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The rate of magnetic reconnection in non-steady state

In magnetic reconnection, magnetic energy is converted into plasma kinetic energy via the topological rearrangement of 

magnetic field lines. The reconnection rate, defined as the amount of magnetic flux being reconnected per unit time (or 

the electric field pointing out of the reconnection plane) at the reconnection site, serves as the primary quantitative 

measure for predicting the speed of energy conversion in magnetic reconnection. Collisionless magnetic reconnection 

has attracted significant attention because it can provide a fast reconnection rate, which is around 0.1 when normalized 

to a properly defined reconnecting magnetic field and Alfvén speed [1,2]. In collisionless magnetic reconnection with 

the width of the current sheet down to the ion inertial scale, the motions between ions and electrons are decoupled near 

the X line, which is called the Hall effect, and the diffusion region has a two-layer structure: the electron diffusion 

region (EDR) and ion diffusion region (IDR) [3,4]. Within the EDR, which spans electron inertial length around the X 

line, both the ion and electron motions are demagnetized. In the IDR with the spatial scale between the ion and electron 

inertial lengths around the X line, the ion motions are still demagnetized while the electrons remain frozen in the 

magnetic field.

The fast reconnection rate in collisionless magnetic reconnection has been considered to be related to the Hall effect for 

a long time, but the underlying mechanism still remains elusive [5,6]. Recently, Liu et al. [7] developed a theoretical 

model for the reconnection rate in steady-state collisionless magnetic reconnection. The essence of the model is that the 

energy conversion in the IDR causes a pressure depletion at the reconnection site, and then the upstream magnetic field 

develops an opening angle determined by the force-balance condition, enabling the reconnection rate to be of the order 

0.1. However, magnetic reconnection is always in a non-steady state, and a dipolarization front (DF) moving toward 

the downstream is formed due to the pileup of magnetic field from the reconnection site [8,9]. Despite its prevalence in 

natural systems, the fundamental mechanism governing fast reconnection rates in non-steady regimes remains 

unexplored. Here, with the help of two-dimensional (2-D) particle-in-cell (PIC) simulations of anti-parallel 

reconnection, we develop a first-principlesals theoretical model to explain the reconnection rate in non-steady magnetic 

reconnection.

A 2-D PIC simulation is performed to study the evolution of magnetic reconnection. The initial equilibrium 

configuration is a Harris current sheet in the (x, z) plane, and the background plasma density is  (where  is 

the peak density of the current sheet). Ions and electrons are assumed to satisfy the Maxwellian distribution with the 

initial temperature ratio , where ( ) is the initial temperature of electrons (ions). We set the half-width of 

the current sheet as (where  denotes the ion inertial length defined by ), the ion-to-electron mass 

ratio , and (where  denotes the light speed and  is the Alfvén speed, and  is 

the asymptotic magnetic field). The reconnection rate  is normalized by . The simulation domain measures 

, with the spatial resolution . The time step is  (where  is the 

ion gyrofrequency). Periodic boundary condition is assumed in the  x direction, while in the z direction, we use 

conducting boundary conditions. The system evolves spontaneously without artificial initial perturbations.

While two X-lines emerge simultaneously in the simulation domain, our analysis focuses exclusively on one. The 

characteristics around the selected X line are displayed in Fig. 1. The reconnection electric field is produced in the 

vicinity of the X line (Fig. 1a1). The EDR features a two-layer structure characterized by nonzero nonideal electric 
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fields : the inner EDR with  around the X line, and the outer EDR with  

in the downstream of the inner EDR (Fig. 1b1 and a2) [10,11]. Here, the inner EDR is actually the EDR described in 

the standard model of collisionless magnetic reconnection. Downstream of the outer EDR, the magnetic field is piled 

up, and a pair of DFs subsequently forms (Fig. 1c2). When the electrons move away from the X line, their outflow 

speed increases in the inner EDR, and peaks in the outer EDR (Fig. 1c1 and b2). The ion outflow speed increases 

slowly when they move away from the X line, and the peak value is located around the DF (Fig. 1d1 and b2). Around 

the DF region, the ion and electron motions are coupled together and frozen in with the magnetic field, and their 

outflow speeds are almost the same [12]. The DF can be considered as the downstream boundary of IDR (Fig. 1a2 and 

c2). In this paper, if there is no explicit statement, the EDR refers to the inner EDR. According to the generalized 

Ohm’s law, the electric field in the EDR can be expressed as , and the terms 

on the right-hand side are the convective electric field term, electron pressure divergence term, and electron inertia term, 

respectively. The reconnection electric field at the center of the EDR is dominated by the electron pressure divergence 

term, while that around just downstream of the EDR is contributed mainly by the convective electric field term (Fig. 1

d2). The electron inertia term is negligible compared with the other terms.

Magnetic reconnection experiences non-steady evolution (  and  online), and the reconnection rate 

 (the reconnection electric field at the X line normalized by  also changes with time. As shown in 

Fig. 2a, the evolution can be separated into two stages. During stage I (  = 35–43.5), the reconnection rate undergoes 

rapid enhancement, and it reaches the peak value 0.40 at about   =  43.5. In the second stage (Stage II), the 

reconnection rate  decreases gradually from about  = 43.5. The reconnection electric field just downstream of the 

Fig. 1

The distribution of physical parameters around the selected X line at  41.5. (a1) The reconnection electric field . (b1) the 

nonideal electric field , here the region with  is the inner EDR, which is circled by a red box. (c1) 

the electron outflow velocity . (d1) the ion outflow velocity . (a2) The profiles of  and  along the 

line , (b2) The profiles of electron outflow velocity  and ion outflow velocity  along the line , (c2) The profile of 

magnetic field  along the line , (d2) The reconnection electric field , the convective electric field term , the 

electron pressure divergence term , the electron inertia term ((−  along the line . The red and blue 

vertical dashed line in a2-d2 denotes the just downstream of the EDR and IDR.

i Images may appear blurred during proofing as they have been optimized for fast web viewing. A high quality version 

will be used in the final publication. Click on the image to view the original version.

Movie S1 Fig. S1



EDR can be expressed as  (where  and  are the electron outflow speed  and magnetic field  

just downstream of the EDR). Around the DF, both the ions and electrons become magnetized, and the reconnection 

electric field is  (where  and  are the ion outflow speed  and magnetic field  around the DF. 

Please note that the electron outflow speed  is almost the same as the ion outflow speed  around the DF, that is 

).  is almost the same as the reconnection electric field in the X line, and an obvious difference between 

 and  appears at about  = 42 and then becomes larger and larger. The length of the IDR increases slowly in 

Stage I, and downstream expansion accelerates significantly during Stage II. The length of the EDR almost does not 

change in Stage I, and it then begins to increase in Stage II (Fig. 2b). During magnetic reconnection, the magnetic flux 

is transferred from the upstream into the downstream through the X line, therefore, we can observe the enhancement of 

the magnetic field  in the downstream. However, the magnetic field  just downstream of the EDR begins to 

decrease in Stage II because of the expansion of the EDR toward the downstream, while the magnetic field  of the 

DF increases rapidly in Stage II (Fig. 2c). The aspect ratios of both the EDR and IDR increase in Stage I and then 

decrease in Stage II, and in Stage I they are almost the same because of the straightening out of magnetic field lines by 

the magnetic tension (Fig. 2d). The electron outflow speed from the EDR  and the ion (electron) outflow speed 

from the IDR  at first experiences an increase and then saturates at about  = 48, and their maximum values 

are about 5.0 and 1.0 , respectively (Fig. 2e). Fig. 2f shows the evolution of the plasma and current densities in the 

EDR. The electron and ion density in inner EDR is almost the same, and they decrease rapidly until about 0.1  in 

Stage I, which is almost the same as the background plasma density of the Harris current sheet. This leads to the same 

trend for the evolution of the ion current density in the inner EDR. Because the electrons in the EDR are easy to be 

accelerated by the reconnection electric field, the electron current density at first increases, and then decreases after the 

electrons move away from the EDR. However, a striking current disparity emerges after about  = 40, with electron 

current densities surpassing ion values by an order of magnitude. Based on these characteristics, we can plot the 

diagram of the electron and ion diffusion regions for theoretical modelling (Fig. 2g).

The scale of the reconnection electric field at the center of the EDR, which is dominated by the electron pressure 

divergence term, is determined by the trapping length of electrons in a field reversal. Their characteristic lengths in the 

 and  directions can be expressed as  and  (where  is the electron temperature) [

13]. In our simulation, the trapping length of electrons is smaller than that of the EDR. Therefore, the region where the 

electron pressure tensor term dominates is limited to the center of the EDR, and the reconnection electric field can be 

Fig. 2

The evolution of physical parameters around the selected X line. (a) The reconnection electric field at the X line ( ), at the just 

downstream of the EDR ( ), and at the just downstream of the IDR ( ). (b)the half-length of the EDR ( , and half-length of 

the IDR ( . (c) the magnetic field just downstream of the IDR , and that just downstream of the IDR . (d) The aspect of 

the EDR  (where  is the half-width of the EDR), and the aspect of the IDR  (where  is the half-width of 

the IDR). (e) the electron outflow speed just downstream of the EDR ( , and the ion outflow speed just downstream of the IDR 

. (f) the average values of the ion number density ( ), the electron density ( ), the ion current density ( , and electron 

current density ( ) in the EDR. (g) Diagram of the EDR and IDR.  is the asymptotic magnetic field of the current sheet,  and 

 are the magnetic fields just upstream of the IDR and EDR,  and  are the magnetic fields just downstream of the IDR and 

EDR,  and  are the half-widths of the IDR and EDR,  and  are the half-lengths of the IDR and EDR.

i Images may appear blurred during proofing as they have been optimized for fast web viewing. A high quality version 

will be used in the final publication. Click on the image to view the original version.



described as [3]. The reconnection electric field accelerates the electrons around the X line in the  

direction, and then the electron current density in the y direction increases. At the X line, the only force acting on the 

electrons is the electric field force, and the electron motions can be described as . When leaving 

away from the X line, the electrons perform meandering motions, their outflow speed  should be proportional to |

. At last, we can get . Therefore, the reconnection electric field at the center of the EDR 

experiences a self-reinforcing process, and grows rapidly over time [14].

The reconnection electric field at the X line is almost the same as that in the just downstream of the EDR, and we will 

use the latter one ( ) to investigate the evolution of the reconnection rate  in Stage I, where . 

Because the downstream boundary of the EDR moves slowly, the time derivation of the electron outflow velocity is 

negligible [12]. The  component of the electron momentum equation along the line  can be described as the 

follow

The contribution of Lorentz force (  is dominated in the EDR, and we neglects the contributions of the Hall 

electric field ( ) and electron pressure ( )(  online) [12]. Therefore, in the just downstream of the 

EDR the equation can be written as

According to , we can get (  With the growth of the reconnection electric field at the 

center of the EDR, the electron outflow speed  from the X line increases, and the magnetic field  is accumulated 

just downstream of the EDR. It leads to the decrease of current density  in the EDR. As shown in Fig. 2f, 

the decrease of the ion current density is much faster than that of the electron current density. When the reconnection 

rate approaches the maximum value (around  = 43.5), the electron current density is much larger than the ion current 

density . Therefore, . Because the magnetic field lines threading the X-line are 

approximately straight in Stage I, and we have . The electron outflow speed is

When the reconnection rate approaches the maximum value, the plasma density is nearly uniform in the diffusion 

regions, which is about the same as that of the background plasma of the Harris current sheet (  (  online), that 

is  and . The plasma is nearly incompressible, therefore,  and . The 

reconnection electric field areis uniform in the inflow region, . Based on these, we can obtain

We assume that the profile of the plasma pressure in the outflow direction is nearly uniform, and the pressure gradient 

force is small compared to the magnetic tension force. The ion outflow speed just downstream of the IDR is 

, where [5]. Then

According to Eqs. (4) and (5), the following equation can be obtained

(1)

Fig. S2

(2)

(3)

Fig. S3

(4)
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(6)



In the upstream of the IDR, the inward-directed magnetic pressure gradient force is balanced by the outward -directed 

magnetic tension[5], we have

Combing Eqs. (6) and (7), the reconnection electric field in the EDR  can be expressed as

At last, the reconnection rate reaches its peak value  when the aspect ratio is , then

The peak reconnection rate  is determined by  and the aspect ratio , while remaining independent of the 

ion-to-electron mass ratio. From  (online), which shows the variation of  as a function of 

, we can know that the maximum value of F is  at the aspect ratio . If  can reach up to , 

the peak reconnection rate during the evolution of non-steady reconnection is  based on Eq. (9), whereas 

our simulation yields  0.40 at  0.44. This discrepancy likely originates from neglected plasma pressure and 

ion current contributions within the EDR. From Fig. 2, we can also find that the aspect ratio  increases until the 

reconnection rate  reaches its peak value, where the aspect ratio  is close to  We have also run cases with 

different values of , and the evolution of the aspect ratio  and reconnection rate  is the same. Therefore, it is 

reasonable to assume that with the increase of the open angle of the EDR during non-steady reconnection, the peak 

reconnection rate  will at last reach the value .

We proposed a first-principles theory of the reconnection rate during non-steady magnetic reconnection in Harris-type 

current sheets. Based on 2D PIC simulations, we find that the reconnection electric field at the X line can be well 

represented by that just downstream of the EDR, where the electrons are magnetized. The reconnection electric field 

around the X line is dominated by the electron pressure tensor term, and it experiences a self-reinforcing process, which 

leads to a rapid increase in the electron outflow speed from the X line with time. When these electrons reach just 

downstream of the EDR, they are magnetized. Their outflow speed is limited by the Lorentz force, which depends on 

the opening angle of the EDR. The magnetic field is piled up downstream of the EDR, and the opening angle is then 

enhanced until the reconnection rate reaches a peak value. The peak value of the reconnection rate is on the order of 

0.1.

Our model also predicts that the peak reconnection rate is proportional to , while it is independent of the ion-to-

electron mass ratio. The relation between the peak reconnection rate and  obtained in simulations is consistent with 

the prediction based on Eq. (9) (  online). At the same time, the mass-ratio independence aligns with previous 

kinetic simulations [15]. It should be noted that choosing different definitions of the Alfvén speed can change the 

expression of the reconnection rate. The Alfvén speed in our paper is defined as , which is based on 

the initial peak density of the current sheet . This definition yields our derivation of Eq. (9). When adopting the 

upstream plasma density  to define the Alfvén speed as , the expression of the reconnection rate 

transforms to . With this definition, the peak reconnection rate yields about 0.20. This 

dependency highlights the critical importance of choosing normalization parameters, particularly for in-situ satellite 

diagnostics where global measurements are inherently unavailable..
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