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Effects of turbulence in fast magnetic reconnection
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One of the outstanding difficulties for modeling space plasma phenomena is the huge gap between many different tempor:
and spatial scales. Accordingly, there exist several physical models suitable to describe phenomena occurring on a specific sca
The well-known magnetohydrodynamics (MHD) description gives an adequate view for macroscopic phenomena like global
magnetospheric dynamics. On the other hand, key phenomena such as reconnection at the near earth neutral line is belie\
to be crucial even for the global dynamics of the magnetosphere. This calls for a more sophisticated model that is able to, &
least in an approximate manner, describe kinetic effects controlling the key processes, while keeping the global dynamics ye
computationally tractable. It is known that when the spatial scale becomes of the order of ion inertial length, the Hall term starts
to play a role. Indeed, the importance of the Hall term in reconnection physics has been recognized for years. The Hall MHD
model would therefore be the simplest model beyond ideal MHD. One may also includes kinetic effects by treating ions as
an ensemble of macroscopic particles rather than a fluid. The hybrid model usually do so while approximating electrons as
massless charge-neutralizing fluid, thus ignoring their finite inertia and kinetic effects. Since these models do not include higt
frequency waves associated with electron scale physics, computational requirement is much less than the fully kinetic model i
which both electron and ions are treated as kinetic particles. It appears that they are useful tools to describe physics beyond ide
MHD. In reality, however, they tend to be numerically unstable when dealing with the scale length smaller than the ion inertial
length. Because of this, the applicability of the models have been severely limited to date.

Here, we look for the reason for the numerical difficulty and reconsider the formulation of these models. By analyzing the
linearized magnetic field induction equation including the Hall current, we find that the problem seems to become ill-conditioned
for the high frequency whistler mode branch. Namely, for whistler waves, even a small numerical error in the ion fluid velocity
would be substantially amplified, implying a numerical instability. We suggest that the problem may be resolved by retaining an
approximate non-zero electron inertial current term. Since the exact expression for the electron inertial current is not desirable fc
our purpose of describing waves with frequency much smaller than the electron cyclotron frequency, we assume that electror
are magnetized. Under this assumption, the electron inertial current may be approximated by a temporal derivative of the electri
drift velocity, which makes the equation of motion of the electron fluid as essentially an equation describing time evolution for
the electric field. In this model, the induction equation no longer involves explicit dependence on the ion fluid velocity. Linear
analysis has been carried out to find that the present model gives an adequate description for scales larger than the electron iner
length. Comparisons with other models (MHD, Hall MHD, two fluid) as well as the applicability of the model will be addressed.
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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 viscosity gives sufficient dissipation for supporting the reconnection
electric field under the thin current layer on the order of the electron inertia length, such a thin current sheet has been observe
neither in the laboratory experiments nor in the geomagnetosphere. Recent 3D particle-in-cell (PIC) simulations with the adaptiv
mesh refinement (AMR) have revealed that an electromagnetic turbulence in the current density direction gives rise to significar
anomalous dissipation in association with plasmoid formations and enhances the effective width of the current sheet. Howeve
the observations in space and laboratory have shown even wider current sheet during the fast reconnection, which implies tt
existence of more intense turbulence. It is reasonable to expect that, in a much larger system in the current density direction, tt
plasmoid formations are more three dimensional, which results in more turbulent current sheet.

The previous AMR-PIC simulations of magnetic reconnection have employed the periodic boundary condition in the outflow
direction and the conducting wall condition in the upstream direction. These boundary conditions have an advantage that th
implementation is easy, but they require very large system size for one to investigate the quasi-steady reconnection process
Furthermore, the particles split around the x-line accumulate eventually in the downstream region, so that the number of th
super-particles in the system increases as reconnection goes on. In order to achieve more efficient simulations of quasi-stea
reconnection, we have developed an open boundary condition for the AMR-PIC model both in the downstream and upstrear
directions. The open boundary condition allows the particles and magnetic flux to leave the system in the downstream directio
and to enter the system in the upstream direction. There are two advantages of using the open boundary condition: the first is
enable us to shrink the system size drastically in the reconnection plane, and the second is that the total number of the supe
particles in the system is decreased. As a result, the redundant computer resources can be used to increase the system size ir
out-of-plane direction. We expect that by using the open boundary condition one can obtain one order larger system size in th
current density direction.

In this paper, we show initial results of the 2D AMR-PIC simulations of magnetic reconnection under the open boundary
condition. It is described that the initial current sheet plasma is removed from the system and quasi-steady reconnection i
achieved. By comparing to the results of the previous AMR-PIC simulations, we will discuss the efficiency by using the new
boundary condition.

Keywords: magnetic reconnection, AMR-PIC model, open boundary, turbulence
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Cassini observations revealed that Saturn’s moon Enceladus (3.95Rs) ejects ngdtiralrilits southern pole with temporal
variability [e.g., Hansen et al., 2006]. This volcanic activity, so-called 'plumes’, leads to the electromagnetic coupling between
Saturn’s ionosphere and plasmas around Enceladus. The coupling causes auroral activities around the footprint of Encelad
[Pryor et al., 2011]. They discovered Enceladus footprint aurora with temporal variability and reported that observed field alignec
fluxes of electrons and ions are sufficient to brighten the footprint aurora observed by EUV onboard Cassini. They interpretec
that the variability of auroral brightness reflects variations of plume activities. In contrast, an electron precipitation into the
atmosphere through pitch-angle scattering also causes auroral emissions. The dominant physical process controlling the activ
of the footprint aurora is still controversial.

In the present study, for the quantitative evaluation of auroral emissions caused by the pitch-angle scattering through elast
collisions between magnetospheric electrons ap@ ldarticles, we have developed a spatially one dimensional test-particle
simulation code with monoenergetic electron along a dipole magnetic field at Enceladus (L = 3.95). We assume that the initia
velocity distribution of energetic electrons at the magnetic equator forms a velocity distribution with a loss-cone. It is assumed
that the cross sections of elastic collisions are Born-dipole approximation [Khakoo et al., 2008]. An interaction between an
electron and a background neutral cloud is solved by the Monte-Carlo method using the differential cross sections of elastit
collisions for H,O. We show a preliminary result of the variability of precipitating electrons with several hundred eV to several
keV and estimation of the expected brightness of auroral emissions.
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