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Abstract

It is generally accepted that collisionless magnetic reconnection is initiated on electron scales, which is mediated by
electron kinetics. In this paper, by performing a two-dimensional particle-in-cell simulation, we investigate the
transition of collisionless magnetic reconnection from electron scales to ion scales in a Harris current sheet with
and without a guide field. The results show that after magnetic reconnection is triggered on electron scales, the
electrons are first accelerated by the reconnection electric field around the X line, and then leave away along the
outflow direction. In the Harris current sheet without a guide field, the electron outflow is symmetric and directed
away from the X line along the center of the current sheet, while the existence of a guide field will distort the
symmetry of the electron outflow. In both cases, the high-speed electron outflow is decelerated due to the existence
of the magnetic field Bz, then leading to the pileup of Bz. With the increase of Bz, the ions are accelerated by the
Lorentz force in the outflow direction, and an ion outflow at about one Alfvén speed is at last formed. In this way,
collisionless magnetic reconnection is transferred from the electron scales to the ion scales.

Unified Astronomy Thesaurus concepts: Plasma physics (2089); Planetary magnetospheres (997); Space plasmas
(1544); Plasma astrophysics (1261); Solar magnetic reconnection (1504)

1. Introduction

As an important physical process in astrophysical and space
plasmas, magnetic reconnection converts the energy stored in the
magnetic field into plasma kinetic energy, and it is associated
with the topological change of the magnetic field lines
(Giovanelli 1946; Parker 1957; Sweet 1958; Vasyliunas 1974;
Biskamp 2000; Wang & Lu 2019). Many explosive phenomena
in the solar atmosphere, Earth’s magnetosphere, and laboratory
plasmas are considered to be related to magnetic reconnection
(Forbes & Priest 1982; Schindler 1991; Ji et al. 1998;
Yamada 1999; Angelopoulos et al. 2008; Birn & Hesse 2009; Pu
et al. 2010). However, in general, the reconnection rate predicted
by the proposed reconnection models based on magnetohydro-
dynamical (MHD) theory, like the Sweet–Parker model, is too
small to account for these explosive phenomena. Collisionless
magnetic reconnection, which relies on particles kinetics,
provides a possible solution to this puzzle.

In collisionless magnetic reconnection, the diffusion region,
where the magnetic energy is dissipated and the motions between
the particles and the magnetic field are decoupled, can be depicted
in two characteristic regions: the electron diffusion region (EDR)
and the ion diffusion region (IDR). In the IDR, the ions are
demagnetized, while the electrons are magnetized and keep drifting
toward the vicinity of the X line with a bulk velocity until arriving
at the EDR. In the EDR, the electrons are demagnetized from the
magnetic field (Hesse et al. 1999;Wang et al. 2000; Pritchett 2001).
The electrons are dominantly accelerated by the reconnection
electric field in the EDR (Drake et al. 2005; Fu et al. 2006; Liu
et al. 2017), while the majority of ions are accelerated in the IDR
through the kinetic meandering process and experience Speiser-
type effect (Speiser 1965; Pei et al. 2001; Aunai et al. 2011), and
eventually both the electrons and ions flow away from the X line in
the downstream region. This leads to the formation of the Hall
current system and generation of the bipolar Hall electric field
together with the quadrupole structure of the out-of-plane magnetic

field in the IDR, which have been generally regarded as impor-
tant signatures of collisionless reconnection (Shay et al. 1998;
Bhattacharjee et al. 2001; Pritchett 2001; Karimabadi et al. 2004;
Ren et al. 2005; Daughton & Karimabadi 2007; Shay et al. 2007;
Lu et al. 2010; Zhou et al. 2015; Huang et al. 2017; Wang et al.
2017; Sang et al. 2019). The above descriptions of collisionless
magnetic reconnection assume that reconnection remains in a
steady state, and the order of the local reconnection rate is ∼0.1
(Shay et al. 1999; Wan & Lapenta 2008; Liu et al. 2017).
Nevertheless, the magnetic reconnection that occurs in

nature is usually in an unsteady state, and it begins from an
onset phase. It is generally believed that the prerequisite for the
trigger of magnetic reconnection is the formation of a thin
current sheet (Hesse & Schindler 2001; Birn & Hesse 2014;
Liu et al. 2014), which is then destabilized by the collisionless
tearing mode instability (Coppi et al. 1966; Drake & Lee 1977;
Lu et al. 2013). Recent kinetic simulations have found that
during the onset of reconnection, the current sheet should be at
first thinned to an electron scale spontaneously or driven by an
external force (Liu et al. 2020; Lu et al. 2020). The thin current
sheet is formed due to the pileup of magnetic flux in the
upstream, because at this stage the reconnection rate is still too
low to convert the upstream magnetic flux to the downstream
magnetic flux (Liu et al. 2020). Obviously, the onset phase of
reconnection is mediated by electron kinetics. However,
magnetic reconnection will at last evolve into ion scales after
its onset phase, which has been demonstrated by kinetic
simulations (Lu et al. 2020), and one salient feature during this
stage is the formation of ion outflow at about one Alfvén speed
(e.g., Pritchett 2001; Lu et al. 2010). As we know, the process
of magnetic reconnection from electron scales at the onset
phase to ion scales has never been reported. In this paper, with
a two-dimensional particle-in-cell simulation model, we try to
reveal the underlying mechanism for such a transition during
collisionless magnetic reconnection.
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The outline of the paper is as follows. Section 2 describes the
2D PIC simulation model and initial equilibrium configuration.
Section 3 presents the simulation results. Section 4 gives the
summary and discussion of the present research.

2. Simulation Model

A 2D PIC simulation model (two spatial dimensions and all
three velocity components) is used in this paper to study the
evolution of collisionless magnetic reconnection. In this model,
the electromagnetic fields are defined on the grids and advanced
by solving the Maxwell equations with a full explicit algorithm,
and both ions and electrons are advanced in the electromagnetic
field by integrating the Newton-Lorentz equations. The devel-
oped code based on this model has been successfully performed
to study magnetic reconnection (Fu et al. 2006; Lu et al. 2010;
Huang et al. 2013; Lu et al. 2013; Liu et al. 2020). In our
simulation model, we consider a 1D Harris sheet equilibrium
configuration in the (x, z) plane (Harris 1962), and the initial
magnetic field is given by

d= +B e ez B z Btanh . 1x y y0 0( ) ( ) ( )

where B0 is the asymptotical magnetic field, By0 is the initial
uniform guide field, δ is the half-width of the current sheet, and
the particle number density is given by

d= +n z n n zsech . 2b 0
2( ) ( ) ( )

Here, nb is the number density of the background plasma, and
n0 is the peak Harris number density. The initial distribution
functions for the ions and electrons are Maxwellian with a drift
speed in the y direction, the drift speed satisfies the equation
Vi0/Ve0=−Ti0/Te0, where Vi0 (Ve0) and Ti0 (Te0) are the initial
drift speed and the temperature of ions (electrons).

In our simulations, the size of the simulation domain is
Lx× Lz= 50di× 50di, where di= c/ωpi is the ion inertial length
defined by the peak Harris density n0. We employ an Nx×
Nz= 1000× 1000 grid system in our simulation, the grid size is
Δx=Δz= 0.05di, and the time step is ΩiΔt= 0.001 (where
Ωi= eB0/mi is the ion gyrofrequency based on B0). In the
simulation, the time and velocity are normalized by Ωci

−1 and VA
(where m=V B n mA i0 0 0 is the Alfvén speed based on B0 and
n0). We employ more than 108 particles per species, and set
Ti0/Te0= 4 (Ti0= 0.4miVA

2 and Te0= 0.1miVA
2) and nb= 0.2n0.

The initial width of the current sheet is δ= 0.5di, the ion-to-
electron mass ratio is 100, and c= 15VA (where c is the speed of
light). The periodic boundary conditions are employed along the
x direction, while the ideal conducting boundary conditions for
the electromagnetic fields are employed in the z direction. To
study the spontaneous evolution of the magnetic reconnection,
we do not employ an initial flux perturbation. The box is long
enough in the downstream direction (x) and wide enough in the
upstream direction (z), and the influence of the boundary effects
can be reduced as much as possible. In this paper, we at first
describe the results of the antiparallel reconnection, and then we
describe the magnetic reconnection with a uniform guide field
By0= B0.

3. Simulation Results

3.1. Antiparallel Reconnection

Figure 1 plots the time evolution of the reconnection electric
field at the X line (Ey) and the half-width of the current sheet (δ)

across the X line in the antiparallel reconnection. Here, the
reconnection electric field Ey is obtained by the time derivative
of the reconnected magnetic flux at the X line, while the half-
width of the current sheet is determined by the half-thickness of
Jey, where Jey is the electron out-of-plane current density. From
the figure, we can find that magnetic reconnection occurs at
about Ωit= 33, which is accompanied by the rapid increase of
the reconnection electric field. Before that time, we can still
observe the excitation of the tearing mode instability with six
wavelengths in the current sheet and only one major X line is
fully developed (not shown). Magnetic reconnection saturates
at about Ωit= 41, and at that time the reconnection electric
field reaches its peak value, which is about Ey= 0.22VAB0. We
can also find the thinning of the current sheet before the
occurrence of magnetic reconnection, and the half-width of
the current sheet is about δ= 0.18di or δ= 1.8de at Ωit= 33.
Therefore, we can know that the trigger of magnetic
reconnection occurs when the width of the current sheet is
two electron inertial lengths, which has been demonstrated
thoroughly in Liu et al. (2020). In this paper, we will focus on
the evolution of magnetic reconnection after the onset phase.
Figure 2 describes the evolution of electron and ion outflows

at Ωit= 33, 35, 40, and 42. Figures 2(a) and (b) present the
electron velocity in the x direction (Vex) and the ion velocity in
the x direction (Vix), respectively. The magnetic field lines are
also plotted in the figure for reference. The enhancement of the
electron outflow appears at about Ωit= 33, just after the onset
phase, which is followed by the rapid increase of the
reconnection electric field. At that time, the width of the
current sheet is on electron scales. The enhancement of the ion
outflow appears at about Ωit= 40 when the reconnection
electric field is sufficiently large. At Ωit= 42, the peak value of
the ion outflow speed is about 1.0VA, while that of the electron
outflow speed can reach about 2.0VA. We can also find that the
peak of the electron outflow is located much closer to the X line
than that of the ion outflow. The electron outflow around the X
line is located at the center of the current sheet. After entering
the IDR, the electrons become magnetized and leave away
from the X line along the magnetic field in the outflow region.
We can also find the electron inflow toward the X line along the
separatrix regions. This kind of electron flow has also been
studied in Lu et al. (2010) and Divin et al. (2012).
The spatial distributions of the electron and ion outflows can

be identified more clearly in Figure 3, which plots the profiles
of the electron velocity Vex and ion velocity Vix along the line

Figure 1. The time evolution of the reconnection electric field Ey at the X line
(red line) and the half-thickness of the electron current sheet δ (black line) in
the antiparallel reconnection, the dashed line represents the minimum of the δ
(about 0.18di, which is equal to 1.8de). We focus on the fast reconnection phase
in the gray period from Ωit = 33 to Ωit = 42.
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z= 0 at Ωit= 33, 35, 37, and 40. The magnetic field Bz is also
plotted for reference. After magnetic reconnection is initiated
at Ωit= 33, both the reconnection electric field and magnetic
field Bz are generated around the X line. The electrons are
accelerated around the X line, and an electron outflow is
formed when these electrons are away from the X line and
deflected by the magnetic field Bz (Lu et al. 2013; Huang et al.
2020). Along the line z= 0, the evolution of the magnetic field
Bz can be described as

» -
¶
¶

dB

dt
B

V

x
. 3z

z
ex ( )

Equation (3) has been proven in Huang et al. (2015). From the
figure, we can easily find that the electron outflow is braked
behind the location where the magnetic field Bz reaches its
peak, and it will lead to the increase of Bz. The increase of Bz

will decelerate the electron outflow more easily. Such a
feedback process will lead to the enhancement of Bz. When the
magnetic field Bz is sufficiently large, an ion outflow is formed.
Obviously, the peak of the electron outflow is closer to the X
line than that of the magnetic field Bz, while the peak of the ion
outflow is farther away from the X line than that of the
magnetic field Bz. Their distances from the X line are about
1.0di, 2.3di, and 2.8di at Ωit= 40, respectively.

Figure 4 shows the distributions of E · Je and E · Ji at
Ωit= 33, 37, 40, and 42. Here, E · Je and E · Ji are the work
done by the electric field to electrons and ions, respectively.
The positive value of E · Je is located mainly at the vicinity of
the X line, and it means that electrons obtain their bulk velocity
after they are accelerated mainly by the reconnection electric
field at the vicinity of the X line. Its extent expands over time.
At about Ωit= 37, a negative value of E · Je begins to appear
behind the location of the peak of Bz. As indicated by the black
arrows, the typical negative values of E · Je are about −0.08
en0VA

2B0 and −0.05 en0VA
2B0 at Ωit= 37, −0.05en0VA

2B0,

−0.10 en0VA
2B0 at Ωit= 40, and −0.15 en0VA

2B0 and −0.10
en0VA

2B0 at Ωit= 42, respectively. A negative value of E · Je
means that the electron kinetic energy is transferred into
magnetic energy (Karimabadi et al. 2007). This is consistent
with the results in Figure 3: around the location with the peak
Bz, the electron bulk velocity is braked and magnetic field is
enhanced. E · Ji is located ahead of the region with a peak value
of the magnetic field Bz, where ions get their bulk velocity.
Because the electron mass and inertia are extremely small,

the electron momentum equation can be described as

= - + ´ -  »J B Pn m dV dt en E 0e e e x e x e xex ( ) ( · )
⟷

. Con-
sidering that plasma is approximately neutral, ne≈ ni≈ n.
Therefore, the ion momentum equation along z= 0 can be
written as

» -  +P Pn m
dV

dt
J B 4i i y z i e x

ix ( · ( )) ( )
⟷ ⟷

(Huang et al. 2020). Where Jy= Jiy+ Jey, JyBz≈ (J× B)x.
Figure 5 plots (a) the first, (b) the second, and (c) the sum
terms on the right-hand side of Equation (4) along the line
z= 0 at Ωit= 33, 35, 38, and 40, respectively. Obviously, the
Lorentz force Jy Bz tends to accelerate ions to form ion
outflow. However, during the process of ion acceleration, the

term -  +P Pi e x( · ( ))
⟷ ⟷

appears and tries to drag the ion
outflow (Huang et al. 2020). Figure 6 shows (a) the current
density in the y direction Jy and (b) the magnetic field in the z
direction Bz along the line z= 0 at Ωit= 33, 35, 38, and 40,
respectively. We can find that the enhancement of the Lorentz
force Jy Bz is caused by the pileup of the magnetic field due to
the brake of electron outflow.

3.2. Guide Field Reconnection

To understand the physics behind the transition from electron
scales to ion scales in collisionless magnetic reconnection more

Figure 2. The evolution of (a) the electron bulk velocity Vex and (b) the ion bulk velocity Vix at Ωit = 33, 35, 40, and 42, respectively.
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clearly, in this section, we will study this evolution process in
guide field reconnection.

Figure 7 gives the evolution of the reconnection electric field
Ey and the half-width of the current sheet (δ) across the X line
in guide field reconnection. Here, reconnection occurs at about
Ωit= 102 and saturates at Ωit= 120, and the reconnection rate
is lower than that in antiparallel reconnection. The maximum
reconnection electric field is about Ey= 0.14VAB0 at Ωit= 118.
The half-width of the current sheet is approximately 0.15di or
1.5de at Ωit= 102. Similar to antiparallel reconnection, here the
evolution of guide field reconnection also begins from electron
scales.

The time evolution of the electron and ion outflows at
Ωit= 105, 110, 115 and 120 is illustrated in Figure 8. Due to
the existence of the guide field, both the electron and ion
outflows are not directed away from the X line along the center

of the current sheet. After the electrons are accelerated in the
vicinity of the X line, they leave along the upper left and lower
right branches of the separatrices out of the EDR. The ion
outflow is formed at about Ωit= 115, which is much smaller
than the electron outflow. Figure 9 depicts the profiles of the
electron and ion outflows along the line z= 0 at Ωit= 102, 105,
110, and 115. The magnetic field Bz is also plotted for
reference. Similar to that in antiparallel reconnection, away
from the X line, the electron outflow first reaches its peak, then
the magnetic field Bz, and at last the ion outflow. It means that
the ions are accelerated mainly in the pileup region.
Figure 10 presents (a) E⊥ · Je⊥, (b) E||Je||, (c) E · Je, (d)

E⊥ · Ji⊥, (e) E||Ji||, and (f) E · Ji terms at Ωit= 115. The
positive value of E · Je is located mainly at the vicinity of the X
line, and electrons obtain their bulk velocity at the vicinity of
the X line, while a negative value of E · Je, which is contributed

Figure 3. The cuts of electron outflow velocity Vex (red line), ion outflow velocity Vix (blue line), and Bz (black line) along the line z = 0 at Ωit = 33, 35, 37, and 40,
respectively.
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mainly by E||Je||, begins to appear before the magnetic field Bz

reaches its peak. The positive value of E · Ji, which is
contributed mainly by E⊥ · Ji⊥ around the pileup region, is
where the ions are accelerated and can obtain their bulk
velocity. In antiparallel reconnection, E · Je and E · Ji are

contributed mainly by E⊥ · Je⊥ and E⊥ · Ji⊥, respectively,
because E|| is negligible.
Here, the ion motions can be described by the following

equation:

» - -  +P Pn m
dV

dt
J B B J . 5i i y z y z i e x

ix ( · ( )) ( )
⟷ ⟷

Figure 11 shows the contour of (a) the Lorentz force Jy Bz,
(b) the Lorentz force− ByJz, (c) the pressure term

-  +P Pi e x( · ( ))
⟷ ⟷

, and (d) the sum of the three forces at
Ωit= 115. Similar to antiparallel reconnection, the ion
outflow is dominated mainly by the Jy Bz term.

Figure 4. The evolution of the energy conversion, (a) E · Je term and (b) E · Ji term at Ωit = 33, 37, 40, and 42 from the top to the bottom panels, respectively. The
black arrows indicate the negative value of E· Je, and the black lines represent the in-plane magnetic field.

Figure 5. The profiles of forces on ions, (a) the Lorentz force Jy Bz, (b) the

pressure term -  Pi( · (
⟷

+Pe x))
⟷

, and (c) the sum of the Lorentz force and
pressure term at Ωit = 33, 35, 38, and 40 along z = 0 in the positive x direction,
respectively.

Figure 6. The cuts of (a) out-of-plane current density Jy and (b) magnetic field
Bz at Ωit = 33, 35, 38, 40 along z = 0 in the positive x direction, respectively.
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4. Conclusions and Discussion

In this paper, with the help of a 2D PIC simulation model,
we study the process of collisionless magnetic reconnection
from the onset phase on electron scales to the formation of ion
outflow in both antiparallel and guide field reconnection. At
first, magnetic reconnection is triggered when the width of the
current sheet is thinned to several electron inertial lengths, and
both the reconnection electric field and magnetic field Bz are
produced during the onset of magnetic reconnection. The
electrons are accelerated in the vicinity of the X line by the
reconnection electric field and leave away to form a high-speed
electron outflow. Then, we can observe the pileup of the
magnetic field Bz in the outflow region. When the magnetic
field Bz is sufficiently large, the ions are accelerated in the
pileup region along the x direction by the Lorentz force, and at
last an ion outflow at about one Alfvén speed is formed. In this
way, magnetic reconnection is transferred from electron scales
to ion scales. The introduction of the guide field will not
change the above conclusions, although the symmetry of the

electron and ion outflows is distorted. In antiparallel reconnec-
tion, both the electron and ion outflows are directed away the X
line along the center of the current sheet, while in guide field
reconnection the directions of the electron and ion outflows will
be deviated from the center of the current sheet.
Therefore, the evolution of magnetic reconnection from

electron scales to ion scales has two stages. At the first stage,
the Harris current sheet is compressed, and magnetic
reconnection is triggered when the width is about several
electron inertial lengths. At the second stage, the magnetic field
is piled up in the outflow region by the high-speed electron
flow from the X line, and then an ion outflow is formed in the
pileup region. Liu et al. (2020) focused on the first stage, and
found that at that stage the reconnection rate is still too low to
convert the upstream magnetic flux to the downstream
magnetic flux, which leads to the compression of the current
sheet and the onset of magnetic reconnection. In this paper, we
investigate the following evolution after the onset of magnetic
reconnection, and found that the pileup of the magnetic field Bz

Figure 7. Case with a guide field. The time evolution of the reconnection electric field Ey at X line (red line) and the half-thickness of the electron current sheet δ
(black line); the dashed line represents the minimum of the δ (about 0.15di, which is equal to 1.5de). Similar to antiparallel reconnection, we focus on the fast
reconnection phase in the gray period from Ωit = 102 to Ωit = 120.

Figure 8. Guide field case. The evolution of outflows in the guide field reconnection, (a) the electron bulk velocity Vex and (b) the ion bulk velocity Vix at Ωit = 105,
110, 115, and 120, respectively.
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Figure 9. Guide field case. The cuts of electron outflow velocity Vex (red line), ion outflow velocity Vix (blue line), and Bz (black line) along the line z = 0 at
Ωit = 102, 105, 110, and 115, respectively.

Figure 10. Guide field case. The evolution of the energy conversion in the guide field reconnection. (a) E⊥ · Je⊥, (b) E||Je||, (c)E · Je, (d) E⊥ · Ji⊥, (e) E||Ji||, and (f)
E · Ji terms at Ωit = 115, respectively.
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plays an important role in the transition of collisionless
magnetic reconnection from electron scales to ion scales. The
pileup of Bz is caused by the deceleration of the electron
outflow, and the reason for this deceleration is the existence of
Bz. This is a positive feedback process, and mediated by
electron kinetics. As described in Lu et al. (2013) and Huang
et al. (2020), the generation of the reconnection electric field
during the onset of the collisionless magnetic field is also a self-
reinforcing process. The growth of Ey is mainly contributed by
the electron pressure tensor term, and the electrons are
accelerated by the reconnection electric field in the vicinity
of the X line, which in turn result in self-reinforcing feedback
of Ey.

In reality, collisionless magnetic reconnection is non-
stationary. The onset process can be triggered spontaneously
or by an external force, and it is not easy to be identified by
satellite observations because it occurs on electron scales. Most
observed reconnection events by satellites occur on ion scales,
and the salient properties include the formation of ion outflow,
the quadrupolar structure of the out-of-plane magnetic field,
etc. (Nagai et al. 2001; Mozer et al. 2008; Eastwood et al.
2010). Recently, with the high spatial and temporal resolution
plasma data provided by NASA’s Magnetospheric Multiscale
mission, several electron-scale reconnection events are reported
(Chen et al. 2016; Phan et al. 2016; Wang et al. 2017; Li et al.
2019; Zhong et al. 2020; Hubbert et al. 2021). This gives us a
chance to study the evolution of magnetic reconnection from
electron scales to ion scales with satellite observations, and it is
our future investigation.
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