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[1] Three-dimensional (3-D) particle simulations are performed in a double current layer
configuration to investigate the stability of current sheets and boundary layers which
develop during magnetic reconnection of antiparallel fields in collisionless plasma. The
strong current layers that develop near the x line remain surprisingly laminar, with no
evidence of turbulence and associated anomalous resistivity or viscosity. Neither the
electron shear flow instabilities nor kink-like instabilities, which have been observed in
these current layers in earlier simulations, are present. The sharp boundary layers which
form between the inflow and outflow regions downstream of the x line are unstable to the
lower hybrid drift instability. The associated fluctuations, however, do not strongly impact

the rate of reconnection. As a consequence, magnetic reconnection in the 3-D system

remains nearly two dimensional.
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1. Introduction

[2] Collisionless magnetic reconnection facilitates the
conversion of magnetic energy to high-velocity plasma
flows, energetic beams, and thermal motion. In the case of
a simple reversed magnetic field a fairly detailed under-
standing has been developed by comparing two-fluid, hybrid
and full particle simulations [Birn et al., 2001]. Neverthe-
less, the overall physical picture remains incomplete since
this investigation was restricted to a system with spatial
variation in the two-dimensional (2-D) plane perpendicular
to the direction of the current. Such a model necessarily
eliminates instabilities with a variation along the current
sheet transverse to the plane of reconnection. A number of
instabilities have been discussed as candidates for producing
structure in the out-of-plane direction. These include the drift
kink [Zhu and Winglee, 1996; Ozaki et al., 1996; Pritchett
and Coroniti, 1996; Daughton, 1999; Horiuchi and Sato,
1999] and sausage [Biichner, 1999] instabilities at the ion
scales. These instabilities are at a large enough scale that
they would substantially modulate reconnection in the out-
of-plane direction. There is now substantial evidence that the
prominence of the drift kink instability in early simulations
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was a consequence of an unrealistic electron-to-ion mass
ratio and that at realistic mass ratios the drift kink mode
would be suppressed [Daughton, 1999]. In recent 3-D
particle simulations, therefore, symmetry constraints were
imposed to eliminate the drift-kink instability, and the
resulting simulations indicated that reconnection remained
largely two-dimensional [Hesse et al., 2001; Pritchett,
2001]. Buneman [Krall and Trivelpiece, 1973], lower hybrid
drift [Huba et al., 1980; Brackbill et al., 1984; Horiuchi and
Sato, 1999; Pritchett and Coroniti, 2001; Rogers et al.,
2000], and electron shear flow [Drake et al., 1997; Rogers
et al., 2000] instabilities arise at smaller scales and may
therefore in the nonlinear state be represented as an anom-
alous resistivity or viscosity. Electron shear flow instabilities
specifically were found to broaden the electron current layer,
which develops at the x line during collisionless reconnec-
tion to several times the electron skin depth, d. = c/w,.
[Rogers et al., 2000]. Fluid simulations, however, must be
interpreted with care since kinetic effects are expected to
play a major role, in particular, in the vicinity of the neutral
line where electrons and ions become unmagnetized. Using
massively parallel computers, it becomes feasible to chal-
lenge the previous fluid results with full particle simulations
and to extend earlier full particle simulations to much larger
ion-to-electron mass ratios.
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[3] In the present paper, using a full particle simulation
model, we therefore explore the growth of secondary
instabilities in the current and density layers that self-
consistently develop during magnetic reconnection. The
goal is first to determine whether reconnection has a
tendency to self-modulate in the out-of-plane direction
and second to determine whether small-scale instabilities
develop in these layers and produce anomalous resistivity or
viscosity, which feeds back on the rate of reconnection. In
this paper we will not explore the role of instabilities that
develop in realistic magnetotail equilibria in triggering
reconnection during substorms. For this reason we focus
primarily on the late time behavior of the dynamics after the
current layer near the x line and the slow shocks separating
the inflow and outflow regions have approached their steady
state structure. A true steady state cannot, of course, be
achieved in the present simulations because computational
constraints limit the macroscopic size of the system. Never-
theless, as near as we can tell, the late time results are
relatively insensitive to the initial widths of the current
layers. The goal is also not to obtain an asymptotic scaling
of the reconnection rate. This requires the exploration of
reconnection in very large systems so that the macroscopic
and microscopic scales are well separated. This is not
possible within the constraints of the present computer
systems while at the same time achieving sufficient separa-
tion of the ion and electron inertial scale lengths and the
Debye length. We do find reconnection rates that are
comparable with those measured in the Geospace Environ-
mental Modeling (GEM) Reconnection Challenge [Birn et
al., 2001].

[4] The high-resolution 3-D simulations have been com-
pleted on a massively parallel T3E systems with typically
250 million electrons and 250 million ions using a newly
developed relativistic particle code. Our simulations con-
firm the importance of the lower hybrid drift instability at
the boundary between the inflow and outflow regions
downstream of the x line, where the gradient in the plasma
pressure steepens as a result of the formation of “‘slow
shocks.” The strong current layers that develop near the x
line remain surprisingly laminar. The lower hybrid drift
instability, the drift kink instability and electron shear flow
driven instabilities all remain stable in the vicinity of the x
line. The lower hybrid drift mode is stabilized by finite 3
effects in the region of large density gradient, which forms
very close to the x line and is also stable in the region of
lower {3 farther from the x line, where gradients are more
modest. The electron shear flow instability, however, which
destabilizes narrow electron current sheets in the two-fluid
limit, is totally absent in our full particle simulations.
Stability is a consequence of the increased width of the
electron current layers in the kinetic versus the two-fluid
model. The electron heating that occurs as the electrons
become demagnetized at the x line prevents the width of the
current layer from falling below d,, which is required for
onset of the electron shear flow instability. The electron
heating at the x line also suppresses the onset of the
Buneman instability. Electron drift speeds in the center of
the current sheet are comparable with but do not exceed the
electron thermal velocity of electrons near the x line. No
evidence of the Buneman instability and associated anom-
alous resistivity has been measured.
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[s] The present results are limited to the case of no
initial out-of-plane (guide) magnetic field. In a subsequent
paper we will show that the behavior of the system with a
finite guide field is much more dynamic [Drake et al.,
2002]. We also note that the conclusion that secondary
instabilities do not play an important role during reconnec-
tion at late times does not extend to reconnection onset.
During substorm onset in the magnetotail, for example, a
substantial component of the magnetic field normal to the
current sheet is present in the equilibrium [Pritchett and
Coroniti, 1995]. We have not explored the stability of this
equilibrium nor its nonlinear development and therefore
cannot comment on the role of secondary instabilities in
this configuration.

2. Numerical Techniques

[6] The simulations are performed with a new three-
dimensional particle-in-cell code, which evolves the com-
plete Maxwell equations and the relativistic particle motion
in time. Faraday’s law and Ampere’s law are treated with a
trapezoidal leapfrog scheme, and the particles are stepped
according to the well-known Boris algorithm [Birdsall and
Langdon, 1991]. Although the time evolution of the electric
field is fully determined by Faraday’s law and the continuity
equation, discretization errors may accumulate and lead to a
secular violation of Gauss’s law [Birdsall and Langdon,
1991]. As a remedy, Gauss’s law must be solved explicitly,
leading to a correction for the electric field. The resulting
Poisson equation is treated in real space with a three-
dimensional multigrid algorithm [7rottenberg et al., 2001].
The computational domain is distributed on the massively
parallel computer following a three-dimensional domain
decomposition that assigns all particles and fields of a
specific subvolume to one processor. The space-scales and
timescales in the code are normalized to the ion inertial
length, d; = c/w,;, and the ion gyrotime, w,; ! The code is
explicit with separate time steps available for the fields
(E and B) and the particles. The field time step is limited by
the Courant condition for light waves, while the particle
time step is limited by either the electron plasma frequency
Wpe Or the electron cyclotron frequency w.. The present
simulations were carried out on the Cray T3E at the
computer center in Garching, which allows for simulations
of up to one billion particles on 512 processors.

3. Simulations

[7] We start our discussion with a simulation at param-
eters similar to those used by Rogers et al. [2000]. The
initial equilibrium is a double Harris sheet with B,/By =
tanh[(y/wo)] — tanh[(y — L,/2)/wo] — 1 and wy = d;
which is evolved in a box with dimension L, = 10 d;, L, =
5d;, L, = 1.25d; with periodic boundary conditions. The
double current sheet provides a system in which the
boundary conditions are simple, and the rate of reconnec-
tion continues robustly for an extended period of time. This
should be contrasted with a single layer with fixed boun-
dary conditions such as was studied in the GEM Recon-
nection Challenge, where the magnetic island saturates and
therefore reconnection halts. Since our goal is to explore the
growth of turbulence in the self-generated boundary layers
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Figure 1.
lines correspond to the magnetic flux function .

produced during reconnection, it is essential that reconnec-
tion continues as long as possible so that these boundary
layers have time to develop. The double current layer is the
optimum configuration for this purpose. A uniform density
floor of 20% is added to the usual Harris equilibrium
density profile so that the maximum density ranges from
1.2 ng at the center of the current sheet to a minimum of
0.2 ng outside. The ion inertial length d; is evaluated at the
reference density ny. The plasma pressure directly results
from the force balance relation, which determines the
(homogeneous) electron and ion temperature, if the temper-
ature ratio 7;/T, is given. In our case, unless otherwise
specified, we choose 7;/T, = 10, which yields Timy3 =
1/2.2. The rather small initial electron temperature was
chosen to minimize the transverse-scale length of the elec-
tron current layer, which is controlled by the electron gyro-
excursion near the x line [Horiuchi and Sato, 1997] to
increase the probability that the layer will be destabilized.
We will show, however, that the layer remains stable even as
the initial electron temperature tends to zero. Systems with
larger values of the electron temperature, which produce
broader current layers, are even more stable. The mass ratio
is m;/m, = 277.8, so that the ratio of the electron to ion
inertial lengths, d./d;, is 0.06. The speed of light is given by
c/vy = 15. For this value of ¢ and the specified mass ratio,
Wee = 277.8 we; and wy, = 0.9 we,. The ratio of the velocity
of light to the electron thermal velocity, ¢/vy, is 4.22. The
computational grid consists of 512 x 256 x 64 colloca-
tion points, so the electron Debye length \p, = vy, J/wpe =
0.014 d; is comparable to the grid scale length, a require-
ment to avoid spurious electron heating. The simulation
consists of ~250 million electrons and an equal number
of ions, which corresponds to 60 particles per cell in the
current layers and 10 particles per cell in the background.

Current density in a 2-D simulation at (a) ¢ = 7.7/w,; (b) and ¢ = 12.9/w,;. Overlaid contour

The particle time step for the reference simulation is
10>/w,, so that both the plasma frequency and the electron
cyclotron frequency are resolved by the simulation. The
equations for the electromagnetic fields E, B are substep-
ped, so that the Courant condition on the light velocity does
not require additional time for pushing forward the particles.
For the parameters of the runs presented in this paper, the
field time step is a factor of 10 smaller than that of the
particles. To start the reconnection process, the Harris
equilibrium is perturbed with magnetic seed islands as
initial conditions. No flow conditions are imposed at the
boundaries as in some forced reconnection simulations
[Horiuchi and Sato, 1999]. The initial island width is
~0.4 d;. Perturbations in the plasma density and plasma
current are not included. The plasma current is quickly self-
generated by the dynamics. The rather large seed islands
enable the system to quickly get into the nonlinear recon-
nection phase, which is of most interest in this study. Such a
large seed precludes an exploration of the linear growth of
the tearing mode and the competition between the tearing
mode and other instabilities in controlling the onset of
reconnection which, as discussed previously, is not the
primary topic of this work.

[8] For reference, we perform a two-dimensional simu-
lation with the same parameters and box dimensions in the x
and y directions and with ~6 million particles. In the 2-D
case the initial magnetic perturbation leads to the formation
of an X point at an early time (Figure 1a) with current sheets
that remain quiescent even during the phase of fast recon-
nection (Figure 1b). The time evolution of the magnetic flux
1 is shown in Figure 2. Note that the slope of the curve,
which is the reconnection electric field, has a maximum of
0.2, which is comparable to that found earlier in the GEM
Reconnection Challenge.
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Figure 2. Time evolution of the magnetic flux in the 3-D
(solid line) and in the 2-D (dashed line) case and of the
current fluctuations along z (stars). The flux is calculated
according to W' = [{(0, 0) — (0, L,/2))/4 + [(Ly/2, 0) —
P(Ly/2, L,/2)])/4; thus the total magnetic flux is reconnected

when W = 0. The current fluctuations are calculated by
averaging |d.J./dz| over the whole simulation domain.

[o] In the 3-D case, by contrast, the Harris sheet becomes
unstable at a very early time, leading to a strongly distorted
current distribution even before the fast reconnection starts
(Figure 3a). To compare with the 2-D simulation and to
compute an effective reconnection electric field, we define a
2-D flux function 1 with the equation V) = (J.)., where
(). denotes an average over the z direction. The z-averaged
magnetic field (B). then satisfies the equation (B), = X
V. The X-point structure of the resulting 2-D flux function
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is shown in Figure 3a. The structure of this mean magnetic
field is not strongly altered by the development of the
z-dependent fluctuations. Figure 4a shows the density at
the same time in the y — z plane cutting through the X point.
The instability is located where the density gradients are
largest, so that the main current filament in the center of the
sheet remains nearly unperturbed and retains its initial 2-D
structure. The current fluctuations along the z direction
coincide with a transient acceleration of the reconnection
rate compared with the 2-D case (Figure 2). As reconnection
proceeds, however, the quasi 2-D structure of the current
distribution is re-established (Figure 3b) as the z-dependent
fluctuations decay to a comparatively low level (Figure 2).
Near the x line the electron current flows in a straight
narrow channel (Figure 4c), which is embedded in a much
wider density layer (Figure 4b). In contrast, the fluctuations
continue to be driven along the boundary between the
inflow and outflow regions, just downstream of the separa-
trix (Figure 4d). Overall, the 3-D effects remain surprisingly
weak, and the evolution closely resembles that of the 2-D
system. Buneman, electron shear flow, and drift kink
instabilities are completely absent from our kinetic simu-
lations (note the quiescent current channel in Figure 4c).
The behavior of the lower hybrid instability, which is
responsible for the boundary layer fluctuations, is consistent
with fluid predictions as will be discussed now in more
detail but does not significantly impact the rate of recon-
nection.

4. Lower Hybrid Drift Instability

[10] The instability that is observed around ¢ = 5/w,; in
the 3-D run exhibits the main properties of the lower hybrid
drift (LHD) instability. The LHD mode is expected to be

Figure 3. From the 3-D simulation. Current density in the x — y plane at z = 0 at (a) ¢ = 5.4/w,; and (b)
t = 12.9/w,;. The magnetic flux function 1 (contour lines) is calculated by averaging over z.
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Figure 4. From the 3-D simulation. Electron density in the y — z plane at the x line at (a) ¢t = 5.4/w,; and
(b) = 12.9/w,;. The electron velocity v, in the y — z plane at t = 12.9/w,; at (c) the x line and at (d) x= 1.5 d;
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Figure 5. Lower hybrid drift (LHD) unstable regions at (a)
t = 3.8/w,; and (b) ¢t = 15.2/w,,. Plotted are contour lines of
the two-fluid stability parameter p,/(1 + (3/2)/L,, at the levels
0.5, 1, and 1.5. In the shaded regions the stability parameter
is larger than 1, indicating that the LHD mode is expected to
be unstable.

destabilized at the location of the steepest pressure gradient
[Huba et al., 1980; Brackbill et al., 1984; Horiuchi and
Sato, 1999] and well separated from the high-3 region
around the center of the current sheet, consistent with
Figure 3a. Here 3 = 8wn(T, + Ti)/BZ. At gradients L,, < c/wp,,
a two-fluid analysis [Rogers et al., 2000] predicts unstable
eigenmodes in the range (1 + 3/2)L,/py; S kpse S 1 with
pe.=d?B/2. Figure 5a shows that during the early phase of the
simulation the LHD mode is expected to be unstable along
the entire Harris sheet, including the x line, consistent with
Figure 4a. As reconnection proceeds, the LHD mode is
suppressed in the vicinity of the X point (Figure 5b), and
the current sheet becomes quiescent in this location (Figures
4b and 4c). Figure 6b is a cut of the density through the x line
at late time. Reconnection actually steepens the density
profile just outside the electron current layer, but the plasma
B in this region is high, and as a consequence, the LHD
mode remains stable. Further upstream from the x line
where 3 is smaller, the gradients in density decrease as
reconnection proceeds, so that LHD remains stable in the
entire region around the x line. Downstream along the
separatrices, however, where 3 is modest, the condition
for instability is still satisfied, consistent with the observed
mode activity at this location (Figure 4d). Finally, the
wavelength of the LHD mode is given approximately by
kpse =~ 1, which yields Nd; ~ 0.3, in excellent agreement
with Figure 4a.

[11] In our 3-D reference simulation the initial profiles
considerably exceed the stability limit for the LHD insta-
bility, as shown in Figure 5a. To address the question
whether an initially weaker density gradient would self-
steepen as reconnection proceeds, thereby triggering the
LHD mode even if the initial equilibrium were stable, we
completed a 2-D simulation with a larger background
density. In this run, all parameters are as in our previous
2-D reference simulation except for the ratio 7,./%min,
which previously was 6 and is now reduced to 2 by a larger
background density. The increased background density
lowers the density gradient and thus stabilizes the LHD
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instability. As the simulation proceeds, the gradients near
the x line evolve as in the reference simulation and drive the
parameters even further into the regime where the LHD
mode is stable. Along the separatrix toward the O line,
however, the gradients moderately steepen, and eventually
the stability threshold is exceeded. Thus self-consistent
steepening of the profiles and subsequent destabilization
of the LHD mode appears likely along the separatrix
downstream from the x line but is unlikely in the vicinity
of the X point, consistent with the earlier two-fluid simu-
lations [Rogers et al., 2000].

5. Stability of Electron Current Sheets

[12] An important difference between the present kinetic
simulations and earlier kinetic and two-fluid results [Rogers
et al., 2000] is the fact that the electron current sheet
remains completely stable. There is no evidence for the
drift kink, electron shear flow instabilities, or Buneman
instabilities. The absence of the drift-kink instability is
consistent with calculations of Daughton [1999], who
showed that the instability was very weak for the large
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Figure 6. Electron current layer in the vicinity of the x line

at t = 14.75/w,;. (a) Mean velocity v, . (solid line) and E x B
velocity (dashed line). (b) Electron density profile.



ZEILER ET AL.: THREE-DIMENSIONAL PARTICLE SIMULATIONS

®) 04

~ 03

>
= 0.2
0.1
0.00
-10

-5 0 5
V., /Va

Figure 7. (a) Electron flow velocity v, . versus y across the
x line. (b) Electron distribution function f.(v,) at the x line
for two initial electron temperatures, 0.01 (solid line) and
0.04 (dashed line).

ion-electron mass ratios, which characterize space and solar
plasmas. At a mass ratio significantly below that of the
reference run (m;/m, = 25), kinking of the current channel
was observed, consistent with the Daughton theory. We
note, however, that the length of the simulation domain in
the z direction was only 1.25d;. We cannot be sure that
instabilities at a longer wavelength than the box size in this
direction are not unstable. However, at late time the current
sheet collapses to a width of several d.. This can be seen in
Figure 4c, where the electron mean velocity rises from zero
to 3.5v, over a distance of ~3d,. Figure 6 shows the
density and velocity profiles for a similar situation. In
Daughton’s theory of the kinetic kink instability the growth
rate maximizes for k.w ~ 1, with w the width of the current
layer, and falls off at longer wavelength. Because of the
strong compression of the current layer at late time, the most
unstable modes, corresponding to &, ~ 0.3/d,, fall within the
range of wavelengths modeled by the grid. It therefore
seems doubtful that an increased computational length in
the z direction would allow the drift kink instability to grow.

[13] The absence of electron shear flow instabilities is
perhaps surprising in light of the narrow current layers which
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develop near the x line. A simple Harris current sheet of such
thickness would be strongly unstable. However, the current
sheet differs significantly from the initial Harris equilibrium.
Although in the Harris sheet the current results from the
diamagnetic drift of electrons and ions (at our temperature
ratio almost the entire initial current is carried by the ions),
we now find a significant electric field along the y direction.
The associated E x B drift carries a large fraction of the
overall electron current, as shown in Figure 6a. The dynam-
ics of such a thin electron current sheet with a modest density
variation is approximately described by electron magneto-
hydrodynamics [Biskamp et al., 1995]. In the 2-D limit the
current sheet satisfies the equation d/dt(1 — d>V*)¢ = 0,
with d/dt = 0/0t +v -V, V¥ =Z x Vo. At scales kd, > 1, this
equation becomes the Euler equation dv,/dt = 0, implying
that a sheared velocity field becomes Kelvin-Helmholtz
unstable. If the width of the current layer approaches the
electron inertial length, the Kelvin-Helmholtz instability is
suppressed. Simulations of the electron magnetohydrody-
namics (EMHD) system exhibit complete stabilization if the
width of the current sheet exceeds 0.7 d,.. To verify this result
for the kinetic case, we study the two-dimensional evolution
of an electron current sheet of width d, and a peak velocity
Vmax = dwe. With a neutralizing background of immobile
ions (d, and w,., are measured far away from the current
sheet). The current sheet kinks at a wavelength of ~7 d,, and
a growth rate y =~ w./30. This growth rate is much smaller
than what is expected for the standard Kelvin-Helmholtz
instability, consistent with stabilization at the d,. scale.
Changing the width of the current layer has a strong impact
on the growth rate; increasing the width by 17% decreases
the growth rate by a factor of ~2, whereas decreasing the
width by the same amount doubles the growth rate. Thus the
stability of the electron current layer to electron velocity
shear instabilities is a consequence of the width of the layer
being larger than d..

[14] In a kinetic model this width is linked to the gyro
excursion of electrons bouncing across the low magnetic
field region near the x line, which depends on the electron
temperature in this region [Horiuchi and Sato, 1997]. The
width of the current layer in Figure 6a is consistent with the
electron temperature at the start of the simulation. One

0.4 T
0.3} ]
3 ool
5 O'2§ ]
0.1F
-15 -10 -5 O 5 10 15
V,/V,
Figure 8. Ion (solid line) and electron (dashed line)

velocity distribution along the z direction and within the
current layer at £ = 0.5/w,;.
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might therefore expect that a reduction of the electron
temperature below 7,/7; = 0.1 would result in a reduced
current layer width and therefore instability. Carrying out a
3-D simulation with even smaller electron temperature to
test this idea is not possible because of the requirement that
the Debye length be resolved to avoid numerical electron
heating. The associated decrease in the grid size makes this
computation prohibitive within the limitations of the present
computational resources.

[15] There are, however, theoretical ideas for believing
that the electron current layer thickness in kinetic models
cannot fall below d, even when the upstream electron
temperature is zero. The outflow velocity from the x line
has been shown to scale like the electron Alfven speed V.
[Shay et al., 2001]. The inflow velocity, just upstream of the
electron current layer, scales similarly when the electron
upstream temperature is small. As the electrons enter the
low magnetic field region of the current layer, they become
demagnetized and move to the opposite side of the current
layer until the magnetic field is strong enough to reflect
them [Burkhart et al., 1990]. The electrons flowing toward
the x line from the opposite side of the current layer do
likewise with the result that the electrons counterstream
across the current layer, creating an effective electron
thermal velocity which scales like the V. The electron
excursion during the bounce across the current layer is of
order V,,w.. = d,, indicating that the electron current layer
cannot fall below d, even when the electron thermal
velocity approaches zero. To test this idea, we have carried
out a series of 2-D simulations with varying values of initial
electron temperature. In Figure 7 we plot the mean electron
drift velocity, v,_., versus y across the x line and the electron
distribution function, f,(v,), at the x line for two values of
the electron temperature (normalized to mv3), 0.04, and
0.01. For the larger initial temperature the counterstreaming
at the x line is modest, and the width of the current layer is
largely determined by the initial temperature. For the lower
initial temperature the velocity space separation of the
counterstreaming beams is substantial. The excursion of
an electron with a streaming velocity v, = 4.0v, corre-
sponding to Figure 7b, and the measured magnetic field
gradient dB,/dy is 0.1 d;, which is the width of the current
layer in Figure 7a. Thus the width of the layer is determined
by the streaming velocity rather than by the inflow temper-
ature. The width of the electron current layer therefore does
not fall below d, in a kinetic model, so that electron Kelvin-
Helmbholtz-type instabilities in reversed magnetic field con-
figurations are completely stable, consistent with the present
simulations.

[16] In addition to current gradient-driven modes, a
Buneman instability might arise in the current layer due to
the large relative velocity of electrons and ions. For cold
electron and ion beams the Buneman instability obez/s the
dispersion relation 1 = wf,i/(w — kv)* + wlz,e (w— kv,)". Ttis
well known, however, that this relation becomes invalid if
the electron thermal velocity is not negligible compared
with the beam velocity. Figure 8 shows the ion and electron
velocity distribution within the current layer, demonstrating
that the streaming velocity of the electrons is comparable to
the thermal velocity of the electrons. Nevertheless, the
thermal spread of the electrons is sufficient to stabilize
the Buneman instability [Krall and Trivelpiece, 1973]. For
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the parameters of our simulation but smaller electron
temperature 7, ~ 7,/100, a one-dimensional electrostatic
simulation performed with our code reproduces the pre-
dicted, most unstable wavelength of the Buneman instabil-
ity. At the electron temperature of our 3-D simulation, by
contrast, the 1-D electrostatic simulation does not exhibit
any indication of a two-stream instability. In our complete
electromagnetic 3-D run we observe a small perturbation in
the current sheets which might be a remnant of a Buneman
instability. Consistent with our 1-D electrostatic tests, the
perturbations remain weak.

6. Conclusions

[17] Full particle simulations in three dimensions show
that boundary layers flanking the outflow region during
collisionless reconnection form and sustain large density
gradients and destabilize lower hybrid drift modes, in
agreement with previous two-fluid results. In the vicinity
of the x line, however, the density gradients steepen only in
the region of high 3, where the LHD instability cannot exist.
Thus the LHD fluctuations are suppressed in the vicinity of
the x line. Though reconnection leads to the formation of a
thin electron current sheet at the x line, we do not observe
sheets with a width below the electron inertial length d,. As
a consequence, electron shear flow driven instabilities are
absent. Test runs show that further narrowing the electron
current sheet destabilizes a Kelvin-Helmholtz-like kink
mode as expected from electron magnetohydrodynamics.
We argue, however, that such narrow current sheets will
never form during reconnection because the intrinsic heat-
ing of electrons as they flow into the low magnetic field
near the x line causes the electron gyro-excursion across the
x line to exceed d,. Therefore the width of self-consistently
formed current sheets remains in excess of d,, implying that
electron shear flow driven modes are unimportant. Similar
electron self-heating appears to suppress the Buneman
instability. Finally, at the large ion to electron mass ratios
(277.8) utilized in the present simulations, the drift kink
instability is suppressed, consistent with the linear theory of
Daughton. As a consequence, our 3-D particle simulations
of collisionless reconnection are in remarkably good agree-
ment with the 2-D limit, much better than expected from
two-fluid simulations and earlier full particle simulations
with reduced ion to electron mass. The weak lower hybrid
drift instabilities, which survive along the boundaries of the
outflow region, play a very limited role in the reconnection
process.
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