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Abstract Magnetic reconnection is a fundamental process of energy conversion in plasmas between
electromagnetic fields and particles. Magnetic reconnection has been observed directly in a variety of
plasmas in the solar wind and Earth's magnetosphere. Most recently, electron magnetic reconnection
without ion coupling was observed for the first time in the turbulent magnetosheath and within the
transition region of Earth's bow shock. In the ion foreshock upstream of Earth's bow shock, there may also
be magnetic reconnection especially around foreshock transients that are very turbulent and dynamic.
With observations from the National Aeronautics and Space Administration's Magnetospheric Multiscale
mission inside foreshock transients, we report two events of magnetic reconnection with and without a
strong guide field, respectively. In both events, a super-ion-Alfvénic electron jet was observed within a
current sheet with thickness less than or comparable to one ion inertial length. In both events, energy was
converted from the magnetic field to electrons, manifested as an increase in electron temperature. Weak
or no ion coupling was observed in either event. Results from particle-in-cell simulations of magnetic
reconnection with and without a strong guide field are qualitatively consistent with observations. Our
results imply that magnetic reconnection is another electron acceleration/heating process inside foreshock
transients and could play an important role in shock dynamics.

1. Introduction

Magnetic reconnection, a fundamental energy conversion process in plasmas, was recently found to be asso-
ciated with collisionless shock environments. In the turbulent magnetosheath downstream of the bow
shock, Phan et al. (2018) identified electron magnetic reconnection without ion coupling. They showed
observations of an electron-scale current sheet with bidirectional super-ion-Alfvénic electron jets, parallel
electric field, and energy conversion from electromagnetic field to particles. Their results suggest the poten-
tial role of energy dissipation in turbulent plasmas at the electron scale. Within the shock transition region,
magnetic reconnection was also observed, implying its contribution to shock dissipation (Gingell et al., 2019;
Wang et al., 2019). Particle-in-cell and hybrid simulations also demonstrated magnetic reconnection at
shocks (Bessho et al., 2019; Gingell et al., 2017; Matsumoto et al., 2015).

Because of shock-accelerated particles traveling upstream of quasi-parallel shocks, a foreshock region
develops there (e.g., Eastwood et al., 2005). The foreshock is very dynamic and associated with many types
of ion-kinetic structures collectively referred to as foreshock transients. These structures are characterized
by significant perturbations in field strength and plasma parameters (e.g., Eastwood et al., 2005). Hot flow
anomalies (HFAs) (e.g., Omidi & Sibeck, 2007; Schwartz et al., 1985; Zhang et al., 2010) and foreshock bub-
bles are two most distinct foreshock transients (e.g., Liu et al., 2015; Omidi et al., 2010; Turner et al., 2013).
They form when a solar wind discontinuity concentrates and thermalizes foreshock ions causing
localized high thermal pressure. Such high thermal pressure pushes the surrounding plasma resulting in a
hot, tenuous core bounded by compressional boundaries. The magnetic field inside the core is
typically very turbulent. A flux rope was observed inside an HFA (Bai et al., 2020; Hasegawa et al., 2012),
which suggests the possibility that magnetic reconnection could occur inside foreshock transients just
like in the magnetosheath, bow shock transition region, magnetopause, and plasma sheet and provide
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particle acceleration/heating (e.g., Burch & Phan, 2016; Eriksson et al., 2016; Phan et al., 2018; Torbert
et al., 2018).

Particle acceleration/heating, almost always observed inside foreshock transients (Liu et al., 2017), could be
very important in the shock acceleration process, including providing a seed population for further accelera-
tion, thus increasing the shock acceleration efficiency (e.g., Liu et al., 2016; Liu et al., 2019; Turner et al., 2018;
Wilson et al., 2016). Fermi acceleration (Liu et al., 2017; Liu et al., 2018; Turner et al., 2018) and betatron
acceleration (Liu et al., 2019) have been identified as two important acceleration mechanisms inside fore-
shock transients, but more mechanisms, yet to be revealed, might also be implicated. Magnetic reconnection
may be such a mechanism. Here, we reveal observational evidence for this process and confirm its presence
by comparison with particle-in-cell simulations.

2. Data and Methods

We used data from the National Aeronautics and Space Administration's (NASA) Magnetospheric
Multiscale mission (MMS; Burch et al., 2016). We analyzed plasma data from the Fast Plasma
Investigation instrument (Pollock et al., 2016), DC magnetic field data from the fluxgate magnetometer
(Russell et al., 2016), magnetic field wave data from the search coil magnetometer (Le Contel et al., 2016),
and electric field data from axial and spin-plane double-probe electric-field sensors (Ergun et al., 2016;
Lindgqvist et al., 2016).

We use a two-dimensional particle-in-cell simulation model in which electrons and ions are all treated as full
particles and advanced in time by solving the equation of motion. Electric field and magnetic field are
defined on grids and updated in time by solving Maxwell's equations using an explicit algorithm. The simu-
lation domain is a two-dimensional box in the x-z plane, [0, L,] X [—L,/2, L,/2]. The initial configuration is
the Harris current sheet with the magnetic field B = Bytanh(z/L)e,+Boe, and the plasma density n = n,+n-
osech?(z/L). Here, B, is the asymptotical magnitude of the magnetic field, L is the half-width of the current
sheet, By, is the uniform guide field in the y direction (out-of-plane direction), n, is the peak density of the
Harris current sheet, and n,, is the background density. Two cases with different values of guide field B, are
considered to compare with the two MMS events. Case 1 has a strong guide field, By, = 1.0B,; Case 2 has a
weak guide field, B,y = 0.1B,. In these two cases, the background density is n, = 0.2n,, and the half-width is
L = 0.5d;, where d; = c/w,; is the ion inertial length defined by n,. The ion-to-electron temperature is T;/
T, = 4, the ion-to-electron mass ratio is m;/m,=100, and the speed of light is ¢ = 20V, where V4 is the
Alfvén speed evaluated using By and ny. The grid size is Ax = Az = 0.05d;, and the time step is At = 0.001
Q;)l, where Q;y = eBy/m; is the unit ion gyrofrequency. The size of the simulation domain is L, = 102.4d;
and L, = 25.6d;, with grid numbers N, = 2048 and N, = 512. More than 10® particles per species are used
in each simulation run. Periodic boundary conditions are adopted in the x direction, and perfect conductor
boundary conditions are used in the z direction.

3. Observations

Using MMS observations during 2017-2019, we examined around 130 foreshock transients to look for
sub-ion scale current sheets associated with demagnetized electrons. We found at least five events that were
very likely reconnecting. Here, we present two representative magnetic reconnection events with and with-
out a strong guide field, respectively. The other three events can be found in the supporting information.

3.1. Event 1 With a Strong Guide Field

MMS at the flank of the bow shock ([6.5, 20.5, 6.4] Rg in GSE) observed a large foreshock transient on 10
November 2017 (Figure 1). It had a core with low field strength (Figure 1a), low density (Figure 1b), and
strong plasma flow deflection (Figure 1c). The ions were very diffuse (Figure 1d), and the electron energy
was enhanced over time (Figure 1le) possibly due to Fermi acceleration (Liu, Lu, et al., 2017). Its estimated
spatial structure is sketched in Figure 1f (using methods described in Liu et al. (2016) and Schwartz
et al. (2018)). The magnetic field inside the core was very turbulent, suggesting that magnetic reconnection
might occur similar to that in the turbulent magnetosheath (Phan et al., 2018). We zoom in to a very small
current sheet near the boundary of the core at ~17:26:18 UT (vertical gray shaded region that is as thin as a
line in Figure 1) to apply further analysis.
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Figure 1. The overview observations of event 1 and its sketch. Panels (a)-(e) are magnetic field in GSE coordinates, plasma density, ion bulk velocity in GSE
coordinates, ion energy flux spectrum, and electron energy spectrum, respectively. Panel (f) is the sketch of the foreshock transient geometry in the GSE-XY
plane. DD is short for directional discontinuity. Panel (g) is the zoom-in sketch corresponding to the thin gray shaded region in the left panel.

Figure 2 shows the zoom-in plot of the gray shaded region in Figure 1 measured by MMS1 (also see the
zoom-in sketch in Figure 1g). By applying minimum variance analysis (Sonnerup & Scheible, 1998) on
the magnetic field during the time interval from ~17:26:17.7 to 17:26:17.9 UT (Figure 2a, magenta bar at
the top), we transformed the GSE to LMN coordinates corresponding to the maximum (L = [0.58, 0.24,
0.78]), intermediate (M = [0.64, 0.45, —0.62]), and minimum (N = [—0.50, 0.85, 0.11]) variance direction,
respectively (e.g., Wang et al., 2018). The magnetic field (Figure 2a) exhibited bipolar By, from about +2 to
—3nT, unipolar By, with maximum value nearly 6 nT, and By that was around zero. This indicates that there
was very likely a current sheet with a strong guide field (yellow region). The background ion and electron
bulk velocity (Figures 2b and 2c) were dominated in the +N direction at ~400-500 km/s (note that due to
the narrow solar wind beam and the presence of foreshock ions, the ion bulk velocity measurement has large
uncertainty). We thus estimated the thickness of the current sheet as approximately 80-100 km, which was
less than one ion inertial length (~218 km before the current sheet and ~196 km after the current sheet).

Inside the current sheet (yellow region), the electron bulk velocity Vi was enhanced from —87 + 66 km/s up
to —465 km/s and V); was enhanced from —106 + 75 km/s up to —940 km/s, respectively (Figure 2c). The ion
bulk velocity was only perturbed by ~40 km/s in the L and M directions (Figure 2b), and ion distributions do
not show clear variations (Figure S1). Figure 2d shows the current density calculated from the curlometer
method (Robert et al., 1998; the interspacecraft separation was ~20 km, smaller than the current sheet thick-
ness). There was a strong current density of ~130 nA/m? in the +M direction which reversed B;.. Such a mag-
nitude was consistent with the one estimated from the electron and ion bulk velocity difference (~800 km/s)
and the local density (1.1 cm™ in Figure 2j), which was ~140 nA/m? This suggests that the strong current
density in the +M direction was mainly carried by electrons. To compare with the measured electron velo-
city, Figure 2e shows the calculated E X B drift velocity in comparison with ion (dotted) and electron
(dashed) perpendicular velocity. Inside the current sheet, electron perpendicular velocity roughly matches
E x B drift velocity. Therefore, this current sheet was mainly driven by the electron velocity antiparallel
to the guide field.

To examine whether this current sheet was reconnecting, we calculated j - E’ where E= E+V, X B, the elec-
tric field in the electron rest frame. Figure 2g shows that the electric field component parallel to the magnetic
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Figure 2. The zoom-in plot of the gray shaded region in Figure 1 measured by MMSI. The left panel from top to bottom are (a) magnetic field in LMN (see
definition in the text); (b) ion bulk velocity in LMN; (c) electron bulk velocity in LMN; (d) current density in LMN; (e) E X B drift velocity in LMN in

comparison with ion (dotted) and electron (dashed) perpendicular velocity; (f) electric field in LMN; (g) electric field component parallel to the magnetic field (red)
and its error (black); (h) j - E’ (black), jj| - E" (red), and j - E, ' (blue); (i) electron temperature in the parallel (blue) and perpendicular (green) direction; and (j)
plasma density. The yellow region indicates the current sheet. Panels (k)-(m) show the electron energy flux spectra inside the current sheet (red; between two
vertical dashed lines in the left panel) and in the background (black; between two vertical dotted lines in the left panel), in the direction parallel (k), antiparallel
(1), and perpendicular (m) to the magnetic field. Panel (n) shows the ratio between these two energy flux spectra in the parallel (magenta), antiparallel (blue), and
perpendicular (green) direction.

field was enhanced inside the current sheet at ~17:26:17.8 UT (slightly larger than the measurement error).
Asaresult, j - E' increased from 0 to ~0.12 nW/m? inside the current sheet, which was dominated by j By
(red in Figure 2h). This indicates that the energy was transferred from the field to particles. Indeed, Figure 2i
shows that the electron temperature increased inside the current sheet especially in the parallel direction
(blue).

To further investigate the electron heating, we plot the time-averaged electron energy flux spectra in the
background (between two vertical dotted lines) and in the current sheet (between two vertical dashed lines),
respectively. Figures 2k to 2m show their comparison in the direction parallel, antiparallel, and perpendicu-
lar to the magnetic field, respectively. We see that in the parallel (Figure 2k) and perpendicular (Figure 2m)
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Figure 3. The overview plot and the sketch of Event 2. Same format as in Figure 1.

directions, the energy flux in the current sheet (red) enhanced at tens of eV but did not show clear
enhancement above 150 eV compared to the background (black) (also see their energy flux ratios in
Figure 2n). In the antiparallel direction (Figure 21), on the other hand, the energy flux increased by a
factor of 1.4 on average (blue in Figure 2n; the uncertainty of energy flux measurement is a few percent)
from ~30 eV to 1 keV where the energy flux reached the noise level. Such electron heating/acceleration
predominantly in the antiparallel direction is likely because the reconnection electric field was parallel to
the guide field consistent with previous simulations (e.g., Huang et al., 2010; Pritchett, 2006). Therefore,
this current sheet was reconnecting, transferring energy from the field to electrons mainly in the
antiparallel direction. The electron Vi enhancement was thus identified as the electron outflow at
~378 km/s, which was six times the ion Alfvén speed (~63 km/s before the current sheet and ~66 km/s
after the current sheet).

3.2. Event 2 Without a Strong Guide Field

MMS at the flank of the bow shock ([6.7, —13.4, 4.6] Rg in GSE) observed another foreshock transient on 12
April 2018 (Figure 3). It also had a core with low field strength (Figure 3a), low density (Figure 3b), and
strong plasma flow deflection (Figure 3c) surrounded by two compressional boundaries. There were also dif-
fuse ions (Figure 3d) and electron energy flux enhancement (Figure 3e) inside the core. Figure 3f shows its
sketch. Close to the boundary of the core at ~06:35:25 UT (vertical gray shaded region in Figure 3), the local
magnetic field dropped to nearly zero, suggesting that there might be magnetic reconnection.

Figure 4 is the zoom-in plot of the shaded region in Figure 3 measured by MMS1 (also see the zoom-in sketch
in Figure 3g). We also transformed the GSE to LMN coordinates (L = [—0.36, —0.22, —0.91], M = [0.83,
—0.51, —0.21], and N = [-0.41, —0.83, 0.37]) using the time interval from ~06:35:24.9 to 06:35:25.3 UT
(magenta bar at the top). We see that there were two current sheets (labeled as blue and yellow region,
respectively): By, varied from about —9 to +6 nT and back to —10 nT. Neither of the current sheets had a
strong guide field (By; ranged approximately from —3 to —1 nT). The ion bulk velocity did not show clear
variation during the entire time interval (also see ion distributions in Figure S2) and was mainly in the
+N direction at ~400 km/s (Figure 4b). Thus, the crossing of two current sheets cannot be an apparent dou-
ble crossing of a single current sheet moving back and forth. We estimated the thickness of two current
sheets to be around 130 km, comparable to one ion inertial length (133 km before two current sheets or
160 km after two current sheets). As for the electron bulk velocity (Figure 4c), moderate variation was
observed in the first current sheet (CS 1, blue region) resulting in an electron current mainly in the —M
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Figure 4. The zoom-in plot of the gray shaded region in Figure 3 measured by MMS1. Same format as in Figure 2, except that the electron energy flux spectra
comparison is between two current sheets (between two vertical dotted lines and dashed lines, respectively).

direction at ~100 nA/m? (Figure 4d). In the second current sheet (CS 2), the variation was more significant:
Vi, varied from —9 + 119 km/s in the background up to 331 km/s and V) varied from —58 + 79 up to
—570 km/s. The current density was ~190 nA/m” mainly in the +M direction, which was more intense
than that of CS 1 (Figure 4d). Its magnitude was comparable to that estimated from electron Vy; variation
(~230 nA/m?). Figure 4e shows the E X B drift velocity. We see that it did not match well with electron
perpendicular velocity in two current sheets, suggesting that electrons there were (at least partially)
demagnetized.

To investigate whether two current sheets were reconnecting, we calculated j - E’. We see that inside both
current sheets, there was enhanced parallel electric field (slightly larger or comparable to the measurement
error) and nonzero j - E' indicating energy conversion (Figures 4g and 4h). In CS 1, - E was negative, mean-
ing that the energy was transferred from particles to the field, whereas in CS 2, j - E’ was positive (dominated
byj) - E|'), meaning that the energy was transferred from the field to particles. As a result, the electron tem-
perature decreased in CS 1 and increased in CS 2 (Figure 4i), and the parallel temperature (blue) varied more
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Figure 5. The virtual spacecraft crossing of the simulated electron diffusion region for case 1 with a strong guide field. The left panel from top to bottom are
normalized (a) magnetic field, (b) ion bulk velocity, (c) electron bulk velocity, (d) current density, (e) electric field, (f) j - E’, (g) electron temperature, and

(h) density. The coordinate system (x, y, and z) is the same as the observations (L, M, and N). The right panel indicates the virtual spacecraft trajectory (dashed
arrow) in the xz plane. The black lines indicate the magnetic field lines in the xz plane, and the color indicates the magnitude of By.

significantly than the perpendicular temperature (green). (After 06:35:25.2 UT, there was another
temperature increase, which was likely corresponding to a different population that was
heated/accelerated by the foreshock transient core.) We also compared the energy flux spectra in CS 1
(between two vertical dotted lines) and in CS 2 (between two vertical dashed lines) shown in Figures 4k
to 4m. There was no very clear enhancement in the parallel direction (Figure 4k), but in the antiparallel
and perpendicular directions, the energy flux in CS 2 enhanced by a factor of 1.3 and 1.2, respectively,
compared to that in CS 1 above ~100 eV (Figures 41 to 4n). Such energy flux enhancement is consistent
with the opposite energy conversion in CS 1 and CS 2. Therefore, we conclude that there was no
reconnection inside CS 1 and the electrons were transferring energy to the field. In CS 2, on the other
hand, there was reconnection with energy conversion from the field to particles and the associated
electron temperature enhancements. The electron Vi, enhancement in CS 2 was thus identified as the
electron outflow at ~340 km/s, faster than the average ion Alfvén speed (115 and 202 km/s in the
background before CS 1 and after CS 2, respectively).

4. Simulations

To compare with two observation events, we employed particle-in-cell simulations of two magnetic recon-
nection cases with and without a strong guide field, respectively. For Case 1, with a strong guide field, the
left panel of Figure 5 shows the virtual spacecraft crossing of the electron diffusion region (embedded in
the ion diffusion region) along the normal direction, and the right panel shows the virtual spacecraft trajec-
tory. The coordinate system (x, y, and z) is the same as in the observations (L, M, and N). Figure 5a shows that
By is comparable to By, indicating a strong guide field. The thickness of the current sheet is around one ion
inertial length, consistent with observations. Within the current sheet (yellow shaded region), the ion velo-
city perturbation in the x direction is very weak, ~0.2 V, (Figure 5b; note that the value varies across differ-
ent virtual trajectories, but the order of magnitude is similar), consistent with event 1 (~0.6 V). The electron
outflow, on the other hand, is very clear in both +x and —x directions at ~ +1.5 V, (Figure 5c; also depending
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Figure 6. The virtual spacecraft crossing of the simulated electron diffusion region for Case 2 without a strong guide field. Same format as in Figure 5.

on the virtual trajectory). In the y direction, there is moderate ion velocity enhancement at ~1.0 V
(Figure 5b) and significant electron velocity enhancement at approximately —7.0 V5 (Figure 5c), resulting
in strong current density in the +y direction (Figure 5d). A positive j - E’ can be seen (Figure 5f), resulting
in electron temperature enhancements (Figure 5g). The parallel temperature increase (blue) is more
dominant than the perpendicular temperature increase (green), which is consistent with observations in
Event 1 (Figures 2i, 2k to 2n).

Figure 6 shows the virtual spacecraft crossing of the simulated current sheet without a strong guide field
(Case 2). The thickness of the current sheet is also around one ion inertial length. Similar to observations
in Event 2 (Figures 4b and 4c), no ion outflow is seen (Figure 6b), but there is clear electron outflow in
the x direction at approximately —1.5 V5 (Figure 6c). The strong current density in the +y direction
(Figure 6d) is also mainly contributed by the electron velocity enhancement in the —y direction
(Figure 6c). There is also positive j - E’ (Figure 6f) resulting in the electron temperature increases
(Figure 6g). Similar to observations in Event 2 (Figures 4i, 4k to 4n), the parallel temperature increase (blue)
is only slightly larger than the perpendicular temperature increase (green). In summary, the simulation
results are qualitatively consistent with our observational results in both events, further confirming that
the observed current sheets were reconnecting.

5. Conclusions and Discussion

Using MMS observations, we have provided the first direct observational evidence of magnetic reconnection
inside foreshock transients. We showed two events with and without a strong guide field, respectively. In
both events, the reconnection occurred in microscale current sheets with thickness less than or comparable
to one ion inertial length. We identified a super-ion-Alfvénic electron outflow, positive j - E’, and the elec-
tron temperature increases. Weak or no ion coupling was observed. We also applied particle-in-cell simula-
tions to compare with two observation events, which are qualitatively consistent. Liu, Angelopoulos,
et al. (2017) discussed energy conversion processes from kinetic foreshock ions to electromagnetic field to
electrons inside foreshock transients—our results show that magnetic reconnection is also one such process.
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Thus, we find that magnetic reconnection occurs not only downstream of and inside shocks but also
upstream of shocks, contributing to dissipation at the sub-ion scale.

Here, we discuss what might trigger the magnetic reconnection. In two events shown here and three events
in the supporting information, reconnecting current sheets were all inside HFAs or foreshock bubbles that
are associated with a solar wind discontinuity. Hybrid simulations and observations showed that magnetic
reconnection can occur when a solar wind discontinuity is compressed by the bow shock (Hamrin et al., 2019;
Lin, 1997). It is likely that the reconnecting current sheet originated in the driver solar wind discontinuity
and was compressed by the foreshock transient as two events occurred at the edge of the foreshock transient
where the driver discontinuity might be (Figures 1 and S5). Additionally, the rest events were likely inside
the hot low-density core with turbulent magnetic field indicating that the reconnecting current sheet may
also originate in the turbulent magnetic field, a situation similar to the magnetosheath (Phan et al., 2018).
However, although clear ion coupling was not observed, the events may still necessitate ion coupling.
Their spatial scale was around one ion inertial length, inconsistent with the typical electron magnetic recon-
nection scale (several electron inertial lengths; Phan et al., 2018). Therefore, the events could be the electron
diffusion region embedded in the ion diffusion region as shown in our simulations. The observational evi-
dence of ion diffusion region needs further study in the future.

Next, we discuss the possible effects of the guide field by comparing observation Event 1 and simulation Case
1 with Event 2 and Case 2. We see that with a strong guide field, the parallel temperature enhancement is
more dominant than the perpendicular temperature enhancement (Figures 2i, 2k to 2n, 5g). Without a
strong guide field, on the other hand, the parallel temperature enhancement is comparable to the perpendi-
cular temperature enhancement (Figures 4i, 4k to 4n, 6g). This result is consistent with previous simulation
studies (e.g., Swisdak et al.,, 2005). Here, we discuss what might cause such difference in the
parallel/perpendicular temperature enhancement. One possible mechanism is that the strong guide field
can help confine electrons within the diffusion region through gyration to increase the acceleration time
and enhance the parallel heating (Fu et al., 2006). In addition, with a strong guide field, electrons can get
preaccelerated by the parallel electric field in the separatrix region before moving into the electron diffusion
region (Drake et al., 2005; Pritchett, 2006). Another possibility is that the perpendicular heating is sup-
pressed by the guide field (Phan et al., 2013). However, when and where MMS and the virtual spacecraft
crossed the current sheet can also result in apparent differences in two events and cases. To understand
the role of the guide field requires more comprehensive studies.

As one of the most important acceleration mechanisms in the universe, shock acceleration is still not fully
understood. For example, there is a minimum energy threshold for particles to participate in the shock accel-
eration process, but the source of the initial energization is unknown (i.e., the “injection problem”;
Treumann, 2009 and references therein). Supercritical shocks can intrinsically reflect particles forming
the foreshock with many large-scale ion kinetic foreshock transients. Magnetic reconnection inside fore-
shock transients could provide additional acceleration/heating increasing the theoretical acceleration effi-
ciency of shocks and contributing to the initial energization of particles upstream of shocks.
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