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Abstract This paper presents Magnetospheric Multiscale mission (MMS) observations of the exhaust region
in the vicinity of the central reconnection site in Earth’s magnetopause current sheet. High-time-resolution
measurements of field and particle distributions enable us to explore the fine structure of the diffusion region
near the X line. lons are decoupled from the magnetic field throughout the entire current sheet crossing.
Electron jets flow downstream from the X line at speeds greater than the E x B drift velocity. At/around the
magnetospheric separatrix, large-amplitude electric fields containing field-aligned components accelerate
electrons along the magnetic field toward the X line. Near the neutral sheet, crescent-shaped electron
distributions appear coincident with (1) an out-of-plane electric field whose polarity is opposite to that of the
reconnection electric field and (2) the energy transfer from bulk kinetic to field energy. The observations
indicate that MMS passed through the edge of an elongated electron diffusion region (EDR) or the outer EDRin
the exhaust region.

1. Introduction

Earth’s magnetopause hosts a number of instabilities that mediate the entry of solar wind mass, energy,
and momentum into the magnetosphere. Magnetic reconnection, one of the major solar wind-
magnetosphere coupling mechanisms, enables plasmas populating the reconnecting magnetic fields to
intermix and converts large amounts of magnetic energy into kinetic energy.

The multiscale physics of reconnection has long been a topic for attention in the space and laboratory plasma
discipline: reconnection has large-scale effects such as influences on the energy budget of the entire
magnetosphere, plasma transport, and the dynamics of mesoscale to macroscale plasma structures, e.g., in
conjunction with the generation of flux transfer events and dipolarization fronts and their global propaga-
tion. The initiation and reconfiguration of magnetic topologies associated with reconnection are thought
to arise in the electron diffusion region (EDR) where electrons are demagnetized. This region is embedded
within a much larger ion diffusion region (IDR) where Hall physics resulting from demagnetized ions governs
the magnetofluid description. Although the observation of IDRs has been facilitated by their magnetic and
electric field geometry, the EDR is difficult to identify mainly due to its small size in conjunction with the
limited time resolution of plasma measurements.

Important reconnection parameters such as the reconnection rate are thought to be controlled by microphy-
sical processes occurring at these EDR/IDR scales. Yet the topology and electron physics of, in particular, the
EDR has been the subject of prolific controversy. Previous numerical studies by Hesse et al. [1999], Shay et al.
[2001], Birn et al. [2001], Rogers et al. [2001], and Ricci et al. [2002] concur that EDR dynamics plays an
insignificant role in regulating the efficiency of reconnection as the process evolves into the quasi-steady
realm. In these models, the EDR and the IDR extend a few to several d, (electron inertial lengths) and ~10
d; (ion inertial lengths), respectively, in the outflow direction.

By contrast, recent endeavors to resolve the structure of the EDR [Daughton et al., 2006; Fujimoto, 2006;
Karimabadi et al., 2007; Shay et al., 2007; Zenitani et al., 2011] suggested that the EDR is not localized but
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extends tens of d; along the exhaust regions. Furthermore, they proposed that the EDR consists of inner and
outer regions and that the inner region regulates the reconnection rate. The inner region containing the X
line features a strong electron current into/out of the reconnection plane and a dissipative electric field
(nonzero E' =E + V. x B and electrons lagging the magnetic field, i.e., J - E' > 0). The outer region is character-
ized by highly collimated electron jets that outrun the moving magnetic field, leading to the out-of-plane
(m-directional) component of £’ having an opposite sign to the inner-region E;n and J-E' <0. Karimabadi
et al. [2007] showed that the electron bulk flow slows down in the outer region, converting the bulk kinetic
energy to thermal energy.

Recent theoretical and modeling efforts described the ion and electron behavior and resulting particle distri-
butions in different boundary layers and parameter regimes of both antiparallel and guide-field reconnection
[e.g. Egedal et al., 2012; Hesse et al., 2014; Bessho et al., 2014; Shuster et al., 2015]. For example, electrons
develop agyrotropic distribution functions as a result of the coexistence of high velocity particles emerging
from the EDR and low-velocity populations entering it [Hesse, 2006]. The electron distribution function exhi-
bits striated and triangular structures near the X line due to particle reflections, but in the EDR downstream
from the X line electron outflow jets with swirls, arcs, and rings [Shuster et al., 2015]. Meandering particle
motion in oppositely directed magnetic fields forms a crescent-shaped distribution function [Hesse et al.,
2014; Chen et al., 2016].

The crescent-shape electron distributions expected near the central neutral sheet have recently been seen in
in situ observations from the Magnetospheric Multiscale mission (MMS) [Burch et al., 2016]. Launched in
March 2015, MMS provides unprecedented time-resolution measurements of particles and fields, enabling
more precise mapping of kinetic boundaries in reconnection regions and quantitative testing of the micro-
scale and mesoscale physics predicted by modeling efforts [e.g., Eriksson et al., 2016; Khotyaintsev et al.,
2016; Norgren et al., 2016].

In this paper, we make full use of MMS observations on 19 September 2015 that indicate a crossing of the
outer EDR region to resolve and understand reconnection processes occurring at the edge of the elongated
EDR. We compare these observations with results from a kinetic PIC simulation of asymmetric reconnection
performed by Chen et al. [2016]. In the following section we briefly describe the MMS instruments used for
the present study. We present an overview of the event and reconnection geometry indicated from the data
set in section 3 and show the detailed electron distribution functions, the current density, the dissipative elec-
tric field, and the corresponding energy budget in section 4. Discussion and conclusions follow in section 5.

2. Instrumentation

The four MMS spacecraft [Burch et al., 2015] fly in highly elliptical equatorial orbits with perigee at 1.2 Earth
radii (Rg) and apogee at 12 Re. The spacecraft are identically equipped with instruments including fast plasma
investigations (FPI) [Pollock et al., 2016], fluxgate magnetometers (FGM consisting of the digital fluxgate
magnetometer (DFG) and the analogue fluxgate magnetometer (AFG)) [Russell et al., 2014], and electric field
instruments consisting of the spin-plane double probe (SDP) [Lindgvist et al., 2016] and the axial double probe
(ADP) [Ergun et al., 2014]. We used the magnetic field data from FGM with a time resolution of 10 ms in burst
mode, the DC electric field data calibrated from SDP and ADP (with a 1 ms time resolution in burst mode), and
particle data from the Fast Plasma Investigation (FPI) with 150 ms (FPI-DIS data for ions) and 30 ms (FPI-DES
data for electrons) time resolution in burst mode.

3. Reconnection Geometry

At ~0910:00 UT on 19 September 2015, the barycenter of the MMS quartet was located at the postnoon
magnetopause south of the magnetic equator, at [6.4, 6.5, —4.1] Rr in Geocentric Solar Magnetospheric
(GSM) coordinates. Figures 1 and 2 show the detailed field and particle signatures from 0909:56.4
to 0909:59.3 UT observed by MMS3 (Figure 1) and from 0909:56.7 to 0909:59.9 UT observed by MMS4
(Figure 2), respectively. MMS3 and MMS4 are separated predominantly along Xgsym direction by ~65.4km
(Xmms3 > Xmmsa)- Figures 1a and 2a present the magnetic strength (black profiles) together with the magnetic
field components in the LMN boundary coordinate system: B, (red), B, (green), and B, (blue). We determined
the LMN coordinates by employing minimum variance analysis (MVA) [Sonnerup and Scheible, 1998] using the
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Figure 1. Overview of the magnetopause current sheet crossing by MMS3: (a) The magnetic field in LMN; (b) the electric
field in LMN; (c) the DC parallel electric field; (d) the ion and (e) electron bulk velocity in the moving current sheet frame;
(f-h) the I, m, n components of E x B drift velocity (black profiles) superposed with the ion (red) and electron (blue)
perpendicular velocities; (i) the ion number density; (j) the ion/(k) electron total (black), parallel (blue), and perpendicular
(red) temperatures; the (I) ion and (m) electron energy spectrogram; the pitch angle distribution of the (n) low-energy
(<100 eV) and (o) midenergy (100 eV < energy < 1 keV) electrons. The vertical magenta (cyan) dashed line indicates the
neutral sheet (the time selected for the electron distributions is shown in Figure 3Ca).
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Figure 2. The magnetopause current sheet crossing by MMS4. Same format as Figure 1. The vertical magenta (cyan)
dashed line indicates the neutral sheet (the times selected for the electron distributions are shown in Figures 3Cb-3Ce).

magnetic field data obtained from MMS2 for the period between ~0909:57 and 0909:59 UT around the
current sheet crossing indicated by the B, reversal across the vertical magenta dashed line in Figures 1
and 2: 1=[-0.09, 0.67, 0.74], m=[0.01, —0.74, 0.67], n=[0.99, 0.07, 0.06] (The MVA using magnetic field
data from other spacecraft gives almost identical LMN coordinates). The medium-to-minimum (maximum-
to-medium) eigenvalue ratio is ~12 (16), indicating a reliable calculation [Lepping and Behannon, 1980]. To
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Figure 3. (A) An illustration of the relative spacecraft trajectory in the vicinity of the reconnection X line. The distance (x) of the spacecraft crossing the current sheet
alongldownstream of the X line is estimated to 1.5-2.5 d; (the ion inertial length). (B) lon (left) and electron (right) Walén tests for MMS4 passage of the current

sheet. (C) Electron distributions measured by FPI-DES with a 30 ms time resolution at selected times, denoted by

uyn

a” to “f" in Figures 1, 2, and 3A. The left and middle

column distributions are shown as a function of (V), V1) and (V| V_ ), respectively. Parallel and perpendicular directions are defined with respect to the local
magnetic field (B). The two perpendicular directions are chosen to be perpendicular to B along the ion bulk velocity, V (L 1) and B X V (L 2). The right column shows
the distribution as a function of (V, 1, V, 5). Each panel contains a dotted circle with a ~6.2 x 10® km/s radius that corresponds to an electron energy of 100 eV

for better comparisons between distributions.
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Figure 4. (A) MMS4 observations: (a) the magnetic field in LMN coordinates, (b) the current densities calculated from FPI
plasma moments, (c, d) the E,,, and E,, components: overplotted is the — Vg X B term (blue profiles), (e) the dissipative
electric field or the electric field in the electron’s rest frame, E' =E + V. x B, and (f) the Joule heating or the electron
dissipation measure [Zenitani et al., 2011], J - E’ (black): overplotted is V, - (J X B) indicating energy transfer between
magnetic and bulk kinetic energy (blue). (B) Adopted from Chen et al. [2016]. Lines represent the model magnetic fields of
the PIC simulation. Color coded are (a) the bulk electron velocity along /, (b) the current-sheet normal electric field, (c) the m
component of ' =E+ VX B, and (d) J - E. A solid magenta line denotes an MMS trajectory speculated for the event. A
dashed line starting on the other side of the X line is introduced for a better comparison between observation and
simulation results.

comply with conventions, m points from postnoon to prenoon along the magnetopause, and n points
outward from the magnetopause. All the parameters in Figures 1, 2, and 4 are shown in LMN coordinates.

Figures 1b and 2b show the electric field components. Figures 1, 2d, and 2e present the ion and electron
velocity components in the rest frame of the moving current sheet. The four spacecraft with an average
separation of ~63.8 km (MMS configurations indicated by black, red, green and blue rectangles in Figure 3A)
werein a tetrahedron formation enabling us to determine the normal propagation velocity of the current sheet
(indicative of the X line velocity) via timing analysis [Paschmann and Daly, 1998]: [—38.7, —4.9, —140.4] km/s in
LMN ([—136.2, —31.9, —40.9] km/s in GSM). The bulk plasma velocities perpendicular to the magnetic field are
compared with the E x B/B? velocity in Figures 1 and 2f-2h. The ion number densities are presented in
Figures 1i and 2i. Figures 1, 2j, and 2k show the ion and electron total (black profiles), parallel (blue), and per-
pendicular (red) temperatures. The color-coded ion (Figures 11 and 2I) and electron (Figures Tm and 2m)
energy spectrograms, and the pitch angle distributions of the low-energy (<100eV) and midenergy
(100 eV < energy < 1 keV) electrons follow (Figures 1, 2n, and 20, respectively).

The event occurred under dawnward (mainly) and southward interplanetary magnetic field conditions
according to ACE observation (not shown). At MMS location ([6.4, 6.5, —4.1] Rg), the magnetosheath field is
relatively antiparallel to the magnetopause magnetic field with a magnetic shear angle of ~153°. The event
was embedded within a series of large-scale nonlinear Kelvin-Helmholtz waves as indicated by the repeated
waveform whose steepness is larger at the leading edge than the trailing edge (not shown). The vortical
motion of the Kelvin-Helmholtz waves can lead to thinning of the magnetopause current sheet, facilitating
magnetic reconnection [e.g., Otto and Fairfield, 2000; Nakamura et al., 2006].

MMS traversed the current sheet from the magnetospheric side to the magnetosheath side, as inferred from
the positive-to-negative B, reversal across the magnetic strength minimum (Figures 1a and 2a), increasing
densities (Figures 1i and 2i), decreasing temperatures (Figures 1, 2j, and 2k), and growing fluxes of magne-
tosheath ions and electrons with energies of less than a few keV and less than a few 100 eV, respectively
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(Figures 1 and 2I-20) over the event period. At ~0909:57.8/0909:58.4 UT at MMS3/MMS4 (the vertical
magenta dashed lines in Figures 1 and 2), B; changes sign while B, has a finite positive value of ~5nT
(Figures 1a and 2a). About 0.15s earlier, B, shows weakly positive-to-negative changes (green arrows in
Figures 1a and 2a). This bipolar B,,, component represents a portion of the quadrupolar Hall magnetic field
that is developed during reconnection due to the decoupling (coupling) of the ions (electrons) to the moving
magnetic field within the IDR (see magenta symbols in Figure 3A). The Hall magnetic field for asymmetric
magnetopause reconnection is often observed to be asymmetric [Mozer et al., 2008; Lavraud et al., 2016] or
become bipolar [Pritchett, 2008].

At ~0909:57.4/0909:57.7 UT for MMS3/MMS4 (magenta arrows in Figures 1a, 1e, 1h, 1k, Tm, 23, 2e, 2h, 2k, and
2m), B; (B,) begins to noticeably decrease (become positive); both V, , and Ve, (bulk electron velocities to |
and n) change from positive-to-negative (on average, in particular for MMS3), preceding large outflow jets
near the current sheet; a local acceleration of electrons (mostly parallel to B) is seen. This boundary between
the inflow and outflow electron jets, often called the electron edge, is located closely adjacent to the separ-
atrix toward the current sheet [Gosling et al., 1990]. We delineate this location as the outer (toward the mag-
netosheath side) edge of the magnetospheric separatrix region.

The electric field is enhanced at and around the magnetospheric separatrix (magenta and yellow shades in
Figures 1b and 2b). During the magenta-shade interval, E,,, and E,, components that are mostly perpendicular
to the local magnetic field (B) dominate E; (~parallel to B) (Figure 1b) or either E; or E,,, dominates E,, (Figure 2b).
During the yellow-shade interval corresponding to the crossing of the edge of the magnetospheric exhaust
region, the large-amplitude electric fields are highly nonlinear (nonsinusoidal often in association with
plasma structures such as electron phase-space holes and double layers). £ consists of a series of asymmetric
(larger negative excursions than positive excursions), short-duration (~1ms) spikes (Figures 1c and 2c).
Considering the DC electric field uncertainty due to a cold plasma wake from the spacecraft [e.g., Engwall
et al, 2006] (~5mV/m in E for the event), the DC =~ —7mV/m averaged over a ~30ms period at
0909:57.53 UT (surrounding the —55 mV/m spike in Figure 1c) indicates a possible net negative £ (antipar-
allel electric field). The 30 ms averaged ;| at 09:09:57.97 UT (just after the —145mV/m excursion in £ in
Figure 2¢) is ~ —6 mV/m. Such parallel electric fields could result in electron beams in the positive B direction
(section 4). In this event, the observations allow for a net E||, but marginally. The positive averaged E, (cyan
profiles, averaged over a 30 ms FPI-DES sampling period, in Figures 1b and 2b; see Figure 4Ad) before
entering the current sheet represents the Hall electric field that points toward the current sheet (magenta
arrows in Figure 3A). Its counterpart in the magnetosheath separatrix and/or exhaust region, i.e., negative
E,, is less clear in this event. A broader region with stronger Hall electric fields on the magnetospheric side
than the magnetosheath side (to counter balance the magnetosheath pressure) has been predicted by PIC
simulations for asymmetric reconnection [Pritchett, 2008; Pritchett and Mozer, 2009; Chen et al., 2016].

During the magenta-shade interval, the electron temperature shows a noticeable anisotropy, (magenta
shade in Figures 1k and 2k) and bidirectional electrons on the magnetospheric side form pitch angle distri-
butions enhanced at 0° and 180° (Figures 1, 2n, and 20). During the yellow-shade period, an asymmetry
between the 0° and 180° pitch angle electrons appears and later a combination of more field-aligned mide-
nergy electrons and antiparallel low-energy populations is seen (Figures 1, 2n, and 20). The symmetry near
the separatrix region (magenta shade) indicates that inflowing electrons entering toward the Hall region
are reflected and trapped by either an electrostatic potential or a mirror force associated with a decreasing
magnetic strength near the central reconnection site [Egedal et al.,, 2005, 2008, 2013]. The observation at
the edges of the exhaust region (yellow shades) is consistent with field-aligned fields/potentials accelerating
electrons inward (toward the X line), combined with Fermi acceleration occurring in the exhaust region
[Drake et al, 2009; Lavraud et al., 2016]. Toward the current sheet (0909:57.5-57.8 UT for MMS3 and
0909:57.95-58.25 UT for MMS4), low-energy (midenergy) electrons stream antiparallel (parallel) to the mag-
netic field. This indicates outward flowing magnetosheath electrons from the X line and inward acceleration
of magnetospheric electrons by the field-aligned electric fields/potentials.

Bulk ion and electron velocities in the negative I (V; ;= —125 km/s and V, ;~ —480 km/s in the current sheet or
X line rest frame) increase at the current sheet (Figures 1, 2d, and 2e). This outflow jet, together with the posi-
tive B, during the positive-to-negative B, reversal, indicates a spacecraft crossing of the exhaust region south
of a reconnection X line. V; ;in the current-sheet frame switches sign from negative to positive at ~0909:58.4
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UT (MMS3; a blue arrow in Figure 1d) and ~0909:58.9 UT (MMS4; a blue arrow in Figure 2d). Almost simulta-
neously, B,,, changes to the opposite polarity (negative to positive) Hall field (blue arrows in Figures 1a and
2a). This indicates that a reconnection X line moved southward (mostly along —I), or alternatively, that the
spacecraft moved northward past the vicinity of the X line.

Figure 3A depicts the spacecraft trajectory relative to the X line. The distance (x) of the spacecraft crossing the
current sheet in the downstream (+I) direction from the X line can be estimated using the multispacecraft
timing-induced current sheet and X line velocities (vx jine) and symmetric reconnection geometry [Phan

Atmph+Atms
et al,, 2007): X = AtmphVi-iine, (mem:
sage between the magnetospheric (magnetosheath) separatrix and the current sheet. The roughly estimated

(due to the assumption of a symmetric reconnection geometry) distance, x, is ~4.2 d; (the ion inertial length
on the magnetosheath side, d;~ 50 km), which is incorporated in Figure 3A.

+ 1) where Atmpnh(Atmsh) represents the duration of the MMS pas-

Around the current sheet crossing (blue shading in Figures 1 and 2f), the perpendicular electron jet velocity
(blue profiles) in the —I direction is different from and faster than the E x B drift velocity calculated from the
local electric and magnetic fields (black). When considering the uncertainly of E (3E) in the E x B velocity
(black dashed curves in Figure 1 and 2f show (E+E) x B/B?), the difference is quite evident (marginally
acceptable) for MMS4 (MMS3). On the other hand, the velocity components in the m and n directions are
relatively consistent with the E x B drift (Figures 1, 2g, and 2h). lon velocities (red profiles in Figures 1 and
2f-2h) disagree with the drift motion. This indicates that the ions (and the electrons, to some extent) are
decoupled from the magnetic field.

To further explore the MMS traversal of the IDR and/or EDR, we carried out ion and electron Walén tests in
each corresponding deHoffmann-Teller frame (Figure 3B). The Walén relation identifies a current sheet
boundary layer undergoing reconnection as a rotational discontinuity. We used the generalized formula
for the relation, derived by Scudder et al. [1999], that includes the effect of pressure anisotropies. The
upstream conditions are obtained from the data averaged between 0909:55.70 and 0909:55.75 UT before
MMS entering the separatrix region. From 0909:57 to 0909:59 UT, the ions do not satisfy the Walén test exhi-
biting a slope close to 0. (A slope of 1 is expected for current sheets undergoing reconnection.). The electron
Walén test shows a slope closer to 1 (~0.8) although a portion of the data points disagrees with the trend. This
suggests that the spacecraft was mostly in the IDR where only electrons were magnetized but they were
likely passing the edge of the EDR where both ions and electrons were demagnetized.

4. The Outer Electron Diffusion Region

Figure 3C exhibits 2-D cuts of 3-D electron distributions (integrated over £11.25° from the cut) with a 30 ms
time resolution at selected times, denoted by cyan vertical lines “a” to “e” in Figures 1, 2, and 3A. The left and
middle columns show the electron distributions as a function of (V|, V1) and (V| V_ »), respectively. Parallel
and perpendicular directions are defined with respect to the local magnetic field (B). The two perpendicular
directions are chosen to be perpendicular to B approximately along the ion bulk velocity (V), V, ; =B X (V x B)
and V, ;=B x V. The right column displays a cut of the distribution in the perpendicular-to-B plane, i.e., to
V, , versus V| ; directions.

Figure 3Ca shows the superposition of a magnetosheath electron population shaped as a half shell or cres-
cent (blue arrows) and magnetospheric populations accelerated parallel to B (red arrows) before MMS3
enters the neutral sheet. Going forward in time for the MMS4 observation (Figures 3Cb-3Ce), electrons close
to the magnetospheric separatrix (Figure 3Cb) show a greater spread in V| than V., i.e., a temperature aniso-
tropy (T, > Te1). The distribution is superposed upon counterstreaming electron components (red arrows).
Near the center of the large-amplitude electric field region (Figure 3Cc) the electrons exhibit more isotropic
distributions containing the inward moving accelerated magnetospheric populations (red arrows) together
with the antiparallel streaming magnetosheath electrons (blue arrows), possibly outflowing from the X line
after having being accelerated there. Within the yellow shading in Figures 1 and 2d where the £} is marginally
present (section 3), the counterstreaming electron components (e.g., Figures 3Cb and 3Cc) are observed to be
asymmetric around V| =0. Hwang et al. [2013] pointed out that the imbalance between electron beam
components flowing into and leaving from an X line in the separatrix region, or reflection of a fraction of
the electrons initially entering toward an X line, could result in the asymmetry. In this event, the
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field-aligned (mostly antiparallel) electric fields/potentials (Figure 2d) may, in part, contribute to a more
substantial population accelerated inward (toward the X line, here, moving parallel to the magnetic field).
Ergun et al. [2016] showed that similar large-amplitude Ej structures develop on the magnetosphere side
of the current layer when cold (<10 eV) magnetospheric electrons are mixing with warm (~100 eV) magne-
tosheath electrons on freshly reconnected magnetic field lines. They used the kinetic Vlasov code to show
net parallel electric fields and electron acceleration toward the X line.

A structure similar to that in Figure 3Ca is seen in Figure 3Cd distributions sampled prior to MMS4 entering
the neutral sheet. The half shell or crescent-shaped magnetosheath populations shown in the (V}, V_ ;) and
(V) V. ») distributions (blue arrows) give rise to a certain level of agyrotropy, i.e., a lack of axisymmetry in
the (V,,, V) distributions. Closer to the sheet (Figure 3Ce), a partial shell-like structure with a narrower
opening angle and a smaller distance from the origin appears (blue arrows). Recent PIC simulations
[Chen et al., 2016] predict that this unique crescent shape in the (V), V,) distributions originates from
accelerated meandering magnetosheath electrons (near the X line [Hesse et al., 2014; Burch et al., 2016])
that are then cyclotron turned by the reconnected magnetic field to produce the outflow jet downstream
the X line. In particular, the predicted electron distribution at the outer edge of the EDR (at location “j5"—
about 3d; downstream from an X line—in Figure 2 of Chen et al. [2016]; as marked in Figure 4B) shows a
striking agreement to Figures 3Ca and 3Cd. Furthermore, the distributions observed by MMS approaching
the neutral sheet (Figure 3Ce) are similar to “j2" or “j3" in Figure 2 of the same paper that are sampled near
the simulated neutral sheet. Bessho et al. [2016] analytically showed that the opening of the crescent shape
in a distribution becomes wider, and the distance of the outer crescent periphery from the origin becomes
larger farther away from the X line toward the stagnant point in the central reconnection region. Similarly,
Shay et al. [2016] performed a PIC simulation to show that the parallel outflow crescent has the same peak
velocity as the crescent around the X line. These studies explain the observation that the radius of the
crescent shape and its opening from the origin become smaller as MMS approach the neutral sheet
(Figures 3Cd and 3Ce).

We estimated current densities using particle data, g(n;v; + nev,), from MMS4 (Figure 4Ab). (The curlometer
technique [Dunlop et al., 2002] cannot resolve the structure below scales comparable to the spacecraft
separation, which is much larger than electron scales in this event.) Prior to crossing the neutral sheet
(marked by the vertical magenta dashed line) where the peculiar crescent distributions appear and
immediately after the current sheet crossing, the current density along / peaks at ~1100nA/m? (cyan
arrows in Figure 4Ab). This current is mainly carried by the electron jets outflowing from the X line,
consistent with the strong jets downstream from the X line in the outer EDR, as predicted by the simulation
(Figure 4Ba). Around the neutral sheet, negative J,,, components associated with the magnetic field reversal
become significant.

Hesse et al. [2008] reported that the electron flow jets are a combination of the E x B drift and of diamagnetic
effects associated with the pressure gradients. Figures 4Ac and 4Ad show that the E,, and E,, components
(black profiles) are balanced mainly by the convective bulk electron inertial term, — V. x B (blue profiles).
Differences between the two (cyan arrows in Figures 4Ac and 4Ad) suggest a certain contribution from the
pressure tensor gradient term, —(V-—P¢)/ne. (Neither four-spacecraft nor single-spacecraft calculations
suffice to estimate —(V-«<>P)/ne for this event due to the relatively large spacecraft separation and nonsta-
tionary structure.) The current-sheet normal electric field (E,,) is mostly positive (negative) before (after)
crossing the current sheet, i.e., pointing toward the current sheet and stronger on the magnetospheric side
(Figure 4Ad). This asymmetric electric field also features in the simulation and extends to the outer EDR
and along the magnetospheric separatrices, consistent with Figure 4Bb.

The bursty electric field in the magnetosphere side of the current layer in this event leads to large fluctuations
in the electric field in the electron frame, E' =E + V., X B (Figure 4Ae). The nonzero electric field in the electron
frame has been used as an indicator of the violation of the ideal frozen-in condition, although it is not suffi-
cient for the identification of the EDR [e.g., Zenitani et al., 2011]. We note that the out-of-plane component of
E (Em) is positive during the current sheet crossing (magenta shading in Figure 4Ae), which is opposite to the

presumed reconnection electric field (negative E'm) near the central current sheet. Accordingly, the Joule
heating, or the electron dissipation measure following Zenitani et al. [2011], J-E’ is negative (magenta
shading in Figure 4Af). These observations further support the case for MMS encountering the outer EDR,
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where the electron jets outrun the moving magnetic field (blue shading in Figure 2f), leading to E;n having an
opposite sign to the inner-EDR E/m and J - E' < 0. Both features well agree with the PIC predictions shown in
Figures 4Bc and 4Bd.

Karimabadi et al. [2007] showed that at the edge of the EDR the electron jets slow down, converting the bulk
kinetic energy to thermal energy. We investigate the energy transfer occurring at the outer EDR for the pre-
sent event by plotting V. - (J x B), indicating energy transfer between the magnetic and bulk kinetic energy
(blue profiles in Figure 4Af) [Birn and Hesse, 2010]. Comparing with the Joule heating term J - E’ (black), we
find a rough relationship indicating that J- E’ is counter balanced by V.- (J X B) around the current sheet
crossing except for an intermittent period between 0909:58.45 and 58.5 UT (marked by magenta shading in
Figure 4Af). This indicates that the bulk kinetic energy is mostly transferred to the field energy.

5. Summary

The paper presents a case study of an asymmetric reconnection event observed on the postnoon magneto-
pause by the Magnetospheric Multiscale (MMS) mission. The high-resolution measurements of the
electric/magnetic field and electron distributions enabled us to explore the fine structure of the diffusion
region near the X line. The event features large-amplitude bursty electric fields near/inside the magneto-
spheric separatrix, ions decoupled from the magnetic field over the current sheet crossing, outflowing
electron jets downstream of the X line at speeds greater than the E x B drift velocity, and crescent-shaped
electron distributions focused along V| prior to entering the current sheet.

The net field-aligned components in the electric field may accelerate electrons along B, resulting inTe | > T ..

Toward the current sheet, a superposition of outward flowing magnetosheath electrons from the X line and
magnetospheric electrons accelerated inward by the field-aligned electric fields/potentials appears in the
particle distributions. The partial shell-like or crescent distributions are observed in close proximity to the
current sheet, where the out-of-plane electric field exhibits an opposite polarity to the reconnection electric
field, and the energy is converted from bulk kinetic to field energy. These observations show excellent agree-
ment with the properties of the outer EDR downstream of the model reconnection X line [Chen et al., 2016].
Therefore, we suggest interpreting this event as an MMS passage through the edge of the elongated EDR or
the outer EDR in the exhaust region.
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