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Abstract A bow shock is generated by the interaction of the solar wind with the planetary global
dipole field (e.g., Earth), or with (mainly) the planetary ionosphere (e.g., Mars). The cross-shock potential
has been well studied at Earth but not yet for Mars. We infer and approximate the peak in the frame
invariant de Hoffmann-Teller shock potential profile at Mars (¢) with data from the Mars Atmospheric
and Volatile EvolutioN (MAVEN) mission. We find that ¢ and its ratio to the solar wind ram ion energy
(Eram) vary similarly against solar zenith angle (SZA, a proxy for the angle between the solar wind flow and
the shock normal) and magnetic latitudes. Our results also reveal no significant dependence of the shock
potential on parameters such as the angle between the upstream interplanetary magnetic field (IMF) and
the shock normal and plasma beta of upstream solar wind. There is a somewhat positive correlation with
the magnetosonic Mach number and the magnetic amplification ratio across the shock. We also find a
solar cycle effect on the shock location, closer to the planet near the solar minimum, as expected. Lastly,
similarities and differences of cross-shock potentials at Mars and Earth are discussed. Characterizing
electron energization and high-altitude ion loss at Mars is influenced by the bow shock and thereby the
work here.

1. Introduction

The interaction between the supersonic solar wind flow and planetary intrinsic dipole fields (e.g., Earth,
Jupiter, and Saturn) or ionospheres (e.g., Venus, Mars, and comets) results in the formation of a shock wave,
or termed as the bow shock. Planets with a strong intrinsic dipole field, thus a strong magnetic pressure,
have large stand-off distances at the nose that depend on the strength of the dipole. In contrast, at planetary
objects without a global intrinsic field but a significant ionosphere, ion pickup becomes important for this
interaction and the standing-off distance for this type of bow shock is much closer to the planet, within
two planetary radii for Mars (e.g., Gruesbeck et al., 2018; Trotignon et al., 2006; Vignes et al., 2000) and
Venus (e.g., Luhmann, 1986). Many shock properties have been well investigated at Earth (e.g., Formisa-
no, 1974; Wilkinson, 2003) and Mars (e.g., Burne et al., 2020; Gruesbeck et al., 2018; Halekas et al., 2017;
Hall et al., 2019; Mazelle et al., 2004; Nagy et al., 2004).

One aspect of the shock properties is the electrostatic field within the shock layer, acting to maintain charge
neutrality while initiating processes to slow down the upstream solar wind bulk flow, transforming from a
dynamic pressure dominated plasma flow in the upstream to a hot plasma dominated by thermal pressure
in the downstream magnetosheath. This electrostatic field, consequently an electrostatic potential crossing
the shock, is relatively well studied at Earth (e.g., Dimmock et al., 2012; Feldman et al., 1983; Goodrich &
Scudder, 1984; Schwartz et al., 1988; Scudder et al., 1986) but not yet for Mars.

As pointed out by Goodrich and Scudder (1984), the potential change across the shock, that is, the
cross-shock potential, is frame dependence due to the Lorentz transformation of the electric field be-
tween different reference frames. The two most commonly used frames are the normal incident frame
(NIF) and the de Hoffmann-Teller frame (HTF; De Hoffmann & Teller, 1950) , the associated electric
fields (along the shock normal, n) and potential jumps denoted as Eﬁ & ¢~ and E,F,’T & ¢", respective-
ly. In the NIF, the plasma velocity is collinear with the shock normal upstream of the shock while in
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NIF A HTF the HTF, it is transformed such that the flow and the magnetic field
B, are collinear on both sides of the shock. ¢V and ¢"" are integrals of
Oy 7 ” B, E) and E" along the shock normal direction, respectively. These two
Tt ot - potentials differ because in transforming from one frame to another
: o Ona there is a contribution from U"" xB, where U™ is the frame trans-
Vs S formation velocity, which lies along the shock front and in the plane
T ST T eb"u“ containing the upstream B and the shock normal. The transformation

Figure 1. Schematic of transformation between the NIF and the HTF

for a planar shock. U is the bulk flow velocity, with subscripts “u” and

“d” denoting upstream and downstream, and superscripts “N” and “HT”
denoting NIF and HTF, respectively. x is opposite to the shock normal, that
is, ¥ = —n. B, is the angle between the shock normal and the (upstream

or downstream) magnetic field vector. U"" is the frame transformation
velocity. v/, is the electron peculiar velocity along the field line in the

plasma rest frame.

¥ from the NIF to the HTF is illustrated in Figure 1 or see Figure 1 of
Schwartz et al. (2019).

From the electron perspective, in the NIF, they experience the full ¢" but
also drift tangential to the shock surface along the direction of the mo-
tional electric field (—U X B), losing some of the gained energy. In con-
trast, in the HTF, the motional electric field vanishes as U // B such that
electrons only experience ¢"". In other words, ¢"'" < ¢" and electrons’
net energy gain is ¢"", which is the main focus of this study. Also, note
that because no motional electric field is involved, ™, as a purely elec-
trostatic potential, is frame invariant and independent of paths of inte-
gration but determined by the potential difference between the start and
end point. Thus, although E"" is strictly along the shock normal in steady
state, it is common to re-cast ¢"'* by integrating along the magnetic field,
exploiting the frame invariance of electric and magnetic fields (Scudder
et al., 1986). This also corresponds to the path followed by a magnetized electron through the shock layer in
the HTF (assuming a planar shock and thus no curvature drift).

In the HTF, " can be directly related to the electron pressure gradient term (Vp,) via either the generalized
Ohm’s law or equivalently the electron momentum equation. In the momentum equation, the inertial terms
are small due to electrons’ small mass and electron bulk velocity being parallel to the magnetic field in the

HTF. Neglecting frictions, we thus obtain EZY = —Vp, / en, where n is the plasma density and e the elemen-
tary charge. As Ef s purely electrostatic, the cross-shock potential ¢"" can be traced/inferred from the
energy gain for electrons in the field-aligned direction. Provided the shock thickness is beyond an electron
gyroradius, magnetic moment conservation ensures that there is no redistribution of energy from these per-
fectly field-aligned electrons into perpendicular velocity components. Our theoretical concepts and analysis
are based on steady state shock profiles for which the length scales are large enough that electrons remain
magnetized as they traverse the shock (e.g., Savoini et al., 2005; Schwartz et al., 2011). This is typically,
though not always the case, at planetary bow shocks. We employ some averaging and selection procedures
to minimize the influence of variability in the shock both in terms of the electron response and location. In
this study, we approximate the cross-shock potential in de Hoffmann-Teller frame ¢"" to be equivalent of
the electron energization along the magnetic field line (¢) measured in the spacecraft frame for simplicity,
and will discuss the caveats of such an approach later.

While Meziane et al. (2019) found shock potentials to be close to zero from the energy dependent loss
cones of electrons back-streaming from the shock in the upstream, the authors deemed that these elec-
trons were magnetically reflected first before they experience the full shock potential. This study, how-
ever, explores the full cross-shock potential at Mars for the first time (to our knowledge) from electrons
traversing the shock. The shock potential is inferred from the energy change in electrons crossing the
shock, which is a classical way to obtain electrostatic potentials (e.g., Xu et al., 2019, 2020). More specif-
ically, we compare the phase space density of electrons upstream in the solar wind to the distributions
throughout the shock layer into the downstream, obtaining the energy gain, or energization, from cross-
shock potentials. Electron measurements are provided by the Solar Wind Electron Analyzer (SWEA)
instrument (Mitchell et al., 2016) and magnetic field vector measurements by the Magnetometer (MAG)
instrument (Connerney et al., 2015), both onboard MAVEN. The characterization of the shock potential
at Mars and how it compares with Earth can better our understanding of bow shocks at different plan-
etary objects. It is also important for understanding electron energization at Mars, which is an energy
source to the Mars upper atmosphere, and also an important source for high-altitude pick-up ions, partly
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produced by electron impact ionization of Mars’ hydrogen and oxygen coronae (e.g., Curry et al., 2013;
Mazelle et al., 2018).

2. Case Studies
2.1. Case Study: Methodology

To illustrate how we obtain cross-shock potentials from MAVEN data, we take an orbit on April 2, 2018
as an example, as shown in Figure 2. Magnetic fields are shown in the Mars-centered Solar Orbit (MSO)
coordinate system, where X points from the center of Mars to the Sun, Z points to the north pole of Mars’ el-
liptical orbit plane, and Y completes the right-handed system. MAVEN was in the upstream solar wind from
20:30 UT (universal time) and encountered the bow shock at ~21:09 UT near the subsolar point (solar ze-
nith angle ~10°), where we see a significant enhancement in the magnetic field amplitude in panel (a) and
much hotter electrons in panel (c). We mark the approximate location of the bow shock with the vertical
green dashed line but note that the bow shock is a boundary with a thickness (on the order of a few hundred
kilometers and preceded by a shock foot formed by a population of reflected solar wind ions, complicated
further at Mars by the presence of pick-up ions). The second ramp-up of magnetic strength from 21:13 UT is
where MAVEN entered the magnetic pileup region (MPR) and reached the main ionosphere after crossing
the photoelectron boundary (PEB; e.g., Garnier et al., 2017; Mitchell et al., 2001) at 21:16:30 UT. We note
here the rapid traversal through the non-uniform Martian magnetosheath, a consequence of the MAVEN
trajectory and the much smaller shock stand-off distance at Mars compared to Earth.

2.1.1. Field-Aligned Electron Energization and The Local Potential

In panel (d), we infer the local potential relative the upstream (defined as the reference potential of ¢ = 0)
from the field-aligned electron energization by comparing the phase space density of upstream solar wind
electrons and local electrons. Theoretically, this procedure should be carried out with perfectly field-aligned
electrons. In practice, however, we use a pitch angle (PA) range to approximate parallel (PA 0-45°) and an-
tiparallel (PA 135°-180°) directions, as SWEA has a 22.5° angular resolution and also to increase counting
statistics. More specifically, for each orbit, we identify a reference distribution function (DF), separately for
the parallel and antiparallel directions, by averaging electron DFs for all measurements within a selected
upstream region outside of the bow shock. This upstream region is defined as a region between two scaled
shock fittings from Trotignon et al. (2006) with the semi-latus rectum L being 2.15 and 3 Ry, respectively,
in comparison to an empirical L of 2.08 Ry, as shown in Figure S1 in the supporting information. Orbits
without coverage in this upstream region will not be calculated for potentials. We have also tested with a PA
width of 30° parallel/antiparallel to the magnetic field and the results were very similar, but more scattered.
We thus only show results from a PA width of 45° in this study.

By applying the Liouville mapping, for field-aligned electrons, the energy change between the reference DF
and the same local DF is the electron energization by an electrostatic potential. We average these energy
differences, weighted by the variance in the measured flux, for energy channels within the 40-200 eV ref-
erence DF. This averaged energy difference is referred as the local potential (relative to the upstream). Note
that this method relies on reasonable assumptions such as electrons being magnetized across the shock
(e.g., Schwartz et al., 2011), and the electron spectral shape (within the selected energy range) not affected
by the possible scattering by high-frequency plasma waves across the shock (e.g., Schwartz et al., 2019). All
distributions are corrected for spacecraft potential, which is derived from the current-voltage (I-V) meas-
urements from the Langmuir Probe and Waves (LPW) instrument (Andersson et al., 2015), available in the
LPW L2 data product.

As shown in Figure 2c, the energy spectra of upstream solar wind (SW) electrons are stable and example
DFs are shown as the red lines in panels (e) and (f) for parallel and antiparallel directions, respectively,
while DFs in the magnetosheath, right at the top of the shock ramp (vertical green line), are shown as the
black lines. In comparison, the shifted solar wind electron DFs by 160 eV (red lines) are also shown, which
agree well with sheath electrons at energy ranges of 200-360 eV, validating the method of obtaining local
potentials by comparing DFs. The DFs below ~40 eV for the shifted SW electrons and downstream elec-
trons do not agree well, which will be discussed later. For this case study, the energy changes in parallel and
antiparallel directions, thus the inferred local potentials, are about the same. Similarly, we calculate the
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Figure 2. Time series of (a) magnetic field strength (nT, smoothed over 8s), (b) magnetic angles (°) in MSO
coordinates, (c) omnidirectional electron energy spectra measured by SWEA, (d) local potentials derived from parallel
(blue) and antiparallel (red) electrons. In (b), the red line is the angle from X to Y in MSO and the blue line is the angle
relative to the Z axis in MSO but shifted by 180°. In (c), the black dotted line marks the spacecraft potential. In (d), the
green diamond symbol is the derived shock location and shock potential and the green vertical line marks the shock
location from the magnetic field strength. Panels (e) and (f) show the comparison of the phase space density (cm ™
(km/s)™>) of upstream solar wind electrons (SW) and sheath electrons, as well as the shifted SW electrons by 160 €V, for
parallel (PA 0-45°) and antiparallel (PA 135°-180°) directions, respectively, taken at times marked by the red and green
vertical lines in the time series plot.
local potential relative to unperturbed upstream solar wind from parallel and antiparallel electrons for this
orbit segment, shown as the blue and red lines in Figure 2d, respectively. The inferred potentials are about
~0 V in the upstream solar wind as expected, then increase sharply crossing the shock due to the cross-
shock potential, peaking closely after the shock, and decrease further downstream. Schwartz et al. (2019)
explained the weakening in electron energization as, further downstream, magnetic field lines on which
electrons move intersect the bow shock at higher solar zenith angles (SZAs) where shock potentials are
XU ET AL. 40f 14
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weaker. The inferred negative potentials are invalid past the photoelectron boundary, as those are iono-
spheric photoelectrons.

2.1.2. Cross-Shock Potentials

While we can derive a local potential for each orbit from both parallel and antiparallel electrons, cross-
shock potentials should be more reliably inferred from electrons traveling from upstream to down-
stream. This is because we can reasonably assume the upstream solar wind electrons to be steady and
the same whether the field lines connect to the shock or not. In contrast, electrons traveling from
downstream to upstream are different from those in the unperturbed upstream solar wind. Obtaining
potentials using these outgoing electrons requires ensuring that the reference solar wind distribution
is taken on a field line that connects to the spacecraft. To distinguish electrons traveling upstream or
downstream, we compute the angle (6g,) between the shock normal, based on the shock fitting from
Trotignon et al. (2006), and the upstream interplanetary magnetic field (IMF) direction. The upstream
IMF direction is determined from MAG measurements and the upstream solar wind densities, temper-
atures, and velocities (V,) are based on the measurements by the Solar Wind Ion Analyzer instrument
(SWIA; Halekas et al. [2015]) in the upstream solar wind (Halekas et al., 2017). For 8p, > 90°, parallel
electrons cross the shock from upstream to downstream; for 8z, < 90°, antiparallel electrons cross the
shock from upstream to downstream.

To allow for searching through most of MAVEN orbits, we design an automated procedure to identify the
shock potential, as well as the shock location. This is achieved by selecting 2% highest potentials inferred
from electrons traversing the shock from upstream to downstream, which is then averaged to be the cross-
shock potential, and the shock location is determined to be the highest altitude among the selected 2%
potentials. The latter is to minimize dislocation of the shock, as electron observations, and thus potentials,
are quite perturbed in the sheath. We emphasize that this study focuses on the cross-shock potentials, but
not identifying the exact shock location. In fact, traditionally, studies (e.g., Schwartz et al., 1988) on Earth’s
shock potentials used values in a more stable downstream behind the shock, not necessarily right at the
shock.

For our case study, 8z, = 119.3°, thus the shock potential (¢ in the spacecraft frame) is inferred from parallel
electrons and determined to be ~160 V, as indicated by the green diamond in Figure 2d, the same as the
manually determined potential from Figure 2e. The inferred shock location is also about the same as the
manually determined shock location (green vertical line). Shock potentials (¢) scale with the ram energy of

1
upstream solar wind protons (E,,,, = Em prz), which is determined to be 672 eV for this case study, which

gives ¢/Eum ~ 24% at SZA ~ 10°.

2.1.3. Complication of HTF

Ideally, to obtain the most accurate shock potential in HTF, that is, ¢"", we should transform electron en-
ergy and angular distributions into HTF for both upstream and downstream electrons. Assuming the first
adiabatic invariant is conserved for electrons traversing the shock, this yields

2 2 5 B
(V//d +U,gsec and) = (V//u +Uy,sec HBnu) + Vi (1 - B_d]

u

2 HT
L2

m

@

e

where v, and v, are the electron peculiar velocity along and across the magnetic field line in the plasma
rest frame (almost the same as the spacecraft frame for electrons >40 eV; Schwartz et al., 1988). Thus, the
total parallel electron velocity (v,, = 0) in HTF, relative to the bulk flow (field-aligned in HTF), is to apply a
correction of U, sec 193,,1; upstream and downstream, respectively (see Figure 1 above).

Such a correction to inferred ¢ in the spacecraft frame is estimated from Equation 1 to be <~20% for 63,
<70° or > 110° for energy above 40 eV, as solar wind bulk flow (~400 km/s) is much smaller than the elec-
tron velocity (40 eV ~ 3,800 km/s). In other words, as 6g,y > O3, for fast shocks, our inferred ¢ is <~20%
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lower than ¢"'7, except for perpendicular shocks (i.e., 85, ~ 90°). For simplicity, we approximate ¢"'* with ¢
in this study without transforming to HTF for every orbit.

2.2. Case Studies: Overshoot

Our methodology identifies the maximum potential jump across the bow shock, which could, however, end
up identifying the overshoot region, if present, just downstream of the shock, instead of the more tradition-
al/stable downstream sheath region. Figure 3 shows two examples of such cases. In both cases, an overshoot
can be identified by a peak in magnetic strength just downstream of the shock, followed by a roughly con-
stant level further downstream, as shown in panels A1l and B1. Similarly, the local potential relative to the
upstream, inferred from electrons traveling from upstream to downstream, has a peak roughly coincident
with the overshoot and then decreases further downstream, as shown in panels A3 and B3. As mentioned
above, this decreasing in potential further downstream manifests the time-history of solar wind flow carry-
ing the IMF further downstream (Schwartz et al., 2019).

In these two cases, the overshoot potential is roughly twice of that further downstream of the overshoot.
However, the lower potential further downstream is also partially caused by the IMF starting to intersecting
the bow shock at higher SZAs. In other words, because of the small size of the Martian system (e.g., Mars’
bow shock and the sheath behind), it is complicated to identify a value that can be tagged as downstream
with any certainty, as the spatial gradients in all parameters are too strong to match directly with the classic
textbook 1-D shock profile. Because of the complexity of differentiating overshoot and the more classical
downstream region at Mars, in this study, we concentrate on the potential jump just downstream of the bow
shock, occurring within the overshoot region more often than not.

3. Statistical Analyses of Cross-Shock Potentials

Case studies above demonstrate the reliability of our technique obtaining cross-shock potentials. We
apply this technique to MAVEN from December 1, 2014 to November 30, 2019 and identify 8,718 shock
crossings and shock potentials. As our defined upstream region (Figure S1) is based on an empirical
bow shock fit but the bow shock location varies dynamically in reality, we calculate the averaged local
potential within the selected upstream region (EHP) for each orbit and exclude orbits when | ¢7u » [>10 V.
This criterion ensures that the reference electron energy spectrum is representative of upstream solar
wind electron spectra. To separate the shock properties along IMF and across IMF, we also transform into
a coordinate system such that the X-axis points from the Mars center to the Sun, the same as the MSO
coordinate system, Y is collinear with the perpendicular IMF component (Bperp, W.I.t. Xyis0), and Zp com-
pletes the right-handed system. Y is parallel to By, for Bxyso < 0 and antiparallel to By, for Bxyso > 0.
In such a coordinate system, for a nominal Parker spiral IMF, the leading end of the IMF always aligns
with positive Yp and the trailing end with negative Yp, preserving the structure of the bow shock with the
quasi-parallel orientation on the negative Y, side and the quasi-perpendicular orientation on the positive
Yp side for both away and toward IMF polarities. In short, the upstream IMF is in the X — Y, plane and
Zp is equivalent to the magnetic latitude. Note that, although Mars does not possess an intrinsic global
dipole field, we use the term “magnetic latitude” to represent the solar zenith angle along the direction of
the motional electric field for convenience.

Figure 4 shows the shock potentials mapped into the Xyso—Yp plane for 1Zpl < 0.5 Ry, (top row) and the
Xwmso — Zp plane for 1Yyl < 0.5 Ry, (bottom row), where Ry, is the Mars radius. The left column shows the
absolute potential value and the right column the normalized potential by the ram ion energy of upstream
solar wind protons (Ey,m). A few observations can be made. (1) The inferred shock locations agree well with
the empirical fitting from Trotignon et al. (2006), validating of our automated procedure in identifying
shock crossings. (2) Shock potentials peak near the subsolar region, with a value of ~200 V and a ratio of
~20% to the ram ion energy. This is because the shock potential is known to scale with the normal ram ion
energy (to the shock surface; e.g., Schwartz et al., 1988; Thomsen et al., 1987), which becomes smaller at
high SZAs. (3) The variation of shock potentials with SZA in the “magnetic equator” (Xyso — Yp, Figures 4a
and 4b) is similar to that with magnetic latitude (Figures 4c and 4d).
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Figure 3. Time series of (A1, B1) magnetic field strength (nT, averaged for 8s), (A2, B2) omnidirectional electron energy spectra measured by SWEA, (A3, B3)
local potentials derived from distribution functions of electrons traveling from upstream to downstream. Green diamonds are identified shock crossings and
cross-shock potentials by our automated procedure. Identified magnetic strength at the shock By from our automated procedure (Section 3) is given in panels

Al and B1.
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Figure 4. Shock potentials mapped into the Xyso — Yp plane for 1Zp| < 0.5 Ry, (a) and the Xyso — Zp plane for

|Ypl < 0.5 Ry (c). The normalized shock potentials by the incident ram ion energy (E,,,,) mapped into the Xyso — Yp
plane for |Zpl < 0.5 Ry, (b) and the Xyso — Zp plane for 1Yyl < 0.5 Ry, (d). The magenta dashed lines are the empirical fits
of the bow shock and the magnetic pileup boundary from Trotignon et al. (2006).

It is worth noticing that our identified shock crossings are mostly located on the inner side of the empirical
shock fitting, rather than being scattered on both sides. This is most likely caused by a solar cycle effect.
Figure 5 shows the identified shock locations separated for times before (black) and after (blue) May 01,
2017 (a time roughly splitting the data set equally), representative of periods close to the solar maximum
and minimum respectively. The blue crosses are signed with negative Ry, to be well separated from black

crosses, where R, = /Yo + Ziso - As each time range spans over more than one Martian year, the sea-

sonal effect (i.e., the Sun-Mars distance) is assumed to be averaged out. Shock locations (black crosses) are
scattered on both sides of the empirical bow shock fitting for times close to the solar maximum, in contrast
to located closer to the planet for times close to the solar minimum (blue crosses). This is expected as Mars’
ionosphere is the main obstacle to the supersonic solar wind flow, which is much stronger during the solar
maximum because of a higher extreme ultraviolet (EUV) irradiance. The ion pick-up process is expected
to act much stronger to slow down the solar wind during the solar maximum. More specifically, with an
increased EUV irradiance, the ionization of the neutrals increases as well, resulting in more mass loading of
the solar wind. As a result, the solar wind energy exchange with more planetary ions leads to a decrease in
energy (i.e., speed) of the solar wind and Mars’ ionosphere thus becomes an effectively larger obstacle to the
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during periods with a higher solar Lyman alpha emission, as revealed by
Halekas et al. (2017).

To more quantitatively evaluate how the shock potential varies with SZA
(reflecting the angle between the shock normal and the solar wind flow),
we plot absolute potentials and normalized potentials as a function of
SZA for 1Zpl < 0.5 Ry (a, b) and for Ypl < 0.5 Ry (¢, d) in Figure 6. We
also over-plot the variation of the absolute potential as ¢, cos’8, and the
variation of the normalized potential as r, cos’8,, where ¢, = 200 V is the
estimated peak potential and ry = 0.22 the estimated peak ratio to the ram
energy (E.m) at the subsolar region. 8, is the calculated shock normal
angle with respect to the X-axis at different SZAs, based on the shock
fitting function from Trotignon et al. (2006). The variation of cos’6, arises
from the conversion of the ram ion velocity, mainly in —Xyso, to the di-
rection normal to the shock surface. The agreement between the median
(blue) and mean (cyan) potentials and the theoretical variations (magen-
ta) shows that the shock potential does vary with respect to SZA as the
theory predicts. Note that we highlight cases where the transformation
to HTF might be important (i.e., 70° < 8p,, < 110°) with green crosses
in Figures 5-9. We find these cases are not that different from the rest of
cases, implying that our approach of using potentials (¢) obtained in the
spacecraft frame to approximate ¢™" is not very problematic.
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Theoretically (i.e., Equation 1), ¢"" could have a dependence on the an-
gle (6,,) between IMF and the shock normal vector. In Figure 7, we plot
the normalized potential by 0.2E,,n, cos’8, (to remove the dependence

v L

=2 =

0 1 on E,,, and 6,) against 6,,. This normalized potential is, however, rather

[N

Xmso [Rm] insensitive to 6j,.

Figure 5. Identified shock locations in the MSO cylindrical coordinates
for times before (black) and after (blue) May 01, 2017. The blue crosses are

Except for ram ion energy, two upstream parameters that might affect the
shock properties include the magnetosonic Mach number (Mys, for fast

signed with negative R, to be well separated from black crosses, where shocks) and the plasma beta (). Here, we examine if/how they affect the

_ ' 2 2
Rm.w) - YMSO + ZMSO :

cross-shock potentials. Figure 8 shows the shock potential as a function

of Mys (a, b) and S (c, d) for the subsolar region (SZA < 30°), minimizing

the effect of 6,. The calculation of magnetosonic Mach M follows Hal-

ekas et al. (2017), assuming an electron temperature equal to the proton
temperature and a polytropic index y = 5/3. The shock potential ¢ has a somewhat positive correlation with
My (panel a) and logB (panel c) with correlation coefficients ~0.2. Meanwhile, ¢/E.., weakly increases
with Mys (correlation coefficient ~0.3) but has little dependence on logg (correlation coefficient ~0).

One parameter related to the overshoot is the magnetic amplification across the shock, that is, the magnetic
ratio just downstream of the bow shock to the upstream. We thus calculate the ratio of magnetic strength
(IBghk!) at the shock and the upstream IMF amplitude (IBypl). |Bghi! is defined as the maximum magnetic am-
plitude (first smoothed for 16s to avoid large magnetic fluctuations near the shock) within 5 min upstream
and downstream of the identified shock locations. This 10-min time window is to ensure we capture the
maximum magnetic jump. Note that this | B will be the overshoot field, if exists, rather than the asymptot-
ic downstream value. Figure 9 shows ¢ and ¢/E.., against |By.|/IBy,l. We find a similar correlation between
the shock potential and this magnetic ratio to Mys, as Mys and |Bg|/|Bypl are highly correlated, as shown in
Figure S2 in the supporting information.

4. Comparison of Shock Potentials at Mars and Earth

Comparing properties of shock potentials at Mars to that at Earth may provide an insight to similarities
and differences in the formation of the bow shock at planets with mainly a significant ionosphere or a
global intrinsic dipole field as an obstacle to the solar wind flow. The variation of ¢/E.,, against SZA and
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Figure 7. The ratio of shock potentials and a normalization factor (0.2E,,
cos*(6,)) as a function of 6y, where Eyp, is the ram ion energy of the
upstream solar wind, 6, is the normal angle of the shock surface, and 6,

is the angle between the upstream IMF and the shock normal. The two
vertical dashed lines mark 70° and 110°.

a few factors that might be responsible for these differences: (1) method-
ology, (2) overshoot, and (3) physical mechanisms.

4.1. Methodology

There is a significant difference between our approach in obtaining the
shock potentials at Mars and that at Earth. Schwartz et al. (1988) present-
ed two different methods. (1) Theoretically calculate the potential differ-
ence (¢,) from the electron thermal pressure gradient across the shock
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with measured electron densities and temperatures, which gives ¢,/E ., ~10% at Earth. (2) Liouville map-
ping of the shoulder (edge of the flat top) in the shocked electron distribution back to the upstream solar
wind electron distribution in the HTF, denoted as @eqge, Which gives @edge/Eram ~ 15%. The second approach
is essentially the same as our approach (denoted as ¢x) but we are using a higher energy range (40-200 eV
upstream solar wind electrons). We applied these two methods to our case study and obtained ¢, ~ 70 V
and @Peqge ~ 110 V. We also transformed spectra in Figure 2e into the HTF and then calculated the energy

gain, which gave ¢,§-" T ~ 165 V, about the same as (only a 3% correction to) our simplified ¢z of 160 V. This
comparison of different methods with our case study shows that ¢,/Eam ~ 10% and @eqge/ Eram ~ 16% at Mars
are very similar to values at Earth and that our high ¢5/E;., possibly arises from a higher energy range used
to perform the Liouville mapping fit in our study.

There are arguments for each approach being more accurate but with its challenges. ¢, is theoretically
correct but requires good estimates of electron density and temperature both upstream and downstream.
Accurately estimating electron moments can be challenging in the sheath because of the secondaries pro-
duced within the instrument (mainly below 20 eV, as shown in Figure 2c). Note that for our case study,
we assumed a flat top distribution below 30 eV to calculate electron moments, which is complicated to
implement for all cases. A primary consequence of electron motion through ¢"" is the inflation of the
distribution in energy and formation of a flat top at lower energies. The edge estimate @.qe. emphasizes
the higher values of DF and also is closely related to the electron temperature, and hence ¢,. In our case,
it is clear that some of the time (cf., Figure 2) the higher energy portions of DF upstream and downstream
can be connected only by a constant potential (¢g) that is higher than that found from ¢cqg. It is possible
that when the shock potential is large, the distribution function at low energies is also scattered in the
process of filling in the phase space density hole, thus re-shaping DF at these edge energies. In contrast,
high-energy electrons are less likely to be affected by this process and therefore are more appropriate
for applying the Liouville mapping such that ¢ is a better estimate for the shock potential. We need to
emphasize that, while ¢ and ¢/E.., can be different for different methodologies, the spatial variation
and dependence on solar wind parameters of ¢5/E,., found in this study are mostly the same as that for
Earth’s bow shock (e.g., Schwartz et al., 1988). It demonstrates the robustness of the overall findings of
this study regardless of the methodology.

4.2. Overshoot

As pointed out in Section 2.2, our automated procedure identifies the maximum potential jump across the
shock, which occurs within the overshoot region more often than not. In contrast, studies (e.g., Schwartz
et al., 1988) on Earth’s shock potentials use values in a more stable downstream behind the shock, excluding
the overshoot region. From a few case studies, we find a ratio of 2-3 of the overshoot values to values further
downstream. Lefebvre et al. (2007) reveals a similar ratio at Earth with a few case studies. In other words,
high ¢ and ¢/E.., in this study may be partly because of overshoot. This might also explain the somewhat
positive correlation between ¢/E,,, and the magnetosonic Mach number found in this study. As overshoots
occur more frequently at high Mach numbers, our potential estimates, if identified in the overshoot region,
are more likely to be higher (than the typical downstream values), thus giving a positive trend between ¢/
Eram and My, as well as [Bgyl/IBypl.

4.3. Physical Mechanisms

Mars’ and Earth’s shocks and their formations do differ in a few aspects. For example, Mars’ shock surface
is more curved and smaller than Earth’s bow shock. Pick-up ions also play an important part in the shock
formation at Mars. We then need to take into account different scale sizes at both planets, that is, the gyro-
radii of protons (and pick-up oxygens at Mars), the shock curvature, and the size of the magnetosheath. The
thickness of the magneosheath is ~0.5 Ry, at Mars and ~2-3 Ry at Earth near the subsolar region. A 1-keV
proton in a 25-nT field, for example, has a gyroradius of nearly 200 km and pick-up oxygens at Mars have a
typical gyroradius of a couple of Mars’ radii in the sheath. In one gyroperiod of a proton, protons would trav-
erse a big fraction of the magnetosheath at Mars but only a small fraction at Earth. This scale size difference
means that at Earth there is time and space for the post-shock plasma to relax into more fluid-like while
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at Mars solar wind protons and pick-up oxygens would behave more kinetic like. For the case of Mars, the
downstream is governed by kinetic processes that occupy a good fraction of the sheath, which may feedback
to the shock structure, for example, shock potentials. These differences might also partially be responsible
for the differences in cross-shock potentials at Earth and Mars.

5. Conclusions

This study provides the first quantification and statistical analysis, to our best knowledge, of the cross-shock
potential at Mars. We approximate the shock potential in the de Hoffmann-Teller frame (¢"") with the in-
ferred shock potential in the spacecraft frame (¢) as we estimate the transformation is insignificant for most
cases. More specifically, we infer ¢ from the energy change in the electron distribution function between
upstream solar wind electrons and electrons just downstream the bow shock. Particularly, we compare dis-
tribution functions for electrons traveling from upstream to downstream, with the information of electron
pitch angles, upstream IMF directions, and shock normal vectors (based on the empirical bow shock fitting
from Trotignon et al. [2006]).

With an automated procedure, we identify 8,718 shock crossings based on MAVEN data from December
1, 2014 to November 30, 2019. As it is complicated to separate the overshoot region from the more stable
downstream sheath at Mars because of a much smaller system, our inferred shock potentials are sometimes
biased by overshoots. Statistically, we map the cross-shock potential in the magnetic equatorial plane and
the plane of X, and magnetic latitude, strongest at the nose and weaker in the flanks. We also find a solar
cycle effect on the shock location, closer to the planet for times closer to the solar minimum, as expected.
Quantitatively, our results show that the shock potential varies similarly with SZA in the magnetic equato-
rial plane and also magnetic latitude, both as a function of cos®8,, which is to convert the ram ion velocity to
the direction normal to the shock surface. We then look at the dependence of the shock potential on other
parameters and find no significant correlation with 8, and plasma beta 8. Our results do reveal a somewhat
positive correlation with the magnetosonic Mach number, contradictory to a decreasing ratio with increas-
ing Mach number (and also |Bg|/|Bypl) at Earth, which might be explained by the bias from potential values
at the overshoot. Overall, our study provides the first detailed statistical analysis of the cross-shock potential
at Mars and its dependence on several plasma parameters.

Lastly, we have discussed similarities and differences of cross-shock potentials at Mars and at Earth. We
emphasize significant differences in the methodology in this study and Earth’s research, as well as the
overshoot effect on our results. The differences in Mars’ and Earth’s bow shocks and their formations, par-
ticularly different scale sizes, might also be partially responsible for the different trends in shock potentials
at Mars and at Earth.

Data Availability Statement

The MAVEN data used in this study are available through the Planetary Data System (https://pds-ppi.igpp.
ucla.edu/mission/MAVEN).
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