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ABSTRACT

We report Magnetospheric Multiscale four-spacecraft observations of a thin reconnecting current sheet with weakly asymmetric
inflow conditions and a guide field of approximately twice the reconnecting magnetic field. The event was observed at the interface of
interlinked magnetic field lines at the flank magnetopause when the maximum spacecraft separation was 370 km and the spacecraft
covered �1.7 ion inertial lengths (di) in the reconnection outflow direction. The ion-scale spacecraft separation made it possible to
observe the transition from electron-only super ion-Alfv�enic outflow near the electron diffusion region (EDR) to the emergence of
sub-Alfv�enic ion outflow in the ion diffusion region (IDR). The EDR to IDR evolution over a distance less than 2 di also shows the
transition from a near-linear reconnecting magnetic field reversal to a more bifurcated current sheet as well as significant decreases in
the parallel electric field and dissipation. Both the ion and electron heating in this diffusion region event were similar to the previ-
ously reported heating in the far downstream exhausts. The dimensionless reconnection rate, obtained four different ways, was in the
range of 0.13–0.27. This event reveals the rapid spatial evolution of the plasma and electromagnetic fields through the EDR to IDR
transition region.
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I. INTRODUCTION

Magnetic reconnection is a universal plasma process that con-
verts magnetic energy to particle energy. For standard reconnection to
occur, both electrons and ions decouple from the magnetic field, and
the dissipation region develops a two-scale structure: An inner electron
diffusion region (EDR) with electron skin depth scales where the elec-
tron flow completely dominates those of the ions and the electron
frozen-in condition is broken, and an outer ion diffusion region (IDR)
with ion inertial length (di) scales (e.g., Vasyliunas, 1975; Sonnerup,
1979; Shay et al., 1998). In the IDR, electrons are frozen-in to the mag-
netic field, but the ions are not, leading to Hall magnetic and electric
fields (e.g., Sonnerup, 1979).

The predicted Hall magnetic and electric fields in the IDR have
been confirmed by numerous spacecraft observations (e.g., Nagai et al.,
2001; Øieroset et al., 2001; Mozer et al., 2002; Runov et al., 2003; Borg
et al., 2005; Eastwood et al., 2010a). However, observing the miniscule
EDR remained a challenge until the launch of NASA’s Magnetospheric
Multiscale (MMS) mission, a four-spacecraft mission designed to study
magnetic reconnection at the electron scale, with unprecedented high
time resolution measurements and electron-scale spacecraft separation
(Burch et al., 2016a). MMS has indeed provided conclusive evidence
for electron demagnetization in the electron diffusion region (EDR)
where reconnection of magnetic fields takes place (e.g., Burch et al.,
2016b; Chen et al., 2016; Burch and Phan, 2016; Torbert et al., 2016,
2018; Eriksson et al., 2016; Genestreti et al., 2017; Webster et al., 2018).

The transition from the EDR to the IDR has been studied in
kinetic simulations, which predict super-Alfv�enic electron outflow jets
close to the X-line followed by a decrease in the electron outflow speed
through the IDR away from the X-line (e.g., Hesse et al., 1999; Shay
et al., 1999). Further downstream, the ions are gradually accelerated
away through the IDR and when electrons and ions reach a joint out-
flow speed (approximately the Alfv�en speed), it marks the exit from
the IDR into the ion and electron coupled exhaust.

The super-Alfv�enic electron jets near the X-line and their slowing
down further away have been observed in the magnetotail when space-
craft cross an X-line along the outflow direction (Nagai et al., 2011;
Zenitani et al., 2011; Torbert et al., 2018). However, with such a trajec-
tory, one cannot study how the cross-current sheet plasma and field
profiles evolve with distances from the X-line.

In this paper, we present a fortuitous Magnetospheric Multiscale
(MMS) observation with ion-scale spacecraft separation across a thin
reconnecting current sheet. The unusually large (up to 370 km) separa-
tion occurred during orbit adjustments from the nightside to the day-
side phase of the MMS mission in October 2017. The ion-scale
spacecraft separation made it possible to study the spatial evolution of
the cross-current-sheet profiles of the reconnection layer in the
EDR–IDR-exhaust transition region.

The event was observed during an MMS traversal of a com-
pressed, thin current sheet at the interface of interlinked magnetic field
lines emanating from two X-lines at the flank magnetopause. Recent
observations have shown that reconnection can occur in such current
sheets (Øieroset et al., 2016, 2019; Kacem et al., 2018; Fargette et al.,
2020a; Russell and Qi, 2020). Although the reconnection event is at
the magnetopause, which one would usually associate with asymmet-
ric reconnection, this type of interlinked reconnection is closer to
being symmetric, as the properties of the two inflowing plasmas tend
to be rather similar.

The paper is organized as follows. Section II describes the MMS
instrumentation. Section III describes the large-scale context of the
event. The current sheet (LMN) coordinate system is presented in Sec.
IV, while Sec. V discusses the reconnection geometry. Section VI
shows the inflow conditions, and Sec. VII contrasts the current sheet
profiles at the four spacecraft. The key findings are summarized and
discussed in Sec. VIII.

II. INSTRUMENTATION

We use MMS Level 2 (L2) flux gate magnetometer (FGM) data
at 128 samples/s (Russell et al., 2014) and fast plasma investigation
(FPI) data at 30ms resolution for electrons and 150ms for ions
(Pollock et al., 2016). For the electric field (Torbert et al., 2014), we use
Level 3 (L3) data at 8192 samples/s. The L3 data are calibrated using
burst FPI data comparing the electric field with�V� B to remove the
offsets and adjust the baseline while L2 electric field data use the fast
FPI data for calibration.

III. LARGE-SCALE CONTEXT

Figure 1 shows MMS1 observations, in GSE coordinates, of a
magnetic flux enhancement event at the dusk flank magnetopause, at
GSE (�6.8 RE, 19.8RE, 6.2RE). The upstream interplanetary magnetic
field associated with this event was BGSE ¼ (5, �4, 1) nT. A sharp
polarity reversal in BY [Fig. 1(b), green curve] was observed by MMS
at 03:55:18 UT, near the time of maximum jBj, indicating the presence
of a thin current sheet. The magnitude of BY was enhanced on both
sides of the thin current sheet. The transition across the thin current
sheet shows an abrupt change of the pitch-angle distributions of
0.1–1 keV electrons [Fig. 1(e)], with counterstreaming electrons to the
left and predominantly antifield-aligned electrons to the right, indicat-
ing that the plasmas on the two sides of the current sheet were not
magnetically connected. The observed magnetic field enhancement
with an embedded thin current sheet separating two regions of differ-
ent magnetic topology is qualitatively similar to previous observations
interpreted as interlinked magnetic fields (e.g., Kacem et al., 2018;
Øieroset et al., 2016, 2019; Fargette et al., 2020a, 2020b) or interlinked
flux ropes (Russell and Qi, 2020). Figure 1, panels (l) and (m), illus-
trates the envisioned scenario of how two magnetic field lines, origi-
nating from different X-lines, collide and form a thin current sheet
when they become interlinked.

Inside the thin interface current sheet at �03:55:18 UT, MMS1
observed enhanced current density up to�0.4lAm�2 [Fig. 1(k)]. In the
following Secs. (IV–VII), we present the detailed multispacecraft observa-
tions and show that the thin current sheet underwent reconnection.

IV. LMN COORDINATE SYSTEM AND SPACECRAFT
SEPARATION

The thin current sheet observations are presented in the current
sheet (LMN) coordinate system determined by minimum variance
analysis of the magnetic field (Sonnerup and Cahill, 1967) across the
current sheet: the current sheet normal points along N, L is along the
antiparallel magnetic field direction, and M¼N�L is in the out-of-
plane (“X-line”) direction. To facilitate the comparisons between the
observations from the four spacecraft, we use a common LMN, L
¼ GSE (�0.0003, 0.997, 0.0632), M ¼ GSE (0.774, �0.0395, 0.631), N
¼ GSE (0.632, 0.0486, �0.772), obtained by averaging the four indi-
vidual LMN coordinates determined at each spacecraft current sheet
crossing. The maximum difference between the average and individual
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LMN vectors was only 2�, supporting the use of a common LMN
coordinate system.

The event was encountered at the dusk tail flank on 2017-10-
05 at around 03:55:18 UT, at GSE (�6.8 RE, 19.8 RE, 6.2 RE). The
maximum spacecraft separation was 370 km (4 di), with a maxi-
mum separation along L of 42 km, along M of 219 km, and along N
of 296 km. However, due to the tangential VL flow and the assumed
associated X-line drift speed of 88 km/s, the effective spacecraft
separation along L during the current sheet crossing was 163 km,
or 1.7 di (see Sec. VI).

V. RECONNECTION LAYER GEOMETRY

We now present the detailed four-spacecraft observations
of the thin current sheet in LMN coordinates and deduce the

reconnection geometry. All spacecraft observed a transition in BL
from �þ12 to ��13 nT across the current sheet [Fig. 2(a)]. The
dashed vertical lines denote the well-defined times when BL started
to change from its asymptotic values, i.e., the current sheet edges.
The dotted vertical line shows the current sheet midplane, i.e.,
where BL ¼ 0. The BL reversal was first encountered by MMS4
(blue), followed by MMS3 (green), MMS2 (red), and MMS1
(black). The current sheet moved tailward with the magnetosheath
flow in the negative XGSE direction [Figs. 1(f) and 1(g)] and the neg-
ative N direction, i.e., the motion of MMS relative to the current
sheet must be in the þN direction [Figs. 2(k) and 2(l)]. Several
plasma and magnetic field features indicate that all four spacecraft
crossings of the current sheet occurred to the left of an X-line in the
reconnection geometry sketched in Figs. 2(k) and 2(l):

FIG. 1. (a)–(k) MMS1 observations of the large-scale context of the event, in GSE. Interval of enhanced magnetic field is marked with the horizontal double arrow. (a) and (b)
Magnetic field magnitude and components, (c) ion energy flux, (d) electron energy flux, (e) pitch angle spectrogram for 0.1–1 keV electrons, (f) ion velocity, (g) electron velocity,
(h) electron density, (i) electron temperature, (j) ion temperature, (k) current density calculated using plasma data, j ¼ eNe (Vi–Ve), (l) sketch illustrating how reconnection at
two locations at the magnetopause can lead to converging plasma jets and interlinked magnetic field lines, and (m) interlinked magnetic field lines forming a thin current sheet.
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1. A positive to negative bipolar variation in BM relative to the
guide field of �24 nT was observed at all four spacecraft [Figs.
2(b)–2(e)], consistent with the expected quadrupolar out-of-
plane Hall magnetic fields to the left of the X-line (e.g.,
Sonnerup, 1979; Øieroset et al., 2001; Mozer et al., 2002) [Fig.
2(k)]. With the relatively strong guide field, the signature should
be asymmetric with a larger þBM perturbation (Pritchett, 2001;
Eastwood et al., 2010b), which is what is seen.

2. Consistent with all four spacecraft crossing the reconnecting current
sheet to the left of the X-line, BN was positive at all the spacecraft
[Figs. 2(g)–2(j)], although its magnitude was not constant.

3. An enhancement in VeL (compared to external flows) was
observed at all four spacecraft in the negative L direction at the
current sheet midplane (BL ¼ 0, dotted vertical lines), consistent

with all four spacecraft crossing the current sheet to left of the X-
line [Figs. 3(g)–3(j)].

4. Two of the spacecraft (MMS 2 and 1) detected outflow ViL jets.
The ion jet direction was in the negative L direction at the cur-
rent sheet midplane (BL ¼ 0, dotted vertical lines), also consis-
tent with the two spacecraft being located to the left of the X-line
[Figs. 3(d) and 3(e)].

5. The observed current sheet duration increased from MMS4 to
MMS1. The observed current sheet duration at MMS4, MMS3,
MMS2, and MMS1, respectively, was 0.760, 0.905, 0.94, and
1.01 s. Considering the locations of the four spacecraft relative to
each other along L, the systematic differences in the current sheet
crossing durations are consistent with the widening of the left-
side exhaust with distance from the X-line.

FIG. 2. Detailed multispacecraft observations of the thin current sheet in LMN coordinates. (a) and (f) Reconnecting magnetic field BL for all four spacecraft, (b)–(e) and (g)–(j)
BM and BN for each spacecraft, (k) cartoon showing the quadrupolar Hall currents (blue) and Hall magnetic fields, (l) sketch of the reconnection layer with magnetic field lines
(black), EDR (red), IDR (pink), and approximate MMS spacecraft trajectories. Vertical dashed lines in the time series (a)–(j) and (g)–(j) mark the current sheet edges and the
vertical dotted lines the current sheet midplane (BL¼ 0).
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The observed parameters from all four spacecraft are summa-
rized in Table I. In the following Secs. (VI and VII), we first discuss
the inflow parameters and then the evolution of the outflow structure.

VI. INFLOW CONDITIONS

The inflow parameters are to be sampled outside of the current
sheet. Ideally, one would choose a stable interval right outside the cur-
rent sheet edges. However, close to the X-line, the ion outflows can
extend outside the current sheet (e.g., Øieroset et al., 2019). Thus, in
order to sample the true inflow (asymptotic) conditions, one needs to

pick the inflow regions slightly away from the current sheet edges on
both sides. Based on the examination of the ion velocity at the four
spacecraft, and for simplicity, we chose the inflow intervals [shaded in
yellow in Figs. 3(b)–3(e)] to be of 0.5 s duration, taken 0.5 s away from
the current sheet edges. We also verified that most of the plasma and
field parameters were relatively stable in the chosen intervals. The inflow
parameter values are given in Table I. For most of the conclusions of the
paper, the inflow parameters do not need to be highly accurate.

The inflow plasma and field conditions were weakly asymmetric,
with a factor of �2 difference in the inflow density [Figs. 3(l)–3(o)],

FIG. 3. Detailed multispacecraft observations of the thin current sheet in LMN coordinates. (a), (f), (k), and (p) Reconnecting magnetic field BL for all four spacecraft, (b)–(e)
and (g)–(j) ViL and VeL for each spacecraft, (l)–(o) electron density for each spacecraft, (q)–(t) Vi?L (blue), Ve?L (red), and (E�B/B2)L (black) for each spacecraft. Vertical
dashed lines in the time series mark the current sheet edges and the vertical dotted lines the current sheet midplane (BL ¼ 0). Intervals used to calculate the average inflow
parameters are marked in yellow in (b)–(e).
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and a factor of�1.5 and�2 difference in the electron and ion temper-
atures, respectively [Figs. 4(b)–4(j)]. The magnetic shear across the
current sheet was �62�, i.e., the guide field was 1.9 times the recon-
necting magnetic field. Calculated for each individual spacecraft, the
hybrid inflow ion Alfv�en speed (VAL) (Cassak and Shay, 2007) based
on the two inflow densities and reconnecting magnetic field BL ranges
from�114 to 118 km/s for the four spacecraft.

In the spacecraft frame, there were tangential ion and electron flows
outside the current sheet, and a small shear across the current sheet
[Figs. 3(b)–3(e), 3(g)–3(j); Table I]. Doss et al. (2015) predicted that the
X-line would move along the L direction at a drift speed given by

Vdrift ¼ N1B2VL;1 þ N2B1VL;2ð Þ= N1B2 þ N2B1ð Þ;

where N, B, and VL are the density, magnetic field, and tangential
flow in the inflow regions, with 1 and 2 denoting the two inflow
regions. The predicted X-line drift speed along L is similar at the
four spacecraft, ranging from 83 to 88 km/s (Table I), with an aver-
age of �86 km/s. As will be shown in Sec. VII D, the current sheet
normal speed in the spacecraft frame was �220 km/s. Thus, the
spacecraft trajectories through the current sheet were likely slanted
[Fig. 2(l)].

Because the X-line likely drifted along L while the spacecraft tra-
versed the current sheet one after the other, the effective coverage of
the current sheet by the four spacecraft along L would be longer than

implied by a static X-line. The time from the first (MMS 4) to the last
(MMS 1) spacecraft crossed the current sheet midplane (BL ¼ 0) was
1.4 s. During that time, the X-line moved �121 km in the positive
L-direction. Because the L separation between MMS 1 and 4 was
�42 km, the effective current sheet coverage by the four spacecraft
along L would be 42þ 121¼ 163 km, corresponding to 1.7 di (based
on average di� 94 km, Table I).

VII. EVOLUTION OF THE RECONNECTION LAYER
STRUCTURE WITH DISTANCE FROM THE X-LINE

The fortuitous ion-scale spacecraft separation along the outflow
direction for this event made it possible to study the spatial evolution of
the reconnection layer profiles in the EDR–IDR transition region
within the �1.7 di (along the outflow direction) covered by the four
spacecraft. Noticeable differences in magnetic field, plasma, and electric
field profiles were observed at the four spacecraft as presented
below. The event reveals how quickly the structures of the diffusion
region plasma and electromagnetic field evolve with downstream
distance.

A. Magnetic field profiles

All spacecraft observed a rotation in BL from �þ12 to��13 nT
[Fig. 2(a)]. However, the four spacecraft observed slightly different BL

TABLE I. Observed inflow and outflow parameters for the 2017-10-05/03:55:18 UT reconnecting current sheet event.a

MMS1 MMS2 MMS3 MMS4

Nin,1 3.5 cm�3 3.5 cm�3 3.4 cm�3 3.5 cm�3

Nin,2 9.0 cm�3 8.6 cm�3 8.6 cm�3 7.9 cm�3

Bin,L1 12.5 nT 12.7nT 12.6 nT 12.3nT
Bin,L2 13.6nT 13.6nT 13.1nT 13.4nT
Vi,in,L1 71 km/s 65 km/s 69 km/s 67 km/s
Vi,in,L2 95 km/s 94 km/s 89 km/s 95 km/s
Ti,in,1 264 eV 246 eV 247 eV 245 eV
Ti,in,2 108 eV 110 eV 114 eV 116 eV
Te,in,1 29 eV 30 eV 30 eV 30 eV
Te,in,2 21 eV 21 eV 21 eV 21 eV
VAL,hybrid 115 km/s 117 km/s 114 km/s 118 km/s
di 92 km 93 km 93 km 96 km
Nin,hybrid 6.1 cm�3 5.9 cm�3 6.0 cm�3 5.6 cm�3

Ti,in,hybrid 154 eV 151 eV 153 eV 158 eV
Te,in,hybrid 24eV 24 eV 24 eV 24 eV
ViL,X-line_drift 88 km/s 85 km/s 83 km/s 86 km/s
Ti_ave_exhaust 172 eV 171 eV 170 eV 170 eV
Te_ave_exhaust 26 eV 27 eV 26 eV 26 eV
EM_ave_exhaust �0.08 6 0.37 mV/m �0.25 6 0.40 mV/m �0.07 6 0.64 mV/m �0.14 6 0.54 mV/m
BN_ave_exhaust_inflow 2.7 6 0.8 nT 3.6nT 6 0.8 nT 3.4 6 0.8 nT 3.1 6 0.9 nT
Reconnection rate from BN_ave_exhaust_inflow 0.20 0.27 0.26 0.24

aInflow parameters from the two inflow regions (subscripts “1” and “2”) were averaged over a 0.5 s interval obtained 0.5 s before and after the current sheet edges (yellow
shaded area in Figs. 3(b)–3(e). Subscript “ave_exhaust” indicates the average value across the current sheet from edge to edge, except for EM and BN where the average was
taken from inflow to inflow.VAL,hybrid, Nin,hybrid, Ti,in,hybrid, Te,in,hybrid, and ViL,X-line_drift were calculated using formulas from Cassak and Shay (2007), Phan et al. (2014), and
Doss et al. (2015).
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profiles. The two spacecraft closer to the X-line, MMS4 (blue) and
MMS3 (green), observed a BL reversal that was nearly linear, while
MMS2 (red) and MMS1 (black) observed a small plateau in the BL
reversal. Similar plateaus are predicted to occur in the exhaust down-
stream of the X-line where the current sheet is bifurcated (Petschek,
1964; Lin and Lee, 1994; Liu et al., 2011) and are commonly observed
in solar wind reconnection exhausts far downstream of the X-line
(Phan et al., 2006; 2020; Gosling and Szabo, 2008; Eriksson et al.,
2009; Mistry et al., 2015). The present observations thus suggest that

the transition from a near-linear BL profile to a more bifurcated cur-
rent sheet can occur already within the IDR.

Some differences are also seen in the positive to negative bipolar
(Hall) variation in BM observed by all four spacecraft [Figs. 2(b)–2(e)].
While the amplitudes of the bipolar variation were similar, the width
of the BM perturbations (especially in the positive BM variation)
increased fromMMS4 toMMS1, consistent with an increasing current
sheet width with downstream distances. A dominant positive Hall BM
variation is expected for this event where the guide field is large and

FIG. 4. Detailed multispacecraft observations of the thin current sheet in LMN coordinates. (a), (f), (k), and (p) Reconnecting magnetic field BL for all four spacecraft, (b)–(e)
and (g)–(j) electron and ion temperature for each spacecraft, (l)–(o), (q)–(t) current density along L and M. Vertical dashed lines in the time series mark the current sheet edges
and the vertical dotted lines the current sheet midplane (BL ¼ 0).
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positive (Pritchett, 2001; Eastwood et al., 2010b). Note that the positive
BM perturbation peaked inside the current sheet on the left side,
whereas the negative BM perturbation peaked right at the current sheet
edge. This feature is likely a guide field effect and has been seen in sim-
ulations (e.g., Øieroset et al., 2016, Fig. 3l). All four spacecraft observed
a brief break (“shoulder”) during the BM transition from positive to
negative Hall magnetic field variation, indicating a small spatial sepa-
ration between the bipolar Hall magnetic fields.

BN was positive and oscillatory at all four spacecraft, and its aver-
age value did not appear to change with downstream distances [Figs.
2(g)–2(j)]. Interestingly, the BN magnitude showed local maxima at
the two edges of the current sheet, with a local minimum near the cur-
rent sheet midplane (BL ¼ 0). Although there were other oscillations
outside the current sheets, the fact that the local BN maxima at the cur-
rent sheet edges were seen by all four spacecraft suggests that they are
a spatial feature of the reconnecting current sheet.

Similar BN enhancements have been found in the electron sepa-
ratrices of the EDR–IDR transition region, both in particle-in-cell sim-
ulations and in MMS data (Genestreti et al., 2020). Since ions are
demagnetized in the IDR, electron convection carries magnetic flux
from the inflow to outflow regions. The inflowing electrons are
diverted along the magnetic separatrix toward the X-line and then
cross the separatrix into the exhaust where they flow with super-
Alfvenic velocity downstream. The flow toward the X-line and then
down the exhaust is the Hall current loop. The electrons slow down as
they cross the separatrix, and since the magnetic flux is frozen into the
electrons in the ion diffusion region, there is a pileup of magnetic flux
that leads to the enhanced BN at the separatrices in Fig. 2. Similar
peaks (overshoots) appear in BL near the separatrices of some of the
spacecraft data. While the Genestreti et al. (2020) case at the magneto-
pause had highly asymmetric returning Hall currents and BN pileup
occurred primarily on the magnetosheath (high density, weak mag-
netic field) separatrix of the current sheet, the BN pileup of the present
nearly symmetric event occurred on both sides of the reconnection
exhaust.

The structure of BN can also be understood in terms of the elec-
tron Hall current JM that peaks at the separatrices, which for locations
close to the X-line, are located slightly inward of the exhaust bound-
aries (e.g., Phan et al., 2016). The separatrix electron currents of the
Hall current system are dominantly parallel to the local magnetic field,
which has a large component BM at the separatrices. As a consequence,
there is a negative peak in JM at the separatrices (slightly inward of the
current sheet boundaries/dashed lines) that can be seen at some space-
craft, especially on the right side (Fig. 4). Because these electron-scale
separatrix currents are tilted with respect to the axis of the outflow
exhaust (L direction), the small jumps in the magnetic fields across the
separatrix can be related using r�B¼ 0, which results in dBN
� tan(h)dBL with h being the angle between the separatrix and the L
direction. The Hall currents JM< 0 peak just inside the dashed lines
marked in Fig. 4. They produce an increase in BN and BL just outside
the entry separatrix and a drop inside. The phases of the two reverse
on the exit separatrix. The resulting peak in BN at the separatrix is seen
by all spacecraft. The small increase (overshoot) in BL just outside of
the separatrices is only seen clearly on some of the separatrix crossings.
As seen in Figs. 2(f)–2(j), BL and BN are correlated inside the current
sheet adjacent to the current sheet edges, in agreement with the
expected relation dBN � tan(h)dBL. The estimated separatrix angle h

from this phase linkage between dBL and dBN ranges between 11� and
29� at the eight separatrix crossings, which corresponds to an aspect
ratio dBL/dBN between 0.2 and 0.55. We found no systematic variation
of the separatrix angle with distance from the X-line.

B. Ion and electron outflows

There were distinct differences in the ion and electron outflows
observed by the four spacecraft. The differences show a transition
from electron-only outflow closer to the X-line to the emergence of
ion outflow further downstream, as we now explain.

MMS1, located furthest downstream from the X-line, observed a
negative enhancement in ViL of �30 km/s relative to an average VL of
81 km/s outside the current sheet [Fig. 3(e)]. The ion outflow speed
of �30 km/s is substantially lower than the hybrid Alfv�en speed of
116 km/s. MMS2, located second-furthest from the X-line, also
observed an ion jet, reaching a magnitude of �25 km/s relative to the
average ViL outside the current sheet [Fig. 3(d)]. On the other hand,
MMS3 observed an even weaker jet, while MMS4, located closest to
the X-line, did not observe a clear ion jet [Figs. 3(b) and 3(c)]. Thus,
the observations indicate that the four MMS spacecraft captured the
transition from no (or weak) ion jet closer to the X-line to the emer-
gence of a sub-Alfv�enic ion jet further downstream.

While the ion outflow was weak or non-existent at MMS4, the
spacecraft closest to the X-line, a clear electron jet was observed at the
current sheet midplane (BL ¼ 0) with an outflow speed reaching
�210 km/s relative to the external flow [Fig. 3(g)], indicating that
MMS4 traversed a region where the electron reconnection jet was
super ion Alfv�enic (MMS4 hybrid VAL ¼ 118km/s—see Table I). At
MMS3,MMS2, andMMS1, the electron jet was less defined and themax-
imum outflow speed significantly lower than at MMS4 near midplane
(�115–140km/s, close to the ion Alfv�en speed) [Figs. 3(h)–3(j)], sugges-
ting a deceleration of VeL with increasing distance from the X-line.

To examine the frozen-in conditions for ions and electrons, Figs.
3(q)–3(t) show that the perpendicular ion velocity and the E�B/B2

velocity along L did not agree inside the current sheet, indicating that
the ions were not frozen-in at any of the four spacecraft. For electrons,
except for some short time scale differences, the perpendicular electron
velocity agreed reasonably well with E�B/B2 inside the current sheet
at all four spacecraft, suggesting that the electrons were mostly frozen-
in. Thus, based on the ion and electron velocity data alone, the four
spacecraft likely crossed the IDR (where the ions are not frozen-in),
but there is no clear evidence for EDR proper encounter. We do note
that it is rare to directly observe large violation of the electron frozen-
in condition (E ¼ �Ve � B) even in previously reported EDR events.
Instead, the presence of finite Ejj and/or positive j�(E þ Ve � B),
together with non-gyrotropic electron distributions, has often been
used to make the case for EDR encounters (e.g., Burch et al., 2016a,
2016b; Chen et al., 2016; Eriksson et al., 2016; Webster et al., 2018;
Phan et al., 2018; Torbert et al., 2018). We will come back to this point
in Sec. VII F, where we examine Ejj and j�(Eþ Ve� B).

All spacecraft observed enhanced electron flows toward the X-
line near the left edge of the currents sheet [Figs. 3(g)–3(j)]. This is
consistent with electron inflow toward the X-line along the low density
separatrix for guide field reconnection (Pritchett and Coroniti, 2004).
A distinct bipolar density perturbation across the exhaust was
observed, with a depletion followed by an enhancement [Figs.
3(l)–3(o)], consistent with the density structure in guide field
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reconnection (Pritchett and Coroniti, 2004; Drake et al., 2005; Øieroset
et al., 2016; 2017; Eastwood et al., 2018; Fox et al., 2017).

C. Current density derived from the electron and ion
measurements

The observed current density derived from the electron and ion
measurements across the current sheet also shows some evolution
with downstream distance from the X-line, particularly for the out-of-
plane (M) component.

The out-of-plane component of the current density [Figs.
4(q)–4(t)] reached maxima of 0.3–0.4 lAm�2 inside the current sheet
for all spacecraft. MMS4 [Fig. 4(q)], closest to the X-line, observed a
jM that was relatively stable across the current sheet, except for an
enhancement near midplane, where the BL profile was sharpest [Fig.
4(p)]. At MMS1, located farthest away from the X-line, two to three
peaks were discernable in the jM profile, suggesting that the current
sheet was more bifurcated. The jM profiles observed by the other two
spacecraft were less clear but also suggest some level of bifurcation.
Thus, overall the level of current sheet bifurcation seemed to increase
with downstream distance. It is noted that generally, current density
shows more structures than the corresponding magnetic field profiles.
This is also the case here, where the bifurcated nature of the current
sheet is clearer in the BL profiles, which show a plateau near midplane.

The jL profiles, on the other hand, were qualitatively similar at
the four spacecraft, with a positive double-peak jL enhancement inside
the reconnection layer and negative values near the edges [Figs.
4(l)–4(o)]. This pattern is consistent with the predicted Hall current
system [Sonnerup, 1979, see also Fig. 2(k)]. The brief minimum jL
interval between the two positive jL peaks coincided with the BM
shoulder [Sec. VIIA and Figs. 2(b)–2(e)], i.e., both the jL and BM
observations seem to indicate a small, spatial gap between the two Hall
current loops. The positive jL peaks were observed to the right of the
midplane, implying a shift in the Hall current pattern toward the high-
density part of the exhaust, which is expected for guide field reconnec-
tion (e.g., Eastwood et al., 2010b; Øieroset et al., 2016).

D. Reconnection rate deduced four different ways

In this section, we estimate the reconnection rate by measuring
(1) the normal magnetic field, (2) the opening angle of the current
sheet, (3) the reconnection electric field EM, and (4) the inflow velocity.
Our findings will illustrate the challenge of determining the reconnec-
tion rate accurately.

Table I shows that the average BN [across the exhaust including
the two inflow intervals, see also Figs. 2(g)–2(j)] was in the range of
2.7–3.6 nT at the four spacecraft, with standard deviation in the range
of 0.8–0.9 nT. Normalized to the average BL in the inflow, the dimen-
sionless reconnection rate was 0.20–0.27.

Assuming that the variation in M-direction is ignorable, the dif-
ferences in the current sheet thickness at the four spacecraft provide a
unique opportunity to roughly estimate the opening angle of the
exhaust, and the implied reconnection rate. As discussed above in Sec.
V, the duration of the current sheet increased gradually from MMS4
to MMS1, consistent with a widening of the exhaust with distance
from the X-line. As stated above, the current sheet convected at a nor-
mal velocity ViN of ��220 km/s. The observed current sheet crossing
duration at MMS1, MMS2, MMS3, and MMS4 was 1.01, 0.94, 0.905,

and 0.760 s, respectively. This translates to an exhaust width (i.e., along
the N direction) of 222 km at MMS1, 207 km at MMS2, 199 km at
MMS3, and 167 km at MMS4. Taking the two extreme widths (at
MMS 4 and 1), and the fact that the effective MMS 1 and 4 separation
along L, DL, was 163 km, the estimated dimensionless reconnection
rate is the difference between the exhaust half-width at MMS 1 and
MMS 4, divided by DL, yielding a reconnection rate of 0.17.

The direct measurement of the reconnection electric field is chal-
lenging for this event where EM was highly variable [Figs. 5(g)–5(j),
green curves, see also Table I]. The average EM in the current sheet
and inflow regions at the four spacecraft was between �0.07 and
�0.25mV/m. Normalized to the inflow BL and VAL, this yields a nor-
malized reconnection rate of 0.03–0.11. However, while the negative
sign of EM is consistent with the reconnection electric field, the stan-
dard deviations of the mean EM are much larger than the mean EM
themselves (Table I). Thus, we do not consider the estimated recon-
nection rate based on EM to be meaningful.

Finally, we estimate the reconnection rate based on the inflow
speed observed in the frame of the current sheet (e.g., Phan et al., 2006;
Davis et al., 2006). First, Figs. 5(b)–5(e) show that there was a negative
change in ViN, DViN, across the current sheet at all four spacecraft, with
ViN ranging from ��205 to �210km/s to the left of the current sheet,
and ��225 to �235km/s to the right of the current sheet. A negative
DViN would be consistent with an inflow of �15 to 30km/s, superim-
posed on the current sheet convective velocity ViN of ��220km/s. The
normalized reconnection rate Vin,rec/VAL would be 0.13–0.26.

The reconnection rates of 0.13–0.27 from the different methods
are within the range of previously reported values (e.g., Birn et al.,
2001; Phan et al., 2001; Vaivads et al., 2004; Fuselier et al., 2010; Liu
et al. 2017; 2018; Nakamura et al., 2018; Genestreti et al., 2018).
However, the large uncertainties in the estimated reconnection rate
show that even for this relatively clean event, the uncertainty in the
estimated rate is more than a factor of 2.

E. Electric field EN and EL

All four spacecraft observed enhanced electric fields inside the cur-
rent sheet, with the main enhancement seen in the normal component
whose magnitude reached 3–5mV/m [Figs. 5(g)–5(j), red curves]. While
the polarity was variable, EN was generally large and positive at the cur-
rent sheet midplane where the electron outflow was observed, as
expected for this large guide field event where EN �2VeL � BM (Drake
et al., 2009; Liu et al., 2014; Drake and Swisdak, 2014; Phan et al., 2018).

In terms of EL [Figs. 5(g)–5(j), blue curves], one noticeable fea-
ture is the presence of a �2mV/m local enhancement around the left
edge of the current sheet, and a negative �1mV/m field on the right
edge. The amplitudes of the EL fields are similar at the four spacecraft.
The jELj enhancements are likely associated with the electron inflows
in the presence of a strong guide field: EL � VeN � BM. The electron
inflow jVeNj (not shown) has local maxima near the separatrices
(Burch et al., 2020), resulting in the jELj enhancements.

F. Parallel electric field and J�E0

All spacecraft observed enhanced parallel electric fields inside
the current sheet, with notably different cross-current sheet profiles
[Figs. 5(l)–5(o)]. The most striking differences were seen in the DC
field, with a �250ms duration and ��1mV/m magnitude Ejj
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structure in the right half of the exhaust at MMS4 and MMS3, which
was not present or significantly reduced at MMS2 and MMS1.
The presence of finite Ejj implies that the “electron frozen-in con-
dition” (E0 ¼ E þ Ve � B¼ 0) was violated. Similar DC Ejj structures
have been reported in the EDR for large guide field events (Eriksson
et al., 2016; Wilder et al., 2017; Phan et al., 2018). It is noted that DC
Ejj variations with �100ms time scales were associated with a
6�1.5mV/m uncertainty for this event [green shaded area in Figs.
5(l)–5(o)]. Thus, one cannot rule out the possibility that the DC Ejj
could be artificial.

Taking the measured Ejj at its face values, we examined j�E0, the
non-ideal magnetic to particle energy conversion parameter (Zenitani
et al., 2011). Figures 5(q)–5(t) show that j�E0 was larger at MMS 4 and
3, the spacecraft closer to the X-line, with positive enhancements up to
0.4 nW/m3, while j�E0 observed by MMS1 and MMS2 was<0.2 nW/m3.
The positive j�E0 occurred in the right half of the current sheet. The
dissipation was dominated by jjj�Ejj (red curve), similar to what was
found in previous studies of guide field reconnection (Wilder et al.
2018; Phan et al. 2018; Fox et al., 2018). Thus, if the �250ms Ejj
structure is real, the observations imply that MMS 4 and 3 detected

FIG. 5. Detailed multispacecraft observations of the thin current sheet in LMN coordinates. (a), (f), (k), and (p) Reconnecting magnetic field BL, (b)–(e) ViN for each spacecraft,
(g)–(j) electric field, in the X-line frame, (l)–(o) Ejj for each spacecraft (black) with the uncertainty marked in green, (p)–(t) j�E0 . Vertical dashed lines in the time series mark the
current sheet edges and the vertical dotted lines the current sheet midplane (BL ¼ 0). Red arrows in (m) and (o) mark the times when the double layers plotted in Fig. 6 were
observed.
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significant dissipation, but it was much reduced less than 2 di down-
stream. The observed dissipation is a factor of 10–20 lower than dis-
sipation observed in the EDR at the dayside magnetopause and
magnetosheath (Burch et al., 2016b; Eriksson et al., 2016; Wilder
et al., 2017; Phan 2018), but similar to dissipation reported in the
EDR in the magnetotail (Torbert et al., 2018). Intervals of negative
j�E0 were also observed. The negative j�E0 was confined to the left
edge of the current sheet and was most prominent at MMS3.

High-frequency fluctuations with time scales �100ms were not
affected by the above-mentioned measurement uncertainty. All space-
craft observed high-frequency Ejj fluctuations with amplitudes up to
2mV/m [Figs. 5(l)–5(o)]. A large portion of the high-frequency varia-
tions were bipolar �1ms period structures typical of electron phase-
space holes, but unipolar Ejj structures indicative of double layers (e.g.,
Ergun et al., 2009) were also observed. Two examples are shown in
Fig. 6. A �10ms duration unipolar Ejj structure was observed by
MMS1 at �03:55:18.350 UT, adjacent to a series of �1ms electron
phase-space holes [Fig. 6(a)]. Three similar double layers were seen on
MMS3 near 03:55:17.520 UT, also with electron phase space holes
nearby [Fig. 6(b)]. The abundant presence of electron holes at all four
spacecraft [Figs. 5(l)–5(o)] suggests that their occurrence does not
depend on the distance to the X-line, at least within the IDR. It
remains to be seen whether the presence or absence of double layers
are dependent on the distance to the X-line or not. Double layers are
known to occur naturally in regions dominated by kinetic processes
(Ergun et al., 2009) and have been observed in the auroral ionosphere
(Ergun et al., 2001) and in the magnetotail plasma sheet (Ergun et al.,
2009).

G. Electron and ion heating

In this section, we determine the ion and electron heating seen at
the four spacecraft [Figs. 4(b)–4(j)] to see (1) if the degree of heating
varies with distance from the X-line and (2) how the heating compares
with previous findings of heating in magnetopause reconnection
exhausts far downstream of the X-line.

Because the ion and electron temperatures had substantial asym-
metries on the two sides of the current sheet, being twice as high on
the left side, the determination of the temperature increase in the cur-
rent sheet associated with heating has to be done with care.

Qualitatively, one can see that both parallel and perpendicular
ion temperatures were higher in the current sheet compared to the

inflow regions at all four spacecraft. For electrons, the main increase
was in the parallel temperature. There was also a left-right asymmetry
inside the current sheet: For the ions, both Ti? and Tijj were enhanced
primarily left of the midplane, whereas for the electrons, it appears
that Tejj was more enhanced right of midplane, while Te? was slightly
enhanced left of midplane. Such asymmetries could be due to the pres-
ence of a strong guide field (Drake et al., 2005, 2009; Drake and
Swisdak, 2014, Øieroset et al., 2016).

To quantitatively assess the degree of heating, we determined the
effective inflow temperature, as well as the average current sheet tem-
perature. For asymmetric inflows, the effective inflow temperature is
given by (Phan et al., 2013, 2014)

Tinflow ¼ N1T1=BL1 þ N2T2=BL2½ �= N1=BL1 þ N2=BL2½ �;

where N is the density, T is the total temperature (2T? þ Tjj)/3, BL is
the reconnecting component of the magnetic field, and the subscript
“1” and “2” denote the two inflow regions. The effective inflow tem-
perature at the four spacecraft is 24 eV for electrons and 151–158 eV
for the ions (Table I).

The average temperature inside the current sheet was calculated
using hTexhausti ¼ hNTi/hNi, where h i denotes averages over the
entire current sheet, which takes into account the density variations
across the layer (Phan et al., 2014). Table I shows that the average tem-
perature in the current sheet was 26–27 eV for electrons, and
170–172 eV for the ions. Thus, the amount of electron and ion heating
was 2–3 and 12–20 eV, respectively. The ratio of ion to electron heat-
ing was between 4 and 7. There does not seem to be a systematic
change in heating with distance from the X-line, as the four spacecraft
observed similar degree of heating.

Next, we compared the observed heating with predicted electron
and ion heating from the empirical formula for magnetopause recon-
nection exhausts (far from the X-line): DTe ¼ 0.017 miVA

2 (Phan
et al., 2013), and DTi ¼ 0.13 miVA

2 (Phan et al., 2014). The predicted
heating, using the observed inflow parameters in Table I, is 2 eV for
electrons and 17–19 eV for ions.

Thus, the heating seen in the IDR (and possibly EDR) in this
event is similar to exhaust heating previously reported. This suggests
that both ion and electron heating have reached the levels for the
exhaust already in the IDR. This finding is somewhat surprising, espe-
cially for the ions, since the ions were not frozen-in in the IDR, and
the ion jetting was substantially sub-Alfv�enic. One would have
expected little ion heating in the IDR.

FIG. 6. Examples of electron phase space holes and double layers observed by MMS1 and MMS3 inside the reconnecting current sheet. (a) Ek observed by MMS1, (b) Ek
observed by MMS3. Red arrows in Figs. 5(m) and 5(o) mark the observation times of the double layers.
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VIII. SUMMARY AND DISCUSSION

We have presented an event where the four MMS spacecraft
observed the spatial evolution of the reconnection layer profiles
through the EDR–IDR transition region. The effective spacecraft sepa-
ration in the outflow direction was about 1.7 di. We summarize the
main findings here.

1. MMS observed the transition from electron-only super ion-
Alfv�enic outflow closer to the X-line to the emergence of sub-
Alfv�enic ion outflow in the IDR. The emergence of sub-Alfv�enic
ion outflow coincided with a transition from a near-linear recon-
necting magnetic field reversal to a more bifurcated current sheet
(Petschek, 1964), suggesting that a BL plateau starts to form
already inside the IDR, i.e., before the exhaust is fully developed.

2. Enhancements of BN were observed at the electron separatrices
near the inflow portion of the Hall current loop, where the
exhaust opens at a wide angle. The strong BN regions were local-
ized (<1 di) in N but extended at least 2 di downstream. Since
this event was only weakly asymmetric in terms of the upstream
density and BL, it is therefore demonstrated that they are not
unique to asymmetric geometries, as was previously reported
(Genestreti et al., 2020).

3. The two spacecraft closest to the X-line (MMS 4 and 3) detected
enhanced DC Ejj and j�E0, suggesting that they may have encoun-
tered the EDR. The electron distributions (not shown) did not
show evidence for agyrotropy. This may not be unexpected for
EDR in guide field reconnection (Genestreti et al., 2017). DC
parallel electric fields and associated enhanced dissipation
became significantly weaker within less than 2 di downstream. It
should be noted that the measured DC Ejj was associated with
large measurement uncertainties; thus, there is a possibility that
it is not real.

4. Ion and electron heating profiles were asymmetric (relative to
midplane) within the current sheet. There were no noticeable
differences in heating with distance from the X-line.
Furthermore, the degree and ion and electron heating were simi-
lar to previously reported heating in magnetopause exhausts far
downstream of the diffusion regions. These findings suggest that
the ion and electron heating had reached exhaust-level values
already inside the IDR, which is surprising especially for ions.
This should be investigated in theoretical/simulation studies.

5. The dimensionless reconnection rate, estimated four different
ways, was in the range 0.13–0.27, emphasizing an uncertainty of
a factor of 2 or larger. These values are within the range of previ-
ous estimates from theory and observations (e.g., Birn et al.,
2001; Phan et al., 2001; Vaivads et al., 2004; Fuselier et al., 2010;
Liu et al., 2017, 2018; Nakamura et al., 2018; Genestreti et al.,
2018), but the spread in the estimated reconnection rate even for
this relatively clean event illustrates the challenges of determin-
ing this parameter accurately. One challenge for future work will
be to understand the connection between local features of the
ion and electron diffusion regions (e.g., BN at the separatrices/
current sheet edges) and the reconnection rate.

These unique observations of the spatial evolution of the cross-
current-sheet profiles of the reconnection layer in the diffusion region
were facilitated by the fortuitous ion-scale spacecraft separations in
October 2017 and show that significant evolution of the magnetic

reconnection diffusion region structures occurs over spatial scales of
less than 2 di. The important, yet under-explored EDR–IDR transition
region should be a target of future MMS investigations as the mission
explores new orbit and spacecraft separation strategies.
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