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ABSTRACT
As a key parameter in magnetic reconnection, the reconnection rate determines the speed at which magnetic energy is converted into 
plasma kinetic energy. It is well established that the reconnection rate of collisionless magnetic reconnection is on the order of 0.1—a value 
sufficiently high to account for various explosive phenomena in space environments, such as solar flares and geomagnetic substorms. 
Recently, Lu et al. [Sci. Bull. 70, 2766 (2025)] proposed a first-principles theoretical model of the reconnection rate during non-steady colli
sionless reconnection in a Harris-type current sheet. As magnetic reconnection proceeds, the ion and electron outflows increase continu
ously over time. Plasma becomes depleted in the electron and ion diffusion regions, while the magnetic field piles up downstream, causing 
the opening angles of the diffusion regions to grow continuously. As a result, the reconnection rate rises progressively and eventually 
reaches a peak value, which is approximated as 0:2

ffiffiffiffiffiffiffiffiffiffiffiffi
n0=nb

p
(where n0 is the peak density in the current sheet and nb is the density of the 

background plasma) and exhibits no dependence on the ion-to-electron mass ratio. However, in that model, the ion and electron outflows 
are solely governed by the Lorentz force term. In the present paper, we additionally incorporate contributions from the electric field and 
pressure gradient terms and analyze their combined influence on the electron and ion outflows and then the peak reconnection rate. Our 
results indicate that the electric field and pressure gradient terms weaken electron and ion outflows, which, in turn, reduces the peak recon
nection rate. In the new model, the peak reconnection rate is roughly 1=

ffiffiffi
5
p

times that in Lu et al. [Sci. Bull. 70, 2766 (2025)], which scales 
approximately as 0:09

ffiffiffiffiffiffiffiffiffiffiffiffi
n0=nb

p
.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0338261

I. INTRODUCTION
This reconnection rate—defined as the quantity of magnetic flux 

produced per unit time (or equivalently, the reconnection electric field 
in the out-of-plane direction) at the reconnection site—stands as one 
of the key characteristics of magnetic reconnection, which is a funda
mental plasma process for energy conversion from magnetic energy 
to plasma kinetic and thermal energy via the rearrangement of mag
netic field topology.1,2 Magnetic reconnection has long been recog
nized as the mechanism driving explosive phenomena in space, 
astrophysical, and laboratory plasmas, and its energy conversion effi
ciency is quantitatively determined by the reconnection rate.3–11 

Consequently, substantial efforts have been dedicated to developing 
theoretical models for the quantitative prediction of this rate.12–19

The Sweet-Parker model is the first theoretical model for 
steady magnetic reconnection.12,13 Based on magnetohydrodynamics 
(MHD), where ions and electrons are coupled together, it assumes 
steady magnetic flux reconnection and an incompressible plasma. 
Magnetic energy dissipation occurs in the diffusion region via Ohmic 
heating, with the predicted reconnection rate proportional to S−1=2 

(where S denotes the Lundquist number). Notably, the Lundquist 
number is typically extremely large in space and astrophysical plas
mas, resulting in a predicted reconnection rate that is too low to 
explain explosive phenomena.20 A viable solution is to incorporate 
ion and electron kinetics, giving rise to what is termed collisionless 
magnetic reconnection. The diffusion region in this regime features a 
two-layer structure: an ion diffusion region (IDR) with an electron 
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diffusion region (EDR) at its center.21–27 In the EDR, both ions and 
electrons are unmagnetized,6,22,28–32 whereas electrons become mag
netized within the IDR.33–39 Numerous simulations and observations 
have confirmed that, in collisionless magnetic reconnection, the nor
malized reconnection rate—based on a properly defined reconnecting 
magnetic field and Alfv�en speed—is on the order of 0.1.15,36,40–44 This 
value is sufficiently high to account for explosive phenomena in space 
and astrophysical plasmas, such as solar flares and magnetospheric 
substorms.45

Although the fast reconnection rate in collisionless magnetic 
reconnection has attracted significant attention, its underlying mecha
nism remains a matter of ongoing debate.16,17 Liu et al.18 proposed a 
theoretical model for the reconnection rate of collisionless magnetic 
reconnection under steady-state conditions, assuming an incompress
ible plasma. Energy conversion within the IDR induces the enhance
ment of thermal pressure at the reconnection site, and then the 
depletion of the magnetic field in order to maintain the force-balance 
condition. At last, a sufficiently large opening angle of the upstream 
magnetic field is developed, which enables the reconnection rate to be 
on the order of 0.1. The effect of thermal pressure is taken into 
account in the model developed by Li and Liu,46 and the predicted 
reconnection rate drops as the plasma b becomes larger. Recently, in 
the analytical model proposed by Zhan et al.,47 the electric field and 
thermal pressure are shown to be crucial in modulating the reconnec
tion rate in electron-only reconnection.48 In these models, magnetic 
reconnection is assumed to be in a steady state. However, magnetic 
reconnection always proceeds in a non-steady state, which has been 
demonstrated by both numerical simulations and satellite observa
tions.22,25,49,50 In non-steady magnetic reconnection, a pair of dipola
rization fronts (DFs) due to the pileup of magnetic field is formed 
downstream of the IDR.51–57 Lu et al.19 realized that the plasma is 
depleted in the EDR during the reconnection evolution, while the 
magnetic field is piled up in the downstream of the IDR, which makes 
the opening angle of the EDR larger and larger. It leads to the 
enhancement of the reconnection rate until a peak value on the order 
of 0.1 is reached.

However, the pressure gradient and electric field are neglected in 
the model developed by Lu et al..19 In this paper, by including these 
effects in the force-balance equation of ion and electron outflows, we 
obtain the ion and electron outflow velocities as a function of the 
opening angles of the IDR and EDR and, at last, provide the predic
tion of the reconnection rate.

The remainder of this paper is organized as follows. In Sec. II, 
we present the details of the model. In Sec. III, the simulation results 
are utilized to verify the validity of our model. The summary and dis
cussion are given in Sec. IV.

II. THEORETICAL MODEL
The diffusion region of collisionless magnetic reconnection 

exhibits a two-layer structure, with the EDR embedded at the core of 
the IDR. The reconnection electric field at the X line is almost the 
same as that on the downstream boundary of the EDR, and we will 
use the latter one ðEyE ¼ VexEBzEÞ to investigate the evolution of 
the reconnection rate ½R ¼ EyE=ðVAB0Þ]. The diagram of the electron 
and ion diffusion regions is plotted in Fig. 1. Here, the aspect ratios 
of the EDR and IDR are assumed to be the same, which is denoted 
by SL.

The x component of the electron momentum equation along the 
line z ¼ 0 can be described as follows: 

neme
@Vex

@t
þ Vex

@Vex

@x

� �

¼ jeyBz − eneEx −
@Pexx

@x
: (1) 

In general, the time derivative of the electron outflow velocity is 
negligible.57–59 Then, Eq. (1) can be written as, 

nemeVex
@Vex

@x
¼ jeyBz − eneEx −

@Pexx

@x
: (2) 

The right-hand side of the equation illustrates the contributions 
from the Lorentz force, electric field, and pressure gradient terms. 
According to r� B ¼ l0J, we can obtain @Bx

@z − @Bz
@x ¼ l0ðjey þ jiyÞ. 

During the evolution of magnetic reconnection, the electron current 
density is much larger than the ion current density (jey � jiyÞ in the 
EDR when the reconnection rate approaches its peak value. We 
assume that the magnetic field linearly changes in the EDR, and the 
aspect ratio is SL ¼

BzE
BxE
¼ dE

LE
. Then, jey �

1
l0

BxE
dE
ð1 − d2

E
L2

E
), and the first 

term on the right-hand side of Eq. (2) is approximately expressed as 
B2

xE
2l0LE

�
1 − d2

E
L2

E

�
.

In the theoretical model developed by Lu et al.,19 only the 
Lorentz force term is retained. In this paper, we further consider the 
contributions from the electric field and pressure gradient terms and 
analyze their combined influence on the electron outflow in the EDR. 
Based on Faraday’s law, we can get 

Þ
E � dl ¼ @

@t
Ð Ð

B � ds along the 
path X-1–2-X. When the reconnection rate approaches its peak value, 
@
@t

Ð Ð
B � ds � 0. At the same time, the parallel electric field is much 

smaller than the perpendicular electric field,60,61 and then, we can get 
−
Ð 1

X eneExdx�
Ð 2

1 eneEzdz�−eneVexE
Ð 2

1 Bydz. According to ðr�BÞx 

¼l0jx, we obtain @By
@z ¼−l0jx�l0eneVex in the EDR and By 

�l0eneVexz, which can be approximately considered to change 

FIG. 1. Diagram of the EDR and IDR. B0 is the asymptotic magnetic field of the 
current sheet, and BxI and BxE are the magnetic fields just upstream of the IDR 
and EDR.
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linearly with z. At last, the second term on the right-hand side of Eq. 
(2) is about −1

2l0e2n2
e V2

exEd
2
E=LE.

The reconnection electric field is approximately uniform in 
the EDR, and it is EyX. The work done to the electrons in the EDR 

is 
Ð Ð

EyXjeydxdz �
Ð Ð

VexE BzE
1
l0

@Bx
@z − @Bz

@x

� �

dxdz � 1
l0

VexEBzEBxE 

� 1 − d2
E

L2
E

� �
LE. Although electrons within the EDR remain unmagne

tized and feature pronounced pressure agyrotropy,32,62 most of the 
dissipated energy is anticipated to be converted into outward electron 
enthalpy flux departing the EDR.57 Under the assumption of 
identical diagonal components for the electron pressure tensor, this 
enthalpy flux reads 5

2 pexxEVexEdE. Then, pexxE �
2

5l0
BxEBzE 1 − d2

E
L2

E

� �
LE
dE 

¼
2B2

xE
5l0

1 − d2
E

L2
E

� �
, which is much larger than that at the X line. The 

third term on the right-hand side of Eq. (2) is about − 2B2
xE

5l0LE
1 − d2

E
L2

E

� �
.

Therefore, the electron outflow velocity just downstream of the 
EDR can be easily obtained from Eq. (2), 

VexE � VAe
1 − S2

L

5 1þ
d2

E
d�2e

 !

2

6
6
4

3

7
7
5

1=2

; (3) 

where VAe ¼
BxEffiffiffiffiffiffiffiffiffiffiffi

l0mene
p is the electron Alfv�en speed and d�e is the elec

tron inertial length based on the plasma density ne.
The x component of the ion momentum equation along the line 

z ¼ 0 can be described as follows: 

nimi
@Vix

@t
þ Vix

@Vix

@x

� �

¼ jiyBz − eniEx −
@Pixx

@x
: (4) 

The right-hand side of the equation illustrates the contributions 
from the Lorentz force, electric field, and pressure gradient term, and 
similarly, we can neglect the time derivative of the ion outflow velocity 
on the left-hand side. In the IDR (except the EDR), the electrons are 
magnetized, and then the electric field can be described as 
E ¼ −Ve � B. Therefore, Eq. (4) can be written as, 

nimiVix
@Vix

@x
¼ jyBz −

@Pixx

@x
: (5) 

If the work done to the ions in the IDR is mainly converted to 
the ion enthalpy flux away from the IDR, then pixxI �

2B2
xI

5l0
1 − d2

I
L2

I

� �
, 

which is much larger than that at the X line. In a similar way to that 
in the EDR, after assuming that the size of the IDR is much larger 
than that of the EDR, we can obtain the ion outflow velocity just 
downstream of the IDR, 

VixI �
VAi 1 − S2

L
� �

ffiffiffi
5
p ; (6) 

where VAi ¼
BxIffiffiffiffiffiffiffiffiffiffi

l0mini
p is the ion Alfv�en speed based on the magnetic 

field BxI and the plasma density ni. Then, 

VixI

VexE
�

BxI

BxE

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

me

mi
1þ

d2
E

d�2e

 !v
u
u
t : (7) 

When the reconnection rate approaches the peak value, the 
plasma is incompressible, and the plasma density is nearly uniform in 
the diffusion region, which is about the same as that of the back
ground plasma of the Harris current sheet (nbÞ, that is ni � ne � nb. 
At the same time, VizILI � VixIdI and VezELE � VexEdE. The recon
nection electric field is uniform in the inflow region, and 
VizIBxI � VezEBxE. Based on these, we can obtain, 

BxE

BxI
�

VixI

VexE
: (8) 

Combining Eqs. (7) and (8), we get, 

BxE

BxI
¼

me

mi
1þ

d2
E

d�2e

 !" #1
4

: (9) 

In the upstream of the IDR, the thermal pressure is assumed 
negligible, such that the inward-directed magnetic pressure gradient 
force is balanced by the outward-directed magnetic tension,17 we 
have BxI

B0
�

1−S2
L

1þS2
L
.

At last, the electron outflow speed on the downstream boundary 
of the EDR is 

VexE �
n0

5nb

� �1=2
VA0

1 − S2
L

1þ S2
L

mi

me

1 − S2
LÞ

2

1þ
d2

E
d�2e

 !

0

B
B
@

3

7
7
5

1=4

:

2

6
6
6
4

(10) 

Combining Eqs. (9) and (10), the reconnection electric field in 
the EDR ðEyE ¼ VexEBzEÞ can be expressed as follows: 

EyE �
n0

5nb

� �1=2
SL

1 − S2
L

1þ S2
L

 !2

1 − S2
L

� �1
2B0VA0: (11) 

At last, the reconnection rate when the reconnection electric field 
is normalized to B0VA0 can be expressed as, 

R �
n0

5nb

� �1=2
SL

1 − S2
L

1þ S2
L

 !2

1 − S2
L

� �1
2: (12) 

In order to obtain Eq. (12), we have assumed that the plasma is 
incompressible, the aspect ratios of the EDR and IDR are the same, 
and the currents in the EDR and IDR are carried by the electrons and 
ions, respectively. These conditions are satisfied when magnetic 
reconnection has attained a well-developed state. Figure 2 shows the 

variation of F ¼ 1ffiffi
5
p SL

1−S2
L

1þS2
L

� �2 ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − S2

L
p

dependent on the aspect ratio 
SL. F peaks at about 0:09 when the aspect ratio is SLp � 0:34. We 
assume that the reconnection rate rises with the increase in the aspect 
ratio and reaches the peak value about Rpeak ¼0.09

ffiffiffiffiffiffiffiffiffiffiffiffi
n0=nb

p
at the 

aspect ratio SL ¼0.34. The value is independent of the ion-to-electron 
mass ratio and is proportional to 

ffiffiffiffiffiffiffiffiffiffiffiffi
n0=nb

p
.

III. SIMULATION SETUP AND VALIDATION
Two-dimensional (2D) particle-in-cell (PIC) simulations have 

been conducted using the EPOCH PIC code to validate our theoreti
cal model.63 The initial equilibrium is a Harris current sheet in the 
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(x, z) plane, with a background density of nb ¼ 0:08n0 (where n0 is 
the peak density of the current sheet). Both ions and electrons initially 
follow the Maxwellian distribution, with the temperature ratio of 
Ti0=Te0 ¼ 4 (where Te0 and Ti0 denote the initial temperatures of 
electrons and ions, respectively). The simulation parameters are set 
as follows: the half-width of the current sheet is d ¼ 0:5di (where 
di ¼ c=xpi is the ion inertial length based on n0), the ion-to-electron 
mass ratio is mi=me ¼ 100, and the speed of light is c ¼ 15VA0 
(where VA0 ¼ B0=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l0min0
p is the Alfv�en speed, and B0 is the asymp

totic magnetic field). The simulation domain spans Lx � Lz ¼ 80di 
� 20di, with a spatial resolution of Dx ¼ Dz ¼ 0:05di. The time step 
is Dt ¼ 0:001X−1

i (where Xi ¼ eB0=mi is the ion gyrofrequency). 
Periodic boundary conditions are applied in the x-direction, while 
conducting boundaries are used in the z-direction. No initial pertur
bation is introduced in the simulation.

Figure 2 shows the temporal evolution of (a1)–(a5), the reconnec
tion electric field Ey, and (b1)–(b5) the nonideal electric field in the 
electron-frame Eþ Ve � Bð Þy. As the magnetic reconnection evolves, 
the reconnection electric field is induced near the X line. The EDR can 
be easily distinguished around the X line under a nonzero nonideal 
electric field in the electron-frame, satisfying Eþ Ve � Bð Þy > 0. 
Magnetic field pileup takes place downstream of the EDR, which ini
tiates the generation of a pair of DFs that propagate continuously 
downstream. Notably, the reconnection electric field near the DFs 
increases more rapidly and eventually exceeds that around the X line.

We present the evolution of (a1)–(a5) the electron outflow 
velocity Vex and (b1)–(b5) the ion outflow velocity Vix in Fig. 3. 
Figures 3(c1)–3(c5) display the profiles of the electron outflow veloc
ity Vex, the ion outflow velocity Vix, and the nonideal electric field 
in the electron-frame Eþ Ve � Bð Þy along the line z ¼ 0, while 
Figs. 3(d1)–3(d5) exhibit the reconnection electric field Ey and the 
magnetic field Bz along the same line. The electrons are accelerated 
and acquire an outflow velocity Vex within the inner EDR. The elec
tron outflow velocity Vex becomes larger and larger when the elec
trons leave the X line and reaches the peak value downstream of the 

inner EDR. Meanwhile, the ion outflow velocity Vix rises gradually as 
ions depart from the X line. Ions and electrons become coupled 
around the DF, where the magnetic field Bz attains its peak value, and 
the DFs can thus be regarded as the downstream boundary of the 
IDR.19,61 It can also be observed from Figs. 2(d1)–2(d5) that the 
reconnection electric field is nearly uniform within the EDR.

Figure 4(a) shows the evolution of the reconnection electric field 
at three key locations: the X line EyX , the immediate downstream 
region of the EDR EyE, and the DF region EyI . The evolution 
processes can be clearly divided into two distinct phases. In the first 
phase (Stage I), the reconnection rate R, defined as the normalized 
reconnection electric field at the X line EyX=ðVA0B0Þ, experiences a 
self-reinforcing process.19,64 It initiates a sharp increase starting at 
approximately Xit¼ 40 and attains its peak value 0.46 around 
Xit¼ 47. In the subsequent phase (Stage II), the reconnection rate R 
exhibits a gradual decline from about Xit¼ 47. The reconnection 
electric field immediate downstream of the EDR is given by EyE 
¼ VexEBzE (where VexE and BzE denote the electron outflow velocity 
Vex and magnetic field Bz at this position, respectively). In the vicinity 
of the DF, both ion and electron species become magnetized, and the 
corresponding reconnection electric field is formulated as EyI ¼

VixIBzI (with VixI and BzI representing the ion outflow velocity Vix 
and magnetic field Bz near the DF). It should be noted that the elec
tron outflow velocity Vex is nearly identical to the ion outflow velocity 
Vix around the DF, i.e., VixI � VexI . The magnitude of EyE is roughly 
equivalent to that of the reconnection electric field at the X line. A 
pronounced discrepancy between EyI and EyX emerges at about 
Xit¼ 47 and widens progressively thereafter.

Figures 4(b)–4(f) depict the temporal variation profiles of multi
ple key physical parameters associated with magnetic reconnection, as 
elaborated below: (b) the half-lengths of the EDR and IDR, denoted 
as LE and LI , respectively, (c) the magnetic fields immediately down
stream of the EDR and IDR, marked as BzE and BzI , respectively, (d) 
the aspect ratios of the EDR and IDR, defined as SLE ¼ dE=LE (with 
dE representing the half-width of the EDR) and SLI ¼ dI=LI (with dI 
referring to the half-width of the IDR), (e) the electron outflow veloc
ity right downstream of the EDR VexE, and the ion outflow velocity 
immediately downstream of the IDR VixI , and (f) the average magni
tudes of the ion number density (ni), electron density (ne), ion current 
density (jiyÞ, and electron current density (jey) within the EDR. As 
visualized in Fig. 3(b), the length of the IDR exhibits a slow growth 
trend throughout Stage I, followed by a rapid downstream expansion 
in Stage II. In contrast, the length of the EDR remains nearly constant 
during Stage I and only initiates a gradual increment in the subse
quent Stage II. In the process of magnetic reconnection, magnetic flux 
is transported from the upstream region to the downstream region 
via the X line, which gives rise to the enhancement of the downstream 
magnetic fields BzE and BzI . Nevertheless, as illustrated in Fig. 3(c), 
the magnetic field BzE immediately downstream of the EDR starts to 
decline in Stage II, attributed to the downstream expansion of the 
EDR, while the magnetic field BzI immediately downstream of the 
IDR surges sharply in the same stage.

According to Fig. 3(d), the aspect ratios of both the EDR and 
IDR rise continuously in Stage I and then drop gradually in Stage II; 
moreover, the two aspect ratios are roughly equivalent in Stage I, 
which stems from the straightening effect of magnetic tension on the 
magnetic field lines. The electron outflow velocity from the EDR VexE 

FIG. 2. The variation of F ¼ 1ffiffi
5
p SL

�
1−S2

L
1þS2

L

�2 ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − S2
L

q

dependent on the aspect   
ratio SL. The value of F peaks (Fmax � 0:09) when SLp � 0:34.
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FIG. 3. The distribution of (a1)–(a5) the elec
tron outflow velocity Vex and (b1)–(b5) the ion 
outflow velocity Vix at Xi t ¼43, 44, 45, 46, and 
47. The profiles of (c1)–(c5) the electron out
flow velocity Vex, the ion outflow velocity Vix, 
and the nonideal electric field Eþ Ve � Bð Þy , 
and (d1)–(d5) the reconnection electric field 
Ey and the magnetic field Bz along the line z 
¼ 0 at Xi t ¼43, 44, 45, 46, and 47.
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and the ion/electron outflow velocity from the IDR VixI � VexI both 
climb initially and reach a saturation state at approximately Xit¼ 49, 
with their peak values reaching around 4.2 and 1.0VA0, respectively, 
as presented in Fig. 3(e).

Figure 3(f) characterizes the evolutionary patterns of plasma 
densities and current densities within the EDR. The electron number 
density and ion number density in the inner EDR are nearly identical, 
and both decrease rapidly to roughly 0.08n0 during Stage I, which is 

FIG. 4. The evolution of physical parame
ters around the X line. (a) The reconnec
tion electric field at the X line (EyX ), at the 
just downstream of the EDR (EyE), and at 
the just downstream of the IDR (EyI). (b) 
The half-length of the EDR (LEÞ and the 
half-length of the IDR (LIÞ. (c) The mag
netic field just downstream of the EDR 
ðBzEÞ and that just downstream of the 
IDRðBzIÞ. (d) The aspect of the EDR 
SLE ¼ dE=LE (where dE is the half-width 
of the EDR), and the aspect of the IDR 
SLI ¼ dI=LI (where dI is the half-width of 
the IDR). (e) The electron outflow velocity 
just downstream of the EDR (VexEÞ and 
the ion outflow velocity just downstream 
of the IDR VixI . (f) The average values of 
the ion number density (ni), the electron 
density (ne), the ion current density (jiyÞ, 
and electron current density (jey ) in the 
EDR.

FIG. 5. The peak reconnection rates in different values of nb=n0, which is obtained in the simulations and the theoretical models. The simulation results are denoted by blue dots 
and fitted by the least squares method. The peak reconnection rates in different values of nb=n0 predicted by Lu et al.19 and the theoretical model proposed in this paper are also 
plotted. (a) The peak reconnection rates obtained in the simulations can be approximated as Rpeak ¼0.12

ffiffiffiffiffiffiffiffiffiffiffi
n0=nb

p
when the reconnection electric field is normalized by VA0B0. 

(b) The peak reconnection rates obtained in the simulations can be approximated as R0peak ¼ 0.12 when the reconnection electric field is normalized by VAbB0.
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consistent with the background plasma density of the Harris current 
sheet. This variation trend further induces a synchronous evolution of 
the ion current density in the inner EDR. Since electrons inside the 
EDR are readily accelerated by the reconnection electric field, the elec
tron current density increases initially and then decreases once elec
trons depart from the EDR. Notably, it can be observed that the 
electron current density far exceeds the ion current density after 
Xit¼ 43.

From the simulation results, we find that key assumptions in the 
theoretical model hold as the reconnection rate approaches its peak. 
These assumptions are as follows: (1) uniform reconnection electric 
field in the EDR; (2) the plasma density in the EDR drops down to 
the background plasma density; (3) uniform plasma density distribu
tion across the diffusion region; (4) electron current dominates the 
current in the EDR; and (5) the aspect ratios of the EDR and IDR are 
approximately identical.

We also change the parameter n0=nb in the simulations while 
keeping the other parameters unchanged to verify the relation 
between the peak reconnection rate and 

ffiffiffiffiffiffiffiffiffiffiffiffi
n0=nb

p
predicted by the 

theoretical model. Figure 5(a) compares the peak reconnection rates 
for different values of nb=n0, which is obtained in the simulations and 
the theoretical models. In the figure, the peak reconnection rates in 
different values of nb=n0 predicted by Lu et al.19 are also plotted. The 
peak reconnection rates obtained in the simulations can be approxi
mated as Rpeak ¼ 0.12

ffiffiffiffiffiffiffiffiffiffiffiffi
n0=nb

p
.

If we normalize the reconnection electric field to VAbB0 (where 
VAb ¼ B0=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l0minb
p denotes the Alfv�en speed evaluated using the 

background plasma density nb), the peak reconnection rate derived 
from our theoretical model reads R0peak¼ 0.09, a constant value close 
to 0.1. Figure 5(b) compares the peak reconnection rate normalized to 
VAbB0 in different values of nb=n0, which is obtained in the simula
tions and theoretical models. The peak reconnection rates obtained in 
the simulations are around 0.12, although they slightly decrease with 
the increase in nb=n0. This may be caused by the thermal pressure, 
which cannot be negligible in the upstream of the IDR when nb=n0 is 
sufficiently large.

IV. CONCLUSIONS AND DISCUSSION
Recently, Lu et al.19 proposed a first-principles theoretical model 

of the reconnection rate during non-steady collisionless reconnection 
in a Harris-type current sheet, where the ion and electron outflows 
are solely governed by the Lorentz force term, and the peak reconnec
tion rate is approximated as 0:2

ffiffiffiffiffiffiffiffiffiffiffiffi
n0=nb

p
. In this paper, we extend the 

theoretical model developed in Lu et al.19 by including the pressure 
gradient and electric field in the force-balance equation of ion and 
electron outflows. Compared with that in Lu et al.,19 the peak recon
nection rate predicted in our model is 0.2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n0=5nb

p
� 0:09

ffiffiffiffiffiffiffiffiffiffiffiffi
n0=nb

p
. 

The parameter 1=
ffiffiffi
5
p

comes from the pressure gradient. If we normal
ize the reconnection rate with B0VAb (where VAb ¼ B0=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l0minb
p is 

the Alfv�en speed based on the background plasma density of the 
Harris-type current sheet), the peak reconnection rate should be 0.09. 
The value is nearly identical to the well-known reconnection rate 
(about 0.1) in collisionless magnetic reconnection, and in our simula
tions, the peak reconnection rate is estimated to be about 0.12. The 
difference may come from the assumption in the model, such as the 
incompressibility of the plasma in the diffusion region, and identical 

diagonal components for the electron and ion pressure tensors in the 
EDR and IDR.

It is also worth noting that our theoretical model for the recon
nection rate neglects guide-field effects and is restricted to antiparallel 
reconnection with identical plasma parameters in both current-sheet 
lobes. Developing an extended theoretical model that quantifies the 
modulation of the reconnection rate by guide field and asymmetry of 
reconnection configuration constitutes a key direction for our future 
work.
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