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Abstract. The objective of the Geospace Environment Modeling (GEM) magnetic
reconnection challenge is to understand the collisionless physics that controls the
rate of magnetic reconnection in a two-dimensional configuration. The challenge
involves investigating a standard model problem based on a simple Harris sheet
configuration by means of a variety of physical models in order to isolate the
essential physics. In the present work the challenge problem is modeled using an
electromagnetic particle-in-cell code in which full particle dynamics are retained for
both electrons and ions and Maxwell’s equations are solved without approximation.
The timescale for reconnection is of the order of 10 ;' (where Q; is the ion
cyclotron frequency based on the asymptotic field By), and the corresponding
reconnection electric field is (c/va)E, /By ~ 0.24. The diffusion region near the
neutral line is observed to develop a multiscale structure based on the electron and
ion inertial lengths c/wpe and c¢/wy;. The difference between the ion and electron
dynamics in the diffusion region gives rise to in-plane (Hall) currents which produce
an out-of-plane B, field with a quadrupolar structure. In the diffusion region the
magnetic field is no longer frozen-in to the electrons; the inductive E, field is
supported primarily by the off-diagonal electron pressure terms in the generalized
Ohm’s law. The reconnection rate is found to be insensitive to electron inertia
effects and to the presence of a moderate out-of-plane initial field component
Byy < Bo. The results are consistent with the theory that the reconnection rate is
independent of the mechanism which breaks the frozen-in condition and is controlled

by dynamics at length scales much greater than the electron dissipation region.

1. Introduction

Magnetic reconnection enables a magnetized plasma
to convert magnetic energy into high-speed flows and
thermal energy, and it is one of the most important
transport mechanisms in plasmas. In the magneto-
sphere, reconnection at the dayside magnetopause fa-
cilitates the input of mass, energy, and momentum into
the magnetosphere, and reconnection processes in the
geomagnetic tail are involved in storm and substorm
dynamics. Magnetic reconnection relies on the pres-
ence of a dissipation mechanism in a localized region
of space, the so-called diffusion region. In a sufficiently
collisional plasma, resistive MHD theory is valid for de-
scribing this region and determining the reconnection
rate [Parker, 1957; Sweet, 1958; Furth et al., 1963]. In
collisionless reconnection, such as is involved in magne-
tospheric reconnection, it is electron inertia that allows
the frozen-in flux constraint to be broken [Laval et al.,
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1966; Vasyliunas, 1975], and the structure of the diffu-
sion region is modified by kinetic Alfvén and whistler
dynamics [e.g., Drake, 1995].

The objective of the Geospace Environment Model-
ing (GEM) magnetic reconnection challenge is to iden-
tify the collisionless physics that controls the rate of
magnetic reconnection. The general approach and mo-
tivation are set forth in the overview paper by Birn et al.
[this issue]. The procedure adopted in the challenge is to
investigate a standard model problem based on a simple
Harris [1962] sheet configuration by means of a variety
of numerical models: resistive MHD, Hall MHD, hybrid
(electrons treated as a fluid, ions treated as particles),
and full particle models. The present work presents
results for the GEM challenge obtained using an elec-
tromagnetic particle-in-cell code in which full particle
dynamics are retained for both the electrons and ions
and Maxwell’s equations are solved without approxima-
tion. The comparison between the results obtained with
the various models is given in the overview paper [Birn
et al., this issue].

There is one feature of the GEM configuration that
should be noted at the outset. The Harris current
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sheet is modified by including a moderately large mag-
netic field perturbation, which produces an initial island
whose width is comparable to the initial width of the
current layer. The reason for this is to put the sys-
tem in the nonlinear regime of magnetic reconnection
at the outset and thus avoid the well-known dependence
of the linear growth of the tearing mode on the precise
form of the dissipation. In the nonlinear regime this
dependence on the dissipation mechanism is expected
to be, and indeed proves to be [Birn et al., this issue],
greatly reduced. As a consequence of this initial per-
turbation, the present studies do not address any of the
issues concerning reconnection onset, including the con-
tentious issue of whether the collisionless tearing mode
is unstable or not in the presence of a finite normal
magnetic field [Lembége and Pellat, 1982; Pellat et al.,
1991; Brittnacher et al., 1994; Quest et al., 1996; Sitnov
et al., 1998].

The outline of the paper is as follows. Section 2 de-
scribes the particle-in-cell simulation model, while sec-
tion 3 presents the results for the GEM challenge prob-
lem. Section 4 examines the effects on the reconnection
rate of including an out-of-plane component in the intial
magnetic field configuration (the so-called guide field)
and varying the level of the uniform background den-
sity. Section 5 gives a summary of the present results
and places them in the context of the overall GEM chal-
lenge.

2. Simulation Model

The present study employs a 2 1/2-dimensional (two
spatial dimensions, all three velocity components) elec-
tromagnetic particle simulation model which retains
the full dynamics for the electrons as well as the ions
[Pritchett et al., 1996]. In this model the electric and
magnetic fields are obtained by integrating the time-
dependent Maxwell equations:

OB/t = ¢V x B — drJ, 1)

OB/dt = —cV x E (2)

forward in time using an explicit leapfrog scheme in
which E is defined at half-integral time steps and B is
defined at integral time steps. The relativistic particle
equations of motion are likewise integrated in time using
a leapfrog scheme, with the particle coordinates defined
at the half-integral times and the momenta at integral
times. The current density J appearing in (1) is accu-
mulated on a spatial grid from the particle data. Such
a model makes no approximations to the basic physi-
cal laws, and it thus constitutes the most complete and
fundamental model for the numerical representation of
a collisionless plasma.

The solution of (1) and (2) will automatically sat-
isfy Poisson’s equation V - E = 4mp provided that the
charge conservation condition dp/0t = —V - J is main-
tained by the numerical algorithm. There are two al-
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ternative approaches to satisfying this condition. One
is to employ a rigorous charge conservation scheme for
the current deposition [Villasenor and Buneman, 1992;
Wang et al., 1995], while the other [e.g., Langdon and
Lasinski, 1976] involves adding a correction 0E to the
electric field computed from (1) determined by solving

V2(5¢) = —(47p - V - E) 3)
and sctting dE = —Vd§g. We
method.

The spatial storage of & and B is based on the Yee
[1966] lattice, which is a fully staggered grid mesh sys-
tem. The components of E and J are defined at mid-
points of cell edges, while the components of B are de-
fined at the midpoints of the cell surfaces [seec Wang et
al., 1995, Figure 1]. This scheme has the advantage of
removing the spatial averaging that is required in the
solution of (1) and (2) when a single staggered system
is used where all the components of E are defined at
the center point of the B mesh.

As described by Birn et al. [this issue], the initial
configuration for the present study is a Harris neutral
sheet in the x,z plane. The initial magnetic field is
By = By, (2)%, with

cmploy this second

Bou(2) = By tanh(z/w), (4)
and the corresponding density is
no(z) = ngsech?(z/w) + ny, (5)

where w is the half thickness of the current sheet and ny
represents a background density component which pro-
vides a floor to the density. The equilibrium conditions
for the neutral sheet require that

Bé/S’h’ = ng (TeO + Tz‘o), (6)

w = (2¢/eBo)(Teo + Ti0)/|Vio — Veol, (7)

where Tpo and Ty are the (uniform) electron and ion
temperatures of the Maxwellian particle distributions,
and the particle drifts in the y direction satisfy V,o/Vio
= —T.0/Ti. The background plasma component has
no drift, and the background temperatures for the elec-
trons and ions are assumed to be the same as T, and
T}o, respectively.

The dimensions of the present problem are L, x L, =
25.6¢/wp; x 12.8¢/wp;, where the ion inertial length
¢/wpi is defined using the peak Harris density ng. The
half thickness w = 0.5¢/wy;, the background density
ny = 0.2ng, the temperature ratio is T,/T; = 0.2, and
the mass ratio is m;/m. = 25. The ion drift Vjy for the
Harris particles is then 1.67v,4, where vy is the Alfvén
speed based on By and ng. The results to be discussed
here employ a N, x N, = 512 x 256 simulation grid, so
that the spatial resolution is Az = Az = 0.05¢/wp; =
0.25¢/wpe. Preliminary runs with a grid spacing twice
as large (0.10c/wp; = 0.50c/wpe) were not quite ade-
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quate to resolve all of the structure in the problem.
The speed of light is chosen so that ¢/v4 = 20, and the
electron Debye length is Ap. = 0.3Az. The time step
is taken to be wp At = 0.15, or equivalently Q;At =
0.0015. The durations of the simulations are typically
Q;t = 30, corresponding to 20,000 time steps. The pri-
mary run to be discussed here employed 2.00 million
particles per species to represent the Harris distribu-
tion. This corresponds to a peak density ng = 195 par-
ticles per cell. In order to reduce the running time and
memory requirements the background plasma (an addi-
tional 2.56 million particles per species) had charge and
mass twice as large as for the respective Harris particles.
Some additional runs will be discussed that employed
one half as many particles over the same grid size.

3. Results for the GEM Challenge
Problem

As explained by Birn et al. [this issue], the Harris
neutral sheet configuration is modified by including an
initial flux perturbation of the form

U(z,2) = —1pg cos(2mx/L,) cos(rz/L.), (8)

where 1 is the vector potential component A,. This
produces a substantial magnetic island (transverse size
comparable to the initial half width w) with the X line
at ¢ = 0, z = 0 (the center of the simulation region)
and ensures that the evolution of the system will be
dominated by a mode whose scale is that of the entire
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Figure 1. Time history of (a) the induction electric

field E, at the X line and of (b) the reconnected mag-

netic flux Ay in the Geospace Environment Modeling
(GEM) reconnection challenge problem.
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Figure 2. Time history of the maximum in-plane (z,z)
(a) ion and (b) electron bulk flow speeds.

axis length L, rather than by the fastest growing tear-
ing mode of the Harris configuration whose wavelength
is & 6¢/wp;. In addition, the use of the initial perturba-
tion emphasizes the nonlinear stage of the reconnection
process. The value chosen for g is 10/ (Boc/wp;) = 0.1.
The uniform drifts Vjg and Vo for the Harris particles
in the simulation are modified to reproduce the current
perturbation contained in (8) so that V x B = 47J/c
remains satisfied using the current density computed
from the particle distributions. The corresponding rel-
ative force imbalance (J x B/c # VP) is only a few
percent at the center of the sheet and becomes signifi-
cant only in the outer region of the Harris profile where
the number density has dropped to a few particles per
cell. This imbalance is readily compensated for in the
initial steps of the simulation.

Figure 1 shows the time evolution of the induction
electric field £, at the X line and of the reconnected
magnetic flux At. This latter quantity is the flux dif-
ference between the O and X lines; the initial value
of Ay = 219 = 0.2Byc/wp;. The E, field, which is
somewhat noisy, increases slowly at first; the flux dif-
ference A1y does not reach the value 0.5 until Q;t =
12.4. E, then increases more rapidly and reaches a
maximum value of (¢/va)Ey /By = 0.24 for Q;t ~ 18;
AY/(Bocjwy) = 1.0 at Q;t = 15.7 and = 1.5 at Qt
= 17.9. E, then decreases back toward zero, and A
reaches a final value of = 3.2Byc/wp;. Figure 2 shows
time history plots of the maximum in-plane ion and
electron bulk flow speeds. Normalized to the Alfvén
speed, the ion speed reaches a peak value of ~0.65, while
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Plate 1. (a) Magnetic field lines in the z,z plane and (b) contours of the out-of-plane B, field
at the time when At = 1.0Byc/wp; (2t = 15.7).
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Plate 2. (a) The inductive electron field E, averaged over the interval from (2;¢ = 15.0 to 15.6

and the (b) ion and (c) electron current density Jy at ;¢ = 15.7.
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Figure 3. The in-plane (z,2) (a) ion and (b) electron flow velocities at the same time as in Plate 1.

the electron top speed is ~2.8. Both speeds decrease as
the reconnection rate drops back to zero.

Plate 1 shows magnetic field lines in the z,z plane
and contours of the out-of-plane B, field at the time
when Ay = 1.0Bgc/wp; (it = 15.7). This is shortly
before the time of the peak reconnection rate. The
maximum island width is now ~ ¢/wp;. The B, field
exhibits the characteristic quadrupole pattern that is
expected due to the in-plane Hall currents [Sonnerup,
1979; Terasawa, 1983]. (Note that the positive y direc-
tion is into the page.) The region of significant B, is
confined within the magnetic island structure, and the

peak value of |B,| is = 0.2By. The maximum value
of |By| occurs at |z| = 2.5¢/wp; away from the neu-

tral line. At later times the By wings expand in z as
the island grows; the maximum value remains about
the same. Some additional By fields are also formed at
the later times near the z = 0 line and closer to the z
boundaries; these structures may be spurious owing to
the assumption of periodic boundary conditions.

Figure 3 shows the in-plane ion and electron flow ve-
locities at the same time as for Plate 1. The inflow
toward the neutral line is driven by the inductive elec-
tric field (into the plane of the figure) in the form of
an E x B drift. The ions become demagnetized and
begin to flow outwards at a distance |z| ~ ¢/w,; away
from the neutral line. The electron inflow, on the other
hand, persists to a much shorter distance ~ ¢/wp, be-
fore being diverted. The electrons are then expelled at
super-Alfvénic speeds out of the diffusion region within
this narrow layer. Outside of the diffusion region the
electron flow is a maximum along the separatrix; at
larger values of |z|, there is a return electron flow back
toward the diffusion region.

Plate 2a shows the inductive electric field E, averaged
over the time interval from Q;t = 15.0 to 15.6. The re-
gion of enhanced field is roughly circular centered on
the X line and has a radius of ~ 4c/wp;. Plates 2b and
2c show the ion and electron current density J, at (2;t
= 15.7. At time t = 0, Jy for the Harris distribution
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Figure 4. Velocity profiles averaged over the interval
from Q;t = 15.0 to 15.6 as a function of z at = = 0 for
(a) electron Vy, (b) electron V. (¢) ion V., and (d) ion
Vy. The dashed line in Figure 4d shows the ion number
density as a function of x at the same time.

is independent of , is positive (directed into the page)
everywhere, and the ion current density is five times as
large as the clectron current density. As shown in Plate
2, the role of the electron and lon currents is reversed in
the elongated (in ) diffusion region around the X line.
Here the electron current dominates over the ion current
by a factor of ~2.5. This is a result of the large increase
in the electron drift in the y direction (by about a factor
of 9 compared to the initial value) produced by the in-
ductive E, field. As shown in Figure 4, the magnitude
of the electron drift in y peaks near the X line and re-
mains enhanced out to || & 3-4¢/wp;; in contrast, the
ion drift is nearly constant over this region and is ~10%
smaller than its initial value. This effect is qualitatively
similar to simulation results that have shown that thin
electron current sheets form within ion-dominated cur-
rent sheets in response to an external driving convection
electric field [Pritchett and Coroniti, 1995; Hesse et al.,
1996]. Outside of the diffusion region the ion current
remains dominant throughout the rest of the magnetic
island and is only slightly increased from its initial value
(due to an increased density). Here the electron current
is in the opposite direction to that of the ions. While the
island size in z is of the order of the ion inertial length
¢/wpi, the intense electron current in the diffusion region
is limited to a much narrower region of half thickness
1-2¢/wpe. In this region the electrons are expelled at
super-Alfvénic speeds (see Figures 3 and 4) away from
the X line out to a distance of = 3¢/wp;. The ion flow is
much slower but persists out to & 5¢/w,,; before equality
in the electron and ion speeds is reestablished.

JOLLISIONLESS RECONNECTION
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As is shown in Plate 2, the inductive field E, is a
maximum in the region around the X line where the
magnetic field is very small. It is thus instructive to
examine the physics that supports this field. Assuming
a two-fluid model for the plasma, one obtains directly
from the electron momentum equation without further
approximation that

E:—EvexB—;——— (9)

where P, is the electron pressure tensor. If we use J =
e(nyv; — neve) and assume that n; = n. ~ n, then (9)
can be rewritten as

(IxB)/c=V-P, medve
en e dt

1
E=—--v; xB+ . (10)
cC

For the special case of a 2-D system with no y variation,
(9) yields

. 1 /0P:, OP¢
Ey = -—‘C—('Uesz - erBz) - en ( 33:y * 6Zy)
me 6vey B’Uey (%ey

At the X line the magnetic field vanishes, and E,
must be supported by the off-diagonal electron pres-
sure tensor elements or the —(me./e)Ove, /0t inertia
term. Figure 5 shows the profile Ey(z,z = 0) (solid
linc). The term v,y B./c is shown by a dashed line (the
—..B,;/c term vanishes for z = 0). This term sup-
ports E, for |z| 2 4c/wp;. In the diffusion region, how-
ever, Ve, B, /c rises to nearly twice E, and then drops
to zero at the X line. (The ion term v, B;/c, which is
the dominant term in (10) outside of the diffusion re-
gion, provides an even poorer representation of Ey in
the diffusion region. It increases to a value of about
half the maximum of E, at |z| = 3c/wpi, but it then
drops to zero at the X line. Thus it substantially un-
derestimates E, throughout the diffusion region.) The
(1/en)0Ps,/0z contribution is shown by the dash-dot
line, while the (1/en.)0P;,/0z term is shown by the
dotted line. These two terms are generally comparable
in size. Near the X line they combine to give the total
E, field (the (m./e)0ve, /0t term is less than 10% of
the total E,), while in the outer diffusion region they,
together with the (me/e)ve;0vey/0x term (shown by
a dashed line) reduce the vey B, /c contribution down
to the net E, value. Thus the off-diagonal electron
pressure terms dominate (by a factor of 2 or greater
depending on the value of z) over the electron inertial
terms. This is in agreement with results found for a
similar reconnection configuration by Kuznetsova et al.
[1998] in hybrid simulations and by Hesse and Winske
[1998] in particle simulations. These general results are
also in good agreement with the long-standing picture
of the nature of the electric field along a neutral line in
a collisionless plasma [ Vasyliunas, 1975].
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Figure 5. Profile of the inductive electric field E, averaged over the interval from ;¢ =15.0 to
15.6 as a function of = at z = 0 (solid line). The additional curves represent the contributions to

E, of individual terms in (11).

The initial flux perturbation (8) has set the scale for
the evolution of the current sheet. As the reconnection
proceeds, however, the magnetic field perturbation be-
comes more localized. This is illustrated in Figure 6,
which presents a stack plot of B,(z,z = 0) at equal
times over the interval 0 < Q;t < 24. The zero line of
the profile is displaced upward by 0.025B, at each suc-
cessive time. Thus the maximum B, field is ~0.89B, at
Q;t ~ 21. As time proceeds, a pulse of B, propagates
away from the X line in each direction; the phase speed
of the pulse maximum is ~0.25v4. The maximum B,
field continually increases during this interval. At later
times the maximum in B, drops, but here the size of
the system and the pericdic boundary conditions in z
are undoubtedly playing a role.

An additional simulation was run for the same con-
figuration but with a system size only half as large in
z (12.8¢/wy; instead of 25.6¢/wp;). Here the inductive
E, reached the same maximum value ~0.25 in a time
Q;t ~ 17, and the maximum B, field was about the
same as in the larger system. This indicates that the
basic reconnection rate is not sensitive to the initial sys-
tem size. With the smaller initial perturbation length,
however, the size in  of the inflow region is cut in half;
as a consequence all the outflow speeds are reduced by
about a factor of 2. Thus the separation between the
maximum and minimum in B, at a given time is about

half as large as in the larger system. The initial system
size also affects the final value of Aw. With the smaller
system, E, drops to zero more rapidly after reaching
its maximum value; the maximum value of Ay is then
only 1.9Bgc/wp;. Thus a further increase in the system
size beyond L, = 25.6¢/wp; would allow the reconnec-
tion process to continue for a longer time but would
probably not lead to stronger fields.

This same half-size configuration was also used to
check the sensitivity of the reconnection process to the
value of the ion to electron mass ratio. The value was in-
creased to m;/m, = 100, and the number of grid points
in both z and z was doubled so that the grid resolution
became Az = Az = 0.025¢/wp; = 0.25¢/wp,. Figure
7 shows that the time history of the reconnected flux
At is almost identical for the two cases of m;/m,. = 25
and 100. The time interval required for Ay to increase
from 0.5 to 1.5 is Q;t = 5.2 for m;/m,. = 25 and Q;t
= 4.9 for m;/m. = 100. It thus appears that the re-
connection rate is essentially independent of m;/m.. A
similar conclusion was reached by Hesse et al. [1999].
With the smaller electron mass, however, the size in z
of the region of high-speed electron outflow away from
the X line is cut in half, and hence the peak electron
speed is essentially doubled, from 1.3 to 2.4 v 4.

The present configuration constitutes an ion-dominat-
ed current sheet since the initial y current is carried 5/6
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Figure 6. Stack plot of the magnetic field profile B,(z,z = 0) at equally spaced times during
the interval 0 < Q;t < 24. The zero line of the profile is displaced upward by 0.025Bq at each

successive time.

by the ions and only 1/6 by the electrons. The charac-
teristic reconnection timescales observed in the simula-
tions are quite similar to those obtained by Kuznetsova
et al. [1998] in simulations of electron-dominated cur-
rent sheets (which possess an initial E, electric field to
confine the ions) for a system size of 10c/w,; X 5¢/wy,;
using a hybrid code which incorporated electron quasi-
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Figure 7. Time history of the reconnected magnetic
flux Ay in a half-size simulation (L, x L, = 12.8¢/wy; X
12.8¢/wy;) for values of the ion to electron mass ratio
m;/me = 25 (solid line) and m;/m. = 100 (dashed line).

viscous and bulk-flow inertia effects. For the case of
an ion-dominated current sheet, however, they found
essentially no change in the current sheet configuration
over a time period of €2;¢ = 24. This result is strongly at
variance with the present results. The previous results
for the electron current sheet together with the current
results for the GEM ion current sheet suggest that the
nature of the current carrier does not have a dramatic
effect on the reconnection rate.

4. Extensions to the GEM Challenge
Problem

4.1. Effect of Initial By, Field

The initial Harris sheet equilibrium is not modified
by the addition of a uniform out-of-plane magnetic field
component By,. Such a field is important for reconnec-
tion at the magnetopause. Here we examine briefly the
effect of such a field on the reconnection process. Again,
because of the initial perturbation, the results do not
apply to the effects of By, on the onset of reconnection.

Figure 8 shows the time development of the flux dif-
ference A1 for the case of By, /By = 0, 1, 2. (Note that
the choice of Byy = By alters the value of the mag-
netic field rotation across the current sheet from 180°
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Figure 8. Time history of the reconnected magnetic
flux A for three different values of the uniform initial
field Bo,.

to 90°.) The reconnection rate is evidently reduced by
the finite By, up to =35% for the By, /By = 2 case. A
run with By, /By = 0.5 showed essentially no difference
in the reconnection rate, so Bgy/Bg 2 1 is necessary to
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produce an appreciable effect. Since a value of By, /By
= 0.38 is sufficient to ensure that By, > By, (z) for all
|z| < ¢/wpe and thus should significantly alter the elec-
tron orbits near the X line, it appears that the overall
reconnection rate is not sensitive to the details of the
electron physics near the reconnection line.

The presence of the finite By, destroys the up-down
symmetry with respect tc z = 0. The total B, field
now has a distorted quadrupole pattern (Plate 3a; sim-
ilar results have been obtained recently by Karimabadi
et al. [1999]). (Note that the color scale gives the per-
turbation of By relative to the uniform field By,.) The
regions of strongly enhanced B, are now of larger ex-
tent than are those of greatly reduced B, and they
occupy most of the region inside the magnetic island.
They are also connected by a thin strip through the X
line. The regions of strongly reduced B, tend to be con-
centrated along the separatrix in the second and fourth
quadrants; regions of more weakly reduced B, occupy
all of the area exterior to the islands. The peak values
of the perturbed By ( < 0.3By) are somewhat stronger
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(Q;t = 16.6) for the case where By, /By = 1.0.
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3794

than in the previous case with By, = 0. While the ion
flows remain primarily horizontal out of the diffusion
region, the electrons have a strong flow along the sep-
aratrix into the diffusion region in the first and third
quadrants and a somewhat weaker flow along the sep-
aratrix out of the diffusion region in the second and
fourth quadrants (Figure 9). The thin region of posi-
tive electron J, current now extends out of the diffusion
region along the separatrix in the second and fourth
quadrants (Plate 3c).

4.2. Vacuum Reconnection

The configuration considered in section 3 included a
background density component n, (cf. equation (5)).
This term represents the asymptotic value of the den-
sity away from the neutral sheet such as that in the
lobes of the magnetotail, although the value ny = 0.2 is
probably too large for this case. In addition, the density
floor keeps the Alfvén speed finite everywhere, which is
a necessary requirement for the stability of explicit nu-
merical models which neglect the displacement current.
The present fully electromagnetic model retains the dis-
placement current, and the Alfvén speed is thus limited
by the speed of light. In this section we investigate
the effects on the reconnection process of removing the
background component (n, = 0). The other parameters
are the same as for the simulation described in section
3.

Figure 10 presents time history plots for the to-
tal field energies [(Ej/8m)dzdz, [(B:/87)dzdz, and
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Figure 10. Time history of the total E}, B2, and B?
field energies (left) for the GEM reconnection challenge
problem and (right) for the same configuration but with
zero background density.
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Figure 11. Time history of (a) the inductive electric
field £y at the X line and of (b) the reconnected mag-
netic flux A in the configuration with zero background
density.

[(B?/8r)dzdz for the ny = 0.2 (left hand panels) and
ny = 0 (right hand panels) runs. In the n, = 0.2 case,
the rapid growth of E2 and Bj occur roughly over the
same time interval, 12 £ Q;t < 18. Thus these two phe-
nomena are driven by the same reconnection process. In
contrast, for the ny = 0 case, E; grows explosively in the
short interval of Q;t ~ 14-16 and reaches a peak level
some 30 times larger than that for ny = 0.2; only sub-
sequently is there any appreciable growth in B;j The
peak in BQ occurs only after E2 has collapsed back to
Zero. Thus the mechanism producmg the large B2 i
the np = 0 case is not directly connected with the recon-
nection. In both cases the growth of B? begins together
with the increase in E , but the largest B? energies are
not reached until well after the peak in E2 Figure 11
shows the time history of E, at the X lme and the re-
connected flux A (cf. Figure 1). The peak value of
E, is ~8 times as large as that for the n, = 0.2 case,
while A1) reaches a value only ~50% larger.

The behavior near the X line now contains some sig-
nificant differences compared with the previous case
with ny = 0.2. Figure 12 shows velocity profiles as a
function of z for z = 0 for a time Q;t = 15.3 when
At = 1.8Bgc/wp;. The ion outflow speed is now super-
Alfvénic, and the flow profile is similar in shape to that
for the electrons with a magnitude roughly two thirds
as large. In addition, the density near the X line has
dropped to nearly zero. Thus the Hall currents near
the X line are greatly reduced, and the resulting B,
field in the diffusion region is much smaller (< 0.06B)
than previously. The stronger B, fields (up to 0.5Bp)
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Figure 12. Velocity profiles averaged over the interval
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(a) electron V;, (b) electron V,, (c) ion V,, and (d) ion
Vy in the configuration with zero background density.
The dashed line in Figure 12d shows the ion number
density as a function of z at the same time.

that develop later are located inside the islands near
the edges of the simulation and are probably influenced
by the boundary conditions. The stronger E, field has
increased the peak electron drift magnitude in the y
direction to =~ 10v4 and has also resulted in an in-
crease in the ion drift in the diffusion region. The in-
plane electron and ion flows at a time Q;t = 15.8 when
At = 2.5Boc/wp; are shown in Figure 13. As the den-
sity drops to zero, the plasma is expelled from near
the X line, and one approaches the case of vacuum re-
connection. The presence of the uniform background
density component with n4/ng 2 0.1 thus seems to play
a crucial role in determining whether the physics of the
diffusion region is dominated by the Hall term and the
associated whistler dynamics or approaches the vacuum
reconnection case. This explains some previous dis-
parate results [Mandt et al., 1994; Pritchett, 1995] that
were obtained with and without a background density.

The nature of the inductive electric field is qualita-
tively similar to the previous case illustrated in Figure
5. Outside of the diffusion region the field is again sup-
ported by the —v, x B/c term. In the outer part of the
diffusion region, the v, B, /c term exceeds the total E,
field by up to ~30%; near z = 0 this term is necessarily
small. The (m/e)0v,, /0t and the off-diagonal electron
pressure terms are all comparable near z = 0 and make
positive contributions to E,. The (m./e)ve;0vey /0
term again makes a negative contribution to E, in the
outer part of the diffusion region.
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5. Summary and Discussion

The GEM magnetic reconnection challenge is de-
signed to determine the physics in the diffusion region
around a neutral line that controls the rate of magnetic
reconnection in a 2-D configuration. The general re-
sults of the various investigations are summarized by
Birn et al. [this issue]. The results reported in this
paper used an electromagnetic particle-in-cell model in
which the full particle dynamics were retained for both
electrons and ions and Maxwell’s equations were solved
without approximation. The companion papers report
additional studies using a similar particle model [Hesse
et al., this issue; Shay et al., this issue], hybrid mod-
els in which the electrons are treated as a fluid and the
ions as particles [Kuznetsova et al., this issue; Shay et
al., this issue], Hall MHD models [Ma and Bhattachar-
jee, this issue; Birn and Hesse, this issue; Otto, this
issue; Shay et al., this issue], and (single-fluid) MHD
[Birn and Hesse, this issue; Otto, this issue]. A number
of previous papers have addressed similar issues in 2-D
magnetic reconnection. Particle simulations have been
performed by Katanuma and Kamimura [1980], Leboeuf
et al. [1982], Swift [1986], Hoshino [1987], Hewett et al.
[1988], Zwingmann et al. [1990], Pritchett [1994], Ho-
riuchi and Sato [1994, 1997], Tanaka [1995], Dreher et
al. [1996], Cai and Lee {1997}, Shay and Drake [1998],
Hesse and Winske [1998)], and Hesse et al. [1999]. Hy-
brid simulations addressing the small-scale features of
reconnection have been reported by Hesse et al. [1995],
Kuznetsova et al. [1998], Shay et al. [1998], and
Karimabadi et al. [1999], while the consequences of re-
connection on a larger scale have been considered by
Krauss-Varban and Omidi [1995], Lin and Swift [1996],
Lin and Xie [1997], Lottermoser et al. [1998], Naka-
mura et al. [1998], and Krauss-Varban et al. [1599].

The timescale for reconnection to occur in the GEM
problem was observed to be on the order of 10 Qi_l, and
the corresponding reconnection field is (c/v4)(Ey /Bo) ~
0.24. In SI units this corresponds to a field £, ~ (.072
By (nT) (va/c). Thus, for a dayside magnetopause con-
figuration with By ~ 80 nT and c/vq ~ 1000, E, ~ 6
mV/m; in a magnetotail configuration with By ~ 20 nT
and c¢/va ~ 300, By ~ 5 mV/m. When these results
are combined with previous simulations in which elec-
trons rather than ions were the dominant initial current
carrier [Kuznetsova et al., 1998], one concludes that the
reconnection rate is at most only weakly dependent on
the nature of the current carrier.

The diffusion region was observed to develop a mul-
tiscale structure based on electron and ion scale lengths
[Biskamp et al., 1997; Shay et al., 1998]. Within a dis-
tance of the order of the ion inertial length c¢/wy;, the
ion motion decouples from that of the electrons, and
the ions are accelerated away from the X line. The ion
outflow speed remains below the Alfvén velocity. The
electrons remain frozen-in to the magnetic field down
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Figure 13. The in-plane (z,z) (a) ion and (b) electron flow velocities at a time when Ay =
2.5Bgc/wpi (it = 15.8) for the configuration with zero background density.

to a scale of the order of the electron inertial length
¢/wpe. Within this region the electrons are strongly ac-
celerated by the induction electric field E,, and they
are the dominant carrier of the out-of-plane current Jj.
The electrons are expelled away from the X line in this
region and reach outflow speeds of several times v4 at
distances of ~ 2¢/wp; away from the neutral line.

The difference between the ion and electron dynam-
ics in the diffusion region gives rise to in-plane (Hall)
currents which produce an out-of-plane B, field with
a quadrupolar structure [Sonnerup, 1979; Terasawa,
1983]. The peak By, field is of the order of 0.2 By, and
it occurs at |z| ~ 2.5¢/wp; away from the neutral line.
This field pattern is one of the characteristic signatures
of the diffusion region when the reconnection physics is
dominated by the Hall term and whistler dynamics.

The inductive E, field, which drives the ion and elec-
tron flows into the reconnection region, has a scale in
2 that is several times larger than c/w,; and vastly

larger than the scale ¢/wp, of the thin current region
where the frozen-in condition is broken. Thus E, is
relatively slowly varying in the vicinity of the neutral
line. In the diffusion region the magnetic field is no
longer frozen-in to the electrons, and the simple Ohm’s
law E = —v. x B/c breaks down. It has long been
known [Vasyliunas, 1975} that the E; field in a colli-
sionless plasma near the X line must be supported by
off-diagonal electron pressure elements and/or electron
inertia terms. The present simulations demonstrate ex-
plicitly that for spatial scales of the order of ¢/wpi the
electron pressure terms are the most important. The
conclusion that the electron inertia terms are small is
further supported by the observation that the nonlin-
ear reconnection rate is only weakly dependent on the
electron to ion mass ratio (cf. the companion papers by
Hesse et al. [this issue] and Shay et al. [this issue]. The
companion paper by Shay et al. [this issue] employs
hybrid simulations which include finite electron iner-
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tia but assume an isotropic electron pressure. In these
simulations the reconnection electric field can only be
supported by the electron inertia physics. Nevertheless,
the reconnection rate is observed to be almost identi-
cal to the present results. This supports the conclusion
that the reconnection rate is essentially independent of
the specific mechanism which breaks the frozen-in con-
dition [Shay and Drake, 1998].

The basic reconnection rate in the nonlinear regime
is only weakly dependent on the strength of an initial
uniform By,. A value of By, /By ~ 1 is required before
the reconnection rate is reduced appreciably. The pres-
ence of a By, field does alter the symmetry properties
of the flows and fields in the diffusion region, but the ro-
bustness of the reconnection rate further demonstrates
that the reconnection is not sensitive to the details of
the microphysics near the reconnection line.

The reconnection rate does change appreciably if the
initial background density is low enough (or completely
absent) so that the density near the X line drops to a
very small value ( £ 0.1np). In these circumstances, one
approaches the case of vacuum reconnection where the
underlying physics is no longer controlled by whistler
waves. The peak values of £, and the reconnection rate
can then become an order of magnitude larger than in
the standard GEM problem.

The GEM reconnection challenge has investigated the
physics of magnetic reconnection in a 2-D configuration
in a collisionless system using a variety of models: full
particle, hybrid, Hall MHD, and single-fluid MHD. In
all the models which include the Hall term, the results
at length scales much larger than the electron dissipa-
tion region are in striking agreement. The reconnec-
tion rate is found to be much larger than in the MHD
description at large magnetic Reynolds number. Evi-
dently, the underlying whistler and kinetic Alfvén waves
facilitate the acceleration of the electrons and ions in the
dissipation region much more effectively than the Alfvén
waves which dominate the MHD description [Shay et
al., 1998; Shay and Drake, 1998]. The key remaining
task is to extend studies of reconnection to 3-D. Here a
much wider variety of kinetic instabilities can develop
in the localized current layers in the diffusion region
[Drake et al., 1994; Zhu and Winglee, 1996; Pritchett
et al., 1996; Drake et al., 1997], and these instabilities
could significantly alter the magnetic reconnection rate,
the structure of the discontinuities which develop out-
side of the dissipation region, and the distribution of
the released magnetic energy.
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