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Key Points:

+ The overall energy conversion first decreases steeply and then increases slowly when the guide field increases from B; = 0 to By = 4.
* The overall energy conversion is predominantly contributed by J, - E, rather than £ at any of the guide fields.
+ The contribution from the fore reconnection front becomes important when 3 < B, < 4 because of the enhanced electron energy gain.
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Abstract: Magnetic reconnection is well known as an efficient mechanism for transferring magnetic energy into plasma energy. However,
how the energy conversion and partition between different species is influenced by the shear angle of the reconnecting magnetic
component (i.e., the guide field strength) is not well understood. Using 2.5-dimensional particle-in-cell simulations, we investigated the
energy conversion in reconnection with different guide fields. We found that the overall energy conversion first decreases steeply and
then increases slowly when the guide field increases from B, = 0 to B, = 4. The increase in energy conversion in the large guide field
regime is due to the electron energy gain through the perpendicular channel J, - E;. The overall energy conversion is predominantly
contributed by J, - E, rather than J,£. We further find that energy conversion mainly occurs within the reconnection front and the flux
pileup region. However, the contribution from the fore reconnection front becomes important in large guide field regimes (3 < B, < 4)

because of the enhanced electron energy gain.
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1. Introduction

Magnetic reconnection, which rapidly transfers magnetic energy
into the kinetic and thermal energy of plasmas, is a ubiquitous
and fundamental physical process in various kinds of magnetized
plasma systems, such as black hole magnetospheres, solar coro-
nas, tokamaks, and planetary magnetospheres (Parker, 1957;
Hoshino et al,, 2001; Drake et al., 2006; Yamada et al., 2010; Huang
SY et al., 2015; Zhou M et al., 2017; Zong QG and Zhang H, 2018;
Hesse and Cassak, 2020; Huang HT et al., 2021; Lu QM et al., 2022).
It is considered the source of many explosive phenomena in these
regions, such as stellar flares (Masuda et al., 1994; Krucker et al.,
2010; Lin RP, 2011), coronal mass ejections (e.g., Chen PF and
Shibata, 2000), and planetary storms and substorms (Russell and
McPherron, 1973; Perreault and Akasofu, 1978; @ieroset et al.,
2002). Energy conversion is one of the fundamental features of
magnetic reconnection. How the efficiency of energy conversion
varies in response to different ambient plasma and magnetic
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parameters is an important open question.

The guide field is a uniform magnetic field along the out-of-plane
direction in reconnection. lts magnitude can change in a very
broad range. For example, Burch et al. (2016) and Torbert et al.
(2018) observed an anti-parallel magnetic reconnection in Earth’s
magnetosphere (guide field B, ~ 0), whereas Eriksson et al. (2016)
reported a magnetic reconnection with a large guide field 8, ~ 48,
at the magnetopause, where By is the asymptotic magnetic field
of reconnection. The guide field has been considered to substan-
tially modify the dynamics and configuration of reconnection,
such as the structures of the Hall electromagnetic field and the
diffusion region (Pritchett, 2001; Ricci et al., 2004; Fu XR et al.,
2006; Eastwood et al., 2010; Huang C et al., 2010; Lu S et al., 2011;
Wang RS et al,, 2012; Fu S et al., 2018; Zhou M et al., 2019; Zhong
ZH et al., 20203, 2022). Furthermore, the guide field is believed to
be one of the key factors in effectively modulating energy conver-
sion in reconnection (Shu YK et al.,, 2021, 2022; Sang LL et al.,
2022).

The influence of the guide field on energy conversion during
reconnection has been investigated through laboratory experi-
ments, numerical simulations, and satellite observations. Ono et al.
(2012) noted in their spheromak merging experiment that the
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extent of ion heating depended on the strength of the guide field.
Tanabe et al. (2015) found that a toroidal guide field mostly
contributes to the formation of a peaked electron heating profile
at the X-point and that localized heating increases with an
increase in the guide field on the Mega-Ampere Spherical Tokamak
(MAST). Using magnetospheric multiscale (MMS) measurements,
Genestreti et al. (2017) showed that increasing the guide field
strength appears to move local energy conversion from the elec-
tron-crescent point to the X-point in asymmetric reconnection.
Fox et al. (2018) demonstrated that J- E near the X-line is domi-
nated by J,£; during guide field reconnection in both scaled labo-
ratory and space experiments. At present, a common understand-
ing of the energy conversion in the vicinity of the X-line is that
J-E is primarily contributed by the perpendicular current and
electric field (i.e, J, - E,) in a weak guide field regime, whereas
J - E is mainly contributed by J; £, when the guide field is relatively
large. Pucci et al. (2018) found via simulation that the transition
from J, - E, to JyE, happens around B, = 0.6, whereas Wilder et al.
(2018) showed by MMS observations that the transition value
should be smaller than B, = 0.5. Energy conversion is widely
accepted to occur not only near the X-line region but also in the
outflow region, such as the reconnection front (Khotyaintsev et al.,
2016; Zhong ZH et al.,, 2019; Huang J et al., 2019), the magnetic
flux rope (Lapenta et al., 2014; Sitnov et al., 2014; Huang C et al.,
2015; Zhu BJ et al,, 2019; Zhong ZH et al., 2020b), or the secondary
reconnection sites (Zhou M et al.,, 2012). Therefore, an investigation
of the energy budget of reconnection should not consider only
the X-line region. Recent simulations suggest that both the recon-
nection rate and the energy conversion rate J- E integrated over
the reconnection region (including both the X-line and the
outflow region) are reduced as the guide field increases from B, =
0 to B, = 2 (Werner and Uzdensky, 2017; Yi YY et al, 2019).
However, many details about how the guide field affects energy
conversion in the reconnection are unknown.

In this work, we conducted a series of 2.5-dimensional (2.5-D)
particle-in-cell (PIC) simulations to study the effect of the guide
field on energy conversion in collisionless symmetric reconnec-
tion. In Section 2 of this article, we introduce the simulation model
and the initial parameters of reconnection. In Section 3.1, we
present the features of energy conversion in the entire reconnec-
tion plane under different guide fields. In Section 3.2, we present
the variation in the integrated J £, and J, -E, as a function of
different guide fields. In Section 3.3, we show the energy conver-
sion in different subregions of reconnection under different guide
fields. Discussion and summaries are given in Section 4.

2. Simulation Model
We carried out the simulations using a 2.5-D fully electromagnetic
PIC code that has frequently been used to study collisionless
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reconnection (Zhou M et al, 2012, 2014; Huang C et al., 2014;
Song LJ et al,, 2019; Yi YY et al., 2019; Zhong ZH et al,, 2021). The
initial equilibrium configuration is given by the Harris equilibrium,
B, = Bytanh(z/L,), where By is the asymptotic magnetic field and L,
is the half-width of the initial current sheet. A series of simulations
with different guide fields (cases 1-9 in Table 1) were performed.
The domain size of these simulations is L, x L, = 60d; x 30d;
discretized by 2,400 X 1,200 cells, where d, = ¢/wy;, ¢ is the speed
of light, and wy, = (noqz/migo)”2 is the ion plasma frequency. The
other simulation parameters are as follows: the mass ratio
mi/me =100, Ly = 0.5d;, Ti/Te =4, and wpe/wee = 2. In addition, we
performed case 10 with an extremely large guide field B, = 10, and
we performed case 11 with a zero guide field but with T;/T, = 1.
The reconnection occurs in the X-Z plane in these simulations.
Periodic boundary conditions are applied in the X and Y directions,
and the ideal conducting boundary conditions are applied in the
Z direction.

All physical quantities are normalized as follows. The magnetic
field is normalized by the asymptotic magnetic field B,. The electric
field is normalized by vaB,, Where v, is the Alfvén speed calculated
by B, and the density n, at the center of the current sheet. Lengths
are normalized by ion inertia length d; based on n, Time is
normalized by the inverse ion cyclotron frequency O[‘. The
energy conversion rate is normalized by gnovaBod.

3. Simulation Results

3.1 Overall Energy Conversion Rate

Reconnection occurs in the center (Z = 0) of the X-Z plane in these
simulations because of the initially imposed perturbation. Figure
1a shows the variation in the reconnection rate as a function of
time under different guide fields. The reconnection rate is calcu-
lated by E, = ap/at, where y = max (A,) — min (A,) along Z = 0 and
A, is the Y component of the magnetic vector potential. We can
see that the peaks in the reconnection rate decrease as the B,
increases. When the guide field is greater than 2, it has little influ-
ence on the peak reconnection rate, as shown by the blue, green,
magenta, and cyan curves in Figure 1a. In contrast, the reconnec-
tion rate becomes very small when B, =10 (yellow curve). Addi-
tionally, we found that the reconnection rate fluctuates signifi-
cantly in the later stages of case 3 with B, = 1, after the rapid
formation and annihilation of small-scale secondary magnetic
islands in or near the X-line region. A similar fluctuation in the
reconnection rate can also be observed in case 4 with B, = 1.5 (not
shown). Figure 1b shows the temporal evolution of the integrated
energy conversion rate [J-Eds as a function of the guide fields.
The end time of each curve in Figure 1b is the time when [J- Eds
reaches its peak, which is also the time when the two outflows
encounter each other because of the periodic boundary conditions

Table 1. The guide field strength B, and the ratio between ion and electron temperature T;/ T, of the simulations performed.

Case
1 2 3 4 5 7 8 9 10 11
Ti
= 4 4 4 4 4 4 4 4 4 1
Te
By 0 0.5 1.0 15 2.0 25 3.0 35 40 10.0 0
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Figure 1. Reconnection rate and energy conversion rate. (a) Temporal evolution of the reconnection rate for different guide fields. (b) Temporal
evolution of the integrated energy conversion rate [J- Eds over the entire simulation region as a function of the guide fields.

in the X direction (Yi YY et al,, 2019). Therefore, we considered the
energy conversion process before the peak of [J-Eds in the
following analysis. We found that [J- Eds generally declines as B,
increases; however, case 8 (B, = 3.5, magenta curve in Figure 1b)
and case 9 (B, = 4, cyan curve in Figure 1b) present the reverse
trend. The [J-Eds in cases 8 and 9 is slightly larger than that in
case 7 (B, = 3, green curve in Figure 1b).

Because J-E=J;-E+J, - E, we evaluated the contribution of ion
energy gain J; - E and electron energy gain J, - E to J- E, respec-
tively. Figure 2 displays the spatial distribution of J-E, J;- E, and

B,=0.0t=33
JE

Jo - E in the reconnection plane for the case with B, = 0 (Figures
2a-c) and for the case with B, = 4 (Figures 2d-f). In both cases,
intense J- E mainly occurs in the X-line region and the outflow
region, as shown in Figures 2a, d. Small-scale structures with oscil-
lating J - E (positive and negative values) are abundant in the fore
reconnection front region in the case of the large guide field
(Figure 2d). Yi et al. (2023) reported these structures as turbulence
in this region. Figures 2b, e show that intense J; - E is mainly in the
outflow region because the ions have a large bulk velocity in the
outflow. An intense J, - E occurs in both the X-line region, where
electrons are accelerated by the reconnection electric field, and

B,=4.0 t=42

-0.5

X(c/wy)

X(c/wy)

Figure 2. Spatial distributions of J- E, J; - E, Jo - E.(a~¢) J- E, J; - E,and J, - E at t =33 in the case of B, = 0, respectively. (d-f) J- E, J; - E, and
Je - Eatt=42in the case of B, = 4, respectively. Black curves represent the in-plane magnetic field lines.
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the outflow region (Figures 2c, f).

In observations of space plasma, the guide fields of most
magnetic reconnection events are below 4. Next, we focused on
the energy conversion during B, = [0, 4]. We integrated the J-E
over space and time, denoted as [[ J- Edsdt to examine the accu-
mulated energy conversion from t = 0 to t=1t, when [J.Eds
reaches its peak (Figure 1b). Figure 3a displays [/J-Edsdt,
J[Ji - Edsdt, and [[ J, - Edsdt in cases 1-9. We saw that the accumu-
lated energy release (black curve in Figure 3a) steeply decreases
as the guide field increases from B, =0 to B, = 2.5, whereas it
increases as B, increases from 3 to 4. Although there is a small
increase in [f J; - Edsdt as the guide field changes from 2.5 to 3, the
overall trend of [[J;-Edsdt (blue curve in Figure 3a) is that it
decreases with the enhancement of the guide field. Expression
J[Jo - Edsdt slightly declines with increasing B, when B, < 3 and
increases sharply when B, >3 (red curve in Figure 3a). These
results imply that the enhancement of the electron energy gain
leads to an increase in the total energy conversion when B, > 3.
Figure 3b shows the ratio of [[J;-Edsdt over [fJ-Edsdt, and
J[Je-Edsdt over  [[J-Edsdt for different cases. The
J[Jo - Edsdt/ [[J- Edsdt (red curve) slowly increases as 8, changes
from 0 to 2, then decreases as B, changes from 2 to 3, and it shows
a steep enhancement when the guide field increases from 3 to 4.
The electrons gain approximately 16% of the released energy
when B, =0, and they gain approximately 40% of the released
energy when B, = 4. The enhanced proportion of the electron
energy gain when B, > 3 (Figure 3b) is caused by both the reduction
in the ion energy gain and the enhancement of the electron
energy gain (Figure 3a).

3.2 Energy Conversion Through the Parallel and
Perpendicular Channels

To reveal the relative importance of the parallel and perpendicular
electric fields (with respect to the ambient magnetic field) in
energy conversion for different guide fields, we decomposed J- E
into the parallel channel Jg, and the perpendicular channel
J,-E,. Figure 4a displays the accumulated [fJ £ dsdt and
J[J. - Eidsdt as a function of the guide field. One can see that
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J[JL - ELdsdt is much larger than [f ;£ dsdt and is the dominant
contribution to [fJ-Edsdt for all the cases. The increase in
J[J-Edsdt when B >3 is caused by the enhancement of
J[JL-Eidsdt rather than [[JEdsdt. Figure 4b
J[J1-Edsdt/ [[J- Edsdt and [] JE dsdt/ [fJ- Edsdt as a function
of the guide fields. The [[J, - E, dsdt/ [[ J- Edsdt is reduced slightly
as B, increases from 0 to 3 and is elevated as B; changes from 3 to
4.The [[J, - E, dsdt is always greater than 80% of the [fJ- Edsdt.

shows

The energy conversion through the perpendicular and parallel
channels as a function of B, for different species is presented in
Figures 4c, d. Forions, both [f J £ dsdt and [fJ;, - E, dsdt decrease
with the increase in the guide field. This means that the guide
field suppresses the ion energy gain in both the perpendicular
and parallel channels. Although the decrease in [fJ;, - E, dsdt is
steeper than that of [fJ,E dsdt (Figure 4c), ions still gain energy
mainly through the perpendicular channel for all the guide fields
we examined. Figure 4d illustrates that the electron energy gain
through the parallel channel [fJ,E dsdt increases steeply when
B, increases from 0 to 1, then it maintains a relative constant level.
In contrast, [[Jo, - E dsdt decreases sharply when B, increases
from 0 to 3, then it increases rapidly as B, reaches 4. This indicates
that the aforementioned enhancement of [f J, - Edsdt when B, > 3
is caused by the elevated electron energy gain through the
perpendicular channel.

3.3 Energy Conversion in Different Regions

We divided the reconnection plane into four subregions: the X-
line region (XLR), the flux pileup region (FPR), the reconnection
front (RF), and the fore reconnection front (FRF) to illustrate the
spatial distribution of the energy conversion during reconnection.
As shown in Figure 5, P1, P2, and P3 are points on the line Z = 0.
Point P1 indicates the location where the magnitude of J- E is 1/e
(where e is Euler's number) of the peak J-E on Z = 0. Points P2
and P3 indicate the locations where B, is 0.9 and 0.1 of the peak B,
on Z = 0, respectively. Magnetic field lines L1, L2, and L3 are the
closed magnetic field lines (attributable to the periodic boundary
condition) through P1, P2, and P3, respectively. The vertical
dashed line L4 is the line through the point of the largest Z coordi-

1.0
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0.6 | —— J-E/JE
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Figure 3. Entire energy conversion under different guide fields. (a) [ J- Edsdt, [f J; - Edsdt, and [f J, - Edsdt as a function of the guide field. (b)
[[J; - Edsdt/ [[ J - Edsdt and [[ J, - Edsdt/ [[ J - Edsdt as a function of the guide field.
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guide field.

nate on magnetic field line L3. The boundaries of the XLR in the X
direction are determined by the two edge points of L1 in the X
direction, whereas its boundaries in the Z direction are set at Z =
-1 and Z = 1, respectively, as marked by the red rectangle in
Figure 5. The area encircled by magnetic field lines L1, L2, and L4
near the XLR is defined as the FPR (marked by the yellow block).
The area encircled by lines L2, L3, and L4 near the FPR is defined
as the RF (marked by the blue area). The area encircled by closed
magnetic field line L1 except for the yellow and blue areas is
defined as the FRF, which is marked by the black shadow in
Figure 5.

Figures 6a, b present the integrated J-E in different regions. It
should be noted that the start time is not t = 0 because there is no
reconnection and the consequent subregions at the beginning of
the simulation. The time instant when J- E begins to rise (shown
in Figure 1b) is used as the start time, which is also the start time
for integration in calculating [f J- Edsdt, as shown in Figures 6c, d.
The peak time of [J-Eds is used as the end time for integration.
Figures 6a, b show the temporal evolution of the integrated J-E
in different regions for case 1 (B, = 0) and case 9 (B, = 4), respec-
tively. The black dotted curve is the sum of the spatial integrated
J-E in the four regions, and the solid gray curve represents the
integrated J- E in the entire simulation domain. The black dashed

line is very close to the gray solid line (Figures 6a, b), indicating
that the energy conversion occurs exclusively in these four
regions. In both case 1 (B, = 0) and case 9 (B, = 4), energy conver-
sion primarily occurs in the RF (red line) and the FPR (black line).
Although J- E in the XLR is large (Figure 2d), the integrated J - E in
the XLR (blue curves in Figures 6a, b) is much smaller than that in
the RF and the FPR because the area of XLR is much smaller than
that of the RF and FPR. Moreover, the integrated J - E in the FPR is
larger than that in the RF for reconnection with B, = 0 (Figure 6a),
whereas the integrated J- E in the FPR is smaller than that in the
RF under B, = 4 (Figure 6b). The integrated J- E in the FRF (cyan
curve in Figure 6b) is negative during the early stage of case 9
(By = 4)- It later reverses to positive. This temporal evolution is not
seen in case 1 (8, = 0). These observations suggest that the guide
field plays an important role in modulating the energy conversion
in different regions of reconnection.

Figure 6¢ displays the variation in the temporal and spatial inte-
grated energy conversion [fJ- Edsdt in each region as a function
of the guide field strength. In the RF (denoted by the red curve),
J[J- Edsdt decreases as B, increases from 0 to 2.5. It increases
slowly as B, increases from 2.5 to 4. In the FPR (black curve), the
overall trend of [fJ-Edsdt decreases with the increase in the
guide field. When B, < 1, /[ J - Edsdt in the FPR is larger than that in

Xiao H, Zhong ZH and Zhou M et al.: Effect of guide field on energy conversion during reconnection
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Figure 5. Schematic diagram of the four different regions in the reconnection plane: (1) the X-line region (XLR) marked by a red rectangle, (2) the
flux pileup region (FPR) covered by the yellow shadow, (3) the reconnection front (RF) covered by the blue shadow, and (4) the fore reconnection
front (FRF) covered by the black shadow. The same segmentation is used on the right side of the X-line as well. The color bar represents the
magnitude of J - E, and the black curves represent the in-plane magnetic field lines.
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Figure 6. Energy conversion in different reconnection regions under different guide fields. (a, b) The energy conversion rate in different
reconnection regions as a function of time in case 1 (B, = 0) and case 9 (B, = 4), respectively. (c) The entire energy conversion (integrated J - E
over space and time) in different regions changed with guide fields. (d) The variation in the overall electron energy gain (integrated J, - E over
space and time) in different regions as a function of the guide field strength.

the RF. The [[J-Edsdt in these two regions is comparable when
1<B,=<3,and [[J-Edsdt in the FPR is smaller than that in the RF
when B, > 3. Moreover, we can see that [ J- Edsdt in the XLR (blue
curve) decreases very slowly with the elevation of the guide field.
The [[J-Edsdt in the FRF (cyan curve) is negative when B; < 3.5
and changes to positive when B, = 4.

An interesting finding is that the electrons gain more energy with
the increase of By when B, > 3 (Figure 3a) because the electron
energy gain is enhanced through the perpendicular channel
(Figure 4d). Figure 6d presents the integrated energy gain of elec-
trons in different regions. We see that the increase in J, - E with
increasing B, when B, > 3 (black dashed line) is mainly caused by

Xiao H, Zhong ZH and Zhou M et al.: Effect of guide field on energy conversion during reconnection
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the enhancement of J,-E in the FRF (cyan line). The electron
energy gain at the FRF changes from negative to positive as the
guide field increases from 3 to 4. This may be due to the small-
scale oscillation of J-E in the FRF, which develops only in the
large guide field regime, as shown in Figure 2d. A detailed study
of the formation and evolution of these J- E oscillation structures
is beyond the scope of this work and will be conducted in the
future.

4. Discussion and Summary

Figure 3b illustrates that the percentage of ion and electron
energy gain does not change monotonically as the guide field
increases. We also performed two other cases (cases 10 and 11) to
check the energy partition between ions and electrons. In case 10
with an extremely large guide field of B, = 10, the electrons gain
approximately 50% of the overall magnetic energy released,
which is greater than that in case 9 (~40%, B, = 4). This result
implies that the guide field is an important factor in regulating the
energy partition between ions and electrons. In case 11, we set
the temperature ratio between ions and electrons as 7;/T, = 1 and
the guide field as B, = 0. The electrons gain approximately 24% of
the overall released magnetic energy in this case, which is greater
than that in case 1 (~16%, T;/T, = 4, B, = 0). This result implies that
parameters other than the guide field also affect the energy parti-
tion. More investigations are required to reveal the law of energy
partition in collisionless reconnection in the future.

In summary, the energy conversions in symmetric reconnection
under different guide fields were investigated via 2.5-D PIC simu-
lations. We explored the guide fields in the range of 0 < B, < 4,
which almost covers the reconnection in different heliosphere
regions available for in situ observations. Our study considers
outflow regions and the X-line region as an integration; thus, it is
an important supplement to previous studies that have focused
only on the energy conversion in the vicinity of the X-line.

Our main results are summarized below:

(1) The reconnection rate decreases with the increase in the guide
field, which is consistent with previous studies (e.g., Werner and
Uzdensky, 2017; Yi YY et al,, 2019). The integrated energy conver-
sion in the entire simulation domain decreases with the elevation
of the guide field until B; = 3, after which it increases slightly with
the enhancement of the guide field when 3 < B; < 4.

(2) Although ions gain more energy than electrons for all the
guide fields considered, ions gain less energy when the guide
field is larger. The electron energy gain decreases with the
increase in the guide field as well when By <3 whereas it
increases with the enhancement of the guide field and results in
the enhancement of the overall energy conversion when
3<B, <4

(3) lons gain energy primarily through the perpendicular channel
(i.e., J, - E)). The electron energy gain through the perpendicular
channel decreases with the elevation of the guide field when
By < 3 and increases with the elevation of the guide field when
3 < By < 4. The electron energy gain through the parallel channel
increases with the enhancement of the guide field when B, < 1.

The gain in electron energy is insensitive to the guide field when
By > 1. The gain is predominantly through the perpendicular chan-
nel when B, < 1and B, > 3.5, whereas it is mainly from the parallel
channelwhen 1 < B, < 3.5.

(4) Energy conversion occurs primarily in the FPR and RF for all the
guide fields examined. In addition, the contribution from the FRF
becomes important under a large guide field (3 < B, < 4) because
of the enhanced electron energy gain through the perpendicular
channel.
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