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Abstract On 12 November 2015 the Magnetospheric Multiscale (MMS) spacecraft traversed the
magnetopause from the magnetosphere to the magnetosheath encountering evidence of magnetic
reconnection and a tiny flux transfer event (FTE) on the magnetosheath side of the magnetopause
boundary layer. The FTE exhibited a large negative-positive bipolar variation in the normal magnetic field
component (By), an enhanced (negative) north-south component direction (B, ), and a variation in the
third component B,, resembling a “W” shape with negative values close to the edges and positive values
near the center. Using the tetrahedron formation, we estimate that the FTE moved southward and
duskward with a speed of V; = 324 km/s. The FTE size in the transverse direction is 518 km, which
corresponds to 4.42 ion gyroradii. We identify an internal layer where the electron bulk flow velocity
exhibits different behaviors at each of the four spacecraft and the current density was more intense at two
spacecraft. Within the FTE's core region, the ion bulk flow behavior was similar for all four spacecraft.
Using the velocity obtained from timing analysis, we estimate a dimension of this core region to be

181.4 km, which corresponds to 1.5 ion gyroradii. It is evident that the internal region is not large enough
to affect the ion behavior but can do so for electrons. We conclude that the FTE's core is an electron-scale
substructure.

1. Introduction

Magnetic reconnection is a fundamental phenomenon in plasma physics. It is defined as a topological
restructuring of magnetic fields due to changes in magnetic connectivity (Priest & Forbes, 2000). In the
Earth's magnetosphere, magnetic reconnection is responsible for mass, energy, and momentum exchange
between the magnetosphere and solar wind (Dungey, 1961). Depending on the solar wind conditions, mag-
netic reconnection can be steady or transient in time and large scale or patchy in space (Heppner, 1972;
Paschmann et al., 2013; Phan et al., 2004; Retino et al., 2005; Russell & Elphic, 1978). Its consequences
can be observed as a disturbance of plasma convection in the magnetosphere, injection of particles into the
high-latitude ionosphere, and magnetic field variations measured on the ground (Birn et al., 2012; Lockwood
& Smith, 1994; Sanny et al., 2002).

Flux transfer events (FTEs) have been interpreted as a result of transient magnetic reconnection, and they
are frequently observed in the vicinity of the Earth's magnetopause (Russell & Elphic, 1978, 1979), as well
as at other planets (Jasinski et al., 2016; Russell, 1995). FTEs are structures connecting the magnetosheath
to the magnetosphere, allowing the transfer of plasma across the magnetopause. They are generated in the
reconnection site and dragged off by pressure gradients and Lorentz forces along with the outflowing plasma.
During their motion, FTEs create disturbances in the surrounding plasma and magnetic field orientation.
FTE signatures are most readily identified when placed in the boundary normal coordinate system intro-
duced by Russell and Elphic (1978). (It will be discussed in section 3.) In this coordinate system, events can
be commonly recognized by a bipolar variation in the magnetic field component By normal to the nominal
magnetopause boundary centered on a magnetic field strength enhancement. The polarity sign of the vari-
ation in the By component depends on the relative motion between the FTE and the observing spacecraft.
A positive-negative By, variation is referred to as direct or standard and is due to an FTE moving northward
from the reconnection line. On the other hand, a negative-positive By polarity is consistent with an FTE
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moving southward from the reconnection line, and in this case it is named reverse (Rijnbeek et al., 1982).
In addition to the magnetic field, FTEs can exhibit plasma features such as mixtures of magnetosheath and
magnetospheric plasma, accelerated ion and electron bulk flows, and temperatures and number densities
with intermediate values between the two regions (Paschmann et al., 1982; Russell & Elphic, 1978).

Surveys have reported that FTEs can be observed along the entire dayside magnetopause surface although
there is no general consensus where they are generated nor how far they can travel before evolving or
disappearing. They occur preferentially during intervals when the north-south component B, of the inter-
planetary magnetic field (IMF) is southward, corroborating the hypothesis that FTEs are generated by
magnetic reconnection (Berchem & Russell, 1984; Rijnbeek et al., 1984). The spatial dimensions of the
structure can reveal the flux content and energy transferred to the magnetosphere and also the size of the dis-
turbance they can generate locally (Sibeck & Lin, 2010). Fear et al. (2008) used multipoint measurements to
estimate that FTEs observed by the Cluster mission (Escoubet et al., 2001) extended for at least 10,000 km in
the azimuthal (approximately east-west) direction, which corresponded to the maximum separation among
the spacecraft for that period. Several other studies addressed FTEs cross sections. They reported scale
sizes ranging from 1 to several Earth radii (R;) (Rijnbeek et al., 1984; Russell & Elphic, 1978; Saunders
et al., 1984). However, numerical simulations have suggested the frequent occurrence of small flux ropes
and their importance for particle acceleration during reconnection (Chen et al., 2008; Drake et al., 2006).
Observations of such small structures by previous missions were limited by the instrument time resolution
(Fermo et al., 2011). The limited resolution enables FTEs to be studied that had durations no shorter than
1 min (Elphic, 2013; Smith et al., 1986). Later, cases of small FTEs were reported by Fear et al. (2007) and
Owen et al. (2001) with dimensions on the order of 0.8 R; presenting internal core region structures with spa-
tial scales of the order of ~600 km. Recently, work by Akhavan-Tafti et al. (2018) reported Magnetospheric
Multiscale (MMS) observations of FTEs with nominal diameters of 1,700 km (~30 ion inertial lengths) and
a mean magnetic flux content of 100 kWb.

How FTEs are generated by reconnection is not totally clear, and some of the models that address this
question differ in the number of reconnection lines involved and the length of these reconnection lines.
Russell and Elphic (1978) introduced the elbow-shape model where an FTE is generated by one short recon-
nection X-line enabling the connection of magnetosheath and magnetospheric magnetic field lines. Lee
and Fu (1985) invoke multiple reconnection lines to generate FTEs with near circular cross sections. The
extent in the azimuthal dimension is determined by the reconnection X-line length. A third model based
on one reconnection line was proposed by Southwood et al. (1988) and Scholer (1988). Different from the
elbow-shape model, in this model the azimuthal dimension lies along the reconnection line and the FTE
has the shape of a bulge. A complete review of these models can be found in Fear et al. (2008). Only with
analysis of the entire magnetopause crossing and the magnetic reconnection itself it is possible to evaluate
which model best explains individual FTEs.

The MMS mission (Burch et al., 2016) was launched in 2015 with the goal of revealing the mechanisms of
magnetic reconnection on kinetic scales. The small distances between the spacecraft and the high time res-
olution of the instruments enable observations of structures like small FTEs and substructures within them.
Eastwood et al. (2016) used MMS observations to report FTEs with cross section of 0.17 R; (approximately
7 ion inertial length) where ions exhibit a non-frozen-in behavior. Hwang et al. (2016) also reported a trans-
verse small-scale structure with counterstreaming electrons suggesting the existence of open field lines at
the FTE's core. Ion-scale FTEs with multiscale coupling have also been observed at the magnetopause and in
the turbulent magnetosheath (Huang et al., 2016; Zhong et al., 2018). Akhavan-Tafti et al. (2018) investigated
ion-scale FTEs at the subsolar magnetopause, which exhibit a force-free nature, whereas Zhao et al. (2016)
and Farrugia et al. (2018) reported observations of non-force-free FTE structures. Other studies connect-
ing small transient structures, FTE-like and flux ropes, with energy dissipation using MMS data, have been
reported on the dayside (Jiang et al., 2019) and in the magnetotail (Huang et al., 2019).

We present MMS spacecraft observations of a magnetopause crossing with evidence of magnetic reconnec-
tion and a magnetosheath excursion with enhancements in the total magnetic field strength centered on
bipolar By signatures on four occasions on 12 November 2015. The first of such magnetic field enhance-
ments was observed at 07:06:00 UT and the other three between 07:08:00 and 07:09:00 UT. These magnetic
field variations along with local plasma acceleration are consistent with the signatures of FTEs. The largest
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variation in the magnetic field By, component was observed during the first FTE, which will be discussed in
detail in this paper.

2. Data

We use data from the MMS (Burch et al., 2016) for magnetopause observations and the Advanced Compo-
sition Explorer (ACE) as a solar wind monitor (Stone et al., 1998). During Phase 1A, when the observations
were made, the MMS mission comprises four spacecraft in highly elliptical equatorial orbits. During this
particular event MMS spacecraft were arranged in a tetrahedral formation with separations between 12 and
20km and with a tetrahedron quality factor of TQF = 0.8 (TQF equal to unity represent a perfect tetra-
hedron. For more details, see Fuselier et al., 2016). The spacecraft are identically equipped with fluxgate
magnetometers (FGM) (Russell et al., 2016), fast plasma investigations (FPI) (Pollock et al., 2016), energetic
particle detectors (EPDs) (Mauk et al., 2016), and electric field instruments in the form of the spin-plane dou-
ble probe (SDP) (Lindqvist et al., 2016) and the axial double probe (ADP) (Ergun et al., 2016). We used the
magnetic field data from the FGM at survey and burst resolutions with cadences of 62.5 and 7.81 ms, respec-
tively. For the plasma data, we used the FPI instrument with a cadence of 4.5 s in survey data for the period
that contains the magnetopause crossing and for the FTE analysis we used the highest resolution available,
that is, 150 ms for ions (dual ion spectrometer) and 30 ms for electrons (dual electron spectrometer) (burst
data). The electric field data used have a time resolution of 122 ps.

Using the solar wind speed observed by ACE satellite, we estimate the time in which the magnetic struc-
tures spend to travel from the L1 libration point to the nose of the bowshock (not shown here). Assuming
the magnetic field traveling on a planar surface with the solar wind speed, we found an average time shift
of 53.6 min. After time shifting ACE's magnetic field data to the bowshock nose location, we performed
a 5min average of each IMF component to determine the prevalent IMF orientation immediately before
the observed FTE. The averaging interval thus went from 07:01 to 07:06 UT, and the calculated IMF vec-
tor is (-2.24, -1.07, -2.07) nT in geocentric solar magnetospheric (GSM) coordinate system. The magnetic
shear angle of 155° between the time-shifted IMF and the magnetospheric magnetic field favors component
reconnection in the magnetopause's subsolar region (Gonzalez & Mozer, 1974). However, when we con-
sider the magnetic field in the magnetosheath region adjacent to the magnetopause (between 07:05:27 and
07:05:39 UT), as observed by MMS, the local shear angle is 166°. Earth's magnetic dipole tilt is -25.3° for
this event, according to the Tsyganenko (1996) model.

3. Observations
3.1. Magnetopause Crossing

On 12 November 2015 the MMS mission traversed the magnetopause from the magnetosphere to the magne-
tosheath on an outbound trajectory. During the crossing, MMS observed a magnetic field rotation combined
with accelerated flows, which are consistent with evidence for magnetic reconnection and also FTEs on
the magnetosheath side of the magnetopause boundary. To describe the complete scenario, Figures 1la-1g
present an overview of magnetic field and plasma parameters observed by the MMS3 during the 10 min
following 07:02:00 UT. On the right side of Figure 1, that is, on panels h and i, sketches are shown with a
proposed time sequence of the events observed by MMS. We omitted observations for the other MMS space-
craft because they show similar features at the survey data resolution, as expected for such small spacecraft
separations.

We employed minimum variance analysis on the magnetic field vectors (MVAB) (Sonnerup &
Scheible, 1998) to determine the normal component in the boundary coordinate system during the mag-
netopause crossing. The MVAB technique was employed on each spacecraft individually during their
magnetopause crossings for different time intervals. The spacecraft were located near to the subsolar region
at (11.5, 2.2, -1.7) R in the GSM coordinate system. At this location we expect the boundary coordinate
system to lie near to GSM coordinates with the N component pointing in the direction normal to the
magnetopause current sheet. We choose the MVAB result from MMS3 based on the best eigenvalues ratio
Ao/ Aime = 25.2 and A,/ Ay, = 6.35) in the time interval 07:04:21-07:04:40 UT, as marked by the dashed
red lines (3 and 4) in Figure 1. The selected interval contains 304 measurements. To compute the boundary
coordinate system (LMN), we choose the eigenvector with the maximum variance as the (northward) com-
ponent (L). The third component is given by the intermediate variance eigenvector, (M), pointing dawnward.
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Figure 1. From (a)—(g) is shown an overview of magnetic and plasma parameters observed by MMS3 during 10 min period following 07:02:00 UT. (h)-(j) depict
sketches of MMS trajectories and the encounter with the FTE as interpreted from the in situ observations. The numbered vertical dashed lines correspond to
the regions observed by MMS, and they represented on panels (h) to (j). Further explanation can be found in the text.

We also determined the boundary coordinate system using the nominal magnetopause location obtained
from the Shue et al. (1998) model. In a similar way it is possible to calculate the normal vector to the magne-
topause at any given location thus providing the n component. The dawn-dusk component m is calculated
by m = n X z,,,, where z,, = (0,0, 1] in GSM and the north-south 1 component is calculated by 1 = m xn.
Table 1 compares the unit vectors in GSM of the MVAB and unit vectors obtained from the Shue model. The
vector N component from LMN and n component agree within an angle of ~18°; thus, we will use the LMN

coordinate system for this study.

Table 1
MVAB and Shue Et Al. (1998) Model Results

(1) MVAB

N = min = [0.890,0.153, —0.428]
M = int = [0.274, —0.931, 0.236]
L = max = [0.362,0.328,0.872]

(2) Shue et al.
n = [0.981,0.152,-0.117]
m = [0.153, —0.988,0.000]
1=1[0.116,0.018,0.993]
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The magnetopause crossing displays a sharp variation in the magnetic field strength and direction. Figure 1a
shows the total magnetic field (Bt) and its components (B;,,y). The total magnetic field Bt, represented by
the black line, is strong and stable with values around 36 nT inside the magnetosphere, and the magnetic
field vector points mostly in the northward L direction (before 07:04:25 UT—Line 3), while in the magne-
tosheath (after 07:06:10 UT—Line 7) the total field strength values decrease to approximately 15 nT. During
the magnetopause crossing (between Lines 3 and 4), Bt reaches a minimum value of 0.7 nT. There is a rota-
tion of the B, component, represented by the blue line, from positive values inside the magnetosphere to
negative values in the magnetosheath. Also, the B,, component, represented by the green line, changes its
orientation across the magnetopause. After the magnetopause crossing, MMS3 observed a boundary layer
(before Line 5) for approximately 30s, where the values of B; component are positive but lower than the
values inside the magnetosphere (Line 1) followed by a full magnetosheath excursion (after Line 5). Plasma
parameters also change drastically throughout the magnetopause crossing. Variations in the ion and elec-
tron bulk flows can be observed in Figures 1b and 1c (which will be discussed in detail later in this section).
Figure 1d shows the expected increase of the number density for ions and electrons across the magnetopause
from the magnetosphere and into the magnetosheath. Figure 1e shows the dominance of the magnetic pres-
sure (Py = Bt?/2y,) inside the magnetosphere, while the plasma thermal pressure (P, = nkyT,,,, Where
kg is the Boltzmann constant) dominates in the magnetosheath. Figures 1f and 1g show the energy spectra
for ions and electrons, respectively. It is possible to distinguish the higher (> ~8 keV) energy particle pop-
ulation inside the magnetosphere from the lower particle energy population in the magnetosheath region.
During the magnetopause crossing and the boundary layer incursion, MMS observed a clear reconnection
jet in the southward direction (V;; <0) with a negative V;;, (i.e., a duskward) component.

To identify magnetic reconnection, we compared the ion outflow jet (V,,) with the hybrid Alfvén velocity
(V,) predicted by Cassak and Shay (2007). Asymmetric reconnection is identified when the jet speed is
within 25% of the predicted hybrid Alfvén velocity (Walsh et al., 2014). The ion jet velocity is obtained by
subtracting the reconnecting component of the exhaust velocity (|V;; | = 350km/s) at 07:05:10 UT from the
background flow in the L direction at 07:07:30 UT (|Vjcigrounal = 120km/s). The predicted ion Alfvén is
determined by V = Bg;,Bg,(Bgj, +Bs,)/ to(ps Bsp+ps,Bsn), Where B = | B, | is the reconnecting component of
the magnetic field, p is the ion mass density, and the subscripts Sh and Sp correspond to the magnetosheath
and magnetosphere, respectively. We choose times when the parameters are stable in the magnetosphere
(07:03:30UT) and in the magnetosheath (07:07:30 UT) to collect these values. For the respective values:
[Bs, = 36nT, ng, = 0.12cm™] and [Bg, = 16.5 nT, ng, = 8 cm™3], we found V, = 226km/s and V},, =
230km/s. The outflow jet and the predicted Alfén velocities are comparable, which is an evidence of the
magnetic reconnection process.

After leaving the reconnection exhaust region, the MMS spacecraft observed an FTE with a clear and strong
bipolar signature in the By component centered on an enhanced total magnetic field (Bt) in the magne-
tosheath at 07:06 UT (Lines 6 and 7 in Figure 1). The structure passed by the satellites very quickly, but it is
well observed by the high-resolution MMS instruments. Other FTE-like structures (marked by small arrows)
were also observed in the same region, at 07:07:51, 07:08:12, and 07:08:34 UT, just before the satellites crossed
the magnetopause for the second time around 07:09:30 UT.

Figures 1h-1j show sequential magnetic field topologies that best describe the observations from 07:02:00
to 07:06:10 UT, when MMS cross the magnetopause from the magnetosphere (“Sp”) to the magnetosheath
(“Sh”). The black solid lines depict the magnetic field on both sides of the magnetopause. The arrows indi-
cate the magnetic field orientation in the LN coordinate system plane. The cyan line indicates the MMS
trajectory across the magnetopause. The MMS spacecraft are represented by the four colored dots, but for
simplification the distances among them are out of scale. The numbers correspond to the features marked
by the labeled dashed lines in Figures 1a-1g. MMS3 was initially in the magnetosphere, as described above,
which is on the left side of Figure 1h. After Instant Number 2, MMS3 recorded a strong northward-dawnward
electron jet (+V,; , +V,,) inside the magnetosphere on the order of 570 km/s denoted by the orange arrow.
The strong northward electron jet near the magnetopause and the absence of ions moving in the same
direction indicate the electron edge (Gosling et al., 1990; Qieroset et al., 2015) of a magnetic reconnec-
tion region located northward of the spacecraft. The electron edge is indicated by the orange solid line in
Figure 1h. Nearer to the magnetopause at 07:04:20 UT, there is a reversal in the electron velocity (marked by
Line 3) followed by a southward ion jet (red arrow) and the magnetopause crossing (between Instants 3
and 4). Just before Instant 4, B; reverses to southward and Bt is minimum indicating that MMS3 crossed
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the magnetopause current layer. In the sequence (between 4 and 5), B, turns from positive to negative val-
ues at the same time that strong ion and electron southward jets are observed corresponding to the outflow
region of a reconnection line located northward of the spacecraft location. The B; rotation is interpreted
as the forward and backward motion of the layer making MMS3 observe the magnetopause edge closer to
the magnetosphere at the first moment (Line 4) and the subsequent observation of the edge closer to the
magnetosheath (Line 5). Figure 1i corresponds to the instant when MMS3 is in the magnetosheath just
before the FTE encounter. In this region, MMS3 did not observe reconnection jets but only the magne-
tosheath bulk flow. Figure 1j corresponds to the time after the FTE passes by MMS3, indicated by the blue
arrow, with the negative-positive bipolar variation of By indicating southward motion of the structure. At
this region the MMS spacecraft moves with speed of 1 km/s approximately, so the relative motion is due to
the structures passing through the spacecraft. Note the time sequence of the events observed: reconnection
jet—magnetosheath flow—FTE. There is no evidence of a reconnection line southward of MMS3 after the
FTE is observed.

Also, assuming that an FTE formed by two reconnection lines is a closed structure, we expected to observe
counterstreaming flows toward the center of the FTE from both reconnection lines. Similar signatures in
the pitch angle are expected for multiple reconnection lines, where electrons streaming toward a line from
the southern and northern sides as suggested by Hwang et al. (2018) and Qieroset et al. (2011). We will show
later that ion and electron flows inside the FTE are only southward and the electron pitch angle distribution
in Figures 2p and 2q show electrons streaming parallel to the magnetic field. We understand the pitch angle
signature plus the absence of other reconnection signatures require us to invoke the single reconnection line
model. Consequently, the FTE generation mechanism is consistent with an intensification of reconnection
at a preexisting reconnection line and the formation of a southward moving bubble, as in the model of
Southwood et al. (1988) and Scholer (1988).

3.2. FTE Structure and Motion

Figure 2 shows MMS3 observations from 07:06:00 to 07:06:08 UT. Similar signatures are clearly observed
by all MMS spacecraft. Figure 2a shows a large negative-positive bipolar variation in the normal magnetic
field component (By, red line), from -20 to 25nT. The north-south component direction (B, blue line)
depicts an enhancement to negative values (~ -38 nT). And the third component (B,,, green line) exhibits
negative values close to the edges of the FTE and positive values at the center indicating a “W” shape at
07:06:04 UT. A W-shaped B,, signature is expected when crossing a flux rope with a strong core magnetic
field in the dawn-dusk axial direction as suggested by Fear et al. (2012), which is consistent with a long
reconnection line models. Figure 1b shows that the magnetosheath plasma bulk velocity is southward. The
ion bulk flow velocity observed by MMS3 exhibited a southward enhancement (~ -280km/s) during the
FTE at 07:06:04 UT (-V;; ), which is consistent with the negative-positive By polarity indicating a southward
moving FTE.

Accelerated flows are seen more clearly in the electron velocity, mainly in the V,; component that indicates
a strong southward enhancement at 07:06:03.8 UT in Figure 2c. Figure 2d shows the electric field. The Ej,
component exhibits positive values (~4 mV/m) outside the structure, that is, immediately to the left of the
leftmost vertical dashed line. Right after, that is, from 07:06:02 UT onward, E,, changes to negative values
(~ -5mV/m) near the leading pulse (negative By variation) at 07:06:02 UT. In this region E,, increases to
6mV/m and E; fluctuates between +4 mV/m. Near the core of the FTE, that is, ~07:06:04 UT E, becomes
positive reaching ~10 mV/m, whereas E,, exhibit a positive to negative bipolar pulse inside the FTE from
~7 to ~ -10mV/m. Electron and ion densities in Figure 2e show two depletions centered on the By peaks
at 07:06:03.5 and 07:06:04.1 UT, but both increase again close to the center at 07:06:03.8 UT. However, the
density of both species at the structure's core remains slightly lower than in the magnetosheath. Ion and elec-
tron temperatures are shown in Figures 2f and 2g). The ion temperature shows an enhancement inside the
FTE for both the parallel and perpendicular components, whereas the electron temperature parallel to the
magnetic field exhibits an increase in the core region and decrease in the edges. Akhavan-Tafti et al. (2019)
show that particles are cooled at the trailing edge due to a relaxing field topology, which is consistent with
the observation presented in this work.

The MMS tetrahedral formation enables current density determination using the curlometer technique
(Dunlop et al., 2002; Robert et al., 1998). This technique is based on the assumption that this magnetic field
varies linearly between the spacecraft in the tetrahedron to ensure a constant current over the spacecraft
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Figure 2. (a-r) Magnetic field and plasma data showing the FTE observed by MMS3 during the time interval from
07:06:00 to 07:06:08 with data 1,024 data points. The vertical dashed lines indicate the negative and positive peaks
of By.
volume. We employed the curlometer technique to determine the current density (CurlB) of the structure,
which is shown by the red lines in Figures 2h-2j. The results can be compared with current densities from
the FPI moments (black line in Figures 2h-2j), since Jpp; = nge(V, — V;) where n, is the number density,
assumed to be the same for ions and electrons, e is the elementary Coulomb charge, and V, and V; are
the electron and ion velocities, respectively. Both results agree very well, demonstrating that variations in
the current density are physical. The total current density (Figures 2h) exhibits a small peak (filament) just
before the FTE's leading edge at 07:06:02.5 UT (just to the left of the leftmost vertical dashed line), a similar
SILVEIRA ET AL. 7 0f 13
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peak was reported by Eastwood et al. (2016) but associated with the magnetopause edge of the structure.
There is no similar structure on the trailing edge at 07:06:04.5 UT. The current has a large peak in the core
of the FTE in the direction antiparallel to the magnetic field. Comparison between parallel and perpendic-
ular components of the current shows that J,,,, is stronger than J,,,,, by a factor of 3, suggesting a nearly
force-free nature for the structure. As expected, the FTE exhibits a pressure imbalance, with the magnetic
pressure (Bt?/2u,) increasing in the structure's core while the thermal pressure (nkT,,,,;) decreases, result-
ing in an over pressure at the core as shown in Figure 2k. Following Equation 2 of Paschmann et al. (1982),
we can estimate the pressure balance across the event: A(p+ Bt?/2u,) = B,(B}, —By,)/4x, the first term is the
total pressure variation inside and outside the FTE and the second term is an estimation of the magnetic cur-
vature considering the Bt as the total field outside the FTE, and Bf; and B, are the maximum and minimum
values of By. Comparing both terms of the equation, it is found that the pressure gradient force is greater
than the curvature force by a factor of 2, suggesting the structure is expanding. Figures 21-20 show ion energy
and pitch angle distributions. Particles with energies from 0.1 to 1 keV (n) and 1 to 30 keV (o) stream parallel
to the magnetic field inside the FTE, in the region between the vertical dashed lines. The energy distribu-
tion and pitch angle for electrons exhibit a similar behavior as shown in Figures 2p-2r where electrons with
energies from 200eV to 2keV flow aligned to the magnetic field. The streaming particle motion provides
evidence that one end of the FTE is connected to the solar wind and the other to the southern ionosphere,
consistent with the southward motion and generation below the reconnection line (Scholer, 1988).

Figures 3a-3d compare the magnetic field, electron flow speed (e-h), electric field (i-1), and the current den-
sity (m-p) obtained from the curlometer technique and FPI moments observed by all four MMS spacecraft
during the FTE crossing. The magnetic features observed by the spacecraft are similar. The B,, components
observed by MMS1 and MMS?2 are slightly more intense than those seen by MMS3 and MMS4. No difference
can be observed in the ion flow velocities (not shown here). However, a critical difference is observed in the
V . component of the electron bulk flow (Figure 3g). Near the FTE center at 7:06:03.8 UT MMS1 and MMS2
observed positive values of V,;, around 570 and 255km/s respectively, while MMS3 and MMS4 observed
lower values of V,,, around -140 km/s. The influence of the electron bulk flow can be observed in both the
electric field observation and in the current density calculated from the FPI moments. MMS1 and MMS2
observe a small values of E,, component close to the core of the FTE, whereas MMS3 and MMS4 observe
peaks in Ey in the same region. This is also true for the J,, component observed by MMS1 and MMS?2, as
shown in panel o.

We subtracted the background magnetic field to analyze the FTE symmetry. We calculate the background
magnetic field By = 4.6 nT before the FTE encounter between 07:05:51 and 07:05:57, when the magnetic
field was more steady. We found that the leading pulse is stronger than the trailing pulse, -24.6 and 20.4 nT,
respectively. The ratio between these values demonstrates that the FTE is an asymmetric structure. (Note:
The magnetic field background has not been subtracted in Figure 3.) MMS3 and MMS4 spent more time
crossing the FTE, that is, 1.61 and 1.63 s, respectively, from By, peak to peak, than MMS1 and MMS2, which
crossed both FTE's edges in 1.60 and 1.57 s, respectively. We can use the MMS spacecraft to estimate the
FTE's speed (V p) and direction of motion (Harvey, 1998). We considered the time and location differences
between the Bt maximum observed by MMS1 and the other MMS spacecraft. The velocity can be obtained
by (r, — r;) - A = Vprg(t, — t,), where a indicates MMS 2, 3, and 4. Our analysis indicates that the FTE
moved southward and duskward with a speed of V r; = 324 km/s and direction (-0.04, 0.15, -0.99) in GSM
coordinates. When we consider the average time in which the spacecraft takes to go through the structure,
the event has a cross section of 518 km.

The FTE's cross-section dimension can be compared with local characteristic plasma lengths such as the
ion and electron inertial lengths di and de, respectively. Taking the ion and electron numerical densities in
the magnetosheath region in the vicinity of the FTE as ~7.7 cm~3, the ion and electron inertial lengths are
di = 82km and de = 1.9 km, respectively. Therefore, the FTE's cross section would be about 6.3di, which
is comparable to dimensions previous found for ion-scale flux ropes at the Earth's dayside magnetopause
(e.g., Eastwood et al., 2016). In terms of the ion gyroradius p;, the FTE's cross section would be ~4.4p; (p; =
117.4km). Also, we estimate the spatial dimension related to the region within the FTE's core where the
electron bulk flow intensities departure significantly from background values. We then take the region, for
both MMS1 and MMS2, where the electron total velocity (V,,) is higher than the surrounding values, and
such a region is demarcated by the vertical dashed Lines 2 and 3. We define this region as the FTE core's
cross section. Considering the time of about 0.56 s that MMS1 and MMS2 satellites took to cross the FTE
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Figure 3. A comparison of magnetic field and plasma data in the time interval between 07:06:02 and 07:06:06 UT
observed by all four MMS spacecraft, indicated by colors. The vertical dashed Lines 1 and 4 indicate the negative and
positive peaks of By. Lines 2 and 3 show the time interval when MMS1 and MMS2 crossed the core of The FTE.
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Figure 4. A sketch out of scale showing the MMS1 and MMS2 trajectories through the FTE's core where a strong V
is observed and MMS3 and MMS4 passing outside the core, observing the Ejy component.

core's cross section, the inferred diameter is 181.4 km, which is only 2.2di and ~1.5p;. In terms of electron
inertial length an electron gyroradius scales the FTE core's cross section is 95.5de and 221p,, respectively,
where de = 1.9 km and p, = 0.82 km.

4. Discussion and Conclusions

We presented MMS observations of an outbound magnetopause crossing. Magnetic reconnection was iden-
tified based on the accelerated ion and electron southward jets during the magnetopause crossing. Also, the
strong southward magnetosheath magnetic field, making a shear angle of ~166° with the magnetospheric
field is favorable for dayside magnetic reconnection near to subsolar region. A northward electron jet is
observed on the magnetospheric side, indicating the satellites entered an electron layer south of the recon-
nection line. Nearer to the magnetopause, southward ion and electron jets indicate the satellites crossed the
outflow region southern of the reconnection line. The ion jet was faster on the magnetosheath side. About
1.5 min after MMS crossed the magnetopause all spacecraft observed one very small FTE. The time sequence
of the observation indicates that the FTE was generated by an intensification of reconnection at a preexisting
reconnection line, which became bursty as suggested by Southwood et al. (1988) and Scholer (1988).

The FTE structure shows a large negative-positive bipolar variation in the magnetic field component
(By) normal to the nominal magnetopause, from -20 to 25nT, indicating a southward moving event.
MMS observed enhanced southward (—V;;) flow velocities consistent with the motion inferred from the
negative-positive By polarity. The suprathermal electrons streaming aligned to the magnetic field are also
consistent with the reconnection line location. Using the curlometer technique, we inferred a strong current
antiparallel to the magnetic field inside the FTE. The field-aligned current is approximately 3 times higher
than the perpendicular current inside the FTE, indicating that the FTE has an approximately force-free
nature.

All four MMS spacecraft observed similar magnetic field signatures, including almost the same duration for
the peak to peak FTE By, signature (~1.6s). A slight difference in the B,, components is observed, which may
indicate that MMS1 and MMS2 crossed the FTE closer to its core than MMS3 and MMS4. These differences
can also be observed in the electron flows, electric field measurements, and the current density calculated
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from the FPI moments. MMS1 and MMS2 observe weak E,, components near the FTE's core, while MMS3
and MMS4 observe higher values for E, during the same interval. The E, suppression near the FTE's core
observed by MMS1 and MMS2 can be explained as follows: Since E = —V X B, the dawnward-southward
electron flow plays a crucial role in generating E),. Considering the E, component, thatis, Ey = —(V, By —
VBr)- Inside the interval delimited by the dashed Lines 2 and 3 in Figure 3g for MMS1 and MMS2, the
electron jet in V,,, changes direction and aligns with the core magnetic field direction. On the other hand,
for MMS3 and MMS4 V,,, does not change; that is, it remains negative. It shows that E is balanced by the
V . inside the core region. We claim that MMS1 and MMS2 crossed the FTE's core and MMS3 and MMS4 do
not reach this region. Then, this can explain the differences observed in the electron V,,, component among
the MMS spacecraft. In Figure 31, Ey is suppressed near the FTE's core (black and red lines) showing that
VB, in the core region balances V,; B,. Figure 4 shows a schematic of the FTE structure for the present
study. MMS1 and MM2 observed a strong V,, jet only in the core region, which is between horizontal dashed
Lines 2 and 3. These differences can also be inferred from the J,, component. MMS1 and MMS2 observe a
stronger current than MMS3 and MMS4, which is reasonable since J is related to Ve.

We used timing analysis to determine the FTE motion and speed. Our analysis indicates that the FTE moves
southward with a speed of V. = 324 km/s and direction (-0.04, 0.15, -0.99) southward and duskward. The
FTE moves faster than the surrounding plasma bulk flow (~150 km/s) and comparable with the ion plasma
bulk flow inside the FTE (~310km/s). When we multiply V; by the average time which the spacecraft
takes to cross the structure, we find the cross section to be only 518 km. This FTE cross-section dimension
also can be compared with characteristic local lengths. The ion and electrons number densities in the mag-
netosheath next to FTE are around 7.7 cm~3, giving the ion and electron inertial lengths of 82 and 1.9 km,
respectively. Therefore, the FTE cross section corresponds to 6.3 ion inertial lengths and 273 electron inertial
lengths. Compared to the particle gyroradii of 117.4 km for ions and 0.82 km for electrons, the cross section
is 4.4 and 631 ion and electron gyroradii, respectively. We consider the internal region to be the FTE's core,
where electron velocities are affected and the current is more intense for MMS1 and MMS2. Using the struc-
ture velocity from timing analysis, we estimate a length of 181.4 km for the core region. In terms of ion and
electron inertial length, the core dimension corresponds to 2.2 di and 95.5 de, respectively. When compared
with ion and electron gyroradii, the core dimension corresponds to 1.5p; and 221p,, respectively. It is evident
that the region is not large enough to affect the ion behavior, but it does for the electrons, showing that the
FTE's core is an electron-scale structure. Our work reveals this new feature about FTEs, which could not be
achieved during previous missions. MMS provides better resources to investigate layers of transient events
and understanding of their formation and evolution.

Data Availability Statement

MMS data used in this study can be obtained online (from https://lasp.colorado.edu/mms/sdc/public/about/
browse-wrapper/), and ACE data used in this study can be obtained from GSFC (https://cdaweb.gsfc.nasa.
gov/index.html/).
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