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Abstract

CrossMark

Electron current layer (ECL) in the diffusion region plays an important role on energy dispassion
and generation of a magnetic island during collisionless magnetic reconnection. In this study,
kinetic simulations with high-resolution grids are performed to investigate the evolution of ECL
during anti-parallel magnetic reconnection. It is found that ECL splits into two sublayers at the
electron inertial scale, not long after the triggering of reconnection. The sublayers keep moving
away from each other until reconnection rate reaches the maximum. We find the formation
reason and maintaining mechanism of these sublayer structures of the ECL. When electrons flow
toward the midplane, out-of-plane velocity is increased by the reconnection electric field. The
deflection of magnetic field makes the out-of-plane component of velocity partly converted to the
z direction. Electron flows pass through the mid-plane with super-Alfvenic speed. When they
enter the other side, the increasing magnetic field makes velocity in the z direction gradually
converted to the out-of-plane. Slowdown of the flows causes the density accumulation at the two
sides of the mid-plane. The redistribution of electrons brings an extra pressure gradient to the

ECS region, balancing the electric force and Ampere force.
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(Some figures may appear in colour only in the online journal)

1. Introduction

During magnetic reconnection, magnetic free energy is sud-
denly released with topology change of the magnetic field. In
the last seventy years, it has attracted an enormous amount of
research on solar [1, 2], planetary [3—5] and laboratory plas-
mas [6-8] and been widely accepted to explain plasma
heating and acceleration [9-11].

Hall dynamics is a critical ingredient in collisionless
magnetic reconnection in an ion-electron system [12]. At the
scale below the ion inertial length, electrons are frozen in
magnetic field lines, while ions can move across magnetic
field lines [13-16]. At the scale below the electron inertial
length, both ions and electrons are decoupled from the
magnetic field lines [12, 17, 18]. Within the electron diffusion
region around the X line, electrons travel as the meandering
motion [19], and are accelerated directly by the out-of-plane
electric field, forming the core part of the electron current
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layer (ECL) [20, 21]. Electrons carry the significant fraction
of the current in magnetic diffusion region. With the pro-
ceeding of the reconnection, ECL becomes thinner and longer
[21, 22]. Further study has revealed that such evolution arises
from the imbalance between the Ampere force and electric
force acting on the ECL [22]. By performing 2D particle-in-
cell (PIC) simulations of anti-parallel reconnection, Daughton
et al [23] employed open boundary conditions for the out-
flows and found the length of the ECL extends to tens of ion
inertial lengths. The reconnection rate declines during the
extension. During the following generation of magnetic
islands, which are excited by the tearing instability in ECL,
the fast reconnection rate will be resumed. These influences of
evolution of ECL on the reconnection rate have also been
studied in a large-scale domain with periodic boundary con-
ditions [21, 24]. Under 3D situation, the evolution of ECL is
dominated by the formation and interaction of helical magn-
etic structures known as flux ropes [25]. The extension of
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ECL has also been verified by in situ observations in the
magnetosheath [26] and magnetotail [27]. Secondary island
near the X line has also been identified in the magnetotail
[28]. It is further found that ECL is composed of the center
diffusion region and elongated electron jets, reaching a length
tens of ion inertial lengths in anti-parallel reconnection
[29, 30]. Hesse et al [31] proposed that the electron flow jets
in ECL can be formed by the interaction between the electric
drifts and the diamagnetic effects through the combination of
the pressure gradients and magnetic field gradients. Con-
sidering the energy dissipation in the electron’s rest frame, a
new measurement of the magnetic diffusion region was
suggested by Zenitani et al [32]. They found the frozen-in
condition is mainly violated within ECL, where the most
nonideal energy transfer takes place [33].

Above all, ECL in the diffusion region can affect the
reconnection rate, and plays an important role on the energy
dispassion and the generation of the secondary island during
collisionless magnetic reconnection. As the magnetic free
energies are stored centrally in the current layer, it is of great
significance to study the evolution of ECL during magnetic
reconnection. Previous research showed that ECL can be
elongated and thinned [21, 22] with the development of the
reconnection. And when the magnetic separatrix angle
becomes larger, ECL extends along the separatrix layers and
becomes bifurcated. In this study, we have employed higher-
resolution grids to investigate the evolution of ECL during
anti-parallel magnetic reconnection. It is found that ECL can
split into two sublayers, not long after the excitation of
magnetic reconnection. Before the reconnection rate reaches
the maximum, the two sublayers are separated and move
away from each other. By diagnosing the electron distribu-
tions and trajectories, we find the reason why the ECL split
and its maintaining mechanism. In the following sections, we
will introduce the simulation model and initial-boundary
conditions at first, then exhibit the simulation results. At last,
conclusions and discussions will be made.

2. Simulation model

2D PIC codes are used to simulate the process of anti-parallel
magnetic reconnection. Simulations start from a Harris cur-
rent sheet equilibrium with a particle number density n(z) =
np + ngsech?(z/6), where n;, = 0.1n, represents the back-
ground density, and 6 = 0.5d; is the half-width of the current
sheet. Here d; (d,) presents the initial ion (electron) inertial
length based on n,. The initial magnetic field is given by
B(z) = By tanh (z/6)e,, where By is the asymptotical magn-
etic field around the current sheet. Both ions and electrons are
assumed to be Maxwellian distributed, with an initial temp-
erature ratio Ty /T,y = 5 and a mass ratio m; /m, = 64, where
the subscript ‘i’ (‘e’) stands for ion (electron). The light speed
—Alfven speed ratio is set to be ¢/vy = 15. The electro-
magnetic fields are defined on the grids and updated by inte-
grating the Maxwell equations with an explicit leapfrog scheme.
As individual particles, ions and electrons and pushed by the
updated electromagnetic fields [34]. Simulations are performed
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Figure 1. (a) The distributions of electron number density n,, out-of-
plane magnetic field By, and electron flow vectors in the entire
simulation domain at t = 21 ;' The length of the arrow in the right
side of figure 1(c) denotes 2.5 vx. The black contours show the in-
plane magnetic field lines.

in the (x, z) plane. Computational domain [—10d;, 10d;] X
[—5d;, 5d;] and more than 108 particles for each species are
employed in the simulation. Periodic boundary conditions are
assumed in the x direction, while conducting boundary condi-
tions are retained and particles are specularly reflected at the
boundaries in the z direction. The reconnection is initiated by a
tiny local flux perturbation located at the center of the simula-
tion domain [35]. It is worth noting that high-resolution
grids are utilized here. The spatial resolution is Ax = Az =
0.005d; = 0.04d,. The time step is set to be At = 0.0002€; !,
where ; = eBy/m; is the ion gyrofrequency. These setups can
make sure that there are more than 25 data points to capture the
electron’s behaviors below the electron inertial scale. The ion-
electron inertial length ratio d; /d, = 8 is large enough to dis-
tinguish the behaviors of ions and electrons, in view of the
limited computing resources.

3. Simulation results

Figure 1 shows the distributions of electron number density,
out-of-plane magnetic field, and electron flow vectors in the
whole simulation domain at t =21 ;! The magnetic
reconnection site is located at the center of the simulation
domain. Around the X line, electrons are distributed in two
thin layers. As a characteristic of Hall reconnection, a quad-
ruple structure of By is shown in figure 1(b). Electrons flow
toward the X line along the separatrix, and flow out along the
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Figure 2. (a) The representative configuration of the magnetic fields during magnetic reconnection in the simulations. (b) The reconnected
flux (black) and the reconnection rate (multiplied by ten, red). (c) Time evolution of J,, along x = 0. The white lines denote the peaks of the

current density. (d) The distributions of J,, at t = 14 Q7" and t = 21 Q;!. The white contours show the in-plane magnetic field lines.

magnetic field lines inside the separatrix, which forms the
Hall current system in the diffusion region.

The process of the magnetic reconnection and evolution
of ECL are presented in figure 2. Figure 2(a) shows the
configuration of the magnetic field lines at a representative
time during reconnection. The reconnected flux (the flux
difference between the X line and the center of the Harris
current sheet) and the reconnection rate are presented with
black and red lines in figure 2(b), respectively. Reconnection
starts around t = 12 Q;!, and the reconnection rate increases
rapidly between t = 15 ;! and t = 20 Q;!. Then the rate
decreases. Magnetic reconnection reaches saturation at t =
30 Qi’l in the simulation, which is not shown in figure 2(b).
With the development of the reconnection, electrons are
accelerated by the out-of-plane electric field in the vicinity of
the X line, which forms the ECL [21, 22]. Evolution of the
ECL is shown in figure 2(c), which is plotted by extracting
the data of electron current density along the orange segment
in figure 2(a) at different times. The white lines denote the
peaks of the current density. The half width of the ECL
narrows into about 2 d, at t = 14 Q;!, then the ECL splits
into two sublayers with a half width of d,. Then the two
sublayers keep moving away from each other. The separation
speed reaches about 0.05 vy at t = 17 ;. The separation
slows down gradually after t = 20 €',
t =24 Q;'. Moreover, the peak current density rises till
t = 17 Q;, then declines. Figure 2(d) gives the distributions
of electron current at two representative times. Before t = 14
Q;!, the ECL has only one layer. At t = 21 €, it evolves
into two sublayers which are apart from each other about 3 d,.
Comparing figure 2(c) with 2(b), it is clear that the splitting
follows the start of magnetic reconnection, and the separation
of the sublayers is enhanced between t = 15 ;! and t = 20
Q!, when the reconnection is in the rapid-growth phase. The

and stops at about

separation slows down and stops when the reconnection rate
declines.

Figure 3 exhibits the details of the ECL at t = 21 ;'
when it splits into two sublayers. The profile of J,, along
x = 0 is plotted in figure 3(a) and the gray line presents the
drift current caused by E x B. The widths of the sublayers
are about d,, and the current peaks at z = +1.4d,. In the outer
region (z| > 3d,), the drift current density Jp, is consistent
with J,,, which means the motion of the electrons is deter-
mined mostly by the electric drift. In other words, electrons
are frozen in the magnetic field in the outer region. In the
inner region (z| < 3d,), electrons are decoupled from the
magnetic field and accelerated by the reconnection electric
field to form the enhanced J,, which exceeds the current
density determined by drift motion. It shows a two-scale
structure [36] of an intense ECL embed in a broader current
layer at ion scales. Figure 3(b) gives the electron distribution
f in the phase space (z, 1;;) along x = 0. There is a hole in the
center of the phase space, which is also found in a driven
reconnection simulation by Horiuchi and Ohtani [37]. Elec-
trons flow into the vicinity of the X line from the outer region
with 1,, = 0.1vs (estimated from f in the outer region). 1,
increases when electrons enter the inner region, and decreases
after electrons pass through the mid-plane. Counter-streaming
distribution of electrons in the inner region exists, which
constitutes the core part of the phase hole. The distribution f
in the phase space (z, 1,y) along x = 0 is plotted in figure 3(c).
In the outer region, electrons move with the magnetic field
lines. In the inner region, electrons can be accelerated in the y
direction to —(5-10)v,.

The forces acting on a hypothetical electron in the z
direction are plotted in figure 3(d). Note that B, and B, are
almost zero along x = 0, therefore the electric force
Fg ~ —eE (red) and the magnetic force (Lorentz force)
Fy ~ ev, By(green). The total force is denoted by the black



Plasma Phys. Control. Fusion 62 (2020) 055014

C Huang et al

a 0.8
06
04
0.2
0.0

z/d,
— -
0.0 0.5 1.0
f

2 0
z/d,

6 -4

2 4 6

Ve,

Figure 3. (a) The profile of J,, along x = 0 at t = 21 Q7! The gray line presents the drift current caused by E x B. (b) The electron
distribution f in the phase space (z, v.;) along x = 0. (¢) Electron distribution f in the phase space (z, v,) along x = 0. (d) The electric force
(red), magnetic force (green), and total force (black) acting on an electron in the z direction. The solid and dashed lines represent the forces
calculated from the electrons with 1,, > —5v, and —10vy < v, < —5vs from figure 3(c), respectively. (e) The distributions of —v,, f (z, v.;).
(f) The distributions of —v,, f (z, v,). The yellow regions in figures 3(a) and (d), as well as the regions between the two gray lines in

figures 3(b)—(e), denote the upper sublayer of the ECL.

line. The solid and dashed lines represent the forces calculated
from the electrons with 1,, > —5v, and =10y < v, < =513
from figure 3(c), respectively. Such classification can help to
understand the behavior differences between the electrons
with lower and higher v,,. In the inner region, the profile of Fy
presents a bipolar structure and it is negative (positive) in the
upper (lower) half-space. In the region |z| < 1.3d,, the elec-
tric force points to the mid-plane, while it points away from
the mid-plane in the region |z| > 1.3d,. The total force points
to the mid-plane, which means that electrons can be trapped
in the inner region in the z direction. Such trapping can
maintain the ECL for a longer time, even if the magnetic
reconnection is entering into the saturation stage. For the
electrons with lower v, (1, > —5v,), electric force and
magnetic force are both significant, while the behaviors of the
electrons with higher 1,,(—10vy < v, < —5v,) are mainly
controlled by magnetic force. It implies that there may be a
specific electron acceleration mechanism caused by the
existence of sublayers, which will be studied in our future
work. A concise method is utilized here to find the electrons
which contribute mostly to J,,. We call these electrons ‘car-
riers’. Figures 3(e) and (f) show the distributions of
—Vy f (2, o) and —v,y f (2, Vy), respectively. These carriers
are mostly located in a ring (roughly located in the region
1< \/(z/l.?)de)z + (u:/3m)? < 1.5) in the (z, v,) space,
and in the region |z| < 2d, with —10 < v, /va < —4 in the

(z, ;) space. The yellow region in both figures 3(a) and (d)
denotes the location of the upper sublayer of ECL. As shown
in figures 3(b) and (e), in this sublayer, carriers have two
populations: most of them flow into the mid-plane from the
upper half-space and a small fraction of them move up from
the lower half-space. The carriers are mostly focused in the
black box marked in figures 3(c) and (f). In order to under-
stand the dynamic behaviors of the carriers, we have traced
the electrons within the black box.

There are tens of thousands of electron carriers traced in
the rerun of the simulation. Their behaviors are almost simi-
lar. Figure 4(a) gives the trajectory of a typical electron that is
located in the black box in figure 3 at t =21 ;' The
numbers on the figure denote the simulation times normalized
to Qi’l, and the red boxes show the approximate position of
the two sub current layers. The color-filled contours show the
distribution of the total force in the z direction calculated by
the average v,, for each z in figure 3(c), and the white lines
present the in-plane magnetic field lines. From t = 20 Q; ! to
t = 20.7 Q; "', the electron drifts toward the ECL region from
the lower half-space. It is trapped in the inner region between
the interval 20.8 Q;! <t < 21.3 Q7. The electron gets
reflected back in the sublayers twice, then moves toward the x
direction and escapes to the flux pile-up region. The electron
travels as meandering motion, except the acceleration in the
-y direction. Note that the main body of such motion in this



Plasma Phys. Control. Fusion 62 (2020) 055014

C Huang et al

Filev, B,
-1.0-0.5 0.0 0.5 1.0

77 1.0

o5

m

<

003

105"
1.0
171.0

05 .

m

<

003

105"
-1.0

20.6 20.8 21.0 21.2

Figure 4. (a) The trajectory of a typical electron that is located in the black box in figure 3. The background colors show the distribution of the
total force (calculated by the average v,, for each z in figure 3(c)) in the z direction. (b) Velocity and forces along the trajectory in the z

direction. (c) Velocity and forces along the trajectory in the y direction. The thick black lines show the velocities. The red, green and blue

lines present the electric, magnetic, and total forces, respectively.
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Figure 5. The distributions of (a) electric force Fy, = —en,E,, (b) Ampere force Fy, = (J. x B),, (c) electron pressure force
Fp. = (=V - P,)., and (d) total force F, = Fy, + Fy, + Fp, acting on the ECL in the z direction at t = 21 €;"'. The black boxes show the

approximate position of the two sub current layers.

simulation is electron flows rather than random particles.
Figures 4(b) and (c) give the velocities (thick black lines) and
forces along the trajectory. The red, green and blue lines
present the electric, magnetic, and total forces, respectively.
In the z direction, the electron is reflected twice as shown in
figure 4(a), while it keeps accelerating in the -y direction due
to the out-of-plane electric field E,. Focusing attention on the
yellow region, during which the electron goes into and gets
reflected out from the upper sublayer, we can understand the
electron behaviors more clearly. When the electron moves
through the mid-plane the first time, v,, reaches the peak.
Then it enters into the upper sublayer, and gets decelerated in

the z direction by the negative Fy and Fy. At~ 210 % v,
turns negative and the electron is reflected toward the lower
sublayer.

Figure 5 plots the electric force Fy, = —en.E,,
Ampere force Fp, = (J. X B),, electron pressure force
Fp, = (=V - P,),, and total force F, = Fg, + Fg, + Fp, act-
ing on the ECL in the z direction at t = 21 ;. The black
boxes show the approximate position of the two sub current
layers. The electric force points from the center line of the
sublayer to the upper and lower edges. The magnetic force
points to the mid-plane, and it is greater at the outer edge
(farther away from the mid-plane) of the sublayer. The
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Figure 6. The format is the same as figure 3, except the data is obtained at t = 16 ;!

pressure force points away from the mid-plane, and it is
larger at the inner edge of the sublayer. The total force is
close to zero, which means sublayers are force balanced and
quasi-steady. The extra pressure tensor gradient caused by
the redistributed electrons balances the electric force and
magnetic force.

The results from figures 3—-5 demonstrate that the double-
sublayer configuration of the ECL can be self-sustained if
the split of the ECL is formed and the magnetic reconnection
continues. To know the reason why the ECL split happens
since the start of the reconnection, the dynamics of the carrier
electrons at the earlier stage should be investigated. The form of
figure 6 is the same as that of figure 3, except the data is
obtained at t = 16 ;! when it is not long after the split starts.
Figure 6(a) shows a less obvious double-peak structure, which
indicates that the split occurred not long ago. A smaller phase
hole in figure 6(b) means that the electron flows begin to
accelerate in the +z directions. As shown in figure 6(d), the
electric force has a bipolar structure and is always opposite to the
magnetic force, which is very different from that at t = 21 Q; 1.
Nevertheless, the magnetic force is so much stronger that the
total force confines electron carriers within the ECL region.

We have also traced the electrons located in the black box
marked in figures 6(c) and (f). The trajectory of a typical electron
is exhibited in figure 7(a). The electron moves from the left
upper-half space to the right during 15.4 ;' <t < 164 Q; . In
the ECL, it is reflected once by the upper sublayer and twice by
the lower sublayer. The thick black lines (1, and 1) in
figures 7(b) and (c) show these reflections in the z direction and
the gradual acceleration in the —y direction. The magnetic force
and electric force are opposite in the z direction, and the latter is

much smaller than the former. When the electron moves toward
the ECL region with an increasing |v,,| from upstream, the Lor-
entz force ev,, B, becomes stronger. The deflection by the
magnetic field B, leads to that v, is fractionally transformed to
v,., which causes the increase of v,, when electrons move closer
to the ECL. This is the formation mechanism of the phase hole in
the space (z, 1,;) in the ECL region at the early stage of the
magnetic reconnection. In other words, the start of the recon-
nection excites the out-of-plane electric field, which directly
speeds up the partly-magnetized electrons in the -y direction near
the mid-plane. Then these electron flows with higher v,,, con-
verted from the accelerated 1,,, pass through the mid-plane and
reach a farther place than before. When they enter the other side
of the mid-plane, the increasing magnetic field makes v,, con-
verted to v,. At last, the slowdown of the electron flows in the z
direction by the magnetic force leads to the accumulation of J,, at
the two sides of the mid-plane. A double-peak structure of J,
forms.

4. Conclusions and discussions

In this study, we have performed 2D PIC simulations with
high-resolution grids (Ax = 0.04d,), which can fully capture
electron trajectories during anti-parallel magnetic reconnec-
tion. It is found that electron can be accelerated directly in the
vicinity of the X line to form the original ECL. About two
Q! s after the start of magnetic reconnection, ECL begins to
split into the upper and lower sublayers. As magnetic
reconnection advances into the rapid growth stage, the dis-
tance between the two sublayers increases. When the recon-
nection rate reaches the maximum and begins to decline, the
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Figure 7. The format is the same as figure 4. The data is collected in the interval 15.4 Q7' < t < 16.4 Q7"

separation stops and the two sublayers remain quiescent
except the current density decreases. Along with the forma-
tion of the ECL sublayers, an electron hole appears in the
ECL region in the phase space (z, ;). The most carriers of
the current layers are concentrated around the phase hole. In
other words, electrons from the upper and lower half-space
are trapped in the vicinity of the mid-plane and become the
‘stable’ carriers of the ECL. By tracing the main body of the
carriers, we find the electrons have similar trajectories within
the ECL: reflected several times between the two sublayers.
Electrons are gradually accelerated in the —y direction by the
out-of-plane electric field, while they are trapped within the
ECL by the electromagnetic forces in the z direction.

By the combination of the electron behaviors within ECL
att = 14 Q; 'and t = 21 Q;'!, we find the reason of the split
of the ECL and the maintaining mechanism of the two sub-
layers. In the early stage of reconnection (before the fast
growth stage), the out-of-plane electric field E, starts to be
excited. Electrons flow into the vicinity of the X-line from the
two sides of the mid-plane, and velocities increase in the -y
direction. When they move closer and closer to the mid-plane,
the deflection of the magnetic field B, leads to that v, is partly
converted to v,,. This makes electron flow reach a father place
in the z direction. After it rushes through the mid-plane and
starts to be coupled with the increasing B,, the decrease of the
bulk velocity in the z direction makes the density accumu-
lation at the two sides of the mid-plane. Thus, the split of the
ECL occurs. With the growth of the reconnection rate, elec-
trons reach and get reflected at a position which is farther and
farther away from the mid-plane. At the same time, the
electron density accumulation also causes the rise of elec-
trostatic field E, within the ECL region. This electrostatic
field points away from the mid-plane and can prevent the
separation of the sublayers, which can be confirmed by the

force analysis shown in figures 4(b) and 5(a). The higher
reconnection rate brings the stronger electron acceleration in
the —y direction, which leads to the faster v, at the mid-plane.
This will increase the distances between the two sublayers.
But the electron pressure gradient and electrostatic field
caused by the electron redistribution can repress this trend.
When they reach equilibrium, the separating is suspended.
Therefore, the separation stops when the reconnection rate
starts to decline.

An extra case is performed with a higher mass ratio
m;/m, = 625, temporal resolution Ar =5 x 105Q;! and
spatial resolution Ax =2 x 1073d; = 5 x 107%d,. In this
case, dynamics on electron scale can be completely dis-
tinguished from ion scale and hybrid scale of \/d;d,. It is
found that the width of the sublayer is about d,, the same with
the case of m;/m, = 64. The width of the entire ECL
(including the two sublayers), or the separation of the two
sublayers, is about 6d,, which is on a hybrid scale, which is
consistent with the results from the experiments. These results
of the simulations give us a new image of ECL and associated
electron dynamics in the magnetic diffusion region during
collisionless magnetic reconnection. Compared to the tradi-
tional knowledge about the electron diffusion region, there
should be some differences in the energy conversion process
and energization of electrons after the generation of the
sublayers of ECL. Electrons can be trapped and reflected
between the two sublayers many times, which implies that the
existence of ECL split may help to generate high energy
electron flux in the diffusion region more effectively. Addi-
tionally, sublayers are not located in the midplane or at the
null point, which means the energy conversion may take place
before magnetic field lines arrive the midplane. They are
worth studying in our future work.
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