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Abstract

This paper presents a simultaneous observation of the inner and outer electron diffusion region (EDR) at the
dayside magnetopause by the magnetospheric multiscale (MMS) spacecraft. The EDR was observed in magnetic
reconnection with a large guide field. The inner EDR was characterized by positive J - E’ while the outer EDR is
manifested by negative J - E’ and opposite out-of-plane electric field to that in the inner EDR. One pair of the
spacecraft detected the inner EDR while the other pair encountered the outer EDR. Moreover, the two pairs were
on the opposite side of the X-line as they observed the bidirectional accelerated electron jets. The fortuitous
formation of MMS allows us to estimate the maximum length of the inner EDR as ~36 d, and the lower bound of
the reconnection rate as 0.142 4+ 0.041. These observations have far-reaching implications for understanding the

electron physics in reconnection.

Unified Astronomy Thesaurus concepts: Magnetic fields (994); Solar magnetic reconnection (1504); Plasma
astrophysics (1261); Plasma physics (2089); Space plasmas (1544)

1. Introduction

Magnetic reconnection is an important energy conversion
mechanism responsible for many explosive phenomena in our
solar-terrestrial system, such as solar flares, magnetospheric
storms, etc. (Priest & Forbes 2000; Deng & Matsumoto 2001;
Lin et al. 2005). The electron diffusion region (EDR) is the
crucial region of magnetic reconnection, in which the
dissipation mechanism causes magnetic field lines to break
and reconnect. Electron physics in the EDR determines the
initiation and progression of reconnection (Vasyliunas 1975;
Burch et al. 2016; Zhou et al. 2022). In the EDR, electrons are
decoupled from magnetic field lines (E +V, x B =0) and
accelerated by the reconnection electric field, forming a strong
out-of-plane current and the bidirectional electron outflow with
a speed exceeding the ion-Alfvén speed (Phan et al. 2018;
Torbert et al. 2018; Zhou et al. 2019).

The EDR develops a two-scale structure along the outflow
direction: the outer EDR and the inner EDR (Daughton et al.
2006; Fujimoto 2006; Karimabadi et al. 2007; Shay et al.
2007). The inner EDR is confined at the X-line while the outer
EDR can extend far away (a few to tens of ion inertial lengths)
from the X-line (Phan et al. 2007). Electrons are accelerated in
the inner EDR, which corresponds to a positive energy
dissipation J-E' =J-(E + V, x B) > 0 (Torbert et al.
2018; Zhou et al. 2019). The outer EDR has a negative energy
dissipation J - E’ < 0, hence electrons are decelerated and lose
energy in the outer EDR (Zenitani et al. 2011; Le et al. 2013;
Hwang et al. 2017). The outer EDR does not control the
reconnection rate since the electron inflow does not go through
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the outer EDR (Karimabadi et al. 2013). A recent study by
Zhong et al. (2022) illustrates that the EDR also develops
multiple fine structures along the inflow direction, which is
caused by the oblique tearing instability during the 3D
evolution of reconnection (Liu et al. 2013).

The aspect ratio of the inner EDR is intimately related to the
reconnection rate, which is one of the most important
parameters of reconnection (e.g., Liu et al. 2017). In general,
the dimensionless reconnection rate can be approximated as
6/L, where 6 and L are the thickness (along the inflow
direction) and length (along the outflow direction) of the inner
EDR, respectively. This ratio has rarely been determined
experimentally, particularly because it is difficult to evaluate
the EDR length L. Torbert et al. (2018) estimate the EDR
length as (12-17) electron inertial lengths by using the four-
spacecraft timing analysis of the reconnected magnetic field
component By. Here we present a unique reconnection event at
the magnetopause. The magnetospheric multiscale (MMS)
tetrahedron fortunately circumscribed the reconnection X-line
and observed both the outer and inner EDR simultaneously in
this event. Based on this particular spacecraft geometry around
the X-line, we estimate the maximum length of the inner EDR
and the minimum reconnection rate of this event.

2. Event Overview

MMS spacecraft provided the data for this study, including
the 3D magnetic field vectors from the fluxgate magnetometer
instrument (Russell et al. 2016), 3D electric field vectors from
the electric double probe instruments (Ergun et al. 2016;
Lindqvist et al. 2016), and 3D plasma moments from the fast
plasma investigation instruments (Pollock et al. 2016).

Figure 1 shows the overview of MMS observations from
22:00 UT to 22:25 UT on 2016 January 7, when the MMS was
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Figure 1. Overview of MMSI observations from 22:00 to 22:25 UT on 2016 January 7. (a) The three components of magnetic fields; (b) the magnitude of the
magnetic field; (c) the three components of the ion bulk velocity; (d) electron number density; (e) ion and (f) electron parallel (blue) and perpendicular (red)
temperatures; (g) ion and (h) electron differential energy fluxes. The red dashed line marks the secondary reconnection event studied in this paper. The vectors are
displayed in GSE coordinates.
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Figure 2. Detailed observations of the secondary reconnection by MMS1 (left column) and MMS3 (right column). (a) and (f) magnetic field; (b) and (g) ion bulk
velocity; (c) and (h) electron bulk velocity; (d) and (i) electric current density calculated by plasma density and velocity; (e) and (j) energy dissipation
J-E =] -(E+YV,x B). All the vectors are displayed in the LMN coordinate system. The background ion flow velocity has been subtracted from the ion and

electron bulk velocity.

around [7.4, —7.9, —1.0] R (R is the Earth’s radius) in the
Geocentric Solar Ecliptic (GSE) coordinates. Four MMS
spacecraft formed a regular tetrahedron in space with an
average spacing of ~44 km. MMS was in the magnetosphere
proper before 22:08 UT except around 22:07:30 UT when
MMS crossed into the magnetopause boundary layer and
quickly moved back to the magnetosphere as shown in
Figures 1(c)-(f). The magnetic field in the magnetosphere is
relatively stable and mainly points northward (positive B,) and
dawnward (negative By).

The boundary layer was filled with mixed populations from
the magnetosphere and magnetosheath (Figures 1(g)—(h)). The
magnetic field B, changes sign from positive to negative and
returns back to positive in the boundary layer, accompanied by
a change of the interplanetary magnetic field B, from negative
to positive after 22:10 UT (not shown). The fluctuations of
magnetic fields are larger in the boundary layer than in the
magnetosphere. MMS recorded a fast ion bulk flow with a peak
speed of about 400 km s~ in the —Z direction in the boundary
layer (Figure 1(c)) and the ion flow in all three directions is
approximately 200 km s~ ' around the secondary reconnection
we studied, denoted by a dashed red line (22:12:28 UT). These
findings indicate that the MMS was positioned within a rapidly
flowing turbulent environment and the secondary reconnection
we studied was within the outflow region of a large-scale
magnetopause reconnection.

3. Observations of the Secondary Reconnection

The red dashed line in Figure 1 marks a secondary
reconnection site within the exhaust. Figure 2 details the
observations of this secondary reconnection by MMS1 and
MMS3. All the vectors are presented in the local boundary
normal (LMN) coordinate system, with the transformation from
Geocentric Solar Magnetospheric coordinates to LMN given by
L =1[0.935, 0.171, 0.308] pointing to the reconnecting
magnetic component, N =[ —0.312, 0.810, 0.496], pointing

to the normal of the current sheet, and M =[0.165, 0.560,
—0.812] completing a right-handed orthogonal coordinate
system. The normal direction N is determined through the
timing analysis based on the profile of the magnetic field B,
(Russell et al. 1983). We find L’ as the maximum variation
direction of the minimum variance analysis of magnetic fields
(Sonnerup et al. 1998). Then, we obtain M by M = N x L/,
and use M and N to find L: L=M X N.

MMS detected the reversal of the magnetic field B; from
negative to positive around 22:12:28.3 UT (observations of
MMS?2 and MMS4 are shown in Figure 3), corresponding to an
intense out-of-plane current J), with a peak density of
900 nA m 2 observed by MMSI and 1500nA m ? seen by
MMS3. This out-of-plane current was primarily contributed by
electrons as electron bulk speed v,y ~ 7(1000—2000kmsfl)
and is about 1 order of magnitude larger than the ion bulk
speed vy ~ 100 km s~ Around the B; reversal, MMSI
detected an electron jet in the —L direction with a peak speed
of about 800 km sfl, while MMS3 detected an electron jet in
the +L direction with a peak speed of about 500 kms™'. Since
this current sheet was embedded within a large-scale southward
flow, the background flow speed has been subtracted from both
the ion and electron bulk speed. The observed bidirectional
electron jet suggests that there is an active X-line between
MMSI1 and MMS3 in the L direction (e.g., Phan et al. 2018).
We choose the maximum value of |B;| in the immediate
vicinity of B, =0 on both sides of the current sheet to locate
the inflow region. The inflow magnetic field B; is —14.8 nT
and 11.9 nT, respectively. The plasma density and temperature
changes from 4.2 and 5.0 cm ™~ and 760 to 680 eV across the
current sheet (not shown). Therefore, we suggest that MMS
detected a reconnecting current sheet with a weak asymmetry.
Note that there is a uniform guide field of B, ~ 41 nT ~ 3.2 By
in the reconnection layer, where By is the asymptotic magnetic
field in the L direction. The electron jet speeds are much larger

than the hybrid inflow ion-Alfvén speed of ~170kms !,
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Figure 3. Successive observation of the inner and outer EDR by the four MMS spacecraft. (a) L component of magnetic field; (b) the magnitude of the electron bulk
velocity; (¢) L and (d) M component of the electron bulk velocity; () J - E; (f) JLE]; (8) JuEy; (h) E'y; (i) the degree of electron nongyrotropy \/a ; (j) schematic
view of this reconnection layer and the spacecraft trajectory in the L-N plane.
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indicating that the spacecraft were very close to the X-line.
Interestingly, we find that the variation of v;; is significantly
smaller than v,; and the inflow ion-Alfvén speed. The absence
of the obvious ion outflow may be due to the spacecraft being
too close to the X-line where the ion bulk flow is not fully
developed.

Employing the spatiotemporal difference method (Shi et al.
2006), we find that the speed of the current sheet in the N
direction is about 120 km s, while the timing analysis yields
a normal speed of ~150kms '. Since MMS crossed the
current sheet in less than 0.15 s, the corresponding current
sheet thickness is less than 150kms ™! x 0.15 s ~ 9 de, where
d, ~ 2.6 km is the electron inertial length in the inflow region.
The electron-scale current sheet was not inside a much thicker
ion-scale current sheet.

4. Observations of the Outer and Inner EDR

MMS3 detected a large positive energy dissipation
J-E=J-(E+V,xB) up to 6nW/m>, whereas J - E'
measured by MMS1 was negative with a peak value around
-8 nW/m3, suggesting the conversion of plasma energy to
magnetic energy. Figure 3 contrasts the four spacecraft
observations around this reconnecting current sheet. It is
shown that the four MMS spacecraft successively crossed the
current sheet following the sequence of MMS2, MMSI,
MMS3, and MMS4. The relative position and trajectories of
the four spacecraft across the reconnection layer in the L — N
plane are sketched in Figure 3(j). All four spacecraft observed
the enhancement of the electron bulk speed in the L and M
directions. The opposite outflow in the L direction detected by
MMS indicates that MMS1 and MMS2 were on the —L side of
the X-line, while MMS3 and MMS4 were on the +L side of the
X-line.

Nongyrotropic electrons were observed in this thin layer by all
four spacecraft, manifested by the enhancement of the
nongyrotropy parameter \/a up to 0.05. \/a is defined as

_ U}_ﬂ;‘(ﬁ , where I, = Py + Py + P, L=P.P,, +
PP+ PP, —PyP, + P.P,+P,P, ) and P, is the
parallel pressure (Swisdak 2016). Other parameters to identify the
EDR as proposed by Scudder et al. (2015) have also been
examined, such as the electron Mach number M, , electron
energy gain per cyclotron period €,, and the relative strength of the
electric and magnetic force in the bulk electron rest frame .. They
all peaked coincident with \/E (not shown). Although these
signatures are not uniquely associated with the EDR, they support
that all four spacecraft crossed the EDR. MMS3/MMS4 captured
the inner EDR with positive energy dissipation (J - E’ > 0) and
positive nonideal electric field (E’y; > 0), i.e., the out-of-plane
reconnection electric field, while MMS1/MMS?2 encountered the
outer EDR, the distinct feature of which is the negative energy
dissipation (J - E’ < 0) and the opposite out-of-plane electric
field to the reconnection electric field (E’); < 0) (Zenitani et al.
2011; Hwang et al. 2017).

J - E' observed by the four spacecraft are mainly con-
tributed by J; E; and Jy, E;,. They are negative as observed by
MMSI1, suggesting that the electron outflow is slowed down in
both the L and M directions. MMS3 observed positive J; E;
and Jy E;, while Jy E,, is positive, and J; E; changes from
positive to negative as observed by MMS4.

Tian et al.

5. Reconnection Rate

A unique feature of this event is that MMS1/MMS2 and
MMS3/MMS4 were on the opposite side of the X-line.
Notably, MMS1 was situated in the outer EDR and MMS3 was
situated in the inner EDR, hence the maximum length of the
inner EDR must be smaller than the distance between MMS1
and MMS3, which is about 46.5 km. Note that this distance is a
rotation invariant and thus is independent to coordinate
transformation. Therefore, the maximum length of the inner
EDR is L2 x 46.5 km =93 km ~ 36 d..

We employed a Gaussian fitting to the observed total current
density observed by MMS3 and MMS4, which crossed the inner
EDR. The obtained duration of the inner EDR is 0.078 and 0.114
s, respectively. Therefore, the thickness of the inner EDR was
estimated as (120 ~ 150km s~ ") x (0.078 s ~0.114s) = 13.2 +
3.8km, and the corresponding minimum dimensionless
reconnection rate is estimated as R ~ o ~(13.2+3.8km)/
93 ki = 0.142 4+ 0.041, which is consistent with the value of fast
reconnection in previous studies (Xiao et al. 2007; Chen et al.
2017; Liu et al. 2017; Zhong et al. 2020).

6. Discussion and Summary

From Figure 3 one can see that the total electron bulk speed
observed by MMS3 and MMS$S4 is larger than that observed by
MMS1 and MMS2. This is consistent with the scenario that
electrons accelerated in the inner EDR are then slowed down in the
outer EDR, where the electron bulk kinetic energy transfers to
magnetic energy (e.g., Zenitani et al. 2011). Moreover, we find that
both Jy, E;; and J; E; are negative in the outer EDR, implying that
electrons were indeed decelerated in both the L and M directions.
However, MMS1 and MMS?2 detected a larger electron speed in
the L direction than that recorded by MMS3 and MMS$S4
(Figure 3(c)), which is different from the previous simulations of
antiparallel reconnection, which shows that the electron outflow is
mainly decelerated in the L direction (Karimabadi et al. 2007). We
suggest that electron flow v,;, was deflected to the L direction,
leading to a larger v,,, in the outer EDR than in the inner EDR in
this case.

It has been shown that the outer EDR, manifested as an
outward-moving electron jet, may extend tens of the ion inertial
lengths from the X-line (Phan et al. 2007; Shay et al. 2007),
hence making the current sheet longer than tens of the ion
inertial length, which is the expected scale that ions are fully
coupled to reconnection (Mandt et al. 1994; Sharma et al.
2019). In this event, we do not know how long the outer EDR
can be reached. Nevertheless, the elongation of the reconnect-
ing current sheet due to the formation of the outer EDR may
finally lead to the ion coupling in reconnection.

The outer EDR was first identified in kinetic simulations
without a guide field, i.e., antiparallel geometry (Daughton et al.
2006; Fujimoto 2006; Karimabadi et al. 2007; Shay et al. 2007). It
was later found that a small guide field could deflect the outer EDR
away from the neutral plane or even destroy the outer EDR
(Goldman et al. 2011; Zhou et al. 2014). Le et al. (2013) illustrate
that the existence of the outer EDR and its property is largely
controlled by the guide field strength and the inflow plasma S.
However, the existence of the outer EDR in a large guide field
regime (>1 By) has not been explored before. Our observations
show that even with a guide field of more than 3 times the
asymptotic reconnecting magnetic field, the outer EDR is formed
and lies in the neutral plane, that is, without evident deflection. A
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recent simulation with a large guide field or large plasma G(G > 1)
also found that the Hall magnetic field and the in-plane electron
flow are symmetric in the inflow direction (Munoz et al. 2015;
Sharma et al. 2019), substantially different from the reconnection
with small to moderate guide field and small inflow plasma (3, in
which the Hall electromagnetic field and in-plane electron flow is
asymmetric with respect to the neutral current sheet (Eastwood
et al. 2010). In this event, the guide field is about 3.2 By, and the
inflow (3 ~ 1. Therefore, more kinetic simulations are required to
explore a broader parameter space. In addition, the collimated outer
EDR and the symmetric Hall magnetic field in the large guide
field/plasma (3 regime may have some intrinsic relationship and
are worth further studying.

In summary, MMS simultaneously probed the inner and outer
EDR of a secondary reconnection at the dayside magnetopause.
We find that the outer EDR also exists in magnetic reconnection
with a large guide field (~3.2 By). MMS simultaneously detected
the oppositely directed electron jets, indicating that the MMS
tetrahedron circumscribed the X-line. The spacecraft on the one
side of the X-line observed the inner EDR, while the spacecraft on
the other side of the X-line detected the outer EDR. Based on the
fortuitous formation of the four MMS spacecraft, we estimate the
maximum length of the inner EDR as 93 km ~ 36 d,.. Considering
that the EDR thickness was about 13.2 +=3.8km~ 5.1 £ 1.5 4,,
the lower bound of the dimensionless reconnection rate was
estimated as 0.142 4 0.041. This study provides a useful template
for further investigating the structure of the EDR and estimating
the reconnection rate in space plasma by employing multiple
spacecraft observations.
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