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[1] Kinetic simulations of magnetic reconnection indicate
that the electron diffusion region (EDR) can elongate into a
highly stretched current layer with awidth on the electron scale
and a length that exceeds tens of ion inertial lengths. The
resulting structure has no fluid analogue and consists of two
regions in the exhaust direction. The inner region is
characterized by the locale where electrons reach a peak
outflow speed near the electron Alfvén velocity. Ions also
approach�80% of their peak velocity in this inner region but
remain sub-Alfvénic. There exists a large electrostatic
potential that can temporarily trap electrons within this inner
region. The electron frozen-in condition is violated over a
wider outer region characterized by highly collimated electron
jets that are gradually decelerated and thermalized.
Reconnection proceeds continuously but the rate is
modulated in time as the EDR elongates into an extended
layer. The elongation of the EDR is controlled by the
competition between the outward convection of magnetic
flux and the non-ideal term involving the divergence of
the electron pressure tensor. The occasional balance
between these two terms leads to periods of quasi-steady
reconnection. However, over longer time scales, a natural
feature of the reconnection process appears to be frequent
formation of plasmoids due to the instability of the elongated
EDR which leads to larger variations in the reconnection rate.
These new findings provide testable predictions and indicate
the need to reconsider the diagnostics for identification of the
diffusion region and interpretation of observational data.
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1. Introduction

[2] The basic structure and role of the electron diffusion
region (EDR) in magnetic reconnection are the subject of
recent controversy. While it is generally agreed that the
onset of reconnection is controlled by the details of electron
physics, the view articulated in the GEM challenge and
related studies has been that the subsequent nonlinear
evolution of the system and the resulting reconnection rate
are controlled by the ions [e.g., Birn et al., 2001; Shay et al.,
2001; Rogers et al., 2001]. According to these models, the
EDR remains stable and is localized on the electron scale in
both the inflow and outflow directions. In this scenario, the
non-ideal electron region extends �5de in the outflow
direction while the ion diffusion region extends �10di,

where de and di are the electron and ion inertial lengths.
However, recent simulations have brought these results into
question [Daughton et al., 2006; Fujimoto, 2006]. Using
large-scale fully kinetic simulations with both periodic and
open boundary conditions, the structure of the EDR was
observed to elongate in time along the exhaust direction
with scales �5–20di while maintaining an electron scale
thickness in the inflow direction [Daughton et al., 2006].
[3] In this work, the structure of the EDR is examined in

detail using new diagnostics to objectively quantify the
spatial region in which the electrons are demagnetized.
The results indicate that the EDR consists of two distinct
regions in the exhaust direction. The inner layer is charac-
terized by a strong out-of-plane electron current that is
produced by the reconnection electric field. This electron
flow is turned into the outflow direction by the Lorentz
force leading to an intense in-plane current layer or ‘‘out-
flow jet’’. These electron jets are found to extend to ±10di
before they are decelerated and thermalized. We demon-
strate that the elongation of the EDR is a natural conse-
quence of the rapid outward convection of magnetic flux
due to the electron outflow jets. Reconnection proceeds
continuously but the rate is modulated in time due to the
elongation of the EDR. The expansion is counteracted by a
localizing effect arising from the divergence of the electron
pressure tensor and this leads to occasional periods of quasi-
steady reconnection during which variations in the rate are
relatively small. However, over longer time scales the
elongated electron layers are unstable to plasmoid formation
leading to larger variations in the rate. These findings are at
odds with previous theoretical expectations and require
rethinking of data analysis for existing missions as well
as planning of the upcoming Magnetospheric Multiscale
mission. One of the clear predictions of this work is the
presence of thin but highly elongated, non-gyrotropic
electron jets associated with the reconnection site.

2. Simulation Setup and Parameters

[4] We consider a Harris equilibrium with zero guide
field using a coordinate system where the initial magnetic
field is Bx = Botanh(z/L), where L is the half-width of the
layer. The density profile is n(z) = nosech

2(z/L) + nb where
no is the peak Harris density and nb is the background
density. Results are presented from two fully kinetic simu-
lations with open boundary conditions [Daughton et al.,
2006] and larger system sizes than considered previously.
The first case (run 1) is 50di � 50di where di is an
ion inertial length based on no. The simulation parameters
are L/di = 0.91, mi/me = 100, Ti/Te = 5, nb/no = 0.3, wpe/W ce =
3, 2560� 2560 cells with 3� 109 particles. The second case
(run 2) has a larger system size 100di � 100di with param-
eters L/di = 0.35, Ti = Te, wpe/W ce = 2, 2048� 2048 cells with
2.5 � 109 particles and other parameters the same as run 1.
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