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ABSTRACT

The energy conversion rate in Petschek-type reconnection is modeled by parameterizing it with the reconnection rate and a dimensionless
factor associated with the structure across the reconnection exhaust. We determine this factor by solving for the magnetic field and density
change over the magnetohydrodynamic transitions, which bound the outflow exhaust. With a stronger guide field and/or lower plasma b,
the fraction of the reconnecting magnetic field energy, which is transferred into the plasma, can decrease, but is lower-bounded by half of the
reconnecting magnetic field energy. The prediction agrees reasonably well with the results in particle-in-cell simulations. We discuss implica-
tions to our understanding of energy transfer in reconnection and applications for finding the energy conversion rate in solar flares.
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I. INTRODUCTION

Magnetic reconnection is an important mechanism in many
astrophysical systems that converts magnetic energy into plasma ther-
mal and bulk kinetic energy.1 If some mechanism produces a non-
ideal electric field at an x-line, plasma can flow across the magnetic
separatrices and gain significant energy in the exhaust region.2 The
original Sweet–Parker model of reconnection3,4 features a highly elon-
gated current sheet, which is unable to explain the fast, explosive
release of magnetic energy observed in many reconnection events.5

Petschek6 was the first to propose a possible mechanism for fast recon-
nection when he introduced a model in which pairs of slow shocks
(SS) sit in steady-state on either side of the reconnection outflow. In
this model, the slow shocks bounding the exhaust are primarily
responsible for plasma energization. Here, we exploit the outflow
exhaust structure to predict the energy conversion rate (ECR), or the
rate at which the magnetic energy is transferred to plasma energy.

The formation of the shock structure is a simple consequence of
the fact that reconnection creates a kink in newly reconnected field
lines. As it is advected through the exhaust by the high speed plasma,
the kink propagates toward the inflow region as a wave. With a short,
localized diffusion region, these waves form standing shocks and/or
discontinuities bounding the reconnection outflow.6 Therefore, a
Petschek-like open exhaust is a general feature of fast reconnection

with a single x-line,2,7 and they are also seen in 2D particle-in-cell
(PIC) simulations.8,9 We will refer to such an open reconnection
geometry as Petschek-type reconnection in this paper, without specify-
ing the mechanism that localizes the diffusion region.

In addition to slow shocks, a more complicated structure of dis-
continuities and shocks can develop from the evolution of a reconnect-
ing current sheet.10 In symmetric reconnection with no guide field
(the out-of-plane magnetic field component), the reconnection
exhaust structure in ideal-MHD consists of a pair of switch-off slow
shocks (SSS), which remain at rest in the lab frame. The shock front is
perpendicular to the plasma inflow. The SSS compresses the plasma
and “switches off” the magnetic field tangential to the shock. A
decrease in the magnetic field strength downstream of the slow shock
means that the plasma gains the corresponding energy as thermal
and/or bulk kinetic energy. With a guide field, each SSS separates into
a slow shock (SS) and, just upstream, a rotational discontinuity (RD, a
nonlinear intermediate mode), which rotates the reconnecting mag-
netic component out-of-plane. Due to this increased complexity, the
guide field makes it nontrivial to predict the magnetic energy jump
through the exhaust. Figure 1(b) shows a cartoon of this system, with
magnetic field lines in black and the SS and RD in red and blue,
respectively. Plasma flows in along the entire length Lx of the domain
and is advected outwards.
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In this work, we use this layered model of the reconnection
exhaust to estimate the energy conversion rate (ECR) by determining
the difference in Poynting flux entering and exiting the reconnection
exhaust structure. It was previously found that the slow shock transi-
tions in kinetic plasmas are often not as sharp as in the magnetohydro-
dynamic (MHD) description.9 Nevertheless, the reconnection exhaust
is still a combination of slow-mode and intermediate-mode transitions
that conspire to maintain the pressure balance across the exhaust. This
layered model, therefore, still provides a reasonable prediction for the
Poynting flux through the exhaust, as will be shown in Sec. IVC.
Understanding this model may be useful in studying the solar corona
where reconnection can feature large guide fields.11 Significant guide
fields are also observed in magnetopause reconnection.12

The picture above can be modified by the formation of magnetic
islands in the outflow region, which can shorten the length of
Petschek-like open exhausts and contribute to energy conversion. We
will show the difference in accuracy of our energy conversion rate pre-
diction, when either including or excluding the secondary islands. In
3D, reconnection is susceptible to 3D instabilities like secondary obli-
que tearing modes,13,14 which can lead to a turbulent outflow exhaust.
However, previous studies14–16 suggest that the global 3D turbulent
reconnection rates are similar to their 2D counterparts. In addition,
the pressure-balance across the outflow exhaust should still hold, and
this layered model may still predict the overall energy flow within the
exhaust. Indeed, in Sec. VB, we point out that the ECRs in 3D simula-
tions can be similar to their 2D counterparts.

The analysis in this paper is intended to produce a zeroth-order
estimate of the energy conversion rate in reconnection. Therefore, our
method makes two key approximations. First, we assume a one-
dimensional exhaust structure, which is invariant in the x-direction
(see Fig. 1). Previously, approximately 1D PIC simulations have been
shown to compare well to the full 2D physics in single x-line reconnec-
tion with external guide fields.8 Second, we use an ideal-MHD model
to predict the structure of the shocks bounding the exhaust. While
these two assumptions exclude many aspects of kinetic physics, which
may play an important role in reconnection energy conversion, they
still enable us to make a good approximation of ECR using a simple
formula and numerical solver.

This paper is organized as follows. In Sec. II, we explain how to
estimate the ECR using the reconnection layer model. Section III gives
the setup of our PIC simulations. Section IV presents values of the fac-
tor accounting for the outflow structure, particle-in-cell (PIC) simula-
tion results, and comparison of our simple prediction to the measured
ECR in simulations. In Sec. V, we discuss implications of this work for
understanding the ECR and applications to solar flares.

II. ENERGY CONVERSION RATE PREDICTION

During Petschek-like reconnection, upstream magnetic flux
passes through the exhaust boundary, and the magnetic energy can be
converted into plasma kinetic and thermal energy downstream within
the exhaust. In the lab frame, the shocks, which compose the exhaust
boundary, are stationary, and the magnetic flux, which is frozen-in to
the plasma, passes through the exhaust boundary at a constant velocity
vin. In a 1D outflow approximation, this vin is expected to match the
reconnection inflow speed that defines the normalized reconnection
rate R � vin=VAx0, where VAx0 is the Alfv�en speed based on the
upstream reconnecting magnetic field.

Poynting’s theorem states that the local energy conversion rate
from the electromagnetic energy to plasmas can be described by the
quantity J � E ¼ �@tðB2=8pþ E2=8pÞ �r � S. In a steady-state, the
volume integrated energy conversion rate is then

Ð
J � E dV

¼ �
Ð
r � S dV ¼ �

Ð
S � dA. For simplicity, we focus on the upper

half of the right exhaust, and we approximate it as a triangle with
dimensions shown in panel (a) of Fig. 1, with length along the shock L
and a distance d from the mid-plane. Choosing the perimeter of the
triangle as the Gaussian surface, Poynting’s theorem givesð

/

J � E dV ’ SinLLy � SoutdLy: (1)

Here, Ly is the y-extension of this 2D exhaust geometry. Also, note
that there is no Poynting flux contribution from the bottom side of the
triangle due to the symmetry. The Poynting vector S ¼ ðE� BÞ=4p is
equal to ðB2=4pÞvE�B where vE�B ¼ E� B=B2 is the plasma E�B
drift velocity. Since the plasma is frozen-in (i.e., Eþ v � B ¼ 0) at
both the inflow and outflow regions, plasma particles basically perform
E�B drifts in the direction perpendicular to the local magnetic field,
which points in the direction indicated by the arrows of Fig. 1(a) in
this Petschek-type outflow structure. Thus, we can rewrite and approx-
imate the integrated energy conversion rate as

ð
/

J � E dV ’ B2
in

4p
vinLLy �

hB2
outi
4p

voutdLy; (2)

where we used the averaged quantity hB2
outi �

Ð d
0 B

2
outdz=d to take into

account the magnetic structure inside the outflow exhaust. We can
also approximate the continuity equation as ninvinL ’ hnoutivoutd,
where hnouti �

Ð d
0 noutdz=d is again the averaged density across the

outflow exhaust. We then obtainð
/

J � E dV ’ 1
4p

B2
in � hB2

outi
nin
hnouti

� �
vinLLy: (3)

Based on the analysis from this quadrant of the reconnection
exhaust, the total integrated energy conversion rate (ECR) in
Petschek-type reconnection exhausts can be approximated as

FIG. 1. Panel (a) illustrates the surfaces around the exhaust, corresponding to the
upper right part of panel (b), which are used to derive Eq. (4) using the Poynting’s
theorem. Panel (b) depicts the 2D configuration of Petschek-like reconnection with
a guide field, where magnetic field lines are colored in black, the diffusion region in
orange, rotational discontinuities (RDs) in blue, and slow shocks (SSs) in red.
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ECR ’ 2
B2
x0

4p

� �
fvinLxLy

¼ 2fRVAx0LxLy
B2
x0

4p

� �
; (4)

where the dimensionless quantity f � ðB2
in � hB2

outinin=hnoutiÞ=B2
x0

basically captures the magnetic energy jump from the inflow to out-
flow, modified by the plasma compression inside the exhaust. In the
small opening angle (h) limit, Lx ’ 2L is the length of the entire
reconnection exhausts on two sides, and the additional factor of 2 in
Eq. (4) comes from the two sets of exhaust boundaries bounding both
the top and bottom sides of the reconnection layer, illustrated in Fig. 1.
It is clear from Eq. (4) that to estimate the energy conversion rate
(ECR) during reconnection, one will need both the reconnection rate
R (or vin) and the modified magnetic energy jump f.

To obtain f, we need to solve for the jumps of physical quantities
over the transition layers bounding the exhaust. This nonlinear struc-
ture can be solved as a Riemann problem, and we will see that the
result depends on the plasma conditions and guide field strength
upstream of the reconnection layer. In a Riemann problem, nonlinear
characteristic MHD waves develop and propagate out from the inter-
face (i.e., the thin current sheet in the context of reconnection) that
separates two ambient regions, resulting in a fast expansion wave (FE),
RD, and SS in the case with a guide field, or FE and SSS in the anti-
parallel case. Solving for a Riemann solution is essentially a task of
connecting the jumps of individual shocks or discontinuities in a way
that satisfies the total jumps across the interface. This can be achieved
by numerically finding the roots of 13 coupled nonlinear algebraic
equations.10 The code, which finds these roots, is called the Riemann
solver.10 It has been shown that this 1D initial value analysis reason-
ably captures the boundary structure of reconnection outflow
exhausts,8–10 providing useful insights into the full 2D system. The
Riemann solutions also give a reasonable prediction of the magnetic
energy density jumps seen in our PIC simulations, as will be shown in
Fig. 5.

III. SIMULATION SETUP

To test the predictions of the Riemann theory [Eq. (4)], we per-
form a series of 2.5-dimensional particle-in-cell (PIC) simulations.
The simulations are performed using the VPIC (Vector Particle-in-
Cell) software,18,19 which relativistically evolves particles according to
the Lorentz force law and electromagnetic fields according to
Maxwell’s equations. In our simulation coordinates, reconnection out-
flow is along x̂ , inflow is along ẑ, and ŷ is out-of-plane (see Fig. 1).
The initial configuration is a force-free current sheet, with the initial
magnetic field B ¼ Bx0½tanhðz=kÞ�x̂ þBx0½b2g þ sech2ðz=kÞ�1=2ŷ . The
initial current sheet half-width k ¼ 1di, where di � c=xpi is the ion
inertial length. xpi � ð4pnbe2= miÞ1=2 is the plasma frequency based
on the ion mass mi and background density nb. In the primary 2D
runs, we use a mass ratio mi=me ¼ 25 and xpe=xce ¼ 4, where
xce � eBx0=ðmecÞ is the electron gyro-frequency based on Bx0. The
Alfv�enic speed VAx0 � Bx0=ð4pnbmiÞ1=2 is defined using Bx0 and
background density nb. The system size in x � z dimensions is
150 di � 50 di, corresponding to 9216� 3072 cells with bg ¼ 1;
b ¼ 0:01, and 6144� 2048 cells for all other runs. The x-direction
boundaries are periodic, while the z-direction boundaries are conduct-
ing for fields and reflecting for particles. There are �109 particles in

each run. A initial perturbation of magnitude 0:05Bx0 is applied to Bz
to initiate reconnection at the center of the simulation domain.

In order to test the dependence of the Riemann prediction on
parameters, we vary bg (hereafter referred to as By) from 0 to 2 and the
plasma b � 8pnbðTi þ TeÞ=B2, the ratio of plasma pressure to mag-
netic pressure, from 0.01 to 2. We change b by changing the electron
and ion thermal temperatures. Here, we use Ti¼Te for simplicity.

IV. RESULTS
A. Riemann solver

In Fig. 2, we show values of f, the fraction of the reconnecting
component energy that is transferred to the plasma over the reconnec-
tion layer, as a function of background guide field bg and plasma b. To
find f at each point, we run the Riemann solver with the specified
parameters and take ðB2

in � hB2
outinin=hnoutiÞ=B2

x0. Here, Bin and nin
are initial upstream quantities and hB2

outi and hnouti are spatially aver-
aged downstream RD and SS. A larger value of f corresponds to more
energy transfer through the reconnection layer. We see the switch-off
slow shock (f¼ 1, red in the figure) with no guide field. The energy
drop decreases with greater guide field and increases with greater b. In
the strong guide field and low b limit, the downstream structure is
dominated by a pair of rotational discontinuities that drive Alfv�enic
outflows, but do not cause a pressure change. In this case, the energy
can only be converted to the bulk flow kinetic energy,20 with an out-
ward flux during reconnection of 4� ð1=2ÞnbmiV2

Ax0VAx0dLy .
Equating this energy flux with ECR ¼ 2ðB2

x0=4pÞfvinLxLy in Eq. (4)
and using vinLx ¼ 2vinL ’ 2VAx0d, we derive the minimum value
fmin ¼ 0:5, consistent with the lowest value in Fig. 2. The prediction
of a decreasing energy jump with greater guide field is qualitatively
similar to the relationship found by Huba21 in Hall MHD simulations
and Yi et al.22 in PIC simulations. Interestingly, our result here

FIG. 2. A contour plot of f � ðB2in � hB2outinin=hnoutiÞ=B2x0, as a function of
plasma b and guide field bg, calculated using the Riemann solver. Black lines are
level curves at the specified value of f. (A user-friendly solver can be found at Liu
and Goodbred.17)
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suggests that there is a limit to how much the guide field can weaken
energy conversion in reconnection.

B. PIC simulations

In Fig. 3, we show results from three PIC simulations at late
stages of evolution. The gray contour lines are magnetic field lines. In
color, we show J � E, which measures the local energy conversion rate
from electromagnetic fields to plasma. Positive J � E, in red, indicates
that electromagnetic energy is decreasing at a point, thereby increasing
plasma energy. Negative J � E, in blue, signifies the opposite. The black
vertical lines in Fig. 3 mark the boundary between the open exhaust
region (marked with green bars) and other structures, namely,

magnetic islands. To identify the exhausts, we find areas of roughly
constant Bz along the mid-plane, plotted in the smaller panels. The sig-
nificance of dividing the simulation domain in this way will be
expanded upon in Sec. IVC. At the bottom of each region within the
black lines is the spatially integrated J � E in that section divided byÐ
dV J � E over the entire simulation domain. In other words, this

number is the percent of total energy conversion, which can be attrib-
uted to that region at the specific time (txci ¼ 100). In all runs, the
majority of energy conversion occurs in the regions within exhausts,
although there is some energy conversion in secondary islands. In the
regions near the x-direction boundaries, plasma energy is transferred
back into the magnetic field through the braking of outflow jets
around the primary island.

FIG. 3. Color plots of J � E for three runs at
a late stage of evolution (txci ¼ 100). The
numbers at the bottom of the main panels
describe the percent of total energy conver-
sion occurring in those regions at this time,
and the smaller panels plot Bz=Bx0 along
the mid-plane. Panels (a), (b), and (c) depict
these data for runs with By¼ 0 b ¼ 0:33,
By¼ 1 b ¼ 0:01, and By¼ 2 b ¼ 0:01,
respectively.
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C. Theory comparison

Figure 4 presents results of the comparison between the Riemann
theory and PIC simulations. Panel (a) shows the normalized reconnec-
tion rate R � vin=VAx0 ¼ cEy=Bx0VAx0. We calculate Ey at the primary
x-line by taking @½maxðAyÞ �minðAyÞ�=@t, where Ay is the y-
component of the magnetic vector potential along the mid-plane.
These reconnection rate values are an important input for the
Riemann-based ECR theory [Eq. (4)].

In panels (b) and (c), the vertical axis is the converted magnetic
energy attributed to the regions specified next to the panel labels. It is
normalized by twice the total energy of the reconnecting magnetic
field component. Solid curves are data from the PIC simulations,
which we show from txci ¼ 40 to txci ¼ 100, the nonlinear stage
after reconnection rates plateau. The locations of the markers depict
the Riemann theory predictions, found using Eq. (4). The time-
dependent reconnection rate R is calculated every 5=xci from panel
(a), and Lx is determined at late times (txci ¼ 100). In panel (b), we
consider the regions that contain obvious Petschek-type open
exhausts, which are marked for a sample of runs by green bars in
Fig. 3. Accordingly, the slope of the theory curves is calculated by tak-
ing a shorter Lx in Eq. (4). To plot the solid curves, we first take the
total drop of magnetic energy in the simulation domain—note that the
drop of the total electromagnetic energy is the exact total energy con-
version to plasmas in this closed system. These values are then multi-
plied by the fraction of total energy conversion attributed to the
exhaust regions, which is calculated using integrated values of J � E at
late times. In this way, we can roughly take out energy conversion
effects from regions, which we are not interested in. In other words,
panel (b) depicts how well the theory can apply to Petschek-type
exhaust regions. In panel (c), we apply the theory to regions that
include those exhausts as well as secondary islands, excluding only the
large primary island on the simulation boundary where there is signifi-
cant braking of the outflow jets. The procedure for plotting the curves
is the same as in panel (b), but using longer Lx and a different correc-
tion factor for simulation data in order to exclude energy conversion
from only primary islands.

Figure 4 reveals some interesting findings. First, the low-b runs
peak and plateau at greater rates than high-b runs,23 as shown in panel
(a). This can be significant because, although the magnitude of f
increases with b (Fig. 2), the lower reconnection rate with higher b
may decrease the actual ECR, compensating for the greater magnetic
energy jump. Second, in panel (b), we find good agreement between
the Riemann theory prediction based on the energy conversion from
the exhaust regions, suggesting that Eq. (4) describes well the energy
conversion in Petschek-like exhaust structures.

More surprisingly, most theory curves in panel (c) fit the simula-
tion data fairly well at late times if we treat secondary islands as part of
the exhaust in our theory; i.e., we plug a longer Lx into Eq. (4) and
exclude the energy conversion effects from only the primary island in
the simulation data. With the widely opened exhaust and localized dif-
fusion region, the generation of secondary tearing islands is more lim-
ited. Even though secondary islands can be generated, in most cases,
they quickly merge with each other24,25 and with the primary magnetic
island, producing a larger exhaust structure with a geometry and
boundary structure roughly equivalent to that produced without sec-
ondary islands. The final energy configuration and, therefore, the aver-
age ECR do not appear to be strongly affected by island generation in
our simulations, when compared to a case considering open exhausts
only. In addition, the J � E statistics in Fig. 3 also indicate that the
majority of energy conversion in our simulations is from the exhaust
regions since the secondary islands are much more localized than the
open exhausts.

However, we do see some deviation of our predictions from the
measurements in panel (c). For cases where the secondary tearing
islands are frequently generated, the prediction in panel (c) over-

FIG. 4. (a) The time evolution of the normalized reconnection rate, R � vin=VAx0.
(b) Solid lines show the magnetic energy drop due to energy conversion in the
exhaust regions, and then normalized to twice the total initial energy of the recon-
necting component. The markers in the legend are the same quantity but from the
Riemann theory prediction of Eq. (4), when only including the Petschek-like exhaust
regions. The curves are shifted vertically for a better visual comparison, although
zero on the y-axis roughly corresponds to zero total energy conversion. (c) Same
as panel (b), except also treating secondary tearing islands as the exhaust regions
in the Riemann theory [i.e., an effectively longer Lx for Eq. (4)].
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estimates the actual ECR, such as the By ¼ 0;b ¼ 0:01 case (dark
blue). It, therefore, appears that the energy conversion rate per unit
length of exhausts is higher than that of secondary islands. Whether
this relation holds in, in general, and why it may be the case, is a sub-
ject for future research.

A more direct comparison is shown in Fig. 5. In panels (a), (c),
and (e), the black curves are the change in magnetic energy density
across the exhaust for three simulation runs. All cuts are over the end
of the rightmost exhaust structure in Fig. 3. The red curves show the
predicted magnetic jump after the fast expansion and subsequently the
slow shock (SS). Note that there is no magnetic energy jump across
RDs. The blue dashed curves are the normalized differences between
the plasma pressure z-component and its initial value. In the panels on
the top row, the similarity between the overall jumps of the black and
red curves demonstrates that the Riemann solution effectively captures
the magnetic energy structure inside and outside the exhaust, which
motivates our simple theory. In panels (a) and (e), we see a clear bal-
ance between plasma and magnetic pressure in the exhaust, illustrating
the slow-mode transition. Panel (c) shows a lower plasma pressure
than expected, at this time, because the exhaust is partially supported
by magnetic tension that develops when the large secondary magnetic
island at x=di ¼ 90 is ejected and temporarily distorts the outflow
geometry. Panels (b), (d), and (f) show the absolute value of Bx and By
over the same x-cuts. A similarity to the predicted Riemann structure
is visible: panel (b) depicts the switch-off behavior of Bx at z ¼ 25di,
with a quadrupolar field in By arising from Hall currents; in panel (d),
we clearly see Bx rotated into By, a signature of the RD transition;

similar features are seen in panel (f). Note that the RD and SS do not
completely separate from each other within the rather short exhausts
in these simulations, but their relative strength is still captured by the
Riemann solutions.

In the anti-parallel limit, the self-generated pressure anisotropy,
e � 1� 4pðPjj � P?Þ=B2, can reverse the speed order of RD and
SS,9,26,27 significantly changing the slow shock structure and inhibiting
the formation of SSSs that switch-off downstream Bx. However, (1) Bx
still needs to vanish at the mid-plane (z ¼ 25di) due to the symmetry
of this system, and more importantly, (2) the Poynting flux resulting
from the non-switched-off Bx component, Bx;out x̂ � Eout=4p, does not
exit the Gaussian surface at the outflow (Fig. 1), which has a surface
normal in the x-direction. Therefore, f ’ 1 is still expected even when
considering this kinetic feature. When By > Bx0, this anisotropic fac-
tor does not deviate much from the isotropic limit (e ¼ 1) because of
a larger denominator 1=B2, and the Riemann solution from isotropic-
MHD jump conditions better describes the exhaust structure.8

Overall, Fig. 5 validates the comparison in Fig. 4 and makes clear
that, by altering the relative jumps over the RD vs SS, the guide field
can alter the amount of reconnecting component energy transferred
into the plasma.

V. SUMMARY AND DISCUSSION
A. Implications to understanding reconnection

Recently, Zhang, Drake, and Swisdak8 confirmed that reconnec-
tion does develop the RD and SS in PIC simulations and found that
kinetic Riemann simulations (i.e., 1D “shock tube” simulations using

FIG. 5. Panels (a), (c), and (e): on the left vertical axis, we plot the difference between magnetic energy density over an x-slice and the initial asymptotic magnetic energy den-
sity. The black curves are from simulations, and red curves are the predictions of the Riemann solver. On the right vertical axis, in blue, we plot the difference between the z-
component of plasma pressure and its initial value. All curves are normalized to energy density of the reconnecting component. Panels (b), (d), and (f): the absolute value of
Bx and By over the same x-slices, in magenta and green, respectively. Both are normalized to Bx0.
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PIC) are a good proxy for measuring heating and particle species
energy partition through the exhaust. Here, we have shown that 1D
MHD Riemann solutions can still make a reasonable prediction of the
overall energy conversion rate within the exhaust. Even though the
kinetic slow shocks are often not as sharp as in ideal-MHD model,
the reconnection exhaust is still a combination of nonlinear slow-
mode and intermediate-mode transitions, which conspire to maintain
the pressure balance across the exhaust, as captured by the Riemann
solution. In this study, we only intend to provide a crude estimation of
ECR based on these nonlinear MHD conservation laws (i.e., the
Riemann solution). The effects of kinetic physics remain indispensable
to understanding the details of the energy conversion process, particle
acceleration, and energy partition between electrons and ions.8 Most
importantly, we show that the ECR in 2D kinetic reconnection can be
approximately connected to the reconnection rate by parameterizing
the exhaust structure through f.

From Fig. 2, f ranges from 1 in the By¼ 0 case to 0.5 in the high
guide field and low b limit. The guide field does not merely play a pas-
sive role in reconnection, but an active role by changing the exhaust
structure, determining plasma energization inside the reconnection
outflow. The reconnection rate is not the only parameter controlling
the ECR. In fact, the guide field may play a double role, decreasing
both f and R. Pritchett and Coroniti28 found that for a guide field
much larger than the reconnecting component, the reconnection rate
can be reduced by a factor of a few [e.g., compare the pink and blue
curves in Fig. 4(a)]. Hence, by reducing both the shock strength and
reconnection rate, a guide field may significantly reduce the ECR in
Eq. (4). In order to estimate the global ECR in a plasmoid-dominated
regime, the ECR within secondary magnetic islands needs to be mod-
eled in future work.

B. 3D magnetic reconnection

It has been demonstrated that in 3D, the reconnection layer can
be dominated by flux ropes and that exhaust boundary layers become
highly turbulent.13 Here, we discuss two comparable 3D simulations
with bg ¼ 0:5 and 4 in Fig. 6. These peta-scale simulations were previ-
ously reported in Ref. 14 with a different focus. They basically have the

same force-free setup of the primary 2D simulations of this paper, but
have a mass ratio mi=me ¼ 100; xpe=xce ¼ 2, and the system size in
x � y � z dimensions is 40 di � 40 di � 15 di, corresponding to
2048� 2048� 1024 cells with bg ¼ 0:5;b ’ 0:288 and 2048
�2048� 1536 cells with bg ¼ 4; b ’ 0:021. The x- and y-direction
boundaries are periodic, while the z-direction boundaries are conduct-
ing for fields and reflecting for particles. There are �1012 particles in
each run.

The reconnection layer with the low guide field bg ¼ 0:5 is
shown in Figs. 6(a) and 6(b), which with the high guide field bg¼ 4 is
shown in Figs. 6(c) and 6(d). They do feature more complex and tur-
bulent structures. The decrease in the total magnetic energy (i.e., ECR
in closed systems) in these simulations is measured in Fig. 6(e) as solid
curves. For comparison, the results of corresponding 2D simulations
are plotted as dashed curves. Notably, the dependency of these 3D
results on the guide field is captured by their 2D counterparts, sugges-
ting that the conclusion of our 2D study likely can carry over to full
3D with some correction from turbulence. The dotted lines show the
Riemann theory ECR prediction from Eq. (4), using Lx ¼ 30 di, and
the typical reconnection rate of R¼ 0.1. f is calculated in the same way
as in the previous 2D cases. Overall, this crude estimation captures the
energy conversion trend in 3D runs with both low and high guide
fields, a promising sign for future research. In nature, extended out-
flow exhausts may be more likely to form in open astrophysical envi-
ronments where reconnection is less affected by large magnetic
structures at the boundaries of the system. Since these 3D simulations
have a relatively short x-dimension of 40 di, a comprehensive study
using a larger 3D simulation domain will be a necessary follow-up
work. On top of our ECR prediction, a better description of energiza-
tion by 3D flux ropes could be useful, and effects, such as waves and
turbulence, may be important for particle energization in solar
flares.29–31

C. Application to solar flares

Our ECR prediction can be applied in the study of solar flares.
Possible evidence of Petschek-like slow shocks has been suggested by
Tsuneta.32 In a broader context, reconnection outflow regions have

FIG. 6. Three-dimensional reconnection simulations with guide fields bg ¼ 0:5 and 4 at time 44=xci are shown in panels (a)–(d). The top 2D planes show the current density
at those 2D plane cuts in 3D global structures shown below. Transparent iso-surfaces show contours of plasma density n=n0 ¼ 1:3. Sample of magnetic fields lines is colored
in yellow to show the helical structure of flux ropes. Panel (e) shows the decrease in magnetic energy as a function of time in both 3D reconnection simulations and their 2D
counterparts, with guide field bg ¼ 0:5 and 4. Note that the value for change in magnetic energy is normalized to the reconnecting component, not the total magnetic field.
Straight dotted lines are ECR estimates from the Riemann theory.
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been considered the primary site for particle energization in flare mod-
els that involve the reconnection layer itself,24 collapsing magnetic
traps,33 fast-mode termination shocks,34,35 and cascading turbu-
lence.29,30 Moreover, flare reconnection outflows have been observed
to extend 1:7R� above the Sun’s surface.36 These suggest that energy
transfer along the reconnecting current sheet is an important metric
for understanding flares.

There are observational techniques to determine the parameters in
our model for Eq. (4). These parameters are the reconnecting magnetic
field strength Bx0, guide field strength By, plasma b, inflow velocity vin (i.e.,
reconnection rate), and dimensions of the exhaust boundary Lx � Ly .

The temporally and spatially resolved coronal magnetic field
around the flare reconnection site is rather difficult to measure.
Indirect constraints have been derived using extrapolations from
observed photospheric magnetograms (see, e.g., Longcope et al.37)
Recently, new diagnostic methods have emerged based on microwave
imaging spectroscopy of gyrosynchrotron radiation due to flare-
accelerated electrons gyrating in the coronal magnetic field. In particu-
lar, based on microwave data from the Expanded Owens Valley Solar
Array (EOVSA; Gary et al.38) Fleishman et al.31 found a decaying
magnetic field @B=@t in the looptop region, and Chen et al.39 derived
a spatially resolved magnetic field profile along a large-scale reconnec-
tion current sheet during the SOL2017–09-10 X8.2 flare. To measure
the reconnecting field Bx0 and the guide field component By, one needs
additional constraints on the magnetic field direction. One approach is
to use the viewing angle hlos between the line-of-sight (LOS) direction
and magnetic field vector, a parameter also constrained by the micro-
wave spectral analysis (e.g., Fleishman et al.,31 Chen et al.39) particu-
larly with polarization measurements. Another approach is to use the
orientation of the post-reconnection flare arcades with respect to the
magnetic polarity inversion line observed at the photosphere, which
provides an estimate for the guide field angle.11,40 The inflow speed vin
may be directly constrained in observations by directly tracking
plasma flows converging into the presumed reconnection X-point or
current sheet using EUV time-series imaging39,41–43 or spectros-
copy,44,45 provided that the plasma properties and viewing geometry
are favorable for detection.

The current sheet length Lx could be determined using EUV or
soft x-ray (SXR) imaging, if the plasma sheet, erupting flux rope cavity,
and underlying flare arcade can be readily observed with a favorable
edge-on viewing geometry [e.g., 39]. The width (or “depth”) of the
current sheet Ly can be estimated using the length of the flare ribbons,
which are the conjugate “footprints” of the reconnected field lines
mapped on to the solar surface and can be conveniently measured for
flares viewed against the disk.11,46

To find f using the Riemann solver, as in Fig. 2, one needs the
angle between the magnetic field and shock normal hBn, guide field By,
and plasma beta b ¼ 8pnkT=B2. f is not very sensitive to reasonable
values of hBn, so using hBn ’ tan�1ðBz=Bx0Þ ’ tan�1ð0:1Þ will be
sufficiently accurate. (Here, 0.1 is the typical fast rate.47,48) In addition
to observational constraints for By and B as discussed above, plasma
density n and temperature T near the reconnection site can be con-
strained by using, e.g., differential emission measure analysis based on
multi-band EUV/SXR imaging,49–51 or by utilizing density/tempera-
ture-sensitive spectral line ratios with EUV spectroscopy.52,53

With these observational methods, all parameters can be poten-
tially determined, and the average ECR can be predicted based on the

Riemann theory. Recently, new observations utilizing microwave
imaging spectroscopy provide direct constraints for the ECR in flares.
Fleishman et al.31 used time-dependent measurements of microwave
emission spectra to derive the dynamically evolving coronal magnetic
field above the flare arcade. However, such diagnostics becomes less
accurate outside local regions with well-behaved microwave spectra, so
the currently available observations fall short in determining the global
ECR throughout the flaring region. A next-generation radio telescope
with high dynamic range and imaging fidelity, such as the Frequency
Agile Solar Radiotelescope (FASR; Bastian et al.54), should be able to
directly measure the ECR over a much broader flare region. Because
the properties of the Riemann solution should extrapolate well to a
long, reconnecting current sheet, our method can potentially capture
the larger-scale ECR and compare with these new and future
observations.
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