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Abstract Standard magnetic reconnection couples with both ions and electrons on different scales.
Recently, a new type of magnetic reconnection, electron-only reconnection without the coupling of ions, has
been observed in various plasma environments. Standard reconnection typically has a reconnection outflow
velocity of about one Alfvén speed. According to the scaling analysis, the electron outflow velocity is expected
to be about one electron Alfvén speed in electron-only reconnection. However, observations and simulations
both find that the electron outflows are much slower than the electron Alfvén speed. In this letter, by performing
two-dimensional particle-in-cell simulations, we show that this is because ions play a role in electron-only
reconnection. The ions move slower than the electrons in the outflow direction, and such charge separation
forms an in-plane Hall electric field, which prevents the electrons from being accelerated to the electron Alfvén
speed in electron-only reconnection.

Plain Language Summary Magnetic reconnection is a fundamental plasma process during which
magnetic field line topologies change and magnetic energy transfers to plasma kinetic and thermal energy. In
standard collisionless magnetic reconnection, ions and electrons are both heated and accelerated to form high-
speed outflow. Theoretical analyses have been performed to successfully explain the fast outflow speed in
standard magnetic reconnection. Recently, a new type of magnetic reconnection, electron-only reconnection (in
which there is no obvious ion heating and acceleration) has been reported to occur in various plasma
environments. However, the same scaling analyses performed in electron-only reconnection overestimate the
outflow speed in the electron-only reconnection by a factor of ~10. Here, by performing two-dimensional (2-D)
particle-in-cell (PIC) simulations, we show that the overestimation is due to the neglect of the role of ions.
Because of the in-plane Hall electric field caused by charge separation, electron outflow in electron-only
reconnection cannot be accelerated to the expected value.

1. Introduction

Magnetic reconnection, a topological change in magnetic field lines, provides a physical mechanism for con-
version from magnetic energy to plasma kinetic energy (Birn & Priest, 2007; Hesse & Cassak, 2020; S. Wang &
Lu, 2019; Yamada et al., 2010). Magnetic reconnection has been widely believed to be responsible for various
explosive phenomena throughout the universe, such as solar flares, coronal mass ejections, and Earth's magne-
tospheric storms and substorms (Angelopoulos et al., 2008; Burch et al., 2016; Lin & Forbes, 2000; Q. Lu
et al., 2022; Masuda et al., 1994; Torbert et al., 2018). Magnetic reconnection in most plasma environments is
collisionless, where the diffusion of the magnetic field is caused by the kinetic effects of ions and electrons. In
standard magnetic reconnection, the diffusion of the magnetic field occurs both in a larger-scale ion diffusion
region and a smaller-scale electron diffusion region, and the electron diffusion region (EDR) is embedded at the
center of the ion diffusion region (IDR) (Birn et al., 2001; Birn & Hesse, 2001; Borg et al., 2005; Burch
et al., 2016; Q. Lu et al., 2010; Nagai et al., 2001; Pritchett, 2001; Shay et al., 2001).

Recently, a new type of magnetic reconnection, electron-only magnetic reconnection, has been observed in space
and laboratory plasmas (Gingell et al., 2020; Hubbert et al., 2021, 2022; Man et al., 2020; Phan et al., 2018; Sang
etal., 2022; Shi et al., 2022a, 2022b; Stawarz et al., 2019, 2022; Wang et al., 2018, 2020). Different from standard
reconnection, electron-only reconnection exhibits only the electron dynamics, whereas the ions do not seem to be
coupled, that is, there is no obvious ion heating and acceleration in electron-only reconnection (Guan et al., 2023;
Lu S. et al., 2020b, 2022; Pyakurel et al., 2019).
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In standard reconnection, by considering the momentum equation with Lorentz force and performing scaling
analysis to the diffusion region, the velocity of the ion outflow is about one Alfvén speed V, (where
Va = Bo/+[oming, By is the magnitude of the ambient magnetic field, and ny is the peak density of the current
sheet), and the reconnection rate is about 0.1B,V, (Cassak et al., 2017; Hesse et al., 2009; Y. Liu et al., 2017).
Therefore, by applying a similar analysis to the electrons and the EDR, it is natural to expect that in the electron-
only reconnection, the speed of the electron outflow is about one electron Alfvén speed V,, (where

Ve = Bo/+[uomeny = \Jm;/ m,Vy, m;/m, is the ion-to-electron mass ratio), and the reconnection rate is about

0.1ByV,, (i.e., 0.14/m;/ m,ByV,). However, the electron outflow speed and reconnection rate obtained from PIC
simulations and observations of electron-only reconnection can be much lower than the expected values above
(Bessho et al., 2022; Burch et al., 2020; Guan et al., 2023; Ng et al., 2022; Pyakurel et al., 2019; Stawarz
et al., 2022). To explain this controversy, in this letter, by performing 2-D PIC simulations of electron-only
reconnection, we find that the ion dynamics plays an important role by forming an in-plane Hall electric field,
which leads to a much slower electron outflow and a much smaller reconnection rate than expected.

2. Simulation Model

In this paper, we use a 2D PIC simulation code, which has been successfully applied to study magnetic recon-
nection (C. Chang et al., 2021; X. Fu et al., 2006; C. Huang et al., 2010, 2015; Q. Lu et al., 2010). The simulation
is 2.5-dimensional, that is, the simulation domain is 2-dimensional and the particle velocity is 3-dimensional. The
simulation is in the x-z plane. The initial configuration is a charged, electron-dominant current sheet (S. Lu
et al., 2020a). The magnetic fields are normalized to the magnitude of the upstream magnetic field B, density to
the maximum of the current sheet density 7, time to Qi‘l (where Q; = eBy/m; is the ion gyrofrequency), lengths to
the ion inertial length d; = mi/(ﬂ0n0e2), velocities to the Alfvén speed V, = By/ \/M (also referred to as the

ion Alfvén speed), electric fields to E, = B,V,, and temperatures to m; V3.

In the simulation, an electron-dominant current sheet with a high ion temperature is considered. The ratio between
the initial ion and electron drift velocities is V;/(-V,) = 1/9, and the initial half-width of the current sheets 0 is
0.06d; ~ 2.6d,. The initial ion temperature 7; = 0.45m;V? and the initial electron temperature T, = 0.05m;V3. The
initial magnetic field is an antiparallel configuration. The upstream background density n;, = 0.1n,. The method of
calculating the initial magnetic field, the initial electric field, and the initial plasma density is demonstrated in the
previous work (S. Lu et al., 2020a). The grid size is dx = dz = 0.005d;, and the grid number is N, = N_ = 300.
Therefore the size of the simulation domain L, = L, = L = 1.5d,. The time step is df = IO‘SQi_l.

The ion-to-electron mass ratio is m;/m, = 1,836, and the speed of light is ¢ = 50V,. We use 1,000 particles per
species per cell to represent n, in the simulation. No initial perturbation is added to the initial magnetic flux.
Periodic boundary conditions are used in the x direction. Perfect conducting boundary conditions for electro-
magnetic fields and reflecting boundary conditions for particles are used in the z direction.

3. Simulation Results

Figure 1 shows the overview of magnetic reconnection in this simulation. Figures 1a and 1b show the outflows in
the reconnection at t = 0. 249[1 . There is an extremely slow ion outflow, V;, < 0.03V,, while the electron outflow
is fast and super-Alfvénic, V,,. =2V, =~ 0.05V,,. Compared to the initial temperature, the ions are not heated, but
the electron temperature increases by about 0.01my; Vf,, as shown in Figures 1c and 1d. Therefore, the ions are not
heated or accelerated significantly, but the electrons are heated and accelerated to super-Alfvénic speeds. This
demonstrates that magnetic reconnection here is electron-only. Note that although the electron outflow velocity
V,. =2V, = 0.05V,, is super-Alfvénic, it is more than 10 times slower than the electron Alfvén speed. The time
history of the reconnection rate in the electron-only reconnection is shown in Figure le. The reconnection rate is
defined as the reconnection electric field E, at the reconnection site. The whole reconnection lasts for about 0.5
Qi_l, and the maximum reconnection rate reaches 0.27B,V, at t = 0.2491._1. On the other hand, the maximum
reconnection rate in the standard reconnection of the Charged Current Sheet is 0.06B,V, (S. Lu et al., 2020a).
Although the reconnection rate of about 0.27B,V, in the electron-only reconnection is much faster than that in the
standard reconnection, it is equivalent to 0.006B,V,,, more than 10 times slower than 0.1B,V,,.
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Figure 1. (a—d) Overview of the reconnection at t = 0.2491.‘l . (a) The ion bulk velocity in the x direction V.. (b) The electron
bulk velocity in the x direction V. (c) The increment of ion temperature. (d) The increment of electron temperature. (e) Time
evolution of the reconnection rate calculated by the reconnection electric field E, (the black solid line). t = 0.24Ql._l is
presented by the black dashed line in panel (e).

To explain why the electron outflow velocity is much slower than the electron Alfvén speed, we consider the x
component of the electron momentum equation

m dv,,
¢ dr

= —¢E, —e(V,xB), — <v -138) /1, (1)

The terms on the right side of Equation 1 are the electric field force term, the Lorentz force term, and the electron
pressure gradient force term, respectively. As shown in Figures 2a—2d, the Lorentz force accelerates the electrons,
while the electric field force and the electron pressure gradient force decelerate the electron outflow. For the two
terms that decelerate the electrons, the electron pressure gradient force term is small and negligible, and the
electric field force term compensates most of the Lorentz force term. This is also shown in the integral of the force
terms along z = 0 (Figure 2e). Figure 2f plots the integrals of the left side and the right side of the electron
momentum equation, and we can find that the two sides of the equation are almost balanced, verifying the ac-
curacy of the calculation for the force terms. Therefore, it is the electric field E, that prevents the electrons from
being accelerated to the electron Alfvén speed V,,.

Figure 3a shows the reconnection electric field at # = 0.24Q;"!. The reconnection electric field E is confined to a
small region, which is on the sub-ion scale. The reconnection electric field on this small scale is not sufficient to
accelerate or heat ions but is sufficient for electron acceleration and heating. As shown in Figure 3b, the EDR has
a multi-scale structure: an inner EDR where the non-ideal electric field is positive (E + V, X B), > 0 and an outer
EDR where the non-ideal electric field is negative (E + V, X B), <0 (Karimabadi et al., 2007; Shay et al., 2007).

GUAN ET AL.

30of 8



. Y d N |
MM\I
ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters

10.1029/2024GL110787

0.2

z/d;

0.0 . ‘

(b) -e(VxB),

0.2

z/d;

o W -

0.2

0.0

z/d;

020

-0.3 0.0
x/d;

-1

0.00

0.00

-0.01

0.

00

0.1

5 0.30

x/d;

-eE
-e(V.XB),
-(V-P),/n,

X

-eE dx
-e(V XB),dx
-(V-P),/ndx

Sum dx

¥ m,dV,/dt dx

Figure 2. (a—) The x-component of the force terms on the right side of the electron momentum equation at ¢t = 0.24Q; L
(a) The electric field force term. (b) The Lorentz force term. (c) The electron pressure gradient force term. (d) The profiles of
forces on electrons along z = 0. (e) The integral of the force terms along z = 0. (f) The integral of the right side (sum of force
terms) and the left side (inertia term) of the electron momentum equation along z = 0.

The inner EDR has formed with a half-length of 0.12d;, and the reconnection electric field at the boundary of the
inner EDR s close to that at the reconnection site (Figures 3a and 3b). Thus we can use E, at the boundary

between the inner and outer EDR to represent the reconnection rate. At the boundary, (E +V, X B), =0 is

satisfied, so at this location, the reconnection rate can be described as E, = —(V, X B), = V,,B., as shown in
(a) Ey/(BD\/A)
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Figure 3. (a) The reconnection electric field E, atr = 0. 249,'_1 . (b) The non-ideal electric field (E + V, X B), at? = 0. 24!2,._1 .
(c) The profiles of the reconnection electric field E, (black solid line) and the V,, B, term (red line) along z = 0. (d) The
profiles of the B, pileup (green line) and the electron outflow velocity V,, (blue line) along z = 0. The black dashed lines

present the inner EDR boundary.
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Figure 4. (a—c) The x-component of the force terms on the right side of the ion momentum equation at ¢ = 0.24Q" ! (a) The
electric field force term. (b) The Lorentz force term. (c) The ion pressure gradient force term. (d) The profiles of forces on
ions along z = 0. (e) The integral of the force terms along z = 0. (f) The integral of the right side (sum of force terms) and the
left side (inertia term) of the ion momentum equation along z = 0.

Figure 3c. Although B, piles up and reaches 0.1B,, because the electron outflow V, =2V, = 0.05V,, is much
slower than V,,, the reconnection rate E, = V,,B, % 0.05V,, - 0.1B, is also much slower than 0.1B,V,,,, (Figure 3d).

A similar force analysis is performed for ions to investigate the ion flow. The x component of the ion momentum
equation is written as

dv; -
m; dzlx =¢E, +e(V;xB), — (V -P,-) /n;. 2

As shown in Figures 4a—4e, both the electric field force and Lorentz force can accelerate the ions, while the ion
pressure gradient force tends to decelerate the ion outflow. In the electron-only reconnection, the localized E, on
the sub-ion scale cannot sufficiently accelerate the ions, and the IDR on the ion inertial length scale is not formed,
thus the Lorentz force term (J; X B),/n; & V;,B, is weak. The acceleration of ions is mainly caused by the electric
field E,. (Also, the integrals of the left side and the right side of the ion momentum equation are almost balanced,
as shown in Figure 4f.) Nevertheless, in the absence of strong support from the Lorentz force, the ion outflow
remains slow in electron-only reconnection, much slower than the ion Alfvén speed.

4. Conclusions and Discussion

In this letter, by performing a 2-D PIC simulation, we show that because ions are barely affected by electron-only
magnetic reconnection, they move much slower than the electrons in the outflow direction, which causes charge
separation and thus forms a Hall electric field (see Figure S1 in Supporting Information S1). This Hall electric
field corresponds to a backward electric force, which prevents the electrons from being accelerated to one electron
Alfvén speed V,,. For the same reason, the reconnection rate in electron-only reconnection cannot reach
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0.1B4V,4,. On the other hand, the ions are forced to flow away slowly from the reconnection site due to the Hall
electric field.

Previous simulations by Pyakurel et al. (2019) show that electron-only reconnection occurs when the simulation
domain size is no more than 10d;. Further simulations by Guan et al. (2023) find that the ion gyroradius is a more
appropriate reference scale, and electron-only reconnection occurs when the simulation domain size is compa-
rable to the ion gyroradius. In that work, using force-free configuration, the ion motion is the gyration under guide
fields, and the ion trajectories are used to explain why electron-only reconnection occurs when the size of the
simulation domain is comparable to the ion gyroradius. In this study, under antiparallel configuration, the ion

1

motion near the center of the current sheet is a bounce motion, whose width is given by 4;, = [% ) (Hesse
oz .
etal., 2011), and in this case 4;, = 0.26d,. The scale of the ion motion is comparable to the size of the reconnection
electric field, so the ions cannot be sufficiently accelerated and heated, and the Lorentz force on ions is weak,
leading to electron-only reconnection. Both explanations express that when the scale size of the reconnection
electric field is comparable to the spatial scale of the ion motion, electron-only reconnection occurs. The ex-
planations are essentially consistent. Moreover, the smaller the domain is, the faster the reconnection rate is, and it
is again noted that the domain size L here should be decided by the scale size of the ion motion R, instead of the ion
inertial length d; (Guan et al., 2023). In the force-free configuration used in Pyakurel et al. (2019) with a large
guide field B, = 8B, and a high ion temperature 7; = 115. 16m;V%, R, is the ion gyroradius, that is,
Ri=p; = \/T,Ti/(eB) = 1.88d;, and the domain size of the electron-only case is L = 2.56d,, thatis L ~ 1.4R;. On
the other hand, in this letter with antiparallel configuration, we have R; = 4. = 0.26d;, and the domain size of
L =1.5d;is thus L = 5.8R;, which is larger than that in Pyakurel et al. (2019), and therefore the reconnection rate is
lower.

Based on the above simulation results, we can demonstrate the process of energy conversion in electron-only
reconnection. The released magnetic energy is first converted to electron thermal and bulk kinetic energies to
heat and accelerate the electrons whereas the ions are barely heated or accelerated (Figure 1). Such process forms
charge separation and thus the Hall electric field (Figure S1 in Supporting Information S1), during which the
electron kinetic energy is converted to electric field energy. At the same time, the Hall electric field decelerates
the electrons and accelerates the ions, so the electric field energy is then converted to the ion kinetic energy. The
electric field acts as an intermedia in this process, and its energy can be comparable to the ion kinetic energy, and
eventually, almost all of it is converted into the ion kinetic energy (Figure S2 in Supporting Information S1).
However, the complete energy budgets during electron-only reconnection, especially the heating process, need
closer examinations of the energy fluxes, such as the enthalpy flux and the heat flux, which will be left for future
investigations.

Data Availability Statement

The simulation data (Guan, 2024) used to plot the figures in this paper can be downloaded from “National Space
Science Data Center, National Science & Technology Infrastructure of China”.
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