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Abstract Magnetic reconnection is a fundamental energy converting process changing the topology

of the magnetic field in space. We investigate how the guide field and the background plasma density and
temperature influence the energy converting process during magnetic reconnection using a two-dimensional
particle-in-cell simulation code. It is shown that the guide field reduces both the reconnection rate and the
energy conversion rate. Although the downstream Poynting flux from the reconnection site is enhanced during
guide field magnetic reconnection, it does not participate in energy conversion as the inflow and outflow of
Poynting flux from the left and right boundaries of the reconnection front cancel each other out. The major
input of the Poynting flux participating in energy conversion comes from the upper and lower boundaries

of the reconnection front. An electrostatic perturbating structure arises in cases with a strong guide field.
Apart from the reconnection rate and the energy conversion rate, the energy outflow is altered by changing
background plasma density and temperature. Our research shows that the energy input at a well-developed
reconnection front in the case of the guide field does not come from the reconnection site, which implies the
reconnection front can be an effective energy converter in the magnetosphere independent of the reconnection
site once formed from the transient magnetic reconnection. These simulation results show that the guide field
and background density and temperature quantitatively alter the energy conversion at the magnetic reconnection
front, but the energy conversion pattern remains unchanged.

1. Introduction

As a fundamental energy converting process in space, magnetic reconnection is the key to understanding the
coupling between the microscale kinetic process and the large-scale MHD process in the magnetosphere. When
magnetic reconnection occurs, the magnetic field undergoes a topological change, and the free energy is released
to plasmas (Birn & Priest, 2007; Yamada et al., 2010). Due to its ubiquitous presence, magnetic reconnection
is often invoked as a promising source of explosive activities such as solar flares (Masuda et al., 1994), coronal
mass ejection (Lin & Forbes, 2000), geomagnetic storms and substorms (Baker et al., 1996; Kepko et al., 2015).
Furthermore, reconnection also plays a vital role in laboratory plasma facilities (Yamada et al., 1994).

Significant progress has been made in investigating the energy conversion at the reconnection site during
magnetic reconnection. Birn and Hesse (2005) have shown that although magnetic reconnection is triggered in
the diffusion region, which is merely several ion inertial lengths (d; = ¢/w);) wide, the energy conversion is not
localized in the diffusion region. They also found that in contrast to the case in the classical resistive Sweet-Parker
model, Joule and ohmic dissipation can be neglected in the overall energy transfer in the collisionless magnetic
reconnection. The Poynting flux driven into the reconnection site from the inflow region is partially converted
to the bulk kinetic flow and the enthalpy flux of plasmas; the rest part is diverted to the exhaust region, forming
the pileup front. Satellite observations and numerical simulations have shown that outflow mainly consists of the
Poynting flux and the enthalpy flux; the bulk kinetic flux commonly plays a minor role (Birn & Hesse, 2010;
Eastwood et al., 2013). In addition, ion enthalpy flux is larger than the electron enthalpy flux in most cases, indi-
cating that ions intend to gain more energy than electrons during the reconnection (Eastwood et al., 2013; Yamada
et al., 2014, 2015; Zhong et al., 2019).
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The energy converting process continues outside the diffusion region. The Poynting flux along with the plasma
bulk flow (including bulk kinetic flux and enthalpy flux) forms reconnection fronts (also known as dipolar-
ization fronts, characterized by an enhancement in B,, and sometimes preceded by a small B.dip) propagat-
ing downstream (Fu et al., 2013; Sitnov et al., 2009). Song et al. (2020) have examined the dynamics and
energy balance of the reconnection front during formation. As another prominent energy converting region
(Angelopoulos et al., 2013; Liu et al., 2014; Sitnov et al., 2018; Wang et al., 2020), the reconnection front
constantly converts the magnetic energy to plasma energy (mainly enthalpy flux) through work by the elec-
tric field and the plasma pressure gradient force. Further simulation results and observation data indicate
that intense energy converting process occurs at the front and may form the load (J - E > 0) and generator
(J - E < 0) regions, which might be attributed to ballooning/interchange mode or lower hybrid drift insta-
bility (S. Y. Huang, Lu, et al., 2015; Khotyaintsev et al., 2017; Lapenta et al., 2014; Pritchett, 2015; Vapirev
et al., 2013; Zhong et al., 2019).

Previous studies reported that energy conversion takes place both at the reconnection site and the reconnection
front. Yi et al. (2019) found that the energy conversion rate (i.e., integration of J - E over the whole calculation
region) does not peak simultaneously with the reconnection rate, and the integral work J - E at the reconnection
front is much more efficient than at the reconnection site. Shu et al. (2021) also concluded that the reconnec-
tion rate cannot well reflect the energy converting process during the antiparallel reconnection, for the energy
conversion mainly occurs at the reconnection front rather than the reconnection site. Besides, they found that
the energy conversion at the well-developed reconnection front is unrelated to the reconnection site because the
Poynting flux inflow mainly comes from the upper and lower direction of the front (through E X B drift) instead
of straight from the reconnection site.

The guide field has been found to control the processes of magnetic reconnection, and the background density
and temperature are also able to impact the reconnection process, but it is still unclear how they dictate the energy
conversion, especially at the reconnection front. As a ubiquitous phenomenon in the magnetopause (Burch &
Phan, 2016; Xu et al., 2020; Zhou et al., 2018), the magnetotail (Grigorenko et al., 2013; Nakamura et al., 2006;
Zhou et al., 2019), and the magnetosheath(Zhong et al., 2022), the guide field reconnection is characterized
by a reduced reconnection rate compared to the antiparallel reconnection (Ricci et al., 2004; Yi et al., 2019).
Huba (2005) and Tharp et al. (2012) have given explanations for this reduction of the reconnection rate, reflecting
the depressed energy conversion near the reconnection site. Formed near the reconnection site and driven by the
magnetic tension force, the propagating reconnection front implies the connection between the reconnection site
and the exhaust region. A thorough examination of the reduction in the energy conversion rate at the reconnection
front is needed to illustrate the impact of the guide field on energy conversion during magnetic reconnection.
Furthermore, the background density and temperature have also been found to modify the characteristics of
magnetic reconnection (S. Lu, Angelopoulos, et al., 2019; S. Lu, Artemyeyv, et al., 2019; Wu & Shay, 2012; Wu
etal., 2011).

To investigate how the guide field with varying intensities and the background plasma density and temperature
influence the energy converting process during reconnection, we study the 2D PIC numerical simulations of both
antiparallel reconnection with varying parameters of background density and temperature and component recon-
nection with different initial guide field values. Detailed analysis of energy budgets and comparison between
different regimes are carried out.

The article is organized as follows. In Section 2, the numerical methods and the simulation setup are introduced,
and results reflecting the effects of both guide field reconnection and background density and temperature are
presented in Section 3. Discussion and conclusions will be given in Section 4.

2. Simulation Setup

A 2D explicit particle-in-cell (PIC) algorithm is applied in our research. The simulation is carried out in a box of
L, x L., where L, = 204.8d;, L, = 25.6d;. The grid spacing is set to be Ax = Az = 0.05d;, and the time step is
At =0.001Q". ©Q; = eBy/m; denotes the ion cyclotron frequency, where B, represents the asymptotic magnetic
field. In our simulation, the mass ratio between ion and electron is set to be m; /m. = 100, and the speed of light
is ¢ = 20V,, where V4, = By/ \/;W is the characteristic Alfvén velocity. We applied the periodic boundary
conditions in the x-boundaries and perfect conductor boundary conditions in the z-boundaries.
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Table 1 The initial configuration is a Harris current sheet equilibrium with a
Parameters of Calculation Cases small perturbation to trigger the reconnection. The initial magnetic field
Case Byo/Bo . /T is B = Bytanh(z/8)ex + Bye,, where By is the uniform guide field, and

6 = 0.5d; is the half-width of the Harris current sheet. The plasma density

A 0 02 ! isn= nosechz(z/é) + ny, wWhere ng is the peak n, is the density of the back-
B s o : ground plasma. In our research, eight simulation cases with different param-
C 1 0.2 1 eters listed in Table 1 are performed to examine the influence of the guide
D 2 0.2 1 field (Case A, B, C, D) and the background plasma density and temperature
E 0 0.1 1 (Case A, E, F, G, H) on energy conversion.
F 0 0.4 1
G 0 0.2 05 3. Results
H 0 0.2 20 3.1. The Effects of Guide Field on Energy Conversion
The guide field shows a tendency of lowering the reconnection rate (E, /V4 By
at the X-line) as it increases (solid lines in Figure 1), resulting in a lower
growth rate of E, at the reconnection front (dashed lines in Figure 1) (Q. Lu et al., 2013). The reduction of E,, at
the reconnection front leads to the decrease of Poynting flux inflow from the z-direction (E, B/ uo) and the local
energy conversion J, E,, finally depressing the total energy conversion during the reconnection (see the details
in Figure 4).
To better quantify the energy conversion at specific regions during the guide field reconnection, we set three
boxes (shown in Figure 2) circumventing the regions around the reconnection site (red), the reconnection front
(blue), and the region ahead of the front (green), respectively. The box at the reconnection front enclosing the
region where B, is enhanced is of the same size as that at the reconnection site. When the reconnection front
propagates downstream, both the boxes at the front and ahead of the front move along with it, while the box at the
reconnection site is fixed. Figure 2 also depicts the distribution of energy conversion when the energy conversion
rate (ECR, the integration of work J - E over the calculation domain) reaches maximum. It can be noticed that
a perturbating structure ahead of the front arises and gets stronger when the guide field gets larger, which will
be discussed later. From the integration of work over different regions shown in Figure 3, it can be concluded
that energy conversion still dominantly takes place at the reconnection front (see blue lines in Figure 3) in the
presence of the guide field. The integration of work at the reconnection site peaks earlier than at the recon-
nection front, while the energy conversion at the front can reach a higher value and lasts longer. Those results
are consistent with the antiparallel reconnection. Nevertheless, as the guide field increases, energy conversion
at the reconnection front descends. Meanwhile, the perturbation ahead of the front contributes negative work
(J - E < 0) on average in the later period of the guide field magnetic recon-
nection (see green lines in Figures 3b—3d). Ions tend to gain less energy from
08 the magnetic field under the influence of the guide field (see the details in
0.7 - ——B /B=0 r,:,‘;:i""‘.‘)“"h"‘f\'v'n‘ 1 Figure 4). The electron energy gain is also affected by the guide field, but
0.6- |——B,/By=05 ‘,:';p“ v \} | the variation is less clear than ions. More specifically, the energy gain of
——B /B)=1 _,“/" L T STESTC A (T electrons decreases as the guide field increases from 0 to By (Figures 4a—4c),
- 0.5 ——B (/B=2 ,l:." " “ “ N and then the energy gain becomes slightly higher as the guide field further
m< 04t » ./" R ’I(‘“"\"'f”"“t" increases to 2 By (Figure 4d). The discrepancy between the two types of parti-
- oal ’;’ N - " ) AR cles is more evident at the reconnection front where the ratio between J; - E
S G LA and J. - E drops from five in the antiparallel case (Figures 4a) to 1.5 in the
1 case of Byy = 2B, (Figure 4d), indicating that the energy gain of ions is easier
i to be suppressed by the guide field.
, The connection between electric field components and the energy conversion
o1 ‘ ‘ ‘ ‘ ‘ ‘ can be described using these two equations:
0 20 40 60 80 100 120 140 P B)z( + Bf 1 [6 (E,B.) 0 (EyBx)]
Q.t -t = - =-J,E, e}
i at  2up Ho 0x 0z
and e reconction ot (dshed Hnes) e with dfrent il suide 9B 1 R
fields. 0t 210 My 0z o0x
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Figure 2. Profile of work J - E at Q; = 92.5 (when the energy conversion rate reaches a maximum) with guide field

B,o = By, gray lines represent the magnetic field lines. Two boxes of the same size are set at the reconnection site (red) and
the reconnection front (blue) for better quantification. Another green box marks the area ahead of the front enclosing the
perturbating structure. Notice that the blue box and the green box move along with the reconnection front as it propagates
downward.

As shown in Equation 1, the out-of-plane component of the electric field E, is connected to the in-plane compo-
nents of the magnetic field. Correspondently, the guide field B, is related to the alteration of in-plane components
of the electric field (Equation 2). Those equations can be derived from Maxwell's equations (shown in Appendix
A), considering that d/0y is reduced to zero in the two-dimensional configuration, and the energy density of the
electric field is negligible. One may find that by combining Equations 1 and 2, we can obtain Poynting's theorem:

— 2 4V.S=-J-E 3)

In the antiparallel case, the energy conversion is dominated by J, E, constricted at the reconnection front (see the
first row in Table 3); the energy input at the reconnection front mainly comes from the z-direction (see the first
row in Table 2), and terms in Equation 2 are almost zero (see the first row in Table 4). In the guide field case, J, E,
still concentrates at the reconnection front (Figure 5b) but is depressed. As the guide field gets larger, the terms
related to B, in Equation 2 begin to grow (e.g., E. B,/ o as a part of Sy shown in Figure 5a and in-plane energy
conversion Jy Ey + J, E; ahead of the front in Figure 5c). As shown in Table 2, even though S, is enhanced during
the guide field reconnection, the inflow S, from the left boundary (x;) is nearly canceled by the outflow from the
right boundary (x»). Thus, the overall energy input at the front still comes from .S’ in the z-direction (F;; and F;»
in Table 2), which shows slight asymmetry at the upper and lower boundaries in the presence of the guide field.
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Figure 3. Integration of work J - E over regions of the reconnection site, the reconnection front and regions ahead of the
front (boxes in Figure 2) when (a)B,y = 0, (b)B,g = 0.5B, (c)Byy = By, (d)Byy = 2By.
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Figure 4. Integration of work by the electric field on electrons (J, - E), ions (J; - E), and plasmas (J - E) at the reconnection
site and the front over boxes at both places, respectively (see Figure 2) under different guide fields. Solid lines represent the
work at the reconnection site and dashed lines for the front. (a)B,, = 0, (b)B,y = 0.5By, (¢)B,y = By, (d)B,y = 2Bqy.

As the guide field gets stronger, .S (more specifically, the E, B, /u, component of S.) also decreases as well as
the out-of-plane component of work J, E, (Table 3).

It can be noticed in Table 4 that components of Poynting flux related to B, arise with the guide field, especially
when the guide field is large (B,o = 2By). At the same time, the in-plane perturbation J, E, + J, E, ahead of the

1
ot
-
2
3 E /(n,m,V3 Q)

2
xEx+JzEz/(n0miVAQi)

=
L
=
n
J

130 135 140 145 150 155 160 165 170
x/di

Figure 5. (a) x-component of Poynting flux, (b) out-of-plane component, and
(c) in-plane component of work by the electric field around the reconnection
front region at Q;t = 104.5 with B,y = 2B,. The black lines represent the
magnetic field lines. The blue box includes the reconnection front where B,
reaches maximum.

front begins to influence the energy conversion at the reconnection front.
The components of work plotted along the neutral line (marked as the red
dashed line in Figure 5c) with different guide fields verify this tendency.
The perturbation emerges ahead of the front with the guide field and reaches
the same level with the J, E, component when B,y = 2B, (Figure 6d). The
in-plane electric field components are decomposed into the electrostatic part
— V¢ and the electromagnetic part — 0A/d¢ under the Coulomb gauge via
solving Poisson's equation (S. Lu et al., 2021). It can be seen that the elec-
trostatic part of the electric field (Figures 7b and 7e) is much larger than the
electromagnetic part (Figures 7c and 7f), which proves that the perturbation
is electrostatic.

Apart from decreasing the energy conversion, the guide field also diverts the
flow direction and changes the distribution of the energy flux. At the exhaust
region near the reconnection site, the outflow of the plasma kinetic energy
flux (Figures 8b and 8e) and the enthalpy flux (Figures 8c and 8f) display an
antisymmetric structure. It is worth noting that the electron kinetic energy flux
is distributed at the separatrices (Figure 8e), along with a stream of perturbat-
ing Poynting flux (Figures 8a and 8d), which is likely to be related to electron
holes(Chang et al., 2021; C. Huang et al., 2014; Hutchinson, 2017; Lapenta
et al., 2010; Q. M. Lu et al., 2008). At the reconnection front, the asymmetry
still holds in the kinetic energy flux and the enthalpy flux (Figures 9c-9f).
Those energy fluxes tend to flow in the upper right direction at the right side
of the X-line owing to the Lorentz force J;, B, on ions provided by the guide
field. The electron outflow at the exhaust region accompanies the ion flow
due to the quasi-neutral condition.
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Table 2

The Inflow of Poynting Flux From Four Boundaries of the Box (Figure 5a)
Enclosing the Reconnection Front, Measured When the ECR Reaches Its
Peak With Different Initial Guide Fields

By F Feo F. F., Total
0 —-0.018 1.309 1.894 1.898 5.083
0.5 1.364 -0.699 1.846 1.810 4.321
1.0 2.346 —2.626 1.618 1260 2.598
2.0 11.340 -12.202 1.855 1.378 2.371

Note. The results are averaged over + 5Q;'. The moving velocity of the box has
been considered. Fy = [S.dz/(nomV3d;), Feo = f Sidz/(nom:V}d;),

x1
F, = fS dx/(nom V3d) F, = j S. dx/(nom 14 d) where x1, x», z, and

z, are dlfferent boundaries marked in Figure 5a, respectively.

3.2. The Effects of the Background Plasma Density and Temperature
on Energy Conversion

The maximum reconnection rate can be altered by the background plasma
density and temperature. Through several examples, we show that both
background density and background temperature have a negative correlation
with the maximum reconnection rate (Figure 10a) and the energy conversion
rate (Figure 10b). For the same background temperature, higher background
density will lead to lower maximum reconnection rate and ECR (see the blue,
black, and red lines in Figures 10a and 10b. When fixing the background
density, the increment of the background temperature can also lead to lower
maximum reconnection rate and ECR (the green, black, and magenta lines in
Figures 10a and 10b). As for the same plasma f, the impact of the background
density on energy conversion is larger than the background temperature, for
example, the maximum reconnection rate and ECR of Case E (the blue lines
in Figures 10a and 10b, the background density is reduced by half compared
with Case A) are higher than Case G (the green lines in Figures 10a and 10b,

the background temperature is reduced by half), even though the plasma g is same for both cases. Likewise for

Case F (the red lines in Figure 10) and Case H (the magenta lines in Figure 10).

The outflow energy flux at the reconnection front is also influenced by the background plasma. As shown in
Figure 11, the Poynting flux (see the blue lines in Figures 11a—11c) and the ion kinetic energy flux (see the red
lines in Figures 11a—11c) are inversely correlated with the background density. Likewise, those energy fluxes
are also influenced by the background temperature (Figures 11d—11f). Besides, the ion enthalpy flux outflow is
slightly weakened as the background temperature rises (see the green lines in Figures 11d-11f).

4. Conclusions and Discussion

In this study, we investigated the influence of the guide field and the background density and temperature on the

energy conversion of magnetic reconnection via 2D PIC simulation. Our major findings are listed as follows:

1. A large initial guide field (B, > By) can decrease the growth rate of the reconnection rate, thus reducing the

out-of-plane component of the electric field at the pileup region, which forms the reconnection front. As

a result, the components of Poynting fluxes and energy conversion essentially participating in the energy

conversion decrease, as they are closely related to the out-of-plane electric field component. The downstream

Poynting flux straight from the reconnection site has a small impact on the overall energy conversion, even

though it grows larger as the initial guide field increases.

2. When the guide field increases, ions gain less energy from the electromagnetic field. The electron energy gain

decreases as the guide field increases from O to B, but then increases slightly as the guide field increases to

2By. The variation of the electron energy gain is weaker than ions.

3. Energy conversion occurs primarily at the reconnection front. However, as the guide field increases, an elec-

trostatic perturbation with localized loads (J - E > 0) and generators (J - E < 0) occurs in the region ahead of

the front, whose integral contribution to the energy conversion is negative.

Table 3
Integration of Terms in Equation 1 Over the Box in Figure 5 at the Peak of
ECR

o B2+B? o(E,B.) _ 9(E,B)
Byo/Bo o 2u u;ax u;r)z JyEy
0 —0.7571 —0.0929 —3.7960 5.0073
0.5 0.4265 —0.1795 —3.7232 4.0881
1.0 —0.1190 0.1260 —2.5979 2.9003
2.0 —0.0702 0.0110 —1.5118 2.1640

Note. Those integrated terms are normalized by (nom,- VAZQ,- dl.2 ) The results are
averaged over + 5Q-". The moving velocity of the box has been considered.

4. The energy fluxes (Poynting flux, electron/ion kinetic energy flux, and
enthalpy flux) in the exhaust region are diverted by the guide field,
which show an asymmetric structure.

5. The increase in the background density and temperature reduces the
reconnection rate, the energy conversion rate, and the outflow of the
energy fluxes (especially the Poynting flux and the ion kinetic energy
flux). Furthermore, the impact of background density on energy conver-
sion is stronger than the background temperature for the same plasma g.

Note that E, at the reconnection front in Figure 1 does not decrease signifi-
cantly when the guide field By increases from O to 0.5 By, but when the guide
field further increases to B,y > By, the energy conversion differs from those
with lower guide fields. This is consistent with previous simulation results
by Pucci et al. (2018), which showed that the energy transfer in magnetic
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reconnection can be separated into two regimes by a threshold guide field

Table 4

Integration of Terms in Equation 2 Over the Box in Figure 5 at the Peak of (Byoun ~ 0.6By).

ECR Our simulations show that when the guide field is large, a perturbation

Byo/Bo %% "(‘i;;y) = % J.E.+ J.E, structure is formed ahead of the reconnection front with loads and gener-
ators in energy conversion J - E, and we show that this structure is purely

v DL DU L2 — electrostatic (see Figure 7). This structure may be generated by the electron

0.5 0.0230 0.0832 —0.2896 0.1189 Kelvin-Helmholtz instability because of the electron velocity shear (Che &

1.0 -0.0786 —0.3646 0.7916 -0.2122 Zank, 2020; Fermo et al., 2012; C. Huang, Lu, et al., 2015) or the lower

20 0.3033 ~1.9132 1.0641 0.4301 hybrid drift instability (Divin et al., 2015; Khotyaintsev et al., 2017; Yoon &

Note. Those integrated terms are normalized by (nom,- VAZQ,- df ) The results are

Lui, 2008), which is worthy of further investigations.

averaged over + 5Q;". The moving velocity of the box has been considered. Our results on the effects of background density and temperature are consist-

ent with conclusions by Lu et al. (2019a). They also proposed that the outflow

velocity decreases as the background density or temperature ascends, which
is also found in our simulation results that the propagation velocity of the reconnection front drops as the back-
ground plasma density or temperature increases. For the guide field cases, the variation of the front moving speed
does not exceed 10%.

Our calculations at the reconnection front are based on the approximation that the front moves downstream
with a constant velocity, which has been already verified for the antiparallel case. The approximation still
holds in the existence of a guide field. The mass ratio in our simulation is set to be 100. Variation of the mass
ratio might change the ratio between the ion and electron energy gain. In other particle-in-cell simulations,
it is found that the guide field might raise the electron energy gain although the total energy conversion still
drops (Pucci et al., 2018; Yi et al., 2020). We set a small initial perturbation in the middle of the calculation
domain to ensure the single X-line configuration. During the calculation time, the reconnection front does
not reach the boundaries in the x-direction, eliminating the effects of the magnetic island from the periodic
boundary.

ByO/BO =0, Q2t=915

[(a) ‘ —JE
—JE+JLE,

— = N W
T
-«
-
L

w

po—

Y

s

B /B =1.0,Q.t=925
yo o0 i
(c) T T T

- = N W
T
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Figure 6. Integration of the out-of-plane component J, E, (blue) and in-plane components J, E, + J. E (red) of work from
z = 10.1d, to z = 15.5d, at the neutral line (the red dashed line in Figure 5c) with different guide fields at the time when the
ECR reaches its peak. The integrated terms are normalized by ( nom; VAZQ,-d,- )
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Figure 7. The decomposition of the electric field components (a) E, and (d) E, via solving Poisson's equation. (b) and (e) the
electrostatic part. (c) and (f) the electromagnetic part. Q;t = 104.5, B,y = 2Bq.

Our 2D simulation has its limitations that energy transferring modes are constricted in the xz-plane. The

magnetic reconnection, especially with a guide field is naturally a 3D configuration. Some instabilities or

wave modes such as the fluctuating structure by the ballooning mode mentioned above can only be observed

in the 3D results. It is also intriguing whether the perturbation ahead of the front in our results has a connec-

tion with those 3D turbulent modes in 3D configuration, which drives our future research on energy conver-

sion into the 3D regime.
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Figure 8. Energy flux outflow near the reconnection site: components of the Poynting flux (a) S, and (d) S, (b) the ion
kinetic energy flux KV, (e) the electron kinetic energy flux K,V,,, (c) the ion enthalpy flux H;,, and (f) the electron

enthalpy flux H.,. B,y = By, Qit = 60.
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Figure 9. Energy flux outflow around the reconnection front: components of the Poynting flux (a) S, and (d) S, (b) the
ion kinetic energy flux K;Vj, (e) the electron kinetic energy flux K, V.., (c) the ion enthalpy flux H,, and (f) the electron
enthalpy flux H.,. B,y = By, Q;t = 92.5. The blue box marks the area of the reconnection front where the B, component

reaches maximum.
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Figure 10. The evolution of (a) the reconnection rate E, /V, By and (b) the energy conversion rate with different background
plasma densities and temperatures.
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Appendix A: Derivation of Equations 1 and 2
We write the component equations of two of Maxwell's equations below, considering that the derivative d/dy = 0
in the xz-plane.
B _ -VXE
ot
1 0E
——=VxB-
c? ot Hol
We have
0B, _9E. OE, (AD)
a  ox 0z
9B, _ JE, (A2)
ot 0z
0B _ _9E, (A3)
ot 0z
1 0E, 0B 0B
—— = - —= —uJ A4
o oz ox MV (A
1 OFE, 0B,
— =—Z . A5
2 ot 0z (A3)
1 0E 0B,
——==——pJ A6
2 ot Ox HoJz ( )
Combining those equations through By - (Al) + E, - (A5) + E; - (A6), we can get
B} 24+ E? d(E.B,) J(E.B
9 (5 BB LB OB g g, (AT)
ot \ 2uo 2 Ho Jz ox
And by By - (A2) + B: - (A3) + E, - (A4), we get
24+ B E; E,B. E,B,
9 (BB, D)L [0BB) OBBIN_ (A8)
ot 2o 2 Ho ox 0z
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The electric energy density 9 E?/2 is negligible compared to magnetic energy density. Thus, we omit the terms
of electric energy density and get Equations 1 and 2 in the main text. Combining Equations A7 and A8, we can
get the Poynting equation

0 1 2 €0 12
S (—B+2LF)+V-S=J-E
ot (2/40 2 > J

It should be noticed that only under the condition of two-dimensional configuration (9/dy is reduced to zero),
the Poynting equation can be divided into decoupled “component forms” as Equations A7 and AS8. Equation A7
shows that the out-of-plane magnetic field component (namely, the guide field) is connected with the in-plane
electric field components. Correspondingly, the in-plane magnetic field components are related to the out-of-
plane electric field, as in Equation A8.
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