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Origin of reconnecting current sheets in shocked

turbulent plasma
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Magnetic reconnection, the rearrangement of magnetic field topologies, is a fundamental plasma process
throughout the universe, which converts magnetic energy to plasma kinetic energy and results in particle energi-
zation. A current sheet is a prerequisite for the occurrence of magnetic reconnection. It has been well documented
that reconnecting current sheets are prevalent in turbulent plasmas. However, how these current sheets are
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formed remains unclear. Among natural plasmas, the region downstream of the Earth’s bow shock, the magne-
tosheath, is one of the most turbulent. Here, we show that the reconnecting current sheets in the turbulent mag-
netosheath originate from the waves in the region upstream of the shock. Once excited, the upstream waves are
transmitted across the shock, compressed, and then transformed into current sheets in the downstream region.
Magnetic reconnection subsequently occurs in these downstream current sheets. This process can be generalized
to various shocked plasmas in astrophysical and laboratorial environments where turbulent magnetic reconnec-

tion should be common.

INTRODUCTION

The high-speed solar wind slows down after it passes the Earth’s bow
shock, forming the magnetosheath, the downstream region of the
bow shock. The plasma in the magnetosheath is intrinsically turbu-
lent, with highly fluctuating plasma flows and electromagnetic fields
(1-3). The highly fluctuating magnetic fields in the turbulent mag-
netosheath correspond to strong, filamentary current sheets, and
magnetic reconnection (4) occurs in these current sheets, which
dissipates magnetic energy into plasma kinetic energy by rearrang-
ing the topologies of the magnetic fields in the current sheets (5-15).
The magnetic reconnection in these current sheets can form various
coherent structures, e.g., flux ropes, which render the magnetosheath
more turbulent, expediting the energy dissipation and particle ener-
gization therein (16, 17). How are these downstream current sheets
formed? To answer this question, we need to backtrace to the up-
stream region of the bow shock. The upstream region is particularly
active when the magnetic field therein is mostly parallel to the shock
normal, and a foreshock region is formed, which is filled with plenty
of waves (18-20). Recent simulations have suggested that after being
excited, the foreshock waves are then convected toward the shock by
the high-speed solar wind, and they are eventually transmitted
through the shock, during which the waves are compressed and
transformed into current sheets in the downstream region where
magnetic reconnection can occur (21-24). However, evidence of
such a process is lacking. Here, we report spacecraft in situ detection
of the evolution of plasma waves across the quasi-parallel bow shock
from the foreshock to the magnetosheath. The observation re-
sults are in good agreement with our numerical simulation, which
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experimentally demonstrates that the reconnecting current sheets
downstream of the shock originate from the upstream waves.

RESULTS

Observation overview

Magnetospheric Multiscale (MMS) satellites traversed the bow
shock and the magnetosheath from 11:33:00 to 11:39:00 UT on
19 November 2015. Figure 1 shows an overview of the plasma and
magnetic field measurements in the Geocentric Solar Ecliptic (GSE)
coordinate system. The crossing of the bow shock from the solar
wind to the magnetosheath is usually characterized by large in-
creases in the magnetic field strength and plasma density, which are
accompanied by decelerated and deflected bulk flow. The jump of
magnetic field strength and plasma density from the solar wind
to the magnetosheath is consistent on average with the Rankine-
Hugoniot relation for the fast mode shock. On the basis of these
criteria, the interval in Fig. 1 was divided into three sections: the
foreshock from 11:33:00 to 11:35:05 UT, the shock from 11:35:05 to
11:36:15 UT, and the magnetosheath after 11:36:15 UT. The clear
shock encounter at approximately 11:35:05 UT (denoted by the first
vertical dashed line) can be identified by the rapid changes in the
ion energy spectrum (Fig. 1A), plasma density (Fig. 1D), and veloc-
ity (Fig. 1E). In the foreshock region upstream of the shock, the
average plasma density was 11.0 cm >, the ion bulk velocity V;o was
(—408.3, 38.3, 24.5) km/s, and the magnetic field B, was (4.48,
—0.84, —1.88) nT (the data for 11:33:00 to 11:33:15 UT were used).
Downstream of the shock, the magnetosheath was characterized by
large-amplitude fluctuations in both the magnetic field and plasma
density. Simultaneously, the bulk flow direction deviated from the
—Xgsg direction to the —Xgsg and +Ygsg direction such that the
plasma flowed around the magnetosphere, which was also a typical
characteristic of the magnetosheath. In the magnetosheath, the
average plasma density was 32.4 cm™, the ion bulk velocity was
(—134.3,148.2, —17.2) km/s, and the magnetic field was (4.15, 9.88,
10.6) nT. The data for 11:36:20 to 11:36:30 UT when the fluctua-
tions were relatively weak were used to estimate the magnetosheath
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Fig. 1. Overview of MMS1 observations across a quasi-parallel shock. The data are displayed in the GSE coordinate system. (A) lon energy-time spectrogram of dif-
ferential energy flux. (B) Magnitude of the magnetic field. (C) Three components (B,, blue; By, green; B,, red) of the magnetic field. (D) lon number density. (E) Three com-

ponents (Vi blue; Vi, green; Vi, red) of the ion bulk velocity.

background value. The typical properties of the magnetosheath
were observed continuously for about 2.5 hours until approxi-
mately 14:00 UT (the observations after 11:39 UT are not shown in
Fig. 1). Since the observations by the four MMS satellites are almost
identical (fig. S1), only the MMS1 measurements are presented
in Fig. 1.

The shock normal angle 85, representing the angle between the
upstream magnetic field By and the shock normal, was approxi-
mately 30° (see Materials and Methods). Therefore, the shock was a
quasi-parallel shock. The upstream Alfvén Mach number was 12.4.
It should be noted that two distinct ion populations were detected in
the upstream foreshock region (11:33:00 to 11:35:05 UT). The
lower-energy population (0.4 to 2.5 keV) with a narrower spectro-
gram corresponded to the incoming solar wind ions, while the
higher-energy population (2.5 to 10 keV) represented the back-
streaming ions with a propagation direction opposite to that of the
incoming solar wind ions. These backstreaming ions were hotter
and more tenuous. The solar wind ion § was computed to be 9.6 af-
ter subtracting the contribution of the backstreaming population.
Throughout the interval shown in Fig. 1, substantial magnetic fluc-
tuations were observed, manifesting as a series of monolithic spikes
in both the foreshock and the magnetosheath regions. The ampli-
tude of these magnetic fluctuations increased rapidly as the space-
craft traversed the shock.

Wang et al., Sci. Adv. 10, eado4639 (2024) 14 August 2024

Properties and evolution of foreshock waves

Figure 2 (A to D) presents the satellite measurements of the fore-
shock from 11:33:00 to 11:35:05 UT. To identify the observed plas-
ma wave mode, the spacecraft data were examined in a new local
coordinate system i-j-k based on minimum variance analysis (MVA)
(25), in which three orthogonal eigenvectors (e;, e, and ex), which
represent the directions of the maximum, intermediate, and mini-
mum variance of the magnetic field, respectively, were obtained. The
timing analysis (26) based on the magnetic fields measured by
the four MMS satellites indicates that the waves propagated along the
+ey direction [e; = (0.873, —0.002, —0.488) s, i.e., sunward propa-
gation] in the plasma frame, with a phase velocity of 55 km/s, which
is ~1.7 times the Alfvén speed V4 (see Materials and Methods). The
frequency of the waves in the plasma frame was about 0.014 Hz
(~0.187 times the proton gyrofrequency €;), and the corresponding
wavelength was 3929 km (~57 ion inertial lengths d;). The angle be-
tween e and the upstream magnetic field By was 12°, indicating that
the foreshock waves propagated mostly parallel to the background
magnetic field.

Initially (11:33:00 to 11:33:15 UT), the waves were linear, as
shown by the quasi-sinusoidal magnetic fields B; and B; variations
superimposed on the constant By (Fig. 2B). Then, as the satellites
approached the shock, the quasi-sinusoidal waveforms changed to
phase-steepened waves, which is reflected by a series of solitary
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Fig. 2. Measurements in the foreshock and magnetosheath. The data are displayed in an i-j-k coordinate system determined from the MVA of the MMS1 magnetic field
at 11:33:00 to 11:33:15 UT, with e; = (0.099, 0.980, 0.174)gs, €; = (0.478, —0.200, 0.855)cse, and ey = (0.873, —0.002, —0.488)s. (A and E) Magnitude of the magnetic field.
(B and F) Three components (B; blue; B;, green; By, red) of the magnetic field. (C and G) Three components (Jj, blue; J;, green; Jj, red) of the current density computed from
V X B/, (D and H) Wavelet power spectra of the magnetic field. The local proton gyrofrequency is marked by black curves. The interval from 11:35:05 to 11:36:15 UT
corresponds to the shock part in Fig. 1; however, this shock transition is composed of a series of large amplitude magnetic pulses that have typical magnetosheath prop-
erties. Therefore, this interval is also included in the magnetosheath part in Fig. 2 (E to H), to study their properties.

magnetic field pulses with Bpay/|Bo| > 2.0 (mostly B; and B)). After
about 11:34:00 UT, By no longer remained stable, and it exhibited
positive enhancements near the center of the pulses. Figure 2C
shows the current density calculated using the curlometer method
(27), which assumes that the magnetic field has a linear variation
across the satellites’ separation. The current density within these
pulses increased substantially compared to that in the initial quasi-
sinusoidal waves, and the currents were in directions both parallel
and perpendicular to e. Figure 2D plots the power spectrum of the
magnetic field. It shows that the observed wave frequency in the
spacecraft frame remained almost the same (mainly at 0.06 to 0.1 Hz)
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before 11:34:00 UT, and then, the spectrum exhibited a broaden-
ing trend.

To examine the evolution of the amplified magnetic field pulses
in the magnetosheath, Fig. 2 (E to H) shows the satellite measure-
ments from 11:35:05 to 11:37:00 UT in the i-j-k coordinate system.
Each of the pulses exhibited a monolithic pattern in |B| (Fig. 2E).
The magnetic field strength was amplified by a factor of 9 or more
above the background field, which was much larger than that in the
foreshock region. The magnetic field variations in these amplified
pulses were sharper, corresponding to larger current densities. The
large and narrow spikes of the current density within these pulses
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(Fig. 2G) reveal the presence of complex filamentary structures with
peak current densities exceeding 0.5 pA/m?. For these current den-
sity spikes, the magnetic field variation was a few tens of nanotesla,
implying a width of a few hundreds of kilometers (the ion inertial
length d; was about 40 km in the magnetosheath) based on Ampere’s
law. These well-separated filamentary currents with small spatial
scales and large current densities were potential regions in which
magnetic reconnection was initiated. The magnetic field in the mag-
netosheath had a broader wave spectrum of up to ~1.0 Hz (approxi-
mately local proton gyrofrequency) inside each magnetic pulse.

Magnetic reconnection in the magnetosheath

To identify the signatures of magnetic reconnection in magne-
tosheath current sheets, spacecraft data should be transformed into
a current sheet boundary normal (L-M-N) coordinate system in
which L is oriented along the reconnecting magnetic field direction,
N is oriented along the current sheet normal, and M = N X L is the
direction out of the reconnection plane. The primary evidence for
the occurrence of magnetic reconnection is bidirectional plasma
outflow jets detected on two sides of the reconnection site (7, 28),
i.e., bipolar plasma outflow in the L direction accompanied by rever-
sal of the normal magnetic field component By. The L-M-N coordi-
nate system was obtained using a hybrid method (29) by combining
the results of the MVA and the minimum directional derivative
(MDD) (30) of the magnetic field (see Materials and Methods).

We examined each thin current sheet shown in Fig. 2 in its L-M-N
coordinate system and identified two current sheets with direct re-
connection signatures. The two current sheets were observed within
the magnetic field pulses in the magnetosheath. The current sheet at
around 11:36:35 UT (marked with a black arrow at the bottom of
Fig. 2) was analyzed in detail to provide evidence of reconnection.
All four MMS satellites crossed this current sheet (fig. S2) and de-
tected similar reconnection signatures.

Figure 3 presents the detailed observations of the current sheet at
~11:36:35 UT at MMS1. The timing method indicates that the cur-
rent sheet moved at a speed of 70 km/s along the normal direction.
The duration of the current sheet (11:36:35.1 to 11:36:35.5 UT) was
0.4 s, and thus, its width in the normal direction was 28 km, which
corresponds to ~0.8 ion inertial lengths. Inside the current layer, the
MMSI satellite observed a sharp By reversal from about 60 nT to
about —55 nT between 11:36:35.1 and 11:36:35.5 UT (Fig. 3A),
corresponding to the intense current Jj; (Fig. 3D), which was sup-
plied by the fast electron flow V. (Fig. 3C). The electron outflow V.
had a positive value of approximately 200 km/s (~1.2 Vy;1) on the
positive By, side and a negative value of approximately —500 km/s
(~2.9 V1) on the negative By side. Here, Vy;; is the ion Alfvén speed
calculated using the asymptotic By and number density of the cur-
rent sheet. This flow reversal coincided with a change in the normal
magnetic field By from positive to negative, suggesting that the sat-
ellite crossed a reconnection site along the trajectory denoted by the
magenta dashed arrow in Fig. 3].

Figure 3E shows the three components of the electric field in the
spacecraft frame. The normal electric field Ey was negative on the
positive By side, and it became much less negative and occasionally
positive after the reversal of By; that is, the electric field Ey pointed
toward the center of the current sheet, which is illustrated by the
orange arrows in Fig. 3]. Furthermore, the energy dissipation in the
electron frame (31) J-(E +V, X B) (Fig. 3F) exhibited a positive peak
of up to 30 nW/m’ near the center of the current sheet (marked by
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the vertical dashed line), indicating strong energy conversion from
the magnetic field to the plasma near the reconnection site. The
electron temperature increased during the crossing of the current
sheet (Fig. 31), suggesting that the electrons were heated within the
current sheet. The electron heating was more notable in the direc-
tion parallel to the magnetic field (AT, = 16 eV) than in the direc-
tion perpendicular to the magnetic field (AT;; ~ 6 e€V), and the
heating predominantly occurred on the positive By side.

Figure 3G plots the three components of the magnetic flux
transport velocity Uy, (see Materials and Methods), which is a sup-
plement to the electron outflow for identifying the reconnection
site (32). U,, exhibited a negative-to-positive variation in the N di-
rection near the center of the current sheet, corresponding to bidi-
rectional inflows of the magnetic flux when the satellite crossed the
current sheet along the —N direction. In addition, U,, exhibited a
bipolar signature from positive to negative in the L direction. The
region with large magnetic flux transport flows was much smaller
than that characterized by electron outflows. The magnitudes of U,
in the inflow and outflow directions were both super-Alfvénic.
These bidirectional inflows and outflows of the magnetic flux were
consistent with the satellite trajectory through the reconnection
site shown in Fig. 3]. The divergence of U,, normalized to the local
electron gyrofrequency (V - Uy,)/fc. also exhibited bipolar variation
(Fig. 3H), which represents converging inward and diverging out-
ward transports of the magnetic flux at the reconnection site, signi-
fying ongoing magnetic reconnection. Observations of another
reconnecting current sheet in the magnetosheath (at ~11:35:20.4 UT)
are shown in fig. S3. Although bidirectional electron outflow jets
were not observed in this current sheet, the unidirectional super-
Alfvénic electron jet also suggests that magnetic reconnection was
occurring.

Simulation and comparison with spacecraft observations

To better understand the observational results, in this section, we
perform a 2.5-dimensional (2.5D) hybrid simulation of a quasi-
parallel shock (see Materials and Methods). The simulation is per-
formed in the x-y plane, and the x axis is along the Sun-Earth line.
In our simulation, the —x direction is the sunward direction. The
parameters (plasma f, shock normal angle, and Alfvén Mach num-
ber) adopted in the simulation are all chosen to be consistent with
the values observed by the MMS satellites. An overview of the simu-
lation results is shown in Fig. 4, in which we plot the magnetic field
and in-plane magnetic field lines in the simulation at a representa-
tive time, t = 125521._1. At this time, the shock and foreshock waves
are well-developed, and the shock is located at x & 600d;. The solar
wind moves antisunward, i.e., in the +x direction. The waves move
antisunward along with the solar wind and are amplified, with the
magnitude of the magnetic field increasing from 8B < By upstream
to 8B ~ 5B, downstream.

Using the magnetic field data from the simulation, we perform
MVA to obtain the propagation direction of the waves, ex = (—0.964,
—0.264, 0)sim, in the x-y-z coordinate system of the simulation. The
simulation here is 2.5D, and therefore, ey is confined to the simula-
tion plane, i.e., the x-y plane. Because the waves are generated by the
backstreaming ions, they propagate upstream, mostly sunward. We
perform power spectral analysis to obtain the frequency w and the
wave number k of the waves in the simulation frame (also referred
to as the spacecraft frame). The wave power peaks at ® = 0.613Q;
and kyd; = —0.0835, as shown in fig. S4. Since ey is the unit vector
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Fig. 3. MMS observations of a reconnecting current sheet in the magnetosheath. The data are displayed in a current sheet boundary normal (L-M-N) coordinate sys-
tem determined from a hybrid method, with L = (0.070, —0.414, —0.908)gsg, M = (0.605, —0.706, 0.369)cse, and N = (—0.793, —0.575, 0.201)gse. (A) Magnetic field (B, blue;
B, green; By amplified to a factor of five, red) and its magnitude (black). (B) Electron number density. (C) Electron bulk velocity (Ver, blue; Vem, green; Ve, red). (D) Current
density (J;, blue; Jy, green; Jy, red) and its magnitude (black). Here, the current density is calculated from J = Nee(V; — V,) where N, is the electron number density (assum-
ing a quasi-neutral proton plasma), e is the elementary charge, and V;and V. are the ion and electron bulk velocities, respectively. The 30-ms electron and 150-ms ion burst
data were used. (E) Electric field (£, blue; Ey, green; Ey, red). (F) J - (E + V. x B). (G) Magnetic flux transport velocity Uy, (Uy., blue; Uym, green; Uy, red). (H) The divergence
of the magnetic flux transport velocity normalized to the local electron gyrofrequency (V - U,)/fc. (1) Electron parallel (magenta) and perpendicular (cyan) temperatures.
(J) A simplified illustration of the reconnecting current sheet in the L-N plane. The black solid lines represent the magnetic fields. The light blue arrows denote the bidirec-
tional electron outflow jets. The orange arrows show the electric field Ey which is directed to the center of the current sheet. The magenta dashed arrow shows a possible
spacecraft trajectory through the current sheet from one side of the X-line to the other side. The outflow reversal of V,,; from positive to negative accompanied by the
change of normal magnetic field By from positive to negative was observed by MMS spacecraft during the crossing.
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Fig. 4. Hybrid simulation overview. (A) Colors show the magnitude of the mag-
netic field in the simulation domain at a represented time t = 12591.’1; the white
curves represent the magnetic field lines in the x-y plane. (B) Profiles of magnetic
field fluctuations 8B, = B, — By (red), 8B, = B, — By (green), and 88, = B, — Bo, = B,
(blue) along y = 100d; [represented by the white dashed line in (A)].

of k, we have (k,,k,, k,)=(-0.0835, —0.0229, 0)d ", ie., kd; =
0.0866. Therefore, in the plasma frame, the wave frequency is ® =
® + k- Vg = —0.18Q;. Here, a negative value means that the wave
polarization changes in the plasma frame, and the phase velocity of
the waves is |o'|/k = 2.08 V. The characteristics of the foreshock
waves obtained from our simulation are consistent with those in the
above MMS observations (table S1). It should be noted that the sim-
ulation presented above is 2.5D (2D in space and 3D in velocity
space), and we also perform a full 3D (3D in both space and ve-
locity space) simulation and obtain consistent wave characteristics
(fig. S5).

Although these waves propagate upstream, their velocity is much
lower than the solar wind velocity, causing them to be convected
downstream. To better examine the polarization and evolution of
these waves, we perform virtual spacecraft observations and trans-
form the data from the x-y-z simulation coordinate system into an
i-j-k coordinate system, where ex = (—0.964, —0.264, 0)n, is the
propagation direction of the waves. For convenience, we choose e; =
(0, 0, 1)sim as the first transverse direction, and thus, e; = (—0.264,
0.964, 0)sim is the other transverse direction. Figure 5 shows a side-
by-side comparison between the virtual spacecraft observations and
the MMS observations. In the far foreshock, the waves are linear and
sinusoidal (Fig. 5, A and G). In the MMS/virtual spacecraft frame,
the waves propagate along with the solar wind, i.e., predominantly
antisunward in the —k direction. Therefore, in the spacecraft frame,
the anticlockwise hodograms show that the waves are left-handed
circularly polarized (Fig. 5, B and H). We have shown above that the
polarization changes from the spacecraft frame to the plasma frame.
Therefore, the waves are right-handed polarized in the plasma
frame. The frequency, phase velocity, and polarization of these
waves support the conclusion that they are right-handed resonant
fast magnetosonic waves, as shown in previous studies (19, 33, 34).

Wang et al., Sci. Adv. 10, eado4639 (2024) 14 August 2024

The waves become nonlinear and amplified as they are convected
toward the near foreshock, and the transverse components, 8B; and
8B, become in-phase, exhibiting highly elliptical or even linear po-
larization (Fig. 5, C, D, I, and ]). After the shock, the waves are trans-
formed into intermittent structures, i.e., current sheets and even
reconnection therein, and the magnetic field components are fur-
ther amplified and highly fluctuating (Fig. 5, E, E K, and L).

The foreshock waves are compressed by the shock and become
highly fluctuating in the magnetosheath, forming current sheets.
Magnetic reconnection occurs in these current sheets, and Fig. 6
shows the occurrence of magnetic reconnection in one of them. At
t= 9291._1, a long, thin current sheet is formed at around (x, y) =
(750, 100)d; (Fig. 6A). Att = 9691._1, the topological change in the
magnetic field lines shows the occurrence of magnetic reconnection
at (x, y) = (749, 91.3)d; (Fig. 6B). The reconnection site is a null
point, which is usually referred to as the X point. Because of the to-
pological changes caused by magnetic reconnection, another null
point, the O point, is formed at (x, y) = (755.5, 81.4)d;. The recon-
nected magnetic flux, i.e., the difference between the magnetic flux
v at the X and O points, is 1.33Byd;. Att = 100 Qi_l (Fig. 6C), the X
point is located at (x, y) = (747.1, 86.4)d;, the O point is located at (x,
y) = (757.9, 75.4)d;, and the reconnected magnetic flux increases to
2.94Bd;, which shows that active magnetic reconnection is ongoing
at the X point. Moreover, the occurrence of magnetic reconnection
in the turbulent magnetosheath is also found in our full 3D simula-
tion (fig. S6). Note that the high-frequency turbulence related to
electron dynamics which has been investigated by particle-in-cell
simulations (35-37) cannot be resolved in the hybrid simulations.

DISCUSSION

By presenting spacecraft observations and numerical simulations,
we provide persuasive evidence that the fast magnetosonic waves
upstream of the Earth’s bow shock can transmit through the shock
and form thin current sheets in the turbulent downstream magne-
tosheath. Last, magnetic reconnection is triggered in such thin cur-
rent sheets. These reconnecting current sheets do not necessarily
have the same characteristics, some showing the typical Hall recon-
nection features (9) whereas some others showing electron dynam-
ics without the coupling of ions (7). This is relevant to the different
spatial scales of the current sheets that are originated from different
nonlinearities in the turbulence (10). The nonlinear effects lead to
the formation of current sheets with not only different spatial scales
but also different plasma and magnetic configurations, especially
different guide fields perpendicular to the reconnection plane, which
can also affect the reconnection characteristics by modifying the
particle dynamics during the magnetic reconnection (38-41). There-
fore, the turbulent magnetosheath hosts magnetic reconnection
with various types of characteristics, which renders the magne-
tosheath even more turbulent.

In addition to the foreshock-shock-magnetosheath system, our
results can be generalized to many other shocked and turbulent
plasmas in various astrophysical and laboratorial environments,
such as supernova remnant shocks (42), the heliospheric termina-
tion shock (43), coronal mass ejections (44), and laser-produced
plasma experiments (45), which provides a viable formation mecha-
nism for coherent current sheets that precondition magnetic re-
connection in them. Because magnetic reconnection can dissipate
magnetic energy to enable efficient particle energization, this
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Fig. 5. Comparison between hybrid simulations and MMS observations. Magnetic fluctuations in the i-j-k coordinate systems, 5B; (red), 8B; (green), and 6B (blue), in
both simulations and observations. In the simulations (from the first to the third row), e;= (0, 0, 1), &; = (—0.264, 0.964, 0), and e, = (—0.964, —0.264, 0) in the simulation x-y-z
coordinate system. In the observations (from the fourth to the sixth row), e; = (0.099, 0.980, 0.174), e;= (0.478, —0.200, 0.855), and ey = (0.873, —0.002, —0.488) in the GSE
coordinate system. The simulation results are presented as virtual spacecraft observations. (A and B) At (x, ¥) = (100, 100)d; in the far foreshock, (C and D) at (x, y) = (250,
100)d; in the near foreshock, and (E and F) along the trajectory of x = 650d; + 2V, (t — 1009{1)and y =100d; in the magnetosheath. Here, in the far and near foreshock,
the virtual spacecraft does not move relative to the simulation domain because it can well observe the spatial structures that move along with the solar wind. On the
other hand, in the magnetosheath, because the structures therein move much slower than those in the solar wind, to allow the virtual spacecraft to observe the structures
in the magnetosheath, we let the virtual spacecraft move (along the above trajectory) at a relative velocity. (A, C, and E) Time history of the magnetic fluctuations. [(B), (D),
and (F)] Hodograms of the magnetic fluctuations in the 5B;-38; plane, corresponding to the intervals in (A), (C), and (E), respectively. The MMS spacecraft observations are
shown in (G) to (L). (G, I, and K) Time series of the magnetic fluctuations. (H, J, and L) Hodograms of the magnetic fluctuations, corresponding to the intervals in (G), (1), and
(K), respectively. The red star on the trace represents the beginning of the interval.
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Fig. 6. Reconnecting magnetosheath current sheet in the hybrid simulation. In a zoomed-in region in the magnetosheath, colors show the out-of-plane current
density in the z direction, J,, in unit of engVa; and the black curves represent the magnetic field lines in the x-y plane at t = (A) 929[.‘1, (B) 969[7‘, and (C) 1009,.‘1. In (B) and

(Q), the purple cross and circle marks represent the X point and O point, respectively.

mechanism can have important implications for explaining energy
cascade, radio bursts, and cosmic-ray acceleration resulting from
turbulent magnetic reconnection in these environments (46, 47).

MATERIALS AND METHODS

Determination of the shock normal angle

The shock normal angle 0, is the angle between the upstream mag-
netic field By and the shock normal n. Two methods were used to
estimate the shock normal #. One is based on the analytical shape of
the shock according to a large number of previous spacecraft en-
counters. These statistical datasets can be fit by geometrical forms,
from which the shock normal can be computed analytically. We
used the model of Farris et al. (48) and calculated the shock angle
O, to be 31°. The other method is based on the coplanarity theorem,
in which the flow, magnetic field, and shock normal on both sides of
the shock all lie in the same plane. Thus, there are a variety of vectors
that lie in the shock plane. The shock normal can be obtained by the
cross-product of two such vectors. Here, we used n = [(AB X AV) X
AB]/ |(AB x AV) X AB|, where A indicates the jump (downstream
minus upstream) in the quantity, i.e., AB=B; — B,and AV=V,; —
V., and we calculated the shock angle 6, to be 28°. Therefore, the
results of both methods indicate that the shock in this event was a
quasi-parallel shock.

Propagation of foreshock waves

For circularly polarized waves, the MVA (25) can obtain the prop-
agation direction of the waves but with a 180° ambiguity. MVA was
performed to the MMS1 magnetic field of the interval 11:33:00 to
11:33:15 UT, by which three orthogonal eigenvectors (e;, ej, and ex)
representing the directions of maximum, intermediate, and mini-
mum variance of the magnetic field were obtained. Here, e =
(0.873, —0.002, —0.488) sk was adjusted to make it sunward, and
it is considered to be parallel or antiparallel to the direction of
wave propagation. To determine the true propagation direction in
the spacecraft frame, the timing method (26) based on the mag-
netic fields measured by four MMS satellites was used. We calcu-
lated the propagation velocity of the observed waves in 11:33:00
to 11:34:00 UT to be 313 km/s along the —e, direction, indicating
that the waves propagated antisunward in the spacecraft frame.
The velocity of the solar wind was (1.4, —181.8, —368.4) km/s in
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the i-j-k coordinate system. Therefore, in the plasma frame, the
wave phase velocity was 55 km/s (~1.7V,) along the +e direction,
propagating sunward.

Determination of the L-M-N coordinate system for a

current sheet

We used a hybrid method (29) to determine the L-M-N coordinate
system for a current sheet. This method combines the maximum
variance direction of the magnetic field (e}) from MVA and the
maximum gradient direction of the magnetic field (e};) from MDD
(30) and then rotates these directions to be perpendicular. First, we
defined ey, = e}, X ] and e/ = e); X e},. Next, we calculated the
angle 0 between €] and e}, and defined 6’ = 0 — 90 . Define the ratio
of maximum and intermediate eigenvalues from MVA and MDD as
A1 and A, respectively. The rotation angle from e;\, to e’L’ isdo=0"\/
(A1 +22). Then, ey = cos(d@)e;\] + sin(dG)e’L'. Last, complete the co-
ordinate system with e; = ey X ey.

The computation of magnetic flux transport velocity U,,

The identification of magnetic reconnection based on the analysis of
magnetic flux transport has been studied by Li et al. (32) and Qi
et al. (49). The bidirectional inflows and outflows of magnetic flux
around a reconnection site suggest that reconnection is ongoing.
The formula of the magnetic flux transport velocity Uy, (32) in the
2D case is

UWE\QP—(KP-bp)bP+E (M><bp)/Bp (1)

where V¢, is the in-plane (reconnection L-N plane) electron flow, b,
is the unit vector of the in-plane magnetic field By, M is the direction
out of the reconnection L-N plane, and E/ = E + V, x B is the non-
ideal electric field in the electron frame. The first two terms repre-
sent the in-plane electron flow perpendicular to B,. The last term
represents the slippage between magnetic flux and electron flow
when E/ # 0. Without separating the perpendicular electron flow
and slippage terms, which provide a relation between the transport
of magnetic flux and electron flow, Eq. 1 can be simplified to

U, = (Ey /B, (M xb,)

/
eM

2)
Note that magnetic flux generation or annihilation is not included
in Egs. 1 and 2. Here, we used the data averaged over four MMS
satellites to calculate Uy,. The ion bulk velocity was subtracted from
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U, to show the magnetic flux transport more clearly. An active
reconnection site is characterized by super-Alfvénic inflow and out-
flow flux transport velocity.

Hybrid simulation model

Here, we use a hybrid simulation model. The simulation is 2D in
space and 3D in velocity space, and the electric and magnetic fields,
velocities, and displacements are 3D. Such simulation is usually re-
ferred to as 2.5D. In our hybrid simulation model, the ions are treat-
ed as macroparticles, and electrons are treated as a massless fluid.
The ions are pushed by solving the equation of motion, the velocity
of the electron fluid is calculated using Ampere’s law, the momen-
tum equation of the electron fluid is used to calculate the electric
field, and the magnetic field is updated by Faraday’s law. The simula-
tion is performed in the x-y plane in a domain of [0, L,] X [0, L,],
and 0/0z = 0 for the out-of-plane direction. The initial plasma den-
sity no, temperature Ty, and magnetic field By are uniform, and the
initial ion and electron plasma B is 9.6. We use a grid number of
2048 x 768, and the grid size is Ax = Ay = 0.5d;, where d; is the ion
inertial length evaluated using n. Therefore, we have L, = 1024d;
and L, = 384d;. The time step is At = 0.0IQi_l, where Q; is the ion
gyrofrequency evaluated using By. An average of 100 ion particles
per grid cell is used at the initial time. The x boundaries are fixed on
the basis of the Rankine-Hugoniot condition, and the y boundaries
are periodic. The plasmas are injected into the simulation domain
from the x = 0 boundary at a super-Alfvénic velocity Vi, and are
reflected at the x = L, boundary. The interaction between the in-
jected and reflected plasmas forms a shock that propagates in the
—x direction. The initial magnetic field By is in the x-y plane, with the
angle between the magnetic field and the x axis Op, = 30°, and there-
fore, Op,, is also 30° i.e., Boy = 0.866By, Boy = 0.5By, and By, = 0. We
set Vinj = 9.5V, where Vj is the Alfvén velocity evaluated using By
and ng. The velocity of the shock front is approximately 2.6V ;
therefore, the Alfvén Mach number of this shock is about 12.1. We
also perform a full 3D (3D in both space and velocity space) hybrid
simulation to compare with the 2.5D simulation. In the 3D simula-
tion, Vipj = 8.5Va, Ax = 0.5d;, Ay = Az = 1.0d;, Ly = 1024d;, L, =
384d;, L, =256d,and At = 0.0491._1. The rest parameters are identi-
cal to those used in the 2.5D simulation.
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