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Abstract

We investigate electric current structures in Short Large-Amplitude Magnetic Structures (SLAMS) in the terrestrial
ion foreshock region observed by the Magnetospheric Multiscale mission. The structures with intense currents
(J] ~ 1 A m~2) have scale lengths comparable to the local ion inertial length (d;). One current structure type is a
current sheet due to the magnetic field rotation of the SLAMS, and a subset of these current sheets can exhibit
reconnection features including the electron outflow jet and X-line-type magnetic topology. The d;-scale current
sheet near the edge of a SLAMS propagates much more slowly than the overall SLAMS, suggesting that it may
result from compression. The current structures also exist as magnetosonic whistler waves with f;; < f < fi,, where
f.i and fi, are the ion cyclotron frequency and the lower-hybrid frequency, respectively. The field rotations in the
current sheets and whistler waves generate comparable |J| and energy conversion rates. Electron heating is clearly
observed in one whistler packet embedded in a larger-scale current sheet of the SLAMS, where the parallel electric
field and the curvature drift opposite to the electric field energize electrons. The results give insight about the thin
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current structure generation and energy conversion at thin current structures in the shock transition region.
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1. Introduction

How energy is converted from upstream bulk kinetic energy
to downstream thermal and magnetic energies at collisionless
shocks is a fundamental question of great interest. Poynting’s
theorem shows that the energy conversion between electro-
magnetic fields and particles occurs through J - E, so currents
within the shock transition region are naturally important for
shock energy conversion.

The forms of the current structures and their relative
importance in the overall shock energy conversion are critical
open questions. Recent simulations (Karimabadi et al. 2014;
Gingell et al. 2017; Bessho et al. 2019) and observations (Gingell
et al. 2019a, 2019b; Wang et al. 2019; Liu et al. 2020) showed
that some of the current sheets in the shock transition region can
be reconnecting. Observations also showed that below 10 Hz
magnetosonic whistler waves generate a significant fraction of the
total current densities (Wilson et al. 2014a, 2014b). It would be
valuable to compare the current density and energy conversion
for the current sheets and whistler waves as well as for other
possible forms of current structures.

Further, how the current structures are generated and evolve
is an important question and not well understood. In our
previous paper (Wang et al. 2019), the observed reconnecting
current sheets are deep in the shock transition region: although
the bulk ion speed is still decreasing, the magnetic field
strength and plasma temperature are close to the downstream
state, and continuous magnetic field fluctuations exist. An ion
foreshock region with isolated Short Large-Amplitude Magn-
etic Structures (SLAMS), where the magnetic field strength is
increased by more than twice of the ambient level (e.g.,
Schwartz et al. 1992) exists in that event, indicating the
connectivity of the magnetic field to the bow shock. As the

SLAMS evolve, they may merge into or become the new shock
as suggested in observations (Schwartz et al. 1992) and
simulations (Scholer et al. 2003; Tsubouchi & Lemege 2004).
Therefore, what happens at the SLAMS may later affects the
processes at the main shock. Previous studies of SLAMS
mostly discussed the properties of their overall structures, such
as their amplitude, scale size, polarization, and propagation
(e.g., Schwartz et al. 1992; Mann et al. 1994; Lucek et al.
2004, 2008). They were also examined as a magnetic barrier to
deflect shock reflected ions (Giacalone et al. 1993), and reflect
and accelerate solar wind ions (Kis et al. 2013; Wilson et al.
2013; Johlander et al. 2016). The near- or sub-ion scale
structures inside the SLAMS have not been fully investigated,
despite their importance in energy conversion sites as will be
discussed in this study. In this study, we will use the same
shock crossing as in Wang et al. (2019) to investigate whether
SLAMS contribute to the generation of thin current structures,
including reconnecting current sheets, and to examine the link
between the foreshock and shock.

In the following, we will discuss three SLAMS, all
containing current structures of ion inertial length (d;) scales.
The first one is featured with a possibly reconnecting current
sheet. The second contains current sheets that are being
compressed, with magnetosonic whistler waves at its upstream
edge. The third contains magnetosonic whistler waves with
clear localized electron heating. The results demonstrate the
association between SLAMS and current structures, and
elucidate roles of thin current structures in energy conversion.

2. Data

The measurements are from the Magnetospheric Multiscale
mission (MMS; Burch et al. 2016), during a crossing of the


https://orcid.org/0000-0002-6783-7759
https://orcid.org/0000-0002-6783-7759
https://orcid.org/0000-0002-6783-7759
https://orcid.org/0000-0002-4313-1970
https://orcid.org/0000-0002-4313-1970
https://orcid.org/0000-0002-4313-1970
https://orcid.org/0000-0002-6398-337X
https://orcid.org/0000-0002-6398-337X
https://orcid.org/0000-0002-6398-337X
https://orcid.org/0000-0001-7188-8690
https://orcid.org/0000-0001-7188-8690
https://orcid.org/0000-0001-7188-8690
https://orcid.org/0000-0003-0452-8403
https://orcid.org/0000-0003-0452-8403
https://orcid.org/0000-0003-0452-8403
mailto:swang90@umd.edu
http://astrothesaurus.org/uat/2086
http://astrothesaurus.org/uat/1504
https://doi.org/10.3847/1538-4357/ab9b8b
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ab9b8b&domain=pdf&date_stamp=2020-07-30
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ab9b8b&domain=pdf&date_stamp=2020-07-30

THE ASTROPHYSICAL JOURNAL, 898:121 (13pp), 2020 August 1

Earth’s bow shock at the Geocentric Solar Ecliptic system
(GSE) [8.4, 8.4, 0.1]Rg. Plasma data are from the Fast Plasma
Investigation instrument (Pollock et al. 2016), with 150 ms
resolution for ions and 30 ms resolution for electrons. Magnetic
fields are from the fluxgate magnetometer (Russell et al. 2016)
at 8 samples s~ ' in the survey mode and 128 samples s~ in the
burst mode. Electric field data are from the axial (Ergun et al.
2016) and spin-plane double probes (Lindqvist et al. 2016) at
8192 samples s~ .

3. Results

Figure 1(a) shows the magnetic field in the foreshock region,
where a series of pulsations exist and the SLAMS to be examined
are denoted by arrows and numbers. We will discuss three
SLAMS in detail below, which have prominent features as
mentioned in Section 1. Other SLAMS that are not discussed also
contain thin current sheets (without clear reconnection signatures)
or magnetosonic whistler waves, while the features do not go
beyond those for the three marked events, and hence will not be
further discussed. The overview of the SLAMS 1 that we will
discuss (note it is not the one earliest in time) is shown in the rest
panels of Figure 1. The magnetic field (Figure 1(b)) is amplified
with B /|Bol = 4.9, where |By| = 6.0 nT is the magnetic field
strength in the pristine solar wind, and B, is the maximum
magnetic field strength in the SLAMS. The density (Figure 1(d))
is enhanced with ny.c/ng = 3.9, where ng = 24 cm ° is the
upstream solar wind density and 7, is the maximum density in
the SLAMS. Inside the SLAMS, plasmas are decelerated and
heated (Figures 1(e)—(g)). Incident solar wind ions and reflected
ions (possibly by the SLAMS) are deflected by the magnetic field
in the SLAMS, as seen by the velocity variations of the two
populations in the V; spectrogram (Figure 1(e)). The minimum
variance direction (k) of the magnetic field during the interval
between the vertical dashed lines is [0.974, 0.194, 0.116] GSE.
The correlation analysis of the B, component of the magnetic
field measured by four spacecraft during 13:24:36.5-13:24:39.5
UT suggests the propagation velocity of the SLAMS in the
spacecraft frame to be —155 x [0.997, —0.072, —0.012] GSE
km s, i.e., anti-sunward. The propagation direction is roughly
consistent with the minimum variance direction with a difference
of 17°. The upstream solar wind speed is determined by looking
for the centroid of contours in the distribution (Wilson et al.
2014a) during 13:20:10-13:20:12 UT, which is 342 km s!
roughly along GSE —x direction. Thus, in the upstream solar
wind frame, the propagation is 187 km s~' sunward, corresp-
onding to 6.9 V,, where V, = 27 km s~ ' is the upstream Alfvén
speed. The propagation speed is close to but slightly greater than
that in a previous statistical study of SLAMS of 1-6 V5 (Mann
etal. 1994). Figure 1(j) shows the hodogram of the magnetic field
in the Bi—B; plane for the marked interval, where i and j represent
the maximum and intermediate variance directions, respectively.
The k component of the magnetic field at upstream is negative
(out of the page, as seen in Bx < 0 in Figure 1(a)). The counter-
clockwise rotation of the magnetic field from red to blue indicates
right-hand polarization around the magnetic field in the spacecraft
frame, and hence left-hand polarization in the solar wind frame.
The scale of the SLAMS during 8 s is 1240 km ~ 26 dy, where
1d;y = 47 km is the upstream ion inertial length. The ~1000 km
scale of the SLAMS is consistent with previous observations
(Lucek et al. 2008).
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An intense current sheet (Figure 1(h)) with reconnection
features is observed in the middle of this SLAMS. The
magnetic field has a sharp rotation at ~13:24:40 UT with
reversals of By and B,. The rotation is part of the SLAMS,
which is during the counter-clockwise rotation in the upper
right quadrant in the Bi—B;j hodogram in Figure 1(j) (marked by
the black arrows). The rotation is left-handed in the upstream
solar wind frame. Near the end of the hodogram, the light-to-
dark blue trace in the upper left quadrant exhibits clockwise
loops, corresponding to the magnetic field variations at
13:24:40-13:24:43 UT outside of the current sheet. This part
of the magnetic field variation is the magnetosonic whistler
wave with right-handed polarization in the plasma rest frame
(defined by the local ion bulk velocity including all ion
components).

The current sheet is possibly reconnecting as suggested by
the electron outflow jet. Figure 2 shows the zoom-in view of
the current sheet, where the vectors are rotated to the L-M-N
coordinate determined by the minimum variance analysis
(MVA) across the current sheet (see Figure 2 caption for the
transformation matrix between GSE and LMN). The sharp By,
reversal is associated with negative V., enhancements. The
electron bulk flow (Figure 2(b)) exhibits a positive peak of
Ve = 150 km s (2.8 Vp1oc), Where Vi joe = 54 km s~ is
the average Alfvén speed across the current sheet during
13:24:38.5-13:24:41.0 UT, while the V. outside of the current
sheet (at the edges of the shown interval) is near-zero. We note
that By has quadrupolar variations across the current sheet
instead of the bipolar Hall fields as in standard reconnecting
current sheets, possibly because higher-frequency waves are
superimposed on the current sheet. The V. peak near
13:24:39.8 UT is associated with the By rise. The propagation
speeds determined by the correlation analysis of By and By are
close to each other within 10 km s ', and hence the By (as
well as the V. ) variation is considered to be part of the current
sheet with reversing By .

The current sheet convection speed based on the correlation
analysis during 13:24:39.6-13:24:40.1 UT is 144 km s~ ' in
the spacecraft frame, close to the propagation speed of the
SLAMS (155 km s™'). The corresponding current sheet
thickness is 2.3 dip and 1.5 d;joc, Where djjoc = 31 km is
based on the average n = 52 cm ° across the current sheet. As
discussed in Figure 1(e), individual populations of incoming
solar wind and SLAMS reflected ions are deflected by the
magnetic field, resulting in velocity variations in the spectro-
gram over a much larger scale than the current sheet. However,
the L component of bulk ion velocity has little variation within
the current sheet (Figure 2(c)), i.e., no ion outflow jet is formed.
The resulting current density (Figure 2(d)) is dominated
by the parallel component, reaching 1.3 uA m 2, and
J-E =]J-(E+YV,x B) (Figure 2(e)) is enhanced at the
peak V. jet. The electron temperature (Figure 2(f)) is higher in
the central region of the SLAMS (earlier in time, also seen in
Figure 1(g)) and fluctuates along with the magnetic field
strength at the magnetosonic wave during 13:24:40-13:24:43
UT, but does not show particular enhancements inside the
current sheet, i.e., no clear heating directly associated with the
thin current sheet.

The possibility of reconnection is further supported by
reconstructed magnetic field structures using four-spacecraft
magnetic field and plasma current density measurements
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Figure 1. (a) Magnetic field in the foreshock region with isolated pulses, measured by MMS1. The three SLAMS discussed in the paper are marked. (b)—(i) overview
of the SLAMS event 1. (b) magnetic field strength; (c) magnetic field vector in GSE (d) electron density; (e) ion spectrogram along GSE Vj; (f) electron velocity; (g)
electron temperature; (h) current density; (i) electron frame energy conversion rate. (j) hodogram of the magnetic field during the interval marked by the dashed
vertical lines in (b)—(i), where i, j, and k represent the maximum, intermediate, and minimum variance directions, respectively. The star marks the beginning of the
interval, and the warm—cold colors represent the direction forward in time. The colorbar is put between (c)—(d). A d;-scale current sheet as part of the magnetic field
rotation exists around 13:24:40 UT (also marked between the arrows in (j)), possibly reconnecting as demonstrated in Figures 2-3.
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Figure 2. Reconnecting current sheet in the first SLAMS. (a)-(c) magnetic field, electron, and ion velocities in the LMN coordinate. The LMN coordinate is
determined using MVA during 13:24:39.4-13:24:40.2 UT, where L = [0.0322, —0.4376, 0.8986], M = [—0.1933, —0.8488, —0.4240], N = [0.9806, —0.1601,
—0.1131] GSE. During the increase of By, a peak V. jet occurs, associated with parallel current density (<) and energy conversion (e). The electron temperature does

not exhibit enhancements in the current sheet.

(plasma current densities are interpolated to the magnetic field
time cadence). We employ the reconstruction based on the
second-order polynomial expansion relative to the fields at the
spacecraft barycenter (Denton et al. 2020; Torbert et al. 2020):

OBy, 6BL]
B; ~[B, —|L — M
L [Lo]+[8L] +[8M

OBy, 0°B, | N?
+|=—= [N+ — 1
[3N] [8N2]2 M

OBy 8BM] [aBM]
By ~ B —|L — M — |N
M [M0]+[8L] +[8M +

0°By | I? 0%By; | N? 0%By
+[8L2]7+[3N2]7+[ LN (2

OBy 8BN]
By ~ B, —|L — M
N [NO]+[8L] +[8M

OBy 0By . L2
=N = 3
+[8N] +[6L2]2 )

The terms in the brackets are 17 unknowns, including the
magnetic field at the barycenter (Bry, Bwmo, Bno), and the
magnetic field gradients. A global LMN coordinate determined

by MVA is used. The above expansion is the “reduced second-
order” form, which includes a few second-order terms that are
expected to be important for a reconnection-like current sheet

with the gradients mainly in the Z-N plane, while neglecting

9B, 0°By O°Bj  0%B,
terms that are expected to be small ( oI OGN D007 ILON where

i, j=L, M or N, and k=L or N; Denton et al. 2020).
Equations (1)—(3) can be evaluated at the individual spacecraft
positions. Along with V x B = p oj (for three components) and
V - B =0, we have 25 equations in total, and the unknowns
could be solved through the least mean square method.

Figure 3 shows the reconstruction result. During the current
sheet crossing at 13:24:39.77-13:24:40.00 UT, the reconstruction
gives small |V - B|/|V x B| (Figure 3(b), less than 10%), nearly
identical magnetic fields between reconstruction and measurements
(not shown), and the good agreement between the reconstructed
(dashed) and measured (solid) current densities (Figures 3(c)—(f)),
which indicates good reconstruction results for this interval. The
reconstructed magnetic fields produce an X-line topology in the
L—N plane at M = 0 (barycenter) during the two marked intervals
(13:24:39.782-13:24:39.813 UT and 13:24:39.884-13:24:39.930
UT). An example at the end of the first interval during the V jet is
shown in the bottom panel. An X-line exists at an L distance of
~20 km (0.64 dijoc, 2.3 Ly, where L. = 8.7 km is the average
inter-spacecraft separation) from the spacecraft barycenter. The
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Figure 3. Reconstruction of the current sheet magnetic field using reduced second-order polynomial expansion. (a) magnetic field averaged over four spacecraft. In the
two marked intervals, small values of |V - B|/|V x B| (b), and the agreement between measured (solid) and reconstructed (dashed) current densities (c—f) for MMS1-
4 serve as support of valid reconstruction. The reconstructed magnetic fields in the L-N plane at 13:24:39.813 UT is shown in (g), where an X-line exists at about
20 km away from the spacecraft. X-line exists in reconstructed fields during the two intervals marked by the vertical lines in (c)—(f).

plots of magnetic field lines in these two intervals are shown in
Figures Al and A2 of the Appendix. In these two intervals, the
location of the X-line varies in a way consistent with the spacecraft
passing from the —N to +N side of the current sheet. In addition,
an X-line could also be reproduced if using the local LMN
coordinate based on the minimum directional derivative (MDD)

method (Shi et al. 2005) to perform the polynomial expansion
(Denton et al. 2020), and the linear polynomial expansion (Fu et al.
2015; show in Figure A3). Although the structures of the current
sheet from various methods and intervals of the reconstruction are
not identical, the existence of the X-line is robustly suggested by
reconstruction, supporting the current sheet to be reconnecting.
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Figure 4. SLAMS event 2. Formats are the same as in Figures 1(b)—(j). The colorbar of the hodogram is put below (h). The d;-scale current sheets (cs I, cs II) as part of
the magnetic field rotation near the downstream edge propagate much slower than the overall SLAMS, suggesting compression. Magnetosonic whistler waves with the
wavelength of 1 d; exist at the upstream edge. Both lead to current density and energy conversion enhancements.

The SLAMS event 2 (marked in Figure 1(a)) is shown in
Figure 4. Tt has |Bmax|/|Bol = 6.9, and nyax/ng = 4.3. The
propagation velocity in the spacecraft frame from the

correlation analysis of B, measured by four spacecraft during
the reversal at 13:24:58.5-13:25:02.0 UT is —148 x [0.936,

0.350, —0.042] GSE km s~ ! In the upstream solar wind frame,
the SLAMS propagates toward upstream with a speed of
194 km s~ (7.3 V,), with left-hand polarization. The scale
size of the SLAMS along the propagation direction during
13:24:56.0-13:25:04.5 UT is 1258 km (27 dy).
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Current structures of the d; scale exist at the edges of the
SLAMS. The downstream edge of the SLAMS (earlier in time)
has reversals of By, and B, during 13:24:56.0-13:24:56.5 UT
(marked as cs I), with a current density up to 1.6 pA m2
(Figure 4(g)). The propagation velocity in the spacecraft frame is
91 x [—0.898, —0.440, 0.000] GSE km s_l, and the scale is
1 dip. Near the density gradient, there is a sharp B, rise during
13:24:57.5-13:24:59.3 UT (marked as cs II), with a current density
enhancement of ~1.03 uA m 2 (Figure 4(g)). The propagation
velocity is 65 x [—0.935, —0.339, 0.108] GSE km s ', and the
scale length of the By rise is 2.5 dj. The propagation speeds of
both d;-scale current sheets are much smaller than overall
propagation speed of the SLAMS, suggesting that the downstream
edge of the SLAMS is being compressed, which might contribute
to generating the thin current sheets.

The upstream edge of the SLAMS (13:25:02-13:25:04.5 UT)
has magnetosonic whistler wave fluctuations, a common feature
of steepening SLAMS (e.g., Schwartz et al. 1992; Wilson et al.
2013), locally generating current densities up to 1.63 pA m >
and enhancements of J - E’ (Figure 4(h)). In the spacecraft
frame, the wave frequency is 1.5 Hz, and the phase speed (V)
obtained from the correlation analysis of magnetic fields is
87 km s ™', propagating at 34° from the quasi-steady magnetic
field and 37° from the propagation of the SLAMS. The
fluctuations are right-handed in the plasma rest frame (blue
clockwise loops in the Bi-Bj plane of the hodogram in
Figure 4(i)). Thus, we are observing magnetosonic whistler
waves. The whistler waves have the corresponding kd; = 3.9,
where d; =34 km is based on the average density during
13:25:02-13:25:04.5 UT. During the whistler interval, the ion
bulk velocity (including both incoming solar wind and shock/
SLAMS reflected ions) alongk is 274 km s, Thus, in the
plasma rest frame, V;, = 187 km s f=32Hz =034 fy,
where f, = |f,;f. = 9.3 Hz is the lower-hybrid frequency.
The magnetic field and electron bulk flow oscillate together,
without a jet signature that breaks the correlation between the two
as in traditional reconnection events. However, we do not rule out
the possibility that reconnection will occur inside the whistler
wave packets, since the associated thin current structures provide
a necessary condition for reconnection. Compared to the
downstream edge with a By rise, the upstream edge with
decreasing By is less steep. Its spacecraft-frame propagation
speed determined at 13:24:02 UT is 121 km s~ !, slower than the
overall SLAMS and faster than the whistler wave. The d; scale
whistler wave grows on top of the larger-scale SLAMS edge that
is steepening. The electron temperature has visible fluctuations in
the parallel and perpendicular components (Figure 4(f)), but no
substantial net heating is observed at the magnetosonic whistler
waves or current sheets I and II in this second SLAMS event.

The SLAMS event 3 is shown in Figure 5. Considering the
whole structure as one SLAMS, it has |Bmal/|Bol = 3.1,
Nmax/No = 2.3. High-frequency fluctuations exist in the middle
of the SLAMS. The propagation velocity in the spacecraft
frame from the correlation analysis of <0.5 Hz By during the
reversal at 13:23:57-13:24:01 UT is —106 x [0.910, 0.247,
—0.333] GSE km s~ '. In the upstream solar wind frame, the
SLAMS propagates sunward with a speed of 236 km s '
(8.7 V4), with left-hand polarization (overall counter-clockwise
rotation from red to blue in Figure 5(i)). This SLAMS has
gradual gradients at both edges. Taking the marked interval of
13:23:51-13:24:03 UT, the scale size of the SLAMS along the
propagation direction is 1272 km (27 d).

Wang et al.

The high-frequency magnetosonic whistler waves in the
middle of the SLAMS lead to a current density up to 1.1 uA
m* (Figure 5(g)) and enhancements of J - E’' (Figure 5(h)).
The spacecraft-frame frequency of the wave is ~2.0 Hz, and
the wave propagates anti-sunward. In the local plasma rest
frame, Vp, = 133 km s~! sunward, 22° from the quasi-steady
magnetic field (<0.5 Hz), f= 2.0 Hz = 0.26f},, kd; = 3.4.
Overall, T, (Figure 5(f)) increases toward the SLAMS center
as the magnetic field strength increases. In the magnetosonic
whistler wave interval, a Ty enhancement comparable to the
net perpendicular heating into the SLAMS appears, associated
with a parallel electron beam in the distribution (Figure 5(j)).

The electron energization around the T, peak is further
analyzed in Figure 6. The SLAMS structure is associated with a
current sheet with magnetic field reversal in GSE By, (Figure 5(b)),
while the magnetosonic whistler waves lead to sharper variations
of the magnetic field. The magnetic field is rotated to the LMN
coordinate determined by MVA of 1-5Hz fields during
13:23:58.28-13:23:58.54 (Figure 6(a)), a coordinate that gives a
clear reversal of By and the electron curvature drift velocity using
four-spacecraft measurements (Shen et al. 2003) mainly along the
out-of-plane —M direction (Figure 6(f)). The magnetic field
strength becomes low in the middle of the current sheet (black
curve in Figure 6(a)). For electrons that can be trapped in the
current sheet and mirrored at the edge of the central current sheet

where |B|pm. is 17 nT, their pitch angles o = arcsin(llBB| l. )

(Lavraud et al. 2016) are shown as black curves on top of the
pitch angle distribution of 15-60 eV electrons, the energy range
with clear energization as seen in the omni-directional spectro-
gram (Figure 6(b)). The lower magnetic field strength in the
current sheet center leads to more field-aligned pitch angle
distributions, which contribute to the increase of 7. On the other
hand, the total energy is increased (Figure 6(b)), demonstrating net
energization in addition to the effect of the mirror force.

Both parallel and perpendicular electric fields contribute to the
electron energization, as shown in J, - E (Figure 6(d)), where
J. = —neV, measured by MMSI, and E is the electric field,
both are transformed to the local current sheet frame with a
motion of V., = —146 km s~ along N determined by the four-
spacecraft magnetic field correlation analysis. Electrons in the
parallel beam in Figure 5(j) are most clearly energized, which
have a parallel velocity of about 2500 km s~' and an energy of
18 eV, at the time marked by the first vertical dashed line in
Figure 6. Figure 6(e) shows the 1D electron distribution along
U= sign(VH)%me V”2 cut at the bulk perpendicular velocity.
V| > 0 electrons move from the By, > 0 side toward the By, < 0
side (from the right to the left side of the plot). The distribution at
Uj > 15€V at the first vertical line is elevated by one bin (3 €V)
compared to that at the second vertical line, indicating that
electrons are energized by 3 eV as they move in the N direction
from the second to the first vertical line. Since the parallel beam
has the same energy of 18 eV with Ty, Veur calculated using T
(Figure 6(f)) represents the curvature drift for the parallel beam.
The energy conversion rate —eV,,, - E fluctuates with positive
and negative values. During df =0.09 s between the two
vertical dashed lines, the N distance is AN = V,.dt = 13.1 km.
The magnetic field is close to 45° from the N direction, so the
duration for an electron with V|| = 2500 km s~ to move across
AN is At = AN/(Vsin(45°)) ~ 0.0073 s. —eVyy - E is about
50eVs', so that the electron energy gain is —eVu. - E -
At ~ 0.4 eV. The parallel electric field (red curve in Figure 6(h)
with burst mode resolution) close to —1 mV m ! near the current
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Figure 5. SLAMS event 3. (a)-(h) have the same formats as in Figures 1(b)—(i). The magnetosonic whistler waves in the SLAMS produce d;-scale current density
enhancements, and localized electron heating associated with a parallel electron beam (i). The overall perpendicular electron heating is associated with the magnetic
field strength enhancement toward the center of the SLAMS, comparable to the localized parallel heating.

sheet center is barely more significant than the estimated
uncertainty (blue shade). We estimate the energization by the
parallel electric field between the two vertical dashed lines using
f —eV|E|dt to be 3.6 eV, where —eV)E averaged to the electron
velocity time cadence is shown in Figure 6(i), though the number
needs to be taken with cautions since not all data points of Ej in
the interval have larger amplitudes than the uncertainty. The
mirror force has little effect on these near-zero pitch angle
electrons. Based on the above estimation, the energization by E|

and the curvature drift opposite to the electric field for the parallel
drifting electrons is about 4.0 eV, close to the observed
energization of 3 eV.

4. Summary and Discussions

In this study, we investigate the current structures in the
Earth’s foreshock region, in SLAMS in particular. The
most intense current structures with the current density of
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Figure 6. Current sheet in SLAMS event 3 with clear electron parallel energization. (a) Magnetic field in LMN, where L = [—0.240, 0.967, —0.081], M = [—0.459,
—0.039, 0.888], N = [0.855, 0.251, 0.453] GSE. (b) Omni-directional electron spectrogram, where T is overplotted. (c) Pitch angle distribution of 15-60 eV
electrons. The black curves are the pitch angles for electrons that have PA = 90° at|B| = 17 nT near the current sheet edge. (d) Electron energy conversion rate J, - E,
both are in the current sheet frame. (e) Electron distributions along the parallel energy. The distribution at the first vertical dashed line is energized by one bin (~3 eV)
compared to that at the second vertical dashed line. (f) Electron curvature drift velocity. (g) Energy conversion rate due to the curvature drift. (h) parallel electric field
and its uncertainty. (i) Energy conversion rate due to the parallel electric field. (f)—(g) are evaluated at the barycenter of four spacecraft, while other panels are

from MMSI.

~1 uA m~? are of the d; scale, and are associated with energy
conversion J - E’. To summarize the observations of the thin
current structures in the three SLAMS discussed above,
SLAMS 1 contains a reconnecting current sheet; SLAMS 2
shows evidence that compression of the SLAMS contributes
to the formation of thin current sheets; SLAMS 3 shows
significant electron heating due to the curvature drift and the
parallel electric field inside the magnetosonic whistler wave
that is coupled to a larger-scale current sheet.

The current structures could be in the form of current sheets
that are part of the magnetic field rotation in SLAMS (in
SLAMS 1 and 2 discussed above), which are possibly

reconnecting (in the 1st SLAMS) as suggested by the electron
outflow jet and reconstructed X-line-like magnetic field
structures. They are also observed in the form of magnetosonic
whistler waves with the rest-frame frequency f; < f < fin (in
SLAMS 2 and 3), which are generated superimposed on the
SLAMS structure. The two forms of the current structures have
comparable current density and J - E’ values, and fluctuations
of the electron flows have similar amplitudes.

The reconnecting current sheet in SLAMS 1 discussed above
is part of the magnetic field rotation in the SLAMS. It suggests
that the thin reconnecting current sheet evolves in association
with the compression of the SLAMS. The compression is
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indeed observed near the edge of the second SLAMS, where
the spacecraft-frame propagation speed at the sharp magnetic
field gradient is less than half of that of the overall SLAMS
determined from the gradual magnetic field rotation in the
middle. The low magnetic field strength in the current sheet
that is clearest in current sheet I of SLAMS 2 is a favorable
condition for the compression. It is possible that with further
compression, the current sheet (already with a scale of only
2.5 d;) could further thin down and may reconnect.

Parallel electron heating associated with a parallel beam is
observed simultaneously with the magnetosonic whistler wave in
the 3rd SLAMS. In previously reported reconnection events
(Gingell et al. 2019a; Wang et al. 2019), the reconnecting current
sheets with only electron jets do not exhibit net electron heating,
while a current sheet with ion jets show ion and electron heating.
These observations suggest that both the current sheets and
waves cause plasma heating, but not always. The analysis of
SLAMS 3 indicates that the small-scale magnetosonic whistler
wave superimposed on the larger-scale current sheet enhances the
magnetic field curvature and produce parallel electric fields in the
current sheet, which possibly enhances electron energization. For
the reconnecting current sheet in SLAMS 1, the By, variations
that differ from the standard Hall field structures are also likely
the signatures of high-frequency waves superimposed on the
current sheet. These observations suggest that the coupling of

13:24:39.782
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multiple-scale current structures may result in more efficient
electron energization.

The results in this study suggest that the foreshock structures
like SLAMS provide initial locations and magnetic field
fluctuations to generate thin current structures. The SLAMS
and current sheets are then propagated to the shock, while more
current structures are generated. Further investigations with
observations and simulations will help in understanding the
entire process of generation and evolution of the d;-scale waves
and current sheets, and quantifying their roles in the energy
conversion at shocks.
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Appendix

Figures A1-A3 provide more examples of the reconstructed
magnetic field structures for the current sheet shown in Figure 2
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Figure Al. Reconstructed magnetic field lines in the L-N plane at M = 0 for the first interval (13:24:39.782-13:24:39.813 UT) when X-line persistently exists and
moves toward the spacecraft along —N. The last shown frame is an example without an X-line.
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global L-N plane. The third panel shows the result using first-order expansion in the global LMN coordinate.
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of the main text. The existence of X-line in the reconstruction
in continuous intervals supports the possibility that the current
sheet is reconnecting.

Although the X-line is closer to (farther from) the spacecraft
in the second and third panels, and the latter two methods
produce X-line for shorter intervals than the first method, all
three approaches produce an X-line topology, suggesting the
existence of an X-line.
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