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[1] We extend kinetic simulations of the Geospace
Environment Modeling (GEM) magnetic reconnection
challenge [Birn et al., J. Geophys. Res., 106, 3715, 2001]
to a physical mass ratio, using the implicit Particle-in-Cell
(PIC) code CELESTE3D which allows the use of a coarser
grid and a bigger time step. We compare results for three
values of the mass ratio m;/m, =25 (GEM challenge standard
mass ratio), m;/m, = 180 and the physical mass ratio m/m, =
1836. The results of the three simulations are compared and
the scaling laws based on reconnection via nongyrotropic
electron pressure are verified. ~ INDEX TERMS: 7835 Space
Plasma Physics: Magnetic reconnection; 7843 Space Plasma
Physics: Numerical simulation studies; 2764 Magnetospheric
Physics: Plasma sheet; 7839 Space Plasma Physics: Nonlinear
phenomena. Citation: Ricci, P., G. Lapenta, and J. U. Brackbill,
GEM reconnection challenge: Implicit kinetic simulations with the
physical mass ratio, Geophys. Res. Lett., 29(23), 2088,
doi:10.1029/2002GL015314, 2002.

1. Introduction

[2] The Geospace Environment Modeling (GEM) mag-
netic reconnection challenge [Birn et al., 2001] seeks to
understand the physics of fast magnetic reconnection in the
magnetotail [Oieroset et al., 2001] by investigating a stand-
ard 2-dimensional configuration based on a Harris current
sheet. Different models are compared: Resistive magneto-
hydrodynamics (MHD), Hall MHD, hybrid, and full particle
(kinetic) codes [Birn et al., 2001, and references therein].
The standard configuration assumes a mass ratio m;/m, =
25. Kinetic simulations with mass ratios up to 100 are
described [Hesse et al., 1999; Pritchett, 2001a; Shay et al.,
2001].

[3] We extend the simulations to mass ratios m;/m, = 180
and m;/m, = 1836. The results show that large scale phenom-
ena, such as the reconnection rate, are not affected by the
mass ratio, but that the electron behavior in the dissipation
region is affected. The findings of previous simulations at
low mass ratios are recovered, and the use of the physical
mass ratio allows a comparison of the predictions of the
scaling laws over a broader mass ratio range, and a better
discrimination between the scaling laws based on nongyro-
tropic electron pressure [Laval et al., 1966; Hesse et al.,
1999; Kuznetsova et al., 2000] and scaling laws based on
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electron inertia [Burkhart et al., 1990]. In particular, the
scaling with mass ratio based on reconnection via non-
gyrotropic electron pressure is recovered.

2. Initial Conditions and the Simulation
Approach

[4] We consider a Harris current sheet in the (x, z) plane
[Birn et al., 2001], with magnetic field given by B.(z) = By
tanh(z/\) and density by no(z) = ny sech® (z/\) + n,.

[5] The system size is L, X L. = 25.6 c/w,; X 12.8 c/wp,,
where the ion inertial length, c/w,; is defined using the
density ng. The temperature ratio is 7,/7; = 0.2, the current
sheet thickness is X\ = 0.5¢/w,,, the background density is
np = 0.2 ny, the ion drift velocity in the y direction is V;y =
1.67V,4, where V is the Alfvén velocity, and V,o/Vg = —T,o/
Ty. The initial perturbation is specified by a perturbed
potential vector 4, of the form

A, = —Ay cos (2mx/Ly) cos (nz/L) (1)

with 4,9 = 0.1 Byc/w,;. We use the implicit Particle-in-Cell
(PIC) code CELESTE3D to solve the full set of Maxwell-
Vlasov equations [Brackbill and Forslund, 1985; Vu and
Brackbill, 1992; Ricci et al., 2002]. Implicit moment PIC
allows more rapid simulations on ion length and time scales
than explicit methods, while retaining the kinetic effects of
both the electrons and ions. The explicit simulation time
step limit, At < 2/, and the mesh spacing required to
avoid the finite grid instability, Ax/\p, < 1, where \p, is the
electron Debye length, are replaced in implicit simulations
by an accuracy condition, v, . At < Ax, whose principal
effect is to determine how well energy is conserved.

[6] The cost of an explicit simulation on ion scales varies
with the ion to electron mass ratio as (m/m,)? * >, where d
is the number of spatial dimensions [Pritchett, 2000]. For
example, for the GEM challenge, an explicit simulation
with m;/m, = 1836 is more than 5000 times as expensive as
one with m;/m, = 25. In contrast, the cost of an implicit
simulation scales as (mi/me)l/z, as the time step can be kept
constant with respect to the ion plasma frequency and the
ratio w,;/w,; scales as (m,-/me)l/ 2 to maintain the same Harris
current sheet equilibrium. However, for the results shown
here, the time step is reduced from w,; At = 0.3 for m;/m, =
25 to wy,; At = 0.05 for m;/m, = 1836, with which excellent
energy conservation is obtained.

[7]1 With m;/m, = 25, the GEM challenge is simulated
with CELESTE3D on a N, X N, = 64 x 64 grid, with time
step w,; At =0.3, and 25 particles per species per cell, for a
total of 2 - 10° computational particles. For comparison, the
explicit PIC simulation presented by Pritchett [Pritchett,
2001a] employs a N, x N, = 512 x 256 grid, 9.12 - 10°
computational particles and a time step w, At = 0.15,
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Figure 1. Magnetic field lines and out-of-plane current
density (color coded, normalized to enyV,) are shown at w,
= 40 for m;/m, = 25 (top) and m;/m, = 1836 (bottom).

corresponding to w,; Ar=0.03 (i.e., 10 times smaller than
ours). Results with CELESTE3D are comparable in detail
with those of explicit simulations for m;/m, = 25 [Ricci et
al., 2002].

[8] Certainly, the accuracy of wave-particle interactions
on the electron time scale is less using a coarser grid and a
bigger time step. However, results of many simulations
show that kinetic electrons correctly contribute inertial
effects, anisotropic pressure and electron thermal transport
on ion time and length scales [Forslund and Brackbill,
1982; Brackbill et al., 1984; Lapenta and Brackbill, 1996;
Vu and Brackbill, 1993]. In particular, for the GEM chal-
lenge simulation in the case of realistic mass ratio, both the
electron inertia length and the electron diffusion region in
the z direction are not resolved. However, the important
physical spatial scales appear to be present and described
correctly, as a comparison with the scaling laws shows.

3. Reconnection Rate

[9] The GEM reconection challenge has been performed
with mass ratios m;/m, = 25, 180, and 1836. Distances are
normalized to c¢/w,,;, velocities to V,, the magnetic field to
By, and the density to n.

[10] Figure 1 shows the out-of-plane current density and
magnetic field lines at w.;t = 40 for m;/m, = 25 and m;/m, =
1836. The out-of-plane current has evolved, starting from an
initially uniform current sheet. For both mass ratios, a
saddle point at the X point is created. The evolution of
the magnetic field lines which form an X point in the center
of the domain reveals that at the highest mass ratio recon-
nection proceeds slightly further, the current is more fila-
mentary, and the maximum current density is twice as large.

[11] To evaluate the reconnection rate, the flux difference
between the X and the O points, A W, is used. Figure 2
shows the evolution of the reconnected flux for the different
mass ratios. A slow initial growth, which lasts roughly until
weit = 10, is succeeded by more rapid growth until w.;t ~
25, at similar values of the reconnected flux in all cases. The
reconnection rate increases slightly from the lowest to the
highest mass ratio, but not monotonically. This fact points
out that the electron mass appears to have only a small
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Figure 2. The reconnected flux (normalized to Boc/w,,;) is
shown for m;/m, = 25 (dashed line), m/m, = 180 (dotted
line), and m;/m, = 1836 (solid line).

effect on the the large scale evolution. “The electron
physics in the dissipation region adjusts itself to accommo-
date the large scale evolution... (which) should be con-
trolled by the inertia of ions... independent of the local
electron physics” [p. 1785, Hesse et al., 1999].

[12] In the two dimensional configuration we are consid-
ering, the reconnection is driven by the y component of the
electric field E at the X point, £, .., and it is [Pritchett,
2001a]

1 1 (OPye OPye
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[13] Our simulations support the idea that the nongyro-
tropic electron pressure contributions to £, ,.. are important
[Hesse et al., 1999; Hesse et al., 2001; Kuznetsova et al.,
2001; Pritchett, 2001a], as they account for approximately
70% of E|, ,.. at the reconnection site, Figure 3, for m;/m, =
180.

4. The Diffusion Region

[14] The large scale behavior of the simulations is shown
in Figure 4, extending to the realistic mass ratio the

Figure 3. Out-of-plane electric field, E, (thick solid), for
m/m, =180, z= 0, tw.; = 15 and its contributions: —1/(en,)
OP,,./Ox (thick dashed), —1/(en.) OP.,./0z (thick dash-
dotted), v,.B./c (dashed), —m./e - v,.0v,,/Ox (dotted).
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Figure 4. z-component of the magnetic field, B., (a);
electron density, p,, (b); x-component of the ion velocity, v,;,
(c) for z = 0, at w.;t = 15 and for m;/m, = 25 (dashed line)
and m;/m, = 1836 (solid line).

considerations by Hesse et al. [1999]. Comparing the
simulations with m;/m, = 25 and m;/m, = 1836, the z-
component of the magnetic field, the x-component of the
ion velocity and the electron density are displayed for z =0
and w,;t = 15. Despite some small differences (the derivative
of the ion velocity is bigger at the X point for the realistic
mass ratio and the electron densities are different near the O
point) the large scale behavior in the two simulations looks
similar.

[15] There are some differences in the electron dynamics
in the simulations. First, in Figure 5, the electron out-of-
plane current is compared for the two mass ratios. The
current sheet near the X point is thinner in the case with
larger mass ratio. This result is consistent with the findings
by Shay et al. [2001]. Moreover, in both cases, the large
electron current at the O point reduces the total current. The
electron current is enhanced by the periodic boundary
conditions applied to x = +L /2, as simulations performed
with open boundary conditions confirm [Pritchett, 2001b].

[16] Second, in Figure 6 the x-component of the electron
velocity is plotted. It is obvious that the peak velocity is
much higher at m;/m, = 1836 and the peak-to-peak distance
is smaller.
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Figure 5. Out-of-plane electron current density (normal-
ized to engV,) at w.t = 15 for my/m, = 25 (top) and m,/m, =
1836 (bottom).

Figure 6. x-component of the electron velocity, v,
normalized to V,, at w.t = 15, z = 0, and for m;/m~= 25
(dashed line), m;/m, = 180 (dotted line), and m,;/m, = 1836
(solid line).

[17] Assuming that the main contribution to the recon-
nection field comes from the nongyrotropic electron pres-
sure, scaling laws for the dimensions of the diffusion region
(dy, d.), for the peak velocities (Av,, Av,) and for the
velocity derivatives (0v,/Ox, Ov./0z) at the X point, have
been deduced both for ions and electrons, and are summar-
ized in Table 1 [Laval et al., 1966; Hesse et al., 1999;
Kuznetsova et al., 2000]. We remark that the assumption of
a different dissipation mechanism (i.e., electron inertia)
leads to different scaling laws [Burkhart et al., 1990] whose
predictions agree less well with the simulation results. The
scaling laws for d,,, d;., Ov./Ox, and Ov;/Ox are discussed
using the simulation data plotted in Figures 4 and 6.

[18] The width of the electron diffusion region, d,., is
evaluated for m;/m, = 25 by measuring the peak-to-peak
distance in Figure 5, and is d,. = 5 c/w,,. The peak velocity
is Av,, =~ 1.8 Vy. For m;j/m, = 180, the peak-to-peak
distance is d,, ~ 3.2 c¢/w,; and Av,, ~ 3.1 V, while, for
mim, = 1836, it is d, = 1.7 c/w,; and Av,, = 6.2 V.

[19] The scaling laws in Table 1 match the simulation
results for the three mass ratios.

[20] Since the electron temperature and the B, field are
similar in the three simulations (see Figure 4a for the cases
mim, = 25 and m;/m, = 1836), the scaling law in Table 1
leads to the following theoretical ratio

dye(m;/m, = 25) N
de(m;/m, = 1836) 292 G)
which is in close agreement with the simulation results, as
the measured ratio is ~2.8. The electron inertia scaling law
gives for this ratio a theoretical value of ~4.19. For the
simulations with m;/m, = 25 and m;/m, = 180, the measured
ratio is ~1.52, the theoretical ratio based on Table 1 is
~1.64, while the electron inertia would predict incorrectly
~1.93.

Table 1. Scaling Laws for the Dimensions of the Diffusion
Region and the Velocity Derivatives.
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[21] In the following, we present the detailed comparison
between the extreme mass ratios, m;/m, = 25 and m;/m, =
1836. Assuming a constant reconnection rate (i.e., a con-
stant £, ,...), from Table 1 it is found that the derivative dv,,/
Ox scales as 1/,/m,. The simulations give for m;/m, = 25,
Ov/Ox =~ 0.72 w,; and for m;/m, = 1836, Ov,/0 x ~ 7.28 w,,.
The ratio of these two derivatives (/10) is similar to the
theoretical value (=8.6) found from Table 1. The small
discrepancy may be explained by the higher reconnection
rate shown in the case m,;/m, = 1836.

[22] The ion velocity and the dimension of the ion
diffusion region should not be influenced by the electron
mass according the scaling laws of Table 1 as E|, .. and B
are almost independent of the electron mass. This is con-
firmed by Figure 4c. We remark that the slightly greater
value of Ov;/Ox in the case m;/m, = 1836 can be explained
again by the slightly greater reconnection rate observed for
the physical mass ratio.

[23] From Figure 4, the peak to peak distance for the ion
velocity can be measured (for both mass ratios) as d; ~
12.7 c/w),;. This value can be compared with the theoretical
ratio between d,, and d; obtained from Table 1, which
should scale with [(meT8)/(m,»7})]l/ . The theoretical values
of the ratio (=0.30 for m;/m, = 25 and ~0.10 for m;/m, =
1836) are in good agreement with the simulation results
(=0.39 for m;/m, = 25 and ~0.13 for m;/m, = 1836). The
discrepancy can be explained by considering the effect of
the periodic boundary conditions applied to x = £L,/2 and
the resulting injection of ions from the boundary. We remark
that the ions are more affected than the electrons because of
the larger ion scale and that simulations performed in an
open system lead to a larger value for d;, [Pritchett, 2001b].

[24] Regarding the ratio between Ov,/Ox and Ov,;/Ox,
which should scale as [(m;T})/(m.T.)]", the theoretical
values from Table 1 (=11.2 for m;/m, = 25 and ~95.8 for
m;/m, = 1836) are in good agreement with the simulation
results (8.0 for m;/m, = 25 and ~81.4 for m;/m, = 1836).
The small discrepancy again may be caused by the reduced
d;, because of the periodic boundary conditions.

[25] We conclude that the mass ratio has a minor impact
on the reconnection rate, consistent with previous studies,
and that it does not affect the larger scale phenomena, such
as the ion behavior. However, the mass ratio has a major
effect on the electron dissipation region, which appears to
rearrange itself in order to maintain the same large scale
evolution.

[26] The simulation results agree better with scaling laws
based on the hypothesis of magnetic reconnection via non-
gyrotropic electron pressure, within the limits imposed by
the periodic boundary conditions than with scaling laws
based on electron inertia as a dissipation mechanism.
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