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Abstract we report MMS observations of the ion-scale flux transfer events (FTEs) that may involve two
main X lines and tearing instability between the two X lines. The four spacecraft detected multiple isolated
regions with enhanced magnetic field strength and bipolar B,, signatures normal to the nominal
magnetopause, indicating FTEs. The currents within the FTEs flow mostly parallel to B, and the magnetic
tension force is balanced by the total pressure gradient force. During these events, the plasma bulk flow
velocity was directed southward. Detailed analysis of the magnetic and electric field and plasma moments
variations suggests that the FTEs were initially embedded within the exhaust region north of an X line but
were later located southward/downstream of a subsequent X line. The cross sections of the individual FTEs
are in the range of ~2.5-6.8 ion inertial lengths. The observations suggest the formation of multiple
secondary FTEs. The presence of an X line in the exhaust region southward of a second X line results from the
southward drift of an old X line and the reformation of a new X line. The current layer between the two X lines
is unstable to the tearing instability, generating multiple ion-scale flux-rope-type secondary islands.

1. Introduction

Spacecraft crossing the Earth’s magnetopause often observe a single transient structure or a series of bipolar
signatures in the magnetic field component normal to the nominal magnetopause (B,,). Since Russell and
Elphic (1978) termed this signature a flux transfer event (FTE), numerous studies of in situ observations
(e.g., Paschmann et al., 1982; Sibeck & Siscoe, 1984) have determined typical FTE signatures, including either
an increase or decrease in the magnetic field strength at (or bounding, in the case of crater FTEs) the center of
the B, reversal and an increase in the total pressure at the center of FTEs, where the pressure force balances
the magnetic tension force (leda et al., 1998; Paschmann et al., 1982). FTEs detected inside the magneto-
sphere or the magnetosheath contain plasmas from both regions (Klumpar et al., 1990).

The various mechanisms for FTE generation invoke (1) transient bursts (spatially and temporally) of dayside
reconnection (Russell & Elphic, 1978), (2) temporal modulation of the reconnection rate during continuous
reconnection (Phan et al., 2004; Scholer, 1988; Southwood et al., 1988), or (3) multiple X lines (in 2-D represen-
tations) or separator lines (in 3-D representations; e.g., Hasegawa et al,, 2010; Lee & Fu, 1985; Raeder, 2006;
Scholer, 1995). These different generation mechanisms necessarily give rise to different magnetic topologies
or magnetic field connectivities within and around the FTEs. Fear et al. (2008) categorized various flux rope
models into three types: elbow-shaped flux-bundle FTEs, single X line FTEs, and multiple X line FTEs, corre-
sponding to cases 1 to 3, respectively.

The elbow-shaped FTEs formed by localized patchy reconnection (Russell & Elphic, 1978) consist of a pair of
flux tube bundles being peeled away from the reconnection site. Their magnetosheath and magnetospheric
ends connect through a circular hole (with a diameter of ~1 Rg) on the magnetopause. This hole propagates
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along the magnetopause away from the reconnection site in response to the combined effect of magnetic
tension and pressure gradient forces. Having narrow azimuthal (dawn-dusk) extents, the flux ropes align with
the magnetospheric/magnetosheath magnetic fields on either side of the magnetopause. The passage of the
helical magnetic field lines within these flux ropes past a spacecraft results in the observed B,,. The spiral mag-
netic field lines connect the magnetosheath magnetic field to either the northern or southern high-latitude
ionosphere. Bidirectional (hot and more isotropic) electrons are found at the edge of the flux rope (in the FTE
core) while unidirectional ions may dominate the inner region of the FTE (Varsani et al., 2014).

Single X line FTEs are generated via transient increases in the reconnection rate. Enhanced thermal pressure
within the exhaust region of newly reconnected magnetic field lines causes the events to bulge outward into
the magnetosheath and magnetosphere as they move away from the reconnection line (Dunlop et al., 2005;
Farrugia et al., 2011). This mechanism does not form a helical flux rope: instead, the newly reconnected mag-
netic field lines simply connect the magnetosheath to either the northern or southern hemisphere magneto-
spheric magnetic field. Single reconnection-line FTEs may contain a core guide field and can extend
azimuthally over many Earth radii (Rg). Reconnection jets flow away from the X line on the edges of the events
while thermalized plasmas populate within their core. The particle signatures within single X line FTEs should
resemble those for FTEs formed by localized patchy reconnection since in both models the field lines are
topologically open. Lockwood and Hapgood (1998) pointed out that the continuous variation in the ion dis-
tribution function between the magnetosheath-like high-pressure population at the event core, of which the
field lines were reconnected earlier, and the surrounding magnetospheric populations on the draped field
lines that were reconnected later corresponded to the evolution of reconnection and was consistent with
the single X line model (not the elbow-shaped flux tube model).

The multiple X line scenario includes (1) a simultaneous in vivo (active) X line type where the edges of n FTEs
are anchored between n + 1 separate X lines (Lee & Fu, 1985) and (2) a multiple sequential X line reconnection
model where an old X line relocates providing an opportunity for a new X line to develop nearer to the sub-
solar magnetopause. Two ion jets converge toward the center of such FTEs. Together with the oppositely-
directed jets, Hasegawa et al. (2010) reported heated magnetosheath electrons flowing both parallel and
antiparallel to the magnetic field for a magnetosheath FTE, suggesting this behavior to be inconsistent with
a single X line topology. However, mirroring of the heated plasma might explain the bidirectional electrons
(Fear et al., 2007). Multiple X line FTEs exhibit mixed magnetic field topologies, for example, open field lines
connecting the southern hemisphere to the magnetosheath, open field lines connecting the northern hemi-
sphere to the magnetosheath, closed field lines connecting both hemispheres, and purely magnetosheath
fields (Lee & Fu, 1985). Electron pitch angle distributions show energy-dependent variations that provide evi-
dence for such diverse magnetic topologies (Pu et al., 2013; Zhong et al., 2013). Lindstedt et al. (2009) dis-
cussed multiple X lines forming along the magnetopause based on a broad density cavity with multiple
dips observed in the separatrix region by Cluster.

The presence of guide fields distinguishes flux-rope type FTEs from two-dimensional magnetic islands. The
relationship between guide fields and crater FTEs, across which the enhanced magnetic field strength (B)
shows a central depression (“M"-shaped FTEs) with bipolar B,, perturbations, is unclear. Sibeck et al. (2008)
reported more complicated structures where a region of B decrease bounds a B-enhanced core and the com-
bined signatures are encircled by B increases at the periphery (“W’-shaped crater FTEs compared to
M-shaped ones). Pressure pulses/waves of either external (solar wind) or internal (created within the magne-
tosheath) origin might cause a transient relocation of the spacecraft across the boundary layer (Sibeck &
Smith, 1992) or with respect to an FTE, resulting in a crater-like variation in B. Owen et al. (2008) argued that
a transient relocation of one spacecraft (C3) among the four Cluster spacecraft into the magnetosheath was
explained by C3 crossing a region of eroded magnetic flux around a crater FTE. Farrugia et al. (2011) sug-
gested that encounters with the separatrix may result in the crater-like B variations with bipolar B,, perturba-
tions across the event.

Multispacecraft missions have advanced our understanding of the FTE structure, motion, and extent. Fear
et al. (2008) used tetrahedral Cluster observations to describe an FTE with a much larger azimuthal than
north-south extent, which is inconsistent with the elbow-shaped flux tube model. Dunlop et al. (2005) pre-
sented Cluster and TC-1 observations of a pair of FTEs propagating northward and southward away from
the reconnection site, consistent with the single X line model. Hasegawa et al. (2010) reported THEMIS
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observation of an FTE between two converging jets, and therefore suggested the event formed via multiple X
line reconnection (e.g., Raeder, 2006). @ieroset et al. (2011) presented similar observations of bidirectional
jets converging toward an FTE. Observations of electrons that were not trapped within the core of the event
demonstrated that the event was three-dimensional and had an open magnetic field topology. Owen et al.
(2001) used Cluster-FGM/PEACE observations to define the magnetic field connectivity of the substructure of
FTEs inferred from the magnetic field and electron signatures. Farrugia et al. (2011) reported a single X line
crater FTE with multiple layers on the basis of their magnetic, electric, and plasma signatures. Varsani et al.
(2014) identified the multilayer interior and surrounding structures of a crater FTE based on the electron pitch
angles using 125-ms observations of Cluster-PEACE measurements assuming that the electrons were gyrotro-
pic. Dieroset et al. (2016) reported evidence for the existence of a reconnecting current sheet at the center of
an FTE. Hasegawa et al. (2016) showed that a mesoscale (peak-to-peak B,, duration of <1 min) FTE formed
during quasi-continuous multiple X line reconnection as indicated by ion flow and Hall magnetic field
changes. Hwang et al. (2016) investigated the multilayered substructure of a macroscopic (with transverse
scale side of ~0.8 Rg) FTE using ion and electron distribution functions. Zhou et al. (2017) reported an
electron-scale current layer at the interface of two coalescing macroscopic (with sizes of ~1 Rg) flux ropes.

Previously reported magnetopause FTEs often have scale sizes comparable to one Earth radius (Rg). Drake
et al. (2006) used particle-in-cell simulations to show the formation of secondary islands with only a few to
several ion inertial length (d;) scale sizes in the exhaust region during magnetic reconnection. They pointed
out that stronger guide fields result in longer electron current sheets downstream from X lines. Longer elec-
tron current sheets are more likely to be unstable to secondary island formation. Huang et al. (2013) proposed
a possible criterion to identify a secondary island by showing that the out-of-plane electron current in the
secondary island is generated by the electrons accelerated by the reconnection electric field in the vicinity
of an X line. The out-of-plane electron current is opposite to that in the primary island, which formed simul-
taneously with the appearance of the X line during guide-field reconnection. Eastwood et al. (2016) reported
ion-scale (~7 ion inertial length radius) FTEs that were most likely generated by secondary reconnection and
demagnetized ions observed by Magnetospheric Multicale Mission (MMS). The Cluster measurements in the
magnetotail (Wang et al., 2016) indicated that the reconnection ion diffusion region is filled with magnetic
flux ropes that interact with neighboring flux ropes. Wang, Nakamura, Baumjohann, Russell, et al. (2017) pre-
sented MMS observations of three consecutive ion-scale FTEs to identify two neighboring FTEs that were coa-
lescing, as evidenced by reconnection signatures shown in the current sheet between the two FTEs.

This paper proposes a new aspect in the generation mechanism for the ion-scale FTEs using MMS observa-
tions on 14 December 2015. The MMS spacecraft (Burch et al.,, 2015) were launched on 12 March 2015 and
probed the Earth’s dayside magnetopause in December 2015. We present MMS observations of small-scale
(down to ~2.5 d;) FTEs formed downstream of a reconnection X line. The four MMS spacecraft in their tetra-
hedral configuration were separated by ~15-21 km, which enabled us to explore the substructure of the FTEs
including current densities and magnetic field curvature associated with the FTEs. Field and plasma flow sig-
natures in and around the FTE indicate that the FTE was formed through a multiple X line process, in this case,
a sequential process of an old X line drift and the reformation of a new X line formed along a magnetopause
current sheet that was unstable to the tearing instability.

The following section briefly describes the MMS instruments used for the present study. An overview of the
event in section 3 is followed by a description of its geometry and propagation characteristics in section 4. We
then describe the detailed field and particle signatures (e.g., plasma moments and distributions, the current
density, the magnetic curvature, and the electric field structures) related to reconnection in section 5, a pre-
sumed multiple X line FTE in section 6, and a series of ion-scale FTEs in section 7. We delineate a possible
magnetic topology for the entire structure in section 8. Discussion and conclusions follow in section 9.

2. Instrumentation

The MMS spacecraft (Burch et al., 2015) fly in near-Earth-equatorial and highly elliptical orbits. The four MMS
spacecraft are identically equipped with instruments including Fast Plasma Investigations (FPI; Pollock et al.,
2016), magnetometers (FGM consisting of the digital fluxgate magnetometer (DFG) and the analogue mag-
netometer (AFG); Russell et al., 2014), and electric field instruments (EDP) consisting of the spin-plane double
probe (SDP; Lindgvist et al.,, 2016) and the axial double probe (ADP; Ergun et al., 2014). We used the magnetic
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field data from the digital fluxgate magnetometers (DFG) with a time resolution of 10 ms in burst mode, the
DC electric field data calibrated from SDP and ADP (with a 0.122-ms time resolution in burst mode), and par-
ticle data in burst mode from the FPI/DIS for ions and FPI/DES for electrons with a 150- and 30-ms time reso-
lution, respectively, a 11.25° angular resolution, and a ~10-eV-26-keV energy range (during December 2015).

3. Overview of the Event

On 14 December 2015, the barycenter of the MMS quartet, located near the prenoon dayside magnetopause
slightly southward of the magnetic equator, was at [9.9, —4.3, —1.2] Earth radii (Rg) in Geocentric Solar
Magnetospheric coordinates (GSM). Figure 1 shows the detailed field and plasma signatures from 0057:44
to 0100:14 UT, observed by MMS1.

The top panel (Figure 1a) shows the magnetic strength (black profiles) and the x (blue), y (green), and z (red)
components of the magnetic field. The next four panels show the magnetic (B; Figure 1b) and electric (E;
Figure 1c) field, and the ion (Figure 1d) and electron (Figure 1e) velocity in the LMN boundary coordinate sys-
tem. We determined the LMN coordinates by employing minimum variance analysis (MVA) using the mag-
netic field data from the four MMS spacecraft (Paschmann & Daly, 1998) for the period of the nearest
magnetopause crossing, 0117:10-0117:30 UT. Figure 2 shows ACE observations of the interplanetary mag-
netic field (IMF; Figure 2a) and solar wind velocity (Figure 2b). The vertical solid and dotted magenta lines
indicate those parameters of the solar wind arriving at the Earth’s magnetopause when MMS encountered
the present event (Figure 1) and made the nearest magnetopause crossing, respectively. The IMF orientation
is mostly antisunward and duskward, and slightly southward. During the ~18.3-min interval, no significant
changes in the solar wind conditions are seen, providing confidence in the use of MVA on the nearest mag-
netopause crossing to determine the LMN frame. The derived LMN coordinates are n = [0.84, —0.36, —0.41],
m = [-0.46, —0.87, —0.17], and | = [0.30, —0.33, 0.89]. The medium-to-minimum (maximum-to-medium)
eigenvalue ratio from MVA is 15.0 (5.1), indicating a reliable calculation for the 10-ms time resolution data
(Siscoe & Suey, 1972).

The ion number density (green in Figure 1f) is presented together with the ion total temperature (black).
Figure 1g shows the plasma (red) and magnetic (blue) pressures, and the sum of plasma and magnetic pres-
sures (black). The next three panels (Figures 1h-1j) show the I, m, and n components of the E x B drift (black)
together with the ion (red) and electron (blue) velocities perpendicular to the magnetic field (B). Figures 1k
and 11 show current densities parallel and perpendicular to B calculated from the curlometer technique
(Dunlop et al.,, 2002) using B (black) and estimated from plasma moments (magenta). Figure 1m displays
the result of Walén tests; Figure Tn compares the ion bulk speed in the magnetopause current sheet frame
(black) with the local Alfvén speed (magenta; discussion in section 5). Color-coded are the ion (Figure 10)
and electron (Figure 1p) energy spectrogram, and the pitch angle distributions of the low- (<100 eV),
mid- (100 eV < energy < 1 keV), and high-energy (>1 keV) electrons (Figures 1q, 1r, and 1s, respectively).

At ~0058:13 UT (see the vertical dashed line marked by D at the top of Figure 1), MMS1 crossed from the low-
latitude boundary layer (LLBL) where magnetospheric (e.g., >1-keV energy electrons) and magnetosheath
(~100-eV electrons) plasmas coexist (Figure 1p) on magnetospheric field lines (positive B, and B; in
Figures 1a and 1b) into a transitional region, termed the magnetopause boundary layer (MPBL). MPBL is
populated mainly by bidirectional (more antiparallel than parallel) magnetosheath electrons (Figures 1p-
1q) on the earthward side of the magnetopause (reduced positive B, and B, from those in LLBL; Figures 1a
and 1b). At ~0058:36 UT (vertical dashed line B), MMS1 entered into a region of B, (B)) fluctuating around zero
(Figures 1a and 1b) with enhanced fluxes of magnetosheath populations (Figures 10-1q). These B, (B) and
particle signatures lead to the identification of this region as the magnetopause current sheet (MPCS).

Blue, green, and red bars at the top of Figure 1 indicate intervals when MMS observed the LLBL, MPBL, and
MPCS, respectively. From the LLBL, passing through the MPBL, toward the MPCS, plasma densities (tempera-
tures) increase (decrease; Figure 1f); plasma pressures are lower-than/balanced-with/larger-than magnetic
pressures (Figure 1g). Within the MPCS electron pitch angle distributions are energy-dependent: low (mid-
to-high) energy electrons are mostly counterstreaming (isotropic, perpendicular, or one-directional). In parti-
cular, we note a series of magnetic strength enhancements embedded in the current sheet (black profiles in
Figure 1a and vertical magenta/blue shading in Figure 1). Bipolar changes in B,, during each magnetic hump
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Figure 1. Overview of the magnetopause crossing by MMS1 (blue, green, red bars at the top of panels indicate intervals when MMS observed the LLBL, MPBL, and
MPCS, respectively). (a) The magnetic strength (black profiles) and the x (blue), y (green), and z (red) components of the magnetic field in the GSM coordinates. The
(b) magnetic (B) and (c) electric (E) field. The ion velocity (d) in the LMN boundary coordinate system and (e) in the central MPCS frame. (f) The ion number
density (green) and total temperature (black). (g) The plasma (red) and magnetic (blue) pressures, presented with the sum of plasma and magnetic pressures (black).
(h=j) The I, m, and n components of the E x B drift (black) together with the ion (red) and electron (blue) velocities perpendicular to B. (k and ) The current
densities parallel and perpendicular to B calculated from the curlometer technique using B (black) and estimated from plasma moments (magenta). (m) The result of
Walén tests [the upstream magnetosheath reference are obtained from the data at ~0059:14 UT when B, is most strongly southward, indicating the farthest
spacecraft location into the magnetosheath; the running window is consistent with the sampling cadence of ion moments obtained from FPI/DIS (150 ms)]. (n) The
ion bulk speed in the magnetopause current sheet frame (black) compared with the local Alfvén speed (magenta). The (o) ion and (p) electron energy spectrogram.
The pitch angle distributions of the (q) low- (<100 eV), (r) mid- (100 eV < energy < 1 keV), and (s) high-energy (>1 keV) electrons, respectively.
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(Figure 1b) suggest that these are a series of FTEs (details in section 6). Electron pitch angle distributions [in
particular, mainly parallel low-energy electrons (Figure 1p)] also distinguish those transient structures from
their peripheries in the MPCS (details in section 7). This suggests multiple magnetic topologies coexisting
within the MPCS.

From ~0059:25 to 0059:54 UT, the spacecraft crossed a transition layer on magnetospheric field lines (B'-D),
similar to the prior MPBL (D-B). Both regions (D-B and B’-D’) exhibit (1) asymmetric pitch angle distributions
of low-energy magnetosheath electrons with more 90°-180° pitch angles than 0°-90° and (2) weak
high-energy electron fluxes with more 0°-90° pitch angles (Figures 1g and 1s), indicating an open magnetic
topology with a connection to the southern hemisphere. More unidirectional low-energy populations with
50°-180° pitch angles (Figure 1q) are observed in the later MPBL, B’-D’. The weaker 0°-90° pitch angle
components seen in the initial MPBL, D-B, may represent magnetosheath-origin electrons that have been
mirrored back from the ionosphere of the southern hemisphere. Their existence and/or intensity may
indicate a time history of the magnetic field lines that underwent reconnection (details in section 9). After
the short passage through this MPBL, MMS1 reentered the LLBL at ~0059:54 UT (D).

The magnetic and electric field and plasma parameters over the entire period shown in Figure 1 display sym-
metric patterns with respect to the center of the event period at ~0058:58 UT (the vertical cyan line), for
example, B, (B) ~40 nT initially, decreasing at ~0058:13 UT and dropping to around zero at ~0058:36 UT
(Figures 1b and 1c¢). After fluctuating around zero, B, (B) regains its positive value at ~0059:25 UT, and
recovers to LLBL values at ~0059:54 UT. Likewise, the ion moments (Figures 1d and 1f) and the ion and elec-
tron energy spectrograms (Figures 10 and 1p) show the overall variation pattern mirrored with respect to the
vertical cyan line. The overall MMS trajectory, therefore, had the following temporal sequence: LLBL, MPBL,
MPCS, MPBL, and LLBL, consecutively.

During D-B (B'-D'), B,,, changed sign from positive to negative at ~0058:26 UT (from negative to positive at
~0059:39 UT) between the two step decreases (increases) in B, (green arrows in Figure 1b; vertical dashed
lines, C and C’). The dominant component of the electric field is along the n direction (Figure 1c). E,, is mostly
positive during the both MPBL and becomes slightly negative around the MPCS (blue arrows in Figure 1c).
These magnetic and electric fields are related to the reconnection Hall fields that are discussed in more
details in sections 6 and 7. Within the MPCS (B-B’), B, shows a background (non-FTE) value of ~ —10 nT,
representing a guide field (section 9). The E,, is negative throughout the MPCS, mostly corresponding to
the southward drift of the MPCS (section 4). The negative E,, becomes intense during each magnetic hump
within the MPCS marked by blue/magenta shadings, which is detailed in section 7.

4, Local Normal and Propagation of Boundary Layers

To delineate the detailed structure and orientation of the boundaries between the LLBL and the MPBL (D and
D’), within the MPBL (C and C’), and between the MPBL and the MPCS (B and B'), we performed MVA using the
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Table 1

Boundary Normals at D to D' and Normal Propagation Vectors of B and B' in LMN (Amid-min Is the Medium-To-Minimum Eigenvalue Ratio in the Minimum

Variance Calculation)

D

C B B’ c D’

Time (UT)

~00:58:13

~00:58:26 ~00:58:36 ~00:59:25 ~00:59:39 ~00:59:54

Normal in LMN Narekmin = S/ Amid-min = 11.5 Amid-min = 9.0 Amid-min = 4.6 N = 92 Amid-min = 15.3
coordinates [0.29, —0.06, 0.95]  [0.64, —0.17, —0.75] [-0.81, —0.52, 0.27] [-0.78,0.22,0.58] [-0.19, —0.17,0.97] [-0.21, 0.06, —0.98]

Normal propagation
in LMN

v =129.2 km/s v =225.3 km/s v =169.3 km/s v =63.8 km/s
[0.59, —0.49, —0.63] [-0.99, —0.07, —0.12] [-0.80,0.08,0.59] [-0.38, —0.10, 0.92]

Table 2

magnetic field observations for each boundary crossing to determine a local boundary normal. The four
spacecraft with an average separation of 17.4 km were almost in a tetrahedron enabling us to also
estimate the normal propagation velocity of the MPCS and MPBL boundaries, C to C’, via timing analysis
(Paschmann & Daly, 1998). (B and B’ are highly gradual relative to the spacecraft separation, giving rise to
inaccuracies in timing.) We summarize the resulting local normals and propagation vectors in Table 1.

At the inner (closer to Earth) boundaries, D and D/, the normals are primarily along the n direction. At the out-
bound (toward the magnetosheath) and inbound (toward the magnetosphere) MPCS edges, B and B, (1) the
normals have a significant / component; (2) both MVA-derived normals and four-spacecraft-timing-deduced
normal propagation vectors qualitatively agree, indicating reliability of the minimum variance and timing
analyses; and (3) both edges propagate mainly along the negative / direction, that is, southward. The initial
outbound MPCS edge, B, with a negative V; of ~223.0 km/s moves faster than the later inbound boundary,
B, at V; » —135.4 km/s. To demonstrate (3), we performed timing analyses at various locations of the
MPCS between B and B’ (marked by “1” to “5” in Figure 1a), by finding the timings that give the best correla-
tion among the four spacecraft measurements of the magnetic field, combined with using specific features in
the magnetic field profile. Table 2 shows the result. The southward or —/ component of the current sheet
velocity is fastest close to B and gradually decreases toward B'.

5. Reconnection

The event is accompanied by negative V, plasma flows (Figure 1d), that is, mostly southward jets, indicating
MMS located within the outflow/exhaust region south of a reconnection X line (or X lines). The Walén relation
(Sonnerup et al., 1981) identifies a current sheet boundary layer as a rotational discontinuity consistent with

magnetic reconnection. The Walén test used here is Up — Uy ==, /%[ﬂBrz—Bﬂ , Where

1—on

AU; = U, — U, is the difference between the tangential components of the plasma velocity across the
boundary; By, , is the tangential component of the magnetic field; a = uo(py — p.)/B? is the pressure aniso-
tropy parameter; and the subscripts 1, 2 denote the two sides of the rotational discontinuity. We calculate
AU; o and AU, , corresponding to the left- and right-hand sides of the equation, respectively. The
upstream magnetosheath conditions (reference, “1”) are obtained from the data at ~0059:14 UT when B, is
most strongly southward, indicating the farthest spacecraft location into the magnetosheath (red arrow in
Figure 1a).

Figure Tm illustrates the degree to which two quantities obey the Walén relationship: R = | AUy op | /
| AU, | (blue profiles in Figure Tm) and 6, the angle between AU, ,, and AU, 4, in the plane tangential
to the magnetopause (red). A perfect Walén test would give R =1 and 8 = 0° or 180° for B,, < 0 and B,, > 0,
respectively. Blue arrows mark intervals when the relationship is satisfied relatively well: within the MPCS and

Normal Propagation Vectors of the MPCS at Multiple Locations in the LMN Coordinates

Between B and 1 Between 1 and 2 Between 2 and 3 Between 3 and 4 Between 4 and 5

Time (UT)
Normal propagation in LMN

~00:58:38 ~00:58:46 ~00:58:54 ~00:59:13 ~00:59:22

v =213.4 km/s v=191.9 km/s v = 183.9 km/s v =169.9 km/s v =133.5km/s

[-0.89, 0.22, —0.39] [-0.82,0.18, 0.55] [—0.90, 0.28, 0.33] [-0.97,0.16, —0.17] [-0.96, 0.29, 0.06]

Note. The body text refers to the boldface column.
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Magnetosheath

close to the inbound MPCS edge (B'). The facts that 8 ~ 170° during D-B
and >90° during B'-D’ are in accordance with the (slightly) increased B,
(Figure 1a) and enhanced southward jets (Figure 1d), as expected in an

exhaust region southward of an X line and earthward of the reconnecting
je_ current sheet. However, the R value is <0.5, possibly due to the imperfect

magnetosheath reference associated with the complicated magnetic field

topology. The ion bulk speed in the MPCS proper close to the local Alfvén

speed (magenta arrows in Figure 1n) still indicates ongoing reconnection.

\e- Large variations in both R and 6 within the MPCS also suggest a
complicated/corrugated magnetic topology.

6. Magnetic Field Topology-1

The symmetry of the overall event across the vertical cyan dashed line
(section 3) combined with the boundary normals and propagation
vectors (section 4) and reconnection signatures (section 5; further discus-
sion in this section) may lead to the interpretation of the observations in
terms of a spacecraft trajectory encountering the magnetopause as
shown in Figure 3. The schematic illustrates an FTE formed by multiple
X line reconnection occurring northward and southward of the MPCS
(B-B’). The variability of the electron pitch angle distributions within

Magnetosphere

(¢]
1

the MPCS (section 3) excludes an elbow-shaped FTE (Russell & Elphic,
\e' 1978) and a single X line model (Scholer, 1988; Southwood et al., 1988).

The ion bulk velocity (Figure 1d) show that (1) the bulk plasma flow is
dominantly southward; (2) the southward flow velocity decreases in
the MPCS between B and B’; and (3) across the center of the MPCS,
8V, shows a positive to negative change around ~ — 180 km/s. To
emphasize (2) and (3), we use a reference frame that can relatively well
represent the central MPCS. Timing analysis for the MPCS at ~00:58:54
UT near the center of the MPCS (bold letters in Table 2) gives the propa-

Figure 3. A simplified sketch illustrating a possible magnetic topology of a  gation vector of 183.9 km/s x [—0.90, 0.28, 0.33] in LMN. The ion bulk
multiple X line-model FTE formed between two X lines. Dashed cyan and velocity in this central MPCS proper (Figure 1e) shows jet reversals

yellow arrows show presumed trajectories of the spacecraft relative to the
FTE to compare MMS observations and expected observational features

along these trajectories.

(V; = ~ + 40 km/s at peaks) across the center of the FTE (red arrow).
[Error estimates (Gershman et al., 2015) in V, range < 3.4% (~7.8 km/s)
during the MPCS.] Counterstreaming flows toward the FTE center (red
arrows in Figure 3) are a key characteristic of multiple-X line FTEs. The
general trend of the positive and then negative change of V; also supports the MPCS bounded by two
X lines southward and northward of it. So either the observations (2) and (3) may support Figure 3,
although the flow reversal is seen only in the MPCS proper, or the schematic shown in Figure 3 cannot
explain (1) the overall southward drift of the event. We further examine whether or not the detailed field
and particle measurements support this speculation illustrated in Figure 3.

Asymmetric reconnection with no/moderate guide field (<0.5 B,) leads the quadrupole Hall magnetic field
(By) structure to be more bipolar and strong positive Hall electric fields (weakly negative E,,) to develop near
the magnetospheric separatrices (in magnetospheric- and magnetosheath-side Hall regions adjacent to the
current sheet; Mozer et al., 2008; Pritchett, 2008; Shay et al., 2016; Wang et al., 2017). During the outbound
MPBL crossing, D-B, the positive-to-negative change in B,,, and mainly positive E,, (Figures 1b and 1c) are,
therefore, consistent with the Hall fields expected when a spacecraft traverses the southern-to-northern
magnetospheric-side Hall region toward the current sheet (green arrows and symbols in the lower part of
the illustration in Figure 3). The current density displays typical signatures of an ion diffusion region: (1)
around D-B (green shades in Figure 1k) current densities parallel to B (J) change sign from negative to posi-
tive, associated with current-carrying electrons streaming toward an X line in the southern and northern side
of the X line, respectively (blue arrows in the lower part of Figure 3), as reported by Fujimoto et al. (1997) and
Nagai et al. (2001) and predicted by Egedal et al. (2005, 2008; see magenta and blue arrows in the lower part
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of Figure 3), and (2) enhanced perpendicular currents (Figure 11) represent Hall currents (Sonnerup, 1979). lon
velocities perpendicular to B (red profiles in Figures 1h-1j) significantly differ from the E x B drift (black) and
electron velocities perpendicular to B (blue), supporting an interpretation of MMS’ crossing ion diffusion
regions around C in the lower part of Figure 3. [The deviation between the ion and electron perpendicular
velocities seen in the LLBL might come from different penetrations of the magnetosheath electrons and ions
into the LLBL (Figures 10 and 1p) and/or the existence of the magnetospheric cold ions (Figure 10)].

For the later (inbound) MPBL crossing, B'-D’, ion perpendicular velocities again show notable disagreements
with the E x B drift motion (green shading in Figures 1h-1j). Simultaneous intensification of perpendicular
currents (Figure 11) may represent Hall currents. If the spacecraft followed the inbound trajectory passing
through the upper part of Figure 3, we would expect the repetition of the Hall field and Jyvariations as
observed during the former MPBL crossing (D-B), that is, positive-to-negative B,,, (with mostly positive E,,)
and negative-to-positive Jj around C' in Figure 3. However, B, changes sign in the opposite manner to our
expectation, that is, from negative to positive (Figure 1b), and J; shows an overall change in sign from positive
to negative (Figure 1k). The magnetic geometry for the later, inbound MMS trajectory, therefore, needs a cor-
rection. We note that the consistently southward motion of the MPCS boundaries (B and B’; Table 1) as well as
the central MPCS (A) excludes the possibility that the structures moved back and forth across the spacecraft
(as illustrated by the yellow dashed arrow in Figure 3).

7. Multiple FTEs

To construct a more complete picture of the magnetic topology, we discuss substructures embedded within
the MPCS. During the MPCS crossing (B-B’), the magnetic field strength shows multiple localized peaks
denoted by magenta/blue shading (Figure 1a). The central one (the magenta shading from ~0058:57.0 to
~0059:00.9 UT) peaks at ~51 nT corresponding primarily to an increase in the positive B, or negative B, com-
ponent (Figures 1a and 1b) from its background value of B, ~ —10 nT, which represents the guide field; B,
changes sign from negative to positive across the vertical cyan dashed line at ~0058:58 UT (Figure 1b); here
the trailing positive pulse/peak in the bipolar B,, is longer in duration than its negative counterpart, indicating
an asymmetric shape, which is also seen in By, profiles. These magnetic variations indicate that MMS traversed
a southward moving FTE. Similar variations in the magnetic field attend each magnetic-flux hump (Figure 1a)
marked with blue shading (during 0058:38.7-39.7, 0058:49.8-51.9, 0059:17.2-20.5, and 0059:21.4-24.8 UT).

Common features of those multiple transient structures include (1) enhanced negative E,, (Figure 1c) asso-
ciated with the E x B motion propagating southward along the MPCS, (2) total pressure increases at the cen-
ter of each structure (Figure 1g), (3) strong current density parallel to the local magnetic field, J (Figure 1k), (4)
energy-dependent electron pitch angle distributions: low-energy electrons are mostly antiparallel, mid-
energy ones are either perpendicular or isotropic, and high-energy ones are mainly parallel at the strong core
field at ~0058:39.1, 0058:50.5, 0058:58.1, 0059:18.4, and 0059:23.0 UT (Figures 1g-1s). Counterstreaming elec-
trons of magnetosheath (low-energy; antiparallel) and magnetospheric (high-energy; parallel) origin indicate
open magnetic topology with one end connected to the southern hemisphere. At the periphery of the FTEs,
the pitch angle distributions of low-energy electrons are centered at 90° pitch angles. Further away from the
FTEs, low-energy electrons are counterstreaming.

Figure 4 presents the MPCS crossing on an expanded time scale displaying physical quantities derived from
the four spacecraft measurements (except Figure 4e): (a) the four-spacecraft averaged magnetic field compo-
nents, B;, B,,, and B,, (red, green, and blue profiles), together with the magnetic strength (black); (b) the angle
between the four-spacecraft averaged magnetic field (Figure 4a) and the magnetic field measured at each
satellite (<15° during multiple FTE observations); (c) the magnetic curvature, (B - VB)/uo; (d) the gradient of
the total pressure, VP, (e) the low-energy (<100 eV) electron pitch angle distribution from MMST;
(f) the four-spacecraft averaged current density calculated from plasma moments; (g) the electron velocity
in the central MPCS frame; the current densities parallel (h) and perpendicular (i) to B calculated from the curl-
ometer technique using B (black) and estimated from plasma moments (magenta); and (j-I) the |, m, and n
components of the measured electric field (black), —(V;e x B;blue), J x B/ne (magenta), and —V-P, /ne (cyan),
where later three terms correspond to the motional/convective term, the Hall term, and the electron pressure
term, respectively, in the generalized Ohm’s law. Yellow profiles depict the sum of those terms for
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Figure 4. Expansion of the period of the MPCS crossing by MMS. (a) The four-spacecraft averaged magnetic field components, B, B,,, and B,, (red, green, and blue
profiles), together with the magnetic strength (black). (b) The angle between the four-spacecraft averaged magnetic field and the magnetic field measured at
each satellite. (c) The magnetic curvature (B - VB)/uq. (d) The gradient of the total pressure, VPyotal. (€) The low-energy (<100 eV) electron pitch angle distribution
from MMST1. (f) The four-spacecraft averaged current density calculated from plasma moments. (g) The electron velocity in the central MPCS frame. The current
densities (h) parallel and (i) perpendicular to B calculated from the curlometer technique using B (black) and estimated from plasma moments (magenta). (j-I) The |,
m, and n components of E (black), —(V;e % B;blue), J x B/ne (magenta), and —V-Fe /ne (cyan), and the sum of the last three terms (yellow). (m) Joule dissipation

in the electron frame, J - EI =J . (E + Ve % B), compared with V. - (J x B), indicating energy transfer between magnetic and bulk kinetic energy (cyan) and V._,-(V-Fe)

representing energy transfer between bulk kinetic and thermal energy (red). Green and red bars at the top of panels indicate intervals when MMS observed the LLBL
and MPBL, respectively.

comparison with the measured electric field (black). Figure 4m shows Joule dissipation in the electron frame,
J-E=J-(E+ V. x B), compared with V. - (J x B), indicating energy transfer between magnetic and bulk
kinetic energy (cyan) and Ve'(Vf"e) representing energy transfer between bulk kinetic and thermal energy
(red; Birn & Hesse, 2010).

During each transient feature (denoted as blue/magenta shading), the strong Jj (Figure 4h) coincides with
local enhancements in negative J,, (Figure 4f), the electric current along the core (axial) field of the
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structure (Figure 4a). Away from the core region, perpendicular currents become dominant at the
leading/trailing edges (Figure 4i). This is expected for a flux-rope type FTE. Figure 4c displays a series of iso-
lated fluctuations in the magnetic curvature, showing one-to-one correspondence with the magnetic-flux
humps (Figure 4a). The positive-to-negative change of the | component of the magnetic curvature during
each transient (red profile in Figure 4c) represents the southern-to-northern portion of an FTE. The intermit-
tent occurrence of these bipolar signatures can be interpreted as evidence for multiple (at least, five) south-
ward moving FTEs. In a steady state FTE, the magnetic tension force directed toward the FTE center is
balanced by the pressure gradient force pointing away from the center, (B - VB)/uo — VPiotal = 0. The pressure
gradient, VP4 (Figure 4d) demonstrates qualitative and reasonably quantitative (except the first feature
detected at ~0058:39 UT) agreement with the magnetic curvature force (Figure 4c). These observations
strongly indicate t