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Abstract An electron diffusion region (EDR) in magnetic reconnection with a guide magnetic field
approximately 0.2 times the reconnecting component is encountered by the four Magnetospheric
Multiscale spacecraft at the Earth’s magnetopause. The distinct substructures in the EDR on both sides of the
reconnecting current sheet are visualized with electron distribution functions that are 2 orders of magnitude
higher cadence than ever achieved to enable the following new findings: (1) Motion of the demagnetized
electrons plays an important role to sustain the reconnection current and contributes to the dissipation due
to the nonideal electric field, (2) the finite guide field dominates over the Hall magnetic field in an
electron-scale region in the exhaust and modifies the electron flow dynamics in the EDR, (3) the reconnection
current is in part carried by inflowing field-aligned electrons in the magnetosphere part of the EDR, and (4)
the reconnection electric field measured by multiple spacecraft is uniform over at least eight electron skin
depths and corresponds to a reconnection rate of approximately 0.1. The observations establish the first look
at the structure of the EDR under a weak but not negligible guide field.

1. Introduction

The electron diffusion region (EDR) is the region where electrons are decoupled from the magnetic field and
is thought to hold the key to understanding how reconnection occurs in collisionless plasmas [e.g., Fujimoto
and Sydora, 2009; Hesse et al., 2011; Mozer and Pritchett, 2011; Chen et al., 2016a]. Resolving the EDR with elec-
tron distribution functions (DFs) is a new capability enabled by the Magnetospheric Multiscale (MMS) mission
whose key aim is to study electron-scale physics in magnetic reconnection [Burch et al., 2015]. To date, a
number of EDR encounters by MMS have been reported. For the cases with negligible guide fields, the
electron DFs from the EDR crossings in both the magnetosphere side [Burch et al., 2016] and the magne-
tosheath part [Chen et al., 2016b] of the current sheet appear to be consistent with those predicted by
particle-in-cell (PIC) simulations [Hesse et al., 2014; Bessho et al., 2016, Chen et al., 2016a, 2016b], suggesting
that the EDR physics is predominantly governed by the meandering electrons. For guide fields of one
[Burch and Phan, 2016] and four [Eriksson et al., 2016] times the reconnecting magnetic field component
(Bg), the acceleration by electric fields parallel to the guide field is shown to result in pronounced extensions
of the electron DFs to high parallel velocities. In this paper, we report a new EDR encounter with a guide field
~0.2 Bg, intermediate between the above two documented regimes (negligible and guide-field dominated).
The distinct electron regions on both sides of the reconnecting current sheet will be visualized with electron
distribution functions from the four MMS spacecraft. The improvement over 2 orders of magnitude on the
cadence of the electron distribution measurements is key to the new discoveries to be reported.

Important to the physics of the diffusion region in collisionless reconnection is what contributes to the recon-
nection current, and how the current is sustained. For magnetopause reconnection with negligible guide
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fields, the reconnection current (Jg) is carried by the meandering electrons moving primarily perpendicular to
the magnetic field, as revealed by MMS observations [Burch et al., 2016] as well as PIC simulations [Hesse et al.,
2014; Chen et al.,, 2016a; Shay et al., 2016]. For a guide field ~1 Bg, Jg is shown to be parallel to the guide field in
the vicinity of the current sheet midplane [Burch and Phan, 2016]. For the event to be discussed in this paper,
Jr will be shown to have both perpendicular and parallel components and to be carried by a combination of
meandering and inflowing field-aligned electrons.

2. MMS Data

The observations are from the four-spacecraft mission Magnetospheric Multiscale (MMS) [Burch et al., 2015,
Burch et al., 2016a]. The data employed are from burst-mode Fast Plasma Investigation [Pollock et al., 2016],
the Fluxgate Magnetometer [Russel et al., 2014], the electric field spin plane [Lindgvist et al., 2014], and axial
[Ergun et al, 2016a] double probes in the FIELDS suites [Torbert et al., 2014]. The location of MMS is the
Earth’s dawn magnetopause at GSM (10.1, —4.2, —1.2) Rg. All vector quantities will be displayed in the LMN
coordinate determined by a hybrid method [e.g., Denton et al., 2016] of Minimum Directional Derivative
(MDD) [Shi et al., 2005] and Minimum Variance Analysis (MVA) [Sonnerup and Scheible, 1998]. An initial Lo
direction is derived as the direction of the magnetic field component that exhibits the highest variance over
the interval 14 December 2015/01:17:33.5-01:17:44.2 UT, and positive Ly is defined such that B; in the mag-
netosphere side of the current sheet is positive (hence B, in the magnetosheath side of the current sheet is
negative). The N direction is defined to be along the maximum magnetic gradient, positive toward the mag-
netosheath (different from the N based on MVA by about 20°). NxLy determines the M direction. The final L
direction is M x N, about 10° from Ly. The LMN derived based on the above MVA-MDD method has its By sign
variation consistent with that inferred from the electron DFs. A rotation from the above LMN to the bisection
coordinate (obtained by fixing the N direction from MDD and taking the bisection between the upstream By,
components from the magnetosheath and magnetosphere to be the M direction) in which the reconnection
rate is thought to maximize [Hesse et al., 2013] does not alter the results in any appreciable way.

3. Results

The EDR encounter occurs in the vicinity of the magnetic field By and B, reversals (Figure 1a), at an intermedi-
ate density indicative of mixing of magnetosheath (sheath) and magnetosphere (sphere) plasmas (Figure 1b),
and after the passing of an ion jet with peak V;. ~ —200 km/s (Figure 1c). The sheath Alfven speed
Va ~ 180 km/s, using the n and |B| from 011735 UT as the sheath upstream. The guide field is estimated to
be 20% of the reconnecting component based on B, ~ 40 nT, By, ~ —8 nT at ~011750 UT in the sphere
upstream. The magnetic field shear angle is 135° and the jump in amplitude is 1.25 from the sheath to sphere.
The ion distribution functions (not shown) near the B; reversal exhibit counterstreaming in Vy, and elonga-
tion in negative Vj, consistent with features of unmagnetized ions meandering near the current sheet
midplane during reconnection [Wang et al., 2016a, 2016b].

A zoom-in for the 3 s interval 011738.5-41.5 UT (marked by the blue horizontal bar in Figure 1a) is presented
in Figures 1d-1h to highlight the following: (1) A strong electron flow (V, in Figure 1e) of ~1300 km/s ~ 7.2 V5
in M, yielding a current density Jy ~ —1.5 pA/m?, and ~800 km/s ~ 4.4V, in L, giving rise to J, ~ —1 pA/m?. (2)
The electric field (Figure 1f) reverses sign in N and large-amplitude fluctuations (the data have been averaged
to the electron measurement cadence of 30 ms/sample) in all three components begin upon entry into the
exhaust (entry time will be discussed in Figure 2), causing in part fluctuations in V, by E x B (similar to those
observed in an electron jet event with a guide field ~0.2 Bg [Khotyaintsev et al., 2016]; further analysis of the
wave fluctuations is left for future studies). (3) The energy dissipation due to the nonideal electric field
J-E' = JME + V.x B) (Figure 1g) as defined by Zenitani et al. [2011] increases to ~2-3 nW/m?> as V. climbs to
its local maximum and remains positive until after B, turns positive. (4) The electron temperatures T, and T,
(Figure 1h) both exhibit a trough correlated with V., due to traversal of the cold sheath inflow, as will be
illustrated in Figure 2.

The electron distribution functions (DFs) observed during the concerted rises of Vy,, J-E' and T,, (DF center
time is marked by the vertical dotted line in Figures 1d-1h) show signatures of the sheath part of the
EDR. A DF example (Figure 1i) is presented in the magnetic field-aligned velocity coordinates in which
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Figure 1. Overview of an EDR encounter by MMS. Data are from MMS1. (a) B in LMN with the transformation matrix to GSE
given by (L, M, N) = ([0.27, —0.54, 0.79], [-0.41, —0.82, —0.41], [0.87, —0.21, —0.44]); (b) density n; (c) the ion velocity Vj pmn;
(d-h) zoom-in view of B yn, VeLmn: ELmN (8192 samples/s averaged to the cadence of the electron data, 30 ms per sample),
JE and T, 1. (i) An electron distribution in three orthogonal velocity planes establishes that MMS1 encounters the sheath
part of the EDR: a magnetic field-aligned counterstreaming sheath component combined with the EDR-accelerated
electrons forming a triangular structure in v — v, 1. The nongyrotropic electrons are unmagnetized (see text for expla-
nations) and contribute to a crescent-like shape in the v, plane due to finite gyroradius effects.

V= (Bxf/) xband Vi = bx VV where band V are the unit vectors of the magnetic field B and the electron

velocity moment Ve, respectively. The component with |v ;| < 3000 km/s exhibits roughly balanced counter-
streaming along B and a temperature anisotropy T, /T., ~2 (Figure 1i, left), an anisotropy not displayed by
ambient sheath electrons but predicted to be characteristic for the sheath inflow just upstream of the recon-
nection X line [Chen et al., 2016a, 2016b]. The temperature anisotropy is likely a result of both acceleration
by parallel electric fields over large scales in the ion diffusion region and perpendicular cooling due to
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Figure 2. The distinct electron regions visited by MMS1 during its EDR encounter as revealed by the (c) DFs combined with (a) B and (b) Ve, aided by PIC simulation
results. Approximate locations of selected MMS1 DFs are plotted on the electron out-of-plane flow (d) Ve, from a PIC simulation to depict that MMS1 skims the
sheath part of the V,p; edge and traverses the exhaust B; reversal region. (e) The PIC DFs corresponding to MMS DFs 1 and 4. (f) An electron orbit in the L-N plane
(grey curves mark separatrices and color on the trajectory from cold to warm shows increasing |v|) and its corresponding crescent orbit in the vy, — vy (~v,) plane.
(9) PIC DF 4 and MMS1 DF 4 in vy, — vy showing the crescent population (h) decomposition of Vs and comparison with Vi « g aalong with v — v DFs showing that
the main contributors to Ve, vary with regions. The time in millisecond past 011739 UT is tagged in the upper left corner of each MMS1 DF panel to indicate the
center time of the DF frame. Note that all MMS DFs (the ones without “PIC" labels) share the same colorbar and velocity range as those in Figure 1i.

conservation of the magnetic moment as incoming electrons travel to the weaker magnetic field region just
upstream of the reconnection layer, similar processes as in symmetric magnetotail reconnection [Chen et al.,
2009; Egedal et al., 2010].

The nongyrotropic component in Figure 1i consists of electrons that are more energetic than the sheath
inflow population and exhibit a crescent-like structure in the v, ;—v,, plane (Figure 1i, middle), a signature
of the finite gyroradius effects. When energized EDR electrons are captured near the turning points of their
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gyroorbits (their accessible boundary in the sheath inflow), they exhibit the observed DF structure and mainly
occupy the positive v ; (roughly V, at this time) half-plane. To see if these electrons cross the B, reversal, the
gyroradius R, at No/2 is compared with the magnetic field gradient scale, where Ny is the distance from
the DF measurement location to N = 0 where B; = 0. At Ny/2 the magnetic field is B;o/2 in L and By
in M (the subscript 0 indicates the location N = Ng), assuming that B, linearly decreases toward B, = 0 and
By remains constant. At the DF location, By, is [—7.3, —4.7] nT (By is not relevant in this analysis as the
gyration it causes has zero projection along N), averaged over the accumulation time (30 ms) of the DF.
The magpnetic field By at No/2 is thus estimated to be [-3.6, —4.7] nT which gives R; = 2.8 km for electrons
with v, = 3000 km/s. The distance Ny from the current sheet midplane is ~3.9 km (~2 d,) estimated by Vj-dt,
where Vi ~ 30 km/s is the spacecraft velocity in N determined by the timing of the four spacecraft B,
reversals and dt = 0.13 s is the difference between the DF (center) time to the MMS1 B, reversal. The above
estimates show that the measured electrons with v, > 3000 km/s near the turning points of their gyroorbits
have to cross B, = 0 because No/2 < Ry. Note that No/2 is the magnetic gradient scale B;/(dB,/dN) at No/2.
The above criterion (the local gyroradius being larger than the magnetic gradient scale) has been employed
to indicate demagnetization [Hesse et al., 2016].

Another indication for electron demagnetization is based on the ratio between the magnetic curvature
radius and the local thermal gyroradius, x. A value of k* < 10 is considered a sign of demagnetization
[Biichner and Zelenyi, 1989; Lavraud et al., 2016]. In the exhaust where B; ~ 0, we have k2 ~3(or25+16,
where the error is due to the spacecraft separation being about 4 times the radius of curvature and esti-
mated based on the error determination given in Shen et al. [2003]), supporting that the electrons are not
magnetized as they enter the vicinity of the current sheet midplane. The magnetic curvature used for the
x calculation is obtained using the Magnetic Curvature Analysis with the magnetic field data from the four
spacecraft [Shen et al., 2003; Lavraud et al., 2016]. We emphasize that the method of comparing the gyrora-
dius and the magnetic gradient scale as well as the x estimate independently indicates electron demagne-
tization, even though the methods do involve uncertainties in the structure velocity determination and
magnetic curvature calculation, respectively.

In the vicinity of the By reversal, the type of nongyrotropic DF discussed above is predicted by PIC simulations
to exist only within a few d, from the B; reversal in the sheath part of the EDR for magnetopause reconnection
(Figure 3l shows that no crescent population at v,; > 0 at N ~ 4 d, from the B, reversal.). The v — v,, DF in
Figure 1i shows an elongation along v,, (right), a feature also observed in a previously reported EDR event
[Chen et al., 2016b].

The distinct electron regions traversed by MMS1 during the interval marked by the vertical dotted lines on
the B and V., profiles (Figures 2a and 2b) are “imaged” with the DFs in v — v, (Figure 2c, same colorbar
as that in Figure 1i). The shown frames are indexed with numbers displayed in the lower right corner of each
DF panel, and their corresponding time points are marked with pink dots in Figure 2b (a number of frames are
omitted due to similarities to their neighboring frames, and their corresponding data points are colored grey).

In DF 1, the incoming sheath electrons only appear with v < 0, and together with the observed B; < 0 and
By > 0 indicate a location on reconnected field lines (exhaust) in the —L side of the X line. Hence, the
annotation “ex/sh_spx(—L)” to inform that DF 1 is the last frame in the exhaust before entering the
not-yet-reconnected flux tubes in the sheath. DF 2 has two components: (1) a sheath population balanced
in v < 0 and v > 0 with T, /T,, ~2, predicted sheath inflow T, anisotropy just upstream of the EDR (see
Figure 3l), and (2) an approximately “triangle-shaped” population with v,; > 0. The triangle population is
interpreted as due to subgyroscale sampling of the accelerated meandering EDR electrons at their accessible
boundary (EDR e edge). The two components together imply a location on not-yet-reconnected sheath field
lines (sheath inflow) at the EDR electron edge and hence denoted as “EDR e-edge in sh_inf.” DFs 2-6 (and
those marked with grey in the interval .2-.5 s in Figure 2b) all belong to the same region with slightly varying
depths into the EDR: the deeper into the EDR, the more meandering electrons are present, and thus the
higher the phase-space-density (PSD) of the triangular component (such as DF 2 and DFs 4-6). Note that
the triangular component in v — v, corresponds to a crescent-like structure in v,; — v, 5, similar to that
shown in Figure 1i. The crescent orbits responsible for the crescent-like DF structure will be illustrated in
Figure 2f.
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The MMS1 crossing of the separatrix from the sheath inflow occurs at the time of DF 7 in which the high-PSD
(orange color) sheath electrons with v < 0 have largely disappeared. In DF 8, the sheath remnant (identified
by the high PSD) electrons are no longer magnetized by the local B. During the interval covering DFs 9-10, the
sheath remnants are elongated along v, ; and their v, ; thermal width is larger than that in the sheath inflow
(DFs 2-6), indicating that these electrons are demagnetized. At DF 10, the perpendicularly elongated sheath
remnant is biased toward v > 0 and shifted tov; > 0in DF 11.In DFs 9-12 at B, > 0, the field-aligned electrons
at vy < 0 are likely the sphere inflow population traveling toward the X line. In DFs 7-9 where B,<0, the non-
gyrotropic electrons may be accelerated meandering electrons that originate from sheath and/or sphere.

The approximate MMS1 locations corresponding to selected DFs are plotted on V., (Figure 2d) from a PIC run
(with the same simulation parameters as those in Chen et al. [2016a], except for a uniform guide field 0.2 Bz
along the direction of the reconnection current and an increased average number of particles per cell to
6000. See Appendix A for a summary of the simulation setup). The V., in the PIC run indicates that the region
of enhanced V., extends to the sheath inflow region within a few d. in N from the B, reversal. The DF loca-
tions are inferred based on the measured B yn, Vey, and the 12 DFs, aided by the simultaneous four space-
craft measurements. For example, the time of DF 12 is when MMS1 encounters the sphere separatrix (labeled
as DF1D in the DF array in Figure 3i) and MMS4 registers the sheath separatrix.

The PIC DFs corresponding to MMS DFs 1 and 4 (taken from locations 1 and 4 indicated in Figure 2d) are pre-
sented in Figure 2e to illustrate the MMS-PIC comparison and to further support the interpretations of the
MMS data so far. PIC DF 1 from the exhaust (—L side of the X line) near the separatrix shows the incoming
sheath population with v < 0, and a slight nongyrotropy with higher PSD at v,; > 0, similar to the MMS1
DF 1 features. PIC DF 4 is from the sheath edge of the current layer at L ~ 0, and in addition to the sheath
inflow population with T, > T,, exhibits finite gyroradius signatures of the meandering EDR electrons at
v,1 > 0, resembling MMS1 DF 4.

How do electrons meander in a guide-field reconnection configuration? To illustrate this, an electron orbit in
the L-N plane (rainbow colors to show |v| variations) and its corresponding crescent orbit in vy, — vy are
plotted as an example (Figure 2f). The test electron is taken from the tip of PIC DF 4 (Figure 2e; see
Figure 2d for the L-N location of DF 4) with v = —2.5, v,; = 7.5 for both forward and backward tracing in time
for 027 w;' and 0.65 w;', respectively. The electron originates from the sheath, travels toward -L and
bounces in the EDR, gains momentum (shown as the color change from cold to warm along the trajectory)
due to acceleration by the reconnection electric field (Eyy < 0, measured by MMS and will be shown in
Figures 3f and 3f'), and finally is ejected into the exhaust. The effect of the guide field is seen as the looping
back in L, that is, sign reversals of v, due to its gyration around By, The meaning of “meandering” (used to
describe the particle bounce motion at the field reversal region of a current sheet with zero guide field
[Speiser, 1965; Horiuchi and Sato, 1994]) is generalized here to include the motion around By,. The orbit as a
hybrid produced by the Larmor and bounce motion exhibits a crescent shape in the v,, — vy plane (approxi-
mately the plane perpendicular to B). The turning points at maximum |vy| of the crescent orbits are shifted
toward +vy, due to acceleration by Ey as the electron bounces at the B, reversal. In contrast, the turning
points at maximum |vy| of the crescent orbits analyzed by Bessho et al. [2016] do not shift, since Ej, is not
included and Ey being electrostatic cannot produce a net acceleration (shift in v,;) when the particles bounce
back to the region with the same Ej. The electrons in the crescent population of the v, — vy DF (labeled PIC4
in Figure 2g) are captured near the electron edge of the sheath EDR at the location marked with a black rec-
tangle in the L-N orbit panel (marked by a black box labeled “4" in Figure 2d) and compare favorably with the
MMS DF 4 in vy, — vy (Figure 2g). These crescent-shaped DFs are qualitatively similar to those observed in the
negligible guide-field cases [Burch et al., 2016; Chen et al., 2016b], since the crescent-shaped nongyrotropy is
a generic consequence of resolving subgyroradius scales at a plasma boundary. Specific quantitative differ-
ences between crescent DFs due to effects of Ej; and the guide field will be reported elsewhere.

After surveying the landscape of the EDR traversed by MMS1, we are now ready to examine the makeup of
the reconnection current, which is mainly due to the electron out-of-plane flow V., (the out-of-plane current
density Jy = ne (Vipg — Ver) ~ —neVey and its time profile are nearly identical to that of V). In Figure 2h, the
M components of V.|| and V,, are presented (based on the decomposition: Vey = VoM = (Ve | + Vo,)-M
= Ve m + Ve m) to show that the reconnection current is due to a combination of perpendicular and
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parallel electron flows once in the exhaust (~011739.61-011739.81 UT), while predominantly by the perpen-
dicular flow at the EDR electron edge in the sheath inflow (data points lying under the horizontal orange bar
above Figure 2a). The M component of Vg,g is overplotted to show that V., y deviates from Vg, g until just
before 011739.8 UT when MMS1 approaches the sphere separatrix.

The v; — vy DF panels in Figure 2h (corresponding data points are colored orange on the Vg trace) provide
insight into the kinetic meaning of the flow decomposition. The meandering electrons are the key contribu-
tors to Ve, at the EDR electron edge in the sheath inflow (DFs 2-6 with DF 4 shown in v, — vy, as an example
illustrating the common feature), and the velocities of these electrons are primarily perpendicular to B (the

white line represents the projection of B onto the v, — vy, plane, and the line length H satisfies (Bf + Bf,,)

/B = H/v,, where v, is the velocity range of the DF plot, 1.5e4). From the sheath separatrix to the current sheet
midplane (DFs 7, 8, and 9'), the demagnetized/meandering electrons are still the main carriers of V., and the
increasing Ve v is primarily due to the rotation of the local magnetic field to nearly —M (see Buwn in Figure 2a).
The meandering population exhibits nongyrotropy in DFs 7 and 8 (Figure 2c) and occupies the v;, > 0 half-
plane (not shown) in a manner similar to that in DF 9'. The much larger v, thermal spread of the high vy,
(>6000 km/s) electrons in DF 9’ (Figure 2h) than in DF 9 suggests demagnetization to change pitch angles
of the inflowing field-aligned sphere electrons (the population with large positive vy, inside the magenta
circle in DF 9 in Figure 2h). Furthermore, as discussed in Figure 1i, x° is approximately 3 at the current sheet
midplane from which DF 9’ is taken, supporting that DF 9’ contain demagnetized electrons. Note that in DF 9/,
the finite bulk V., is in the +L direction with negligible projection onto M.

On the sphere side of the current sheet midplane (DFs 9-12 illustrated with DF 9 as an example shown in
Figure 2h) to the sphere separatrix, V., is carried by a mixture of inflowing field-aligned sphere electrons
(the population with large positive v < 0 inside the magenta circle in DF 9, and the population at vj < 0
in DFs 10-12 in Figure 2c) and meandering electrons. The meandering population is manifested in DF 9
(Figure 2h) as the component at v; > 0. For DFs 10-12, applying the same analysis as that for Figure 1i, the
local gyroradius of electrons with v,~ 6000 km/s at [B,/2, Byl is ~4.1 km, 3.2 km, and 2.3 km, respectively,
and they are all larger than or comparable with the estimated N/2 at each DF location (1.4 km, 1.8 km, and
2.2 km for DFs 10-12, respectively, based on the spacecraft velocity Vi ~ 30 km/s). Hence, the electrons
with v, > 6000 km/s in DFs 10-12 are considered demagnetized/meandering.

The EDR encounter of MMS1 is now placed in the four-spacecraft perspective (Figure 3). The density in the
exhaust and sheath inflow (at 01:17:39.55 UT, for example) is approximately 6 cm~3, yielding an electron skin
depth (1 d. =1 c/wpe) ~ 2 km. MMS1 is the closest to the Earth (smallest N) and separated from the other three
spacecraft by ~12-15 km (~ 6-7.5 d,) in N (Figure 3a). Such placement in N combined with the widening of
the distance between the two sheath separatrices toward increasing N results in the shortest sheath inflow
traversal time of MMS1 compared with the other spacecraft as evidenced by their V,,, profiles (Figure 3e).
MMS2-MMS4 though separated in L and M by ~5-7 d, are close to one another in N, and their B, values
are nearly identical until 011739.7 UT when MMS3-2-4 entered the electron-scale current sheet in the order
of increasing N coordinate values.

The approximately constant B; (Figure 3b) during the sheath inflow crossing indicates that the normal velo-
city of the spacecraft relative to the reconnection layer is ~0. All four MMS detect a By, reversal from positive to
negative (Figure 3d), further supporting the picture that the spacecraft moves from —L side to +L of the X line
as inferred from the DFs in Figure 2.

One effect of the finite guide field is to modify the exhaust By, structure. The modification predicted by the
PIC simulation is that a guide-field-dominated region is created between the in-plane X line and the asym-
metric Hall By, pattern (Figure 3j). As MMS1 enters the sheath separatrix (frame B marked by the vertical line
at 011719.6 UT in Figure 3c and indicated in Figure 3j) into the exhaust and onward to the sphere separatrix
(frame D marked in Figures 3¢, 3i, and 3j), its By remains negative, evidence for the guide-field-dominated
region. A brief excursion to positive By, (and B, < 0) is observed by MMS2-MMS4 at ~011739.7-.8 UT, indicat-
ing traversal through the Hall By, which is positive near the sheath separatrix. The By, variations observed by
the four MMS spacecraft are consistent with the PIC By, structure and the spacecraft relative positions. The
guide-field-dominated region is constrained to be of the d, scale and its width in N is smaller than 7.5 d,
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Figure 3. The EDR encounter by the four MMS spacecraft and comparison with PIC simulation results. (a) Relative positions of the spacecraft. (b) B, and (c) By, at
MMS1 remain negative even in the sheath part of the +L exhaust, indicating a guide-field dominated region. MMS2-MMS4 observe a brief positive By, excursion,
showing traversals of the edge of the Hall B-dominated region. (d) The By reversals of all four spacecraft imply a transition from —L to +L of the X line. (e) The electron
out-of-plane flow Vgy. (f) The out-of-plane electric field £y, consistent with the expected reconnection electric field. (f) Agreement of the MMS3 Ejy and —(Ve X B)y,
supporting the accuracy of EM measurements in the sheath inflow. (g) The electric field normal to the current layer Ej, (averaged to the cadence of the B data,
128 sample/s) reverses sign slightly before the B; reversal for each spacecraft (h) The energy conversion due to the nonideal E (J-£') enhances with Vey. (i) MMS
v|| — vy1 DF array (using the same colorbar and velocity range as those in Figure 1i) arranged according to the N positions of the spacecraft in rows and time in
columns (A-F from left to right, corresponding to the vertical dotted lines marked in Figures 3b-3h) to provide a visual for the EDR encounter. The distinct electron
regions are color coded and annotated. (j) PIC simulation predictions for By,. (k) The PIC DFs for the four spacecraft locations at frame D (the spacecraft locations are
marked by magenta boxes in Figure 3j). For reference, the locations of MMS1 for frames A-C are also noted (black) in the By, panel to facilitate the comparison
with the DFs in Figure 2. (I) A PIC DF showing that only sheath inflow electrons are present at N > ~4 d, from B, = 0.

based on the combined facts that MMS1 crosses the region with By, < 0 and B; < 0 and MMS2-MMS4
encounter the region of By, > 0 and B; < 0 before the time of frame D when the distance between the
sheath and sphere separatrices is inferred to be ~7.5 d, (see the discussion for DF frame D).

The observed E,, direction and amplitude agree with the PIC prediction for the reconnection electric field. For
all spacecraft, Ey (Figure 3f) stays at steady values of approximately —0.3 to —1 mV/m during the interval
011739.2-.5 UT when B, is virtually constant in the sheath inflow. The E,; values measured by MMS1,
MMS3, and MMS4 are nearly identical, consistent with the uniform E,, over d; scale in PIC simulations [e.g.,
Hesse et al., 2014, 2016]. The only exception is the departure between 011739.4 and 011739.5 UT due to a
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double-layer-like structure (similar to those reported in prior studies [Fujimoto, 2014; Chen et al., 2015; Ergun
et al., 2016b]) registered by MMS1 (based on the burst data, not shown). To further substantiate the E;; mea-
surement accuracy, note that MMS3 is outside of the EDR in the sheath inflow, detecting an average
Ep ~ —0.84 mV/m (Figure 3f') and —(V, X B)y; ~ —0.71 mV/m. For the PIC run with the same MMS guide field,
at approximately the peak reconnection rate, Ey ~ 0.125 V4Bg (where V, is the Alfven speed based on the
upstream sheath density and |B,|) ~ —0.47 mV/m if using n = 6 cm > and B, = —20 nT (from ~011735 UT),
and —1.22 mV/m if using n = 8 cm > and B, = —30 nT (from ~012030 UT).

The normal electric field Ey (Figure 3g) switches sign to positive slightly earlier than the B; positive turning,
consistent with the PIC simulation prediction that the positive Ey region extends slightly to the sheath side
of the B, reversal (not shown for the B, = 0.2 run reported in this paper but similar to the B, = 0 case shown
in Chen et al. [2016a]); J- E' picks up at the time when V,, increases, remains primarily positive until after B,
turns positive, and displays significant variations subsequently. Accelerated meandering electrons have been
shown to be responsible for the V,,, increase (Figure 2), and thus the concerted rises of V,,, and J.E' support
that the demagnetization of electrons in the reconnection current layer contributes to the energy dissipation
due to the nonideal electric field. Wave fluctuations may provide additional contribution and lead to
J-E' variations.

The EDR is visualized in the v — v,; DF array measured by the four MMS (Figure 3i). The v — v 1 DFs best
show the magnetized sheath electrons counterstreaming along B and the EDR electrons at v ; > 0. The asym-
metry with respect to v, ; = 0 cannot be removed by any Galilean transformation and indicates nongyrotropy.
The selected frames A-F are discussed below. Note that frames A-D for MMS1 correspond to DF 6, DF 7, DF 9,
and DF 12 in Figure 2 (and hence discussions on these DFs will not be repeated here) and are shown in
Figure 3i to provide a basis for interpreting the four-spacecraft DFs.

A: MMS2-MMS4 are in the sheath inflow observing only the anisotropic sheath electrons that have been
accelerated parallel to B and no EDR electrons. These sheath inflow DFs correspond to the PIC DF h1 in
Figure 1 of Chen et al. [2016a], and their characteristics do not change appreciably even with a guide field
of 0.2, as confirmed by the DF in Figure 3I. Here the DFs from the four spacecraft enable us to visualize
how the meandering population at v,; > 0, which is the crescent population in v,; — v 5, may contribute
to the inertial term to balance Ey: Vey increases toward decreasing N, together with Vey < 0 (Figure 1e)
observed by MMST, yielding a finite Ve - 0Vep/ON.

B: MMS2-MMS4 are still in the sheath inflow with MMS2 and MMS3 approaching the accessible edge of the
EDR electrons, as hinted by the faint enhancement of the non-gyrotropic population at v,; > 0.

C: MMS2 and MMS3 are in the sheath separatrix vicinity, and MMS4 approaches the EDR electron edge in
the sheath inflow.

D: MMS2 and MMS3 cross the sheath separatrix region, losing antiparallel (v < 0) sheath electrons, similar
to the MMS1 DF in frame B. For MMS4, the field-aligned sheath electrons with v < 0 are diminishing,
while accelerated sheath electrons appeared in v ; > 0 with low-parallel speeds, indicating the separatrix
crossing in the sheath part of the EDR. The sphere and sheath separatrices are inferred to be ~7.5 d. apart,
based on the DFs registered by MMS1 and MMS4.

E: MMS1 observes the sphere inflow, outside of the separatrix, as indicated by the counterstreaming sphere
inflow electrons and no discernable sheath electrons; MMS2 and MMS3 are at the B; reversal in the
exhaust, while MMS4 detects the exhaust side of the sheath separatrix before reaching the B, reversal,
corresponding to the MMS1 DF in frame B. Both MMS2 and MMS3 register meandering sheath electrons
with v ~ 0, and at v < 0, a mixture of incoming sphere and meandering electrons.

F: MMS1 in the sphere inflow with T¢>T,,, while MMS4 in the exhaust where B, ~ 0. MMS2 and MMS3 are
near the current sheet midplane on the sphere side with the unmagnetized sheath population slightly
shifted toward v|; > 0, a feature also seen in DF 10 in Figure 2c.

The above DF array demonstrates that all four spacecraft encounter the EDR, as they all register the meander-
ing sheath and sphere electrons in the sheath inflow, sheath separatrix, and the current sheet midplane
where B; vanishes. The interpretations of the MMS data are further strengthened by PIC simulation results.
The PIC By, (Figure 3j) shows that the asymmetric quadrupolar Hall magnetic field dominates much of the
exhaust. To the right (+L) of the in-plane null, only a d-scale region of By, < 0 can be found in the exhaust
with B, < 0, and it is encountered by MMS1. The PIC predictions for MMS DF frame D (Figure 3k) support
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the validity to place MMS4 at the sheath separatrix and MMS1 at the sphere separatrix, and the PIC-MMS
agreement suggests that the 2-D reconnection configuration is not far from the reality for the reported event.
The PIC DFs corresponding to MMS2 and MMS3 locations also present reasonable agreement with the
observed DFs. To constrain the N width of the EDR electron edge in the sheath inflow, a PIC DF from
[L, N] = [0, 4] d, is plotted to show that no EDR electrons can be discerned at N > ~ 4 d, away from
B, = 0 (at N ~ 0) and the T, anisotropy of the sheath inflow is comparable to that measured by MMS2-
MMS4 in frame A, for example.

4, Summary and Conclusions

In summary, an EDR during magnetopause reconnection with a weak but not negligible guide field (0.2 Bg) is
visualized with electron distribution functions from all four MMS spacecraft, and the questions regarding the
reconnection current, reconnection rate, and effects of the guide field are addressed. The observed nongyr-
otropic DFs along with the estimated magnetic scale indicates that the majority of electrons are demagne-
tized inside the EDR, as the gyroradii of the nongyrotropic electrons are comparable or larger than the
inferred magnetic scale length. Motion of the demagnetized electrons (bouncing at the field reversal, gyrat-
ing around the weak guide field, and accelerating by the reconnection electric field as illustrated in Figure 2)
plays an important role to sustain the reconnection current and contributes to the dissipation due to the non-
ideal electric field (J-F'). The inflowing field-aligned magnetosphere electrons are demonstrated to be also
important in carrying the reconnection current in the magnetosphere part of the EDR where the reconnect-
ing magnetic field B, is positive. In the EDR, the inflowing field-aligned electrons are demagnetized at the
midplane of the current sheet due to the large magnetic curvature and gradient, and their bouncing orbit
widths allow them to reach and even go beyond the separatrices. The presence of unmagnetized electrons
on not-yet-reconnected field lines (the magnetosheath or magnetosphere inflow) is an important feature of
the EDR.

The guide field modifies the out-of-plane magnetic field By, structure in the exhaust. A d.-scale region where
the guide field dominates over the Hall magnetic field is encountered (by MMS1) and shown (by data from
MMS2 to MMS4) to be followed by an asymmetric Hall By, pattern on the downstream side. As a consequence
of the competition between the guide field and the Hall field in the exhaust observed by MMS, the magnetic
field near the midplane is weak and electrons in the EDR may be demagnetized more easily at the midplane
than the case with zero guide field in which the exhaust is dominated by a nearly unipolar Hall By, [Pritchett,
2008; Norgren et al., 2016], a counter-intuitive result for the intermediate guide-field regime. On the other
hand, the guide field may allow the inflowing field-aligned sphere electrons to penetrate deeper and reach
nearly the current sheet midplane, as the By, reversal is now pushed downstream and to the magnetosheath
side of the EDR, in comparison with the zero guide-field case (see Norgren et al. [2016] for a zoom-in view of
the By, structure in zero-guide field asymmetric reconnection).

The four-spacecraft observations of the magnetosheath inflow, including the EDR electron edge, offer a firm
ground to determine the reconnection electric field Eg. Ex is shown to be uniform over at least the interspace-
craft (~8 d,) and corresponds to a reconnection rate ~ 0.1. The spacecraft upstream of the EDR provides inde-
pendent checks on Eg based on —V, x B.

In conclusion, the MMS four-spacecraft measurements establish the first observation-based picture of an EDR
in magnetopause reconnection under an intermediate guide field. The guide field is not strong enough to
destroy the meandering orbit dynamics but does create a new out-of-plane magnetic field structure which
in turn introduces new electron flow dynamics in the magnetosphere side of the EDR.

Appendix A

The simulation presented here starts with an ion-scale current sheet with a uniform guide field and ratios of
the upstream densities no/n; = 8 and magnetic fields By/B; = 1.37 between the magnetosheath (high density)
and magnetosphere (low density). The initial magnetic field is B(N) = [(B; — Bo)/2 — (By + Bo)/2- tanh (NIL
— 0.2ByM, where /. = 1d; (ion skin depth based on ng) and By are the same as By in the main text. A sinusoidal
perturbation is applied to seed a reversal in By to initiate reconnection [Daughton et al., 2006]. The density
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profile is n(N) = ny(N) + np(N), where the Harris density nu(N) = n./ cosh®(N/2) with n the density at the layer
center and np(N) = (7 + n)/2 + (ng — Nn4)/2 - tanh(N/A). Pressure balance is satisfied with [(By + Bo)/2]°
= 2uondT; + T,) and B;? - By = 2uo(ng — ny)(T; + To), where T, are uniform initial temperatures for ions and
electrons, respectively. The domain has 75 x 25 d;, resolved by 3072 x 2048 cells. Other parameters are as
follows: ratio of the sheath electron plasma and cyclotron frequencies wpe/®wce = 2, mass ratio m;/m, = 100,
temperature ratio Ti/T, = 2, and So 1 = 2uoho,1(T; + Té_,)/BOJ2 =1 (sheath), 0.067(sphere). The boundary condi-
tions are periodic in L while reflecting for particles and conducting for fields in N. The average number of par-
ticles per cell is 6000. In the paper, velocities are in units of V4 based on By and ng, and lengths in d, using ny,.
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