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Abstract.

This paper presents the detailed comparative analysis of full particle and hybrid
simulations of collisionless magnetic reconnection. The comprehensive hybrid
simulation code employed in this study incorporates essential electron kinetics in
terms of the evolution of the full electron pressure tensor in addition to the full ion
kinetics and electron bulk flow inertia effects. As was demonstrated in our previous
publications, the electron nongyrotropic pressure effects play the dominant role in
supporting the reconnection electric field in the immediate vicinity of the neutral
X point. The simulation parameters are chosen to match those of the Geospace
Environmental Modeling (GEM) “Reconnection Challenge.” It is that these
comprehensive hybrid simulations perfectly reproduce the results of full particle
simulations in many details. Specifically, the time evolutions of the reconnected
magnetic flux and the reconnection electric field, as well as spatial distributions
of current density and magnetic field at all stages of the reconnection process, are
found to be nearly identical for both simulations. Comparisons of variations of
characteristic quantities along the z and z axes centered around the dominating
X points also revealed a remarkable agreement. Noticeable differences are found
only in electron temperature profiles, i.e., in the diagonal electron pressure tensor
components. The deviation in the electron heating pattern in hybrid simulations
from that observed in particle simulations, however, does not affect parameters
essential for the reconnection process. In particular, the profiles of the off-diagonal
components of the electron pressure tensor are found to be very similar for both
runs and appear unaffected by heat flux effects. Both simulations also demonstrate
that the E, component of the electric field is nearly constant inside the diffusion
region where ions are nonmagnetized. We demonstrate that the simple analytical
estimate for the reconnection electric field as a convection electric field at the edge
of the diffusion region very well reproduces the reconnection electric field observed
in the simulations.

1. Introduction

Magnetic reconnection is widely believed to play an
important role in a broad range of physical phenomena
in space plasma involving fast release of magnetic en-
ergy. The key element of magnetic reconnection is viola-
tion of the frozen magnetic flux constraint E4+v x B =
0 in some localized regions of space (so-called “diffusion
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regions”) [Vasyliunas, 1975]. A considerable amount of
effort has been made to advance our understanding of
the microphysics of the diffusion region in collisionless
plasma [e.g., Galeev et al., 1978; Swift, 1986; Hoshino,
1987; Hewett et al., 1988; Pritichet, 1991; 1996; Cai et
al., 1994, Pritchett and Bichner, 1995; Tanaka, 1995;
Horiuchi and Sato, 1994, 1997; Biskamp et al., 1995;
Car and Lee, 1997; Kuznetsova et al., 1998, 2000; Shay
et al., 1998; Hesse and Winske, 1998, Hesse et al., 1999,
this issue]. At the present time there is little doubt that
kinetic effects play a significant role in collisionless mag-
netic reconnection and that particle distribution func-
tions in diffusion region are essentially nongyrotropic.
Deviation from gyrotropy in particle distribution func-
tion manifests itself in nongyrotropic pressure tensor
with nonzero off-diagonal components.
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The important role of the off-diagonal components of
the electron pressure tensor in the diffusion region was
first emphasized by Vasyliunas [1975] and later investi-
gated by a number of authors [e.g., Dungey, 1988; Lyons
and Pridmore-Brown, 1990, 1994; Hesse and Winske,
1993; Cai et al., 1994; Kuznetsova et al, 1998]. In
the two-dimensional y-independent configuration, re-
connection 1s driven by the y component of the electric
field E. Since the magnetic field is equal to zero at the
neutral X line, only the electron bulk flow inertia term
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can yleld a nonvanishing contribution to the reconnec-
tion electric field Ey responsible for the breaking the
frozen flux constraint E + v x B = (. Here n, and v,
are the electron number density and bulk flow velocity,
respectively, and Pexy and Pey, are off-diagonal compo-
nents of the full electron pressure tensor P,.

In order to incorporate electron kinetic nongyrotropic
effects into the fluid description, Hesse and Winske
[1993, 1994] suggested the utilization of the hierarchy
of moments of the Vlasov equation. Without approxi-
mation, first and second moments of the Vlasov equa-
tion can be presented in the following form [Gartenhaus,
1964; Hesse and Birn, 1992; Hesse et al., 1995]:
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Here V - Q denotes the divergence of the generalized
heat flux, and the superscript 7" denotes the transpose
matrix. Conventional fluid descriptions of the electrons
in Hall-MHD and hybrid models usually omit the last
term in (3) related to the electron bulk flow inertia and
substitute the scalar pressure P for the full electron
pressure tensor P, where the former is commonly cal-
culated using the simple adiabatic or isothermal equa-
tion of state. In other words, all terms that can pro-
vide collisionless dissipation are removed from (3) and
replaced by an ad hoc resistive term. In their com-
prehensive hybrid approach, Hesse and Winske [1993,
1994] and Hesse et al. [1995] neglected the electron bulk
flow inertia in (3) but kept the contribution from the
nongyrotropic electron pressure. In order to decouple
the evolution equation for the full pressure tensor P,
from the higher moments of the Vlasov equation, the
divergence of the heat flux in (4) was omitted. They
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confirmed that pressure anisotropy is developed in re-
gions with small magnetic field and nongyrotropic pres-
sure effects can self-consistently support the magnetic
reconnection.

Kuznetsova et al. [1998] performed comprehensive
hybrid simulations keeping the electron bulk flow iner-
tia term in (3). It was demonstrated that kinetic quasi-
viscous effects associated with nongyrotropic pressure
dominate over the electron bulk flow inertia in control-
ling the magnitude of the reconnection electric field and
the structure of the dissipation region around the neu-
tral X line. This conclusion was later confirmed by full
particle simulations performed by Hesse and Winske
[1998]. The comprehensive hybrid simulation model
was recently improved and modified [Kuznetsova et al.,
2000] in order to incorporate the most essential heat
flux effect observed in particle simulations by Hesse and
Winske [1998], the isotropization of the diagonal com-
ponents of the electron pressure tensor. Both hybrid
and particle simulations [Kuznetsova et al., 1998, 2000;
Hesse and Winske, 1998; Hesse et al, 1999] demon-
strated that the spatial scales of the dissipation region
where the electron nongyrotropic effects are important
are determined by the amplitudes of the electron me-
andering motions in the vicinity of the X point.

In the present study we present a detailed compari-
son of comprehensive hybrid simulations and full parti-
cle simulations of the same reconnection configuration
with parameters defined by the Geospace Environmen-
tal Modeling (GEM) “Reconnection Challenge.” The
goals of this comparison are to test the validity of the
comprehensive hybrid simulations, to understand mech-
anisms determining the reconnection rate, and to find
ways to represent non-MHD effects in MHD models.
We focus on testing the model for the evolution of pres-
sure tensor components and the approximation for the
heat flux effects. We demonstrate that excessive elec-
tron heating due to approximate treatment of heat flux
effects in hybrid simulations does not affect the recon-
nection rate. We perform detailed comparative analysis
of profiles of characteristic quantities (such as, electron
and ion outflow velocities, components of the electron
pressure tensor, number density, and electric field) in
the vicinity of the reconnection site. We demonstrate
that the reconnection electric field matches the convec-
tion electric field at the edge of the diffusion region out-
side of which both ion electron species are magnetized
and an ideal MHD treatment is applicable. Simulation
models and initial conditions are described in section 2.
The results of comparison of comprehensive hybrid sim-
ulations and particle simulations and testing the simple
analytical estimate for the reconnection electric field are
presented in section 3. The summary and conclusions
are 1n section 4.

2. Simulation Models and Initial
Conditions

Two and a half dimensional comprehensive hybrid
simulations performed in this study use the following
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set of equations for the advance of the electromagnetic
fields
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Here n is the number density of both ions and elec-
trons, i.e., the quasineutrality is assumed, 6, = ¢/wpe =
(c*egme/ne?)'/? is a local electron inertia length, 1 is
the unity tensor, Py = TrP./3 is an average value of
the diagonal components of the electron pressure ten-
sor, T;s is an isotropization timescale. The off-diagonal
components of tensor Eed'ag are equal to zero; the di-
agonal components of tensor P48 are equal to the
diagonal components of tensor P,. The last term in
(7), which isotropizes the diagonal components of the
electron pressure tensor, is introduced in order to in-
corporate the most probable effect of the heat flux. Ex-
pressions for the cyclotron and driver tensors C and D
are given in (4). For the results discussed below we have
chosen 7;5 = Q&l, where Qq; = eBy/m; is the lon cy-
clotron frequency in the asymptotic magnetic field By.
We found that results are not very sensitive to the value
of 1;, as far as isotropization is fast enough to keep the
diagonal terms of the same order of magnitude. In (5)
it is taken into account that the number density and
the lon current density variations are insignificant on
the electron spatial scales.

The ion trajectories are followed on a rectilinear grid
using a standard particle-in-cell method. The number
density n and the ion bulk flow velocity v; are cal-
culated on the grid. The electron bulk flow velocity
v, is expressed through the ion bulk flow velocity v;
and the current density j = V x B. The generalized
fields S and E are advanced in time using a predictor-
corrector scheme [Winske and Quest, 1986], and the
electromagnetic fields are calculated using standard nu-
merical methods.

In order to test this version of the hybrid model we
employ a recently developed 2 1/2 dimensional fully
electromagnetic particle-in-cell code [ Hesse and Winske,
1998; Hesse et al., 1999]. The simulation scheme utilizes
the Buneman layout and integrates the electromagnetic
fields implicitly. Densities and fluxes are accumulated
on the grid, on the basis of a rectangular particle shape
function. Charge conservation is guaranteed by the iter-
ative application of a Langdon-Marder-type [Langdon,
1992] correction to the electric field. The particle simu-
lation scheme is explained in more details in the paper
by Hesse et al. [this issue].

The problem of reconnection onset is beyond the
scope of the present study. Here we focus on the non-
linear evolution of collisionless magnetic reconnection
after the neutral X line has already formed. The initial
configuration with a neutral X point is provided by a
Harris one dimensional current sheet with a superposed
small perturbation of the magnetic flux. The system
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dimensions and initial conditions follow the Geospace
Environmental Modeling (GEM) “Reconnection Chal-
lenge.” [Drake et al., this issue]
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Here L, and L, are the system dimensions, n, is a
uniform density background, ng = BZ/2(T; + T.), and
ngexp(—24,/BoL) is a perturbed number density pro-
portional to the perturbed current density supporting
the magnetic field configuration given in (8)

ngexp(—24,/BoL) &~ (no + 1)) cosh™*(z/L)

i~ —(2no/BoL)A. (11)
All physical quantities are normalized to combinations
of the ion inertial length 8o; = c/w; = (c2egm; /nge?)'/?
defined with ng and the ion cyclotron frequency Qg; =
eBo/m. defined with By. The half thickness of the cur-
rent sheet L is adopted to be equal to 0.56¢;.

The system dimensions are L, x L, = 25.66q; x 12.88;
with 400 x 200 cells in the system. For the ion/electron
mass ratio m;/m. = 25 used in the simulations this
corresponds to the spatial resolution no less than 4 grid
points per the electron inertial length. The electron/ion
temperature ratio is chosen as T, /T; = 0.2. A time step
dt = 0.008Qp;" is used.

For the particle simulations two sets of electron and
lon species are utilized: current-carrying population
(4 x 10° ions and electrons each) and uniform plasma
background (2 x 10° ions and electrons each). The
background density is set to ny = 0.2n¢ with the back-
ground temperatures identical to the current carrying
species. For the hybrid simulations, only ions are ini-
tialized as particles, while electrons are initialized as an
isotropic fluid. About 3 x 10° ions are initialized as a
current-carrying population; another 1.5 x 10° ions are
initialized as a uniform background. Periodical bound-
ary conditions are assumed at the left (z = 0) and
right (z = 25.66¢;) boundaries for both particles and
fields. At the top (z = L,/2 = 6.46;9) and the bottom
(z = —L,/2 = —6.46;0) boundaries, ions are specularly
reflected and Ey = E, = dE,/dz = 0.

3. Results

Plate 1 illustrates color-coded current density dis-
tributions with superimposed contour plots of mag-
netic flux at several stages of the magnetic reconnection
(t = 0, 10, 15, 20) for the hybrid simulations. A similar
set of plots for the particle simulations (also at t = 0,
10, 15, 20) is shown in the paper by Hesse et al. [this
issue]. It can be seen that both set of plots are similar
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Plate 1. Magnetic field evolution and current density (color coded) evolution for the compre-
hensive hybrid simulations.
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Plate 2. Time evolution of the reconnection electric field at the dominating X point for
hybrid (blue curve) and particle (red curve) simulations. The black curve corresponds to the
convection electric field at the edge of the diffusion region v, (diz) B, (diz) ~ (2m;T;/e?)*/*dv, |0z
independent of the electron mass or temperature.
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in many details with an exception of a small magnetic
island created in the particle simulations as a results of
splitting of the initial reconnection site. A much less de-
veloped small magnetic island can also be distinguished
at ¢ = 15 in hybrid simulations. The small magnetic
island disappeares when one of the reconnection sites
becomes dominant.

The earlier appearance of small magnetic island re-
flects a more noisy nature of particle simulations in com-
parison with hybrid simulations. For a slightly different
initial reconnection geometry with larger initial mag-
netic perturbation or for magnetic configurations with
larger initial thickness of the current sheet, the small
magnetic island does not form [Hesse and Winske, 1998,
1999; Kuznetsova et al., 2000]. Increasing the number
of particle per cell in particle simulations can also re-
duce the size of the small magnetic island. The presence
of the island does not affect the similarity of the plasma
and field structure in the diffusion region. In particu-
lar, the current density gradient scales in the vicinity of
the reconnection sites are nearly identical for both sim-
ulations at all stages of the reconnection process. For
both simulations the areas of increased current density
move away from the neural X line in the course of the
reconnection growth, and the current density exhibits
a saddle point at the reconnection site. Below we will
disregard the small magnetic island and focus our at-
tention on the structure of the dissipation region in the
vicinity of the dominating X points.

Comparison of the overall system evolution for the
particle and hybrid runs are illustrated in Figure 1 in
terms of the time history of the reconnected magnetic
flux F(t) [see, Hesse and Winske, 1998, Kuzneisova et
al., 2000]. The solid curve corresponds to the hybrid
simulations; the dashed curve corresponds to the par-
ticle simulations. The figure demonstrates that with
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Figure 1. Time history of the reconnected magnetic

flux for the particle (dashed curve) and comprehensive
hybrid (solid curve) simulations.
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an exception of a small time shift for times larger than
t = 20, the evolution of the reconnected magnetic flux
is essentially the same for both runs. The temporal evo-
lution of the reconnection electric field at the X point
which is proportional to the reconnection rate dF/dt
is displayed in Plate 2. The red curve corresponds to
the particle simulations; the blue curve corresponds to
the hybrid simulations. For the particle simulations the
electric field at the most advance X point is shown. The
black curve corresponds to a simple analytical estimate
for the reconnection electric field as a convection electric
field at the edge of the diffusion region dj; X d;,,

dip = (T /2B Y diy = (miTi/e* B, (12)
where ions are nongyrotropic (i.e., unmagnetized)

1 v,
By~ vy (diz) B: (diz) & —e-\/QTszél‘;—

Here the continuity of flow is assumed, and the z com-
ponent of the plasma bulk flow velocity and the z com-
ponent of the magnetic field at the edge of the diffusion
region are estimated as vy & v';d;; and B, ~ B',d;;,
respectively. Outside of the diffusion region |z| > d,,,
|z| > di., both ion and electron species are magnetized,
the one fluild MHD approach is applicable and the frozen
magnetic flux constraint E 4+ v x B = 0 is valid.

The spatial scales of the diffusion region and partial
derivative of the plasma bulk flow velocity v, in the
vicinity of the reconnection site = zo, z = 0 averaged
over the diffusion region are taken from the comprehen-
sive hybrid simulations. Variations in the ion temper-

(13)

-ature are neglected, i.e., for normalization adopted in

this study 7; &~ 0.42. It is also taken into account that
the plasma bulk flow velocity v, is almost identical to
the ion flow velocity, i.e., v, & viz.

An excellent agreement between particle and hybrid
simulations and an analytical estimate can be observed.
The fast growth starts at about ¢ = 10 when the current
density is strongly concentrated in the vicinity of the
reconnection site (see Plate 1). All curves reach their
maxima of the order of 0.25Byv4 between t = 17 and
t = 18. After that the compression of the magnetic
field due to the finite size of the magnetic island in the
periodical system decreases the gradient of the outflow
velocity dv,/dz and slows down the reconnection.

Similarly to the previous results by Kuznetsova et al.
[1998] and Hesse and Winske [1998] for both hybrid and
particle simulations, the reconnection electric field is
supported primarily by kinetic nongyrotropic pressure
effects. The contribution from the electron bulk flow
inertia is negligibly small. The analytical estimate given
in (13) very well reproduces the reconnection electric
field. The important point there is that the expression
(13) is independent of electron mass and temperature.
This result matches the conclusion made in the paper
by Hesse et al. [1999] where the dependence on the
electron mass was investigated. This is also consistent
with conclusion made earlier by Galeev et al. [1978]
and Biskamp et al. [1995] that the neutral X point
reconnection rate is controlled exclusively by the ions.
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For further comparison we choose the time ¢ = 17
when the reconnection rate is close to its maximum for
both hybrid and particle runs, and the level of recon-
nected flux F' is close to 1.5. The spatial scale of the
diffusion region d;,; at this time is ~ 2.5. The color-
coded y components of the magnetic field B, and ion
and electron bulk flow velocities v;, and v, are shown in
Plates 3 and 4 for particle and hybrid simulation respec-
tively. The quadrupolar structure of B, is quite simi-
lar for both simulations. Similar quadropolar magnetic
fields have also been observed in a number of previous
studies [e.g., Hesse and Winske, 1994]. The distribu-
tions of the ion bulk flow velocity in the y direction are
also very similar. In particular, it is seen that ions with
a larger y component of the velocity are ejected out of
the diffusion region. Both hybrid and particle simula-
tions show that ion bulk flow velocity spatial distribu-
tion is much less modulated than the electron bulk flow
velocity spatial distribution and that ion contribution
to the current density in the diffusion region is small in
comparison with the contribution from electrons. Gra-
dient scales of the ion bulk flow velocity across the cur-
rent sheet are of the order of the initial current sheet
thickness and are quite similar for hybrid and particle
runs.

The electron current velocity is concentrated around
the X point in the region where electrons are nonmag-
netized (i.e., nongyrotropic) with the spatial scales d..,
der of the order of the amplitude of the electron me-
andering motion in the quadrupole magnetic configura-
tion [Laval et al., 1966; Dobrowolny, 1968; Galeev et al.,
1978; Kuznetsova et al., 1998, 2000; Hesse et al., 1999,

this issue]
dew = (M To/2B' )4 d,, = (m.T./e*B'2)H4, (14)

where T, is an average electron temperature in the diffu-
sion region, B’, = 0B,(z,0)/0z, B', = 8B,(0,2)/0z.
The electron nongyrotropic region is

Qej = (meTe/miTi)l/4

times smaller than the diffusion region (i.e., the ion
nongyrotropic region). For the temperature ratio T, /T;
= 0.2 and the mass ratio m./m; = 1/25, the factor
ae; 18 ~ 1/3; for the realistic mass ratio it is 10 times
smaller. By careful comparison of the distributions of
the electron current velocity for particle and hybrid sim-
ulations, it can be noticed that the electron current
sheet is slightly thinner for the particle case than for
the hybrid case. The difference in the electron spatial
scale is likely to be associated with the difference in the
electron temperature. It is reasonable to assume that
the evolution equation for the diagonal component of
the pressure tensor with neglected heat flux term em-
ployed in hybrid simulations can provide an excessive
electron heating different from what is observed in par-
ticle simulations.

We now compare the variations of characteristic quan-
tities along the z and z axes of the simulation domain.
The plots are centered around the dominating X points.
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Figure 2. Comparison along the 2’ = z — z( axis of
(a) number density and (b) £y component of the elec-
tric field at ¢ = 17 for particle (dashed curves) and hy-
brid (solid curves) simulations. The plots are centered
around the dominating X points z = 2o, z = 0.

At t = 17 the dominating X point for the particle is lo-
cated at z = 0, z = z¢ ~ 10.9, while for the hybrid
simulations it is located at z = 0, © = 2o &~ 12.5. Fig-
ures 2a and 2b show the dependence of the number
density and E), electric field component on 2’ = z — 2.
It is seen that densities and electric fields shown by
solid black curves for hybrid simulations and by dashed
curves for particle simulations are nearly identical in-
side the diffusion region |2’| <« 2.5. The dependence of
the diagonal components of the electron pressure tensor
Prz, Pyy, and P,, on &’ = z — x for particle (dashed
curves) and hybrid (solid curves) is shown in Figure 3.
The excessive heating of electrons in hybrid simulations
that already has been suspected while examining elec-
tron current velocity plots in Plates 3 and 4 is clearly
seen in Figure 3. From results shown in Figure 2b and
Figure 3 it can be estimated that

T 0.4, TP 2 0.16. (15)
The ratio between the average temperatures in the
vicinity of the X lines in hybrid and particle simula-

tions T}}gg = Thyb/TPart js ~ 2.5, which corresponds

to
N 1/4
d?ﬁ’b _ Tehyb _ (Thyb>1/4 ~1.3:
- ,j—g)art - it}

part
de z

(16)

part
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Figure 3. Comparison along the z/ = z — o axis of
diagonal components of the electron pressure tensor at
t = 17 for particle (dashed curves) and hybrid (solid
curves) simulations. The plots are centered around the
dominating X points..

that is, the excessive electron heating in hybrid simula-
tions results in slightly thicker electron gradient scales,
which have already been noticed in Plate 4. Therefore
the model for the electron heating (evolution of the di-
agonal components of the electron pressure tensor) can
be refined in the future. However, the similarities in
the overall system evolution in hybrid and particle sim-
ulations illustrated in Plates 1 and 2 and Figure 1 [see
also Hesse et al., this issue] as well as similarities in
structures of the reconnection electric fields £, shown
in Figure 2b indicate that the deviation in the elec-
tron heating pattern in hybrid simulations from that
observed in particle simulations does not affect param-
eters essential for the reconnection process.

Indeed, it was demonstrated by Kuznetsova et al
[1998, 2000] and by Hesse and Winske [1998] and con-
firmed in simulations discussed above in this section
that the dominating contribution to the reconnection
electric field comes from the nongyrotropic pressure
term given in (2); that is, the reconnection electric field
is controlled by partial derivatives of the off-diagonal
components of the electron pressure tensor §Pey /0
and 0Py, /0z. Figure 4a shows variations of Py, along
z' = & — zg for z = 0, and Figure 4b shows variations
of Peys along z for z = xo at ¢ = 17 within the diffusion
region around the X point (z = g, z = 0) for particle
(zo &~ 10.9) and hybrid (zo ~ 12.5) simulations. For
the hybrid simulations the off-diagonal components are
found from the solution of the reduced second moment
of the Vlasov equation, while for the particle simula-
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tions those are calculated using the electron distribution
function.

Although the graphs of the particle model results ap-
pear more oscillatory, the average behavior is strikingly
similar. Despite that the dashed plots corresponding
to particle simulations, are more oscillating than solid
plots corresponding to hybrid simulations the striking
similarities in averaged behavior of plots are apparent.
In particular, Peyy and Pey, reach their maxima close to
the edges of the electron nongyrotropic region. Within
the electron nongyrotropic region the averaged slopes
(i.e., derivatives) are virtually the same for both simu-
lations. It also can be noticed that dP.,,/0z is approx-
imately equal to 0Peyy /0 for both simulations which
1s consistent with simple analytical estimates presented
by Hesse et al. [1999] and Kuznetsova et al. [2000].
This analysis confirmed the validity of the model for
the evolution of the off-diagonal electron pressure ten-
sor components employed in the comprehensive hybrid
simulations which very well reproduce the results of par-
ticle simulations. Heat flux effects modify only the evo-
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Figure 4. (a) Comparison along the 2’ = & — ¢ axis
of Pexy component of the electron pressure tensor at
t = 17 for particle (dashed curves) and hybrid (solid
curves) simulations; (b) Comparison along the z axis
of Pey, component of the electron pressure tensor at
t = 17 for particle (dashed curves) and hybrid (solid
curves) simulations. The plots are centered around the
dominating X points.
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Figure 5. Comparison along the 2’ = z — x4 axis of

ion and electron bulk flow velocity components v, and
ver at t = 17 for particle (dashed curves) and hybrid
(solid curves) simulations.

lution of the diagonal components of the pressure tensor
but are not reflected as much in the off-diagonal com-
ponents and consequently in the reconnection electric
field. Therefore the comprehensive hybrid model incor-
porates the most essential electron kinetic effects for the
reconnection process.

The comparative analysis of hybrid and particle sim-
ulations continues in Figures 5 and 6, where variations
of ion and electron bulk flow velocity components v,
and v., along 2’ = ¢ — 2y axis and v, and v,, along z
axis are plotted. It can be seen that the ion bulk flow
velocity profiles shown in Figures 5a and 5b are very
similar. According to the simple formula (13), the simi-
larity of ion bulk flow velocity profiles dv, /9 in hybrid
and particle simulations should give rise to similar re-
connection electric fields which is consistent with the
results illustrated in Plate 2 and Figure 2b. At the first
glance the electron flow velocity profiles shown in Fig-
ures 5b and 6b also appear to be quite close. Both sim-
ulations give Qv.,/0z &~ —0v.,/0z which is consistent
with the assumption made by Kuznetsova et al. [2000]
and Hesse et al. [1999] where the following estimate
for the electric field inside the electron nongyrotropic
region was derived

E¢ ~ (17)
However, after more detailed examining of plots shown
in Figure b5b, one can notice that the slope of the
electron flow velocity profile inside the electron nongy-
rotropic region appears to be more steep for the particle
simulations than for the hybrid simulations. Indeed,
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aUe.r hyb 8Uex part o ’
< Ee ) ~ 1.1, ( Fe > ~ 1.73. (18)
From the estimates presented in (15) and (18), one can
see that the difference in gradients of the electron flow
velocity ve, in hybrid and particle simulations almost
exactly “compensates” the difference in the electron
temperature and according to (17) gives rise to almost
identical electric fields, 1.e.,

P s < art
Jie <a )‘“b o JTr Cm)*) (19)
€ ~~ € .
Ox Oz

Similar “adjustments” of the electron outflow velocity
gradient Ove, /0 ~ m:M? were observed in particle
simulations with varying electron mass [Hesse et al.,
1999].

One can easily check that the electron nongyrotropic
contribution to the electric field given in (17) perfectly
matches the reconnection electric field (13) which is
equal to the convection electric field v, B, at the edge
of the diffusion region [Kuznetsova et al., 2000]

\/ 2m€Te Pes ~\/2m;T; Ov. .
Oz Ox

Therefore, by adjusting the outflow velocity profile,
electrons can provide just the necessary nongyrotropic
pressure to support any electric field imposed by the
overall system evolution controlled by the ions.

(20)
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Figure 6. Comparison along the z axis of jon and

electron bulk flow velocity components v, and Ve, at
¢t = 17 for particle (dashed curves) and hybrid (solid
curves) simulations.
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4. Summary and Conclusions

In this paper we presented a detailed comparative
analysis of full particle and hybrid simulations of col-
lisionless magnetic reconnection. The hybrid code em-
ployed in this study incorporates thermal electron in-
ertia effects on top of electron bulk flow inertia and
full ion kinetic treatment. The simulation parameters
were chosen to match those of the “Reconnection Chal-
lenge,” defined by a modeling working group within
the Geospace Environment Modeling (GEM) program
of the National Science Foundation. The aim of this
program was to compare different simulations of the
same reconnection configurations with the goal of un-
derstanding the physics underlying the reconnection
process, as well as finding ways to represent the most es-
sential microphysics in some reduced form in large-scale
models.

The comparative analysis of the results of the com-
prehensive hybrid simulations and the full particle sim-
ulations with similar setups revealed an excellent quan-
titative agreement. Time evolution of the reconnected
magnetic flux and the reconnection electric field, as well
as spatial distribution of current density and magnetic
field at all stages of the reconnection process were found
to be nearly identical for both simulations. Similarly to
the previous results by Kuznetsova et al. [1998] and
Hesse and Winske [1998] for both hybrid and particle
simulations, the dominant contribution to the reconnec-
tion electric field at the neutral X point results from
the electron nongyrotropic pressure term depending on
the spatial derivatives of the off-diagonal components of
the electron pressure tensor (see (2)). The contribution
from the electron bulk flow inertia is negligibly small.

More detailed comparisons of variations of character-
istic quantities along the & and 2z axes of the simulation
domain were performed for time ¢ = 17 when the recon-
nection electric field is close to its maximum for both
simulations. A comparison of the diagonal components
of the electron pressure tensor revealed excessive elec-
tron heating in the hybrid simulations in comparison
with the particle simulations.

The deviation in the electron heating pattern in hy-
brid simulations, however, did not affect parameters es-
sential for the reconnection process. In particular, the
profiles of the off-diagonal components of the electron
pressure tensor were found to be very similar for both
runs and appear not affected by the heat flux effects.
It also was demonstrated that the gradients of the elec-
tron flow velocity in the vicinity of the neutral X point

Over /O scale like Te_llz‘ That is, the electron flow
velocity profile in hybrid simulations self-consistently
adjusts to “compensate” for the error in the electron
temperature, owing to an approximate description of
the electron heat flux effects, and provides a nongy-
rotropic contribution to the electric field proportional

to \/E(avw/ax) identical to that observed in particle
simulations. Thus this study confirmed the validity of
the model for the evolution of the off-diagonal electron
pressure tensor components employed in the compre-
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hensive hybrid simulations, which very well reproduce
the results of particle simulations.

We further illustrated that the ion bulk flow velocity
profiles are almost identical for both runs. The number
densities within the diffusion region were also almost
equal. This is not surprising since ions in both simula-
tions were treated in a similar way. Both simulations
also demonstrated that the £, component of the elec-
tric field is nearly constant inside the diffusion region
where ions are nonmagnetized.

We also showed that the simple analytical estimate
for the reconnection electric field as a convection elec-
tric field at the edge of the diffusion region E'¢ =
vy (dig) B, (diz) = (2m;Ti /€*)/?0v, [z very well repro-
duces the reconnection electric field seen in the simula-
tions. This is a very good indication that this simple
formula can be utilized by MHD models for treatment
of regions of weak magnetic field in vicinities of neu-
tral X points, where ions become unmagnetized (nongy-
rotropic). By introducing m; and e as parameters, all
quantities in expressions (12) and (13) for the spatial
scales of the diffusion region and the reconnection elec-
tric field can be calculated within the framework of the
MHD approach.

A matter of principle importance here is that the con-
vection electric field at the edge of the diffusion region
(i-e., the reconnection electric field) is independent of
electron mass and temperature. It was demonstrated
that electron nongyrotropic contribution to the electric
field matches the convection electric field at the edge of
the diffusion region. Therefore, by adjusting the outflow
velocity profile, electrons can provide just the necessary
nongyrotropic pressure to support any electric field im-
posed by the overall system evolution controlled by the
ions. This result matches the conclusion made by Hesse
et al. [1999] where the dependence on the electron mass
was investigated [see also Hesse et al., this issue]. This
is also consistent with the conclusion made earlier by
Galeev et al. [1978] and Biskamp et al. [1995] that the
neutral X point reconnection rate is controlled by the
large-scale dynamics.
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