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Ion Dynamics in Steady Collisionless Driven Reconnection
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Steady collisionless driven reconnection in an open system is investigated by means of a new two-
dimensional full-particle simulation. The reconnection rate is controlled by an external driving electric
field. Ion-meandering motion plays an important role in ion dynamics which controls the spatial struc-
tures of ion quantities. Although the electric current is predominantly carried by electrons, the current
layer has the half-width of the ion-meandering orbit scale because the density profile is controlled by
massive-ion motion. Thus, the global dynamic behavior of reconnection is dominantly controlled by
ion dynamics. An electrostatic field generated through the finite-Larmor-radius effect leads to electron
acceleration in the equilibrium current direction in the ion-dissipation region and ion heating by intensi-
fying meandering motion. Our results are in agreement with the recent experimental results of Yamada
et al. [Phys. Plasmas 7, 1781 (2000)] and of Hus et al. [Phys. Rev. Lett. 84, 3859 (2000)].
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Collisionless magnetic reconnection plays a crucial role
in a number of interesting phenomena with fast magnetic
energy release and plasma acceleration and heating both in
space plasmas [1,2] and in laboratory plasmas [3—5]. Al-
though recent studies from laboratory plasma experiments,
satellite observations, theoretical analysis, and computer
simulations have advanced the understanding of magnetic
reconnection, the fundamental physics of fast reconnec-
tion remains unknown until today. Many studies of col-
lisionless reconnection focus on the understanding of the
reconnection mechanism, in particular, reconnection rate,
dissipation region size, current layer width, and their re-
lation with electron and ion dynamics. Recent numerical
studies of nondriven reconnection in a closed system in-
dicate that the reconnection rate is controlled by the ion
dynamics based on the Hall effect which is faster than on
the resistivity, and is essentially independent of the electron
dynamics [6—8]. The corresponding current layer width is,
however, scaled by the electron skin depth 8, (= ¢/w).)
or Larmor radius p, [8]. On the other hand, experimental
studies in the Magnetic Reconnection Experiment (MRX)
have found that the current layer width is about 0.45; ~ p;
[4] and the significant nonclassical ion heating occurs [4,5],
where 6; = ¢/w,; is the ion collisionless skin depth and
p; is the ion Larmor radius.

Collisionless reconnection driven by an external plasma
inflow, namely collisionless driven reconnection, is one
of the potential candidates for fast reconnection because
the reconnection rate is mainly controlled by the external
driving conditions [9]. Horiuchi and Sato [10,11] have
performed the particle simulation of collisionless driven
reconnection and found that the reconnection electric field
evolves in two steps in accordance with the formation of
ion and electron current layers, but the global evolution is
exclusively controlled by the ion dynamics. However, their
studies are limited to a relatively early phase because a pe-
riodic condition is used at the downstream boundary. We
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have extended the previous model [11] to an open system
and investigated long time scale evolution of collisionless
driven reconnection. It is found that the temporal behav-
ior of reconnection depends strongly on the uniformity of
the external driving inflow. As the nonuniformity scale in-
creases, the reconnection evolution transits from a steady
regime into an intermittent regime. In this Letter, our focus
is on the physical mechanism of steady reconnection. The
transition mechanism will be discussed elsewhere [12].

A new two-and-a-half-dimensional explicit electromag-
netic particle simulation code for an open system is devel-
oped based on the previous version [11]. The simulation
is performed in the x-y plane. At the upstream bound-
ary (y = *yy), the plasma inflow is driven by an external
electric field imposed in the opposite z direction. The other
condition is taken as E, = 0. The downstream boundary
(x = *xp) is free, across which plasma can freely flow
in or out. The downstream boundary conditions for field
quantities assume that E, and d,E, are continuous. As
to the boundary conditions for particles, the net number
of particles passing the boundary during one time step is
determined by calculating the plasma outflow, and thereby
some particles are reinserted according to the charge neu-
trality condition [13].

The simulation begins with a Harris-type equilibrium
as B.(y) = Botanh(y/L), where By is a constant and L
is the scale height along the y axis. The initial particle
distribution is a shifted Maxwellian with a spatially uni-
form temperature and the average particle velocity which
is equal to the diamagnetic drift velocity. The simulation
is carried out on a 512 X 128 point grid by making use
of 6.4 million particles. The main parameters are the fol-
lowing: the mass ratio of ion to electron m;/m, = 25,
TiO/TeO =1, wpeO/a)ce() = 3.5, and L = 0.8y, = 3pjo,
where . is the plasma frequency, w.. is the electron
cyclotron frequency associated with By, and p; is the ion
Larmor radius. The time step is chosen as w .0At = 0.02.
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The external driving electric field E,4(x, ) imposed at
the upstream boundary at five different times is shown in
Fig. 1 where A, is the Debye length. After w ot = 5.72,
E.; keeps a constant Ey which is a necessary condition
for steady reconnection. Another key parameter character-
izing E,; is the early-phase nonuniformity scale x;. Al-
though E,; is uniform in the later time, the magnetic field
at the upstream boundary is always nonuniform, and de-
pends strongly on x;. In other words, the nonuniformity
scale x,; affects the shape of magnetic field lines at the in-
put boundary, and thus the pattern of plasma inflow.

The steady magnetic reconnection is realized in six
simulation runs with the sets of Ey/By = —0.04, —0.06,
—0.08 and x4/x;, = 0.42,0.62, in which there is only one
stable X point located near the center of the simulation
domain (the coordinate origin) [12]. All the runs exhibit
the identical characteristics. The following discussion on
the features of steady reconnection is based on the result
of the run with Eg/By = —0.04 and x4/x;, = 0.42.
Figure 2 shows the temporal evolution of the profiles
of out-of-plane electric field —E, current density —j,,
electron density n,, ion out-of-plane flow velocity —u;,,
and ion temperature 7; along the y axis, where E; is
normalized by Bg. The reconnection electric field defined
as E, at the X point is a direct measure of the recon-
nection rate. The reconnection electric field begins to
grow slowly as soon as both the plasma density and the
current density increase in the current layer through the
compression driven by plasma inflow from the upstream
boundary (y = *64440). When the plasma density is
compressed to approach its peak values at w.;ot ~ 4.5,
magnetic reconnection sets in near the center. Then
the reconnection field rapidly grows up. Consequently,
the generation of the outflow away from the X point
causes the density decrease in the vicinity of the X point,
while the current density continues to increase. The
reconnection field starts to saturate at w.of ~ 6 when
the current layer is compressed to approach the electron
characteristic scale, I, or ¢/w pe» Where [, is the elec-
tron meandering orbit amplitude. The meandering orbit
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FIG. 1. The spatial profiles of the external driving electric field
E_, at the upstream boundary at 5 times normalized by w_;¢ for
Eo = _0.0430 and xd/xb = 0.42.
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amplitude of species s is given by I, = ps(lns), where
ps(y) = vi/wes is the local Larmor radius associated
with By, and v, = +/T/my is the thermal velocity. As
time goes on, the reconnection process gradually relaxes
toward a steady state in which all the profiles shown in
Fig. 2 are almost kept unchanged with time. The steady
reconnection rate is mainly controlled by the external
driving electric field Ey (= —0.04By), which is consistent
with the requirement for a 2D steady state. According
to Faraday’s law, the out-of-plane electric field becomes
uniform in space and constant in time, and thus must be
equal to the external driving field Ey at the boundary [see
Fig. 2(a), though there is a small fluctuation around Ejy].
Figure 2(b) shows that the current layer shrinks to the
electron scale in the growing phase, and then relaxes to
the ion-meandering orbit amplitude /,,;. Correspondingly,
the plasma density changes from a single peak structure
into a two-peak structure [see Fig. 2(c)]. The half-width
of current layer d;; and the density scale d, are shown in
Fig. 3, in which the electron orbit amplitude /,,., the ion
orbit amplitude /,,;, and the electron skin depth J, are also
plotted. Here the density scale is defined as the half-width
for the case of the single-peak profile of density or the half
peak-to-peak distance for the two-peak profile. It is seen
that both current layer and electron density scales almost
change with the same rate at all times, and approach /,,; in
the steady state. This feature suggests that the structure of
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FIG. 2 (color). The temporal evolution of the profiles of
out-of-plane electric field —E,, current density —j,, electron
density n,, ion out-of-plane flow velocity —u;;, and ion
temperature 7; along the y axis, where E, normalized by B is
. . .. —1
perspectively plotted and the time unit iS @.jg.
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FIG. 3. The temperature evolutions of five spatial scales.

the current layer is modified by the plasma density configu-
ration although the electron out-of-plane flow velocity is
much higher in the reconnection region. The fact that the
electron density is of ion orbit scale [,,; implies that the
density is controlled by ion motion through the electro-
static interaction between ions and electrons. The steady
ion out-of-plane flow exhibits a two-peak structure where
the peak-to-peak distance is about 2[,; [see Fig. 2(d)].
Similarly, the steady ion temperature 7} is strongly peaked
on the x axis with the width of 2/,,; shown in Fig. 2(e).
The profiles of n,, u;;, and T; with the ion scale /,,,; stretch
out to the downstream boundary. In contrast, the electron
temperature 7, is almost unchanged in the reconnection
region (see Fig. 4).

Figure 4 shows the spatial profiles of electron and ion
out-of-plane flow velocities u,, and u;,, the electric drift
velocity —cE, /By, and the electron thermal velocity vy,
along the vertical line passing the X point (x = x,), which
are normalized by the initial electron thermal velocity v;.q.
It is evident that the dissipation region has a two-scale
structure underlying the quite different characteristic scale
lengths of electron and ion dynamics. The ion motion
decouples from the magnetic field due to the inertia ef-
fect within a region of |y| = c¢/w,; (=40A40 = 2L,,),
while the electrons remain frozen in the magnetic field until
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FIG. 4. The profiles of the out-of-plane velocities of electron
flow u,, and ion flow u;,, the drift velocity —cE,/B;, and the
electron thermal velocity v, along the line x = x,.
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they enter a region of scale ¢/w . which is slightly larger
than 1,,..

Although the ion inertia is responsible for breaking the
frozen-in constraint, the fact that the spatial structures
of ion quantities have the scale [,,; implies that the ion-
meandering motion plays an important role in ion dynam-
ics. The two-peak structure in ion flow component —u;;,
is the typical consequence of ion-meandering motion in
which the ions bounce back and forth across the x axis in
the y direction with the average amplitude /,; and have
the maximum velocity component v;, at the turning point.
Because of the different motions between electrons and
ions, an electrostatic field E, is produced in the inflow di-
rection. This field £, dominates over the restoring force
of ion bounce motion u;, B, (see Fig. 4), and thus greatly
intensifies the bounce frequency and energy. As a result,
the meandering ions have the maximum values of velocity
component v;, on the x axis though the ion flow compo-
nent u;, vanishes there. Thus, the ion velocity distribution
function at the X point exhibits two counterstreaming com-
ponents in v;, space, as shown in Fig. 5(a). Here v, is nor-
malized by v, = \/T,-y/mi, and Tiy = mi{(vy — us)?)
is the ion temperature in the y direction. Similar results
were presented in the hybrid simulations of magnetic re-
connection [14]. This picture implies that ion heating is
deeply related to the bounce motion because it does not
contribute to the fluid kinetic energy. Figure 5(b) shows
the spatial profiles of effective ion temperature 7; and three
components T;y, Ty, and T;; along the line x = x,. The
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FIG. 5. (a) The ion velocity distribution function f(v;,) at the
X point, and (b) the profiles of the effective ion temperature T;
and three components Ty, T}y, and T}, along the line x = x,.
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temperature 7, in the y direction is much higher than those
in the other directions in the region of 2/,,;. Thus, the ef-
fective ion temperature 7; is peaked around the x axis with
a scale of [,,;. This is mainly due to the work done by the
electrostatic field E, through the ion bounce motion.

The formation of the low-density channel with the width
of 2[,,; is also due to the ion-meandering motion. The
transit time for a meandering ion to pass the same distance
in the y direction is longer near the turning point than near
the neutral line. The difference of the transit times directly
results in the density difference at two points. That is, the
ion density at the turning point is larger than at the neutral
line. This is the reason why the density channel can be
formed in this region [see Fig. 2(c)].

The electrostatic field also has an effect on the electron
dynamics. In contrast to the unmagnetized ions, the elec-
trons are forced to drift with the velocity cE, /By in the
out-of-plane direction. Therefore, the electron flow gets a
high velocity in the z direction before entering its dissi-
pation region (Fig. 4). This is the reason why the current
profile has the spatial scale of /,,;. In addition, since the
electrostatic force cancels a large part of the restoring force
of electron bounce motion, electron heating hardly occurs
in the electron dissipation region.

In conclusion, the steady reconnection rate is mainly
controlled by the driving electric field strength Ej. The
dissipation region has a two-scales structure underlying the
quite different characteristic scales of electron and ion dy-
namics. The electron frozen-in condition is broken mainly
by an electron inertia. The ion inertia is responsible for
the breaking of the ion frozen-in constraint, but the ion-
meandering motion plays an important role in the ion
dynamics which controls the spatial structures of plasma
density, ion flow velocity, and ion temperature. Although
the current is predominantly carried by electrons, the cur-
rent layer has the half-width of the ion scale /,,; because
the density profile is exclusively controlled by the mas-
sive ion motion. Thus, the global dynamical process of
steady reconnection is dominantly controlled by ion dy-
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namics. The electrostatic field generated through the finite
Larmor radius effect is a key to coordinate the motions of
electrons and ions. It leads to electron acceleration in the
out-of-plane direction in the ion-dissipation region and ion
heating by intensifying the meandering motion.

Our results are in good agreement with the recent ex-
perimental results in MRX [4,5] in the aspects of current
layer width and ion heating. The current layer width d;;, =
Imi = 0.5¢/w,p; in this work is very close to the measure-
ment value, 0.4c/w,;. We give a reasonable mechanism
of ion heating; that is, ions are heated by the electrostatic
field through the ion-meandering motion.

Numerical computations in this study are performed on
the NIFS MISSION System (Grand Man-Machine Inter-
active System for Simulation).
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