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ABSTRACT

During magnetic reconnection, field lines interconnect in electron diffusion regions (EDRs). In some EDRs, the reconnection and energy
conversion rates are controlled by a steady out-of-plane electric field. In other EDRs, the energy conversion rate ~J �~E 0 is “patchy,” with
electron-scale large-amplitude positive and negative peaks. We investigate 22 EDRs observed by NASA’s Magnetospheric Multiscale mission
in a wide range of conditions to determine the cause of patchy~J �~E 0. The patchiness of the energy conversion is quantified and correlated
with seven parameters describing various aspects of the asymptotic inflow regions that affect the structure, stability, and efficiency of recon-
nection. We find that (1) neither the guide field strength nor the asymmetries in the inflow ion pressure, electron pressure, nor number den-
sity are well correlated with the patchiness of the EDR energy conversion; (2) the out-of-plane axes of the 22 EDRs are typically fairly well
aligned with the “preferred” axes, which bisect the time-averaged inflow magnetic fields and maximize the reconnection rate; and (3) the
time-variability in the upstream magnetic field direction is best correlated with the patchiness of the EDR~J �~E 0. A 3D fully kinetic simulation
of reconnection with a non-uniform inflow magnetic field is analyzed; the variation in the magnetic field generates secondary X-lines, which
develop to maximize the reconnection rate for the time-varying inflow magnetic field. The results suggest that magnetopause reconnection,
for which the inflow magnetic field direction is often highly variable, may commonly be patchy in space, at least at the electron scale.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0090275

I. INTRODUCTION
A. Background and motivation

Magnetic reconnection in plasmas plays an important role in
converting magnetic energy to particle kinetic energy.1,2 At the

heart of magnetic reconnection is an electron diffusion region
(EDR), where inflowing sheared magnetic fields merge, changing
their connectivity.1,3,4 The reconnection electric field ER cycles
magnetic flux through the EDR, thereby mediating the local
reconnection rate, maintaining the out-of-plane current density
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JM, and contributing to the energy conversion rate through
JMER > 0.5

NASA’s Magnetospheric Multiscale (MMS) mission investigates
reconnection in Earth’s magnetosphere.6 In one EDR observed by
MMS, a clear steady reconnection electric field, ER, showed remarkable
agreement with both the reconnection rate7–9 and electron energiza-
tion rate.10 MMS has observed other EDRs with electron-scale peaks
in the energy conversion rates that can exceed what is expected from
typical values of ER, in some cases by several orders of magnitude.11–17

These large-amplitude energy conversion rates often originate from
spatially and/or temporally oscillatory electric fields such that ~J �~E 0

displays both positive and negative values (where ~E
0 �~E þ~ve �~B is

the electric field in the electron frame). We refer to such events as hav-
ing “patchy” energy conversion rates.

Patchy EDR energy conversion has been observed by MMS more
commonly at Earth’s magnetopause than in the magnetotail (e.g., anal-
ysis in Sec. IIIA)—though far fewer MMS magnetotail EDRs have
been yet been identified. Magnetopause reconnection occurs between
the highly variable shocked solar wind plasma and Earth’s magneto-
spheric plasma. Magnetotail reconnection occurs within the magneto-
sphere between similar plasmas. Whereas magnetopause reconnection
often has pronounced asymmetries between the two inflow regions
and may occur for a wide range of magnetic shear angles,18 magneto-
tail reconnection is often more symmetric with large magnetic shear
angles.19 While a wide range of conditions of a reconnecting plasma
may plausibly influence the structure of an EDR and its energy conver-
sion rate, the seven parameters investigated here focus on conditions
that typically differ for magnetopause and magnetotail reconnection.

B. Potential causes of patchy energy conversion

Asymmetries of upstream densities and magnetic field strengths
can displace the inflow stagnation line and X-line.11,20 When the
momenta of the two inflowing plasmas are imbalanced, a normal-
directed current JN crosses the X-line, which is unique to asymmetric
reconnection.11,20–22 Heavier ions penetrate farther past the X-line
than lighter electrons. Negative charge accumulation occurs as elec-
trons converge on the electron inflow stagnation point, or Se point for
brevity. As these bunched electrons are deflected into the outflow, they
meander back and forth across the low-density-side separatrix. The
resulting oscillatory JN and the strongly positive co-located EN lead to

spatially oscillatory JNEN .
12,23,24 Separation between the X and Se lines

may, therefore, lead to spatially patchy~J �~E 0 in EDRs.
Asymmetries of upstream densities and pressures can enable

cross field density and pressure gradients at the X-line.25 Lower-hybrid
or electron drift instabilities may promote the growth of waves and
turbulence around the EDR,26–32 which may alter the local energy con-
version rate in and near the EDR.26,31 The most common form of drift
wave found in/near MMS-observed asymmetric EDRs32 is a 3D
corrugation-like surface wave that originates near the separatrices and
ultimately results from an ion pressure gradient.28,29 Alternatively, the
corrugation-like surface waves may be a branch of the lower-hybrid
drift instability in which case they are expected to be driven by electron
density or pressure gradients.30,32 Thus, the degree of asymmetry in
the density, ion pressure, and/or electron pressure may lead to spatially
and temporally patchy~J �~E 0.

During high-magnetic-shear reconnection, highly non-
gyrotropic electron velocity distribution functions form as a result of
cross field meandering motions7,11,33 and the energy conversion is pri-
marily from perpendicular-to-the-magnetic-field currents and electric
fields.34 During low-shear reconnection, electrons are free to stream
along a guide magnetic field16,17,35,36 and the energy conversion is pri-
marily from parallel currents and electric fields.34 These unstable
velocity distribution functions in low and high magnetic shear EDRs
have been shown to act as a free energy source for wave growth, which
may modify the energy conversion rate within EDRs.13,37–39

Alternatively, the guide field may stabilize the EDR against the lower-
hybrid drift instability.40,41

Reconnection X-lines have preferred orientations, which opti-
mize the reconnection rate.42,43 This optimum orientation, corre-
sponding to the solid-line M direction in Fig. 1, bisects the upstream
magnetic fields.42 If reconnection is forced to occur in an orientation
that is not able to efficiently reconnect the inflowing magnetic energy
(dashed M direction, Fig. 1), then secondary reconnection lines may
develop along the optimal orientation.43 This can occur when the
reconnecting magnetic field is time-varying or has turbulent fluctua-
tions, which will lead to flux pileup and flux rope generation in the
outflow and modulations of the reconnection and flux transport
rates.44,45 In 3D kinetic simulations, flux ropes often become
entangled;46,47 it has been proposed that reconnection between
entangled flux ropes may be the origin of patchy parallel electric fields

FIG. 1. Left: a reconnection X-line with the optimal orientation (solid-line M direction) that maximizes the upstream free magnetic energy and the reconnection rate. Right:
reconnection with a suboptimal orientation (dashed-line M direction) reconnects the free magnetic energy inefficiently, leading to the growth of secondary reconnection lines
that form with optimal orientations43 (i.e., solid-line M direction).
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observed by MMS.48 Therefore, the time-varying upstream magnetic
field could result in the patchy EDR J�E0.

C. Outline of this study

To identify conditions in which patchy EDR energy conversion is
most likely to be driven, we perform a multi-event study of 22 MMS-
observed EDRs and correlate upstream parameters with the patchiness
of the energy conversion. We find that the upstream parameter best-
correlated with the patchiness of the energy conversion is the time var-
iability of the upstream magnetic field direction. We then perform a
large, 3D, and fully kinetic particle-in-cell (PIC) simulation of recon-
nection with a time-varying upstream field. We find that the current
sheet develops secondary tearing lines that have orientations that max-
imize the reconnection rate of varying inflow fields.

Parameter definitions, methodologies for their identification, and
a description of the relevant capabilities of MMS are found in Sec. II.
In Sec. IIIA, we present results of the multi-event study, finding that
the strongest correlation is between the patchiness of the EDR energy
conversion rate and time variability of the upstream magnetic field
direction. In Sec. III B, we analyze a three-dimensional fully kinetic
particle-in-cell (PIC) simulation of reconnection with an unsteady
upstream magnetic field. Finally, in Sec. IV, we summarize and inter-
pret these results.

II. METHODOLOGY AND MMS DATASET
A. Overview of methodology

We seek to understand whether one or more of several of the fol-
lowing descriptors of the upstream plasma conditions, enumerated
below, may play a predominant role in controlling the patchiness of
the EDR energy conversion rate rJ�E0 .

1. Distance along the normal direction between the X and Se lines
(dXSe) normalized by the thickness of the EDR 2de, which is esti-
mated as

dXSe=2de ¼
n1B2

L2 � n2B2
L1

BL1 þ BL2ð Þ n1BL2 þ n2BL1ð Þ ; (1)

where n is the number density, BL is the reconnecting compo-
nent of the magnetic field, and subscripts 1 and 2 indicate that
the parameter is associated with one or the other inflow region.15

2. Ion thermal pressure asymmetry ðhPi1i � hPi2iÞ=Pi0, where sub-
scripts 1 and 2 denote the asymptotic pressures in the two inflow
regions and the normalization parameter Pi0 is hybrid asymp-
totic scalar ion pressure, assumed to follow

Pi0 ¼ n0Ti0 ¼
n1B2 þ n2B1

B1 þ B2

� �
n1Ti1B2 þ n2Ti2B1

n1B1 þ n2B2

� �
; (2)

based on previously derived expressions for the hybrid asymp-
totic number density20 and temperature.15

3. Electron thermal pressure asymmetry ðhPe1i � hPe2iÞ=Pe0, where
Pe0 follows the form of Eq. (2), where angular brackets indicate
time averages.

4. Number density asymmetry ðhn1i � hn2iÞ=n0, where n0 is given
by the left-most parenthetical term in Eq. (2).

5. Normalized guide magnetic field strength BG=BL0; BL0 is the
hybrid reconnecting magnetic field component, which follows20

BL0 ¼
2BL1BL2

BL1 þ BL2
(3)

and the hybrid asymptotic guide field BG is assumed to follow
the same form.

6. Angle between the actual and optimal (Mopt) X-line orientations
in the L–M plane, where Mopt bisects the time-averaged inflow
magnetic fields.42

7. Angular variability in the upstream magnetic fields dh
¼ hacosðB̂ � hB̂iÞi.

The “patchiness” of the EDR energy conversion rate rJ�E0 is quan-
tified as the deviation between the observed~J �~E 0 and the energy con-
version rate expected from a steady reconnection electric field (i.e., as
the standard deviation of the difference of the red and black curves in
Fig. 2 normalized by the maximum value of the red curve), i.e.,

rJ�E0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hð~J �~E 0 � JMERÞ2i � hð~J �~E

0 � JMERÞi2
q

max JMERð Þ ; (4)

where ~E
0 �~E þ~ve �~B is the electric field in the electron rest frame,

i.e., the non-ideal electric field, and the normalization quantity is the
maximum value of JMER in the EDR. ER is a constant value deter-
mined as ER ¼ RhVAi0B0i, where R is the normalized reconnection
rate and the theoretical maximum R ’ 0:2 value49,50 is assumed, VAi0

is the hybrid asymptotic upstream ion Alfv�en speed, and B0 is the
hybrid asymptotic upstream reconnecting magnetic field BL. Note that
the exact choice of R¼ 0.2 does not substantially affect the results of
the study, as is demonstrated in Appendix B. With the exception of ER,
all other parameters in Eq. (4) are evaluated in the EDR. Figure 2(a)
shows an extremely laminar EDR energy conversion case, while
Fig. 2(b) shows an extremely patchy event.

If patchy EDR energy conversion results from charge accumula-
tion at the Se line, then large-amplitude and spatially oscillatory JNE0N
should contribute predominantly to the overall product~J �~E 0. We also
define and calculate separate patchiness terms for JLE0L; JME

0
M , and

JNE0N ,

FIG. 2. A comparison of the observed non-ideal energy conversion rate~J �~E 0 and
the rate expected based on a uniform and constant reconnection electric field
JMER . Two events are shown, which were identified in Earth’s magnetotail51 (left)
and at the magnetopause36 (right).
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rJi �E0i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h JiE0i � diMJMERð Þ2i � h JiE0i � diMJMERð Þi2

q
max JMERð Þ ; (5)

where i is L,M, or N and diM ¼ 1 for i¼M and zero otherwise.

B. MMS dataset

MMS consists of four identically equipped spacecraft that, during
the periods studied here, flew in an electron-scale tetrahedral forma-
tion.6,52 MMS science data are available in two principal modes, burst,
and survey, which describe the resolution of the data returned to
ground. High-resolution burst-mode data are typically only available
during current sheet crossings and are required for analyzing EDRs.
Lower-resolution survey mode data are used when analyzing the
asymptotic inflow regions.

The fast plasma investigation obtains 3D velocity distribution
functions and moments of ions and electrons once per 150 and 30-ms,
respectively, in burst mode (4.5-s cadences for both species in survey
mode).53 For magnetopause EDRs, mass-per-charge-separated ion
composition data from the hot plasma composition analyzer54 are
used to help distinguish the magnetosheath, magnetosphere, and
mixed boundary layer plasmas. Comparatively high Heþþ and negligi-
ble Oþ concentrations are expected in the asymptotic upstream mag-
netosheath, while the opposite is expected in the magnetosphere
inflow region. 3D electric and magnetic field measurements are
obtained by the electric field double probes55,56 and flux gate magneto-
meters,57 respectively. Burst-mode electric field data are available at
8192Hz. Survey-mode magnetometer data are available at 8Hz. The
particle moments from the fast plasma investigation are used to calcu-
late current densities uniquely at each of the four spacecraft.58~J �~E 0 is
also calculated uniquely at each spacecraft and is smoothed to remove
sub-de-scale oscillations.

C. Analysis methods and event selection criteria

First we identify EDR events. Throughout this paper, EDR refers
to the “central EDR,” which is distinguished from the extended elec-
tron jet region often referred to as the “outer EDR.”59,60 Generally
speaking, the central EDR is where field lines merge.4,6,7,61 Even during
laminar reconnection, ~J �~E 0 < 0 is expected61 and observed in the
outer EDR,62 as super-Alfv�enic electron jet braking causes the
electron-frame out-of-plane electric field component (E0M) to be anti-
aligned with the out-of-plane current;9,63 since the energy conversion
rate is, therefore, not controlled by JMER in the outer EDR, such inter-
vals are excluded from this study. Central EDR intervals were identi-
fied by eye on a case-by-case basis using (1) large JM � JL, (2)
significant electron pressure non-gyrotropy, and (3) predominantly
positive~J �~E 0. We started with 36 EDR events, 34 of which were iden-
tified at the dayside magnetopause11,14,17,24,27,36,51,64–68 and 2 in the
magnetotail.7,69

Next, we require that MMS observed both asymptotic inflow
regions for several minutes. The trajectory MMS that takes through an
EDR depends almost entirely on the time-dependent motion of the
EDR, which varies from event to event. In some cases, MMS does not
fully cross the EDR into one inflow region; these events are discarded,
leaving 27 EDRs. Three events for which plasma parameters during an
inflow interval could not clearly be associated with the EDR interval

(e.g., when large rotations in the upstream magnetic field were
observed during the crossing) were discarded, leaving 24 EDRs.

Average LMN coordinates were determined for these 24 EDRs.
Here, average specifies that a single coordinate system is used to define
an EDR interval, whereas the axes may vary during the crossing.70 The
maximum directional derivative of ~B (MDD-B) technique71 was used
to identify the EDR current sheet normal N. For some events, MDD-B
did not find a stable normal direction; in these cases, maximum vari-
ance of the electric field72,73 (MVA-E) was used to identify N.
Maximum variance of the magnetic field74 (MVA-B) was then used to
determine a direction L�. M was then evaluated as N � L�=jN � L�j
and L ¼ M � N . Similar hybrid techniques for finding LMN coordi-
nates have been used previously.8,70 Two events were discarded
because EDR coordinates could not be confidently established, leaving
22 total EDR events for this study (20 magnetopause and 2 magneto-
tail events).

We use Spearman’s q coefficient to evaluate the strength of the
correlations between the patchiness of the energy conversion in our 22
EDRs with the seven parameters enumerated in the list of Sec. IIA. q
is a non-parametric measure of the strength with which two variables
are associated.75 This approach was chosen because (1) the magnitude
of q is not strongly influenced by outlying data points and (2) we do
not have to assume any particular functional form describing the rela-
tionships between the patchiness and the seven parameters; rather,
only a monotonic relationship is assumed. We refer to correlations
with jqj � 1=3 as weak, 1=3 � jqj � 2=3 as moderate, and jqj � 2=3
as strong. We also evaluate a confidence interval for each correlation,
i.e., the probability that a non-zero correlation is not the result of ran-
dom chance, which is based on the sample size (22 EDRs) and the
strength of the correlation (¼ 1� q

ffiffiffi
2
p

). We adopt a “95% rule,”
meaning that only correlations with � 95% confidence (2r) are
deemed significant.

III. RESULTS
A. Multi-event study

Figures 3(a)–3(e) show the patchiness of the 22 EDRs vs the
first five parameters in the enumerated list in Sec. II A. As noted in
Sec. I, the 20 magnetopause EDRs (orange symbols) are typically
more patchy than the 2 magnetotail EDRs (purple symbols). Of the
five parameters shown in Figs. 3(a)–3(e), the separation between
the X and Se lines [Fig. 3(a)], as defined in Eq. (1), is the only
parameter strongly and significantly correlated with the patchiness
of the energy conversion. A note of caution is required, however,
regarding the clustering of data points in the parameter space of
Fig. 3(a). Since we do not have enough EDRs to control for all
parameters simultaneously, it is not possible to discern whether the
separation of magnetotail [two bottom/left-most data points in Fig.
3(a)] and magnetosheath [20 right-most data points in Fig. 3(a)].
EDRs are due to unique aspects of reconnection caused by X and Se
line separations or due to other differences between the magneto-
pause and magnetosheath current sheets. However, when the two
outlying magnetotail data points are excluded, the correlation coef-
ficient and confidence drop only slightly to 0.61 and 99.2%, respec-
tively, meaning that the correlation becomes moderate but remains
significant. Figure 3(b) shows the component-specific patchiness
parameter of Eq. (5). If charge accumulation at the Se line was the
predominant cause of patchy energy conversion, then the energy
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conversion rates of patchier events are expected to be dominated by
JNEN . However, there is no clear dominance of the patchiness of
JLE0L (blue), JME

0
M (green), and JNE0N (red) to the overall patchiness

of~J �~E 0.

Weak correlations were found between the patchiness of the
energy conversion and the ion [Fig. 3(c)] and electron [Fig. 3(d)] ther-
mal pressure asymmetries, the density asymmetry [Fig. 3(e)], and the
guide field strength [Fig. 3(f)]; all correlations were all below our 95%

FIG. 3. Vertical axes are rJ�E0 defined in Eq. (4) for 22 EDRs. Horizontal axes are the normalized: (a) separation between the X and electron stagnation (Se) lines, a derived
quantity based on the inflow magnetic field and density asymmetries, (b) the patchiness of JLE0L (blue), JME

0
M (blue), and JNE0N (red), as defined in Eq. (5), (c) scalar ion ther-

mal pressure asymmetry, (d) scalar electron thermal pressure asymmetry, (e) density asymmetry, and (f) guide field strength; the definitions of which are found in the numbered
list in Sec. II A. (a) and (c)–(f): Spearman correlation coefficients and their confidence values are in the upper left of each panel, magnetopause EDRs are colored orange, and
magnetotail EDRs are purple.
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confidence threshold for significance. Observations and simulations
suggest that these parameters may play a role in modulate the
energy conversion rate at or very near the EDR, at least in some
limiting circumstances. Since we are unable to control for all
parameters simultaneously, the results of Fig. 3 may only be inter-
preted as evidence that these parameters do not exert a singular
or predominant influence on the patchiness of the EDR energy
conversion, over the parameters’ ranges typically found in the
magnetosphere.

The final two parameters from Sec. II A are shown in Figs. 4(a)
and 4(b): The angle between the actual EDR M and optimum Mopt

directions and the angular variability of the upstream magnetic
field, respectively. Errors in the EDR coordinate axes determined
with the hybrid MDD-B/MVA technique may be 	4
-to-10
 based
on previous MMS case analyses;8,70 analysis of our 3D simulation
run (Sec. III B) with this hybrid method yielded an error of 	5
 in
the M direction. We find that most of the EDRs are separated from
the optimum Mopt direction by angles less than our assumed 10
 of
uncertainty.

The parameter most strongly and significantly correlated with
rJ�E0 is the time variability of the upstream magnetic field direction
[Fig. 4(b)]. This correlation may indicate that, while the EDR may be
fairly well aligned with the time-averaged optimum Mopt direction,
time variations in Mopt may also lead to secondary tearing growth.
This result is in good agreement with recent two-dimensional particle-
in-cell simulations44 of reconnection with fluctuating magnetic fields.
In Sec. III B, we investigate this result further by analyzing a three-
dimensional simulation of reconnection with a non-uniform inflow
magnetic field.

B. Simulation of reconnection with varying inflow
conditions

A three-dimensional fully kinetic simulation was performed to
investigate the behavior of reconnection under non-uniform inflow
conditions. The simulation was run using the electromagnetic particle-
in-cell code VPIC.76 The initial magnetic field profile of the primary
asymmetric current sheet was taken from a previous work;43 however,
a tangential discontinuity (TD) was added in the upstream magneto-
sheath [see Fig. 7(b)]. The TD convects with the inflow toward the
X-line, meaning the spatial variations in the inflow field translate to
time-varying boundary conditions for the diffusion region. The
upstream TD was an ion-scale rotation of the inflow magnetic field by
45
, which was chosen to loosely match the largest variations in the
upstream field direction for the event of Fig. 2(b). We stress, however,
that this is not a simulation of an MMS event, and variations in the
upstream magnetic field only occur at the TD. To reduce turbulence
resulting from periodic conditions at theM boundaries, the simulation
box was oriented such that the optimal Mopt direction of the primary
reconnecting current sheet was aligned with the simulation M coordi-
nate.43 A full description of the 3D simulation setup is provided in
AppendixA1.

We limit our investigation to a single time of the simulation,
t ¼ 128=Xci (where Xci is the ion cyclotron period), which is roughly
50Xci after the TD convected into the diffusion region. At this time,
strong~J �~E 0 resulting from the initial conditions was no longer appar-
ent. At t ¼ 128=Xci, some readily identifiable impacts of the time-
varying inflow appear in the simulation.

Figures 5(a) and 5(b) show a cut through the L–M plane at
N=de ¼ 1, the approximate location of the primary X-line. In the

FIG. 4. Vertical axes are rJ�E0 defined in
Eq. (1) for 22 EDRs. Horizontal axes are:
(a) the angular difference in the L–M plane
between the EDR M direction and the opti-
mum M direction, which bisects the time-
averaged upstream magnetic fields and
(b) the angular variability of the upstream
magnetic field direction. Spearman corre-
lation coefficients and confidence values
are in the upper left of each panel.
Magnetopause EDRs are colored orange,
and magnetotail EDRs are purple.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 29, 082107 (2022); doi: 10.1063/5.0090275 29, 082107-6

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/php


L–M plane, reconnection lines are identified as dividing lines that sep-
arate oppositely directed BN. Secondary tearing lines, shown in Fig.
5(a), are likely a result of the TD impact. The axes of the secondary
tearing linesM0 are tilted by roughly 45
 relative to the primary X-line
M, which is consistent with the expected optimal M direction (along
the line bisecting the upstream fields42,43) after the 45
 rotation of the
upstream~B associated with the TD. Persistent features associated with
the primary X-line, which was oriented in the optimal direction under
the initial upstream conditions, appear simultaneously with the sec-
ondary tearing modes.

Figure 5(c) shows~J �~E 0 and JM0ER along a 1D cut through the
secondary tearing lines, comparable in layout to Fig. 2. Shaded boxes
in Fig. 5(c) indicate the region within 610de of the X-line, correspond-
ing very roughly to the EDR length in the outflow direction.77 The
reconnection rate was slow at this late stage of the simulation, with
R¼ 0.03 based on the normalized inflow speeds (not pictured). The
slow rate may be due to the inflow magnetic flux relative being
depleted by 	25% relative to its initial value (not pictured). When the
normalized rate of 0.03 is used to calculate ER, we obtain patchiness
parameters rJ�E0 of 0.28 and 0.38 for the X-lines at L¼ 681de and
781de, respectively. When a reconnection rate of 0.2 is used, JM0ER
exceeds~J �~E 0 by such a wide margin that were this observed by MMS,
it would likely be excluded from our event list. The values of rJ�E0 are
very low relative to MMS events, yet so is the angular variability in the
upstream magnetic field (1.9
), making it consistent with the correla-
tion of Fig. 4(b). It is likely that the reconnection at this late stage has
already reached a steady state under the steady post-TD impact inflow
fields and, hence, the good agreement between rJ�E0 and JM0ER.

A 2.5-dimensional fully kinetic simulation was performed with
steady upstream conditions (i.e., there is no upstream TD in the 2.5D

run) to demonstrate that small rJ�E0 is found for reconnection at a
steady state. The initial conditions of the 2.5D run match those of the
3D run after the TD impact (see AppendixA2). Lower noise levels are
present in the 2.5D run, meaning that rJ�E0 can be determined at any
time and is determined here while the reconnection rate was order 0.1.
Results from the 2.5D run are shown in Fig. 6. Cuts in Fig. 6 are shown
at time t ¼ 74=Xci, at which point no secondary X-lines were present.
Near the X-line, in the shaded region of Fig. 6(c),~J �~E 0 and JMER agree
very well, indicating that the 2.5D steady simulation did not have
patchy energy conversion. When normalized reconnection rates of
R¼ 0.1 [Fig. 6(c)] and R¼ 0.2 (not pictured) are used, the patchiness
parameter rJ�E0 is 0.36 and 0.16, respectively. Comparisons with MMS
events [e.g., Fig. 3(a)] reveal that this steady simulation has a rJ�E0 simi-
lar to the least patchy EDR MMS has observed: the event shown in
Fig. 2(a).

IV. SUMMARY, INTERPRETATION OF RESULTS,
AND FUTURE WORK

The overarching goal of this study was to determine the origin of
patchy non-ideal energy conversion rates~J �~E 0 commonly found in
MMS-observed electron diffusion regions (EDRs). We examined 36
EDRs, finding 22 that were suitable for a multi-event study. The patch-
iness of the energy conversion rate was quantified by rJ�E0 , as defined
in Eq. (4), which is the difference between the MMS-observed energy
conversion rate and the rate expected from a uniform, steady recon-
nection electric field with a normalized strength of 0.2 (though the
choice of 0.2 does not substantially affect the results, as demonstrated
in Fig. SI1). The patchiness of the energy conversion was then corre-
lated with seven parameters describing the geometry of the diffusion
region and its upstream conditions: the (1) separation between the X

FIG. 5. Cuts of the 3D run showing the (a) reconnected component of the magnetic field, (b) electron-frame energy conversion rate in the simulation L–M plane, and (c)~J �~E 0

(blue) and JM0ER (orange), where M0 is the local M direction for the secondary X-lines [shown in (a)]. The shaded boxes indicate the region within 610de of the X-lines.
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and electron stagnation (Se) lines, a function of the magnetic field and
density asymmetry, (2) ion scalar pressure asymmetry, (3) electron
scalar pressure, (4) density asymmetry, (5) guide field strength, (6) the
angle between the average EDR and optimum M directions, the latter
being the line bisecting the time-averaged upstream magnetic fields,
and (7) the time variability of the upstream field.

The following are the principal findings from the multi-event
study:

1. The patchiness of the energy conversion rates in our EDR events
is not correlated with the density asymmetry, ion, and electron
pressure asymmetries, nor the guide field strength.

2. A strong and significant correlation is observed between the
patchiness of the EDR energy conversion and the separation
between the X and Se lines, which is a function of the magnetic
field and density asymmetry. There is no clear dominance of
JLE0L; JME

0
M , or JNE

0
N in EDRs with patchy energy conversion.

3. The majority of EDRs have an average M direction within (10
)
uncertainty bars of being aligned with the optimum direction,
which bisects the time-averaged upstream magnetic fields and
maximizes the reconnection rate.

4. The best correlation is observed between the patchiness of the
EDR energy conversion and the time variability of the upstream
magnetic field direction.

A three-dimensional particle-in-cell (PIC) simulation was per-
formed to investigate the behavior of reconnection with non-uniform
inflow conditions. Reconnection began along a primary X-line, which
had an optimum orientation that bisected the initial upstream field,
thereby maximizing the initial reconnection rate. After a tangential
discontinuity impacted the diffusion region and the immediately
upstream magnetic field rotated by 45
 secondary tearing lines devel-
oped, which radiate from the primary X-line at an angle consistent
with the change in the magnetic shear (by 45
). Due to high noise lev-
els, which may have been due in part to an initial state of disequilib-
rium, we were not able to quantify the patchiness of the energy
conversion during the TD impact in the simulation studied here.
Analysis of the 3D run long after the TD impact reveals that reconnec-
tion had already reached a steady state, and rJ�E0 was very small, con-
sistent with the low variability in the upstream magnetic field and the
observationally derived correlation of Fig. 4(b).

We interpret the findings in the following way: of the sources
studied here, the predominant source of patchiness in the EDR energy
conversion rate is the time variability of the inflowing magnetic field
directions. The causal relationship may be due to the formation of sec-
ondary tearing lines, which develop from a primary tearing line in
unsteady inflow conditions, as was seen in the simulation. Whereas
the direction of the primary reconnection line seems to be (at least,
most commonly) set by the direction that bisects the time-averaged
upstream fields, the growth of secondary tearing lines may be the
mechanism that maximizes the reconnection rate under time-varying
inflow fields. This is just one possible interpretation, since no clear
enhancement in~J �~E 0 was observed at the simulated secondary tearing
lines. It is possible the single clean variation in the simulated magnetic
field was not complex enough in its structure to lead to entangled flux
rope formation46–48 and discernibly patchy ~J �~E 0. Additionally, it is
likely that, at the late stage of the 3D simulation considered here, the
reconnection had already reached a steady state and, therefore, had
very good agreement between the observed energy conversion rate
and the rate expected from a steady reconnection electric field.

This interpretation is comparable to findings from previous
works, which studied in two-dimensional PIC simulations and found
that the growth of secondary tearing lines and modulations in the
reconnection rate result from time-varying inflow magnetic field con-
figurations.44,45 In comparison with the aforementioned two-
dimensional pictures, we suggest that the secondary tearing lines may
form with oblique (3D) geometries such that the reconnection rate is
maximized for the time-varying field. Our interpretation and findings
are also comparable with earlier MMS-based investigations. These
studies suggested that patchiness in the reconnection rate may lead to
the formation of tangled flux ropes, which, in turn, may reconnect
with one another and generate patchy and large-amplitude electric
fields.48 Additionally, our interpretation may be consistent with recent
results, suggesting that large enhancements of~J �~E 0 are associate with
secondary “electron-only” reconnection lines.78

Further simulation work is needed to develop a quantitative rela-
tionship between unsteady inflow magnetic fields and patchy recon-
nection. In addition to existing studies of two-dimensional
simulations, three-dimensional simulations should be conducted to

FIG. 6. Cuts of the 2.5D run showing the (a) out-of-plane current JM and (b) non-
ideal energy conversion rate~J �~E 0 in the L–N plane and (c) a cut along the outflow
direction L of~J �~E 0 (blue) and JMER (orange), where R¼ 0.1 is used to calculate
ER. The shaded box indicates the region within dL ¼ 610de of the X-line.
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determine whether entanglement and reconnection of secondary flux
ropes lead to enhanced energy conversion rates.

One question that cannot be answered at present is whether or
not patchy electron-scale reconnection has a discernible impact on
reconnection at larger scales. It has recently been suggested that at/
above ion scales, reconnection at Earth’s magnetopause appears to
have a continuous global-scale structure.79 Reconciling the patchiness
of reconnection at electron-scales with the apparent continuous and
quasi-two-dimensional nature of reconnection at much larger scales
may be possible in the near future as in its current extended mission,
the inter-spacecraft separations will be increased such that MMS will
be able to resolve electron and ion-scales simultaneously.
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APPENDIX A: SIMULATION SET-UP AND ANALYSIS
DETAILS

1. 3D run

For the 3D run, the initial magnetic profile is

BL0ðNÞ ¼ B0 ð0:5þ SÞ2 þ 1� BM0

B0

� �2
" #1=2

sgnðN � NnÞ;

BM0ðNÞ ¼ B0
1� bMs

2
tanh

N � NTD

kTD

� �
þ 1þ bMs

2

� �
;

(A1)

where S ¼ tanh½ðN � NnÞ=k�. The primary reconnection current
sheet is located at Nn ¼ 2:2di, while the TD is initially located at
NTD ¼ �3:0di. Parameter bMs ¼ cos/� 0:5 sin/ determines the
net rotational angle / of the TD, and we used / ¼ 45



, as illus-

trated in Fig. 7(a), which was chosen based on the largest angular
deflections observed upstream of the EDR in Fig. 2(b). The initial
half-thicknesses of the current sheet and TD are k ¼ 0:8di and
kTD ¼ 1:3di, respectively. These magnetic components are shown
as dashed curves in Fig. 7(b).

The plasma has the same density profile n ¼ n0½1� ðSþ S2Þ=3�
as in Liu et al., which is n2 ¼ n0=3 and n1 ¼ n0, where the subscripts
“1” and “2” correspond to the magnetosheath and magnetosphere
sides, respectively. The uniform total temperature is T ¼ 3B2

0=ð8pn0Þ
that consists of contributions from ions and electrons with ratio Ti=Te

¼ 5. The mass ratio ismi=me ¼ 25. The ratio of the electron plasma to
gyro-frequency is xpe=Xce ¼ 4, where xpe � ð4pn0e2=meÞ1=2 and
Xce � eB0=mec. In the presentation, densities, time, velocities, spatial
scales, magnetic fields, and electric fields are normalized to n0, the ion
gyro-frequency Xci, the Alfv�enic speed VA � B0=ð4pn0miÞ1=2, the ion
inertia length di � c=xpi, B0 and VAB0=c, respectively.

From Liu et al., we determined the preferred orientation of the
primary x-line of this asymmetric current sheet, which we align
with the y axis of our simulation. Thus, we rotate the simulation
box by hbox ¼ �13
. The resulting magnetic field in the new coordi-
nate will be

BL Nð Þ ¼ BL0 Nð Þ cos hbox þ BM0 Nð Þ sin hbox;

BM Nð Þ ¼ �BL0 Nð Þ sin hbox þ BM0 Nð Þ cos hbox;
(A2)

and they are shown as solid curves in Fig. 7(b). This large 3D run has
a domain size LL � LM � LN ¼ 300di � 256di � 28di and 4800
� 4096� 448 cells. The origin of the coordinate locates at the center
of this simulation domain. This run has 0.88 � 1012 macro particles.
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The boundary conditions are periodic in both the L- andM-directions,
while in the N-direction, they are conducting for fields and reflecting
for particles. We use the perturbation to uniformly initiate a reconnec-
tion x-line along theM-direction at L¼ 0.

2. 2.5D run

The initial magnetic field profile of the 2.5D run is

BL0ðNÞ ¼ B0ð0:5þ SÞ;

BM0ðNÞ ¼ B0:
(A3)

No upstream TD is present in the 2.5D run. The simulation
domain size is LL � LN ¼ 300di � 28di or 4800� 448 cells. The
number of particles per species per cell is 400. All other parameters
are set identically to the 3D run.

APPENDIX B: EFFECT OF THE NORMALIZED
RECONNECTION RATE ASSUMPTION ON
THE MULTI-EVENT STUDY

Here, we demonstrate that the exact choice of the normalized
reconnection rate (R¼ 0.2) does not substantially affect the results
of this study. To do so, we

FIG. 7. Initial magnetic field condition
used for the 3D PIC simulation. (a)
Illustration of the magnetic field rotation in
the TD on the magnetosheath side. (b)
Initial profiles of BL, BM, BM0, and BM0.

FIG. 8. Both (a) and (b) are laid out identi-
cally to Fig. 4(b). (a) The patchiness is
evaluated using a normalized reconnec-
tion rate of R¼ 0.1. (b) The patchiness is
evaluated identically to Fig. 4(b), e.g.,
using R¼ 0.2.
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1. reevaluate Eq. (4) for our 22 EDRs using R ¼ 0.1,
2. determine the strength and significance of the correlation

between the patchiness of the EDR~J �~E 0 and the angular vari-
ability of the upstream magnetic field, and

3. compare with the results of Fig. 4(b), which was determined
using R ¼ 0.2.

Figure 8(a) shows results for R¼ 0.1, while Fig. 8(b) shows
results for R¼ 0.2. The correlation coefficients are nearly identical
(0.74 for R¼ 0.1 and 0.75 for R¼ 0.2), and both correlations are sig-
nificant (99.9% confidence). There is roughly a factor of 2 difference
between the patchiness parameters of Figs. 8(a) and 8(b), corre-
sponding to the factor of 2 difference in R. Likely, this simple scal-
ing with R is due to the fact that R appears in the normalization
factor of Eq. (4), so increasing R by some decreases the patchiness
by roughly the same factor. The main takeaway is that, for patchy
events, the energy conversion rates are not controlled by a steady
reconnection electric field with a normalized strength of order 0.1.
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