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Abstract Asa ubiquitous process in plasma environments, magnetic reconnection is responsible for
releasing magnetic energy and energizing charged particles. However, the evolution of energy conversion and
particle behavior in non-steady-state reconnection is poorly understood. Through particle-in-cell simulation, we
present the energy conversion process in the electron diffusion region (EDR) during the temporal evolution of a
spontaneous reconnection process under non-steady-state conditions. Our results suggest that the non-steady-
state energy conversion pattern presents distinct features at different stages. Moreover, particle motions and
their distributions also show various levels of anisotropy at different times. By examining the energy conversion
equations and distribution functions, we show how and when electrons and ions become significantly
anisotropic over time. The most drastic changes in energy conversion and particle behavior happen at the stage
when the reconnection rate sharply rises; meanwhile, a large proportion of mass and energy is expelled from the
EDR via enthalpy flux and bulk kinetic energy transport. Our results stress the non-steady-state nature of
magnetic reconnection. These features can be vital to the development of the fast reconnection rate, which may
further determine the energy conversion of the overall reconnection process.

1. Introduction

Magnetic reconnection is a fundamental process in the space environment, during which the topology of magnetic
field lines changes while the magnetic energy is released and plasma is accelerated and heated. Magnetic
reconnection occurs in various plasma environments and is related to vital processes such as solar flares and
coronal mass ejections (Barta et al., 2011; Lin & Forbes, 2000; Takasao et al., 2012) in the solar atmosphere, and
interaction between the solar wind and planetary magnetosphere (Burch & Phan, 2016; Fuselier et al., 2020; Q. Lu
etal.,2022; R. Wang et al., 2010; S. Wang et al., 2020), related to the substorms (Angelopoulos et al., 2008; Baker
et al., 1996; Kepko et al., 2015). Furthermore, the process also occurs in the ground experimental facilities
(Dorfman et al., 2014; Nagayama et al., 1996; Ren et al., 2005; Sang et al., 2022; Tharp et al., 2012; Wes-
son, 1990; Yamada et al., 1994). Magnetic reconnection is responsible for particle energization in space
environments.

Models of magnetic reconnection usually assume reconnection reaches a steady state. Most of those models focus
on a specific time to investigate the force balance or energy transfer but omit the time evolution during the
process. Recent theoretical works suggest the geometry of the diffusion region of magnetic reconnection de-
termines how fast reconnection proceeds, that is, the reconnection rate (Y. H. Liu et al., 2017, 2022), verifying
that the reconnection rate is at the order of 0.1 in the steady-state assumption (Cassak et al., 2017; Shay
et al., 1999). However, magnetic reconnection has been detected to be unsteady in various plasma environments
in nature (Angelopoulos et al., 2013; H. S. Fu et al., 2013; Imada et al., 2007; Sitnov et al., 2009). Simulations
have also found that the structures of the diffusion region and the parameters of the fields and plasmas can change
over time (C. Huang et al., 2020; Q. Lu et al., 2013; Sitnov et al., 2009; Wan & Lapenta, 2008). Even though time
derivative terms are much smaller than other terms in energy conversion equations (Birn & Hesse, 2005, 2010),
the reconnection process still shows distinct non-steady-state features that a moving front is generated in the
exhaust region as reconnection develops (Angelopoulos et al., 2013; Deng et al., 2010; S. Lu et al., 2015; Runov
etal., 2011; Sitnov et al., 2009; Yi et al., 2019). Along with the pileup front, the outflow of energy flux (including
the Poynting flux, bulk kinetic energy flux, and enthalpy flux of particles) can be detected (Aunai et al., 2011;
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Eastwood et al., 2013, 2020; S. Lu et al., 2013; Shu et al., 2021, 2022; L. Wang et al., 2020). These results suggest
that the energy conversion process in magnetic reconnection is in a non-steady state.

In non-steady-state reconnection, energy conversion in the vicinity of the X-line, that is, the diffusion region, is
vital to the whole reconnection process. Energy conversion and particle behavior in this region can impact the
energy outflow and development of the reconnection rate. Former investigations show that ions tend to gain more
energy than electrons during the overall process (Aunai et al., 2011; Eastwood et al., 2013; Shu et al., 2021;
Yamada et al., 2014), whereas the electron energy flux becomes more prominent when drawing closer to the
electron diffusion region (EDR) (Eastwood et al., 2020). This suggests electron transport can be significant to the
development of reconnection. It has been found that electron bulk kinetic energy and electron enthalpy flux are
not equally partitioned during reconnection (S. Lu et al., 2013). The electron energy flux, especially the enthalpy
flux, tends to dominate in the EDR (Fargette et al., 2024). Moreover, particles are energized, and their velocity
distributions become non-Maxwellian (Bessho et al., 2016; Bourdin, 2017; Cazzola et al., 2016; C. Huang
etal., 2010; K. Huang et al., 2021; Li et al., 2019; Scudder & Daughton, 2008). However, it remains unclear how
particles behave in different stages of the non-steady-state magnetic reconnection.

To unveil the energy conversion and particle behavior in nonsteady magnetic reconnection, we conducted a two-
dimensional particle-in-cell (PIC) simulation. The changes of particle behavior in velocity space are shown
during the process of magnetic energy release and particle energization accordingly. Those results can provide
some hints related to the evolution of the reconnection rate from the perspective of energy conversion.

2. Simulation Setup

In our simulation, the code we use is an open-source PIC code, EPOCH (Extendable PIC Open Collaboration)
code (Arber et al., 2015). The mass ratio between ion and electron is m;/m, = 100. The initial temperature ratio is
T,/T, = 4. Weset w,./Q, = 2, where w,, = \/W is the electron plasma frequency and Q, = eBy/m, is
the electron cyclotron frequency. n denotes the peak number density of the current sheet and B, is the asymptotic
magnetic field.

The calculation domain is set in an x-z plane, where the size of the domainis L, X L, = 20d; X 20d; discretized
by 800 x 800 cells. d; = c/w,, is the ion inertial length and w,; = \/nge?/eym; is the ion plasma frequency. We
placed 400 pseudo-particles per cell on average. The time step is At = § X 10‘49;', where Q; = eBy/m; is the
ion cyclotron frequency. The initial configuration is a Harris equilibrium without any initial perturbation, so
spontaneous magnetic reconnection can be developed. The magnetic field structure is B = B, tanh(z/6;) e,,
where 8y = 0.5d; is the half-width of the initial Harris current sheet. The plasma number density is
n = ngsech?(z/6y) + ny,, where n, = 0.1 is the uniform background number density. The x boundary condition
is periodic and the z boundary is the perfect electric conductor.

3. Results
3.1. Overview of Energy Conversion in the EDR

The fast reconnection process in our simulation is triggered spontaneously since €;# ~ 30. The out-of-plane
component of the electric field E|, that is, the reconnection electric field, emerges at the X-line (see Figures 1 and
al). As reconnection proceeds, the electric field is enhanced and expands to a wider range, including the pileup
region where the reconnected magnetic field B, strengthens. The peak of the electric field is transferred from the
X-line to the pileup region, where the B, component strengthens and expands over time (Figures 1 and b2-b4).
During the expansion, the propagation of the reconnected magnetic field lines forms the Poynting flux in the
outflow direction shown in Figures 1d1-d4. Meanwhile, the range of the inner EDR, where the non-ideal electric
field component (E + V, X B), is positive (Karimabadi et al., 2007; Shay et al., 2007), remains approximately
unchanged during this period, shown in Figures 1 and cl1—c4. Since the outer EDR region is not the focus of this
research, the EDR mentioned in this paper refers to the inner EDR unless specially noted. The evolution of the
reconnection process is consistent with previous studies (Bessho et al., 2018; Daughton et al., 2006; Goldman
et al., 2016; Karimabadi et al., 2007; Payne et al., 2024). The development of the reconnection rate during its
growth phase is closely related to this region. Thus, we manage to quantify the energy conversion in the EDR by
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Figure 1. Overview of (al—a4) the electric field component E,, (b1-b4) the magnetic field component B;, (c1—c4) the non-

ideal electric field component (E + V,

boxes in subfigures c1—c4 enclose the
during this period.

X B),, and (d1-d4) Poynting flux outflow S, at Q;t =39.5,41.5, 43, and 45. The red
range of the electron diffusion region, whose size remains unchanged (1.4d; X 0.75d;)

integrating the energy conversion equations shown below over a fixed box enclosing the EDR (see the red box in

Figures 1 and cl1—c4).
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Figure 2. Time evolution of (a) reconnection rate and (b) integration of
energy conversion equations in electromagnetic energy (Equation 1) in the
electron diffusion region. The energy converting process can be divided into
three stages based on those results, that is, Stage I: Q;# = 30-38; Stage II:
Q;t = 38-43; Stage III: Q;r > 43. The boundaries of different stages are shown
in the black dashed lines (at Q;r = 38 and Q;r = 43, respectively).

Equations 1-3 depict the overall energy converting process in reconnection.
Wg = B%/(2u,) is the magnetic energy density, and Wy = g,E?/2 is the
electric energy density. S = E X B/u, denotes the Poynting flux.
K, = myn, Vi/ 2 is the bulk kinetic energy density of the a type of particle,
where @ = i,e presents ion or electron. V, is the magnitude of the bulk ve-
locity, and P, is the pressure tensor. U, = % S ma(v = V,)’f(v)dv is the
thermal energy density. H, = U,V, + P,-V, is the enthalpy flux.
0, = % S my(v — V)*(v — V,)f(v)dv represents the heat flux.

The integration results are shown in the following figures. Figure 2 presents
the time evolution of the temporal evolution of magnetic energy conversion
by integrating the terms in Equation 1. Combined with the evolution of the
reconnection rate, the energy-converting process can be divided into three
stages, marked by the dashed lines in Figure 2. In Stage I ranging from
Q;t =30 to Q;t = 38, the input Poynting flux (V-S < 0) is mainly converted
to plasma kinetic energy by J - E. In Stage II, the local magnetic energy in the
EDR begins to drop (0Wp/dt < 0) at Q;t = 38. After the peak of the
reconnection rate at ;¢ = 43, it comes to Stage III. The magnetic field in the
EDR is almost depleted; thus, the major energy converting pattern resembles
that in Stage I again. The change of electric energy can be neglected compared
with other terms.

Similarly, we show the integration of electron and ion energy conversion
equations in Figures 3 and 4, respectively. For electrons, energy gained
through work by the electric field J, - E is mainly converted to outflowing
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Figure 3. The integration of terms in the electron energy conversion equations (Equations 2 and 3) over time. (a) The bulk
kinetic energy conversion. (b) The thermal energy conversion. The dashed lines mark different stages of energy conversion,
the same as in Figure 2.

enthalpy flux via work by the pressure gradient force —(V - P,) - V,.. The outflow of bulk kinetic flux rises a bit in
Stage II and Stage III but is smaller than the former two terms most of the time. Work by the electron pressure
gradient force and the local thermal energy are together converted to the electron enthalpy flux flowing out of the
EDR (see the red line in Figure 3b). The heat flux is negligible.

As for ions, the bulk kinetic energy flux is significant, especially in Stage II, while the work by the electric field
J; - E is comparable with the local kinetic energy drop (see Figure 4a). The ion thermal energy also predominantly
flows out of the EDR in the form of the ion enthalpy flux, but it is not mainly attributed to the pressure gradient
force (Figure 4b).

Although the overall energy conversion pattern in the EDR maintains qualitatively consistent with previous
results in the broader vicinity of the X-line (Shu et al., 2021), the ratio of electron energy gain (/' J, - E dV) in the
EDR can be larger than ion energy gain (/' J; - E dV) (see the puple lines in Figures 3a and 4a). This suggests the
major current carrier is the electron in the EDR, which is in accord with features of thin current sheets (Artemyev
et al., 2009; Asano et al., 2003; S. Lu et al., 2020). Similar results also show that electron energy gain becomes
dominant in the exponential growth phase of reconnection (Payne et al., 2024). In contrast, the situation is
different and the ion energy gain dominates in a wider range, that is, the ion diffusion region (IDR) as ion current
density is more prominent in the IDR, as shown in previous studies (Chang et al., 2024; Shu et al., 2021). This
suggests that the majority of ions gain energy from the outer region instead of the EDR. It can be seen in the
following section that a large amount of ions flow out of the box, forming the enormous outflow energy flux.
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Figure 4. The integration of terms in the ion energy conversion equations (Equations 2 and 3) over time. (a) The bulk kinetic
energy conversion. (b) The thermal energy conversion. The dashed lines mark different stages of energy conversion, the
same as in Figure 2.
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3.2. Energy Flux in the Outflow Region

It holds in steady-state models that V; L ~ V6 in the diffusion regions (Y.
H. Liuetal., 2017, 2022; S. Wang & Lu, 2019), where V;, denotes the inflow
velocity of plasma entering the diffusion region and V,,,, denotes the outflow
velocity exiting the diffusion region. L and 6 are the characteristic length and
width of the diffusion region, respectively. Only under the assumption of
steady state and incompressibility the equation is valid. However, the elon-
gation of the diffusion region and pileup of the reconnected magnetic field can
break those assumptions in non-steady-state cases. The energy flux in the
outflow direction can well reflect this distinction.

It can be seen in Figure 5 that the outflows of the ion enthalpy flux H;, and the
ion bulk kinetic energy flux K;V;, are dominant in Stage I and early period of
Stage II (before €;r = 40). As suggested in Section 3.1, the ions cannot be

30

Figure 5. The energy flux flowing out from the right boundary of the box at

restricted in this region as they are already unmagnetized in the IDR. The
Ot original ions in the current sheet run away as the topology of the magnetic

! field changes during reconnection. When most of the ions are depleted, the
ion outflows drop in Stage II. The peak of the electron enthalpy flux H,, lags

the electron diffusion region. The dashed lines mark different stages of behind that of the ion enthalpy flux. The K,V.,, flux rises later than other
energy conversion, the same as in Figure 2. fluxes and peaks in Stage III; we will discuss this problem in Section 3.3.

Apart from the energy fluxes of particles, it is noticeable that the outflow of Poynting flux S, arises since Stage II
(the blue line in Figure 5). Even though the input of Poynting flux overwhelms the output part throughout the

reconnection process (f V -SdV < 0 in Figure 2b), the Poynting flux outflow in Figure 5 indicates that not
EDR

100% of Poynting flux input is converted to particle energy fluxes. There is still a proportion of Poynting flux
flowing out of the EDR, corresponding to the process of pileup and downstream propagation of reconnected
magnetic field lines (see the B, component in Figures 1 and b1-b4). This outflow of S, since Stage II breaks the
previous balance between the Poynting flux input and energy conversion J - E, resulting in the local magnetic
energy decrease in Stage II (f* dWg/drdV < 0 in Figure 2b).
EDR

The results above show different types of energy flux outflow at the right boundary of the EDR peak in Stage II
(except the electron bulk kinetic energy). It suggests that the parameters of particles and fields cannot be steady-
state during the reconnection process, which also confirms that Stage II is a vital period for the fast reconnection
rate to rise and for energy to be released.

As the magnetic energy in the EDR decreases in Stage II, electrons and ions are also depleted (see the black solid
lines in Figures 6a and 6b). By calculating the average translational bulk kinetic energy and the average tem-
perature (Figures 6¢ and 6d), we found that although the number density in the EDR decreases, the electrons and
ions are still accelerated and heated, especially in Stage II. The average electron bulk kinetic energy is an
exception again as the acceleration of electrons continues in Stage III, which is consistent with the K, V,, flux in
Figure 5.

3.3. Particle Velocity Distribution in the EDR

By calculating P,, /P, — 1 shown in the left column in Figure 7, we show that electrons become anisotropic at
the vicinity of the X-line as reconnection proceeds. In the inflow region, strong electron anisotropy (P, > P,;)
develops due to electron trapping (Egedal et al., 2013). There also exists electron anisotropy in the EDR where
P, > P, since Stage II (See Figures 7 and bl-d1). Apart from the EDR, the exhaust region also becomes
significantly anisotropic as reconnection proceeds, which has been discussed in Shuster et al., 2014. Meanwhile,
the electron agyrotropy also gradually emerges near the X-line (right column in Figure 7). Here we use
A@, = 2|P,y 1 — P,15|/(P,11 + P,15) to measure the electron agyrotropy (Karimabadi et al., 2007; Scudder
& Daughton, 2008; Swisdak, 2016). It can be seen that strong agyrotropy develops in the IDR and expands to the
separatrices over time during Stage II.
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Figure 6. Time evolution of particle depletion and energization in the electron diffusion region (EDR). (a) and (b) time

derivative of ion/electron number density, kinetic energy, and thermal energy. (c) and (d) the average translational kinetic

energy <maV§/ 2> and the average temperature (7,) of ions/electrons. <ﬁ,> = [ n,f,dV/f n,dV, where f, is an arbitrary
EDR

EDR

quantity of the a type particle (@ = i,e) in EDR. The dashed lines mark different stages of energy conversion, the same as in

Figure 2.

Those results indicate that using temperature as a scalar cannot well reflect particle behavior when they are

accelerated and heated in the EDR. To illustrate the process of particle energization during Stage II, we present
particle velocity distribution at different times below.

18

16

Figure 7. Electron anisotropy P,/ P, — 1 (left column) and agyrotropy
A@, (right column) at different times (Q;# = 38, 42.5, 43.5, and 45).

Figure 8 shows the electron velocity distribution near the X-line. Before Stage
11, the electron distribution function is slightly anisotropic, which shows an
elongation in v,. When entering Stage II, the electron density drops evidently,
consistent with the results in Figure 6b. Since Q;# =42.5, the electron velocity
function becomes more anisotropic, forming a triangular distribution in
v, — v, plane and two portions of +v, and —v,. The electrons bounce in the z-
direction and are accelerated in the y-direction, corresponding to the
meandering motion near the neutral line and acceleration by the out-of-plane
E, component (Bessho et al., 2014; Ng et al., 2011, 2012; Speiser, 1965).
Back to our analysis of energy conversion, the broadening of the distribution
function in velocity space contributes to the rise of thermal energy. Besides, it
should be noted that the electron acceleration lasts until Stage III, which is
consistent with the sustaining kinetic energy increase shown in Figure 6d.

Similar results of electrons at the outflow region are shown in Figure 9.
Before Stage II (Q;# = 38), there exists a large portion of backflow (-x-di-
rection), which can counteract part of the outflow of bulk kinetic energy flux,
lowering the net outflow of bulk kinetic energy flux. At later times
(€t > 42.5), electrons with —v, velocity are driven outward by the Lorentz
force due to the pileup magnetic field component B,. The triangular structure
of v, — v, distribution is formed and tilted toward the +x-direction as the
electrons propagate downstream. As a result, the backflowing electrons are
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Xline(=£0.1 ZSdi)

107

Figure 8. Electron velocity distribution f/ (noVi) in the v, — v, plane, v, — v, plane, and v, — v, plane at the X-line
(x = =0.125d; ~ 0.125d;; z = —0.125d; ~ 0.125d;) at Q;t = 38, 42.5, 43.5, and 45.

reduced gradually. Until Stage III, the bulk kinetic energy flux outflow K,V,, finally develops to a maximum (see
Figure 5).

Unlike electrons, ions cannot be trapped in the EDR, as they are already unmagnetized. The ion velocity dis-
tribution is approximately uniform in the EDR. Hence, we sample the ions in the whole EDR to present the ion
velocity distributions in Figure 10. Before Stage II (;# = 38), the ions show a crescent distribution in the v, — v,
plane (Figure 10cl), indicating the meandering motion around the neutral line, even though the characteristic
length of the ion meandering path can be larger than the range of EDR (S. Wang et al., 2016). Most of the ions are
populated in +v, direction at this time. However, when entering Stage I, the ions with +v, velocity are propelled
by the Lorentz force due to the reconnected magnetic field B, and run away from the EDR, resulting in the

Edge of EDR(:![).IZSdi)

Qit =425 Qil =435

102

10

Figure 9. Electron velocity distribution /| (no Vi) in the v, — v, plane, v, — v_ plane, and v, — v, plane at the right edge of
the electron diffusion region (x = 0.575d; ~ 0.825d;; z = —0.125d; ~ 0.125d;) at Q;t = 38, 42.5, 43.5, and 45.
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Figure 10. Ion velocity distribution f/| (no Vﬁ) inthe v, — v, plane,v, — v,,and v, — v, plane in the electron diffusion region
(x = =0.7 ~ 0.7d;; z = —=0.375d; ~ 0.375d;) at Q;t = 38, 42.5, 43.5, and 45.

massive outflow of ion energy flux shown in Figure 5. The remaining part with —v, is gradually turning to +v,
direction by the reconnection electric field and also runs away in later times.

4. Conclusions and Discussion

In this paper, we present the temporal evolution of energy conversion in the EDR of non-steady-state recon-
nection. We find that the energy conversion pattern shows distinct features at different stages. Those features are
(a) the local magnetic energy depletion during Stage II, characterized by the sharp rise of the reconnection rate,
generating the Poynting flux outflow in the exhaust region; (b) particle energization and runaway occurring at the
same time (also most drastically in Stage II); (c) prominent and evolving particle anisotropy emerging in Stage II.
Therefore, we suggest the non-steady-state feature of energy conversion in magnetic reconnection is vital to the
time evolution of the fast reconnection rate.

When the energy is depleted near the X-line (Figure 6), the balance between the thermal pressure and the outer
magnetic pressure is broken, urging the upstream magnetic field lines along with the plasmas to flow into the
diffusion region. As a result, the reconnection process is expedited. The previous study (Li & Liu, 2021) has also
shown that the thermal pressure can modify the reconnection rate and the outflow velocity by affecting the force
balance around the diffusion region. Despite the drastic change in the EDR during this period, it is surprising that
the size of the inner EDR remains almost unchanged. This suggests the geometry of the diffusion region remains
approximately stable so that previous steady-state models of reconnection rate may be applied to the non-steady-
state case to some extent with further modification. Similar results have also been found in driven reconnection
(Wan & Lapenta, 2008). It should be pointed out that in driven reconnection, the reconnection process is deter-
mined by the driven force. Hence, the researchers claimed that reconnection is not controlled by the downstream
physics. However, in our simulation of spontaneous reconnection, it is found that the downstream outflow and the
pileup magnetic reconnection can influence the evolution of fast reconnection because the free energy in spon-
taneous reconnection does not come from the upstream-driven power but from the current sheet itself.

The structure of electron velocity distribution (shown in Figures 8 and 9) and corresponding motions in the EDR
have also been reported by the Magnetospheric Multiscale (MMS) satellite observations (Li et al., 2019; Torbert
etal., 2018) and are also illustrated in simulations (Bessho et al., 2014, 2016; Bourdin, 2017; S. Lu et al., 2019; Ng
etal., 2011, 2012). Those results indicate the electrons are energized in the diffusion region (X. R. Fu et al., 2006;
Hoshino, 2022; C. Huang et al., 2010; Shay et al., 2014). Those electrons following the meandering motion are
trapped in the EDR and are firstly energized in the -z-direction by the reconnection electric field. Then they are
diverted downstream by the reconnected magnetic field B,. The large electron energy flux dominated by the out-
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of-plane component in the vicinity of the EDR is also observed in asymmetric magnetopause reconnection by
MMS (Eastwood et al., 2020). It is shown in the observation that the electron energy flux is highly structured and
filamentary and the electron enthalpy flux is larger than the electron bulk kinetic energy flux, which is consistent
with our results (see Figure 5). The difference is that the ion heat flux is observable in observation while negligible
in our simulation. The temperature gradient is likely to be large in the asymmetric reconnection observed in the
magnetopause. On the other hand, the temperature is initially uniform in the simulation setup. Thus it is hard for
the heat flux to rise in our results.

The ion energization cannot be well reflected in our results as we mainly focus on the EDR where most ions
straightly run away (Figure 10). Besides, the initial ion temperature is much higher than the electron temperature,
meaning the original ion thermal energy and drift velocity in the y-direction (due to the limitation of Harris
equilibrium) are large. Hence the ion heating or acceleration can be harder to observe than colder electrons.
Outside the inner EDR, ion motion is controlled by the Lorentz force, the thermal pressure gradient, and the Hall
electric field. The combination of three forces continuously accelerates the ion in the x-direction until the
dipolarization front (Chang et al., 2024). Still, ion energization is found in observations (Priest et al., 1998; Runov
et al., 2017; Zhou et al., 2010), experiments (Hare et al., 2017; Hsu et al., 2000; Magee et al., 2011; Ono
et al., 1996, 2011), and simulations (Aunai et al., 2011; Drake & Swisdak, 2012; S. Lu et al., 2019; S. Wang
et al., 2016; Yoon et al., 2023).

We set a thin current sheet without any perturbation at initialization so that the collisionless tearing mode can be
triggered spontaneously. Our results show that evident energy conversion emerges when the nonlinear explosive
stage of reconnection begins (Stage II in Figure 2). The onset of fast magnetic reconnection is a heated topic.
Spacecraft observations and simulations have shown that fast reconnection starts from small scales controlled by
electron kinetics (S. Lu et al., 2020). In a more realistic situation with a thick current sheet, the current sheet starts
thinning in the linear phase of collisionless tearing instability, which can be quite slow and its energy dissipation is
negligible according to the linear theory. Fast reconnection is triggered only after the thickness of the current sheet
reaches the electron scale (Daughton et al., 2009; D. Liu et al., 2020). Previous studies indicate the process can be
expedited either by a strong external driver (S. Lu et al., 2020) or the inertia resistivity provided by the recon-
necting magnetic field (Hoshino, 2021). According to Hoshino (2021), the thickness of the current sheet can drop
quickly to the electron scale during the nonlinear stage of the tearing instability within tens of the Alfvén transit
time. Thereafter, the energy-converting process of reconnection can begin.

Although reconnection is triggered in the EDR and provides the first acceleration of electrons, the EDR con-
tributes a minor proportion to the overall energy conversion during the reconnection process (Birn &
Hesse, 2005). The major energy-converting process occurs at the dipolarization front (Shu et al., 2021; Yi
etal., 2019). The two energy-converting regions are connected by the Poynting flux outflowing from the EDR (as
shown in Figure 1d). As the reconnected magnetic field piles up and propagates downstream, the electric field is
enhanced and exceeds the reconnection electric field at the X-line (Q. Lu et al., 2013). The electric field at the
propagating dipolarization front contributes to further energy conversion in this region. In this way, the energy
conversion at the dipolarization front can be linked to the process in the EDR.

Data Availability Statement

The simulation data for the figures in the paper can be downloaded from https://doi.org/10.57760/sciencedb.
14434 (Shu, 2024).
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