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Abstract

Standard collisionless magnetic reconnection couples with both electron and ion dynamics. Recently, a new type of
magnetic reconnection, electron-only magnetic reconnection without ion outflow, has been observed, and its
reconnection rate has been found to be much higher than that in ion-coupled reconnection. In this paper, using 2D
particle-in-cell simulations, we find that when the ion gyroradius is much smaller than the size of the simulation
domain, magnetic reconnection is standard with ion outflows. As the ion gyroradius increases, the ion response
gradually weakens, and the reconnection rate becomes higher. Electron-only reconnection occurs when the ion
gyroradius is comparable to the size of the simulation domain. This trend applies to both strong and weak guide
field situations. Therefore, the key factor that controls the transition from ion-coupled reconnection to electron-only
reconnection is the ratio between the ion gyroradius and the size of the simulation domain. We further show that, in
electron-only reconnection, when the initial electron current sheet is thinner, the reconnection rate and the electron

outflow speed are higher.

Unified Astronomy Thesaurus concepts: Plasma physics (2089); Space plasmas (1544); Planetary magneto-

spheres (997)

1. Introduction

Magnetic reconnection is an important process in space and
laboratory plasma systems, and it is widely believed to be
responsible for the conversion of magnetic energy to plasma
energy throughout the Universe (Giovanelli 1946; Parker 1957;
Sweet 1958; Biskamp 2000; Birn & Priest 2007; Yamada et al.
2010; Wang & Lu 2019; Ji et al. 2022; Lu et al. 2022). In the
space environment, plasmas are usually collisionless. In
collisionless magnetic reconnection, the diffusion region
typically has a multiscale structure, where a small electron
diffusion region is embedded in a large ion diffusion region. In
the ion diffusion region, ions become demagnetized, and
electrons are magnetized, which results in the Hall effect, and
then ion-scale bidirectional jets are formed. In the electron
diffusion region, electrons also become demagnetized and are
accelerated to form electron-scale bidirectional jets (Son-
nerup 1979; Ma & Bhattacharjee 1998; Birn et al. 2001; Hesse
et al. 2001; Pritchett 2001; Shay et al. 2001; Fu et al. 2006; Lu
et al. 2010, 2011).

Recently, electron current sheets with the currents carried
mostly by electrons and the width on the order of the electron
inertial length have been observed in Earth’s magnetotail
(Wang et al. 2018, 2020; Man et al. 2020; Hubbert et al.
2021, 2022), Earth's magnetosheath (Phan et al. 2018; Stawarz
et al. 2019), the transition region of the bow shock (Gingell
et al. 2020), and laboratory plasmas (Sang et al. 2022; Shi et al.
2022a, 2022b). Electron-only magnetic reconnection can occur
in these thin current sheets, where only super-Alfvénic electron
outflows are observed, and there are no obvious ion outflows.
Electron-only reconnection may develop into standard
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reconnection, in which ion outflows are formed, and therefore,
it is believed to be the early stage of standard bursty
reconnection (Liu et al. 2020, 2021; Lu et al. 2020b, 2022;
Hubbert et al. 2022). However, electron-only reconnection
observed in the magnetosheath may not evolve into the ion-
coupled stage, because in the turbulent environment, the
reconnecting region is too small for the ions to be coupled with
the magnetic structures (Califano et al. 2020; Vega et al. 2020;
Lu et al. 2021).

By performing kinetic simulations of magnetic reconnection
in electron current sheets, Pyakurel et al. (2019) investigated
the transition from electron-only reconnection to ion-coupled
reconnection. They found that electron-only reconnection
occurs when the simulation domain is smaller than 5-10 ion
inertial lengths. The transition is generally gradual, and the
reconnection rate decreases slowly to an asymptotic value after
the ions are fully coupled. However, in their simulations,
because the ion gyroradius is comparable to the ion inertial
length, it is difficult to identify which one is the key factor that
controls the transition.

In this paper, by performing 2D particle-in-cell (PIC)
simulations, we show that the ratio between the simulation
domain and the ion gyroradius is the key factor that controls the
transition from electron-only reconnection to ion-coupled
reconnection. Also, we find that the initial half-width of the
electron current sheet influences the electron outflow speed and
the reconnection rate.

2. Simulation Model

In this paper, a PIC simulation model is used. The
simulations are 2.5-dimensional in the x—y plane. The initial
configuration is a force-free current sheet. The initial magnetic
field is B, = By tanh (y/8) and B, = /B + B; — B?. Here,
By is the magnitude of the magnetic field for the current sheet, §
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Table 1
Simulation Parameters for the Runs Considered
Run B,/By T./(m;V3) pe/d; T,/(m; V3) pild; L/p; 6/d;
Al 8 11.51 0.014 115.16 1.88 1.3 0.06
A2 8 11.51 0.014 27.08 0.91 2.7 0.06
A3 8 11.51 0.014 6.88 0.46 5.4 0.06
A4 8 11.51 0.014 1.69 0.23 10.8 0.06
AS 8 11.51 0.014 0.43 0.115 21.6 0.06
B1 1 0.18 0.010 28.79 5.35 0.47 0.06
B2 1 0.18 0.010 12.50 3.54 0.71 0.06
B3 1 0.18 0.010 1.80 1.34 1.86 0.06
B4 1 0.18 0.010 0.78 0.88 2.84 0.06
B5 1 0.18 0.010 0.42 0.65 3.84 0.06
Cl 8 11.51 0.014 115.16 1.88 1.3 0.03
C2 (Al) 8 11.51 0.014 115.16 1.88 1.3 0.06
C3 8 11.51 0.014 115.16 1.88 1.3 0.09
C4 8 11.51 0.014 115.16 1.88 1.3 0.12
C5 8 11.51 0.014 115.16 1.88 1.3 0.15

Note. Here B, is the guide field, 7, and T; are the electron and ion temperatures, p, is the electron gyroradius, p; is the ion gyroradius, L/p; is the size of the simulation

domain normalized by p;, and ¢ is the initial half-width of the electron current sheet.

is the half-thickness of the current sheet, and B, is the uniform
guide field. The magnetic fields are normalized to By, density to
no, time to Qfl (where Q; = eBy/m,; is the ion gyrofrequency),
lengths to the ion inertial length d,, velocities to the ion Alfvén
speed V,, electric fields to Ey= ByV,a, and temperatures to
m; Vﬁ. The ion gyroradius is p;, = \/Zmﬂ} / (eB) and the electron

gyroradius is p, = \me(_,Y;/(eB), where B = ,/sz + Bzz.
Periodic boundary conditions are used in the x-direction.
Perfect conducting boundary conditions for electromagnetic
fields and reflecting boundary conditions for particles are used
in the y-direction.

The parameters in all the simulation cases are shown in
Table 1. In Group A, the guide field B, = 8B, while in Group
B, the guide field B, = By. In both of the groups, the size of the
simulation domain is L,=L,=L=2.5d;, and the grid
scales Ax = Ay =0.005d;. The initial current sheet is only
carried by electrons. By varying the ion temperature, the ion
gyroradius changes in different runs. Group C is used to study
the effect of the initial half-width of the electron current sheet
in electron-only reconnection. In Group C, we take Run A1l and
keep all parameters unchanged, only varying the half-width of
the electron current sheet.

In the simulations, the ion-to-electron mass ratio
m;/m,= 1836 is used, and the speed of light c =300V,. The
initial density and temperatures are uniform. Each run has 400
particles per species per grid at the initial time. A small
perturbation is added to the initial magnetic flux.

3. Simulation Results

We first study the process under strong guide field conditions
and use five runs (Group A) to show the transition from
electron-only reconnection to ion-coupled reconnection.
Figure 1 shows an overview of Run Al and Run AS5. In Run
Al, due to the high ion temperature, the ion gyroradius is
comparable to the size of the simulation domain, i.e., L= 1.3p;.
In this case, during the process of magnetic reconnection, the
ion response is weak. As is shown in Figures 1(c) and (g), no
ion outflow or ion current sheet is formed. In Figure 1(a), a
quadrupolar magnetic field B, is formed due to the in-plane
electron currents in the separatrix regions (Lu et al. 2010;

Lu et al. 2011). In Figure 1(e), electron outflow can be seen
clearly. The out-of-plane current is predominantly carried by
the electrons, as shown in Figure 1(i).

However, in Run A5, using relatively low ion temperature,
the ion gyroradius is much smaller, so the size of the simulation
domain becomes larger relative to the ion gyroradius, i.e.,
L=21.6p;. In this case, the ion response in the magnetic
reconnection can be obviously identified. In Figures 1(d) and
(h), both an ion outflow and an ion current sheet form in the
magnetic reconnection. In Figures 1(b), (f), and (j), a
quadrupolar magnetic field B,, electron outflow, and electron
current sheet can also be observed. In these two simulations,
the sizes of the simulation domain are the same, but due to
different ion gyroradii, the degree of ion response is quite
different. When the ion gyroradius is smaller, the ion response
in reconnection is stronger.

Here we use the ion current density in the z-direction J;, as a
sign for the degree of ion response. We take cut lines for J;, at
x =0 in all of the runs in Group A, and the result is shown in
Figure 2(a). From Run Al to Run A5, keeping the same size of
the simulation domain, with the ion gyroradius becoming
smaller, the ion current density becomes stronger. In
Figure 2(b), the size of the simulation domain is normalized
to the ion gyroradius in each run, and the trend shows that
when the size of the simulation domain relative to the ion
gyroradius becomes larger, the ion response becomes stronger.
Because we keep the size of the simulation domain L = 2.5d;
unchanged, the key factor that controls the transition from
electron-only to ion-coupled reconnection is not the size of the
simulation domain relative to the ion inertial length but the size
relative to the ion gyroradius.

To further investigate the effect of the ion gyroradius on the
ion motions in magnetic reconnection, we select two regions in
the simulation domain and examine the ion velocity distribu-
tion functions therein. One region is at the x-line (yellow box in
Figures 1(c) and (d)), and the other is in the outflow (green box
in Figures 1(c) and (d)). For Run Al, the ion velocity
distribution function at the x-line when the reconnection rate
reaches its peak is shown in Figure 3(a), and the ion velocity
distribution function in the outflow region is shown in
Figure 3(b). Compared with the thermal velocity given by
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Figure 1. Overview of Run A1l (left column) att = 0.34(2,-’1 and Run A5 (right column) at ¢t = 0.7252,-’1. (a) and (b) The Hall quadrupole magnetic field. (c) and (d)
The ion bulk velocity in the x-direction. (e) and (f) The electron bulk velocity in the x-direction. (g) and (h) The ion current density in the z-direction. (i) and (j) The
electron current density in the z-direction.
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Figure 2. Overview of out-of-plane ion current density J;, for all runs in Group A. (a) Cut lines of J;, taken at x = 0 when the reconnection rate reaches its peak. The
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{a) (b)

M 350 1.25 e j 1.5

—1.25 = -15

25 ; A350 25
< h o
S 175 % < 0
- o] -
—25 o ~25
—25 25 —25

25 -1.25 0.00 1.25
X/di

f 350 1.25

8] —1.25E

1.5 ; M 350 1.5
o« N o
< ool 175 3 <, 0.0
- ‘-u-__/ -
—1.5 5 o —1.5
—1.5 0.0 1.5 —1.5

""n/ Va “'u/ Va

1.5 -1.25 .00 1.25
X/di

Figure 3. Ion velocity distribution functions and ion trajectories; the dashed circles in (a), (b), (d), and (e) represent the thermal velocities given by the initial ion
temperatures. (a) Ion velocity distribution function in the yellow box region in Figure 1(c). (b) Ion velocity distribution function in the green box region in Figure 1(c).
(c) Out-of-plane electric field E. at r = 0.34€); ' and some representative ion trajectories from ¢ = 0 to t = 0.8 ! in Run Al. (d) Ion velocity distribution function in
the yellow box region in Figure 1(d). (e) Ion velocity distribution function in the green box region in Figure 1(d). (f) Out-of-plane electric field E. at r = 0.72€; ! and

some representative ion trajectories from =0 to r = 1.2Q; ! in Run AS.

the ion temperature, the velocity distribution follows the
isotropic Gaussian distribution determined by the initial ion
temperature. In Figure 3(c), there are several typical ion
trajectories plotted over the reconnection electric field. Because
of the high ion temperature in this run, the ions cross the x-line
region too quickly to be accelerated, and the ion motion is
mostly a gyration under the guide field with a gyroradius
comparable to the size of the simulation domain. This can
explain why we do not see the formation of an ion current sheet

in the z-direction, nor the formation of ion outflow in the x-
direction.

For Run A5, the ion velocity distribution function at the
x-line when the reconnection rate reaches its peak is shown in
Figure 3(d), and the ion velocity distribution function in the
outflow region is shown in Figure 3(e). In Figure 3(d), there is
an obvious drift toward the —z-direction, which means ions in
the x-line region are accelerated by the reconnection electric
field. In Figure 3(e), the drift toward the —x-direction shows that
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Figure 4. The maximum reconnection rate dAt/dt vs. L/p; for all runs in
Group A.

the accelerated ions are deflected by B, to the —x-direction and
form the ion outflow. In Figure 3(f), those typical ion
trajectories are no longer dominated by cyclotron motions.
Relatively low thermal velocity and a small gyroradius allow
the ions to stay in the x-line region for a longer time and react
sufficiently to the electric field, forming the ion current sheet
and ion outflow.

We use the time derivative of the magnetic flux between the
x-point and the o-point to calculate the reconnection rate dA/
dz, and Figure 4 shows how the maximum reconnection rate
changes with the size of the simulation domain relative to the
ion gyroradius. When electron-only reconnection occurs, the
reconnection rate can reach 0.58B,V,. By reducing the ion
gyroradius, the simulation size relative to the ion gyroradius
increases, the ion response becomes stronger, and the
reconnection rate gradually decreases.

Then we study the process under weak guide field conditions
and also use five runs (Group B) to show the transition from
electron-only reconnection to ion-coupled reconnection. Figure 5
shows an overview of Run B1 and Run BS5. In both runs, we
observe quadrupolar magnetic fields B,, electron outflows, and
electron current sheets, as shown in Figures 5(a), (b), (e), (f), (i),
and (j). In Run B1, the size of the simulation domain is 0.47 p;, and
there is no ion outflow in Figure 5(c). In Figure 5(g), there is only
a very weak ion current sheet formed, the peak of which is
0.04enyV,a. Considering there is no ion outflow, and the ion
current sheet density is quite weak, the response of the ions is
weak enough for us to identify Run Bl as an electron-only
reconnection case. In Run B35, the size of the simulation domain is
3.84p;. As is shown in Figures 5(d) and (h), ion outflow together
with the ion current sheet is obviously seen. The reconnection in
Run BS5 is an ion-coupled reconnection.

Then we again take cut lines for J;, at x =0 in all of the runs
in Group B. The result is shown in Figure 6(a). From Run B1 to
Run B35, keeping the same size of the simulation domain, with
the ion gyroradius decreasing, the ion current density becomes
stronger, which is consistent with the strong guide field
situation. The trend is also shown in Figure 6(b).

Figure 7 shows how the maximum reconnection rate varies
with the size of the simulation domain relative to the ion
gyroradius under weak guide field conditions. By increasing

Guan et al.

the ion gyroradius, the simulation size relative to the ion
gyroradius decreases, the ion response becomes weaker, and
the reconnection rate gradually increases. When the size of the
simulation domain is 0.71p;, the reconnection rate can reach a
peak, which is0.7ByV,. If we further increase the ion
gyroradius (i.e., decrease the size of the simulation domain
relative to it), the maximum reconnection rate does not further
increase. It seems that this is the superior limit of the
reconnection rate in this scenario.

Figure 8 shows the electron outflows and the reconnection
rates for the runs in Group C. In this group, all of the runs have
the same ion gyroradius and guide field as Run Al, so they are
all electron-only reconnections without ion outflow. We find
that when the initial half-thickness widens, the electron outflow
speed slows down, as shown in Figures 7(a)-(c). Meanwhile,
the maximum reconnection rate also decreases when the initial
half-thickness widens. By thinning the width of the initial
electron current, the reconnection rate in electron-only
reconnection can reach 0.9ByV,.

4. Conclusions and Discussion

In this paper, we study the effect of the ion gyroradius on the
transition from electron-only reconnection to ion-coupled recon-
nection using a 2D PIC simulation model. Keeping the size of the
simulation domain unchanged and varying the ion temperature,
we perform a series of simulations with different ratios of the size
of the simulation domain to the ion gyroradius. The results show
that, for both strong and weak guide field cases, electron-only
reconnection occurs when the size of the simulation domain is
comparable to the ion gyroradius. As the ion gyroradius decreases,
the ion response of the reconnection gradually enhances, and the
reconnection rate decreases. Additionally, the reconnection rate in
the electron-only runs is affected by the initial half-thickness of
the electron current sheet. When the initial half-thickness of the
electron current sheet is thinner, the reconnection rate and the
electron outflow speed become higher.

Here we show that electron-only reconnection occurs when
the ion gyroradius p; is comparable to the scale of the
reconnection region L. Therefore, in the regime of high ion
temperature, the ions overlook the process of magnetic
reconnection, which favors the occurrence of electron-only
reconnection. On the other hand, according to a previous
antiparallel simulation study (Ishizawa & Horiuchi 2005), ions’
gyration can be disrupted when the scale length of the magnetic
field Lg(y) =B,/(0B,/0y) is smaller than the ion local
gyroradius pi(y). The location where Lg(y) = p,(y) is satisfied
is defined as the ion-meandering-orbit scale /,,;, and the ions’
frozen-in constraint is broken below this scale. Similarly, the
electrons’ frozen-in constraint can be broken below the
electron-meandering-orbit scale /,,.. It is worth noting that in
Group C, we keep the size of the simulation domain L and the
ion gyroradius p; the same; thus L ~ p; is satisfied for all runs.
Meanwhile, as the half-thickness of the current sheet § varies in
Group C, the ion-meandering-orbit scale /,,; varies. All of the
runs in Group C are electron-only reconnections without ion
outflow, which implies that the occurrence of electron-only
reconnection is not related to the ion-meandering-orbit scale
i, but depends on whether L~ p; is satisfied. When the
electron-meandering-orbit scale /,,, varies, the electron outflow
speed varies in Group C. The effect of the electron-mean-
dering-orbit scale /,,, on the electron outflow is expected to be
important in electron-only reconnection. However, in the
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Figure 5. Overview of Run B1 (left column) at t = 0‘229,-" and Run B5 (right column) at ¢ = 0.379,7], (a) and (b) The Hall quadrupole magnetic field. (c) and (d)
The ion bulk velocity in the x-direction. (e) and (f) The electron bulk velocity in the x-direction. (g) and (h) The ion current density in the z-direction. (i) and (j) The
electron current density in the z-direction.
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present study, we use a force-free current sheet with nonzero
guide fields, and thus the reconnections are asymmetric, so it is
not appropriate to investigate this question. To perform
simulations of electron-only reconnection under antiparallel
configurations, one needs a current sheet predominantly carried
by electrons with an arbitrary electron-to-ion temperature ratio.
The Harris current sheet dissatisfies the requirement above, and
the charged current sheet model (Yoon & Lui 2004; Lu et al.
2020a) should be used in future work concerning electron-only
reconnection.

Previous studies have shown that the reconnection rate in
electron-only reconnection is much higher than that in standard
ion-coupled reconnection. In our simulations, we show that the
reconnection rate can be as high as 0.9B,V4, and it is adjusted
by the initial half-thickness of the electron current sheet. It
should be noted that the reconnection rate here is calculated by

using the time derivative of the magnetic flux between the
x-point and the o-point, and it is normalized using the
asymptotic magnitude of the magnetic field By and the ion
Alfvén speed V5 based on By and ny. On the other hand, recent
studies using spacecraft observations (Burch et al. 2020;
Pyakurel et al. 2023) and numerical simulations (Pyakurel et al.
2023) have used the electron inflow speed to represent the
reconnection rate. In our study, for example, in Run B3 under
the weak guide field situation, the peak electron inflow velocity
Vey ~ 1.1V, the local magnetic field B, ~ 0.4B,, and the local
electron Alfvén speed V..~ 15.5V,, and therefore, the
electron inflow velocity is ~0.07Vj,,, which is consistent
with the aforementioned numerical studies. In this run, the
reconnection rate (dA/dr)/(ByVa) ~ 0.47 when it is normal-
ized using the local V., and B,, i.e., (dA®/df)/(B,Vacy), is
also ~0.07. The reason for such a high reconnection rate in
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electron-only reconnection is still unknown and deserves
further investigation.
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