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Abstract We report, for the first time, strong evidences that a fast Fermi mechanism is taking place
at the Mars bow shock. The MAVEN spacecraft observations from the Solar Wind Electron Analyzer
instrument show electron flux spikes with energies up to ∼1.5 keV. These spikes are associated with
sunward propagating electrons and appear when the interplanetary field line threading the spacecraft is
connected near the Martian bow shock tangency point. The observed loss cone distribution is a salient
feature of these backstreaming electrons as the phase space density peaks on a ring centered along
the magnetic field direction. Moreover, the data show no evidence of any effect due to a hypothetical
cross-shock electric potential on the observed angular distributions. Although similar distributions are
seen at the terrestrial bow shock, the quantitative analysis of the measurements strongly indicates that the
electrons are produced at the shock foot and escape upstream before exploring the entire shock structure.

1. Introduction
The Phobos-2 spacecraft reported for the first time the existence of energetic electrons upstream of the Mar-
tian bow shock (Skalsky et al., 1993a). Using the HARP differential electrostatic analyzer (Kiraly et al., 1991),
Skalsky et al. (1993b) show that the electron flux is enhanced only when the field of view of the instrument
and the magnetic field directions are nearly parallel. The authors interpreted these observations as a signa-
ture of the shock reflection of solar wind electrons. The Phobos-2 detector restricted field of view as well as
a limited time measurement resolution provided an incomplete picture of the foreshock electrons.

Using a state-of-the-art instrumentation onboard of the MAVEN orbiter, a recent study from Meziane et al.
(2017) revealed new insights of the Martian electron foreshock. An electron population emanating from
the entire bow shock surface of Mars with energies reaching up to ∼2 keV and having a flux intensity that
is independent of shock geometry 𝜃Bn, the angle that the shock normal makes with the upstream ambi-
ent magnetic field, forms the main source of backstreaming electrons. This electron population exhibits
a flux decrease with distance from the shock. This unexpected feature has been interpreted as the conse-
quence of their impact with Martian exospheric hydrogen (Mazelle et al., 2018). The production mechanism
at the shock remains to be elucidated, although the observed pitch angle distributions seem to indicate
that electron reflection may be dominant. These findings somehow contrast with what is known in the ter-
restrial foreshock environment. A second foreshock electron population appearing as spikes with energies
up to ∼1.5 keV are detected when the interplanetary field line threading the spacecraft is connected near
the Martian bow shock tangency point. These electron signatures are similar to analogous well-established
observations in the terrestrial electron foreshock (Anderson et al., 1979). The present work focusses on this
latter population.

Despite the lack of a global magnetic field, the existence of an induced magnetosphere produced by the
interaction of the solar wind plasma with the planetary atmosphere and ionosphere implies the presence
of the Martian bow shock, which has an impact on major upstream phenomena such as foreshock forma-
tion. Precisely, ions and electrons of solar origin, in addition to pickup ions, encounter the shock structure,
which in turn modifies their complex trajectories, respectively. Moreover, the difference in plasma scale
lengths as compared to the sizes of the Martian and Terrestrial obstacles suggests some fundamental dis-
similarities between the solar wind interactions with the Martian bow shock and the Terrestrial foreshock,
respectively. It is clear that the study of foreshock particle distributions will potentially shed some light on
our understanding of important physical aspects of shock structure and its impact on downstream plasma
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thermalization, a phenomenon poorly understood and in need of thorough investigation. In addition, parti-
cle reflection at the Martian shock still prevails and needs to be investigated thoroughly since the separation
between quasi-parallel and quasi-perpendicular remains ill defined (Moses et al., 1988).

In the present report, quantitative arguments are developed to explain that the local acceleration of electrons
at Mars results from a Fast Fermi process. According to our knowledge, although this may appear to be
ordinarily associated with particle shock-related acceleration, this is the first time that such a phenomenon
is reported in a planetary environment other than the terrestrial one. The observations are depicted in the
next section, and a quantitative analysis is developed in section 3. Using an instructive parallel comparison
with the terrestrial foreshock, a conclusion that summarizes the main results is presented in the last section.

2. Observations
The present study is based on observations from the MAVEN spacecraft, which currently is in orbit around
Mars. The main objective of MAVEN's mission is to understand the physical mechanisms leading to the out-
flow of volatile gas at Mars as a consequence of the solar radiation and the solar wind's interaction with the
upper Martian atmosphere (Jakosky et al., 2015). The orbiter carries a state-of-the-art instrumentation able
to fully accomplish the proposed science goals. In this study, we focus on data from the Solar Wind Elec-
tron Analyzer (SWEA) and the magnetometer (MAG). SWEA consists of a symmetrical hemispheric-shaped
detector able to measure the energy and angular distributions of 3- to 4,600-eV electrons throughout the
Martian environment (Mitchell et al., 2016). The instrument field of view spans 80% of all sky, and a half
distribution function is obtained every 32 s, while the integrated flux is collected every 4 s near the shock,
typically, the rate depending on altitude and Mars-Earth distance. The MAG sensors measure the vector
magnetic field with a precision of ∼0.35 nT with a sampling rate of 32 Hz (Connerney, Espley, Lawton, et al.,
2015) and are designed to perform high-precision reliable measurements of the magnetic field in the Mars
environment. The measurements' accuracy has been confirmed by the first results and compared with the
electron pitch angle distribution in the solar wind (Connerney, Espley, DiBraccio, et al., 2015). In terms
of time resolution, MAG provides, in the maximum high-telemetry ode, 32 vectors per second, sufficiently
enough to study the dominant ion scale plasma processes occurring at the bow shock of Mars. In addition,
solar wind ion plasma measurements are also used and these are from the Solar Wind Ion Analyzer (Halekas
et al., 2015).

The time series of electron flux for 10 selected energy ranges is shown on the top panel of Figure 1 as recorded
by MAVEN/SWEA on 4 January 2015 between 0230 and 0320 UT. The following successive panels display
the magnetic field magnitude, the solar wind speed, the angle 𝜃Bn that the interplanetary magnetic field
(IMF) makes with the local shock normal and the foreshock depth DIF, and the distance parallel to the X
direction of the MAVEN position from the IMF tangent line to the shock, respectively. In the case where
the magnetic field line is not connected to the shock, DIF is negative and the angle 𝜃Bn is not calculated.
The remote determination of connection parameters, 𝜃Bn and DIF, necessitates the use of a model for the
Martian bow shock surface; this shape has been investigated by several authors based on shock crossings
identified in satellite data. All these models revolve around a fitting procedure that uses shock crossing
locations to determine the best conic section. In all these available models, the conics' parameters are fixed
and no adjustment to solar wind conditions is considered. In an aberrated solar ecliptic system, the Martian
shock surface is usually represented in polar coordinates (r, 𝜃) by

r = L
1 + 𝜖 cos 𝜃

(1)

In Mars Solar Orbital (MSO) system, the three parameters of the conics, the semilatus rectum L, the eccen-
tricity 𝜖, and the focus distance X0 from the center of the planet, must be determined in order to fix the
model. Based on expression (1), one approach to determine the triplet (L, 𝜖,X0) is to consider the function
F(L, 𝜖,X0) given by the following form

F(L, 𝜖,X0) = (X − X0)2 + Y 2 + Z2 − (L − 𝜖(X − X0))2 (2)

where (X,Y,Z) are the MSO coordinates of the spacecraft. The function F links the position of the MAVEN
spacecraft with respect to the shock and at the time of the crossing F(L, 𝜖,X0) = 0. An approximate solution
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Figure 1. Top to bottom panels, respectively, show the electron flux for 10 selected energy ranges, the magnetic field
magnitude, the solar wind speed, the shock 𝜃Bn, and the foreshock depth DIF for 4 January 2015 between 0230 and
0320 UT. MAVEN shock crossing is indicated by a thin vertical line at ∼0318:25 UT. SWEA = Solar Wind Electron
Analyzer.

for (L, 𝜖, x0) is obtained by minimizing F(L, 𝜖,X0) at the time of the Martian bow shock crossing by MAVEN,
which occurs at 0318:25 UT. We found L = 2.53RM (Mars's Radius), 𝜖 = 1.03, and X0 = 0.70RM . These
numerical values can be compared with statistical models from Vignes et al. (2000; L = 2.04RM , 𝜖 = 1.03,
X0 = 0.64RM), Trotignon et al. (1991; L = 2.17RM , 𝜖 = 0.95, X0 = 0.50RM), Slavin et al. (1991; L = 2.07RM ,
𝜖 = 1.01, X0 = 0.55RM), or Schwingenschuh et al. (1990; L = 2.72RM , 𝜖 = 0.85, X0 = 0.0RM). During
the time interval of Figure 1, all previously cited models point to a situation where the MAVEN spacecraft
remains magnetically disconnected from the shock, which seems to be in agreement with the electron data
since the fluxes for all energies are sustained to a constant level corresponding to solar wind electrons.
However, none of these models captures the 0318:25 UT crossing. Moreover, the shock parameters derived
from the minimization of expression (2) point at the fact that the IMF field lines threading the MAVEN
spacecraft remain unconnected (DIF < 0) during the entire interval shown in Figure 1 except for two short
durations that we examine next. The model, however, reproduces MAVEN's inbound crossing as indicated
by the vertical line in DIF (or 𝜃Bn) plot, remarkably. Furthermore, Figure 1 shows short-lived/abrupt electron
flux enhancements for E ≥ 37 eV which peak at ∼ 0236:40, ∼ 0237:45, and ∼ 0255:00 UT, respectively.
It is important to note that the model bow shock used here captures the magnetic connection when the
electron bursts are observed, indicating that the shock has not moved significantly. These electron bursts,
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Figure 2. Top to bottom panels, respectively, show the electron flux for 10 selected energy ranges, the solar wind speed,
the magnetic field magnitude, and the Mars Solar Orbital components of the magnetic field for 4 January 2015 between
0315 and 0320 UT. The vertical dashed line indicates the shock crossing. SWEA = Solar Wind Electron Analyzer.

as indicated in the DIF panel plot, appear in the SWEA analyzer due to a rapid back and forth change in the
IMF direction, while the spacecraft remains clearly outside the foreshock (DIF < 0) grazing the shock-IMF
tangent line; the short MAVEN intrusions in the foreshock are indicated by DIF > 0. Interestingly, it is worth
noticing the association of the electron spectrum with the connection parameters. For the 0237:45 UT burst,
the lower-energy threshold corresponds to E ∼ 74 eV while it is lower for the 0255:00 UT burst (E ∼ 37 eV),
and at the same time MAVEN is located deeper in the foreshock for the latter when compared to the former.

The association of backstreaming electrons with the Martian bow shock prompts a scrutiny of the shock
region. Figure 2 shows an enlargement of Figure 1 around the time of interest, between 0315 and 0320 UT
in which the DIF and the 𝜃Bn panels have been replaced by time series representing the IMF MSO com-
ponents. Before the shock ramp crossing, indicated by the dashed vertical line, Figure 2 clearly shows,
starting at 0317:57 UT, a magnetic structure that is strongly similar to a foot commonly seen in front of
quasi-perpendicular supercritical shocks. It is important to notice the electron flux enhancement, up to
∼1.5 keV, when MAVEN happens to be inside the foot region. As we elaborate below, the existence of the
magnetic foot at the shock front plays a determinant role in understanding the observed electron distribution
functions.
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Figure 3. Snapshots of electron angular distribution for selected energy ranges taken at 0255:11 UT. The
Hammer-Aitoff equal area projection is used. The “+” (“⋄”) symbol represents the direction of B (−B) direction. The
color scale corresponds to distribution function values and is normalized for each Hammer-Aitoff slice.
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Figure 4. Snapshots of electron angular distribution for selected energy ranges taken between 0317: 43 and 0318:07 UT. A similar format as in Figure 3 is used.

Pursuing further the observation, we now examine in detail the electron angular distribution. For this
purpose, the Hammer-Aitoff equal area projection (Mailing, 1992) is used to represent three-dimensional
measurements of electron distributions as shown in Figure 3. The projection is appropriate to display 4𝜋
steradians projections for a given energy and has been used with terrestrial foreshock electron observations
(Larson et al., 1996) and ions (Meziane et al., 2001). Each slice is a representation in pitch angle (radial
extent) gyrophase (polar angle) dimensions for a fixed energy. In this representation, field-aligned propagat-
ing particles show a space phase density peak centered on the “+” or “⋄” symbol (indicating the direction of
B or −B, respectively). The blank polar sectors visible in each distribution are velocity space regions that are
not covered by SWEA, while the asterisk symbol “∗” shows the solar wind direction. During the time inter-
val of interest, the magnetic field direction is planetward; the backstreaming particles are therefore primarily
streaming in −B direction indicated by the ⋄ symbol as shown on each Hammer-Aitoff slice. Figure 3 shows
eight snapshots for 12 selected energy ranges as indicated on top of each slice. The solar wind strahl, a pop-
ulation of solar wind electrons (energies >40 eV at 1 AU) that propagate in beams parallel to the magnetic
field direction (Feldman et al., 1975; Rosenbauer et al., 1977), is clearly identified in Figure 3 for energies
E > 74 eV. It coincides with the IMF direction as indicated by the + symbol; its intensity decreases with
energy. Figure 3 also depicts a nearly closed ring or annulus centered along the −B direction and represent-
ing a peak in phase space density seen above E > 37 eV. In addition, it seems that the pitch angle (the ring
radius) appears slightly larger for the electron energy channel E = 378–477 eV than for E = 188–237 eV and
below, though for the highest-energy channel the ring is not well resolved.

In support of further analysis, the electron angular distribution recorded after the burst during the inbound
MAVEN motion and precisely within the shock foot just before MAVEN shock crossing is shown in Figure 4;
a similar format as in Figure 3 is used. Similar ring distributions are observed throughout the shock foot
between 0317:52 and 0318:72 UT, and the ring structure disappears after the shock ramp. The ring can be
clearly identified on energy channels starting from 46–59 up to 780–960 eV (not shown).

MEZIANE ET AL. 5533



Journal of Geophysical Research: Space Physics 10.1029/2019JA026614

Figure 5. The continuous lines show the phase space density variation versus pitch angle for selected energy channels
observed by MAVEN-SWEA analyzer on 4 January 2015, 0255:11 UT. The thin dashed lines correspond to the solar
wind distribution taken 0253:59 UT for which MAVEN is not magnetically connected. The vertical line indicates a
pitch angle of 130◦. The energy ranges are indicated on the right of the figure.

3. Quantitative Analysis
From a quantitative standpoint, the continuous lines in Figure 5 show a more conventional representation
of the pitch angle distribution. For the electron burst observed at 0255:11 UT, the distribution is sampled
in the plasma rest frame and is retrieved from the 3-D angular distribution of Figure 3 and in which the
integration over the gyrophase has been performed. In addition, the dashed lines in Figure 5 represent the
solar wind pitch angle distribution measured at a not so distant instant (0253:59 UT) when MAVEN was
outside the foreshock. Figure 5 clearly depicts the solar wind electron isotropic core (and part of the halo)
(E = 14–18 eV) and the strahl (E ≥ 37 eV). Both solar wind components clearly identified whether MAVEN
is inside or outside the Martian foreshock. The electron spike is associated with a significant flux enhance-
ment above the solar wind threshold and corresponds to sunward moving electrons (pitch angle >90◦).
Clearly, the electron phase space density maximum is not aligned with the magnetic field direction. While
E ≥ 149-eV electrons exhibit a peak at ∼130◦, at lower energy (E = 59–118 eV) the phase space density val-
ues peak sensitively at higher pitch angle values (∼150◦). Due to a limited angular resolution of SWEA, the
progressive decrease of the pitch angle from higher to lower electron energies is fairly noticeable (Meziane
et al., 2017).
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Figure 6. Mirror loss cone angle 𝛼c versus electron energy for a magnetic
ratio N = 3 for various cases based on e𝛷 values as indicated by the color of
each curve.

The observations presented in the above section clearly point to similar-
ities with the terrestrial foreshock. It is known that sheets of sunward
propagating energetic electrons are always present on IMF field lines
nearly tangent to the Earth bow shock (Anderson et al., 1979). The most
energetic electrons emanate near the tangent line, whereas less ener-
getic ones emerge from regions located relatively deep, downstream of
the IMF tangent line. Therefore, the bursty appearance is due to the IMF
line tangent to the bow shock sweeping the spacecraft. The occurrence
of electron bursts at the Martian foreshock results in the same fashion as
they are seen when the foreshock connection depth DIF nears zero. The
analogy pinpoints to a similar physical mechanism, responsible for the
electron energization, operating at both planetary shocks. In this context,
the seminal works by Wu (1984) and Leroy and Mangeney (1984) are fun-
damentally relevant since they provide the theoretical framework for the
production mechanism of electron bursts seen at planetary bow shocks.
The theoretical models are based on an adiabatic reflection mechanism
of a subpopulation of solar wind electrons by planetary bow shocks. In
agreement with these models, a later work from Larson et al. (1996)
provided strong observational evidence that a mirror reflection of a popu-
lation of solar wind electrons takes place at the Earth's bow shock. In this
latter study, based on WIND-3DP experiment, Larson et al. (1996) report
that the distributions have a loss cone angle increasing with decreasing
energy pinpointing the presence of a significant cross-shock potential
affecting lower-energy reflected electrons. In the present study, no such
effect is observed, and as explained below, the variation of the loss cone

angle with energy stipulates in fact that the adiabatic reflection of electrons occurs in a static electric
potential-free space region.

Furthermore, the mirror loss cone angle 𝛼c provides an unambiguous component for testing the theoretical
models since it is precisely determined. For a quasi-parallel geometry, a simple approximate expression for 𝛼c
independent of the shock speed VS can be obtained (Larson et al., 1996). However, for nearly perpendicular
shocks, the approximation does not hold. Following Decker (1983), and making a readjustment to account
for the cross-shock potential energy e𝛷, we can show (see the appendix) that the critical pitch angle 𝛼c for
an electron energy E is given by

𝜇c = cos 𝛼c =
1
N

⎡⎢⎢⎣𝜂 +
√

(N − 1)(N − 𝜂2) − N𝜂2
(

eΦ
ES

)⎤⎥⎥⎦ (3)

with N = BM∕B1 and 𝜂2 = ES∕E, where B1 and BM are the magnetic field magnitude upstream and at
the mirror point, respectively. To derive expression (3), a planer shock is assumed. As the Larmor radius of
a typical solar wind electron is several orders of magnitude smaller than the curvature of the Mars's bow
shock, the assumption is not violated.

In expression (3), all reflected electrons that escape upstream have an energy E larger than the critical energy
ES = meV 2

S∕2, that is, 𝜂 ≤ 1. For fixed values of ES and e𝛷, one can determine 𝜇c using expression (3) for
different ranges of electron energy E and compression ratio N. For supercritical shocks, N may exceed by
about 25% the MHD asymptotic value of N = 4. The theoretical prediction of 𝜇c requires knowledge of the
parameters e𝛷 and ES. The cross-shock electric potential 𝛷 is inherent to supercritical shocks as it arises
mainly from a combination of electron pressure gradients and the Hall current (Scudder et al., 1986). At the
Earth's bow shock, the cross-shock potential energy in the deHoffmann-Teller frame may reach a significant
fraction of the incident flow energy (up to ∼30%; Schwartz et al., 1988). Measurements suggest a tendency of
the electric potential jump to decrease in magnitude with increasing Mach number. In terms of magnitude,
the Mach number is slightly higher at Mars (Halekas, 2017). It is therefore expected that the cross-shock
potential at Mars to be less in comparison to that of Earth but remains significant still. As a result, the
incoming ions are repelled by the macroscopic electric field while the electron reflection is mitigated since
electrons should overcome the cross-shock potential to escape upstream.
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Figure 7. Left panel shows the contours that provide the mirror reflection
loss cone angle 𝛼c in degrees for a particle with energy E and shock ratio N
ranges while the critical energy ES = 37 eV and e𝛷 = 0 eV.

Figure 6 depicts the effects of the cross-shock potential on electrons
encountering the shock boundary. For illustration purposes, the parti-
cle energy and the shock potential energy are normalized to ES and a
shock compression ratio N = 3 is arbitrarily chosen. On the figure, the
black continuous curve corresponds to e𝛷 = 0 while the red, cyan, blue,
and green curves correspond to the cases e𝛷 = 0.5ES,ES, 1.5ES, 2ES,
respectively. By analogy with the observations, 180◦−𝛼c is plotted instead
of 𝛼c which given is by expression (3). While at high energy, the effect
of the cross-shock potential on the loss cone tends to remain small, at
low energy the variation of the loss cone (with energy) is reversed when
the cross-shock potential is present. In comparison with the case e𝛷 =
0, the effect on the loss cone is more important as the potential jump
across the shock increases. In other terms, in the presence of a signif-
icant cross-shock potential, the loss-cone angle at high electron energy
appears smaller when compared to the case of low-energy electrons.
On the contrary, a reflection from a potential-free shock is considered,
higher-energy escaping electrons require pitch angles that are larger than
those of low-energy electrons (since the parallel velocity is relevant).

The determination of ES requires more caution. The inspection of the
electron distribution shown in Figure 5 also reveals sunward moving elec-
tron fluxes over the solar wind flux level only for energies larger than

∼37 eV, which is consistent with the lack of electron bursts below this energy (Figure 1). The absence of
E ≤ 37-eV flux enhancement may be due to two distinct factors. The burst occurrence at 0255:11 UT results
from a small IMF rotation. In the situation where the shock 𝜃Bn remains larger than a threshold value,
E ≤ 37-eV electrons cannot escape upstream; in this particular case, ES ∼ 37 eV. Another possibility is
related to particle velocity filtering. Due to solar wind convection, thin sheet particle layers are not located
in the same region of space, and therefore, all energies are not seen simultaneously. As a consequence, dis-
persed bursts in time should occur. The electron burst presents no evidence for any dispersion; however, it
is likely that the time measurement resolution remains insufficient to catch a possible dispersion. For this
particular situation, ES < 37 eV. Finally, the numerical value of ES could be estimated from the connec-
tion parameters derived from the bow shock model. We found that the 0255:11 UT electron burst occurs
for 𝜃Bn ∼ 84.5◦ and 𝜃Vn ∼ 129◦ the angle the direction of the plasma flow makes with the local shock nor-
mal. With a solar wind speed VSW ∼ 495 km/s, we found ES ∼ 31 eV in good agreement with the observed
electron spectrum.

Maintaining a value of ∼ 37 eV for the predicted critical energy ES, the mirror angle 180◦−acos(𝜇c) contours
for a range of N and energy E are shown in Figure 7; the 180◦ offset is enforced because sunward moving
electrons have pitch angles >90◦. In Figure 7, e𝛷 = 0 eV, and this choice is discussed below. One should
emphasize that the analytical results of Figure 7 remain qualitatively unchanged for other possible values
of ES < 37 eV (not shown). Quantitatively, at the same time, the contour values slightly increase but remain
insignificant in comparison with the angular resolution of the measurements.

It is reasonable to assume, under nominal solar wind conditions, that one is dealing with a supercriti-
cal quasi-perpendicular shock, as it is the case for the Martian bow shock crossing above (we estimated
MMS ∼ 3.7), and the typical shock magnetic compression ratio N is larger than∼2. For the present case event
N ∼ 3.2 and it reaches N ∼ 4 if the overshoot is taken into account. It clearly appears from Figure 7 that typ-
ical shock magnetic compression ratios predict critical pitch angles significantly smaller than the observed
ones. Precisely for E = 760- to 960-eV range, the observed critical pitch angle is accounted by a compression
ratio N ∼ 1.3. The agreement for the lower energies with a similar compression ratio cannot be dismissed.
Moreover, a reflection from the shock ramp, where presumably a cross-shock potential must be significant,
would result, as explained above and shown in Figure 6, noticeable signatures in the electron pitch angle
distributions. Based on equation (3), we found an upper threshold for e𝛷 ∼ 0.1ES (or e𝛷 ∼ 3.7 eV). Such
a value is of the same order as the expected spacecraft potential (not taken into account here since negligi-
ble for the energies considered). These results strongly suggest that the electrons do not explore the entire
shock ramp and consequently the shock overshot. As described in detail in section 2, from the instant where
the spike is seen to the shock crossing, the time evolution of the connection depth DIF shown in Figure 1

MEZIANE ET AL. 5536



Journal of Geophysical Research: Space Physics 10.1029/2019JA026614

indicates that MAVEN spacecraft remains in a grazing position with respect to the IMF tangent line. Before
reaching the shock ramp, the spacecraft encounters a foot for which the maximum magnetic compression
ratio BM∕B1 is 1.5–1.6. The increase of the magnetic field magnitude inside the foot region is sufficient to
prompt a reflection of incoming electrons, and the observed pitch angles are in good agreement with what
is expected from a magnetic mirror reflection. Although the source region of the electron spike observed
upstream cannot be determined precisely, the similarities of the associated angular distribution with the
mirror reflected electrons at the foot are striking. This strongly suggests that the source region of the elec-
tron spike is very similar to the shock structure seen subsequently. At this point, a conclusive empirical
determination can only be reached through higher time resolution electron measurements and a compre-
hensive understanding of the encounter of the solar wind electrons with the Martian bow shock demands
a theoretical development that goes beyond the simple process emulated in expression (3).

4. Conclusion
In the present study, we report bursts of sunward propagating energetic electrons upstream of the Martian
bow shock. These events are seen along IMF field lines that are nearly tangent to the Martian shock surface.
The quantitative analysis of the electron pitch angle distribution demonstrates that the electron spikes are
produced, like at the terrestrial bow shock, by a fast Fermi acceleration process. The present observations
show for the first time that such a coherent process occurs at the Martian quasi-perpendicular shock. Nev-
ertheless, an essential difference regarding the source region exists between Earth and Mars. While solar
wind electrons explore the entire shock layer, including the overshoot, before getting reflected upstream of
the Earth's bow shock, they can bounce back at the shock foot in the Martian case and not necessarily at the
ramp or the overshoot. This distinction needs to be investigated as the Martian shock structure remains to
be fully understood.

Appendix A: Rest Frame Pitch Angle of a Particle After Its Encounter With a
Shock
In the presence of an electric potential𝛷′ in region where a gradient of a magnetic field exists, the pitch angle
𝛼

′ of an electron cannot be less than 𝛼′
c, where after (Fitzenreiter et al., 1990; Leroy & Mangeney, 1984)

sin2
𝛼′

c =
B1

BM

(
1 + eΦ′

E′

)
(A1)

In the context of a shock wave, E′ , 𝛼′
c, and e𝛷′ are, respectively, the particle kinetic energy, the critical pitch

angle, and the electric potential energy expressed in deHoffmann-Teller reference frame; B1 and BM are the
magnetic field magnitude upstream and at the mirror point. Setting N = BM

B1
and 𝜇′

c = cos 𝛼′
c yields

𝜇′
c =

√
1 − 1

N

(
1 −

eΦ′∕E′

N − 1

)
(A2)

Clearly from above, the presence of a cross-shock potential implies a larger cone angle comparatively to the
case e𝛷′ = 0. Now, one needs to write the last equation in the plasma rest frame. If E and 𝜇c are the particle
energy and the cosine of the critical pitch angle given in the plasma rest frame, the transformation from
deHoffmann-Teller frame provides (Decker, 1983)

E′

E
= 1 − 2𝜂𝜇c + 𝜂2 and 𝜇′

c =
𝜇c − 𝜂√

1 − 2𝜂𝜇c + 𝜂2
(A3)

where 𝜂2 = ES
E

with ES the kinetic energy associated with the shock speed VS; only reflected particles with
𝜂 ≤ 1 can escape upstream. Since the reference frame transformation is only parallel to the magnetic field
direction, a Galilean transformation leaves the electric field unchanged: 𝛷 = 𝛷

′ . The critical pitch angle 𝜇c
is now derived after eliminating E′ , 𝛷′ , and 𝜇′

c from expression (A2). We obtain

𝜇c = cos 𝛼c =
1
N

[
𝜂 +

√
(N − 1)(N − 𝜂2) − N𝜂2( eΦ

ES
)
]

(A4)
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which is expression 3eq. Above equation shows that a minimum value for 𝜇c exists at particle energy E such
that

𝜂2 = 1
2

N(N − 1)
N − 1 − N(eΦ∕ES)

(A5)
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