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In situ spacecraft observations of a structured electron diffusion region
during magnetopause reconnection
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The electron diffusion region (EDR) is the region where magnetic reconnection is initiated and electrons
are energized. Because of experimental difficulties, the structure of the EDR is still poorly understood. A key
question is whether the EDR has a homogeneous or patchy structure. Here we report Magnetospheric Multiscale
(MMS) spacecraft observations providing evidence of inhomogeneous current densities and energy conversion
over a few electron inertial lengths within an EDR at the terrestrial magnetopause, suggesting that the EDR
can be rather structured. These inhomogenenities are revealed through multipoint measurements because the
spacecraft separation is comparable to a few electron inertial lengths, allowing the entire MMS tetrahedron to be
within the EDR most of the time. These observations are consistent with recent high-resolution and low-noise

kinetic simulations.

DOI: 10.1103/PhysRevE.99.043204

I. INTRODUCTION

Magnetic reconnection is a fundamental energy conversion
process occurring in space and laboratory plasmas [1,2].
Reconnection occurs in thin current sheets leading to the
reconfiguration of magnetic field topology and to conver-
sion of magnetic energy into acceleration and heating of
particles. Today, reconnection is recognized to play a key
role in the Earth-solar environment, from the solar wind [3],
to magnetosheath [4,5], at the Earth’s magnetopause [6-8],
and in the magnetotail [9]. Reconnection is initiated in the
electron diffusion region (EDR), where electrons decouple
from the magnetic field and are energized by electric fields
[10]. Understanding the structure of the EDR is a key problem
in reconnection physics which is still not solved.

Pioneering spacecraft observations have provided partial
evidence of the EDR [11,12] in Earth’s subsolar magne-
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topause by showing theoretically predicted accelerated elec-
trons, magnetic field-aligned currents, and electric field on
scales of electron skin depth. However, these observations
lack time resolution for particle measurements. Particle-in-
cell simulations of magnetopause reconnection have provided
predictions of EDR signatures for the asymmetric case. These
predictions include a peak of current density J [13], non-
negligible electron agyrotropy /0 [14,15], enhancements of
parallel electron temperature, enhanced energy conversion
E'-J # 0, where E' = E 4 v, x B [16], nonnegligible paral-
lel (to the magnetic field) electric field [10], and meandering
trajectories of electrons resulting in crescent-shaped distri-
bution functions [17-19]. Another EDR evidence consists in
the evolution of low energy field-aligned electron beams that
are streaming toward the X line in the IDR and that become
oblique once they enter the EDR as they become demagne-
tized [20]. Recent Magnetospheric Multiscale (MMS) mission
measurements [21] have provided, for the first time, detailed
evidence of the EDR at the magnetopause [8]. To date, several
EDR encounters at the subsolar magnetopause have been
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reported [22], showing strong current densities of the order
of 1000 nA /m?, electron agyrotropy +/Q up to ~0.1, parallel
electron heating with 7, /T, 1 up to ~ 4, minima of |B| ~
5 nT, energy conversion E' - J ~ 10 nW/m?>. Crescent-shape
electron distribution functions are observed in most cases, and
they are found on the magnetospheric side of the boundary [8],
in the electron outflow [23], and in the magnetosheath inflow
region [24].

Until now, it is not fully understood whether the EDR
has a preferred homogeneous or inhomogeneous structure at
electron scales and below. EDR is identified as the site of
strong vorticity [25]. Also, current filamentation at electron
scale can provide a source of anomalous resistivity leading
to the violation of the frozen-in condition [26]. Recent MMS
observations of an EDR [8] have been compared to two-
dimensional PIC simulations [13] and interpreted in terms of
a laminar region. Yet, these simulations are two-dimensional,
have limited spatial resolution and substantial averaging is
performed to reduce noise. However, three-dimensional PIC
simulations [27-29], two-dimensional PIC simulations with
high spatial resolution [30], or with low computational noise
[31] indicate that the EDR can be rather inhomogeneous in
electric fields, electron flows, current densities, and energy
conversion, with the formation of structures at electron-scale.
Turbulent fluctuations, high vorticity, and patchy energy con-
version have been observed in the ion diffusion region [32-35]
as well as in the outflow region [36,37]. Recent observations
[38] have shown that the presence of standing waves in the
EDR leads to oscillatory energy conversion in the EDR.
However, detailed observations supporting the structuring of
the EDR are still lacking.

In this paper, we show MMS observations of an EDR
encounter at the subsolar magnetopause when the four MMS
probes were located at the smallest interspacecraft separation
of ~6 km, which is comparable to a few electron inertial
length (d, ~ 2 km). By comparing measurements of current,
electric field, energy conversion, and electron distribution
functions among the four spacecraft, we show that the EDR
is structured at electron scales. A strong electron flow in
the direction normal to the current sheet (N) leads to a
nonzero energy conversion in that direction (EjJy), which
is inhomogeneous and comparable to the contribution of the
energy conversion E},Jy where M is the direction parallel to
the current in the current sheet. These inhomogeneities can
be revealed through multipoint measurements only when the
spacecraft separation is comparable to a few electron inertial
lengths, since the entire MMS tetrahedron is within the EDR.
In these observations, the separation is ~3 electron inertial
lengths.

II. OBSERVATIONS
A. Electron diffusion region signatures

MMS spacecraft [21] encountered the EDR on January 27,
2017, during a magnetopause crossing taking place between
12:05:41.9 and 12:05:44.0 UTC. At that time, the MMS con-
stellation was located in the subsolar magnetopause region,
at (9.3, —1.2, 2.1) Rg in geocentric solar ecliptic (GSE)
coordinates. The mean spacecraft separation was ~6 km,

which is the smallest possible for MMS. Figure 1 shows a
5-min interval that includes the EDR crossing marked by
the yellow shaded region. Figure 1(a) shows the magnetic
field components measured by the WIND spacecraft [39] in
the solar wind, which have been shifted by 47 min to take
into account propagation to the magnetopause. Figures 1(b)—
1(d) show the MMS1 measurements of the magnetic field
components, ion density, and ion velocity components in
the GSE coordinate system. Throughout the paper, the burst
mode data are used: the magnetic field data from the fluxgate
magnetometer (FGM) at 128 samples/s [40], 3D electric field
data from the axial [41] and spin-plane [42] probes at 8192
samples/s and particles data from the fast plasma instrument
(FPI) with 30 ms for electrons and 150 ms for ions [43].
Throughout the paper, current densities are computed using
single spacecraft data at the electron resolution (30 ms),
J =en,(v; —v,). MMS stays mostly in the magnetospheric
boundary layer, which corresponds to B, > 0 [Fig. 1(b)] and
to the typical value of the density ~10 cm™> [Fig. 1(c)] [44].
Between 12:05:41.2 and 12:05:43.2, B, becomes negative.
Figure 1(a) shows that the magnetic field in the magnetosheath
adjacent to the magnetopause was stable and directed south-
ward, supporting the fact that when B, < 0 MMS is on the
magnetosheath side of the magnetopause boundary. An ion
and electron v, jets reversals are observed at the second
B, reversal, at 12:05:43.20 [Figs. 1(d) and 1(f)]. The ion
velocity in the z direction changes from a value of +200 km/s
(12:05:41.0) to —150 km/s (12:05:48.0). The jet reversal is
observed also in the electron velocity and v, . changes from
~ 4250 km/s to ~ — 450 km/s (the local ion Alfveén speed
is ~100 km/s). The high-speed ion and electron flows, the
corresponding ion and electron flow reversals, as well as the
B, reversal and the low |B| ~ 3 nT indicate that the spacecraft
is in the vicinity of the reconnection region at 12:05:41.9—
12:05:48.0 [yellow shaded region in Figs. 1(a)-1(d)].

The approximate trajectory of the spacecraft through the
reconnection region is shown in Fig. 2. From Fig. 2 onwards,
data are shown in the local current sheet coordinate system,
LMN. The LM plane represents the current sheet plane, where
M is the direction parallel to the current, and N is perpendicu-
lar to the current sheet. In the GSE coordinates, L = (—0.039,
—0.252, 0.967), which is close to the south-north direction,
M = (—0.301, —0.921, —0.252), which is approximately the
east-west direction, and N = (0.954, —0.300, —0.040), which
is approximately parallel to the Earth-Sun direction. The local
reference frame LMN is obtained applying the minimum
variance analysis on the B data in the interval 12:05:41.9—
12:05:46.9. The eigenvalue ratios for MMS4 are A, /Ay ~ 40
and Ay /An ~ 10. The single spacecraft LMN systems are
then averaged over the four spacecraft. An additional rotation
of 17° around the N direction is added to guarantee the
consistency of By, and J;, measurements within the diffusion
region with the Hall pattern.

In the interval shown in Fig. 2 (12:05:41.9-12:05:44.0),
ions are not magnetized [see Fig. 3(d)] and By, [Fig. 2(b)]
corresponds to the out-of-plane Hall field with a distorted
quadrupolar pattern, as expected for asymmetric reconnection
with a weak guide field [24], with By, > 0 (By < 0) on the
magnetosheath side of the boundary, northern (southern) of
the reconnection site. These observations indicate that the
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FIG. 1. (a) Magnetic field components as measured by WIND and propagated to the magnetopause; (b) MMS1 magnetic field components;
(c) MMS1 ion density and (d) MMS1 ion velocity components; (e) Zoom-in of the MMS1 magnetic field components and strength; (f) Zoom-in
of the electron velocity components. Data are shown in GSE. The yellow shaded region in panels (a)-(d) indicates the EDR crossing.

spacecraft is located in the ion diffusion region. The guide
field is estimated to be less than 10% of |B| according to the
averaged value of By, among the spacecraft in the center of
the current sheet.

In interval AB (12:05:41.900-12:05:42.456, Fig. 2), all
four probes observe roughly constant values of B, < 0 yet
showing differences of several nT despite the small inter-
spacecraft separation, indicating that the current sheet is thin.
A large parallel current [J, < 0 in Fig. 2(d)] and Hall mag-
netic field By, > 0 [Fig. 2(b)] indicate that MMS is close to
the current sheet on the magnetosheath side of the boundary,
north of the reconnection site. The probes are rather close

to the center of the current sheet, as indicated by the large
Jy ~ 500 nA/m? and small B;. According to the By, differ-
ence among the probes, MMS3 is the closest to the center
of the current sheet [see the tetrahedron close to location
A in Fig. 2(g)], while MMS4 and MMSI1 are further away.
In this interval, the trajectory of MMS is tangential to the
magnetopause, therefore differences among the spacecraft
observations have to be considered as spatial.

In interval BC (12:05:42.456-12:05:42.830), the peaks of
Jr > 0 indicate that MMS moves closer to the magnetosheath
separatrix. MMS1 and MMS4 make a brief excursion in the
inflow region around 12:05:42.6, where the B, gradient is
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FIG. 2. Four spacecraft measurements of (a) By ; (b) By; (¢) By; (d) Ji; (€) Jy. (f) Curvature radius of the magnetic field lines; (g) illustration
of the encounter. The red line represent the trajectory of the barycenter of MMS constellation. Since the velocity of the magnetopause is much
larger than the spacecraft velocities, the MMS path shown is produced entirely by the motion of the magnetopause in the LN plane. The three
tetrahedra represent MMS location at different times along the trajectory; (h) projection of the MMS tetrahedron in the LN and in the MN

plane. The tetrahedron quality factor is 0.84.

smaller and all probes except MMS3 observe a minimum in
Jy and By ~ 0. At the same time MMS3, which is closer
to the center of the current sheet, observes By, ~ 4 nT and
large Jy. Accordingly, the location of the four spacecraft at
this time is shown in Fig. 2(g) with the projection of the
tetrahedron in the plane LN between the letters B and C,
indicating the corresponding time interval. After that, MMS1
and MMS4 cross again the magnetospheric separatrix and the
constellation comes back in the Hall region where By, ~ 5 nT
for all the spacecraft (at 12:05:42.830).

In interval CD (12:05:42.83-12:05:43.65), MMS crosses
the current sheet north of the reconnection site (By < 0).
By applying the timing method [45] to this current sheet
crossing, we estimate the normal velocity of the current
sheet to be about ~35 km/s and the normal direction to
be n = (0.95, 0.25, 0.08) (GSE). The normal direction,
estimated by timing is in good agreement with the normal
found with the MVA method. According to the current sheet
speed, MMS crosses an electron scale current sheet with a
thickness of ~30 km ~ 15 d,. The current sheet corresponds
to a strong value of Jy; > 1000 nA/m?. The strong decrease
in By in the CD interval corresponds to the reconnected
magnetic field. The curvature radius of the magnetic field lines
R. = (b-Vb)~' [where b = B/|B|, Fig. 2(f)] decreases as

well reaching its minimum of less than 10 km ~ 5 d, at the
|B| minimum (~3 nT). This indicates that the spacecraft is
located close to the center of reconnection site at this time.
Furthermore, the FOTE method [46] applied to this event
(not shown) indicates that the minimum distance between the
spacecraft and the null point is ~12 km ~ 6 d,.

After the current sheet crossing (CD interval), MMS moves
tangentially along the southern magnetospheric separatrix re-
gion observing a southward ion and electron jet v; 1, v, < 0
[corresponding to v; ;, and v, ; in Figs. 1(d) and 1(f)].

The schematic trajectory of MMS [Fig. 2(g)] indicates
that the spacecraft crossed the magnetopause close to the
reconnection site. Figure 3 shows further evidence of MMS
crossing the EDR. During the magnetopause crossing iden-
tified by the By reversal [Fig. 3(a)], a large enhancement
of the electron velocity shifted toward the magnetosphere
is observed in M and N components, reaching 600 km/s
and 1000 km/s, respectively [Fig. 3(b)]. These peaks are
not observed in the ion velocity. Therefore, the current den-
sities presented in Fig. 3(c) are carried by electrons and
they peak between 12:05:43.200 and 12:05:43.350 reaching
~1000 nA/m? in Jy; and Jy. These values of Jy; are expected
for a current sheet at the electron scales and similar values
are reported in other EDR observations [8,22]. A further
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FIG. 3. (a) Magnetic field components and strength; (b) elec-
tron velocity components; (c) current density components; (d) M
component of electric field (30 ms resolution), (v, x B)y (30 ms
resolution), (v; x B)y, (150 ms resolution); (e) agyrotropy parameter
/0; () parallel and perpendicular electron temperature; (g) electron
pitch angle distribution in the energy range [20, 200] eV. The black
vertical dashed-line indicates the time of the |B| minimum. Data from
MMSI.

confirmation of the EDR encounter is given by the demag-
netization of electrons [Fig. 3(d)], which are decoupled from
the magnetic field (E # —v, x B) between 12:05:43.150 and
12:05:43.350. Consistently with the trajectory in Fig. 2, a
positive v, ;. ~ 400 km/s is observed between 12:05:42.900
and 12:05:43.250 and v, ; < v4. ~ 4000 km/s, the electron
Alfvén speed. This indicates that MMS is crossing the inner
EDR, where the electron jet has not developed yet [47]. Agy-
rotropy /0 [Fig. 3(e)] [14,15] exhibits an enhancement in
correspondence of the By, reversal. The agyrotropy parameter
/0O can have nonnegligible values also far from the EDR,
specifically along the magnetospheric separatrix [19] (e.g.,
Fig. 3) [13]. Yet in the present case, the agyrotropy increase
is observed by all four MMS probes between 12:05:42.6 and
12:05:43.5 and for the majority of this interval (12:05:42.6—
12:05:43.2) MMS is in the magnetosheath (B, < 0). The elec-
tron temperature increase is shifted toward the magnetosphere
and mainly seen in the direction parallel to the magnetic
field [13,48] (AT, ~ 50 eV and AT, | ~ 25 eV through the
crossing), while at the [B| minimum 7, ~ 7, ;. The same
behavior is shown also by the electron pitch angle distribution
(PAD) [Fig. 3(g)]. Furthermore, between 12:05:42.760 and
12:05:42.980 an electron population parallel to B propagates
toward the |B| minimum. At the |B| minimum (12:05:42.980—
12:05:43.150) this beam is no longer observed and the PAD
looks isotropic while the distribution functions exhibit oblique
beams (to the magnetic field). This signature has been recently
identified as the indication of electron demagnetization [20].
In addition, the strong fluctuations in the electric field data
observed in correspondence of the |B| minimum [Figs. 4(e)
and 4(f)] suggest that high-frequency waves may be present.
All these EDR encounter signatures are shown using MMS1
data and they were observed overall by all probes, albeit with

some differences which are significant and will be discussed
below.

B. Electron-scale structuring of the EDR

Figure 4 shows the four-spacecraft analysis of the EDR
encounter. Figures 4(a) and 4(b) show, respectively, B, mea-
sured by each spacecraft and the shifted B, obtained via the
timing method [45]. The time lag between B; components
measured by MMS1 and MMS2-3-4, respectively, are At =
(At12, Atyz, Ats) = (0.024 s,0.114 s, —0.113 s). To facili-
tate the comparison among observations by different space-
craft, the same shift is applied to Figs. 4(c)—4(i). We note that
all the probes observe a large Jj, consistent with the current
sheet crossing. However, while Jj, reaches 1200 nA/m2 for
MMS3, its value is lower (~800 nA/m?) for the other probes.
The difference in the current density observations by different
MMS probes is larger than the FPI measurement error, which
is ~20% [43]. Therefore, the current densities in the EDR are
not homogeneous on the scale of a few d,, which corresponds
to the spacecraft separation. To summarize, we may say that
at large ion scales the current densities are homogeneous,
while by looking at the electron scale we are able to observe
fine structures that may be due to the filamentation of the
current sheet [see Fig. 4(k), upper right frame]. The electric
field E), [Fig. 4(e)] and Ey [Fig. 4(f)] maintain the same sign
during the EDR crossing. Ey; and Ey are comparable and they
both reach 10 mV/m. This differs from what is expected in
the case of laminar and steady two-dimensional reconnec-
tion, where close to the reconnection site Ej; represent the
reconnection electric field and it is typically much smaller
than the Hall field Ey. Figure 4(d) shows that a large peak
of Jy ~ —1000 nA/m? is seen by all the spacecraft. Such a
large Jy < 0 corresponds to a large v, y directed toward the
magnetosheath. Note that this Jy behavior is not typically
observed close to the reconnection site in two-dimensional
PIC simulations [10,13] and observations [8]. Since the v, y >
0 region is observed by all spacecraft, its minimal width has
to be comparable to the spacecraft separation. In particular,
in the LN plane, the minimal width of the v, 5 > 0 region is
4 km ~ 2 d, in the L direction and of 8 km ~ 4 d, in the N
direction.

The strong Jy deeply affects the energy conversion pat-
tern since EjJy [Fig. 4(h)] becomes comparable to E;,Jy
[Fig. 4(g)]. If we consider the maximum error associated to
each quantity (with E = 20%|E|, 6B = 0.5 nT and an error
of ~10% for density and velocity) we find that E},Jy has
a positive peak for MMS3 while for MMS4 E;,Jy shows
a bipolar signature that is beyond the errors [Fig. 4(g)]. In
Figs. 4(g)—4(i) only data from MMS3 and MMS4 are shown
since they exhibit the clearest differences between spacecraft.
All four probes observations present comparable associated
errors and the behavior of E,,Jy as measured by MMS1 and
MMS?2 is rather similar to the observations by MMS4 while
E}Jy exhibit a dipolar structure also for MMS1 and MMS2
[49]. The energy conversion errors are comparable to the
measured quantities for all the spacecraft. However, on MMS4
errors are smaller so that we obtain an unambiguous value
for the total E'-J ~ E;Jy + EyJyv (E[JL < EyJu. EyJn,
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FIG. 4. Four spacecraft (a) B.; (b) time-shifted B,. (c) Time-shifted Jy,; (d) time-shifted Jy; (e) time-shifted E), (8192 samples/s); (f)
time-shifted Ey (8192 samples/s); (g) time-shifted Ey,Jy; (h) time-shifted EyJy; (i) time-shifted E' - J; () Egpy - J, Efpp ppJu1> Egpr yJ/n- The @,
B, and y lines correspond to the times of the «, 8, and y distribution functions in panels (1)—(t) shifted accordingly to the timing method. (k)
INustration of Jy, and of the energy conversion and v, y flow. (I-t) Electron distributions by MMS4 projected on (v, 1, vy 2), (v, V1 2) and
(v, v1,1) planes at three different times #, = 12:05:43.269, 15 = 12:05:43.299, 1, = 12:05:43.389.

see Ref. [49]). In particular, on MMS4 E’ - J < 0 [Fig. 4(3i)],
showing negative energy transfer between fields and particles.
This indicates that energy is locally converted from the parti-
cles to the field, the opposite of the standard behavior during
reconnection. This is sketched in the bottom right panel of
Fig. 4(k). Since MMS4 is the only spacecraft that provides a
value of the energy conversion E’ - J beyond the errors, we
have also computed the electric field using Ohm’s law,

VP, m, m, 0
+ —vVv, - Vv, + ——v,. (1)
e e ot

/ —_—
EFPI -

Here, P, is the electron pressure tensor and the subscript
FPI indicates that Epp is obtained by using measurements
from FPI instrument only. VP, is calculated using four space-
craft measurements and the full pressure tensor [45] so it is an
average over the spacecraft tetrahedron. Note that the errors
on particles data provided by FPI [43] are smaller than the
electric field errors. We found that, since the contribution of

the inertia term is negligible (not shown), a good proxy for
the electric field is Efp = —VP,/ne. The quantities Efpy yJy
[Fig. 4(h)] and E{;PL wJu [Fig. 4(g)], exhibit bipolar signatures,
as the total energy conversion Epp -J [Fig. 4()]. Yet, it
should be noted that Epp; is a four-spacecraft measurement
averaged over the tetrahedron and one should be careful when
comparing it to single spacecraft observations especially if,
as in this case, significant differences are seen among probes’
observations. For consistency, J is the current density which
is also averaged over the tetrahedron in this case. After a
careful evaluation of all error sources, we conclude that the
discrepancy between the punctual (as given by MMS4) and
the averaged energy conversion (given by Epp - J) is not an
instrumental effect and indicates that energy conversion is not
homogeneous over the tetrahedron and that energy conversion
is patchy over scales of the order of few d,.

The evolution of the electron distribution functions (DFs)
measured by MMS4 in the EDR is shown in Figs. 4(1)—4(t).
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The projection of the electron DFs are made in the three
perpendicular planes (v 1,Vi2), (v, Vi2), and (v, vi 1),
where v 1 =vxb, v, =bx(vxb), and vj=b (v=
v./|v.| and b = B/|B|) and at the three times indicated by the
vertical black lines in Figs. 4(b)—4(i). The times are shifted ac-
cording to the delays among spacecraft obtained with the tim-
ing method. These times correspond to regions where E},Jy/ is
positive [DFs indicated with «, Figs. 4(1)—4(n)], negative [DFs
indicated with B, Figs. 4(r)—4(t)] and in the transition from
positive to negative [DFs indicated with y, Figs. 4(0)-4(q)].
Similar DFs are observed by all spacecraft and they last for
more than one FPI measurement (with 30 ms resolution). The
o DFs [Figs. 4()—4(n)] have a rather complicated shape with
several oblique beams. This pattern is observed around the
magnetic field minimum, from 12:05:43.179 to 12:05:43.269
for MMS4. When E;,Jy changes sign, the DFs change shape
[Figs. 4(0)—4(q)] and clearly become crescent-shaped distri-
butions in the (v, 1, vy ) plane when E;,Jy < O [Fig. 4(r)].
The DFs observed during this EDR encounter are rather
complex. They are not always crescentlike, and they appear
to be related to E;,Jy . Further analysis and comparisons with
simulations are needed to fully understand the dynamics of
electrons in such a complex EDR.

III. DISCUSSION AND CONCLUSIONS

We have presented observations of an electron diffusion
region (EDR) encountered at the magnetopause by the MMS
spacecraft with the very low interspacecraft separation of
~3 electron inertial length. During this electron-scale current
sheet crossing the four MMS spacecraft observe typical EDR
signatures [22], suggesting that MMS crossed the magne-
topause in close proximity to a X line. These signatures
include a large current density mainly carried by electrons
[Figs. 3(b) and 3(c)], a peak of electron agyrotropy [Fig. 3(e)],
demagnetization of ions and electrons [Figs. 3(d)-3(g)],
increased electron temperature anisotropy with T, > T, |
[Fig. 3(f)], crescent-shaped electron distribution functions
[Figs. 4(0)—4(r)]. Furthermore, we observe that the electron
jet has not fully developed (v4,; < v,,1 < Va,.), indicating that
MMS is within the inner EDR [47].

Another observed inner EDR signature is the fact that low
energy field-aligned electron beams directed towards the X
line become oblique in close proximity to the center of the
EDR [Fig. 3(g)]. This behavior indicates electron demagne-
tization. Indeed, 2D kinetic simulations [20] showed that the
transition from the field-aligned distribution to the one with
oblique beams takes place where the magnetic field is sharply
changing direction and has the smallest magnitude, leading to
the electron decoupling from the magnetic field.

In the presented event, all four MMS probes observed the
EDR signatures. The multispacecraft analysis of the EDR
revealed that the current density Jj, is spatially inhomoge-
neous at electron scales [Figs. 4(c)—4(k)]. Previously reported
EDR encounters [8,24] do not point out differences among
spacecraft in the current density observations. It might be pos-
sible that the inter-spacecraft separation in these EDR encoun-
ters was not small enough to have all the spacecraft within
the EDR and to resolve the electron scale inhomogeneities.
However, it might be also possible that the EDR becomes

structured at electron scales under particular conditions, e.g.,
related to the guide field value or the reconnection inflow
conditions. Indeed, similar inhomogeneities have been seen
in high-resolution PIC simulations [30] where the current
density is found to be structured at electron scale and below.

Strikingly, in the center of the reconnection site, the current
density in the direction normal to the current sheet, Jy, is
observed to have almost the same magnitude as the out-of-
plane Jy; current density [Figs. 4(c) and 4(d)]. In addition,
electrons are observed to move from the magnetosphere to
the magnetosheath side of the magnetopause, corresponding
to Jy < 0. This behavior of electrons differs from the typical
observations close to the reconnection site [8] as well as
predictions by 2D PIC simulations as, e.g., Refs. [10,13].
However, our observations are consistent with recent PIC sim-
ulations with low numerical noise [20,31] in which electrons
move downstream along the magnetospheric separatrix per-
forming oscillations of decaying amplitude in the N direction.
The velocity oscillations observed in simulations [20,31] are
composed by alternating regions, or channels, of positive and
negative v, y. In the EDR encounter presented here, such
oscillations are not observed [Fig. 4(d)], which might indicate
that all the spacecraft were measuring the same channel with
ven > 0. Accordingly, we infer that the channel’s width has to
be comparable to or larger than the inter-spacecraft separation
of ~3d,.

Another characteristic of the presented EDR is the simi-
larity in magnitude of the electric field E); and Ey compo-
nents. This has been identified as one of the signatures of
inhomogeneous current layer disrupted by turbulence in three-
dimensional simulations [28]. Accordingly, our observations
support the picture of the EDR as the site of strong spatial
gradients and inhomogeneities.

The energy conversion E’'-J [Fig. 4(i)] is highly af-
fected by the Jy ~ Jy and Ej; ~ Ey behavior since the two
terms E;,Jy and EjJy become comparable [Figs. 4(g) and
4(h)]. In other EDR encounters by MMS [8,38], E' - J ~
E;,Jy since Jy is usually negligible in comparison to Jj,.
For the EDR presented here, the multispacecraft analysis
revealed that energy conversion E’-J is spatially inhomo-
geneous at electron scales. We have also shown that the
quantitative evaluation of energy conversion, is affected by
the experimental errors [Figs.4(g)—4(i)]. However, the com-
parison of the single spacecraft measurements from different
spacecraft [Figs. 4(g)—4(i)] and the measurements averaged
over the tetrahedron [Fig. 4(j)] both support the qualita-
tive picture in which E’-J is patchy and changing sign in
the vicinity of the reconnection site. This implies that the
EDR comprises regions where energy is transferred from
the field to the plasma and regions with the opposite en-
ergy transition, which is unexpected during reconnection. A
negative energy conversion was also observed in the outer
EDR [50].

Electron-scale variations of E’ - J in the EDR have been
recently observed [38]. However, in Ref. [38] these variations
are oscillations of E’-J which are the consequence of the
oscillatory electric field pattern that shows signatures of a
standing wave. This differs from the E’ - J behavior reported
in our study where no such oscillatory behavior of the elec-
tric field is observed and the patchy energy conversion is
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consistent to spatial inhomogeneities due to electron scale
structuring.

The origin of the patchy energy conversion appears to
be connected to the large v,y ~ v, directed from the
magnetosphere to magnetosheath that has never been ob-
served before. Further observational cases as well as 3D
PIC simulations with higher resolution and lower noise or
full Vlasov simulations are required to understand which
conditions may lead to the structuring of the EDR and how
this patchy structure affect the electron energization. These

observations can be an indication of what might be observed
in the EDR in the magnetotail, where highly detailed obser-
vation are available since the inter-spacecraft separation of
MMS is of the order of 1 d..
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