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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 collisionless reconnection in a Harris-type current
sheet. As magnetic reconnection proceeds, the ion and electron outflows increase
continuously 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

0.24/ny/n;, (where n, is the peak density in the current sheet, and n, is the density

of the background plasma density) 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
1
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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 1on outflows, which in turn reduces the peak reconnection rate. In the new

model, the peak reconnection rate is roughly 1/+/5 times that in Lu et al. [Sci. Bull.

70, 2766(2025)], which scales approximately as 0.09,/ng/n;.
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1. Introduction

This reconnection rate—defined as the quantity of magnetic flux proceeded 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 fundamental plasma process for energy conversion from
magnetic energy to plasma kinetic and thermal energy via the rearrangement of
magnetic field topology . Magnetic reconnection has been long recognized as the
mechanism driving explosive phenomena in space, astrophysical and laboratory
plasmas, and its energy conversion efficiency is quantitatively determined by the

3—

reconnection rate *'!. Consequently, substantial efforts have been dedicated to

developing theoretical models for the quantitative prediction of this rate '>-1°,

The Sweet-Parker model is the first theoretical model for steady magnetic
reconnection '>!1°. 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

(wWhere
S denotes the Lundquist number). Notably, the Lundquist number is typically
extremely large in space and astrophysical plasmas, resulting in a predicted
reconnection rate that is too low to explain explosive phenomena 2°. 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 diffusion region (EDR) at its
center 2'?7, In the EDR, both ions and electrons are unmagnetized %*22%32 whereas
electrons become magnetized within the IDR 3°. Numerous simulations and
observations have confirmed that, in collisionless magnetic reconnection, the
normalized reconnection rate—based on a properly defined reconnecting magnetic
field and Alfvén speed—is on the order of 0.1 '°64%44 This value is sufficiently high

to account for explosive phenomena in space and astrophysical plasmas, such as solar

flares and magnetospheric substorms %
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Although the fast reconnection rate in collisionless magnetic reconnection has
attracted significant attention, its underlying mechanism remains a matter of ongoing
debate '®!7. Liu et al. (2022)'® proposed a theoretical model for the reconnection rate of
collisionless magnetic reconnection under steady-state conditions, assuming an
incompressible plasma. Energy conversion within the IDR induces the enhancement of
thermal pressure at the reconnection site, and then the depletion of magnetic field in
order to maintain the force-balance condition. At last, a sufficiently 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 & Liu (2021)*, and the predicted reconnection rate drops as the plasma
f becomes larger. Recently, in the analytical model proposed by Zhan et al. (2025)*,
the electric field and thermal pressure are shown to be crucial in modulating the
reconnection rate in electron-only reconnection®. 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 observations*>?>4>> In non-steady magnetic reconnection, a
pair of dipolarization fronts (DFs) due to the pileup of magnetic field is formed
downstream of the IDR>'"%’. Lu et al. (2025)" 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. (2025)'°. 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 prediction of the reconnection rate.

The remainder of this paper is organized as follows. In Section 2, we present the

details of the model. In Section 3, the simulation results are utilized to verify the validity

4
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of our model. The summary and discussion are given in Section 4.

2. Theoretical Model

The diffusion region of collisionless magnetic reconnection exhibit a two-layer
structure, with the EDR embedded at the core 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 (Eyg = VexpB,p) to investigate the evolution of the
reconnection rate (R = Eyg/(V4B,)). The diagram of the electron and ion diffusion
regions is plotted in Figure 1. Here, the aspect ratios of the EDR and IDR are assumed

to be the same, which is denoted by S;.

The x component of the electron momentum equation along the line z = 0 can

be described as in the follow,

av, av, . ap
neme ( aix + Vex a;x) = ]eyBZ —en E, — % (D
In general, the time derivative of the electron outflow velocity is negligible >"°.
Then, Eq. (1) can be written as,
av, . 0P,
NeMeVey a_;x = JeyB; —en Ey — ae;x ()

The right-hand side of the equation illustrates the contributions from the Lorentz

force, electric field and pressure gradient terms. According to V X B = u,J, we can

. 0By 0B, ) . . . . .
obtain a_zx — 5, = Ho (ey *+ Jiy)- During the evolution of magnetic reconnection, the

electron current density is much larger than the ion current density (jg, > j;,) in the

EDR when the reconnection rate approaches its peak value. We assume that the

magnetic field linearly changes in the EDR, and the aspectratiois S; = gLE = i—E. Then,
XE E

_ 1By

2
1- (Ls—f), and the first term on the right hand of Eq. (2) is approximately
E

Big 8¢
expressed as —=— (1 — ).
2uolE

In the theoretical model developed by Lu et al. (2025)'°, only the Lorentz force

tern is retained. In this paper, we further consider the contributions from the electric

5
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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 $ E - dl = % [[ B - ds along

the path X-1-2-X. When the reconnection rate approaches its peak value, % [[B-ds =~

0. At the same time, the parallel electric field is much smaller than the perpendicular

electric field %%®'  then, we can get — fxl en.E,dx ~ [ 12 en E,dz ~
. , . 0 .
—enyVeyp flz By,dz . According to (VX B), = Uojx, we obtain % = —Uojx =

toeneVey in the EDR, and B, = ugen,V,,z, which can be approximately considered

to linearly change with z. At last, the second term on the right hand of Eq. (2) is

1
about — EuoezngVeszdg/LE.

The reconnection electric field is approximately uniform in the EDR, and itis E, .

The work done to the electrons in the EDR is [f Eyxje,dxdz = [[ Voyg Bg ui (% —
0

9B,

2
o ) dxdz = ”ioVexEBzEBxE (1 - f—g) Lg. Although electrons within the EDR remain

unmagnetized and feature pronounced pressure agyrotropy >

, most of the dissipated
energy is anticipated to convert into outward electron enthalpy flux departing the EDR>.

Under the assumption of identical diagonal components for the electron pressure tensor,
. 5 2 SE\ Lg
this enthalpy flux reads EpexxEVexE(SE . Then, Pexxp = ngEBzE (1 - )— =

0

1%2) 8g

2 2
Z:sz (1- f—f), which is much larger than that at the X line. The third term on the right
0 E

hand of Eq. (2) is about — 2222 (1 — 2&
and of Eq. (2) is abou SMOLE( LZE).

Therefore, the electron outflow velocity just downstream of the EDR can be easily

obtained from Eq. (2),

1/2
1-Sf
VexE ~ VAe SLZ (3)
5<1+ fz>
de
B . \ . D
where V,, = - :fn is the electron Alfvén speed, and d; is the electron inertial
0fftelte

length based on the plasma density n,.
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The x component of the ion momentum equation along the line z = 0 can be

described as follows

OV iy Vi . OPjixx
nimi( ot + Vix ox _]inz _eniEx T T ox (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 =

—V, X B. Therefore, Eq. (4) can be written as

OV iy . OPixx
nmiVix == jyB, ——_ (5)

If the work done to the ions in the IDR is mainly converted to the ion enthalpy flux

2B%
5uo

2
away from the IDR, then pj,,; = 1- f—%), which is much larger than that at the X

line. In the 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

Vai(1-8?
Vs = LG50 (6)
where V,; = % is the ion Alfven speed based on the magnetic field B,; and the
oM

plasma density n;. Then,

Vixl Bxr |me 5[22:
Vist o, B fme g 7
Vexe  Bxe\mi ( d,’;Z) (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 background plasma of the Harris current sheet (n,;,), that
is n; ®=n, ®n,. At the same time, V;,L; = V;,;6; and V,,zLgp = Vo z8g. The
reconnection electric field is uniform in the inflow region, and V;;;By; = V,,5Byg.

Based on these, we can obtain

BxE Vixl
SxE . Vixl 8
Bxr VexE ®)
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Combining Eq. (7) and (8), we get

1

2 ©)

In the upstream of the IDR, the thermal pressure is assumed negligible, such that

Bxe _ [ (1 +
Bxr m;

the inward-directed magnetic pressure gradient force is balanced by the outward-

. . . B 1-57
directed magnetic tension '7, we have -2 ~ —=%
By  1+S7

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

1/4

1-52 | m; (1-52)2
Vexs ~ () *Vao 175 | (1+;2> (10)
a2

Combining Egs. (9) and (10), the reconnection electric field in the EDR (Eyg =

VexeBzg) can be expressed as

1-52\2 1
Eye ~ G125, () (1= SD)2BoVag (11)

2
1+5?

At last, the reconnection rate when the reconnection electric field is normalized to

ByV,o can be expressed as

~ Qoyires, (S5 (1 - spy (12)

1+S?

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

1452

variation of F = —S§ L 1 — S? dependent on the aspect ratio S;. F peaks at
7 L

about 0.09 when the aspect ratio S;, = 0.34. We assume that the reconnection rate

rises with the increase of the aspect ratio, and reaches the peak value about

Rpeax =0.09y/ny/n,, at the aspect ratio S, =0.34. The value is independent of the

ion-to-electron mass ratio, and is proportionally to /ny/n,.
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3. Simulation Setup and Validation

Two-dimensional (2D) particle-in-cell (PIC) simulations have been conducted
using the EPOCH PIC code to validate our theoretical model®. The initial equilibrium
is a Harris current sheet in the (x, z) plane, with a background density of n, = 0.08n,
(where ng is the peak density of the current sheet). Both ions and electrons initially
follow the Maxwellian distribution, with the temperature ratio of Tjy/T.q = 4 (where
T,, and T;y denote the initial temperatures of electrons and ions, respectively). The
simulation parameters are set as follows: the half-width of the current sheet is 6 =
0.5d; (where d; = c/w,,; is the ion inertial length based on ny), the ion-to-electron

mass ratio is m;/m, = 100, and the speed of light is ¢ = 15V, (where V,, =
By/\/uom;n, is the Alfvén speed, and B, is the asymptotic magnetic field). The

simulation domain spans L, X L, = 80d; X 20d;, with a spatial resolution of Ax =
Az = 0.05d;. The time step is At = 0.001Q;' (where Q; = eB,/m; is the ion
gyrofrequency). Periodic boundary conditions are applied in the x-direction, while
conducting boundaries are used in the z-direction. No initial perturbation is introduced

in the simulation.

Figure 2 shows the temporal evolution of (al-a5) the reconnection electric field
E, and (b1-b5) the nonideal electric field in the electron-frame (E + V, X B),,. As
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 (E + V., X B),, > 0. Magnetic field
pileup takes place downstream of the EDR, which initiates 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 (al-a5) the electron outflow velocity V,, and (b1-b5)
the ion outflow velocity V;, in Figure 3. Figure 3(c1-c5) displays the profiles of the
electron outflow velocity V1,,, the ion outflow velocity V;,, and the nonideal electric

field in the electron-frame (E + V., X B),, along the line z = 0, while Figure 3(d1-

9
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d5) exhibits the reconnection electric field E, and the magnetic field B, along the
same line. The electrons are accelerated and acquire an outflow velocity V,, within the
inner EDR. The electron outflow velocity V,, becomes larger and larger when the
electrons leave the X line, and reaches the peak value downstream of the inner EDR.
Meanwhile, the ion outflow velocity V;, rises gradually as ions depart from the X line.
Ions and electrons become coupled around the DF, where the magnetic field B, attains
its peak value, and the DFs can thus be regarded as the downstream boundary of the
IDR 6! Tt can also be observed from Figure 2(d1-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 E,x, the immediate downstream region of the EDR E|, and the
DF region E,,;. 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/(V40B,), experiences a self-reinforcing
process %64 It initiates a sharp increase starting at approximately ;t=40, and attains
its peak value 0.46 around ();t=47. In the subsequent phase (Stage II), the reconnection
rate R exhibits a gradual decline from about ();t=47. The reconnection electric field
immediate downstream of the EDR is given by E,p = VxgB,g (Where Vg and B,
denote the electron outflow velocity V,, and magnetic field B, at this position). In
the vicinity of the DF, both ion and electron species become magnetized, and the
corresponding reconnection electric field is formulated as E,; = Vi B, (with Vi,
and B,; representing the ion outflow velocity V;, and magnetic field B, near the
DF). It should be noted that the electron outflow velocity V,, 1is nearly identical to the
ion outflow velocity Vi, around the DF, i.e., Vi = V,y;. The magnitude of E,p is
roughly equivalent to that of the reconnection electric field at the X line. A pronounced
discrepancy between E,; and E,y emerges at about Q;t =47 and widens

progressively thereafter.

Figure 4(b-f) depicts the temporal variation profiles of multiple key physical

parameters associated with magnetic reconnection, as elaborated below: (b)the half-

10
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lengths of the EDR and IDR, denoted as L and L; respectively, (c) the magnetic
fields immediately downstream of the EDR and IDR, marked as B,z and B,;, (d) the
aspect ratios of the EDR and IDR, defined as S;; = 85/Lg (with &g representing the
half-width of the EDR) and S;; = §;/L; (with &, referring to the half-width of the
IDR), (e) the electron outflow velocity right downstream of the EDR V,, ¢, and the ion
outflow velocity immediately downstream of the IDR V,,, (f) the average magnitudes
of the ion number density (n;), electron density (n,), ion current density (j;,), and
electron current density (je,) within the EDR. As visualized in Figure 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 subsequent 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 B,z and B,;. Nevertheless, as
illustrated in Figure 3(c), the magnetic field B,; immediately downstream of the EDR
starts to decline in Stage II, attributed to the downstream expansion of the EDR, while
the magnetic field B,; immediately downstream of the IDR surges sharply in the same

stage.

According to Figure 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 V,,r and the ion/electron outflow velocity from the IDR V;,; = V,,; both climb
initially and reach a saturation state at approximately ();t=49, with their peak values

reaching around 4.2 and 1.0V, respectively, as presented in Figure 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 0.08n, during

Stage I, which is consistent with the background plasma density of the Harris current

11
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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 electron current density increases initially, and then
decreases once electrons depart from the EDR. Notably, it can be observed that the

electron current density far exceeds the ion current density after ();t=43.

From the simulation results, we find that key assumptions in the theoretical model
hold as the reconnection rate approach 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 distribution across
the diffusion region; (4) electron current dominates the current in the EDR; (5) the

aspect ratios of the EDR and IDR are approximately identical.

We also change the parameter ny/n; in the simulations while keeping the other
parameters unchanged to verify the relation between the peak reconnection rate and
Jng/n, predicted by the theoretical model. Figure 5(a) compares the peak

reconnection rates in different values of n, / n,, which is obtained in the simulations
and the theoretical models. In the figure, the peak reconnection rates in different values

of n, /n, predicted by Lu et al.! are also plotted. The peak reconnection rates

obtained in the simulations can be approximated as Rpeqx =0.12¢/15/m,,.

If we normalize the reconnection electric field to V,,B, (where V), =

B, /+/om;n, denotes the Alfven speed evaluated using the background plasma density

np), the peak reconnection rate derived from our theoretical model reads Rj,q,=0.09,

a constant value close to 0.1. Fig. 5(b) compares the peak reconnection rate normalized
to V,p B, in different values of n, / ny, which is obtained in the simulations and
theoretical models. The peak reconnection rates obtained in the simulations are around
0.12, although they slightly decreases with the increase of n;, / ny. This may be caused
by the thermal pressure which cannot be negligible in the upstream of the IDR when

ny / ny is sufficiently large.
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4. Conclusions and Discussion

Recently, Lu et al. (2025)" 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 reconnection rate is approximated as 0.2,/n,/n,. In this paper, we

extend the theoretical model developed in Lu et al. (2025)'° 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. (2025)', the peak reconnection rate predicted in our
model is 0.2\/n,/5n;, = 0.09@. The parameter 1/+/5 comes from the pressure
gradient. If we normalize the reconnection rate with ByVy,, (where Vy, =
B,/ \/m is the Alfvén 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 simulations 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 reconnection 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 reconnection rate by guide field and asymmetry of
reconnection configuration constitutes a key direction for our future work.
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Figure 3 The distribution of (al-a5) the electron outflow velocity V,,, and (b1-b5) the
ion outflow velocity V;, at Q;t =43, 44, 45, 46, and 47. The profiles of (c1-c5) the
electron outflow velocity V,,, the ion outflow velocity V;,, and the nonideal electric
field (E +V, X B),, and (d1-d5) the reconnection electric field E,, and the magnetic

field B, alongtheline z = 0 at Q;t =43, 44, 45, 46, and 47.

21



543

544

545

546

547

548

549

550

551

552
553

(b)

E, / (BoVio)

o Sie
- 504 [—Su
= k7]
@ a
0.5 3 0.2
0 0
35 40 45 50 35 40 45 50
ot Qt
e
6 ) 1.5 L) 1.5
- —ﬂ‘
—Vee - = =n
—_V € —_
g4 it 1 —,, [11 >g
> = P — gy 3
;x € S n £
2 0.5 . 105 =
AR -
~
AN
0 0 0
35 40 45 50 35 40 45 50

Q.t Qt
i i

Figure 4 The evolution of physical parameters around the X line. (a) The reconnection
electric field at the X line (Eyx), at the just downstream of the EDR (E,g), and at the

just downstream of the IDR (E,;). (b)the half-length of the EDR (Lg), and half-length
of'the IDR (L;). (c) the magnetic field just downstream of the EDR (B,z), and that just
downstream of the IDR(B,;). (d) The aspect of the EDR S,y = §5/Lg (Where 6p is
the half-width of the EDR), and the aspect of the IDR S;; = §;/L; (where §; are the
half-width of the IDR). (e) the electron outflow velocity just downstream of the EDR
(Vexg), and the ion outflow velocity just downstream of the IDR V;y,. (f) the average
values of the ion number density (n;), the electron density (n,), the ion current density

(Jiy), and electron current density (j,,,) in the EDR.
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Figure 5 The peak reconnection rates in different values of n;, / n,, which is obtained
in the simulations and the theoretical models. The simulation results are denoted by
blue dots, and fitted by the lease squares method. The peak reconnection rates in

1.19

different values of n, / n, predicted by Lu et al.”” and the theoretical model proposed

in this paper are also plotted. (a) The peak reconnection rates obtained in the simulations

can be approximated as Ry.qx =0.12/ng/n;, when the reconnection electric field is
normalized by V,,B,. (b) The peak reconnection rates obtained in the simulations can

be approximated as Rjq,=0.12 when the reconnection electric field is normalized by

VapBo.
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