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Plasmoid-induced turbulence in 3D magnetic reconnection
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One of the main issues on magnetic reconnection processes is the mechanism breaking the frozen-in condition around tl
x-line and providing the electric resistivity in collisionless plasmas. It has been recognized empirically in magnetohydrodynamic
simulations that the Petschek-type fast reconnection can be achieved only when an intense resistivity arises locally near tt
x-line. However, the generation mechanism of the resistive effects in collisionless plasmas is poorly understood in the kinetic
framework. In 2D reconnection, it has been demonstrated by kinetic simulations that the momentum transport due to the Speise
type motion of the electrons around the x-line gives rise to the so-called inertia resisticity which results in the electron viscosity
term in the generalized Ohm'’s law. Although the electron inertia resistivity gives intense dissipation under the thin current layer
on the order of the electron inertia length, such a thin current sheet has been observed neither in the laboratory experiments r
in the geomagnetosphere. The observational results have shown that the current sheet width during the fast reconnection is mt
larger than that in the 2D kinetic simulations and electromagnetic wave activities are usually accompanied. These characteristi
infer the existence of the anomalous effects due to wave-particle interactions that are not incorporated in the 2D simulations.

In order to investigate the 3D effects in the dissipation process, the present study has performed large-scale particle-in-ce
(PIC) simulations in 3D system. The code employs the adaptive mesh refinement (AMR) and is massively parallelized, whict
enables us to perform highly efficient simulations on state-of-the-art supercomputers. The 3D simulations revealed that thi
thin current layer is unstable to a low-frequency electromagnetic mode wijthcvw < wy g, where w,; and w,y are the
ion cyclotron frequency and the lower hybrid frequency, respectively. The mode propagates in the cross-field direction anc
produces the turbulent flow around the electron current layer, so that the electron current is impeded by the turbulence on averac
The turbulence effect is evaluated by the anomalous terms in the generalized Ohm’s law and is found to provide significan
contribution to the force balance. In particular, it is very interesting to remark that the turbulence effect is strongly enhanced in
association with the plasmoid ejections. Although the present simulations have been carried out for an unrealistic ion-to-electro
mass ratio (mi/me = 100), the linear analyses have demonstrated that the mode still survives for the real mass ratio (mi/me
1836).

In this paper, we show the recent kinetic simulation results in large-scale 3D system, where it is described that the intens
turbulence is caused due to the plasmoid ejections. The possible scenario under the real mass ratio will be discussed using 1
linear analyses based on the two-fluid equations.
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