
1. Introduction
Magnetic reconnection provides an energy conversion mechanism in plasma, which transfers magnetic energy 
into plasma kinetic and thermal energy. It is related to a variety of explosive phenomena in space plasma, such 
as solar flares, coronal mass ejections (CMEs), and magnetosphere substorms (Angelopoulos et al., 2008; Lin 
& Forbes, 2000; Murayama, 1986; Tsuneta et al., 1992). Plasma in space is usually collisionless. In collisionless 
magnetic reconnection, a small electron diffusion region (EDR) is embedded in a large ion diffusion region 
(IDR) (Birn & Hesse, 2001; Divin et al., 2012; Nagai, 2003; Shay et al., 2007). The Hall effect, which results 
from the separate motions between ions and electrons, is considered to play a crucial role in the ion diffusion 
region (IDR) of collisionless magnetic reconnection (Biskamp et al., 1997; Lu et al., 2013; Ma & Bhattachar-
jee, 2001; Mandt et al., 1994; Pritchett, 2001; Shay et al., 1998; Sonnerup, 1979). In the ion diffusion region 
(IDR), the ion motions are decoupled from the magnetic field, and electrons flow into the electron diffusion 
region (EDR) along the separatrices (Fujimoto et al., 2001; Hoshino et al., 2001; Lu, Huang, et al., 2010; Mozer 
et al., 2002; Owen, 2005). The electrons are accelerated in the electron diffusion region (EDR) (Fu et al., 2006; 
Huang et al., 2010; Hesse et al., 2014; Karimabadi et al., 2007; Manapat et al., 2006; Torbert et al., 2018), and 
then flow out along the magnetic field in the outflow region (Nagai et al., 2001; Wang et al., 2010). At last, the 
Hall current system and the quadrupole Hall magnetic field structure are formed in the separatrix region (Borg 
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Plain Language Summary Magnetic reconnection is a universal process in which the topology of 
the magnetic field changes, accompanied by plasma heating and particle acceleration. During reconnection, 
electrons moving along the separatrices toward the X-line form the electron inflow. The electron inflow 
has been confirmed in simulations and observations, but its generation mechanism remains unclear. This 
paper focuses on the dynamics of inflow electrons along the separatrices during magnetic reconnection, and 
quantitatively analyzes the formation of electron inflow. We found that the formation of electron inflow is 
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et al., 2005; Drake et al., 2008; Lu, Huang, et al., 2010; Sang et al., 2019; 
Wang et al., 2000).

The Hall current system has been studied in both observations and simula-
tions (Angelopoulos et al., 2020; Eastwood et al., 2010; Wang et al., 2014), 
while the generation mechanism of electron inflow along the separatrices 
is still in debate. In previous studies, it has been considered that there is a 
parallel electric field distributed along the field lines in the separatrix region 
to drive the electrons to stream toward the EDR, and the amplitude of the 
parallel electric field along the field line is negligibly small (Uzdensky & 
Kulsrud, 2006). In recent years, a large-scale parallel electric field has been 
discovered in kinetic simulations (Egedal et  al.,  2012; Fujimoto,  2014). 
The formation of the parallel electric field may help to increase the paral-
lel incoming electron flux to maintain quasi-neutrality (Drake et al., 2005; 
Egedal et al., 2015; Fujimoto, 2014). The amplitude of the parallel electric 
field is argued to be related to the upstream plasma βe (Egedal et al., 2015; 
Le et al., 2010). Some scholars found that the parallel electric field is mainly 
provided by the out-of-plane electric field, and its amplitude is related to the 
background plasma density (Bessho et al., 2015).

In the meantime, the magnetic mirror pattern distributed in the separatrix region is considered to be another possi-
ble mechanism to drive electron inflow to stream toward the EDR (Lu, Huang, et al., 2010). Due to the topologic 
change of the magnetic field, the strength of the magnetic field decreases along the separatrices toward the X-line, 
which indicates that the magnetic mirror force may accelerate the electron inflow in the parallel direction and 
drive them to stream toward the EDR. However, until now, there is no consensus on quantitative contributions 
of the parallel electric field and magnetic mirror force to the formation of electron inflow along the separatrices.

The present paper uses a two-dimensional (2-D) particle-in-cell (PIC) simulation model to study the formation 
of electron inflow along the separatrices. We conduct force analysis on inflow electrons from the perspective of 
fluid, to reveal how the electron inflow is formed. In addition, we also discuss the contributions of the parallel 
electric field and magnetic mirror force on the acceleration of electron inflow under different background plasma 
densities and temperatures.

2. Simulation Model
A 2-D particle-in-cell (PIC) simulation model is used in this paper to study the formation of electron inflow 
along the separatrices during magnetic reconnection, and the simulations are performed on the x–z plane. The 
code has been successfully used to study collisionless magnetic reconnection and plasma waves (Fu et al., 2006; 
Huang et al., 2010; Lu, Huang, et al., 2010; Lu, Zhou, et al., 2010). The initial configuration is the Harris current 
sheet without a guide magnetic field. The initial magnetic field is B(z) = B0 tanh(z/δ)ex, and the density profile 
is n(z) = n0sech 2(z/δ) + nb. Here, B0 is the asymptotical magnitude of the magnetic field, δ is the half-thickness 
of the current sheet, n0 is the peak density in the current sheet, and nb is the uniform background density. The 
half-thickness of the current sheet is δ = 0.75di, where di is the ion inertial length based on n0.

The initial velocity distributions of ions and electrons in the Harris current sheet are assumed to be Maxwellian 
with the temperature ratio Ti0/Te0 = 4 (where Ti0 and Te0 are the ion and electron temperatures in the Harris current 
sheet, respectively). The speed of light is assumed to be c/VA = 15, where VA is the Alfvén speed based on B0 
and n0. Note that 𝐴𝐴 𝐴𝐴𝐴𝐴Ω

−1

𝑖𝑖
= 𝑑𝑑𝑖𝑖 , where Ωi is the ion gyrofrequency based on B0. An initial perturbation is imposed 

on the equilibrium magnetic flux ψ, in the form of ψ1 = 0.1B0disech 2(x/2δ)sech 2(z/δ). The simulation domain is 
Lx × Lz = (50di) × (25di), with the spatial resolution Δx = Δz = 0.0125di. The time step is ΩiΔt = 0.0005. The grid 
number is Nx × Nz = 4,000 × 2,000. We use about 5 × 10 8 particles for each species in the simulation. Periodic 
boundary conditions are used in thex direction. Perfect conducting boundary conditions for electromagnetic fields 
and reflecting boundary conditions for particles are used in the z direction.

We perform 11 cases to study the electron inflow under different plasma parameters, and the details can be 
referred to in Table 1. Note that Tb/T0 = Tib/Ti0 = Teb/Te0, where Tib and Teb are the temperatures of background 

nb/n0 Tb/T0 mi/me

Case 1 0.05 1 100

Case 2 0.05 1 25

Case 3 0.05 1 400

Case 4 0.02 1 100

Case 5 0.1 1 100

Case 6 0.4 1 100

Case 7 0.2 1 100

Case 8 0.2 1/2 100

Case 9 0.2 1/4 100

Case 10 0.2 1/8 100

Case 11 0.2 1/16 100

Table 1 
The Parameters Used in Cases 1–11
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ions and electrons, respectively. In cases 1–3, we change the ion-to-electron 
mass ratio mi/me and keep other parameters the same. In cases 1 and 4–7, we 
change nb/n0 and keep other parameters the same. In cases 7–11, we change 
Tb/T0 and keep other parameters the same.

3. Simulation Results
We at first describe the results of case 1. Figure 1 shows the reconnection 
rate Δψ/Δt. In this case, the reconnection rate begins to grow rapidly from 
about Ωit = 20 and reaches a peak for the first time at about Ωit = 27. Figure 2 
shows the distributions of (a) the electron bulk velocity in the x direction 
Vex, (b) the amplitude of the magnetic field B, and (c) the parallel poten-
tial ϕ‖ at Ωit = 0, 20, 27, and 33. Here, ϕ‖ is a pseudo-potential defined as 

𝐴𝐴 𝐴𝐴‖ (𝑙𝑙𝑥𝑥) = − ∫
𝑙𝑙𝑥𝑥

𝑙𝑙𝑏𝑏
𝐄𝐄 ⋅ d𝐥𝐥 = − ∫

𝑙𝑙𝑥𝑥

𝑙𝑙𝑏𝑏
𝐸𝐸‖d𝑙𝑙 , which is calculated by the integration of 

the parallel electric field E‖ along a definite magnetic field line from the 
boundary to the point lx (where lbis the location of the magnetic field line 

at the boundary). It is worth noting that when an electron moves from the upstream toward the X-line along the 
magnetic field line, eϕ‖ represents the increased energy of this electron from the work done by the parallel electric 
field. In the figure, the magnetic field lines and the separatrices are plotted as a reference. The electron inflow 
and outflow are gradually formed at about Ωit = 20. At about Ωit = 33, the electron inflow and outflow are well 
developed. In this paper, the electron inflow is specified as a group of electrons whose bulk velocity points to 
the X-line, distributed in the region of Vex > 0 in x < 0 andVex < 0 in x > 0, which is located in the separation 
region. The electron inflow streams toward the X-line along the separatrices. Meanwhile, the electron outflow is 
generated closer to the current sheet than the inflow. A mirror pattern of the magnetic field is produced around 
the X-line, and a strong parallel potential is also formed around the separatrices. Both the mirror pattern of the 

Figure 1. The reconnection rate, Δψ/Δt, of case 1.

Figure 2. The distributions of (a) the electron velocity in the x direction Vex, (b) the magnetic field strength 
B, and (c) the parallel potential ϕ‖ of case 1 at Ωit = 0,20,27, 33. Here, ϕ‖ is a pseudo-potential, defined as 

𝐴𝐴 𝐴𝐴‖ (𝑙𝑙𝑥𝑥) = − ∫
𝑙𝑙𝑥𝑥

𝑙𝑙𝑏𝑏
𝐄𝐄 ⋅ d𝐥𝐥 = − ∫

𝑙𝑙𝑥𝑥

𝑙𝑙𝑏𝑏
𝐸𝐸‖d𝑙𝑙 . It measures the integration of the parallel electric field E‖ from the boundary to the point 

lx along a definite magnetic field line, where lb is the location of the magnetic field line at the boundary. The black solid lines 
are magnetic field lines and the dashed lines are the separatrices.
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magnetic field and the parallel electric potential can contribute to the formation of the electron inflow along the 
separatrices. In the following, we will analyze the roles of the parallel electric potential and the magnetic mirror 
in the formation of electron inflow.

In the later stage of reconnection, secondary magnetic islands are generated and they make the reconnection 
process turbulent (Lu, Angelopoulos, et al., 2019; Lu, Artemyev, et al., 2019). This article focuses on the forma-
tion of electron inflow in the stage before the emergence of the secondary magnetic islands; thus we choose the 
moment when the reconnection rate reaches its first peak to study. Figure 3 displays (a) the electron bulk velocity 
in the parallel direction Ve‖, (b) the electron bulk velocity in the perpendicular direction Ve⊥, (c) the charge density 

e(ni − ne), and (d) the parallel electron temperature Te‖ at Ωit = 27. Here, 𝐴𝐴 𝐴𝐴𝑒𝑒⟂ =

√(

|𝐕𝐕e|2 − 𝐴𝐴
2

𝑒𝑒‖
)∕2

)

. In Figure 2, 

the EDR, which is defined by the region where Ey + (Ve × B)y ≠ 0 (Karimabadi et al., 2007; Shay et al., 2007), 
is denoted by a rectangle. It is worth mentioning that the ion diffusion region (IDR) is distributed from about 
z = −4di to 4di over the entire x-direction, which is defined by the region where Ey + (Vi × B)y ≠ 0. Here, the 
maximum speed of the electron inflow can be obtained from Ve||, which is about 4VA, much larger than the electron 
perpendicular velocity in the separatrix region. There is an obvious charge separation around the separatrices, 
which may contribute to the parallel potential as shown in Figure 1c. When the electrons move toward the X-line 
along the separatrices, they are also heated in the parallel direction, leading to the enhanced parallel electron 
temperature in the separatrix region.

In collisionless plasma, the evolution of the electron bulk velocity can be described by the generalized Ohm's law 
that follows from the electron momentum equation,

𝑛𝑛𝑒𝑒𝑚𝑚𝑒𝑒

d𝐕𝐕𝐞𝐞

d𝑡𝑡
= −𝑒𝑒𝑛𝑛𝑒𝑒 (𝐄𝐄 + 𝐕𝐕𝐞𝐞 × 𝐁𝐁) − ∇ ⋅ ℙ𝕖𝕖 (1)

where ne is the density of electrons, Ve is the electron bulk velocity, and ℙ𝕖 is the electron pressure tensor. We only 
consider the electron motions parallel to the magnetic field lines; thus we get medVe‖/dt = −eE‖ − (∇ ⋅ ℙ𝕖)||. After 
calculation, we found that around the separatrices outside of the EDR, the non-gyrotropic terms of the pressure 
tensor contribute little to the parallel components of the divergence of the pressure tensor; thus we can ignore it. 
Using 𝐴𝐴 𝐴𝐴𝑒𝑒⟂𝕀𝕀 +

(
𝐴𝐴𝑒𝑒‖ –𝐴𝐴𝑒𝑒⟂

)
𝐛𝐛𝐛𝐛 to substitute ℙ𝕖, we get (∇ ⋅ ℙ𝕖)|| = ∇||Pe‖ − (Pe‖ − Pe⊥)∇||𝐴𝐴 ln B (Egedal et al., 2013; Liu 

et al., 2013), where b = B/B, 𝐴𝐴 𝕀𝕀 is the unit tensor, and Pe⊥ and Pe‖ are electron pressure in the directions perpendic-
ular and parallel to the magnetic field, respectively. At last, we can find that the electron bulk velocity along the 
magnetic field can be described by the following equation,

Figure 3. The distributions of (a) the electron bulk velocity in the parallel direction Ve‖, and the green line is a selected separatrix; (b) the electron bulk velocity in the 
perpendicular direction Ve⊥; (c) the charge density e(ni−ne); and (d) the parallel electron temperature Te‖ of case 1 at Ωit = 27, when the reconnection rate reaches its 

first peak. Here, 𝐴𝐴 𝐴𝐴𝑒𝑒⟂ =

√(

|𝐕𝐕e|2 − 𝐴𝐴
2

𝑒𝑒‖

)

∕2. The region inside the rectangle is the electron diffusion region, which is defined by Ey + (Ve × B)y ≠ 0. The black solid 
lines are magnetic field lines and the dashed lines are the separatrices.
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The three terms on the right side of Equation 2 are the parallel electric field, the gradient of parallel pressure, and 
the magnetic mirror force, respectively. The gradient of parallel pressure consists of two items, (−∇‖Pe||/ne) is the 
effect of the spatial variation of the parallel pressure, and (Pe‖∇‖𝐴𝐴 lnB/ne) results from the expansion or contraction 
of the magnetic flux tube. After integrating Equation 2 along a selected separatrix (as denoted by the green line 
in Figure 3a), where the electron inflow streams toward the X-line, we can get

𝑚𝑚𝑒𝑒 ∫

𝑙𝑙𝑥𝑥

𝑙𝑙𝑏𝑏

d𝑉𝑉𝑒𝑒‖

d𝑡𝑡
d𝑙𝑙 = 𝑒𝑒

[
𝜙𝜙‖ (𝑙𝑙𝑥𝑥) − 𝜙𝜙‖ (𝑙𝑙𝑏𝑏)

]
+
∫

𝑙𝑙𝑥𝑥

𝑙𝑙𝑏𝑏

1

𝑛𝑛𝑒𝑒
(−∇‖𝑃𝑃𝑒𝑒‖ + 𝑃𝑃𝑒𝑒‖∇‖ ln𝐵𝐵) d𝑙𝑙 + ∫

𝑙𝑙𝑥𝑥

𝑙𝑙𝑏𝑏

(

−
𝑃𝑃𝑒𝑒⟂

𝑛𝑛𝑒𝑒
∇‖ ln𝐵𝐵

)

d𝑙𝑙 (3)

where lb is the starting point at the boundary, and the integral is calculated from the position lb to lx. The term on 
the left side describes the formation of the electron inflow. The first term on the right side represents the contri-
bution of the parallel electric field, the second term comes from the parallel electron pressure, and the third term 
results from the magnetic mirror force. For convenience, we name each term of Equation 3 from left to right as 
“electron inertia term,” “electric field term,” “electron pressure term” and “mirror force term.” Note that Equa-
tion 3 is invalid within the EDR due to the effect of the non-gyrotropic terms of the pressure tensor, caused by the 
nonadiabatic motions of electrons.

By calculating Equation 3, we can quantitatively analyze the formation of the electron inflow toward the X-line. 
Figure 4a shows the amplitudes of the four terms in Equation 3 along the selected separatrix denoted by the green 
line in Figure 3a, where the horizontal axis represents the position of the point lx in the x direction. The time slot 
is selected at Ωit = 27, when the reconnection rate attains its first peak. Note that the electron inertia term can also 
be expressed as 𝐴𝐴 ∫

𝑙𝑙𝑥𝑥

𝑙𝑙𝑏𝑏

d𝑉𝑉𝑒𝑒‖

d𝑡𝑡
d𝑙𝑙 = ∫

𝑙𝑙𝑥𝑥

𝑙𝑙𝑏𝑏

𝜕𝜕𝑉𝑉𝑒𝑒‖

𝜕𝜕𝑡𝑡
d𝑙𝑙 + ∫

𝑙𝑙𝑥𝑥

𝑙𝑙𝑏𝑏
𝐕𝐕𝐞𝐞 ⋅ ∇𝑉𝑉𝑒𝑒‖d𝑙𝑙 . When calculating the term ∂Ve∥/∂t, we use the difference 

of Ve∥ between Ωit = 27.1 and 26.9, which is an approximate treatment. From Figure 4a, we can find the two sides 
of the equation are nearly balanced. It is easy to find that both the parallel potential and mirror force can lead 
to the formation of electron inflow, although the contribution of the parallel electric potential is dominant. The 
parallel electric field does positive work throughout the entire path, while the magnetic mirror force begins to 
make positive contributions from about x = −6di. When the electrons move toward the X-line along the magnetic 
field and obtain the bulk velocity in the parallel direction, they are also heated in the parallel direction as shown 
in Figure 3d. The resulted gradient of the parallel pressure leads to the deceleration of the electron inflow. Please 
note, at about x = −1.4di (denoted by the vertical dashed line), the inflow electrons enter the EDR, and Equation 3 
may be invalid.

Figure 4. The integration of Equation 3 in (a) case 1, (b) case 2, and (c) case 3, along the selected separatrix denoted by the green line in Figure 3a. The black solid 
lines are the electron inertia term, the black dotted lines are the sum of the three terms on the right side of Equation 3, the red lines are the electric field term, and the 
blue lines are the electron pressure term, and the green lines are the mirror force term. The vertical dashed lines mark the positions x = −1.4di, −1.8di, and −0.9di, 
which are the boundaries of the electron diffusion region in each case.
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We simulate cases 2–3 with mi/me = 25 and 400, keeping other parameters the same as case 1. We select the sepa-
ratrix as denoted in Figure 3a in cases 2–3 and calculate Equation 3. The results are shown in Figures 4b and 4c. 
Note that there is a difference between the electron inertia term and the sum of the three terms on the right side 
of Equation 3 in the case with mi/me = 400. The difference may be caused by the noises of high frequency, which 
is less important in the cases with a smaller mass ratio. In cases 2–3, the electron inflow is accelerated by the 
parallel electric field and mirror force, and decelerated by the gradient of parallel electron pressure. Meanwhile, 
the parallel electric field plays a dominant role in the formation of electron inflow. The main conclusions are 
consistent when the mass ratio changes.

The magnetic field around the X-line is weak; therefore, it is easy to know that when moving toward the X-line 
along the magnetic field, the electron inflow can be accelerated by the mirror force in the parallel direction. 
Therefore, we will focus on the generation mechanisms of the parallel electric potential and parallel pressure. 
In the following, we still show the results of case 1 as a representative. In general, the electric field is composed 
of electrostatic and electromagnetic (induced) components. The detailed method to separate the parallel electric 
field into the electrostatic and electromagnetic components can be found in Lu et al. (2021). Figure 5a plots the 
contributions of the electrostatic and electromagnetic components to the parallel potential along the selected 
separatrix (as denoted in Figure 3a) at Ωit = 27. In the figure, ϕ‖ is the integral of the parallel electric field as 
defined above. ϕ‖1 and ϕ‖2 are contributed by the electrostatic and electromagnetic parts, respectively. There 
is a slight difference between ϕ‖ and ϕ‖1 + ϕ‖2 near the X-line, which may be caused by the inaccuracy of the 
calculated parallel electric field due to the weak magnetic field. We can find that the electromagnetic component 
is larger than the electrostatic component on the separatrix. We also decompose other cases mentioned in the 
Simulation Model section, and the results are consistent (not shown). The electromagnetic component is mainly 
provided by the out-of-plane electric field (Bessho et al., 2015; Lu et al., 2021). Near the separatrices, the exist-
ence of the out-of-plane Hall magnetic field enables the out-of-plane electric field to provide the parallel electric 
field. The electrostatic component is formed due to the charge separation in the parallel direction as shown in 
Figures 5b and 3c.

Figure 5. The distributions of (a) parallel potentials and (b) the charge density e(ni − ne) along the selected 
separatrix denoted by the green line in Figure 3a in case 1. ϕ‖ is the integral of the parallel electric field, defined as 

𝐴𝐴 𝐴𝐴‖ (𝑙𝑙𝑥𝑥) = − ∫
𝑙𝑙𝑥𝑥

𝑙𝑙𝑏𝑏
𝐄𝐄 ⋅ d𝐥𝐥 = − ∫

𝑙𝑙𝑥𝑥

𝑙𝑙𝑏𝑏
𝐸𝐸‖d𝑙𝑙 , where lb is the starting point of the field line at the boundary, lx is the ending point of the 

integration, ϕ‖1 is the electrostatic component of the parallel electric potential, and ϕ‖2 is the electromagnetic component of 
the parallel electric potential. The vertical dashed line marks the position x = −1.4di, which is the boundary of the electron 
diffusion region.
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Figure 6 shows (a) the distribution of the parallel electron bulk velocity Ve∥, (b) the electron distribution in the 
(x − ve∥) phase space (where ve∥ is the electron velocity in the parallel direction), and (c) the electron pitch angle 
distribution α along the selected separatrix (as denoted in Figure 3a). Here, the distribution f is normalized to 
the local electron number density. From the boundary to aboutx = −6di, the electron inflow is mainly acceler-
ated by the parallel electric field. The parallel electron bulk velocity increases and the electron pitch angles are 
gradually concentrated at 0°. From about x = −6di tox = −1.4di, the contribution to the deceleration of electron 
inflow by the parallel electron pressure increases (as shown in Figure 4a), which is caused by the mixing of the 
inflow electrons in the parallel direction and the electrons in the antiparallel direction from the opposite side. The 
electrons in the antiparallel direction are decelerated by the parallel electric field and mirror force, and they are 
almost confined in the regions of x > −6di, where x = −6di is the location of the mirror point of the field line. 
The bidirectional distribution of the electron pitch angles is the result of the mixing process as well. In this way, 
the parallel electron pressure becomes large when the electron inflow moves toward the X-line, and the inflow 
speed is reduced at about x = −4di. At about x = −1.4di, the electrons enter the EDR and the electron pitch angles 
are scattered to 90°.

We simulate the other nine cases by changing the background plasma density and temperature to compare the 
contributions of the parallel electric field and magnetic mirror force to the formation of the electron inflow. We 
calculate Equation 3 along the separatrices from the boundary of the simulation box, ending at the boundary of 
EDR. Figure 7a plots the electric field terms and mirror force terms in cases 1 and 4–7. In these cases, we change 
the background plasma density while keeping the background plasma temperature unchanged. We select the 
moments when the reconnection rates reach their first peaks for analysis. With the decrease of background plasma 
density, the contribution of the parallel electric field increases, while the contribution of magnetic mirror force 
almost remains the same, which could be inferred from Equation 3 that the mirror force is independent of elec-
tron density. The increase of the parallel electric potential may be contributed by the larger out-of-plane electric 
field, which is caused by the higher reconnection rate under a lower background density (Bessho & Bhattachar-
jee, 2010; Lu, Angelopoulos, et al., 2019; Lu, Artemyev, et al., 2019; Wu et al., 2011).

Figure 7b shows the electric field terms and mirror force terms in cases 7–11. In these cases, we change the back-
ground plasma temperature while keeping the background plasma density unchanged. We select the moments 

Figure 6. The distribution of (a) the parallel electron bulk velocity Ve∥, (b) the electron distribution in the x − ve∥ phase space 
(where ve∥ is the electron velocity in the parallel direction), and (c) the electron pitch angle distribution α on the selected 
separatrix denoted by the green line in Figure 3a in case 1, wherein the distribution f is normalized to the local electron 
density. The vertical dashed lines mark the positionx = −1.4di, which is the boundary of the electron diffusion region.
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when the reconnection rates reach their first peaks as well. With the decrease of the background plasma temper-
ature, the contribution of the mirror force becomes small, which can be inferred from Equation 3 that the contri-
bution of the mirror force is positively related to the electron temperature, while the contribution of the parallel 
electric field increases. After decomposing the parallel electric field, we found that the increase of the parallel 
electric potential is mainly from the electrostatic component (not shown), which may be caused by the stronger 
charge separation in the parallel direction, contributing to a stronger electrostatic component of the electric field.

The ratios of the contributions of the parallel electric potential and the magnetic mirror in cases 1 and 4–11 are 
about 9.5, 11.1, 7.3, 2.8, 2.4, 6.4, 17.1, 37.4, and 40.0, respectively, which show that the parallel electric field 
dominates the acceleration of the electron inflow, but the mirror force cannot be ignored, especially when the 
density and temperature of the background plasma are not too low.

4. Conclusions and Discussion
In conclusion, by performing 2-D PIC simulations, we analyzed the dynamics of inflow electrons along the 
separatrices during magnetic reconnection from the perspective of fluid. We found that the electron inflow is 
accelerated by the parallel electric field and magnetic mirror force and decelerated by the gradient of parallel 
electron pressure. In general, the parallel electric field plays a major contribution to the formation of the electron 
inflow, but the contribution of mirror force cannot be ignored. The deceleration of electron inflow by the gradient 
of parallel electron pressure is caused by the mixing of inflow electrons from the left and right sides of the EDR. 
Meanwhile, by examining the cases with different mass ratios, we can deduce that our conclusions should be 
applicable under the realistic mass ratio.

The contribution of the mirror force is almost independent of the background plasma density but positively related 
to the background plasma temperature. The contribution of the parallel electric field increases with the decrease 
of background plasma density and temperature. Only when both the background plasma density and temperature 
are sufficiently high, the contribution of the mirror force may be comparable to that of the parallel electric field.

Bessho et al.  (2015) argued that the parallel electric potential is mainly provided by the out-of-plane electric 
field (electromagnetic component), and the decrease of the background plasma density leads to an increase in the 
reconnection electric field thus the parallel electric potential increases. Meanwhile, Egedal et al. (2015) put force 
that a parallel electric potential caused by the charge separation will appear and accelerate inflow electrons under 
a small upstream βe, which implies that the parallel electric potential comes from the electrostatic component. In 
our simulations, after the decomposition of the parallel electric field, we found that the parallel potential is mainly 

Figure 7. (a) The contributions of the parallel electric field and mirror force in cases 1 and 4–7, and (b) the contributions 
of the parallel electric field and mirror force in cases 7–11, which are obtained by calculating the electric field term and 
mirror force term in Equation 3 along the separatrices from the boundary of the simulation box, ending at the boundary of the 
electron diffusion region.
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contributed by the electromagnetic component, but when the background temperature and density are relatively 
small, the contribution of the electrostatic component cannot be ignored.

In recent years, high-speed electron inflows along the separatrices during reconnection are observed in Earth's 
magnetotail and magnetosheath by Magnetospheric Multiscale spacecraft. Eriksson et al. (2018) observed elec-
tron inflow with velocity up to 500 km/s accompanied by parallel electric field fluctuations in the separatrix 
region during magnetosheath reconnection and proposed that the electron inflow is accelerated by the parallel 
potential. Norgren et al. (2020) observed that the electrons from the lobe region of magnetotail are accelerated 
toward the X-line in the separatrix region during magnetotail reconnection. Our results are consistent with the 
observations.

Data Availability Statement
The authors gratefully acknowledge the data resources from the “National Space Science Data Center, National 
Science & Technology Infrastructure of China (http://www.nssdc.ac.cn).” The data set for the figures in this arti-
cle can be downloaded from “https://dx.doi.org/10.12176/01.99.02384”.
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