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Abstract The Martian bow shock is a rich example of a supercritical, mass-loaded collisionless shock
that coexists with ultra-low frequency upstream waves that are generated by the pick-up of exospheric
ions. The small size of the bow shock stand-off distance (comparable with the solar wind ion convective
gyroradius) raises questions about the nature of the particle acceleration and energy dissipation
mechanism at work. The study of the Martian shock structure is crucial to understand its microphysics
and is of special interest to understand the solar wind—planet interaction with a virtually unmagnetized
body. We report on a complete identification and first characterization of the supercritical substructures
of the Martian quasi-perpendicular shock, under the assumption of a moving shock layer, using MAVEN
magnetic field and solar wind plasma observations for two examples of shock crossings. We obtained
substructures length-scales comparable to those of the Terrestrial shock, with a narrow shock ramp of
the order of a few electron inertial lengths. We also observed a well defined foot (smaller than the proton
convected gyroradius) and overshoot that confirm the importance of ion dynamics for dissipative effects.

Plain Language Summary The supermagnetosonic solar wind interacts with the Martian
plasma environment and a shock wave is formed that decelerates, heats up and compresses the flow.
Depending on the orientation of the interplanetary magnetic field and the strength of the incident solar
wind flow, there are different mechanisms responsible for the dissipation that transforms the solar wind
kinetic energy into heat. To understand these mechanisms, it is crucial to study the shock structure. In
this study, we analyze the structure of the Martian supercritical quasi-perpendicular shock using MAVEN
measurements, and find consistent results with the Terrestrial bow shock, despite the differences between
the way each planet interacts with the solar wind.

1. Introduction

The presence of collisionless bow shocks around the solar system (e.g., Russell et al., 1985, and references
therein) is one of the clearest manifestations of the supermagnetosonic nature of the solar wind (SW) plas-
ma. The function of planetary shocks is to decelerate the upstream plasma flow down to local submagne-
tosonic speeds. This is achieved through nonlinear, irreversible dissipation processes where the upstream
flow kinetic energy is converted into compression and heating of the plasma (Treumann, 2009).

Most solar system shocks are supercritical (e.g., Bertucci et al., 2015; Sulaiman et al., 2015). This means
that above a critical shock strength of typically M, ~ 3 (with M, the Alfvén Mach number; Edmiston &
Kennel, 1984), resistivity alone cannot provide the necessary steepening to satisfy the Rankine-Hugoniot
(RH) jump conditions because dissipation timescales are too long for a stationary shock to convert the
excess kinetic energy into heat (Kantrowitz et al., 1966; Marshall, 1955). As additional mechanisms are
necessary to slow down the flow, a fraction of the incoming plasma is reflected upstream. The reflected ions
gyrate about the magnetic field lines in the plasma rest frame (Leroy et al., 1981; Paschmann et al., 1982;
Sckopke et al., 1983), which means that in perpendicular or quasi-perpendicular (Q.L) crossings (with shock
normal angles 8, over 45°) they mostly return to the shock front after a partial gyration in the upstream
region. As they make their way back, they accelerate and contribute to current systems that give birth to the
shock foot, ramp, and overshoot to ensure energy dissipation. This reflection-gyration mechanism leads to a
highly nonthermal ion heating at the shock transition, with a two-beam ion distribution arising at the foot
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from the incident and reflected ions. The internal energy of this two-beam distribution leads to an effective
temperature that is consistent with the RH conditions, but thermalization only occurs far within the mag-
netosheath (Sckopke et al., 1983).

Woods (1969, 1971) first described the foot formation by the specular reflection of the SW ions and esti-
mated its width at ~0.7 upstream convected proton gyroradii (r,; = Vg, /@,;) for the strictly perpendicular
crossing. Livesey et al. (1984) and Gosling and Thomsen (1985) later generalized this initial study to arbi-
trary shock geometries. Hybrid simulations (Leroy et al., 1982) and studies based on in situ data (Livesey
et al., 1982; Mellott & Livesey, 1987; Scudder et al., 1986) showed the overshoot amplitude increases with
the strength of the shock (M), and has a typical thickness of about 4-7 upstream proton inertial lengths
(c/ wpi) or 1-3 r,.. Moreover, Scudder et al. (1986) and Newbury and Russell (1996) reported a magnetic ramp
of a fraction of ¢/w,;, which questioned the set idea that the typical shock ramp scaled with the ion skin
depth (e.g., Russell & Greenstadt, 1979). More recent studies, however, found the ramp can be as small as a
few electron inertial lengths (c/cope) (Mazelle et al., 2010; Yang et al., 2013). Finally, hybrid and PIC simu-
lations (Hada et al., 2003; Lembeége et al., 2009; Leroy, 1983; Leroy et al., 1982; Yang et al., 2009) and a few
observational studies at Earth (e.g., Dimmock et al., 2019; Mazelle & Lembege, 2021; Mazelle et al., 2010)
showed that for relatively low upstream ion beta the foot, ramp, and overshoot are non-stationary features
and lead to a continuous self-reformation of the shock structure on gyro-scales of the incoming ions.

Studies of QL supercritical extraterrestrial shocks provide important information about how the size of the
substructures mentioned above vary with heliocentric distance and the nature of the body—solar wind in-
teraction. Achilleos et al. (2006) reported ramp widths between 0.1 — 1 ¢/®,,; that suggested the dominance
of ion kinetics in energy dissipation processes in the highly supercritical Kronian bow shock. Other works
include Giagkiozis et al. (2017) measurement of ramp widths of ~3 ¢/, for the Venusian shock, or Moses
et al. (1985) analysis of electron heating generated by ion reflection at the foot of the Jovian shock.

As anticipated by Moses et al. (1988), the Martian bow shock is a particularly interesting case study. Mars
lack of an intrinsic magnetic field means its interaction with the SW plasma is more Venus or comet-like
than Earth-like. The primary obstacle to the supermagnetosonic flow is formed by mass-loading and induc-
tion at the magnetosphere, with small contributions of crustal magnetic fields (Gruesbeck et al., 2018). In
addition, Mars small size coupled with the low interplanetary magnetic field (IMF) strength at its heliocen-
tric distance results in a shock and magnetosheath thickness comparable with SW ion scale-lengths. This
translates into insufficient space for complete thermalization of the SW before encountering the obstacle,
and kinetic effects are potentially more relevant (Moses et al., 1988). Finally, the planet's weak gravitational
field results in a widely extended exosphere, which means heavy ions and protons of exospheric origin are
encountered far beyond the shock boundary. This makes for a very distinct upstream environment as the
pick-up of newborn planetary ions results in high amplitude ultra-low frequency (ULF) waves (Bertucci
et al., 2013; Romanelli et al., 2016), that could “anticipate” the SW of the presence of the planetary obstacle
and slow it down sooner (as was long thought for the SW-comet interaction). These waves have the specific
ion's cyclotron frequency in the spacecraft frame (Delva et al., 2011), an even spatial distribution (Mazelle
et al., 2004) and peak-to-peak magnetic amplitudes comparable with the background magnetic field, which
usually interfere with the supercritical QL shock structure and could potentially modify it.

The first observations of the Martian bow shock were obtained with Mariner 4 (Smith et al., 1965) and early
Soviet missions (Zakharov, 1992, and references therein), which provided basic parameters of the boundary.
Phobos 2 revealed upstream wave activity (Delva & Dubinin, 1998; Russell et al., 1990; Sagdeev et al., 1990),
and allowed for the first studies of the supercritical Q. substructures. Schwingenschuh et al. (1990) pro-
vided a first view of the magnetic morphology of the shock, finding a minimum foot size of 1,350 km; and
Sagdeev et al. (1990) estimated a foot width of ~1.3 . Tatrallyay et al. (1997) investigated the overshoot
under the assumption of a stationary shock, reporting a dependence of its amplitude with the magneto-
sonic Mach number and a typical width of 0.5-2.5r,; or 2-8 ¢/@,;. MGS and MEX filled in more details to
the Martian shock study, with close-in magnetic field data (Acufia et al., 1998) and plasma measurements
around the planet (Frinz et al., 2007).

Since 2014, the Mars Volatile EvolutioN (MAVEN) mission (Jakosky et al., 2015) is providing simultane-
ous high-time resolution magnetic field and plasma measurements with an unprecedented coverage of
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the Martian space environment. Several works have already made use of MAVEN's capabilities to enrich
our understanding of the Martian shock and its upstream phenomena (e.g., Mazelle et al., 2018; Meziane
et al., 2017, 2019). In particular, Madanian et al. (2020) study of the shock's non-stationarity refers to the
Martian substructures, though without any specifics about the identification criteria or their characteriza-
tion. Therefore, a complete characterization of the QL supercritical shock structure is still required. The
aim of this study is to provide an in-depth analysis of the Martian QL shock structure using MAVEN data
set to optimize its characterization in spite of the limitations imposed by single-spacecraft observations, the
shock's non-stationarity and the colocation of ULF waves. This is the first time all three supercritical sub-
structures are characterized for the Martian shock, especially assuming a moving shock front. Moreover, we
applied a detailed methodology for data processing and set clear criteria for the substructures identification,
something that can be unclear in some previous works (Mazelle et al., 2010).

The work is structured as follows. MAVEN on-board instruments are described in Section 2, and the meth-
odology is introduced in Section 3. We follow with the observations and results in Section 4, and in Sec-
tion 5, we present the final remarks and conclusions.

2. MAVEN On-Board Instruments

Our study of the Martian QL shock structure is based on magnetic field and plasma data from MAVEN
fluxgate magnetometer (MAG) (Connerney, J. Espley, et al., 2015; Connerney, J. R. Espley, et al., 2015), the
Solar Wind Ion Analyzer (SWIA) (Halekas et al., 2015, 2017), the Solar Wind Electron Analyzer (SWEA)
(Mitchell et al., 2016) and the SupraThermal And Thermal Ion Composition (STATIC) instrument (McFad-
den et al., 2015).

MAG is a dual fluxgate magnetometer that samples the ambient magnetic field vector with a time resolution
of up to 32 Hz, a 0.008 nT resolution and an minimum accuracy of 0.05%. We used the Mars Solar Orbital
(MSO) system of coordinates, where the X-axis points sunward, the Y-axis is anti-parallel to the planet's
orbital motion, and the Z-axis completes the right-hand triad.

SWEA is a hemispheric electrostatic analyzer designed to measure the energy and angular distribution of
electrons in the 3-4,600 eV energy range, with a resolution of 17% (AE/E) and a maximum cadence of 2 s.
It swipes almost all 47 of solid angle with a 22.5° angular resolution in the azimuth direction and 20° along
the direction of the elevation angle. As MAVEN is a 3-axis stabilized spacecraft, the 360° x 7° field of view
(FOV) is broaden up to 360° x 120° by the use of electrostatic deflectors, covering 87% of the sky.

SWIA is a hemispheric electrostatic analyzer with cylindrical symmetry that provides high cadence meas-
urements of solar wind ion velocity distributions between 5 and 25,000 eV, with energy resolution of 14.5%.
It has an active angular field of 360° x 90° with a resolution of 3.75° x 4.5° sun-ward and 22.5° x 22.5° in all
other directions, and allows a +45° aperture along the elevation angle by the use of electrostatic deflectors.
SWIA returns fine (SWIFA) and coarse (SWICA) three-dimensional velocity distribution function moments
and spectra, as well as on-board computed measurements.

The fine and coarse data products cannot be used indistinctly and must be carefully considered depending
on the plasma region being studied to avoid inaccurate measurements (Halekas et al., 2017). SWIFA has
a narrow FOV that covers a limited angular range around the peak of the ion distribution and allows to
properly resolve the collimated SW beam before the shock. SWICA has a wide FOV better suited to measure
the shocked plasma in the magnetosheath, which has a wider phase distribution. Also, on-board computed
quantities are not always reliable. Their computation depends on the automated telemetry mode selection
that determines which data products are combined. The on-board data near telemetry switches (that are
common near the shock transition) must be considered with caution as they can introduce non-physical
discontinuities.

In the SW and magnetosheath regions, protons constitute 90% of the ion population. The rest corresponds to
heavier ions, of which alpha particles provide the most significant contribution. The trace presence of alpha
particles barely affects the calculation of the density and velocity moments, but they do artificially increase
the temperature moment (Halekas et al., 2017). To obtain a correct proton temperature, the alpha particles
are removed from the ion distribution by introducing an upper energy bound separating the protons from
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alpha particles. This threshold energy is identified upstream with fine measurements. Downstream from
the shock, the different ions contributions mix up and an upper limit of the total ion temperature can be
estimated from the coarse data.

STATIC is a top hat electrostatic analyzer with a 360° x 6° FOV (expanded up to 360° x 90° with electrostatic
deflectors), an energy range of 0.1 eV up to 30 keV and a cadance of 4 s. The instrument is designed to meas-
ure the ion composition and distribution of the ionosphere and the pick-up ions accelerated in the SW, with
the capacity to resolve H*, He**, He*, 0", 05, and CO;. However, when above ~500 km altitude, STATIC may
not always point toward the SW flow, as its orientation is shared with the Imaging Ultra Violet Spectrometer
(IUVS) (McClintock et al., 2015), depending on the spacecraft's assigned priority. STATIC works under a
number of operational modes depending on the combinations of energy (E), mass (M), deflection angle (D),
and anode angle (A) resolutions. Among these, the C6 (32E x 64M) is an omnidirectional mode with a 4 s
cadence, which has the best energy-mass resolution and can distinguish the main pick-up ion species (0",
05, and COy).

3. Methodology

The identification of the shock foot, ramp, and overshoot in the time series is based on the multi-spacecraft
analysis by Mazelle et al. (2010) and Mazelle and Lembeége (2021). Following these works, we determine
a temporal error bar (defined by an outer and inner edge) to mark the beginning of a substructure, and
another temporal error bar to mark its end. In particular, the end of the foot matches the start of the ramp,
and the end of the ramp matches the start of the overshoot. This delimitation is first done by visual inspec-
tion and later refined by an automated algorithm. The methodology is also similar to that used in Achilleos
et al. (2006).

The foot can be defined as the region where the magnetic field increases as a result of the drift currents
produced by the accelerated reflected ions (Treumann, 2009). For the foot start, high and lower resolution
magnetic field data are used to identify the gradual increase in the upstream magnetic field, and to isolate
the foot signature from the quasi-monochromatic upstream wavefield generated by the pick-up protons.
In the observational analysis, this is done by identifying two features: (a) an unambiguous increase in the
upstream background field strength, and (b) the loss of coherence of the upstream waves (as they colo-
cate with the shock structure and shock derived instabilities). The automated algorithm accounts for these
traces by identifying the times when the magnetic field magnitude and components surpass the upstream
asymptotic values B, and B, , respectively, in a 4o level. The earliest time defines the outer edge of the error
bar and the latest, the inner edge. The 4o level reference is considered representative of the field variation
due to the shock's compression. This modification from the 3o level proposed by Mazelle et al. (2010), ac-
counts for a higher variability upstream from the shock, given the presence of high amplitude waves.

For the overshoot end, the observational references to mark the outer and inner edges are: (a) the end of the
highest amplitude perturbations that constitute the first and main overshoot, and (b) the inflection point
toward the first undershoot. Working with different time resolution data is useful to filter the upstream
waves that go through the shock and mix with the lower-resolution overshoot structure. The refining algo-
rithm searches for the times when the magnetic field magnitude falls below the + 5% level from the nominal
downstream value B,. As the downstream region is more variable, a 5% variation is considered enough to
account for the deviation from the asymptotic field representative of the overshoot boost. This criterion,
similar to that used at Earth, is equally useful for the Martian shock as long as the overlapping of high-am-
plitude upstream waves does not interfere with the search condition (i.e., if the algorithm works on filtered
or averaged data).

For the ramp, the initial delimitation considers a time interval that contains the transition from foot to
overshoot through a (in-average) monotonic ascending curve of the background magnetic field magnitude.
To properly resolve the ramp, it is crucial to work with the highest resolution data available, as the sudden
shock jump means a lower density of data points. To refine the end error bar, an algorithm searches for the
times when the magnetic field magnitude surpasses the downstream asymptotic value B, in +5%. As this
also delimits the start of the overshoot, it is meant to be consistent with the reference that was set to mark
the overshoot end. A second algorithm finds the best linear regression of the data points contained within
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the initial start error bar and the already-refined end error bar, allowing for a variation of the fitting interval
within these limits. The time interval associated with the linear fit with the highest adjusted r-square (and
fitting at least 4 data points) is used to refine either the outer or the inner edge of the start error bar, as well
as the outer or inner edge of the end error bar.

Once the temporal widths of the substructures are determined in the MAVEN time series, their “real” thick-
nesses can be obtained by estimating the shock speed relative to the spacecraft. Within the limitations of a
single-spacecraft mission, the shock speed is assumed to be constant as a step further from the static bow
shock boundary assumption (e.g., Tatrallyay et al., 1997). We followed Gosling and Thomsen (1985) to es-
timate the speed of the shock by combining the observations of the foot's traversal time and an analytical
expression for its thickness. This analytical expression is based on the calculation of the full particle tra-
jectory, and associates the foot width to the distance covered in the turnaround time. The method assumes
that the same speed applies to the whole shock structure, thus providing the shock speed along its normal.

4. Observations and Results
4.1. December 25, 2014 Event

We analyzed the structure of the Martian shock as seen by the MAVEN spacecraft on December 25, 2014,
around the shock crossing at 9:49:10 UTC and a solar zenith angle SZA = 85°. Figure 1 shows the spacecraft
trajectory as it dives into the Martian magnetosphere and crosses the bow shock.

Figure 2 shows energy spectra for the electrons (SWEA) and for different products provided from the ion
instruments (SWIA and STATIC) as detailed in Section 2. It also includes the ion mass per charge spectrum
(STATIC) and the magnetic field magnitude (MAG) around the shock crossing. All spectra show that, prior
to the shock transition, the solar wind plasma is in a relatively steady state. On the ion data (SWIFA, SWIS,
and STATIC) two energy beams are clearly distinguishable upstream from the shock: one below ~1,000 eV
and one above that energy threshold. The lower energy beam corresponds to the core proton distribution
and shows the highest differential flux values. The higher energy beam (at twice the energy of the core pop-
ulation) is associated to the alpha particles (He*™), which represent around 3% of the total ion density and
have fluxes an order of magnitude lower than the protons. These two populations are also identifiable in the
mass spectrum around m/qg =1 amu/q and m/q = 2 amu/q for the protons and alphas, respectively. Near
the foot signature (roughly, given the different time resolutions between SWIA/STATIC and MAG), we can
see the ion beams start to broaden as the bow shock heats up the plasma, and the two populations become
difficult to separate as energy dissipation mechanism start to take place.

SWIA and STATIC spectra show no evidence of any high energy signature that would indicate the obser-
vation of heavy pick-up ions like O, O, or CO;. This does not imply an absence of these ions, since the
neutral oxygen corona is always present, and its density varies in longer time scales than the shock forma-
tion or transition. So, does the EUV radiance from the Sun, which is the primary source of ionization of
the neutrals, with the exception of space weather events where short term variations could be expected. It
does mean, however, that the heavy pick-up ions do not fall into the instruments’ FOV (that is, that the SW
convective electric field vector E,, = -V, x B, that accelerates these ions, falls outside of the FOV), or that
they are found at energies higher than what the instruments can detect.

In any way, heavy ions generally have extremely low densities in the SW (much lower than the alpha parti-
cles), but we can expect relevant contributions of oxygen-related ions of planetary origin from two different
sources (one local and one remote). On the one hand, we can expect to observe locally picked-up O that
can reach up to 64 keV when accelerated by the convective electric field, since they can get a maximum
velocity of 2V, , which means an energy up to 4E A (where E,, is the SW proton core energy and A is the
mass number of the ion). However, O can be produced locally from the neutrals at lower energies within
the instrument'’s range (~15 or 20 eV) and be detected, if count rates allow, before they are accelerated to
higher energies by the convective electric field in the spacecraft (or planet) frame on a time scale of a gy-
roperiod (>15 s).

On the other hand, there can be a contribution of heavy ions from the plume, when pick-up oxygens leak
from the magnetosphere and travel in the direction of the convective electric field to higher altitudes, due

BURNE ET AL.

50f 23



A7
ra\“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics

10.1029/2020JA028938

MAVEN MSO Coordinates

3
24 TTTe=al
1-
s
&
&
>N
3
[NES 0+
+
o]
%)
(NP
—1-
—29 e
— BS
——- MPB
—— Dec 25, 2014
........ Jan 4’ 2015
—3 T T T T T
-3 -2 —1 0 1 2 3

Xumso [Rwm]

Figure 1. MAVEN trajectory for the observed shock crossings on December 25, 2014 around 9:50 UTC and January
4, 2015 around 3:18 UTC. The bow shock (BS) and magnetic pile up boundary (MPB) illustrate the average position of
these frontiers, using Vignes et al. (2000) parametrization without any readjustment to the measured crossings.

to their large convective gyroradius. Dong et al. (2015) shows a case study on December 18, 2014, where the
presence of plume oxygen shows clearly as a signature at ~20-30 keV. Given the vicinity of the event with
December 25, 2014, we should expect similar plasma conditions. However, MAVEN orbits around our shock
crossing at a location where no plume ions can be detected. In Figure 3a, we show the spacecraft's orbit
around the shock crossing in MSE coordinates, where the z axis points toward the convective electric field,
the x axis points in the direction opposite to the solar wind flow (—Vyw) and the y axis closes the right-hand
triad pointing in the direction of the perpendicular IMF component. As the plume ions are accelerated in
the direction of Ew, for their contribution to be relevant, MAVEN orbit should have a strong incidence in
the +z,,5; hemisphere upstream from the shock and this is not the case.

To sum up, we do not see any high energy signature that suggests the observation of pick-up oxygen from
neither the plume, nor locally picked-up. In addition, the Solar energetic particle investigation (SEP) instru-
ment data (Larson et al., 2015) shows steady plasma conditions with no evidence of any high energy event,
which indicates “quiet time” conditions. With a solar longitude L, ~ 260°, we are in the high exospheric
hydrogen density season (Bertucci et al., 2013; Romanelli et al., 2016), which corresponds to the high oc-
currence of low frequency waves driven by pick-up protons, and is also the period where the oxygen neutral
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Figure 2. Electron and ion energy spectrograms (SWEA, SWIA and STATIC), ion mass spectrogram (STATIC), and magnetic field magnitude (MAG) around
the shock crossing on December 25, 2014. The instantaneous spacecraft potential is plotted on-top of the electron spectrum; only one data point is available.

densities are the at their highest. However, the presence of heavy ions can be left out of the picture for the
study of the shock structure, as their large gyroradius (~8150 km for SW picked-up O™) implies that their
dynamics has little effect on its microstructure. Accordingly, the cyclotron waves generated by these ions
would have much larger apparent time-scales in the spacecraft frame (Delva et al., 2011) than the shock
layer itself. The pick-up protons are, then, the relevant pick-up ion population for the present study. This
proton population is difficult to identify in the STATIC data because they span the same energy ranges than
the SW protons, but with fluxes several orders of magnitude lower. However, we can study their indirect
effect by the ULF waves they generate.

Figure 4 shows time series of MAG, SWIA, and SWEA data around the crossing. All vector magnitudes are
represented in MSO coordinates. We used fully calibrated, Level 2 SWIFA and SWICA ion moments to com-
pute upstream and downstream parameters, respectively, and plotted both SWIFA and SWICA moments
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Figure 3. MAVEN trajectory in MSE coordinates around the shock crossings on December 25, 2014 ~ 9:50 UTC (a) and January 4, 2015 ~ 3:18 UTC (b).

upstream from the shock for comparison. The upstream ion temperatures are computed from the core
proton distributions, avoiding the effect due to the presence of alpha particles. To isolate the core proton
population, we only considered the ion distribution in the 300-1,000 eV energy range. Downstream from
the shock, the temperatures are calculated from the full ion distributions using SWICA measurements. The
ion densities and velocities also correspond to the full ion distribution (from SWIFA upstream and SWICA
downstream). Here, the contribution from the alpha particles is negligible, therefore the core proton distri-
bution is representative of the total ion population.
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Figure 4. The Martian shock as seen by MAVEN MAG, SWIA and SWEA on December 25, 2014. Shaded intervals
correspond to the upstream and downstream regions.

Electron moments need also to be processed carefully. In particular, they need to be corrected for the space-
craft potential (Mitchell et al., 2016). For this event, the spacecraft potential was not specified in the MAVEN
data repository (in Figure 2 there is only one data point around 9:49 for the spacecraft potential curve, with
avalue of ~19 eV). Therefore, we set an upstream potential value of 1 eV and downstream value of 5 eV, so
as to satisfy quasi-neutrality of the plasma. The resulting electron temperature is shown on Figure 4.

We see the shock transition is characterized by an increase of the ion and electron densities resulted from
the plasma compression. There is also an increase in the plasma temperature and in the flux of suprathermal
electrons, as the particles heat up converting their kinetic energy into heat and decreasing the mean plasma
speed. This is also visible in the broadening of the ion and electron spectra starting near the foot signature.
The loss of kinetic energy is also evident in the deceleration of the SW ions, that indicates the plasma transi-
tion into a sub-magnetosonic regime to allow the flow to change its direction and divert around the planet (as
seen in the change in SW ion velocity components). In the bottom panels (that show MAG data at 32 and 1 Hz
resolution, and averaged every ~30 s with moving averages) two shock features appear distinctively. First,
the sudden increase of the IMF strength typical of fast magnetosonic shocks (e.g., Burgess, 1995), where low
magnetic diffusion (or high conductivity) means the SW flow carries the magnetic field lines with it. Second,
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Table 1
Plasma and Field Parameters Calculated in the Selected Upstream and Downstream Intervals of Each Shock Crossing
December 25, 2014 January 4, 2015
Upstream Downstream Upstream Downstream

9:45:07-9:48:41 UTC  9:56:31-10:01:42 UTC  3:13:34.7-3:17:43.5 UTC  3:25:50-3:27:40 UTC

BXMSO [nT] 39+0.7 8+3 -1.8+0.5 —2:1
By, o [7T] 3.8+0.7 1143 50+04 —-163+0.9
Bzuso [T 44+07 14+3 —0.6+0.7 oot

I B | [nT] 71402 20+3 55402 18+1
Vixyso km/s] —345+2 —242 410 —501+5 —295+13
Viryso hm/s) 12+3 63+11 35+8 121+11
Vi zuso Hm/s] —12+3 —85+7 6+6 —141+14
IV, | [km/s] 346 +2 264 +10 503 +5 349 +16
T; [eV] 44+0.1 89+7 17.5+09 169 + 18
T, [eV] 7 19 13.5+0.4 43+3
n [em™] 16.6 +0.5 34+5 2240.1 4.1+04
n, [em™] 153+0.3 33+5 2.06 +0.06 T+1
B, 0.60 0.53 0.9

B, 0.97 0.65 0.40 0.23
o, [radls] 0.68 + 0.02 1.9+0.2 0.52 +0.02 1.69 + 0.09
7 [s] 93403 33404 120+05 37402
T Lkm] 511+16 138 +18 962 + 38 207 £15
clo,, [km] 1.30 + 0.02 0.91 + 0.06 3.6+0.1 2.6+0.1
clo,; [km] 559+ 0.8 39+3 153+5 112+5

Note. Vector quantities are given in Mars Solar Orbital (MSO) coordinates. @, is the proton cyclotron frequency, z,; the
proton cyclotron period, ¢/, and ¢/w,, are the electron and ion inertial lengths, and r,; =IV;|/®,, is the local proton
convected gyroradius.

the presence of primary and secondary overshoots underneath the wavefield, which also appear clearly in
the electron flux curves and as a modulation of the electron energy spectra, and evidence the presence of
kinetic mechanisms of energy dissipation that attempt to (partially) thermalize the plasma downstream.

4.1.1. Plasma and Field Parameters

To characterize the shock's initial and final plasma states, we selected upstream and downstream time
intervals by visual inspection with the following criteria: (a) the intervals should be as temporally close as
possible to the shock transition (to select asymptotic regions of the same shock layer and avoid effects due to
the significant curvature of the Martian shock and inhomogeneities of the plasma and field environment);
(b) they should show a relatively small variability on the macroscopic plasma parameters; (c) they should
exclude the shock and its substructures; and (d) they should be wide enough to provide representative aver-
age parameters (e.g., to make the ULF upstream wavefields cancel out), without extending too far from the
shock. Our methodology aligns with the criteria of Horbury et al. (2002).

The selected upstream and downstream intervals for this shock crossing are 9:45:07-9:48:41 and 9:56:31-
10:01:42 UTC respectively (shaded areas in Figure 4). The corresponding average plasma and field parame-
ters are summarized in Table 1 and are comparable with the ones reported by Gruesbeck et al. (2018) for this
same shock crossing. The average ion velocities shown on the table and used in the remaining of this work
were calculated from the Level 2 on-board SWIA velocity moment, which reported good quality-flags in the
selected intervals (Halekas et al., 2017) and showed no significant differences with the corresponding mean
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values calculated from the fine and coarse products in the upstream and downstream intervals, respectively.
The rest of the ion and electron average moments were derived from the corresponding time series illustrat-
ed in Figure 4 for the selected intervals.

Based on these results, we characterized the incoming SW by calculating additional fundamental parame-
ters. We obtained a cone angle between the upstream magnetic field and ion velocity «,,,,, = 56°. We used
the modified Alfvén speed for an anisotropic plasma (Paschmann et al., 2013) V, = B,/(1 — a)/(yyp,) »
witha = (P, — P,)1y/ B*where P,,and P, are the upstream plasma pressure parallel and perpendicular
to the magnetic field, and p, = m,n,, + 4m,n,, is the ion upstream mass-density. We obtained V, = 36.2
km/s. With & =—0.05, the correction from assuming anisotropy is small for this event, contributing to a <1
km/s increase from the value obtained assuming isotropy. On the other hand, though the density of alpha
particles is generally low, it can be significant when computing quantities that depend on the total ion mass
density. For this event, the density of H, * represented ~3% of the total ion density which translates into a
~10% contribution to the total ion mass density and an increase of about 2 km/s from the speed computed
with the core protons only. The upstream sound speed, is calculated as (T, + 5/37T;)/m,,, yielding V,; = 37.4
km/s. We took a polytropic index y, =1 for the SW electrons, whose thermal speed is much faster than
the ion acoustic wave phase speed and, hence, behave more like an isothermal gas in the upstream SW
(Chen, 1984; Gary, 1993; Sittler & Scudder, 1980); and we took y; = 5/3 for the SW core protons, considering
an adiabatic behavior in the upstream SW with three degrees of freedom. The resulting upstream fast mag-

netosonic speed is V; = 1/2[V/f + V2 \/(Vf +V? - 4V2V626052631l,v} = 51.8 km/s.

S

The normal vector to the shock crossing N = (0.71,0.36,—0.60) was estimated as a component-wise average
(normalized to ensure |NI= 1) of the vectors derived from the coplanarity mixed-modes (Schwartz, 1998) and
the re-adjusted geometric bow shock model (Vignes et al., 2000), which we found to be the best normal vec-
tor estimations in comparison with the Magnetic Coplanarity Normal (Schwartz, 1998) and the Minimum
Variance Analysis (Sonnerup & Scheible, 1998). This average shock normal has an angular uncertainty of
8° and forms a shock normal angle 6 = (78 + 3)°. Figure 5 shows the evolution of the normal projection
of the magnetic field B, in comparison with the total magnitude B. As expected for a nearly perpendicular
shock, the normal component of the field is small in the upstream region B, , = (1.5 + 0.8) nT and through
the shock ramp (shaded in the figure and delimited in detail in Section 4.1.2) B, ,,,, = (3 + 2)nT, in compar-
ison with the mean magnetic field magnitude B,,,,, = (16 + 5)nT. In addition, the normal component of the
field is conserved across the shock with a downstream value B, ;, = (1 + 3) n'T. We used this normal vector
to obtain the shock Mach numbers M, = 6.3, M, = 6.5and M, = 4.5, which clearly indicate the shock is
in a supercritical regime.

4.1.2. Identification of the Foot, Ramp, and Overshoot

Figure 6a shows magnetic field data around the outer edge of the shock and at the foot. The four bottom
panels show MAG high time resolution data, where it is hard to identify the start of the foot signature be-
cause of the presence of upstream waves at the local proton cyclotron frequency, that are generated by the
pick-up protons (Brinca, 1991). The following upper panel shows the magnetic field residuals 6B (of 1 s
resolution) after subtracting the moving average magnetic field strength B, with time windows of 20, 30,
and 40 s (multiples of the upstream proton cyclotron period in order to filter out the wavefield). At the top
panel we show the spectrogram of the B, component superimposed with the instantaneous proton cyclotron
frequency.

The initial (visual) delimitation of the foot start error bar is given by its outer and inner limits (FSle and
FS2e) which follow the methodology in Section 3. The signature shock compression of the IMF is observed
as an increase in the magnetic field strength and as a baseline shift on the residual curves of B for the dif-
ferent averaging time windows. On the other hand, the disruption of the quasi-monochromatic behavior
of the upstream waves can be seen on the broadening of the frequency spectrum (overlooking the poorer
time resolution). Upstream from the shock, the strongest spectral densities mainly concentrate around the
~0.1 Hz of the upstream proton cyclotron frequency. But, as the foot edge is approached, we see not only
contributions from the ~2 Hz wave packets (possibly resulted from a dispersion at the steepened fronts
of the upstream waves), but also from other frequencies. The broadening of the spectrum becomes more
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Figure 5. Time series of the magnetic field normal component compared to the total magnetic field magnitude. The shaded region, enlarged in the inset,
corresponds to the shock ramp.

evident around the inner edge. There is also an increase in the electron density, that becomes more evident
as MAVEN moves deeper into the foot structure. For the automated delimitation, the algorithm worked on
the high-resolution magnetic field data, allowing for a 2 s margin outside the initial error bar. The x,,,, field
component did not contribute to the refinement of the time limits, as it did not satisfy the search condition.
The final foot start error bar is delimited by solid lines on Figure 6a, with FS1a the final outer edge and FS2a
the final inner edge.
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Figure 6. Substructures delimitation for the December 25, 2014 event. (a) Foot start. FS1e and FS2e are the foot start outer and inner edges selected by eye.
FSla and FS2a are the outer and inner edges selected with the automated algorithm. The shaded areas mark a + 4o variation from the mean upstream field
values. (b) Overshoot end. OEle and OE2e are the overshoot end outer and inner edges selected by eye. OEla and OE2a are the outer and inner edges selected
with the automated algorithm. The shaded areas mark a + 5%B, margin, where B, is the downstream average field. (c) Ramp start and ramp end. RSle and
RS2e are the ramp start outer and inner edges selected by eye, and REle and RE2e are the ramp end outer and inner edges selected by eye. RS1a and RS2a

are the ramp start outer and inner edges selected by the automated algorithm, and RE1a and RE2a are the ramp end outer and inner edges selected by the
automated algorithms.
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;‘"?r':tieinmits, in UTC, for the Visually and Automated-Delimited Start and End Error Bars of Each Substructure
December 25, 2014 January 4, 2015
Visual Automated Visual Automated

Outer edge Inner edge Outer edge Inner edge Outer edge Inner edge Outer edge  Inner edge
Foot start 9:48:48.5 9:48:57.5 9:48:48.9 9:49:50.8 3:17:51.1 3:17:56.5 3:17:52.1 3:17:52.3
Ramp start/foot end 9:49:09.946 9:49:10.02978 9:49:09.958 9:49:10.020 3:18:23.3 3:18:25.6 3:18:23.312  3:18:24.969
Ramp end/overshoot start 9:49:10.050 9:49:10.188 9:49:10.083 9:49:10.145 3:18:26.83 3:18:30.015 3:18:27.781  3:18:27.969
Overshoot end 9:50:16.1 9:50:31.0 9:50:24.5 9:50:38.5 3:20:08.9 3:20:50.3 3:20:36.5 3:20:50.3

Figure 6b shows the delimitation of the overshoot end on magnetic field strength at 32 Hz resolution, 1 Hz
resolution, and averaged every 20 and 40 s, magnetic field components at 1 Hz resolution, and electron flux-
es. The initial outer and inner limits are noted OEle and OE2e, respectively. As the overshoots have longer
apparent timescales than the upstream (pick-up proton) wave period in the spacecraft frame, they are more
identifiable in lower time resolution data. For this reason (and as explained in Section 3), the automated
algorithm was set to work on the magnetic field magnitude averaged every 2 cyclotron periods (20 s for this
crossing) so as to avoid the effect of the upstream waves that go through the shock while still not over-sof-
tening the profile. A 10 s margin outside the initial error bar was allowed. If we had worked with the highest
resolution data instead, the higher frequency oscillations would have dominated and rapidly saturated the
search. The final error bar is marked with solid lines on Figure 6b, with OE1la the final outer edge and OE2a
the final inner edge.

The ramp delimitation is shown in Figure 6c. The initial ramp start error bar is given by the first pair of
dashed lines, with RS1e the outer edge and RS2e the inner edge; and the initial ramp end error bar is given
by the second pair of dashed lines, with RE1e the outer edge and RE2e the inner edge. The final start error
bar is delimited by the first pair of solid lines, with RS1a the outer edge and RS2a the inner edge. RS1a was
obtained by finding the measured data point closest to RSle, and RS2a is given by the beginning of the
interval that allows for the best linear fit of the data points. The final end error bar is marked by the second
pair of solid lines, with RE1a the outer edge and RE2a the inner edge. RE1a was marked at the time when
the field reaches the —5%B, level, and RE2a is given by the end of the best fitting interval.

All of the time limits are detailed in Table 2 in UTC. With these, we defined the start and end times of each
substructure by taking the midpoints of each error bar, setting the foot start at 9:48:49.8 + 0.9 s; the ramp
start at 9:49:09.99 + 0.03 s; the ramp end at 9:49:10.11 + 0.03 s; and the overshoot end at 9:50:32 + 7 s. These
times define the temporal widths shown on Table 3. In addition, we calculated the overshoot normalized
amplitude as (B,,,, — B,)/B,, resulting in a 25% increase over the downstream nominal value. To measure
B,,.» we used the averaged magnetic field strength, sweeping from 10 to 60 s time windows (1-6 upstream
proton cyclotron periods) until we measured a stable value. This way we avoided the effect of the high am-
plitude wavefield (Mellott & Livesey, 1987; Tatrallyay et al., 1997).

4.1.3. Shock Speed and Spatial Length-Scales

The shock velocity relative to the spacecraft and along the shock normal N (see Section 4.1.1) was estimated
from the method described in Gosling and Thomsen (1985), as indicated in Section 3. To somehow, account

Table 3
Temporal and Spatial Widths of Each Substructure

December 25, 2014 January 4, 2015
Width Foot Ramp Overshoot Foot Ramp Overshoot
Temporal 20+1s 0.13+£0.06 s 81+£7s 31.9£09s 37£09s 136 £7s
km 308 £16 2+1 1244 £113 636 £ 22 74 £19 2695 £ 152

Physical scales  (0.60 £ 0.04)r,; (1.5+0.7)c/w, (24+02)r, (0.66+003)r, Qlt5c/o, @8+02)r,
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for the self-reforming nature of the QL supercritical shock, we computed a range of shock speeds consid-
ering different stages of foot formation. The full temporal width was used to calculate the speed for a 100%
developed foot, and fractions of this width were used to compute the speed at lower formation stages. Then,
the experimental foot widths were calculated in this velocity range and compared with the upper limit set
by the analytical prediction of the model. For this crossing, we have an upper limit of 0.64 r,, (where r,, is the
upstream local proton convected gyroradius given in Table 1).

Only foot width values below the theoretical limit were kept (as the specular reflection model is already an
overestimation, Gosling & Thomsen, 1985). This meant only widths associated with a 99%-100% formation
stages remained, with shock velocities ranging from 15.4 to 15.2 km/s. A low shock speed was expected,
considering multi-spacecraft Earth studies by Meziane et al. (2014, 2015) that report a maximum of the ve-
locity probability density function close to a few km/s in the absence of SW transients like dynamic pressure
pulses. This was confirmed by the observation of steady space weather conditions in consecutive orbits,
with no evidence of any short-term effect that could mean a significant increase in the dynamic pressure or
EUV radiation (Gruesbeck et al., 2018; Hall et al., 2016; Meziane et al., 2014, 2015; Modolo et al., 2006). In
addition, our calculated shock speeds are comparable with the ~5 km/s estimation reported by Madanian
et al. (2020) for a Martian shock. Though their shock is an order of magnitude slower than ours, both are
still in a low speed regime.

Within the remaining shock speed values, we computed a range of widths for all three substructures. Con-
sidering the variations between the minimum and maximum values obtained, we calculated a nominal
estimation for the foot, ramp, and overshoot thicknesses, summarized in Table 3. The relative sizes of each
substructure can be seen in Figure 7, where we show the spatial magnetic field profile in different physically
relevant length-scales.

We measured a completely developed foot smaller than the upstream local Larmor radius, which is com-
patible with the specularly reflected model of foot formation. Our results are similar to Earth studies by
Mazelle and Lembege (2021), who show that the foot width often falls under Woods (1971) turnaround
distance of 0.68 r,, for strictly perpendicular shocks with normal incidence SW. However, this is not a strict
upper bound for all shock geometries, as Gosling and Thomsen (1985) analytical foot width prediction can
yield values greater than 0.68 r, when there is departure from strictly perpendicular geometry.

The observed ramp width agrees with Earth studies by Mazelle et al. (2010), falling under their report-
ed most probable values with ramp thicknesses below 5 ¢/, as well as several thin shocks reported by
Hobara et al. (2010) with ramps below 4 c/o,,. It is also in agreement with Giagkiozis et al. (2017), who
measured a (3.4 £1.4) c/w,,, ramp for a Venusian shock. The clean monotonic jump we observed would
fall under Newbury et al. (1998) classification of a shock with a single transition, but with a ramp width of
~0.04 ¢/ w,,; for our case study, it falls below the 0.4 — 1 ¢/, range they noted. Our work further supports
that the shock ramp of QL supercritical shocks has a thickness of a few electron inertial lengths, and not of
the order of the ion inertia length (Achilleos et al., 2006; Bale et al., 2005; Newbury & Russell, 1996; Russell
& Greenstadt, 1979; Scudder et al., 1986).

As for the overshoot, results are compatible with Earth observations by Mellott and Livesey (1987), who
reported overshoots with most probable thicknesses between 1 and 3 r,;, as well as with previous studies on
Mars by Tatrallyay et al. (1997), who considered a static Martian bow shock and reported overshoot widths
between 0.5 and 2.5 r,. The similarities with Tatrallyay et al. (1997) results for a static shock layer could be
related to the low speed of the Martian shock for the case reported here.

4.2. January 4, 2015 Event

We analyzed a second case study on January 4, 2015, with a shock crossing at 3:18:26 UTC and SZA = 69°
(see Figure 1). For this event, there are STATIC observations of O" upstream from the shock, at energies
>3000 eV and peaking at >10 keV. They do not pop in Figure 8 because they are right up the instrument's
energies upper limit and present very weak fluxes (~3 orders of magnitude lower than the core protons).
Their densities are very low too, around 0.03 ¢m™, which represents no more than 1% of the total SW ion
density. These observed O" are most likely not plume ions, since Figure 3b shows the spacecraft's orbit
around the shock crossing does not favor the observation of these.
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Figure 7. Spatial magnetic field profiles along the shock normal, in units of the upstream proton inertial length ¢/®
the upstream electron inertial length ¢/®,,, and the upstream proton convected gyroradius r,,. Vertical lines delimit the
foot, ramp, and overshoot.
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The selected upstream and downstream intervals are 3:13:34.7-3:17:43.5 UTC and 3:25:50-3:27:40 UTC, re-
spectively. These regions are shaded in Figure 9, where an alternative potential downstream interval is also
shown further inside the magnetosheath, between 3:28:34.6-3:34:50.0 UTC. Between these two, we decided
for the earliest interval, as the fields values already seem to plateau and the closeness to the shock jump is
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Figure 8. Electron and ion energy spectrograms (SWEA, SWIA and STATIC), ion mass spectrogram (STATIC), and magnetic field magnitude (MAG) around

the shock crossing on January 4, 2015. The instantaneous spacecraft potential is plotted on-top of the electron spectrum.

critical to guarantee the best downstream state description of the plasma transformed at the observed shock
layer.

Table 1 summarizes the average upstream and downstream plasma and field parameters. To isolate the
core proton distribution to compute the upstream ion temperature, we considered the energy range 250-
2,100 eV. In addition, we obtained a cone angle e,,,,, = 67°, which suggest a stronger |Ey, | compared to the
event on December 25, 2014 (in fact, it is ~1.3 times stronger). This implies that the lack of heavy pick-up
ion observations in the December event is related to the FOV of the instruments, as a weaker convective
electric field would mean pick-up ions should be found at even lower energies for that event than the ones
observed on January. We obtained an upstream Alfvén, sound, and fast magnetosonic speeds V, = 67.1
km/s, V., = 64.0 km/s, and Vi = 92.4 km/s. For this event, the correction from anisotropy is more signifi-
cant, with ¢ = 0.2, which means a decrease of about 9 km/s from the estimation assuming isotropy. On the

other hand, alpha particles constitute 3% of the total ion number density (equivalent to the December 25,
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Figure 9. The Martian shock as seen by MAVEN MAG, SWIA and SWEA on January 4, 2015. Shaded intervals
correspond to the upstream and downstream regions, where two potential downstream intervals are showcased.

2014 event), lowering the Alfvén speed in about 4 km/s from the value obtained with the core protons only.
The shock normal vector is N = (0.74,0.36,—0.57), which has a 10° uncertainty and forms a shock normal
angle g \ = (81 £ 3)°. The evolution of the magnetic field along this normal direction is shown in Figure 5.
Again, the low values upstream (B, , = (0.9 £ 0.5) nT) and across the shock (B, ,,,,, = (0 +2) nT) are con-
sistent with the shock's geometry, and there is conservation of the magnetic field normal component with
B, ; = (0.7 £ 0.8) nT. We used the normal vector to compute the shock’s Mach numbers that are M, = 5.4,

M, =5.6and M, = 3.9, indicating a supercritical plasma regime.

The substructures delimitation in the time series is shown on Figure 10 and the time limits are detailed in
Table 2. These times define a foot start at 3:17:52.2 + 0.1s; a ramp start at 3:18:24.1 + 0.8 s; a ramp end at
3:18:27.88 £ 0.09 s; and an overshoot end at 2:20:43 + 7 s. The temporal and spatial widths are shown on Ta-
ble 3 and the relative sizes are shown in Figure 7. The spatial widths were obtained for a shock speed around
20 km/s and a theoretical foot width upper limit of 0.695 r.; (Gosling & Thomsen, 1985). These results are
similar to those obtained for the first event. In particular, we see an example of how the foot thickness is
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Figure 10. Substructures delimitation for the January 4, 2015 event. (a) Foot start. FS1le and FS2e are the foot start outer and inner edges, respectively, selected
by eye. FS1a and FS2a are the outer and inner edges selected with the automated algorithm. The shaded areas mark a + 4o variation from the mean upstream
field values. (b) Overshoot end. OEle and OE2e are the overshoot end outer and inner edges selected by eye. OEla and OE2a are the outer and inner edges
selected with the automated algorithm. The shaded areas mark a + 5%B, margin, where B, is the downstream averaged field. (c) Ramp start and ramp end.
RS1e and RS2e are the ramp start outer and inner edges selected by eye, and REle and RE2e are the ramp end outer and inner edges selected by eye. RS1a and
RS2a are the ramp start outer and inner edges selected by the automated algorithm, and RE1la and RE2a are the ramp end outer and inner edges selected by the

automated algorithms.

not limited by Woods (1971) 0.68 r,; turnaround distance, since 8, is not exactly 90° and 6,,, # 0°. The ramp
is wider and more structured than that from the previous shock crossing, but is still less than half the ion
inertial length. Moreover, the estimated overshoot width supports our choice of the asymptotic downstream

region closer to the shock jump, and the subsequent delimitation of the overshoot end error bar in the time
series.
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5. Final Remarks and Conclusions

In this work, we report on the identification and first complete characterization of the Martian quasi-per-
pendicular supercritical substructures assuming a constant-velocity moving shock front, using MAVEN
plasma and magnetic field data. We not only present new results in the characterization of the Martian
shock structure, but we also provide a meticulous analysis methodology that stresses the importance on the
correct processing of MAVEN data, and the clarity and consistency of the criteria used in the data selection
and analysis. We pay special attention to the determination of the entry to the ion foot and the identification
of the main and secondary overshoots, where the presence of the ULF waves (generated from the pick-up
of exospheric protons) could mean an erroneous identification of these shock features. We also attempt
to somehow account for the non-stationarity and reformation of the shock, even with the limitations of a
single spacecraft mission, by computing a range of local shock speeds to obtain the substructures spatial
widths from the timeseries.

We have found that, despite the particular nature of the Martian plasma environment, the structure of su-
percritical quasi-perpendicular shocks is in many ways comparable with that of the Terrestrial shock, which
presents a substantially different solar wind—planet interaction. We observed a shock foot smaller than the
upstream proton convected gyroradius, compatible with the model of specular reflection of foot formation
(Gosling & Thomsen, 1985) and Earth observations by Mazelle and Lembege (2021). We found that the
shock ramp is typically very narrow, of the order of a few electron inertial lengths, which agrees with studies
on the Terrestrial (Mazelle et al., 2010) and Venusian shocks (Giagkiozis et al., 2017), and further supports
that the ramp of supercritical quasi-perpendicular shocks is smaller than the ion inertial length (Achilleos
et al., 2006; Bale et al., 2005; Newbury & Russell, 1996; Russell & Greenstadt, 1979; Scudder et al., 1986).
Moreover, we observed an overshoot of a few proton convected gyroradii, as reported for the Earth bow
shock by Mellott and Livesey (1987) and previous studies of the Martian shock under the assumption of a
static boundary (Tatrallyay et al., 1997).

The similarities with the Earth show that the core solar wind protons dynamic seems to play the major
role on the Martian shock structure despite the small size of the boundary. However, the narrower mag-
netosheath does mean these kinetic effects are less effective in the plasma thermalization. Downstream
from the shock the plasma does not fully thermalize, even with the presence of other sources of free energy
like the ULF waves generated from the pick-up protons, which provide a wave—particle interaction that
one could think would contribute to the energy dissipation. However, they do not seem to be significantly
efficient to modify the shock structure, though they do make it considerably more complex to separate one
from the other. The presence of heavier pick-up ions does not seem to play an important role in the shock
structure either. Though a detailed analysis on this issue is outside of the scope of the present study, the
large length-scales of their dynamics does not foreseen any effect on the shock's microstructure. Moreover,
the similarities with the Earth (where no exospheric pick-up ions are present) could hint how minimal their
influence may be. In any way, as quiet plasma conditions prevail in the crossings studied, any influence they
may have should be consistent across both events studied in this work.

The fact that Mars as well as the Earth and Venus presents similar QL supercritical structures raises the
question if the main differences in the Martian environment (small size, large curvature, mass-loading
and, pick-up of exospheric ions) have any influence on the substructures at all, or if there is some intrinsic
nature for this type of shocks when it comes to their characteristic length-scales. However, to fully answer
this question we must extend this analysis to other shock crossings and gain insight into the statistical
variations. It could also be interesting to extend this study to other heliocentric distances, such as Jupiter
using the Juice mission, or even comets, where there are higher levels of wave activity. This is the scope of
a future work.

Data Availability Statement

All data used are publicly available on the NASA Planetary Data System (https://pds.nasa.gov), under
Search Data, MAVEN Mission, Planetary Plasma Interactions Node.
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