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Abstract we investigate the agyrotropic nature of electron distribution functions and their substructure
to illuminate electron dynamics in a previously reported electron diffusion region (EDR) event. In particular,
agyrotropy is examined as a function of energy to reveal detailed finite Larmor radius effects for the first
time. It is shown that the previously reported ~66 eV agyrotropic “crescent” population that has been
accelerated as a result of reconnection is evanescent in nature because it mixes with a denser, gyrotopic
background. Meanwhile, accelerated agyrotropic populations at 250 and 500 eV are more prominent
because the background plasma at those energies is more tenuous. Agyrotropy at 250 and 500 eV is also
more persistent than at 66 eV because of finite Larmor radius effects; agyrotropy is observed 2.5 ion inertial
lengths from the EDR at 500 eV, but only in close proximity to the EDR at 66 eV. We also observe linearly
polarized electrostatic waves leading up to and within the EDR. They have wave normal angles near 90°,
and their occurrence and intensity correlate with agyrotropy. Within the EDR, they modulate the flux of
500 eV electrons travelling along the current layer. The net electric field intensifies the reconnection current,
resulting in a flow of energy from the fields into the plasma.

Plain Language Summary The process of reconnection involves an explosive transfer of
magnetic energy into particle energy. When energetic particles contact modern technology such as
satellites, cell phones, or other electronic devices, they can cause random errors and failures. Exactly how
particles are energized via reconnection, however, is still unknown. Fortunately, the Magnetospheric
Multiscale mission is finally able to detect and analyze reconnection processes. One recent finding is that
energized particles take on a crescent-shaped configuration in the vicinity of reconnection and that this
crescent shape is related to the energy conversion process. In our paper, we explain why the crescent shape
has not been observed until now and inspect particle motions to determine what impact it has on energy
conversion. When reconnection heats the plasma, the crescent shape forms from the cool, tenuous particles.
As plasmas from different regions mix, dense, nonheated plasma obscures the crescent shape in our
observations. The highest-energy particle population created by reconnection, though, also contains
features of the crescent shape that are more persistent but appear less dramatically in the data.

1. Introduction

Magnetic reconnection is one of the main mechanisms responsible for the energization and transport of
plasmas throughout the universe. At Earth’s magnetopause (MP), oppositely directed field lines from the mag-
netosheath (MSH) and magnetosphere (MSP) diffuse through the ion plasma at large scales, and electron
plasma at small scales, dissipating energy as field lines break and reconnect. It is at small scales, in the elec-
tron diffusion region (EDR), where kinetic processes that govern reconnection manifest themselves. Thus,
understanding electron heating and acceleration in the EDR is key to unravelling larger energy conversion
and transport processes.
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Electron energization during symmetric reconnection, as in the magnetotail where the plasma and magnetic
field conditions are equal on either side of the reconnection site, occurs in two general locations: the diffusion
region and the flux pileup region. As electrons drift through the ion diffusion region toward the reconnection
site, they become trapped in and accelerated by a potential well parallel to the magnetic field (Egedal, Lé, Katz,
etal., 2010; Egedal, L&, Zhu, et al., 2010; Graham et al., 2014). Upon entering the current layer, their gyromotion
causes them to meander across the magnetotail while being accelerated by the reconnection electric field
(Fu et al.,, 2006, Huang et al., 2010; Speiser, 1965). An inversion electric field and a phase space hole form
surrounding the X line (Chen et al., 2011). Electrons in this region are distributed nonuniformly around the
magnetic field (i.e., they are agyrotropic) (Aunai et al., 2013) and exhibit striated structures in velocity space
(Bessho et al., 2014; Ng et al., 2011, 2012). Striations at progressively higher energies indicate the number of
bounces in the current sheet and the amount of time exposed to the reconnection electric field. Acceleration
is limited by cyclotron turning due to the normal magnetic field component (Chen et al., 2011), which results
in ejection of electrons from the EDR.

Electrons enter the flux pileup region from the separatrices or from the vicinity of the EDR (Fu et al., 2006). High
field line curvature in the vicinity of the EDR can scatter energetic electrons to higher pitch angles (Lavraud
etal., 2016; Wang et al,, 2010). Meanwhile, a parallel potential in the flux pileup region can trap these or other
electrons with low parallel velocity entering from the separatrices (Egedal, L&, Katz, et al., 2010; Egedal et al.,
2008; Huang et al., 2015). As tension forces pull reconnected field lines away from the EDR, the shrinking field
lines energize the plasma in the parallel direction through Fermi acceleration (Drake et al., 2009; Fu et al., 2006,
2011; Wu et al,, 2013). Plasma jets compress the field in the |B|,,;, region, energizing the trapped plasma in
the perpendicular direction via betatron acceleration (Fu et al., 2006, 2011, 2013; Huang et al., 2015). Fermi
and betatron acceleration are identified by cigar and pancake distribution functions, respectively, and can
produce suprathermal electrons (Fu et al., 2011).

Energization during asymmetric reconnection (which is more typical at the MP) is somewhat different.
Because the plasma temperatures and densities, and the magnetic field strengths are different in the MSH
and MSP, the inflow stagnation point offsets from the X point (Cassak & Shay, 2007), and meandering MSH
electrons can mix with gyrotropic inflowing MSP electrons to create agyrotropic distributions with a cres-
cent shape (Hesse et al., 2014). Furthermore, the striations that form as a result of acceleration in the current
layer are “V"-like instead of flat (Chen, Hesse, Wang, Bessho, et al., 2016). These findings suggest that the
meandering motion and energization processes are different during asymmetric reconnection.

In situ observations of the EDR, finally made possible with the Magnetospheric Multiscale (MMS) mission
(Burch et al., 2015; Torbert et al., 2014), confirmed the existence of perpendicular crescents and discovered
parallel crescents in both antiparallel and guide field reconnection (Burch et al., 2016; Burch & Phan, 2016).
These crescents exhibit cyclotron turning downstream from the EDR (Chen, Hesse, Wang, Gershman, et al.,
2016), similar to the symmetric case (Chen et al., 2011). Such observations spurred a number of theories and
models to explain the formation and structure of the crescent.

One- and two-dimensional theories as well as simulation results agree that crescents are formed by finite
gyroradius effects of accelerated MSH particles mixing with the inflowing MSP plasma (Bessho et al., 2016;
Egedal etal., 2016; Hesse et al., 2016; Shay et al., 2016). Near the X line, the asymmetric Hall electric field (Mozer,
Angelopoulos, et al., 2008; Mozer et al., 2002; Mozer, Pritchett, et al., 2008) accelerates demagnetized MSH
electronsinto the magnetosphere. The associated electric potential acts as a filter that defines the shape of the
crescent (Bessho et al,, 2016; Egedal et al., 2016). Downstream, perpendicular crescents are turned toward the
parallel direction by a finite normal magnetic field component along the Hall electric field (Shay et al., 2016).
Demagnetization also occurs in the case of guide field reconnection as a result of strong field line curvature
near the X line, allowing crescents to form (Hesse et al., 2016).

High time resolution distribution functions have allowed us to study particle acceleration within the EDR in
greater detail, but why are the crescent distributions not more prevalent in MMS data or observed farther
from the EDR? Furthermore, ions have been shown to be unresponsive to field variations at scale sizes larger
than the ion inertial scale (Phan et al., 2016), yet electron distribution functions demonstrate structure below
the electron inertial scales (Khotyaintsev et al., 2016). What role does this substructure play within the EDR?

In this paper, we attempt to answer both of these questions by examining the 16 December 2015 13:07:02 UT
EDR encounter studied by Alm et al. (2017), Burch et al. (2016); Denton et al. (2016), Egedal et al. (2016),
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Ergun, Goodrich, et al,, 2016, Ergun et al. (2017), Shuster et al. (2017), Torbert et al. (2016), and others. We com-
plement data from the Fast Plasma Instrument (FPI) with data from the Electron Drift Instrument (EDI), which
is capable of measuring ambient flux up to 30 times faster (at select energies and pitch angles), in order to
better understand agyrotropy on the ion and electron inertial scales.

2. Instrumentation

The Magnetospheric Multiscale (MMS) mission was launched on 13 March 2015 into an equatorial orbit with
1 Rg perigee, 12 Ry apogee and a 28.5° inclination. Its four identically instrumented satellites were designed to
study electron-scale dynamics of magnetic reconnection at the magnetopause (Phase 1) and in the magne-
totail (Phase 2). During the first dayside pass of Phase 1A, the mean interspacecraft separation was reduced to
as little 10 km, or three electron inertial lengths. This small-scale separation and the unprecedented sampling
rates of its particle instruments allow for investigation of electron kinetic effects that remain a large mystery
of reconnection.

We present data from the FIELDS instrument suite (Torbert et al., 2015), including the fluxgate magnetometer
(FGM) (Russell et al., 2014), electric field double probes (EDP) (Ergun et al., 2014; Lindqvist et al., 2014), and
the Electron Drift Instrument (EDI) (Torbert et al., 2015). We also use data from the Fast Plasma Instrument
(FPI) (Pollock et al., 2016). Data were captured at its highest resolution in the burst telemetry mode (Fuselier
etal., 2016).

2.1. Moments of the Distribution

The Fast Plasma Instrument consists of four identical dual spectrometers spaced at 90° intervals around the
spacecraft, allowing it to map the full distribution function independent of spacecraft spin, every 150 ms
for ions and every 30 ms for electrons. Each distribution consists of 32 energy and 16 polar sweeps in four
azimuthal deflections from each of the eight detectors. Data from one of the four azimuthal deflections on
each detector can be used to compute moments of the distribution at 4 times the nominal rate, but at the
expense of full velocity space coverage (Rager et al., 2017). We use 7.5 ms electron moments computed in
such a manner to examine substructure of the electron diffusion region.

2.2, Electron Flux

The Electron Drift Instrument consists of two gun-detector units (GDUs) mounted on opposite sides of the
spacecraft and facing opposite hemispheres. EDI can operate in one of two modes: ambient mode and electric
field mode. In ambient mode, EDI detects electrons at selectable pitch angles and with energies of 250, 500, or
1,000 eV. In electric field mode, the gun fires modulated electron beams perpendicular to the magnetic field.
When B and E are slowly varying so that the plasma is frozen-in, electrons in the beam undergo their normal
cyclotron and E x B drift motions and return to the opposite GDU after one or more gyrations. The GDU scans
for target directions that return beams (beam acquisition), and once they are detected, the scanning direction
“windshield wipers,” reversing repeatedly to track the target motion. Beams are assigned a quality of 0 to 3
based on their signal-to-noise ratio (SNR) and whether or not the time of flight was measured successfully.
When the SNRis low, as is the case when no beams are returned and only ambient electrons enter the detector,
a quality level of zero (QO) is assigned. Throughout the time interval used in this study, EDI was in electric
field mode.

The SNR is determined by correlating the electrons entering the detector with suitably delayed copies of
the code that was imposed on the outgoing beam. The highest-quality beam within each 8 ms interval is
retained. This sets the highest time resolution of Q0 data to 8 ms. One channel per GDU, however, is sampled
unconstrained by the correlator mechanics. This datum, “data29,” provides higher time resolution (1,024 S/s)
observations at the expense of a defined data quality. Quality must be inferred from the lower time resolution
quality flags, trends in count rates, transitions between windshield wiper and beam acquisition modes, and
characteristics of the electric and magnetic fields.

In regions like the EDR, where B and E can fluctuate rapidly and £, can exist, the beam is typically scattered and
does not return to the detector. Under these circumstances, there can be stretches of time during which few
beams are detected and ambient electrons are reported as Q0 data. Consequently, the instrument remains
in acquisition mode and scans the plane perpendicular to B (PA 90°) at a rate of 230°/s. This means that two
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Figure 1. Overview of electron agyrotropy in the EDR as detected by the EDI instrument. The top three panels are the (a) magnetic and (b) electric fields, and (c)
electron trajectories — taken to be opposite the nominal instrument look direction - in GSE coordinates. (d) The coverage of gyrophase from both GDUs. Counts
are binned over 1.4 s, 1° PA, and 8° of gyrophase to produce (e) pitch angle and (f) gyrophase distributions for 500 eV electrons. Counts are normalized by the
instrument dwell time in each angular bin in each 1.4 s interval.

GDUs facing opposite hemispheres can obtain full gyrophase distributions (GPDs) in 0.8 s. It also means that
data29 can be used to analyze electron response to perpendicular electric fields within the EDR on millisecond
time scales.

3. Event Overview

To study electron dynamics within the EDR of asymmetric reconnection, the MP crossing on 16 October 2015
is presented in Figure 1. The EDR encounter at 13:07:02 UT was originally identified by Burch et al. (2016) when
the four MMS spacecraft detected the opening of magnetic field lines and strong energy dissipation. This
region contained demagnetized electrons and was embedded within a larger ion diffusion region (Torbert
et al.,, 2016). Closest approach (1.3 km) to the X line occurred at 13:07:02.35 by MMS4 (Denton et al.,, 2016).
Figure 1a and 1b provide an overview of the magnetic and electric fields between 13:06:40 and 13:07:20 UT,
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Figure 2. (a-c) EDI counts as a function of gyrophase, showing agyrotropy
near 0° at three different times within the EDR. (a) A mostly isotropic

background (red) is shown for comparison.

surrounding the EDR encounter. Electron trajectories (taken to be oppo-
site to the nominal instrument look direction) of 500 eV electrons detected
by GDU2 are represented as unit vectors in spherical GSE coordinates in
Figure 1c. How such trajectories map to the gyrophase plane is depicted
in Figure 1d. Zero degrees corresponds to the (B X V,) X B direction (L),
while 90° is the B x V, direction (L,), where V, is the electron bulk velocity
measured by FPI. Note that in Figure 1d, we have incorporated trajectories
from both GDUs to show the completeness of gyrophase coverage. Careful
examination of the angles in Figures 1c and 1d is important when deter-
mining data quality. Finally, the QO counts are binned over 1.4 s intervals,
~1° of PA (Figure 1e) and ~8° of gyrophase (Figure 1f). Counts are normal-
ized by the fraction of time spent in each angular bin during each 1.4 s
interval. An interval of 1.4 s was chosen as a compromise between EDI's
rapid coverage of gyrophase and the slower time variability of observed
agyrotropic structures.

At the edges of the intervals shown, from 13:06:40 to 13:06:48 UT and
from 13:07:11 to 13:07:20, MMS2 is in the magnetosheath with B, < 0.
The plasma is frozen-in, which can be seen by the return beams detected
by EDI near 0° and 180° in Figure 1f and the sudden shifts in incident
angles (Figures 1c and 1d). After 13:06:48 until 13:06:56 UT, the magnetic
field rotates and MMS2 crosses into the boundary layer on the MSP side
of the MP. The weakened field causes EDI to lose its beam, evidenced by
the smoothly varying incident angles (Figures 1c and 1d), and to sample
the ambient plasma. Electron counts remain low (< ~20) and gyrotropic
(Figure 1f). At 13:06:57 UT, 90° PA counts rise from 30 to 80 (Figure 1e) and
agyrotropy is visible starting at 13:06:58 UT (Figure 1f), with peaks centered
on the (B x V,) x B direction. This marks MMS2’s entry into the EDR.

Agyrotropy is more visible in Figure 2. Vertical slices taken from Figure 1
show the transition from the fairly gyrotropic background outside the
current layer (Figure 2a, red), to the agyrotropic configuration just 2 s
later (Figure 2a, black). At 13:07:00.313 UT (Figure 2b), the distribution in
the plane perpendicular to B is smoother and still centered around the
(B x V,) x B direction. Two seconds later (Figure 2c), the peak narrows and
counts increase. This figure shows that the mechanism that heats the ther-
mal population (~66 eV, shown later) and creates crescent shapes (Hesse
etal, 2014; Burch et al., 2016) is effective at least up to 500 eV. It also shows
that, at 500 eV, agyrotropy is observable with accumulation times of 1.4 s
(590 electron cyclotron periods) and persists for several seconds.

4, Finite Larmor Radius Effects

EDI observations of persistent agyrotropy can be contrasted with the
intervals in which crescent distributions are observed in 30 ms electron
distribution functions (Burch et al., 2016; Burch & Phan, 2016; Chen, Hesse,
Wang, Gershman, et al., 2016; Norgren et al., 2016). The crescent distribu-
tion, however, appears at energies much below 500 eV —typically around
60 eV. To understand why this is, we examine agyrotropy as a function of
energy. One hope is that our results can be applied to missions with more
limited capabilities. Cluster (Escoubet et al., 1997), for instance, has EDIs
with capabilities similar to those of MMS, while its electron spectrometer
samples every 4 s. Figure 3 presents FPl and EDI data for the EDR encounter
on 16 December 2015. Depicted are gyrophase distributions for the cold
and crescent populations (20 and 60 eV, respectively), as well as for three
energy ranges that encompass the energies detectable by EDI: 250 eV,
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Figure 3. Gyrophase distributions showing how agyrotropy changes with energy. (a) The magnetic field provides
context within the EDR for GPDs in six energy ranges: (b) 11-31 eV, (c) 40-109 eV, (d) 139-295 eV, (e) 378-798 eV,

(f) 500 eV, and (g) >1 keV. Agyrotropy is more prominent in the 139-798 eV range (Figures 3d-3f) than the 11-109 eV
range (Figures 3b and 3c). Above 1 keV, electron energy flux is sparse (Figure 3g), which leads to misleadingly (h) high
levels of agyrotropy (\/5). The crescent population (Figure 3h, brown) has the most average levels of \/(_2, whereas the
~500 eV population (Figure 3h, blue) is, on average, the most agyrotropic.

500 eV, and 1 keV. We demonstrate that agyrotropy is visible farther from the X point and over longer time
periods at higher energies.

Within the interval 13:06:58 to 13:07:04 UT, the 11-31 eV population (Figure 3b) is isotropic except for a brief
interval after |B| ,;, near ~13:07:02.4 UT, at which point it exhibits an enhancement at 180°, as opposed to the
enhancement at 0° seen in the next energy channel (Figure 3c). Because the bulk velocity was not removed
from the distribution function, the appearance of agyrotropy at such low energy could be caused by a drifting
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population. The sign change is the result of a change in the orientation of B,, and hence the coordinate system,
as MMS2 crosses into the MSH. The 40-109 eV electron population (Figure 3c), which includes the crescent
population, mostly exhibits an isotropic flux increase above background (e.g., 13:06:58.35 UT), with intense
agyrotropy predominantly near |B|,,- The next higher-energy range (Figure 3d) begins to highlight larger
scale regions of agyrotropy. Flux for 139-295 eV electrons (Figure 3d) intensifies initially at 13:06:58.7 but
then decreases nearly to background except in the gyrophase range of —90° to +90°, providing excellent
contrast that highlights a 3.5 s interval of agyrotropy. Electrons in the 378-798 eV range (Figure 3e) exhibit
the same tendency, made more obvious by the 1 s binned EDI QO counts in Figure 3f. Above ~1 keV, flux is
low and shows no tendency toward agyrotropy, an indication of the absence of meandering MSP electrons
in the current layer. These results suggest that agyrotropy is more pronounced in the ~250-500 eV energy
range and can persist for as long as 3.5 s.

Figure 3h shows a scalar measure of agyrotropy: 1/Q, where Q = (Pfy +P2+ P;z) / (P3 +2P,P}) (Swisdak,
2016). Each trace is calculated over the subset of the pressure tensor corresponding to the energy ranges
depicted in the GPDs, smoothed over 0.25 s. The >1,000 eV energy range exhibits a misleading amount of agy-
rotropy due to the sparseness of the data. The other energies summarize what is shown in the GPDs: 11-31 eV
(red) is the most gyrotropic, 40-109 eV (brown) highlights key areas of agyrotropy, while 139-798 eV (black
and blue) steadily rise starting just before 13:07:00 UT through the field reversal. We have also examined the
quantities Agyrotropy (Scudder & Daughton, 2008) and the Degree of Nongyrotropy (Aunai et al., 2013), and
each depicts qualitatively similar trends (not shown). Over the time interval shown, ~500 eV electrons are the
most consistently agyrotropic.

The spatial scale of agyrotropy can be determined if the velocity of the structure is known. During the interval
13:07:00 to 13:07:05 UT, the structure’s velocity oscillated in the normal direction, but was constant along the
outflow direction tangent to the MP, with a magnitude of —97 km/s (Denton et al.,, 2016). At 13:07:02.2 UT,
a time studied in section 6, the normal component of the velocity was ~ —40 km/s. The closest approach of
MMS2 to the X point was ~3 km at 13:07:02.47 UT, when |B|,,,;, occurs (Denton et al., 2016). In addition, the
average ion inertial length between 13:07:01 to 13:07:02 UT is 4, = 97 km. Therefore, agyrotropy is observed
~2.5 4; downstream from the X point and over a total distance of ~3.5 4,.

Overall, the GPDs from EDI and FPI demonstrate agyrotropy that first appears at 500 eV 2.5 4; from the X
point, then, as the spacecraft approaches the EDR, the agyrotropic crescent distribution appears at 66 eV in
the vicinity of the EDR. This is consistent with finite gyroradius effects as MSH and MSP plasmas mix across
the MP (Hesse et al.,, 2014; Norgren et al., 2016; Shay et al., 2016), meandering motion through the electron
current sheet (Chen, Hesse, Wang, Gershman, et al., 2016), and diamagnetic effects (Egedal et al., 2016; Rager
etal., 2017). These finite Larmor radius effects suggest that examining agyrotropy at 500 eV with EDI may help
locate additional diffusion region encounters.

5. Electron Heating

Electron heating within the EDR can explain the observed evanescent nature of the crescent distribution as
well as the persistent agyrotropy at higher energies. Outside of the EDR, 500 €V is in the tail of the energy
flux distribution, while 60 eV is closer to the peak. As the plasma drifts into the EDR, it is heated, shifting the
distribution to higher energy (Burch et al., 2016). The effects on agyrotropy are visible in Figure 4.

From ~13:06:56 to 13:07:03 UT, during the period of enhanced magnetic and electric activity (Figure 4a),
FPI detects perpendicular and parallel heating (Figure 4b). This is the same interval in which EDI observes
increased perpendicular counts and gyrophase bunching (Figures 1e and 1f). Figure 4c shows the energy flux
of 90° + 15° PA electrons for the thermal population (taken to be ~66 eV, the perpendicular electron temper-
ature within the EDR) that exhibits crescent shapes, as well as for the three energy bins closest to the energies
detectable by EDI: 230 eV, 485 €V, and 1,023 eV. The high temporal and spatial dependence of the crescent
shapes can be understood by the fact that heating within the EDR shifts particle flux of 66 eV electrons into
the low-energy tail of the distribution, decreasing the electron flux. Thus, averaging (or accumulating) over
regions in which the background and heated plasmas mix will obscure the more tenuous crescent population
in the data.

The opposite is true for higher energies. Flux of 90° PA electrons in the 230, 485, and 1,023 eV channels
(Figure 4c), as well as the 500 eV EDI QO counts (4d), first begins to increase around 13:06:46 UT with the first
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Figure 4. Evolution of electron energy flux and phase space density over time. From top to bottom, the (a) magnetic
field, (b) electron perpendicular and parallel temperatures, (c) energy flux of 90° + 15° PA electrons from FPI, and (d) 90°
PA, 500 eV electron counts from EDI. Electron distribution functions with start time of 13:07:00.765 UT are averaged over
(e) 0.03, (f) 0.6, (g) and 1.41 s. Concentric dashed circles mark the velocities corresponding to the energies shown in
panel c (that of 1,023 eV is not shown due to poor counting statistics). (h—j) Gyrophase cuts around the distributions
along the dashed circles are shown below the DFs. Overall, DFs show the crescent population is washed out over 1.41 s
(Figure 4e and 4g), but anisotropy in 250 and 500 eV channels is more persistent.

magnetic field reversal. They gradually increase to their maximum values within the EDR before decreasing
beyond the final B, reversal at 13:07:09 UT. At times when EDI's GDUs face opposite directions, agyrotropy is
occasionally visible directly from the difference in counts. This is the case at 13:07:02 UT and is the subject of
Figure 5. The total change in FPI energy flux is nearly 1 order of magnitude, with 230 eV electron flux occa-
sionally exceeding that of the thermal population (Figure™4c). The flux of agyrotropic electrons is higher than
the flux of gyrotropic, ambient electrons at the same energy, so the agyrotropy that develops within the EDR
as a result of reconnection should be more prominent and persist for longer time intervals.

To demonstrate this point, we show distribution functions (DFs) averaged over time. DFs in the v, ;-v,, plane
(Figures 4e-4q) reveal not only the crescent-shaped distribution at 66 eV but also agyrotropy in the 230
and 486 eV electrons. The DF in Figure 4e is a 30 ms sample taken at 13:07:00.765 UT, near when MMS2
entered the EDR. Concentric dashed circles at 0.48, 0.90, and 1.31x10* km/s draw attention to the phase
space densities (PSD) of the corresponding 66, 230, and 485 eV electrons (1,023 eV is not shown due to poor
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Figure 5. A view of electron response and dissipation over a 6.6 4, region surrounding the electron diffusion region.
Quantities are shown on two time scale: 7.5 ms for FPI-derived quantities and 1 ms for EDI derived quantities. Two
directions are highlighted: the L direction in which the crescent distributions initially form and the GDU1 look
direction. From top to bottom: (a) magnetic field; (b) electric field; (c) flux of 500 eV, 90° electrons, (d) beam quality,
and (e) look angles from EDI; current density from (f) EDI and (g) FPI; and energy dissipation from (h) EDI and (i) FPI.

counting statistics). Below the distribution (Figures 4h-4j), we show cuts around the DFs along the concen-
tric dashed circles, with the PSD normalized to reflect the percent change in PSD above the minimum value
as a function of gyrophase angle. All four energy channels exhibit peaks near 0° gyrophase. That of 66 eV
electrons (Figure 4h, blue) is plateau shaped, extending from approximately —140° to 140° with an overall
250% change in PSD. The agyrotropy of 230 eV electrons (Figure 4h, green) extends over the same range of
gyrophase, has a rounded peak, and involves a 625% change in PSD. The energy channel closest to that of EDI
QO counts shown in Figure 1 (485 eV) exhibits the largest change in PSD, nearly 1,500% (Figure 4h, red) and is
skewed slightly toward the —v, direction, extending from ~—180° to 75°. So, while agyrotropy was present
in the 66, 230, and 485 eV channels, it is most pronounced near ~500 eV.

We now average FPI distributions over 0.6 and 1.41 s (DFs; Figures 4f and 4i, and 4g and 4j, respectively)
to demonstrate how these agyrotropies behave as the effective sampling time increases. While the DFs
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themselves appear to become more gyrotropic (Figures 4f and 4g), the gyrophase plots (Figures 4i and 4j)
show that only the relative difference between minimum and maximum PSD values decreases. For the cres-
cent distribution, the relative change lowers to just ~50%, whereas the peaks corresponding to the 230 and
485 eV channels are more persistent, remaining at 100% and 150%, respectively, over 1.4 s. Electrons above
1 keV remain sparse with no obvious signs of agyrotropy, indicating that MSP electrons are not observed to
meander on these time scales. While the crescent shape becomes barely visible due to the large dynamic
range of the DF (Figure 4g), agyrotropy is prominent at the 230 and 485 €V over the course of 1.4 s (Figure 4j),
in agreement with the EDI QO counts in Figure 1.

6. Microphysics of the EDR

As mentioned previously, the difference in counts between the GDUs can serve as a higher time resolution
indicator of agyrotropy than the GPDs. When counts are calibrated into particle flux, the difference serves as
an indicator of current density at the energy (500 eV) and pitch angle (90°) range of EDI. This can then be
combined with the electric field to analyze energy dissipation. Figure 5 presents EDI and FPI observations for
a 150 ms, or 6 X 6.6 4,, interval surrounding the region of peak perpendicular energy dissipation identified in
Burch et al. (2016).

To understand better how electrons in the current layer behave on time scales shorter than the cadence of
electron distribution function captures, we look at 7.5 ms moments from FPI and 1 ms flux from EDI. The
boundary normal coordinates in GSE are given by e, = [0.820,0.499, —0.281], e, = [—0.481,0.866,0.135],
e, = [0.311,0.024,0.950], where e, X e,, = e, (Denton et al., 2016). We focus on observations made
in the plane perpendicular to B: namely, the L, and L, directions and along the trajectories of electrons
incident on GDU1, e¢p;- These directions relate to the NML system in the following way. For the subin-
terval described below, the average N, M, and L components of the magnetic field and electron bulk
velocity are B = [-2.28,2.35,9.12] nT and V, = [-112,-929,88.7] km/s, respectively. With these, L, =
[—0.149,-0.966,0.212] and L, = [0.960, —0.091, 0.263]. In addition, e¢p,; = [0.1739,-0.9704,0.1597]. This
can all be seen in Figure 5e, which plots the angle between e¢p,;; and other unit vectors. Thus, egp;~L;~—M
and 1,~N.

In Figure 5, we show the magnetic field in NML coordinates (Figure 5a). The electric field (Figure 5b) is in the
spacecraft rest frame on EDI time scales (black) and in the electron rest frame (E' = E + V, x B) on FPI time
scales (red, green, and blue). All E fields were linearly interpolated from EDP burst data onto EDI and FPI time
tags. Figures 5c—5e show flux from both GDUs with measurement uncertainties given by the width of the grey
and blue bars (Figure 5c¢); EDI beam quality (Figure 5d); and the angle between e ; and ey, (black), the
perpendicular electric field (purple), the L, direction (green), and the NML coordinates (blue, magenta, and
red, respectively; Figure 5e). Finally, we plot the current density from EDI, calculated as Jy,:,50 = 9(fopur —fepuz)
(f indicates electron flux and q is the electron charge), and FPI (Figure 5f and 5g), and the associated energy
dissipation (Figure 5h and 5i). Data points are plotted as diamonds in some panels to demonstrate how well
certain features are resolved on the two different time scales.

First, we note that the two GDUs operate independently from one another so that they do not always look
in opposite directions. In regions | and Ill, which extend from 0.150 s to 0.176 s and from 0.237 s to 0.300 s,
respectively, the GDUs are looking roughly in the same direction. During these intervals J,.,,o in Figure 5f
does not indicate the difference in electron flow but, when combined with the flux values in Figure 5¢, does
provide an indication of how well the two GDUs are intercalibrated. In Region II, the intermediate interval from
0.176 s to 0.237 s (vertical solid lines), GDU2 flips to look opposite GDU1 and sees lower flux along the new
direction. Itis during this 0.061 s interval that Burch et al. (2016) observed the strongest energy dissipation and
most prominent crescent distributions. The spatial scale of the interval is 2.4 4, along the normal direction and
5.9 4, along the outflow direction. We will focus on this interval, as measurements from EDI can be compared
to those of FPI.

In Region I, the electric field at the 1 ms cadence (Figure 5b, black) is characterized by a large-amplitude
(>80 mV/m) ~45 Hz wave. Superimposed on this field are ~20 mV/m oscillations with a period of 7 ms (f ~
148 Hz), roughly half the electron cyclotron frequency, which is f,, = 280 Hz in a 10 nT field. Thus, E¢py;
exhibits large-amplitude oscillations along the electron current layer. At 7.5 ms, the fluctuations along e¢p;
(red) at f_, /2 are lost, while those at ~45 Hz are smoothed over and the amplitude is diminished. Fluctuations
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and wave amplitude are similarly reduced along the 1, direction (blue, compare with Figure 7a). £/ , points
normal to the current layer and contains the Hall field that accelerates the MSH population into the MSP.

As egpy; points tangent to the MP along the —M direction, electrons detected by GDU1 are those flowing
in the direction opposite to the reconnection electric field. The difference in flux between GDU1 (black) and
GDU2 (blue) visible in Figure 5c indicates a net flow of electrons in the electron current layer. In Region Il
where the electric field oscillations occur, flux from GDU1 exhibits peaks with a frequency that is roughly
f../2. Interestingly, the large-amplitude waves at f ~ 45 Hz are not clearly visible in the flux measurements.
However, the mean electric field, Eqpy; = —11.9 mV/m, gradually increases electron flux as it accelerates
electrons along current sheet.

Flux profiles in Figure 5c result in a current (Figure 5f) in the +M direction that intensifies throughout
Region II. The current measured from the full distribution, Jp, (Figure 5g, red), also flows in the +M direction
and is modulated slightly by the large-amplitude electric field waves at 45 Hz. Current along the L, direction
(Figure 5g, blue) is zero because of how the coordinate system is defined, while the parallel current (black)
gradually decreases. The effect of the electric field on the current layer is a net flow of energy from the fields
into the plasma (Figures 5h and 5i); the mean energy dissipation within Region Il is (J.E)gpy; = 0.043 nW/m?3
for 500 eV electrons and (J.E") | ; = 26 nW/m?3 for the full distribution.

At this time, MMS2 was embedded in the electron current layer within the MSP just upstream from the X line
as the X line passed from north to south (Denton et al., 2016). The electric field experienced large-amplitude
fluctuations at f ~ 45 Hz and f_, /2, which modulated the electron current layer. Jop; (Figures 5f and 5g, red)
oscillates at both frequencies. A net electric field accelerates electrons in the —M direction, intensifying the
current of 500 eV electrons and producing an overall flow of energy from the fields into the plasma. Parallel
currents (Figure 5g, black) reflect a gradually decreasing, monodirectional electron flow as the X line passes
by. At the same time, MMS2 observes the Hall electric field £’ ,, which can accelerates the energized MSH
electrons into the MSP inflow region.

2

7. Wave Properties

Electric field oscillations such as those observed in the EDR are present on the MSP side of the EDR. Figure 6
presents wave power and polarization properties from 13:06:50 UT, just after MMS2 crossed into the MSP,
to 13:07:10 UT, just after it exits back into the MSH, as indicated by the sign of B, in Figure 6a. Figures 6b
and 6c¢ present spectrograms of electron flux from GDU1 and GDU2, while Figure 6d depicts electric field
wave intensity. The black solid and dashed lines represent f_, and f_ /2, respectively. Each power spectral
density estimate was computed using 0.25 s of data, a hamming window, and one-fourth overlap. Intense
wave power at ~40 Hz between 13:06:55 and 13:07:03 UT is associated with a low-frequency oscillation in
the current layer (Ergun, Holmes, et al., 2016) and is also visible in B,. Wave intensity near f_, first appears at
13:06:52 UT and continues intermittently until 13:07:03 UT, when MMS2 crosses into the MSH. The electron
cyclotron frequency remains at or above EDI's Nyquist frequency until MMS2 enters the EDR, near 13:07:02 UT,
at which time enhanced oscillations are observed. While broadband signatures appear in the electron flux
spectrograms because of abrupt changes in flux associated with changes in the GDU look directions (see
Figure 5c), there is an enhancement at ~148 Hz in both the electron flux and electric field within the EDR. This
EDR interval will be examined in more detail below.

Polarization properties (Means, 1972; Rankin & Kurtz, 1970) of the electric field are given in Figures 6e—6h.
They demonstrate the that waves near f., are strongly linearly polarized, with percent polarization >70%
(Figure 6e) and ellipticity ¢ ~ 0 (Figure 6e), where e > 0 (<0) indicates right- (left-) hand polarization. The
waves also propagate perpendicular to the magnetic field with a wave normal angle of 6, ~ 90° (Figure 6g)
and have a coherency of ~0.75. Data in Figures 6d-6h that are less than 70% polarized have been removed.
The magnetic field is devoid of similar wave activity (not shown), indicating that the waves are electrostatic
in nature.

Electrostatic, linearly polarized, transverse wave activity correlates well with enhancements in the aygrotropy
parameter \/6 in Figure 6i. All wave intervals leading up to the EDR are associated with at least modest
increases in \/6 particularly in the 500 eV energy range (blue). The most intense waves are associated with
the largest increases in \/(_)
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Figure 6. Wave power and polarization properties. Panels from top to bottom are (a) magnetic field in NVL coordinates, (b and c) spectrograms of electron flux
oscillations from GDU1 and GDU?2, (d) electric field wave intensity, (e) percent polarization, (f) ellipticity, (g) wave normal angle, (h) coherency, and (i) the
agyrotropy parameter \/C_) Wave activity correlates with periods of enhanced agyrotropy.

We now return to the EDR interval examined in Figure 5 to more fully characterize the electric field and elec-
tron flux oscillations. The three components of the electric field in field-aligned coordinates are presented in
Figure 7a. The EDP burst mode data have again been linearly interpolated onto EDI time tags. Oscillations in
all three components are in-phase, suggesting that the wave is linearly polarized. This is better seen in the
hodograms in Figures 7f and 7g, where E oscillates between quadrants | and lll of the ||-L; plane. A minimum
variance analysis was used to determine the wave normal direction (Fowler et al., 1967). For the interval out-
lined by the vertical dashed lines at 0.182 and 0.239 s in Figure 7a (which is also the interval in which the
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Figure 7. Properties of the electric field and electron flux oscillations within the EDR. (f and g) The electric field in
Figure 7a is also plotted as hodograms. (b and ¢, and d and e) The cross-spectral density and cross coherence between
Ecpuyy and electron flux from GDU1 and GDU2, respectively, where Egp; is the electric field along the trajectories of
electrons incident on GDU1. (a) Vertical dashed lines outline the hodogram and wave normal analysis interval, while
those in Figures 7b-7e mark half and one times the electron cyclotron frequency.

hodograms were made), 6., = 147° and k., = [0.4332,0.6619, —0.6111] in NML coordinates. The maximum
variance direction tells us the oscillations lie along k,,, = [-0.1021,0.7081, 0.6977], in the ML plane.

The relationship between the oscillations in the electric field and electron flux can be seen the cross-spectral
density (CSD) and cross coherence (Daly & Paschmann, 1998) in Figures 7b and 7c for GDU1 and Figures 7d
and 7e for GDU2. The vertical dashed lines in each panel mark 0.5 and 1 times f.. The analysis interval included
all of Region Il from Figure 5 above, and the cross coherency was computed by averaging 0.0625 s sliding
windows with one-fourth overlap. Both GDUs share a spectral component with the electric field just below
f../2, as noted by the slightly enhanced CSD in Figures 7b and 7d and peaks in coherency in Figure 7b and
7d. The signal is seen more clearly by GDU1.

Throughout MMS2’s approach to the EDR, it observed linearly polarized electrostatic waves associated with
increased agyrotropy. Within the EDR, where agyrotropy was most severe, wave power was also strongest.
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The electrostatic oscillations influenced electrons flowing in the + M, or L, direction; the electron flux and
electric field shared coherent spectral power signatures.

8. Discussion

We have shown that Q0 and data29 data products from EDI provide valuable insight into EDR dynamics. A
word of caution is necessary, though. During the intervals 13:06:40 to 13:06:47 UT and 13:07:08 to 13:07:20 UT,
the instrument look direction is steady or frequently changing directions (see Figures 1cand 1d). During these
intervals, electron beams, visible as narrow intervals of high counts in Figure 4d and very narrow peaks in
gyrophase in Figure 1f, contaminate the data. Despite the gyrophase plane orientation being confused by the
fluctuating magnetic field and electron bulk velocity that define it, such narrow spikes are not visible within
the EDR.

Theory and simulations argue that crescent distributions can form far from the X line (Egedal et al.,, 2016;
Shay et al., 2016), yet they tend to be reported in situ only during brief intervals near the EDR (Burch et al.,
2016; Khotyaintsev et al., 2016; Norgren et al., 2016). Both 1-D and 2-D theories, when applied to observed
distribution functions, accurately predict the upper limit of the dense crescent population near 60 eV (Bessho
etal., 2016; Egedal et al., 2016). Despite this, we have shown that agyrotropy is present up to 500 eV and that it
is both more persistent and more prominent in higher-energy populations. Simulations depict a more realistic
width of the agrytrotropic population, with the maximum and minimum velocities (energies) separated by
a factor of 2-3 (4-9) (Shay et al., 2016). This is consistent with a factor of 7.5 separation between 66 eV
and 500 eV.

Throughout the interval studied, MMS 1, 3, and 4 were separated from MMS2 by approximately 15 km, and
each observed agyrotropy over similar time intervals. A multispacecraft timing analysis on the magnetic field
gradient near 13:07:02 revealed the MP to be moving along its normal at ~45 km/s. If we assume a constant
MP velocity, then the region of agyrotropy spans a total distance of ~160 km, or 1.7 4, along the MP normal.
However, the X line is being pushed in and out along the normal direction and is moving southward, tangent
to the MP (Burch et al.,, 2016; Denton et al., 2016). Our analysis of agyrotropy as a function of energy revealed
that the highest-energy electrons still trapped in the electron current layer is the 500 eV population. Their
gyroradius, 3.6 km in a 15 nT field, provides an upper limit to the width of the EDR. This is consistent with a
width of 2-3 km determined by Alm et al. (2017) via a 2-D parametric space mapping of the EDR.

Electron heating in the EDR causes particle flux of the electron crescent population to decrease while increas-
ing particle flux at higher energies. Particle mixing as a result of reconnection, then, results in evanescent
crescent shapes that identify the EDR at low energies, but persistent agyrotopy at higher energies. This finding
could allow other missions that sample the MP with more limited particle detectors, such as the Time History
of Events and Macroscale Interactions during Substorms (THEMIS) or Cluster missions, to observe EDR dynam-
ics. Cluster also has EDIs with equivalent QO data at 8 ms (but does not have data29 at 1 ms) that can probe
both long and short time scales. Note that distributions presented above were rotated into a field-aligned
coordinate system. If the magnetic field rotates significantly throughout an accumulation interval, as can
occur across the MP, the electron spectrometers will essentially smooth over gyrophase and fail to detect agy-
rotropy. EDI, however, operates in a field-aligned coordinate system and is thus more immune to rotations of
the magnetic field.

As MMS2 approached the EDR on the MSP side, the electric field exhibited electrostatic, linearly polarized
waves near 45 Hz and f, /2 with wave normal angle near 6, = 90°. The same region also exhibits significant
wave power near the lower hybrid frequency ~45 Hz. Previous studies of the same event showed that the
waves near 45 Hz are a type of drift wave that extend along the current layer and oscillate normal to it (Ergun
etal, 2017), and that they are accompanied by large-amplitude parallel electric fields that may signal turbu-
lent, patchy reconnection (Ergun etal.,, 2017; Ergun, Goodrich, et al., 2016). It has also been shown that £ may
be generated by a two stream instability resulting from plasma mixing near the separatrix (Ergun, Holmes,
etal, 2016). Here we showed a significant perpendicular component in-phase with £, and that the waves fol-
low the electron gyrofrequency. It is possible that parallel electron beams drive an electrostatic whistler wave
instability (Zhang et al., 1993) or that ring distributions excite electrostatic cyclotron harmonics (Kurth et al.,
1979; Umeda et al., 2007). Wave occurrence and intensity correlated with increased agyrotropy, or regions
where parallel crescents and ring distributions may form.
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Within the EDR, electron flux along e¢p;; exhibits coherent spectral power near f. /2 simultaneous with the
electrostatic waves. These oscillations result in variations along the primary electron current sheet. While
instantaneous values of energy dissipation are large, energy is being transferred into and out of the plasma
by waves so the overall dissipation is less. Still, when averaged over the wave activity, there is a net flow of
energy from the fields into the plasma in the direction perpendicular to B. In an analysis of the generalized
Ohm'’s law, the energy dissipation that results from considering all nonideal terms except #J? accounts for
only 50% of the total energy dissipated (Torbert et al., 2016). It is suggested that wave activity could account
for at least part of the residual energy. Indeed, simulation show that wave turbulence produces a substantial
amount of energy dissipation during 3-D reconnection (Fu et al., 2017).

9. Conclusions

We have used FPI and EDI to investigate the electron diffusion region on the ion and electron inertial scales,
and as a function of energy. Gyrophase distributions displayed as a function of energy revealed that the 66 eV
crescent population is short lived and appears primarily in the vicinity of the EDR. Meanwhile, agyrotropy
at 250 and 500 eV is observed 2.5 4; downstream from the X point. Flux of 66 eV electrons drops within the
EDR as the plasma is heated so that plasma mixing within the current layer obscures the crescent shape.
Meanwhile, flux of 250 and 500 eV electrons increases within the EDR making agyrotropy at these energies
more prominent. This is consistent with finite Larmor radius effect in the EDR.

Linearly polarized electrostatic waves were observed throughout the approach to and within the EDR. Wave
occurrence and intensity correlated with increases in agyrotropy. Within the EDR, 7.5 ms resolution electron
moments from FPl and electron flux at 1 ms resolution from EDI allowed us to investigate the substructure of
reconnection. A large-amplitude drift wave near 45 Hz modulated the current density and energy dissipation
from the entire distribution function. Superimposed on this was an electrostatic wave near f., /2 that shared
coherent spectral power with modulations in the flux of 500 eV, 90° PA electrons. Fluctuations were directed
along the electron current sheet, intensifying the current density and causing a net transfer of energy from the
fields into the plasma. The occurrence of electrostatic waves within the EDR and along the separatrix where
patchy reconnection is occurring may point to wave turbulence as a significant means of dissipating energy
during reconnection.
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