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Electromagnetic particle simulation is performed in order to investigate the behavior of collisionless
driven reconnection in an open system. Ion frozen-in condition in the vicinity of magnetic neutral
sheet is broken due to the growth of off-diagonal components of pressure tensor term. The relationship
between the pressure tensor and the meandering motion in the ion dissipation region is clarified based
on a simple model. The energy conversions to electron and ion energies occur actively in the vicinity
of the reconnection region and in the downstream region, respectively. The field energy is converted
to particle energy due to the reconnection process and the ratio of the ion thermal energy to the total
energy in the outflow is good agreement with the observation by the Geotail satellite.
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1 Introduction

Collisionless magnetic reconnection is widely consid-
ered to play an important role in energetically active
phenomena in high temperature plasmas. In spite of
intensive research, many basic questions about the de-
tails of mechanism of collisionless reconnection still re-
main poorly understood. To investigate the behavior
of collisionless reconnection, we have developed a PIC
code (PASMO) in an open system [1–3]. Ions become
un-magnetized and execute a complex thermal mo-
tion called meandering in the ion dissipation region.
The complex meandering (chaotic) motion leads to
the growth of off-diagonal components of the pressure
tensor term, which is one of main causes to break ion
frozen-in condition in the vicinity of magnetic neutral
sheet [4, 5]. In this study, we investigate the role of
the meandering motion in the formation of ion dissi-
pation region by examining particle simulation results
of collisionless driven reconnection based on a simple
model. Moreover we report the energy conversion to
electrons and ions passing through the dissipation re-
gion.

2 Simulation model

The three-dimensional simulation code PASMO [1–3]
relies on an explicit electromagnetic PIC method.
Simulation parameters are as follows; The simulation
box size is 2032λD×127λD×48λD, where λD is Debye
length. The total number of particles is 153.6 million,
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the scale length of current layer L is 25λD, the ra-
tio of the particle density of background plasmas to
that of foreground plasmas is 0.2 at the initial time.
The thermal velocities of electron and ion are 0.26c
and 0.026c, respectively, where c is the speed of light.
The mass ratio mi/me is 100. The initial condition is
given by a one-dimensional Harris-type equilibrium,
in which the magnetic field is parallel to x-axis and a
function of y-coordinate. At the upstream boundary
(y boundary), ions and electrons enter into the system
with E × B drift due to a driving electric field Ez0,
whereas at the downstream boundary (x boundary),
particles exit from and enter into the system under
the free boundary condition. The external driving
electric field Ezd(x, t) at the upstream boundary is
programmed to evolve from zero to a constant value
during an early period. The field Ezd is set for zero
at t = 0 and gradually increases predominantly in the
center region of the simulation box (x = 0) in the
early time. The width of the region where Ezd pre-
dominantly increases is also gradually expanded. The
field Ezd develops on the whole boundary after it at-
tains to a constant value E0 at the center point, and
then it reaches to E0 on the whole boundary. After an
early phase (tωce = 335 in our simulation, where ωce is
a electron cyclotron frequency), Ezd keeps a constant
value E0 which is a necessary condition for a recon-
nection system to evolves toward a steady state, in
which all the profiles are almost kept unchanged with
time [1].
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3 Temporal evolution

Figure 1 shows isosurface of B2
x + B2

y and magnetic
field streamline at (a) tωce = 0, (b) 550.01, (c) 608.59,
and (d) 805.53, respectively. The plasma inflow and
magnetic flux go from the upstream toward the cen-
ter region because of the driving electric field Ez0 im-
posed at the upstream boundary. The driving field
penetrates into the current sheet owing to particle ki-
netic effects, and triggers magnetic reconnection when
it reaches the center (Fig. 1(b)) [6–8]. Since the length
of current sheet is much longer than its width, the
tearing instability is excited in the downstream re-
gion, several reconnection points appear and then sev-
eral magnetic islands are generated (Fig. 1(c)). The
magnetic islands become unstable against a kink in-
stability [9].

Fig. 1 Isosurface of B2
x+B2

y and magnetic field streamline
at (a) tωce = 0, (b) 550.01, (c) 608.59, and (d)
805.53.

4 Pressure tensor term

We focus on the ion dissipation region around the cen-
tral reconnection point at which collisionless reconnec-
tion sets in first under the influence of driving flow.
Let us consider the mechanism which breaks down the
ion frozen-in condition in the collisionless reconnection
by examining the force balance equation for ions as

Ez + (u × B)z

=
m

q

�
∂

∂t
+ (u · ∇)

�
uz

+
1
qn

�
∂Πxz

∂x
+

∂Πyz

∂y

�
, (1)

where m is mass, q is charge, n is number density, Πij

is pressure tensor, and ui is flow velocity. Figure 2

demonstrates the spatial profiles of the each terms of
Eq. (1) along the inflow (y) direction through the re-
connection point (x = 0). It is clearly seen in Fig. 2
that the pressure tensor term 1

qn
∂Πyz

∂y mainly sustains
the electric field Ez around the reconnection point.
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Fig. 2 Spatial profiles of terms of the force balance equa-
tion for ion and analytic solution of 1

qn

∂Πyz

∂y
along

y direction through the reconnection point. Red,
green , blue, magenta, sky blue and orange lines
show Ez, −(u×B)z, m(u∇)uz/q, 1
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, 1
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in the simulation result, and analytic solution of
1

qn

∂Πyz

∂y
, respectively.

Pressure tensor originates from the stochastic
thermal motion called meandering in the vicinity of
reconnection point. Here we examine the relationship
between the meandering motion and the pressure ten-
sor based on a simple model. Roughly speaking me-
andering motion near the reconnection point consists
of the motion along the inflow direction (y direction),
and along the outflow direction (x direction). The av-
erage orbit amplitudes of the meandering motion Ly

m

along the inflow direction and Lx
m along the outflow

direction are determined from the location which sat-
isfies the relation [1]

Ly
m = ρy

L(L
y
m), L

x
m = ρx

L(L
x
m), (2)

where the local ion Larmor radii ρy
L(y) along the inflow

direction and ρx
L(x) along the outflow direction are

defined as

ρy
L(y) =

mv⊥
qBx

� mvth

qB�
xy

,

ρx
L(x) =

mv⊥
qBy

� mvth

qB�
yx

, (3)

with the thermal velocity vth and constant parameters
B

�
x and B

�
y. In deriving Eq. (3), we used the approxi-

mated relations as

Bx = B
�
xy, By = B

�
yx. (4)

Substitute Eq. (3) into Eq. (2), we get the average
orbit amplitudes of meandering motion along the y
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and x directions as

(Ly
m)

2 =
mvth

qB�
x

, (Lx
m)

2 =
mvth

qB�
y

. (5)

Because the meandering motion is relevant to the dis-
sipation mechanism [5], these two scales are regarded
as the width yc and the length xc of ion dissipation
region.

In order to connect the meandering motion to the
pressure tensor, let us write down 1

qn
∂Πyz

∂y as a func-
tion of y. If the plasma has a significant E × B flow
velocity and is not so hot about its mean value, then
the pressure tensor Πyz is approximately given by

Πyz ∼
�

dv mvyvzf, (6)

where f is the velocity distribution function. This is a
type of semi-cold plasma approximation particularly
for the y-direction. Since the frozen-in condition is
satisfied outside of the dissipation region (|y| ≥ yc),
the average velocities vy in the inflow direction and
vz in the current direction are approximately given by
E × B drift velocity and thermal velocity vth at the
inflow edge of the ion dissipation region (|y| = yc),
respectively. Accordingly, the pressure tensor Πyz in
Eq. (6) is written as

Πyz ∼ mnEzBxvth

B2
x +B2

y

. (7)

In the region where Bx changes linearly in y, we can
substitute Eq. (4) into Eq. (7). The pressure tensor
term 1

qn
∂Πyz

∂y in Eq. (1) is given by

1
qn
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= − 1

qn

mnEzB
�
xvth(B�2
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y)

(B�2
x y2 +B2

y)2
. (8)

This analytic solution is drawn in Fig. 2 as an orange
line. Equation (8) is sensitive to the value of By at
the null point By = 0, since it diverges at y = 0 for
By = 0. However, the divergence has been removed by
the finite size of the orbits averaged over the null point
in our simulations, as well as in the kinetic theory. In
this simple model, By is a constant value (By = 1 in
this paper) in order to study the tendency of the ana-
lytic solution. As one can see in Fig. 2, the tendency of
this solution is in agreement with the pressure tensor
term 1

qn
∂Πyz

∂y (a sky blue line) of the simulation result.
When we substitute yc into y in Eq. (8) and ignore
the term By because |Bx| � |By|, RHS of Eq. (8) is
reduced to −Ez. This result supports that the mean-
dering motion plays an important role in collisionless
reconnection.

5 Energy conversion

Because the temporal change of the total field energy
is written by

d

dt

�
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�
B2

8π
+
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8π

�

=
�

d3x

�
∇ ·

�
B × E

4π

�
− E · J

�
, (9)

the energy conversion between the field and the par-
ticles in plasma is carried out through the work by
electric field, i.e., the term E · J [10]. In order to in-
vestigate this conversion process to electrons and ions
respectively, let us decompose the total current to the
electron and ion current (Je and Ji). Figures 3 and
4 show the contour maps of energy conversion rate
E ·Je and E ·Ji, which is averaged along z-direction,
at (a)tωce = 475.4 when the reconnection starts to
take place, (b) 533.7, (c) 611.1, and (d)792.5 in the
xy plane, respectively. For comparison between the
energy conversion rate and the magnetic field struc-
ture, the magnetic flux φ is demonstrated in Fig. 5.
The magnetic flux φ is calculated from the averaged
values Bx and By along z-direction. When the recon-
nection takes place at the center region (tωce = 475.4),
the energy conversion to electron energy E · Je be-
comes active in the vicinity of the central reconnection
point, and the energy conversion to ion energy E · Ji

becomes to be operative in the outflow regions of the
central reconnection region. After the tearing instabil-
ity is excited and the magnetic islands are generated
(tωce > 611), E · Je becomes slightly weaker in the
vicinity of the central reconnection point and grows
in the outflow regions of other reconnection regions.
On the other hand, E ·Ji keeps strongly active in the
outflow regions of the central reconnection region and
the active region moves toward the x boundary. In the
outflow regions of other reconnection regions, E · Ji

also grows but the magnitude is smaller than that in
the outflow regions of the central reconnection region.

In the vicinity of the reconnection point, the elec-
tric field is dominated by the reconnection field Ez,
and acts on the particles. From Fig. 3, it is found that
Ez leads mainly to the increase of the electron energy
in the vicinity of the reconnection point. In the down-
stream region, on the other hand, the electric field is
the electrostatic component, which grows dominantly
in xy plane [10]. From Fig. 4, it is considered that the
electrostatic component of the electric field leads to
the increase of ion energy in the downstream region.
These energy conversions to electron and ion energies
keep active in the ion dissipation and downstream re-
gions at the steady state (tωce = 792.5), respectively.

Finally, in order to investigate the energy conver-
sion from field to particles by the reconnection process
at the steady sate, we calculate the magnetic energy
(EB), ion and electron kinetic energy (Ki and Ke),
and ion and electron thermal energy (32niTi, 3

2neTe)
in the inflow and outflow regions of the ion dissipa-
tion region, respectively (Table 1). The inflow re-
gions are defined as the boxes (−xc/2 < x < xc/2
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Fig. 3 The contour map of E ·Je at (a)tωce = 475.4 when
the reconnection starts to take place, (b) 533.7, (c)
611.1 and (d) 792.5. Horizontal axis is x, and ver-
tical axis is y. The center region of the simulation
box with 1494λD in the x direction is enlarged.

and −3yc/2 < y < −yc/2, −xc/2 < x < xc/2 and
yc/2 < y < 3yc/2), and outflow regions as the boxes
(−3xc/2 < x < −xc/2 and −yc/2 < y < yc/2,
xc/2 < x < 3xc/2 and −yc/2 < y < yc/2), re-
spectively. Compared with the energies in the inflow
region, the magnetic energy in the outflow region is
decreased, while the kinetic and thermal energies in
the outflow region are increased. It is found that the
energy is converted from the magnetic field to parti-
cles due to the reconnection process when they pass
through the dissipation region. The ratio of the ion
thermal energy 3

2niTi to the total energy in the out-
flow is 0.35. This ratio is good agreement with the
observation by the Geotail satellite [11].

EB Ki
3
2niTi Ke

3
2neTe

inflow 176 51 66 2 60
outflow 51 105 135 38 54

Table 1Magnetic energy and particle energy in the inflow
and outflow regions.

6 Summary

To investigate the behavior of collisionless driven mag-
netic reconnection, we performed a three-dimensional
full electromagnetic particle simulation in an open sys-
tem using PASMO code. By examining the results, we

Fig. 4 The same figure as Fig. 3 but for E · Ji.

recognized that the ion orbit effect (meandering orbit
effect) controls the physics in the ion dissipation re-
gion from the simple analysis. In the investigation of
the energy conversion rate, it is found that the energy
conversions to electron and ion energies take place in
the vicinity of the reconnection region and the down-
stream region, respectively.
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