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Magnetic reconnection in large and fully kinetic system: Time evolution of electron
diffusion region and reconnection rate
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Magnetic reconnection is widely believed to play an important role in the magnetospheric substorm and solar flares as a fas
conversion process of the magnetic energy to plasma kinetic and thermal energies. However, many of detailed processes arou
the diffusion region are poorly understood. Because reconnecting process of field lines actually proceeds in the diffusion regior
it is inevitable to understand physics around the diffusion region in considering energy conversion processes of magnetic recot
nection.

Since ions (protons) have much larger inertia than electrons, the diffusion region should have a two-scale structure, embeddir
the electron diffusion region within the ion diffusion region. Inside the ion diffusion region but outside the electron diffusion
region, ions are decoupled from the ambient magnetic field but electrons are frozen in to the field and move with the ExB drift
motion. This relative motion between ions and electrons produces a net current (the Hall current), generating the Hall effects
On the other hand, the magnetic dissipation in the electron diffusion region is supported by the electron inertial effects. Thougt
the reconnecting process of field lines actually proceeds in the electron diffusion region, it has been suggested that the electr
dynamics has little or no effect on the reconnection rate [e.g., Birn et al., 2001]. Instead, ion dynamics can control the reconnec
tion processes, that is, the electron scale structure. They conclude that the inclusion of Hall effects is a sufficient condition tc
achieve fast reconnection. Though recent simulation studies comparing MHD, Hall MHD, hybrid, and full particle simulations
confirmed the importance of the Hall effects, the system did not reach a steady state. This is because small cyclic systems tel
to suppress the reconnection processes before a steady state is achieved. Large-scale simulations including the Hall effects w
examined using two-fluid codes, but they excluded the effects of the off-diagonal electron pressure so that they could not descrik
the electron behavior adequately near the X-line. Furthermore, Karimabadi et al. [2004] recently found that fast reconnectior
can be achieved without the Hall effects. Thus it is good time to reconsider the previous model.

We have developed a new electromagnetic particle code using the adaptive mesh refinement (AMR) technique, which er
ables effectively high-resolution simulations for magnetic reconnection in kinetic system. We conduct very large-scale particle
simulations of magnetic reconnection using this code and investigate longer time evolutions of the current sheet. It is founc
that fast reconnection is achieved at a moment as shown in the previous results, but the reconnection rate decreases soon ar
guasi-steady reconnection is not realized. The key process responsible for slowing the reconnection processes is the extens
of the electron diffusion region toward the outflow direction, which suppresses the electron inflow velocity, that is, the inflow
velocity of the magnetic flux. The extension of the electron diffusion region is caused by the enhancement of the polarization
electric field and resulting out-of-plane electron current arising in the electron inflow region. We have confirmed the effects of
the polarization electric field by comparing two cases: one is the mass ratio 100, and the other is 1. These results clearly indica
that the previous model, which suggests that the inclusion of the Hall effects is sufficient for fast reconnection, is not adequate.

In this paper, we show the results of large-scale particle simulations and explain the mechanism of the extension of the electro
diffusion region and the resulting suppression of magnetic reconnection. We also discuss how a quasi-steady fast reconnecti
can be achieved in space plasmas.
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