the equatorial plane since the differential advection of field lines enhances the magnetic rotation in the southern hemisphere and lower it in the northern one. In-deed, as shown in panel b, max (x,y) (|J |) (the maximum is searched in the entire xy-plane) as a function of z becomes larger and larger in the southern hemisphere (here J = J• B/|B|). Since the presence of a magnetic rotation tends to stabilize the KHI (see panel b), the vortices are favoured above z = 0 (panel c) where max (x,y) (u ix ) is larger in the northern hemisphere. Panels d, e, f show density isocountours at different stages of the vortex evolution above the equator (at z = 68, close to the latitude where the vortices are more intense): at t = 500 when vortices are fully rolled-up, at t = 600 when they start to merge[START_REF] Miura | Compressible magnetohydrodynamic KelvinHelmholtz instability with vortex pairing in the two-dimensional transverse configuration[END_REF], at t = 725 when a single large-scale vortex has formed while small-scale secondary KHI[START_REF] Matsumoto | Onset of turbulence induced by a Kelvin-Helmholtz vortex[END_REF][START_REF] Smyth | Secondary KelvinHelmholtz instability in weakly stratified shear flow[END_REF] develops at the low-density boundary of the vortex where strong velocity gradients exists. At z = -30 (where the current peaks) KH nonlinear evolution proceeds in similar way (slightly less intense rolled-up vortices that finally merge), but no sign of secondary KHI appears, probably due to the enhanced magnetic shear. The evolution of |J | suggests that VIR should occur close to the equatorial plane at t ∼ 500 where a single broad current peak is generated by the vortex pinching of the initial current sheet, see panel b, continuous line.

(

  Fig.2, panel b). At t = 525 this distribution is peaked just below z = 0 where VIR has created once-reconnected field lines. At t = 600 a second bump around z ∼ 100 is present corresponding to lines having reconnected a second time in the northern current peak due to MLR. The main peak associated with VIR has moved southward, as the main current peak did. These dynamics are confirmed by the temporal evolution of the number of once-or twice-reconnected lines, see Fig.2, panel c. At the beginning only once-reconnected lines are present and their number increases in time. After a while they reconnect a second time at mid latitude (in correspondence of the northern current peak, not shown) and the number of twice-reconnected lines increases too. The ratio between once-and twice-reconnected lines slowly increases in time (panel d) until t ∼ 675 sug-

  ops at latitudes around z 70. During vortex merging the increase of reconnected lines is slightly slowed down (Fig.2, panel c) while more events are recorded in the northern hemisphere than in the southern one (see Tab.1). When, for t 700, secondary KHI grows along the vortex SW arm around z 70, it forces reconnection to occur and boosts the production of reconnected lines. As a consequence the latitude distribution of reconnection sites changes from a two-bump structure (Fig.2, panel b, blue line) to a single wider distribution (panel b, red line) with lots of magnetopause crossings from z -70 to z 130.

WalkerFigure 1 .

 1 Figure 1. Panel a: 3D rendering of KH vortices at t = 525. Blue and red colors represent plasma density (red high-density, blue low-density). The grey shaded surface, ψ = 0, corresponds to the magnetopause. The three central planes are perpendicular to the vortex axis. The box has been doubled along y-direction for sake of clearness. Panel b, c: plot of max (x,y) (|J |) and of max (x,y) (uix) as a function of z at t = 500 (dashed), t = 600 (dotted), t = 725 (continuous). Panels d, e, f: density iso-contours at the latitude z = 68 for three different times t = 500, t = 600 and t = 725.

Figure 3 .

 3 Figure 3. Density iso-contours at z = 0 (red high-density, blue low-density) and positions of the intersection points of the reconnected field lines in the equatorial plane (z = 0) at t = 550 (panel a) and t = 575 (panel b). In black once-reconnected lines, in purple twice-reconnected ones.
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Panel e: time evolution of < ∆ψ 2 >, the slope 0.1 (red) is given as reference.