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abstract

Long time scale evolution of collisionless driven reconnection in an open system is investigated by means of twe-
dimensional full particle simulation. based on an open boundary model Collisionless reconnection is externally
driven by the plasma inflow. which 1s mainly controlled by two kev parameters of an external driving electric
field. e . the strength Fp and the earlv non-uniformy scale zg. The strength Eg controls reconrection rate.
while the scale rg controls the current laver shape and thus the magnetic field configuration. It is found that the
dvnamical behavior of collisionless reconnection is sensitive to Ty and less to Fp in our simulation parameter range.
Ir: the small og case. the svstem evclves toward a steads state in which the reconnection rate 1s balanced with
the external driving field Ey  As zg increases. the reconnection evolution exhibits an intermittent phenomenon
because of the frequent excatation of magnetic 1slands near the original X point

KEYWORDS collisionless driven reconnection, two-dimensional open systern, particle simulation, steady reconnection,

intermittent reconnection phenomenon

I INTRODUCTION

Collisionless magnetic reconnection 1s recognized
as a fundamental process both in space plasmas® —3
and in laboratory plasmas?~" by allowing mag-
netic energy conversion into plasma energy and
plasma transport. Magnetic reconnection requires
the existence of a dissipation mechanism which is
responsible for breaking the frozen-in constraint by
inducing an electric field in a field reversal region
called dissipation region. In a two-dimensional
(2D} collisionless plasma. dissipation mechanism
is generally thought to be provided by microscale
particle kinetic effects, i.e.. the inertia effect®®
and the thermal effect?19~1 based on the nongy-
rotropic (meandering} motion. It is clear that the
evolution of collisionless reconnection is controlled
by the particle kinetic effects.

Magnetic reconnection is often divided irnto
spontaneous reconnection and driven reconnec-

tion. Spontaneous reconnection occurs due
to internal instabilities such as the colli-
sionless tearing instability!-3-314719, Driven

reconnection’®1120-25 refers to an open system
where plasma inflow and magnetic field are sup-
plied from upstream boundaries. In fact. although
magnetic reconnection is a localized process. it
gives rise to large-scale plasma transport. In this
sense even for spontaneous reconaection its evo-
lutior is easily affected by external other physical
processes. Thus the realistic system is generally
open. In addition a driven system may be regarded

as a section of whole reconnection system so as o
keep higher spatial resolution of the dissipation re-
gion with microscopic scales under the condition of
the limited computer resource.

The particle simulations of collisionless driven
reconnection were performed by Horiuchi and
Sato!® i They found that the evolution of colli-
sionless reconnection 1s controlled not only by the
internal microscopic processes such as electron dy-
namics and ion dynamics, but also by the external
driving condition. However. their studies are lim-
1ted to an early ramp-up phase because a periodic
condition is used at the downstream boundary.

The purpose of the present work is to explore
long time scale evolution of collisionless driven re-
connection bv extending the previous model’! to
an open kinet:c mode] with free conditions at the
downstream boundaries. Especially. we discuss
whether steady reconnection is realized for an open
svstem with & constant energy supplv. Although
the steady state is certainly a possible tendency of
evolution, it is not always realized even if there ex-
ists a steady state in mathematics. For example,
Kitabata et al.?® and Amo et ol 2® have demon-
strated intermittent phenomena in the magnetic
reconnection processes by using magnetohydrody-
namics simulation. There are two factors that dis-
rupt the steadv state. One comes from the dispar-
ity of internal physical process and external phys-
ical condition. The steady reconnection is realized
when the reconnection rate is balanced with the
external driving flow rate. That 1s, the internal



processes {electron dynamics and ion dynamics)
should adjust themselves to accommodate the ex-
ternal driving condition. because magnetic recon-
nection is controlled by both the internal micro-
scopic process and the external driving condition.
However, the adjustment is limited. Beyond this
limit, there is no steady state. The other is due
to an instability even for the case in which there
exisis a steady state. If such a steady state itself is
unstabie dae to some instabilities such as the tear-
ing instability. or if an instability can be excited in
the process of svstem evolution. the reconnection
can hardly tend toward this steady state. but often
behaves intermittent. Thus the evolution of colli-
sionless driven reconnection depends closely on the
rate and spatial pattern of driving flow. In this pa-
per we will clarify the mechanism of collisionless
driven reconnection, and focus on the effect of the
driving conditions on the long time scale evolution
of driven reconnection such as tending to a steady
state or exhibiting an intermittent phenomenon.

IT SIMULATION MODEL

We have developed a two-and-haif dimensional ex-
plicit electromagnetic particle simulation code for
an open system based on the previous verston!!.
The simulation is performed in the x-y plane. At
the upstream boundary {y = ty,} the plasma in-
flow is driven by an external electric field imposed
in the opposite z direction. The remaining com-
ponents are taken as £; = 0 and §,F, = 0. The
downstream boundary (z = Luxp) is free, across
which plasma can freely flow in or out. Thus,
the total particle number in the system changes
with time, but the charge neutrality condition is
always satisfied. The downstream boundary con-
ditions for field quantities are assumed that F_,
E, and 3; E. are continuous. As to the boundary
condition for particles, the net number of particles
passing the boundary during one time step is de-
termined by calculating the plasma ouifiow, and
thereby some particles are re-inputed.

The initial condition is given by a Harris-type
equilibrium as

B.(y) :Bﬂtanh(Y/L)a (1)
P(y) = (B3 /8x)sech®(y/L),

where By is a constant and L is the scale height
along the y-axis. The magnetically neutral sheet
is on the x-axis (y=0). The initial particle dis-
tribution is a shifted Maxwellian with a spatially
constant temperature (7, = 7,) and the average
particle velocity which is equal to the diamagnetic
drift velocity.

The simulation is carried out on a 512x128
point grid by using 6.4 million particles. The as-
pect ratio of simulation box is chosen as xy/y, =
6. The main parameters are in the following:
the mass ratio of ion to electron m,/m, = 25.
Woeo/Ween = 3.5, L = 0.8y, = 3p,p. where wpeq
is the plasma frequency. w.; is the electron cy-
clotron frequency associated with By. and p,g is
the ion Larmor radius. The relations L > g, >
¢/wpeo > Ay hold in the initial configuration. The
time step is chosen as w..qAf = 0.02.
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Figure i: The spatial profiles of the external driv-
ing electric field at the input boundary at the times
weeot = 0,10.2,20.4,81.6 and 143 for the case of
By = —0.048; and z4/x, = 0.42.

The external driving electric field F.z{z,t) tm-
posed at the upstream boundary at five different
times, Le., weept = 0, 10.2, 204, 81.6 and 143,
is shown in Fig. 1. After w.ot = 143, E_,4
keeps a constant Fg which is a necessary condition
for steady reconnection. Ancther important pa-
rameter characterizing E. ;4 is the early-phase non-
uniformity scale z;. It is worthwhile to note that
although E.; is uniform in the later time, the cor-
responding magnetic field is always non-uniform,
depends strongly on z4 and can change with time.
According to the Faraday law the y-component of
magnetic field at the input boundary, By, has the
form (weeqt > 143) as

Bya(z,t) o (o fza) sin(6(z).

—iT, T < —Ig ( )
$lz) =< mxfrg, —za<z<xy
T, T > x4

The function form sin(¢(z)) in the above expres-
sion comes from the fact that E_4{z.1) x cos{é(z))
for weent < 143. Correspondingly, 3, B¢ = 8. B4
where the current is approximately zero. This
means that B.g is not fixed but related to inner
field structure. In other words, the internal recon-
nection process can adjust the boundary magnetic
field, too. In fact, the non-uniformity scale z,; af-
fects the curvature radius of magnetic field lines



at the mnput boundary, and thus the divergency of
plasma inflow. In order to study the dependence
of the reconnection process on the profile of driv-
ing electric field, we perform simulation runs with
various sets of Ey and z4/zp histed in Table L

TABLE L. Simulation parameters

Run FEy/By z4/zsy Tendency
1 -0.04 0.42  steady
2 -0.04 0.62 steady
3 -0.04 (.83 intermittent
4 -0.06 0.42  steady
5 -0.06 0.62  steady
6 -0.06 0.83 intermittent
7 -0.08 042  steady
8 -0.08 0.62 steady
9 -0.08 0.83 intermittent

IIT SIMULATION RESULT

Table I shows the simulation parameters for nine
runs and the corresponding temporal behavior of
magnetic reconnection. The steady reconnection.
is realized for all of runs of z4/z; < 0.62. The
intermittent phenomena can take place in three
cases of z4/z) = 0.83. It is evident that the evolv-
ing way of reconnection is insensitive to Ep. First
we will examine some features of steady magnetic
reconnection mainly based on the result of Run 1.

Steady reconnection

Figure 2 shows the temporal evolutions of the re-
connection electric field F, for Runs 1, 4 and 7
with x4 = 0.42, where the thin dotted lines stand
for the values of the external driving electric field
Ey;. The reconnection electric field is defined as
the out-of-plane electric field at the main X point
if there are more than one X point, which is a di-
rect measure of the reconnection rate. There exist
two temporal phases in the evolution of the recon-
nection electric field, i.e., growing phase and satu-
ration phase. The reconnection field experiences a
fast growth, starts to saturate and then gradually
approaches the external driving field Fy though
the fluctration amplitude increases with Fy. These
results lead us to conclusion that the system tran-
sits to a steady reconnection state in which the
reconnection rate E. is balanced with the flux in-
put rate Ey at the boundary. This conclusion is
consistent with the requirement for a steady state.
For 2D steady reconnection the out-of-plane elec-

tric field becomes uniform 1n space and constant in
time, and therefore this field must be equal to the
external driving field E; at the boundary, which is
verified from Faraday's law.
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Figure 2: The temporal evolutions of reconnection
electric field E, for Runs 1, 4 and 7.
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Figure 3: The temporal evolutions of five spatial
scales, i.e., the half-width of current layer d,., the
electron Larmor radius p., the ion Larmor radius
0., the electron skin depth 8, (= c¢/wpe), and ion
density scale dj, where the scales are calculated

from the profiles in the y direction passing the X
point and are normalized by Ay.

Figure 3 shows the temporal evolutions of five
spatial scales where the scales are calculated from
the profiles in the y direction passing the X point
and are normalized by Ay. The five curves rep-
resent half-width of current layer d,,, ion Lar-
mor radius p,, electron Larmor radius p., electron
skin depth 6, (= ¢/wpe), and ion density scale
dy, respectively, Here, the Larmor radius p; of
species s is defined at a position y = y, where the
local Larmor radius p,(y) satisfies the condition
p:(ys) = y,. If B, is a linear function of y, p{y;) is
equivalent to the meandering orbit amplitude used
in the previous papers'™!'. The density scale dj is
defined as the half-width in the case of single-peak
profile of density or the half peak-to-peak distance
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Figure 4: The spatial structures of the in-plane
magnetic field, the out-of-plane velocities of elec-
tron flow u,., and ion low —u;,, the electron num-
ber density N, and the out-of-plane current den-
sity —j, where u,,, —u;, and —j, are perspectively
plotted.

in the case of two-peak profile. When the cur-
rent layer is compressed close to the electron scale
8¢ or p., the reconnection field starts to saturate.
As time goes on, however, d;, gradually relaxes
to p; again and the reconnection proceeds with a
constant rate. Figure 3 also demonstrates another
two features: (1) both d;; and dy almost change
with the same rate at all times, and approach p;
after the reconnection rate reaches maximum; and
(2) é. is slightly wider than p, in the saturation
phase. These features are most important for un-
derstanding the mechanism of magnetic reconnec-
tion. The first feature suggests that the structure
of current layer is modified by the plasma density
configuration which is controlled by massive ions
although the current is carried predominantly by
the electrons. The second feature implies that the
electron frozen-in condition is broken mainly by
the electron inertia effect in steady magnetic re-
connection.

The spatial configurations of five physical quan-
tities at w.eot = 980 are plotted in Figure 4, where
the blue and red colors respectively denote the
low and high values and the different normaliza-
tion values are used for each panel (hereafter).
The top panel shows the magnetic field configu-
ration in the steady state where an X point lies at
the center. The electron out-of-plane flow velocity

Uez, which is higher than the ion out-of-plane flow
velocity |u;.| almost everywhere, forms a sharp
peak around the neutral line with the half-width
about 4. (see the second panel). The ion out-of-
plane flow exhibits a two-peak structure where the
peak-to-peak distance is about 2p, in the region of
|z] < 0.3z, and slightly wider outside (the third
panel). It is interesting to note in the fourth panel
that a low density channel is formed along the x-
axis in the electron number density configuration.
The channel width, which is defined as the peak-
to-peak distances, is 2p;. The fact that the elec-
tron number density is of ion orbit scale p; im-
plies that the density is controlled by ion motion
through the electrostatic interaction between ions
and electrons. Similarly, the ion temperature T;
is strongly peaked on the x-axis with the width
2p; (not shown here). It is noteworthy from the
bottom panel that due to the modulation of the
plasma density the current layer has the width of
about 2p; around the X point but its maxima are
on both sides of the system along the x-axis.

By examining whether the frozen-in constraint,
E+u; x B = 0, holds, we find that the ion motion
decouples from the magnetic field within a region
of the ion skin depth c/w,; = 40Ay = 2p; from
the x-axis, while the electrons remain frozen in the
magnetic field until they enter a region of scale é..

The above observation of fluid quantities sug-
gests that the dissipation region in the steady
phase is of a two-scale structure underlying the
quite different characteristics scales of electron dy-
namics and ion dynamics. The inner electron dis-
sipation region is 26, wide and 2 x 0.4z (= 2z4)
long. The ion dissipation region is 2c/wp; (= 4p;)
wide and the length is of the order of system length
2z5. In other words, the ions are unmagnetized in
the whole downstream in the present open model.
Ions decouple from magnetic field within a scale
length ¢/w,; due to the inertia effect, but the ion
meandering motion plays an important role in ion
dynamics, which characterizes the spatial struc-
tures of ion quantities with the scale p;.

The features of reconnection in the growing
phase coincides with that of the previous periodic
simulations!'®!!, which is not the focus of our at-
tention. After reconnection field saturates, the
system tends to a steady state and the current
layer width relaxes to a scale of the ion meander-
ing orbit size p; from the electron skin depth §..
This result clearly differs from the previous work
of non-driven reconnection in a closed system?’, in
which the current width is scaled by electron skin
depth. The difference probably comes from the
models used. In the recent MRX experiment’, the
current layer width is found to be about 0.4c/wp;.
This result is in good agreement with our simula-




uon i which d;. = p, = 0.3¢/wy,.

Intermittent phenomena

It is shown in Table I that intermittent phenomena
take place when z,/z, = 0 83. Figure 5 plots the

Figure 5: The temporal evolution of magnetic field
configuration for Run 3.

temporal evolution of the magnetic field for Run
3. After w..nt = 550, magnetic islands frequently
turn out from the center, grow up and move out
of the system. Figure 5 points out that the system
dose not relax toward a steady state, but evolves
in an intermitient way because of the frequent gen-
eration of magunetic islands. Let us consider why
magnetic reconnection evolves in an intermittent
way or what mechanism controls the growth of
magnetic islands. Figure 6 shows (a) the evolu-
tion of the reconnection electric field E, and (b}
those of three spatial scales d,., p, and p, at the

main X pomnt for Run 3. In the saturation phase,
the reconnection electric field oscillates around the
value of the external driving field £y with a larger
amplitude compared with Run 1. The fluctnation
amplitude increases with =4 for a fixed Ey. One
can find that there is a correlation between the
growth of islands and the behaviors of these quan-
tities. When an island 15 produced at the central
region {for example, at w,,qt = 550 and 920), |E,|
i5 minimum. As the island evolves, the width of
current layver at the main X pomnt decreases below
p. and |E,| evolves toward a maximum. When the
island is far away the center, d,; return to g,.
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Figure 6: The time histories of (a) reconnection
electric field E; and (b} three spatial scales d,., p,
and p. at the main X point for Run 3.

Figure 7 shows the spatial configurations of the
current —3,, the electron flow velocity u.,, the ion
flow velocity —u,, and the electron number den-
sity at we.pt = 940 and 980 when the third island is
being formed and growing up, respectively. Figure
7 reveals the following fives facts. First, when the
island is formed, the current layer becomes nar-
rower and longer compared with Run 1. Second,
the electric current maintaining the island comes
mainly from the contribution of electrons rather
than ions because |u.;| is much higher than |u,.|
in the island. Third, small island structure ap-
pears originally in the profile of u.., which may
trigger an instability. Fourth, the island growth
requires electric current increases in it. Compar-
ing the quantities at two times, we can find that as
time goes on the electron density increases while



the electron velocity decreases at the center of th
island. The density increase is caused by the elec-
tron trapping inside the island. Therefore, the
electric current needed for the growth of the island
is supplied by increasing the electron number den-
sity. Fifth, two islands are excited by the locally
enhanced current density, but only the one near
the center can grow up. These characters lead us
to the conclusion that the island excitation in the
intermittent behavior for z4/x, = 0.83 is related
to the electron dynamics.

Figure 7: The spatial structures of the out-of-plane
current density —j., the electron flow velocity u..,
the ion flow velocity —u,, and the electron number
density N, at times wc..ot = 940 (top four panels)
and 980 (bottom four panels) for Run 3 where u,.,
—u;, and —j, are perspectively plotted.

Influence of driving electric field

In order to understand why the behavior of driven
reconnection is dependent on the nonuniformity

scale z; but independent of the driving field
strength Ey, we examine their influence on the
spatial structure of the current layer and mag-
netic field based on the simulation results. The
dependences of the electron number density, the
electron out-of-plane flow velocity, and the half-
width of the current profile on the scale z4 at the
X point are plotted in Figure 8. It can be seen that,
as x4 increases, the electron density increases and
the current layer becomes narrow, while the elec-
tron flow velocity remains almost constant. This
phenomenon can be explained as follows. As z4
increases, the curvature of input magnetic field
lines and the divergency of the corresponding in-
put plasma inflow decrease. Consequently, the
particle number entering the reconnection region
increases and the current layer is more strongly
compressed with z4, which leads to the density in-
crease. In other words, the parameter z; controls
the density profile of the current layer through the
ion dynamics. '
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Figure 8: The histories of (a) electron number den-
sity N, (b) electron flow velocity u., and (c) half-
width of current layer at the X point for Runs 1
and 2.

Figure 9 shows the dependences of the electron




number density. the electron out-of-plane flow ve-
locits. and the half-width of the current profile on
the strength £y As Ep increases. both electron
number density and electron out-of-plane flow ve-
locity increase and the current layver becomes nar-
row. The density increase is deeply related to the
fact that the input plasma mass flux increases 1n
proportion to Ey. The electron velocity increase
is due to the electron acceleration by the electric
field E. .
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Figure 9: Same as Fig. & for Runs 1, 4 and 7.

Let us examine the global structure of current
layer and the corresponding magnetic field. Fig-
ure 10 plots the dependences of magnetic separa-
trix structures on x4 (top) and Ep (bottom). The
shape of current layer becomes narrow and flat.
and thus the angle between separatrices reduces
distinctively, as z,4 increases. However. the sep-
aratrix shape is insensitive to E;. When FEy in-
creases. because the current layer is similarly com-
pressed. its aspect ratio is not changed. This fact
implies that the separatrix (or current layer) shape
is the key to understand the intermittent behavior
of driven reconnection That is, the flat separatrix
facilitates the excitation of magnetic island. On
the other hand. because the global shape of mag-
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Figure 10: Companson between the separatrix
shapes for different z; (top panel) and different
E, (bottom panel).

netic separatrices and so the angle between the
separatrices remain almost unchanged when the
strength E; changes, the reconnection behavior is
insensitive to the change in the strength Ey.

[t is concluded that in a large x4 case collision-
less reconnection reveals an intermittent behavior
through the frequent generation of magnetic is-
lands because of electron dynamics.

1IV. CONCLUSION

We have presented first results of particle simula-
tion of collisionless driven reconnection in an open
system. In order to study the long time scale evo-
lution of collisionless driven reconnection, we have
developed a new simulation model for an open sys-
tem. In this model. a free physical condition is
used at the downstream boundary, across which
particles can freely go in and out. At the upstream
boundary the driving condition can be uniquely
determined by an out-of-plane electric field which
is described by two key parameters, the strength
E, and the early non-uniformity scale r 4.

The evolution of collisionless driven reconnec-
tion depends strongly on the external driving elec-
tric field. The strength £y controls the reconnec-
tion rate. while the scale zy; controls the current
laver shape and thus the magnetic field configura-
tion. It is found that there are two regimes in the
long time scale behavior of collisionless reconnec-
tion which is mainly controlled by the scale x4 in
our simulation parameter range. i.e., steady regime
and intermittent regime. In a small zy case the
system evolves toward a steady regime in which
steady reconnection is realized and thus the global
field topology remains unchanged. On the other
hand, in a large =4 case the system evolves into an
intermittent regime in which magnetic islands are
frequently excited near the center of the current



sheet.

We investigated the physical features of the
steady reconnection. The reconnection rate in the
steady regime is mainly controlled by the strength
of the driving electric field Ey. The dissipation re-
gion has iwo-scale structure corresponding to both
the electron dynamics and the ion dynamics. The
electron dissipation region is dominated by an elec-
tron inertia effect which controls the electron flow
velocity. The ion inertia effect is responsible for
breaking of the frozen-in constraint for ions. while
the ion meandering motion plays an important role
in the spatial structures of plasma density. ion flow
velocity and ion temperature. Although the cur-
rent is predominantly carried by electrons, the cur-
rent layer has the half-width of the ion scale p, be-
cause of modulation of the density profile which is
exclusively controlled by the massive ion motion,
Thus the global dynamic process of steady mag-
netic reconnection is dominantly controlled by ion
dynamics. The current layer width presenied in
this paper is in good agreement with the result of
recent MRX experiment”.

In the intermittent regime. the 1sland excitation
is related to the electron dynamics. The seed is-
land is triggered by the perturbation of electron
velocity near the original X peoint. This island
grows up by increasing the eleciric current through
the electron trapping in it. To shed light on the
mechanism in the intermittent regime, the effect
of the driving parameters Ey and z4 on the cur-
rent layer structure and the magnetic field config-
uration in the regime of steady reconnection has
been explored. As Fy increases, the current layer is
similarly compressed, and thus the corresponding
magnetic field configuration is almost unchanged.
On the contrary, as x4 increases, the current layer
becomes narrow and flat in shape so that the angle
between the separatrices decreases. The change of
the spatial structure is the cause for the island
excitation which leads reconnection to the inter-
mitient regime.
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