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Abstract

The onset of collisionless magnetic reconnection is considered to be controlled by electron
dynamics in the electron diffusion region, where the reconnection electric field is balanced
mainly by the off-diagonal electron pressure tensor term. Two-dimensional particle-in-cell
simulations are employed in this paper to investigate the self-reinforcing process of the
reconnection electric field in the electron diffusion region, which is found to grow
exponentially. A theoretical model is proposed to demonstrate such a process in the electron
diffusion region. In addition the reconnection electric field in the pileup region, which is
balanced mainly by the electromotive force term, is also found to grow exponentially and its

growth rate is twice that in the electron diffusion region.

(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetic reconnection, known as an effective mechanism
for fast energy conversion from magnetic energy to plasma
energy, is widely considered to be the primary candidate for
many explosive phenomena in solar atmosphere [1-3], the
Earth’s magnetosphere [4-6], laboratory experiments [7-9]
and even the magnetotail of a non-magnetized planet [10-12].
Although it is generally accepted that the nonlinear evolution
of collisionless magnetic reconnection and the resulting
reconnection rate are dominated by the Hall effect in the ion
diffusion region [13—15], the onset of magnetic reconnection
is still less understood. From a theoretical point of view, the
onset of magnetic reconnection is to explain how reconnection
is developed out of the numerical noise in a current sheet [16],
which is considered to be controlled by electron dynamics
in the electron diffusion region [17-19]. The onset of
magnetic reconnection includes two aspects: (1) how an
initial reconnection electric field is generated, and (2) how
the reconnection electric field grows spontaneously. Several
microphysical processes, such as tearing mode [20] or lower
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hybrid drift waves [16, 21], have been proposed to provide the
initial reconnection electric field, while both simulations and
laboratory observations have verified the spontaneous growth
of the reconnection electric field [22, 23].

Assuming a two-fluid model for the plasma, the electric
field can be obtained directly from the electron momentum
equation without further approximation, which is [22, 24]

E=-VixB——— - ——°, 1)

where E and B are the electric field and magnetic field,

respectively, P, is the electron pressure tensor, ne and V. are
the electron density and bulk velocity, respectively. In a two-
dimensional (2D) system (d/dy = 0), the reconnection electric
field, which is pointed to the y direction, can be written in the

form [25, 26]
1 0P, 0Py,
Ey= = (VeBy = Ver By) = — [ =25 4+ —2%
nee \ 0x 0z

me (Vey Ve v Ve, ) o
ot ox 0z
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The first, second and third terms on the right-hand side of
equation (2) represent the electromotive force term, the off-
diagonal electron pressure tensor term and the electron inertia
term, respectively. The presence of the reconnection electric
field in the vicinity of the X line implies a violation of the
frozen-flux condition, which allows the reconnection process
to proceed. In the electron diffusion region, the electrons are
demagnetized and not frozen in the magnetic field, and the
reconnection electric field is contributed mainly by the off-
diagonal electron pressure term [25,27, 28].

In this paper, first 2D particle-in-cell (PIC) simulations
are employed to study the self-reinforcing process of the
reconnection electric field in the electric diffusion field during
anti-parallel magnetic reconnection, which is balanced mainly
by the off-diagonal electron pressure term. Then a theoretical
model is proposed to demonstrate such a process.

2. Simulation results

A 2D PIC simulation model is used to investigate the self-
reinforcing process of the reconnection electric field in the
electron diffusion region. In the model, the electromagnetic
fields are defined on the grids and updated by solving the
Maxwell equations with a full explicit algorithm, and the ions
and electrons are advanced in the electromagnetic field. The
initial equilibrium configuration is a one-dimensional (1D)
Harris current sheet in the (x, z) plane, where the initial
magnetic field and the corresponding number density are
given by

By(z) = Bptanh (z/8) ey, 3)

n(z) = ny + ng sech? (z/8) , 4)

where By is the asymptotic magnitude of the magnetic field, &
is the half-width of the current sheet, ny, is the number density
of the background plasma and ng is the peak Harris number
density. At the same time, the initial distribution functions
for the ions and electrons are Maxwellian with drift speed
in the y direction, and the drift speeds satisfy the equation
Vio/ Veo = —Tio/ Teo, Where Vig(Veo) and Ty (T0) are the initial
drift speed and temperature of ions(electrons), respectively. In
our simulation, we set Tjg/Teo = 4, and n, = 0.2ny. We set
a small initial half-width of the Harris current sheet, which is
8 = 0.25¢/wp; (where ¢/w; is the ion inertial length defined
by ng), therefore, the current sheet is unstable to the tearing
instability [20, 29]. The mass ratio m;/m. is chosen to be 64.
The light speed is ¢ = 15va, where v is the Alfvén speed
based on By and ny.

The computation is carried out in a rectangular domain in
the (x, z) plane with the dimension L, x L, = (25.6¢/wy;) X
(12.8¢/wpi). The grid number is N, x N, = 1024 x 512.
Therefore, the spatial resolutionis Ax = Az = 0.025¢/wy; =
0.2¢/wpe. The time step is ;¢ = 0.001, where Q; = eBy/m;
is the ion gyrofrequency. We employ more than 108 particles
per species to simulate the plasma. The periodic boundary
conditions are used along the x direction; at the same time,
ideal conducting boundary conditions for the electromagnetic
fields and reflected boundary conditions for particles are used
in the z direction.

Figure 1 shows the reconnection electric field (c/va) E, / By
atQit = (a)0.5,(b) 10,(c) 11,(d) 12,(e) 13 and () 14. Inthe
figure, the magnetic field lines are also plotted for reference.
At about ;¢ = 10, two obvious X lines begin to be formed
around x = 12.8 and 24.5¢/wy;, respectively. Then, the recon-
nection electric field around two X lines grows rapidly, and the
width of the current sheet also increases. The maximum value
of the reconnection electric field is first at the center of the X
lines, and finally in the pileup regions around the X lines.

A detailed analysis shows that the process of reconnection
has two stages. Figure 2 plots the time evolution of the
magnetic flux v/(Boc/w,;) along z = 0. The current sheet
is unstable to the tearing mode, which is excited at the first
stage. We can find that the most unstable mode is around
M = 6 (where M = L, /(2r /k,), and k, is the wave number
of the tearing modes). Therefore, the most unstable mode
satisfies k, 8 ~ 0.37. The results are consistent with the
linear theory [20,29]. However, the tearing mode saturates
quickly. Therefore, the tearing mode can only provide the
initial growth of the reconnection, but it cannot drive the fast
reconnection. The second stage begins at about ;7 = 10; two
X lines are formed at about x = 12.8 and 24.5¢/w;, which is
a self-reinforcing process.

The growth of the tearing mode and its saturation can
also be found in figure 3, which depicts the time evolution of
the maximum values of the magnetic flux [,/ (Boc/a)pi)lz,
which correspond to modes M = 6, 7 and 8, respectively.
The wave numbers are k,§ ~ 0.37, 0.43 and 0.49. They
grow exponentially. However, they quickly saturate at about
Qit = 11, when the fast reconnection begins. The linear
growth stage of the tearing mode can be demonstrated more
clearly in figure 4, which shows the magnetic field lines at
Qit = (a) 0.5, (b) 3, (c) 4.5, (d) 5.5 and (e) 6.5. Obviously,
with the development of the tearing mode, about seven small
magnetic islands are formed at the center of the current sheet.

In order to investigate the self-reinforcing process of the
fast reconnection, we separate the reconnection electric field
into the electromotive force term and the off-diagonal electron
pressure tensor term according to equation (2). Compared with
the other two terms, the electron inertia term is very small and
negligible. Figure 5 shows the reconnection electric field (the
left panel), the electromotive force term (the middle panel)
and the off-diagonal electron pressure tensor term (the right
panel) in the vicinity of the X line, whose center is around
x ~ 12.8¢/wy;. In the figure, (a), (b), (¢) and (d) represent
the time ;7 = 10.0, 10.5, 11.0 and 11.5, respectively. In the
figure, the magnetic field lines are also plotted for reference.
The reconnection electric field can be obviously identified
in the vicinity of the X line. Consistent with the previous
results [22, 27], at the X point the reconnection electric field is
balanced mainly by the off-diagonal electron pressure tensor
term, while the electromotive force term forms the structure of
the reconnection electric field away from the X line with the
peaks in the pileup regions. This can be demonstrated more
clearly in figure 6, which shows the profile of the reconnection
electric field, the electromotive force term and the off-diagonal
electron pressure tensor term along z = 0 at ;¢ = (a) 10.0,
() 10.5,(c) 11.0and (d) 11.5, respectively. The electromotive
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Figure 1. Reconnection electric field (c/va) E, /By at it = (a) 0.5, (b
field lines are also plotted for reference.
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Figure 2. Time evolution of the magnetic flux v/(Byc/w,;i) along
the line z = 0.

force term supports the reconnection electric field at [x — Lx| >
0.3c¢/wyi, where Lx is the position of the X line. At the same
time, the amplitude of both the off-diagonal electron pressure
tensor and the electromotive force terms increase with time.
The growth rate of the electromotive force term is much larger

) 10, (¢) 11, (d) 12, (e) 13 and (f) 14. In the figure, the magnetic
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Figure 3. Time evolution of the maximum values of the magnetic
flux |1//M/(Boc/a)pi)|2, which correspond to modes M = 6, 7 and 8§,
respectively.

than that of the off-diagonal electron pressure tensor term.
Such a self-reinforcing process of the reconnection electric
field can be described more clearly in figure 7. In the figure, the
red line shows the time evolution of the maximum amplitude
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Figure 4. Magnetic field lines at ;r = (a) 0.5,(b) 3, (¢) 4.5,
(d) 5.5, (e) 6.5 during the linear growth stage of the tearing mode.
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Figure 5. Reconnection electric field (the left panel), the
electromotive force term (the middle panel) and the off-diagonal
electron pressure tensor term (the right panel) in the vicinity of the
X line, whose center is around x ~ 12.8¢/w;. (a), (b), (c) and

(d) represent the time ;2 = 10.0, 10.5, 11.0 and 11.5, respectively.
In the figure, the magnetic field lines are also plotted for reference.

of the off-diagonal electron pressure tensor term along the line
z = 0, while the black line describes the time evolution of
the maximum amplitude of the electromotive force term along
the line z = 0. The growth rates of the electromotive force
term and the off-diagonal electron pressure tensor term during
the self-reinforcing process of the reconnection are also shown
in the figure, which are calculated to be about 0.50 and 0.29,
respectively. We can also find that the growth of both the
electromotive force term and the off-diagonal electron pressure
tensor term stop at about ;¢ = 12.0.

3. Theoretical model

The self-reinforcing process of the off-diagonal electron
pressure tensor terms in the 2D PIC simulations can be

demonstrated with a theoretical analysis. The ion diffusion
region can be divided into two parts: an ion-scale outer region
and an electron-scale inner region, as shown in figure 8. The
scale of the inner electron diffusion region is determined by the
trapping length of electrons in a field reversal, where electrons
are unmagnetized. After analyzing electron orbits in field
reversals, Biskamp and Schindler [28] found that the lengths
in the x and z directions can be expressed as

2meT; v 2meT; v
=m0 k= gamn| 0 ©®
e (50 e* ()

where T, is the electron temperature, and x direction refers
to the outflow direction. Similar results were also obtained
by Kuznetsova et al [30]. In the electron diffusion region,
the reconnection electric field is balanced mainly by the off-
diagonal electron pressure tensor term, which can be given

as [31] Lav

o~ —
J e 0x

2m.Te, (6)

where V., is the electron bulk velocity in the x direction. The
validity of equation (6) is demonstrated in figure 9, which plots
the evolution of the reconnection electric field obtained from
the simulations. The black line shows the reconnection electric
field, which is obtained directly from the simulations. The red
line exhibits the reconnection electric field, which is calculated
using the following method: first we obtain the electron bulk
velocity V., and temperature 7; from the simulations, and then
the reconnection electric field is calculated using equation (6).

During the self-reinforcing process of the reconnection
electric field (from about 2;# = 10 to ;¢ = 12), as shown in
this paper, the sizes of the electron diffusion region (A, and X)
change little, and the electrons are hardly thermalized in the
electron diffusion region. Therefore, we can assume that the
sizes of the electron diffusion region are fixed and the electron
temperature is kept as a constant. Then

-~ Vex, M/ 2me T,

Eyo ~ o ; (N
where V., ) is the electron bulk velocity just outside of the
electron diffusion region.

At the same time, the electrons are unmagnetized in the
electron diffusion region, the reconnection electric field E o is
determined by the off-diagonal electron pressure tensor term.
However, it is generally accepted that the electron bulk velocity
in the electron diffusion region is decided by the electric field,
while the existence of the magnetic field leads to the off-
diagonal electron pressure tensor term, which is approximately
equal to the reconnection electric field in the electron diffusion
region. If the electrons have sufficiently large energy and
their gyroradii are much larger than the curvature radius of
the magnetic field, these electrons are unmagnetized and their
motions are governed by meddi; = —eFE. Therefore, the
electron bulk velocity in the y direction is proportional to the
reconnection electric field, which can be expressed as [32]

dve,
dt

« Eyo. (8)
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Figure 6. Profile of the reconnection electric field (the black lines), the electromotive force term (the red lines) and the off-diagonal electron
pressure tensor term (the blue lines) along z = 0 at ;¢ = (a) 10.0, (b) 10.5, (¢) 11.0 and (d) 11.5.
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Figure 7. Time evolution of the maximum amplitudes of the
electromotive force term and the off-diagonal electron pressure
tensor terms along the line z = 0, which are denoted by the black
and red solid lines, respectively. The growth rates of the
electromotive force term and the off-diagonal electron pressure
tensor terms during the self-reinforcing process are also shown in
the figure, which are represented by the black and red dashed lines,
respectively.

As the electrons leave the electron diffusion region and become
magnetized again, the gyromotion transfers their velocity from
the y direction to the x and z directions [33]. Therefore, on
average Ve, m and Ve, (where V., is the electron bulk
velocity in the z direction just outside the electron diffusion
region) outside of the electron diffusion region are proportional
to V., inside the electron diffusion region. Then,

AVerm  dVey
X
dt dt

« Eyo. )

Pileup region

Figure 8. Schematic for the generation of the electromotive force
term and the off-diagonal electron pressure tensor terms.

Then, we can obtain

dVex M Uthe
— X

the 10
dr A (10)

Vex,M ’
where vpe = «/2T./m. is the electron thermal velocity.
Therefore, the off-diagonal electron pressure tensor term in
the electron diffusion region E o and the electron bulk velocity
Vex,m grow exponentially, with E,o oc e”°’. The growth rate
Yo X Vme/Ax. The existence of the reconnection electric field
can accelerate the electrons in the electron diffusion region,
and the electrons obtain a bulk velocity just outside the electron
diffusion region, which can in turn make E,o larger.

Now let us focus on the electromotive force term of
the reconnection electric field away from the X line. In a
2D system (d/0y = 0), we can get dB,/0t = —dE,/0x,
according to 0 B/dt = —V x E. Through an integral circling
the pileup region, after the size of the pileup region is assumed
to be fixed, it is easy to obtain d B, /9t o< Eyo. Then B, o e?’.
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Figure 9. Evolution of the reconnection electric field obtained from
the simulations. The black line shows the reconnection electric
field, which is obtained directly from the simulations. The red line
exhibits the reconnection electric field, which is calculated using
equation (6).

The physical mechanism of the growth of B, can be described
as follows: the electrons get a bulk velocity after they are
accelerated in the electron diffusion region. The magnetic
field is then brought out of the electron diffusion region and
piled up just outside of the electron diffusion region, which
make the magnetic field grow exponentially.

Therefore, in the pileup region, the reconnection electric
field is balanced mainly by the electromotive force term, which
can be expressed as

—Ver.u B, oc 70",

an

However, with the accumulation of the magnetic field in the
pileup region, the increase in the electron outflow speed will
stop. Then the growth of the reconnection electric field
saturates, and a nearly steady state is attained, as shown in
figure 6 after about ;z = 12.0.

The theoretical model also predicts that the growth rate
of the reconnection electric field is proportional to the square
root of the initial electron temperature. In order to test
this prediction, we perform an additional 2D PIC simulation
run with the electron temperature half of the original value,
while the other parameters are kept the same. The structure
of the reconnection is almost the same (not shown); as
predicted, the growth rate of the reconnection electric field
decreases. Figure 10 shows the self-reinforcing process of the
reconnection electric field. In the figure, the red line shows the
time evolution of the maximum amplitude of the off-diagonal
electron pressure tensor term along the line z = 0, while
the black line describes the time evolution of the maximum
amplitude of the electromotive force term along the line z = 0.
The growth rates of the electromotive force term and the
off-diagonal electron pressure tensor term during the self-
reinforcing process of the reconnection are also shown in
the figure, which are calculated to be about 0.42 and 0.22,
respectively. The results are consistent with the theoretical
predication, and the difference may come from the assumptions
used in our theoretical model, such as the fixed electron
temperature.

Ewm =

ot

Figure 10. Time evolution of the maximum amplitudes of the
electromotive force term and the off-diagonal electron pressure
tensor terms along the line z = 0, which are denoted by the black
and red solid lines, respectively. Here, the initial electron
temperature is half of the original case. The growth rates of the
electromotive force term and the off-diagonal electron pressure
tensor terms during the self-reinforcing process are also shown in
the figure, which are represented by the black and red dashed lines,
respectively.

4. Conclusions and discussion

In this paper, first we employ 2D PIC simulations to investigate
the self-reinforcing of the reconnection electric field in anti-
parallel magnetic reconnection. The process of reconnection
has two stages: the tearing mode is excited at the first
stage, and it saturates quickly, and then the self-reinforcing
process of the reconnection electric field occurs. During the
self-reinforcing of the reconnection, the reconnection electric
field in the electron diffusion regions is balanced mainly
by the off-diagonal electron pressure tensor term, while the
reconnection electric field in the pileup regions is supported
mainly by the electromotive force term. The reconnection
electric fields in both the electron diffusion region and the
pileup regions grow exponentially, and the growth rate in the
pileup region is 1.7-1.9 times that in the electron diffusion
region. Then, we propose a theoretical model to explain the
self-reinforcing process of the reconnection electric field in
the electron diffusion region. The self-reinforcing process of
the off-diagonal electron pressure tensor term can be described
as follows: the existence of the reconnection electric field can
accelerate the electrons in the electron diffusion region, and the
electrons obtain a bulk velocity; the gradient of the electron
bulk velocity can in turn support the off-diagonal electron
pressure tensor term of the reconnection electric field, which
make both the electron bulk velocity and the off-diagonal
electron pressure tensor term grow exponentially. In the region
away from the X line, the reconnection electric field is balanced
mainly by the electromotive force term. After the electrons
are accelerated in the electron diffusion region, they get a
bulk velocity. Then, the magnetic field is brought out of the
electron diffusion region, and it is piled up just outside of the
electron diffusion region, which make the magnetic field grow



Plasma Phys. Control. Fusion 55 (2013) 085019

QLuetal

exponentially in this region. Therefore, the electromotive force
term in this region grows much faster (about twice) than the off-
diagonal electron pressure tensor term in the electron diffusion
region, which is consistent with the simulation results. The
difference comes from the assumptions used in our theoretical
work, such as the fixed size of the electron diffusion region
and constant electron temperature.

In this paper, we concentrate on the initial growth stage
of magnetic reconnection, and ion dynamics is not important
during this process. A larger system should be used if the
effects of ion dynamics on the reconnection are considered.
During the self-reinforcing process of the reconnection electric
field, the magnetic field is accumulated in the pileup region,
which will decelerate the electron outflow until the increase in
the electron outflow speed stops, and then the growth of the
reconnection electric field will also end and a nearly steady
state may be attained. The current sheet may also be extended
later, where secondary islands will be formed, and then the
growth rate of the reconnection electric field may also be
changed [34-36]. Also in this paper, we do not consider
the effects of a guide field, and a guide field will change
the electron trajectories and then distort the symmetry of the
electron diffusion region [33, 37]. This may change the growth
rate of the reconnection electric field in the electron diffusion
region.

In addition, in this paper we employ a 2D system, and the
tearing modes are assumed to provide the initial reconnection
electric field. However, in order to make the tearing modes
unstable in the Harris current sheet, a small width is used. In
this way, the reconnection electric field will grow much faster
and saturate much earlier during its self-reinforcing process
than in reality.
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