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Abstract In order to study spatial distributions of global magnetosheath structures, physicists often rely
upon spatial binning, whereby space is divided into cells, each filled with the average value of all spacecraft
measurements within that cell. The traditional binning schema utilizes a fixed Cartesian grid of cube bins. The
morphology of the magnetosheath's boundaries are not fixed, however, but driven by upstream and planetary
conditions. Therefore, the spatial structures are not fixed in Cartesian space, and thus a Cartesian binning
technique will produce a highly coarse grained spatial distribution. We propose an alternative binning technique
utilizing a scale normalized dimensionless coordinate system defined in terms of magnetosheath morphology.
To demonstrate the efficacy of this technique, we apply a basic implementation to the Martian system. We are
thereby able to achieve a high-resolution spatial mapping of bow shock and magnetosheath processes and
resolve spatial structures that are washed out when binned traditionally. In particular, we can resolve the shock
overshoot, analyze the dominant forces acting at the shock, and obtain fine-scale distributions of the bulk ion
plasma magnetosheath forces and thermalization mechanisms. Magnetic tension and magnetic pressure gradient
are compared. The ion pressure divergence at the shock is found to significantly vary in line with the solar wind
temperature anisotropy. The dependency of the mirror mode instability on location and Mach number, and its
implications for thermalization processes in the small Martian magnetosheath are investigated.

Plain Language Summary We aim to study how solar wind plasma changes as it travels through the
magnetosheath, focusing on the varying structures within the plasma at different locations. Specifically, we are
interested in how conditions of the solar wind plasma before it reaches the magnetosheath outer boundary, the
bow shock, influence the magnetosheath. Most processes that develop within the magnetosheath are directly
dependent on the state transformation of the plasma at the bow shock and how long since the plasma transited
the boundary. To analyze these structures, we create spatial maps by plotting spacecraft measurements. This
involves dividing space into 3D cells and averaging measurements taken when the spacecraft is in each cell.
Traditionally, cube-shaped cells of fixed size and position are used. However, because the bow shock's size and
shape vary, structures may not align with these fixed cells, resulting in low-resolution images. In this paper, we
introduce a new method of dividing space into cells that maintain consistent positions relative to the bow shock,
regardless of its size or shape. Applying this method to the Martian magnetosheath, we achieve much higher
resolution images than with the standard method. This allows us to observe previously obscured structures and
reveal new findings.

1. Introduction

Outside of the solar corona and within the heliosphere, there are two important types of magnetized plasma
regions. The first is the solar wind (SW), which blows out from the sun and ultimately makes up the heliosphere
itself. The second are the plasmas contained within magnetospheres, cavities in the solar wind which (magnet-
ically) separate the inner and outer plasmas. These occur where the SW's dynamic ‘ram’ pressure P; = pgy V%W
is less than the inner magnetospheric pressures, thus requiring the SW and frozen-in Interplanetary magnetic field
(IMF) to slow and be diverted around. Not all magnetospheres are generated from planetary magnetic fields.
Venus, Mars, and comets have magnetospheres which are externally induced (Luhmann et al., 2004): In the
dayside upper exosphere, ions are generated by photoionization by extreme ultraviolet radiation (EUV) and
charge-exchange by the SW plasma, and (to a much lesser extent) by electron impact ionization (Kallio
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et al., 1997; Mazelle et al., 2018; Rahmati et al., 2018). Within the volume where the thermal pressure Pry of
these planetary (or comet) ions (and electrons) exceeds the ram pressure, an ionosphere is created as an initial
obstacle. For newborn ions outside of this volume, the motional electric field of the SW causes them to be ‘picked
up’. The successive generation of pick-up ions results in a macroscopic ‘mass loading’ effect that further slows
down the SW by conservation of momentum. From outside, the ionosphere resembles a conducting sphere. The
IMF -which is being dragged toward the ionosphere by the SW—slowly varies over time. These magnetic fields
produce superficial currents in the ionosphere that generate opposing magnetic fields thereby preventing the IMF
from penetrating the ionosphere. This results in the ‘pile-up’ of IMF lines around the ionosphere until the
magnetic pressure Py = B%/ 2po > P, and thus generating a ‘Magnetic Barrier’ or ‘Magnetic Pileup Region’
(MPR) which the solar wind cannot enter (e.g., Bertucci et al. (2005) and references therein after). The outer
boundary of this MPR is called the Magnetic Pileup Boundary (MPB).

Within a plasma, information (about a perturbation of the medium) cannot propagate above a fast magnetosonic
Mach number Mj,; = |V - fi,qe|/ Vjny corresponding to wavespeed

V}ms = 0.5[(c§ + vi) + \/(L% + Vﬁ)2 — 4ckvi cos?Opy

where cg, and v, are the sound and Alfven speeds and zy = cos ™! (B - fi,,,./|B|) . With respect to the planetary
obstacle, the incoming SW is super-fast magnetosonic. Thus when information about the MPB counter-
propagates through the SW in the form of magnetosonic compression waves, they cannot travel infinitely, but
instead build up at some distance to form a ‘bow’ shock (BS) surface (Kennel et al., 1985).

With certain exceptions outside the fluid description, these compression waves cannot propagate further upstream
from the BS. Thus all deflection of the SW must start at the BS and continue downstream. The region between the
BS and MPB where the solar wind has been shocked, slowed, heated, and compressed, and where deflection can
occur, is called the magnetosheath. Under the MHD description, the magnetosheath is the shocked downstream
region of a plasma and so largely obeys the MHD Rankine-Hugoniot equations (e.g., Russell et al. (2016)). In
particular, the downstream plasma initially (theoretically) obeys the jump conditions np/ny, (V)p/(Vi)y,
(B))p/ (B))y» and Tp/Ty determined entirely by upstream conditions. Note that, as observed in Fruchtman
et al. (2023), this is not always observed to be true at Mars - mainly due to the small size of its magnetosheath.
However, it is a good first starting point to consider the jump conditions valid to relate the upstream and
downstream plasma states.

Ions gyrate along field lines. At the shock, field lines become compressed, and so the plasma is primarily
thermally compressed perpendicular to the magnetic field. In addition, ion reflection at the supercritical shock
also pumps energy into the perpendicular direction. Thus, the ion temperature anisotropy A; = T;, /Ty should
suddenly increase at the shock. As a result, a magnetosheath is characterized by increased temperature anisotropy,
enabling the presence of mirror mode structures (e.g., Jin et al. (2022)).

1.1. Martian Bow Shock Drivers

In this paper, we concern ourselves with the Martian magnetosheath. As the outer surface is set by the BS, it is
necessary to understand how the BS varies in order to characterize the magnetosheath. This variation in turn
mostly varies due to the BS's external drivers.

It has been found that the BS contracts with increasing P; and flow directed magnetosonic mach number

Mg = |Vew|/+/c3 + v =M, (Hall et al., 2016; Halekas, Ruhunusiri, et al., 2017; Gruesbeck et al., 2018;

Garnier et al., 2022a; N. J. T. Edberg et al., 2010). It should be noted that M, is itself slightly anti-correlated with
solar intensity in the context of the 11 years solar cycle (Fruchtman et al., 2023).

Martian orbit has an eccentricity of &,, = 0.0935 (Williams, 2021). Thus, given the =2 drop off in radiation, the
solar EUV irradiance has an orbital variation of +20%. This is in addition to irradiance in the Lyman o band
varying by almost a factor of two over the course of the 11 years solar cycle (Hall et al., 2019; Kotzé, 2023).
Increased EUV should correspond to both a puffed up exosphere and increased mass loading (Hall et al., 2016). It
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has been found that the BS expands with increased EUV irradiance (N. Edberg et al., 2008; Hall et al., 2016;
Halekas, Ruhunusiri, et al., 2017; Gruesbeck et al., 2018; Garnier et al., 2022a, 2022b).

Given the contribution to BS formation provided by IMF draping, the orientation of the IMF should also
contribute. Statistical analysis by Vignes et al. (2002) and simulations by M. Wang et al. (2020) showed possible

dependence of the BS on cone angle 6y = arccos (%) and clock angle arctan(B;yr,/ Bjyr,) , but was later

shown to be insignificant by Garnier et al. (2022a). Vignes et al. (2002) suggested a possible asymmetry along the
direction of the motional electric field E = —Vgy X Bjr, though later analyses have ruled this out as vestigial
crustal field influences (Gruesbeck et al., 2018).

The direction of the IMF does have local effects on morphology: The plasma and magnetic compressions of the
magnetosheath increase with the shock normal angle 8y between the BS surface normal 7izg and upstream B
(IMF) direction (Kennel et al., 1985). Morphology wise, this is accompanied by a significant decrease in BS
standoff distance at low ‘quasiparallel’ fpy (Garnier et al., 2022a; Ma et al., 2004; Vignes et al., 2000; Zhang
etal., 1991). Given that the IMF is directed along the Parker spiral rather than parallel with the Mars-sun-line such
that the dawn and dusk sides of the planet experience different average Opy, this manifests as a “dawn-dusk”
asymmetry (Gruesbeck et al., 2018; Ma et al., 2004).

At Mars, there additionally exist remanent sources of ‘crustal’ magnetic fields which are more prominent in the
southern hemisphere (Acufia et al., 1998; Connerney et al., 2015). These act to substantially push upward the local
MPB and -to a lesser extent-the local BS (Crider, 2004; Fang et al., 2017; Garnier et al., 2022b; Né¢mec
et al., 2020). This expansion occurs globally to some extent when the strongest crustal field regions are on the day
side of the planet (Garnier et al., 2022b; Gruesbeck et al., 2018).

There has been observed a prominent asymmetry between ecliptic hemispheres within aggregated data (Mazelle
et al., 2004), including MAVEN data (Gruesbeck et al., 2018). While initially believed to be the result of a crustal
field asymmetry - Mars only has a 25° axial tilt (Williams, 2021) - Garnier et al. (2022b) showed this to more
likely be systematic biasing due to the evolving MAVEN spacecraft orbital geometry across a solar cycle. Instead,
the crustal fields more predominantly induce a global perturbation dependent on the angular distance from the
crustal field sources to the subsolar point.

Using cross-correlation techniques, Garnier et al. (2022a) showed that EUV and M,,; are the most significant
independent drivers of variation in the BS morphology, with fpy and the crustal fields holding significant second
order importance.

1.2. Frameworks for Studying Spatially Varying Structures

A reliable approach to analyzing plasma structures and processes involves analyzing the spatial variation in the
plasma. For space plasmas where it is not possible to measure everywhere at once, it is necessary to do so sta-
tistically by building spatial distributions of spacecraft data. To measure the variation in some quantity, one can
divide space into a three dimensional array of cells, with corresponding cells for the chosen quantity, and take the
average value of that quantity as measured by the spacecraft whenever it is present in that cell. The conventional
way of constructing this grid is by using a fixed Cartesian coordinate system. Examples of this can be observed in
Halekas, Brain, et al. (2017); Rahmati et al. (2018); Simon Wedlund et al. (2023). This is accurate if the system
one is concerned with is fixed in size. As we illustrate in Figure 1a, the conventional method is problematic for
magnetosheaths. The planet's bow shock acts as a boundary surface that sets the initial conditions for the mag-
netosheath plasma. The bow shock location is not fixed: Its size and shape are sensitive to upstream conditions.
Thus the locations of magnetosheath subprocesses -which are also controlled by these upstream parameters-are
not fixed either. This means that when applying a Cartesian binning scheme, a given bin will average over
multiple processes at different times and conditions, and conversely, any given -potentially infinitesimal-
subprocess will be smeared over multiple bins. Fine scale structure is lost.

A more accurate binning schema would be one dependent on the morphology of the system, and for which the
primary coordinate is chosen such that the “origin” along that axis is the initial bow shock boundary surface. In
addition, the distance scale from the shock used for defining bin sizes should not be in raw SI units of length, but
some dimensionless quantity such that lengths have been normalized to scales appropriate to the system.
Furthermore, given that the magnetosheath is compressible and has an inner boundary which the downstream
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4 Same cartesian bin measures entirely different processes at different times, as bow shock (blue) size and )
shape vary. Averaging causes smudging.
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Figure 1. Diagram of binning methods applied to induced magnetosphere system. The bow shock is drawn as the dark blue
curve, and magnetosheath as the light blue region. Left and right diagrams show larger and smaller bow shock boundaries
respectively. Thick and thin dashed lines show plasma streamlines and magnetic field lines respectively, scaled with bow
shock and maintaining footpoints. Each colored square represents the location of a bin, fixed to the chosen coordinate system.
(a) Cartesian binning schema: Regardless of bow shock size, bins stay fixed in Cartesian space. (b) Scale normalized
fractional distance binning schema: Bins move to maintain fractional distance from the bow shock. Source of original
diagram (Russell et al., 2006).

solar wind plasma asymptotically approaches but never crosses, we can approach this as a double sided boundary
value problem: a reasonable ansatz is that the fluid can be considered to hold a state ‘A’ at outer surface A, a state
‘B’ at inner surface B, and the states in between will be constrained to experience the sequence of internal sub-
processes allowing for a spatial transition from state ‘A’ to ‘B’. These subprocesses should be present regardless
of the distance between boundaries - the distances between them only expanding and compressing as the system
expands or compresses - and thus be considered to be ‘fixed’ in the interior of the system to certain fractions of the
distance between the boundaries. We can therefore consider a different coordinate schema which should allow
fine structure to be preserved, as illustrated in Figure 1b: a normalized dimensionless coordinate system wherein
the primary “radial” coordinate D, is some form of fractional distance from the shock. Since the locations of
sheath processes should scale with the bow shock morphology for a given set of upstream parameters, this should

reliably capture each process in its own bin.

Here, we introduce a new framework for studying the morphologically dynamic induced magnetosheath at higher
precision. We then use it in order to study at higher resolution how the magnetosheath varies with these upstream
conditions, and analyze the scientific results which arise from applying this framework to the Martian

magnetosheath.
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2. MAVEN

The MAVEN spacecraft has been orbiting Mars since September 2014, and collecting data since November 2014
(Jakosky et al., 2015). It has a large suite of instruments for analyzing the local environment. In our study we
utilize the data from four of these instruments:

The MAG instrument measures local magnetic field data at 32 Hz resolution (Connerney et al., 2015). It has two
versions of L2 data corresponding to 1 and 0.25 s time-series bins respectively. For file size reasons, we use the 1 s
data.

The primary solar wind ion analyzer for MAVEN is the Solar Wind Ion Analyzer (SWIA) (Halekas et al., 2015).
SWIA has fine survey (SWIFS) and coarse survey (SWICS) modes, intended for undisturbed solar wind, and sub-
bow shock plasma measurements respectively. These have two different spatial resolutions and fields of view.
SWIFS measures ion data from an inner 45 ° X 45° sunward pointing FOV region with smaller - 3.5° X 4.5°
angular resolution - bins. The rest of the SWIA detector's 90°x360° FOV uses larger - 22.5 ° X 22.5° angular
resolution - bins. SWICS data utilizes the full field of view, combining multiple SWIFS bins together for
consistent bin size. For consistency, we use SWIFS to calculate characteristic upstream time-averaged ion mo-
ments, and SWICS for instantaneous time-series measurement data. In the undisturbed solar wind, there are two
peaks in the energy distribution corresponding to H* and He** species, from which can be calculated separate
temperature moments 7}, and T, (Halekas, Ruhunusiri, et al., 2017). For the purposes of calculating up-

stream M, we use T, Tather than Tgypg.

Alongside an instrument for ion data, there is also a MAVEN solar wind electron analyzer called the Solar Wind
Electron Analyzer - or SWEA (Mitchell et al., 2016). To obtain SWEA moments, we utilize the 4 s cadence SPEC
mode data after correcting for the spacecraft potential. Between the time of data aggregation and this writing,
SWEA's algorithm for calculating electron moments was updated to - among other issues - account for a low-
energy anomaly which offset moments by an order of magnitude starting 2019-11-16. As such we did not
aggregate any data after 2019-11-15.

The Extreme Ultraviolet Monitor (EUVM) is the solar extreme ultraviolet monitor for MAVEN (Eparvier
et al., 2015). EUVM's L2 EUV irradiance data is measured in three wavelength channels, and provides a quality
flag. The third channel provides Lyman alpha Irradience (Lya). There are orbits where the spacecraft attitude or
other operational constraints are not optimal to make EUVM measurements, and therefore we use a daily average
of good quality Lyman Alpha irradiance rather than instantaneous measurements.

For purposes of consistency and ease of calculating derived quantities, we interpolate our plasma moment data to
1 s resolution, and use daily average EUVM data.

3. Methodology

To begin, it should be noted that local upstream conditions {A} should control not just the magnetosheath
morphology, but also the internal structures and processes. We split Martian magnetosheath data into cadres
based on whether their corresponding upstream conditions are above or below the sample median. Thus if the
distribution of half-orbits is partitioned based on N different average local upstream conditions, there will be 2V
cadres. We can then apply our framework to each cadre.

3.1. Dimensionless Pseudo-Spherical Coordinate System

The primary coordinate system for dealing with the Martian plasma system is the Mars-centered Solar Orbital
(MSO) coordinate system, where %50 points from the core toward the Sun, —3,,¢, points in the direction of
Martian orbital velocity, and Z,50 completes the triad. The second coordinate system used to study Martian
plasma is the Mars-Solar-Electrical (MSE) coordinate system. In this system, X5z is antiparallel to the SW
velocity, Zysg is parallel to the SW motional electric field E = —vgy, X By and 3,5, completes the system.
We would like to be able to convert time-series data from these coordinate systems to a pseudo-spherical co-
ordinate system referenced to the BS position.

To implement our framework, we make a series of motivated simplifications and assumptions.
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First we note that the inner surface of an induced magnetosheath is the MPB. Rigorously, a morphologically
dependent and scale normalized coordinate system should have as one coordinate the fractional distance from the
outer boundary surface to a corresponding point on the inner surface. At Mars, not only is this inner surface
azimuthally asymmetric, but its surface is also locally highly perturbed by the presence of crustal fields below
(Crider, 2004; Fang et al., 2017). As of the time of this study, there does not exist a 3D parameterization of the
MPB surface which includes the drivers of the MPB's morphology. As such, we make the simplification of
defining our “radial” coordinate as the fraction of the radial distance from the shock to the surface of the planet:

r— RBS
Dy = —— 1
frac RBS _ RM ( )
So defined, Dg,, = 0 at the radius of the shock discontinuity (to best possible accuracy) and Dy, = —1 at

average Mars surface radius Ry, = 3389.5km. Note that because the MPB does not maintain a fixed fractional
radial distance between our chosen surfaces, accuracy in binning plasma processes together will decrease with
fractional distance from the BS based on the same principles discussed above for issues in Cartesian binning. This
implementation will therefore work best close to the BS (which is mostly where we're interested). Processes close
to the MPB may be binned on the other side of the boundary. However, as the size of the MPB both does not
change significantly compared to the BS and is subject to the same drivers as the BS (Ramstad et al., 2017), the
inaccuracies arising from choice of inner boundary should not be significant.

For our next simplification, to calculate Rgg we assume that the BS surface in each cadre j obeys a simplistic
perturbation theory model for embedded surface coordinates {Q} and drivers {A}:

Rgs({Q}v{ }) = RBS({sz}’{Aj(O)} {6“}) ( )
A 2
= (l + (:‘({Q}, {5A})) RS)S) ({Q}’ {‘ \/(-0)})

Here, Rg)s) ({Q}, {A}O)}) is some average surface and |e({Q},{6A})| <1 is to be chosen such that the model in-

tersects locations where the MAVEN spacecraft is identified as crossing the BS.

Following the results of Marquette et al. (2018); Azari et al. (2023) we assume for simplicity (and given the
restrictions to single point measurements) that in each half-orbit & of the spacecraft corresponding to a bow shock
crossing, a small enough period of time has passed such that the morphology and upstream conditions are static
and in agreement with local measurements. That is, a single (time-averaged) measurement of the local upstream

solar wind conditions can be taken as specifying “the” upstream conditions {Ak = Aj(-o) + 5Ak} during the entire

sub-orbit interval when the spacecraft is downstream of the shock, and that a single parameterization of the bow
shock surface Rgg ({Q},{Ar}) = Rps, x({Q}) -which intersects the measured bow shock crossing position - will be
accurate for each entire half-orbit interval. By extension, this means we need only a single
e({QL{6A) = e({Q}) per half-orbit.

The form of our parameterization Rpg ; is itself constrained by implementation concerns. First, consistency
within each cadre requires the form of Rpg ({Q}) to be preserved - if with different coefficients for each half orbit.
Second, the spatial variation is more intuitive to analyze in figures with Cartesian axes. As plotting the binned
quantities in our new coordinate system would require a difficult method to implement irregular grid of data, we
would instead like to return to Cartesian coordinates after normalizing our scale, for plotting purposes. Third, an
analytic form of the Jacobian is required if we are to engage in any form of vector calculus. However, limited
information about each half-orbit can be preserved when binning is performed given finite dataset size. Thus in

each cadre, vector calculus and return to Cartesian requires the use of a single overall surface Rg;) of the same form
as RBS, k-

Unavoidably, this means that € cannot contain the perturbation in BS due to the day-night rotation of the strong
crustal field region, and must instead take the form of a single argument €;. That is, the bow shock is assumed to
maintain its shape and just expands/contracts from the average surface. To make calculations simpler, we use the
spherical angular coordinates Q = {0 = arccos(x/r), ¢ = arctan(y/z)} as our second and third coordinates
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rather than more rigorously deriving embedded coordinates in the shock surface which are roughly parallel to the
surface. It should be noted that the direction of the solar wind velocity —Xy sz deviates from antisunward by
approximately 4°. As this is a small angle, we will make the simplifying approximation Xy = —7;, = Xys0»
so that we can use the Solar Zenith Angle (SZA) as the polar angle for both the MSO and MSE coordinate frames.
This means that our chosen coordinate system uses dimensionless coordinates:

{D}rac. SZA, ¢} 3)

Gruesbeck et al. (2018) modeled the BS as 3D quadric surfaces in Cartesian MSO and MSE frames by fitting
almost 2000 shock crossing locations to the general quadric equation

o+ YV e Fesxy e yz+esxz+cex+ o3y +cgz =1 4)

and modeled more precise surfaces by choosing subsets of the data corresponding to different upstream condi-
tions greater or less than some median value. Fruchtman et al. (2023) automatically and precisely identified the
center of 3845 BS crossings between 2014 and 2019, and measured average values of local upstream raw
quantities (henceforth denoted (A),, for the characteristic upstream time average of raw quantities A) -from which
we can calculate derived quantities - which can be found in Fruchtman (2023). This latter dataset contains almost
twice the number used for Gruesbeck et al. (2018), we add an increased level of precision by calculating average
surface coefficients {c} for cadres based on N = 2 choices of upstream condition for more precise models.

Converting to spherical coordinates allows for a parametrization Rg?(SZA,d), {c}). We calculate quadric surfaces
for both the MSO and MSE frame.

We thus assume that the surface in each half-orbit is only slightly perturbed in scale (but not shape) from the
average surface so that, all together, Equation 2 becomes

Rps. «(SZA,9) = (1 + &) R (SZA, ¢, {c})

)
_ T (0)
(Rgg (SZA () ) s CZA-04)

where, r;., SZA, and ¢, are the spherical coordinates of the k" measured MAVEN shock crossing location. We can
then fully define the dimensionless, scale-normalized, fractional distance Dy, as

r — Rps «(SZA, )
D rac = - (6)
77 Rys, «(SZA.p) = Ry

For the purposes of vector calculus (Eisele & Mason, 1970, Chapter three) and returning to Cartesian coordinates
for plotting of spatial distributions, we use our small perturbation ansatz and make the zeroth order approximation
for a radius r:

r = (RY(SZA, . {c}) = Ryy) D rae + RSO(SZA, ¢, {c}) )

Here, Dy,,c, SZA, and ¢ are the coordinates for any arbitrary position within the system, so that Rg)s)(SZA, .{c})
outputs the radius of the cadre's average BS surface at those angular coordinates.

A subset of the BS asymmetries - those that depend on local time (the dawn-dusk asymmetry) and geographic
position (the southern crustal field asymmetry) - are lost when calculating the average surface in MSE co-
ordinates. Comparatively, the asymmetries that arise in the MSE frame are much smaller in scale (as can be seen
from the relative rotational symmetry in the tabulated coefficients within Gruesbeck et al. (2018)). The true
fractional distance from the bow shock to the planet shouldn't change regardless of the choice of (Mars centered)
reference frame. As such, we always utilize Dy, as calculated in MSO coordinates from the MSO coordinate
surfaces regardless of whether or not we rotate our data into the MSE frame. It should be noted that this means that
once the data has been rotated into MSE and binned in pseudospherical coordinates, any steps requiring
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consideration of the BS morphology (e.g., returning to Cartesian coordinates or vector calculus) will involve a
mix of MSO derived Dy,,. and MSE derived {c}. We include our best fit coefficients {c} for each cadre and

coordinate frame in the attached text file “coeffs.txt”, and supply further information in the supporting document.

3.2. Binning Schema

Our framework uses a multiple step process. As a preliminary step, we must first take into account which co-
ordinate frame - MSO or MSE - we wish to use. If we wish to rotate into MSE coordinate system, we use the
simplifying assumption X5z = Xy50. Thus vectors and tensors can be rotated from MSO to MSE using the
rotation matrix

1 0 0
0 cos(d) sin(4)
0 —sin(1) cos(4)

where 4 = arctan((B)U Iuso/ By - 2Ms0) is the clock angle of the local upstream IMF. Only then can binning
take place. The subsequent binning schema is as follows.

1. First we bin quantities in our pseudo-spherical system. If we stay in the MSO frame, then we use as our third
coordinate ¢:= g5, = arctan(yyso/ Zyso ), otherwise we use ¢:= ¢y = arctan(yyse/ 2ysg). To enable
high resolution figures, we choose for our bin sizes a resolution of ADy,,. = 0.02, and either 1deg or 2deg
angular resolutions depending on whether our quantity is a scalar or not, respectively. For vectors and tensors,
components are kept in Cartesian coordinates, for reasons discussed later. To focus on the sheath and near
upstream region and maintain a reasonable array size, we consider only data within the fractional distance
range —1 <Dy, <1.

2. In certain instances, we wish to perform operations (numerical derivatives, flow line tracing) on our grid space
which require it to be mostly filled with data. In those cases, we NAN-fill our pseudo-spherical grid by creating
a duplicate multidimensional array which is smoothed over to fill in the empty (NAN valued) cells. The NAN
valued cells of the original array are then replaced with the interpolated cells.

3. Wereturn to Cartesian for plotting spatial distributions by re-binning: We iterate through each pseudospherical
cell, and bin the quantity in the cell corresponding to the position of the center of the cell in Cartesian space. It
should be noted that azimuthal asymmetry in Rg)s)(SZA,qb,{c}) will unavoidably lead to a spread in data (and
thus coarse-graining) when projecting the spatial distribution into the cylindrical (p = VY? + Z? vs. X) plane.
To minimize this, all cylindrical projection figures in this document will utilize spatial distributions rotated
into the more azimuthally symmetric MSE frame via the methods discussed above. For compactness, we will
show the lengthscales in units of Megameters (Mm) rather than kilometers (km).

3.3. Numerical Vector Calculus Beyond Cartesian Position Space

Our framework can be applied not just to analyzing the spatial distribution of measured quantities, but also to
forces calculated via vector calculus. For a finite resolution distribution of data, using numerical vector calculus
on a field in a Cartesian grid space will produce coarse grained results anywhere where the field rapidly spatially
varies in non-Cartesian directions. By much the same arguments as we have used for binning based on the
morphology of the system, numerical vector calculus in a shock-based coordinate system should also improve our
resolution.

In a non-Cartesian vector space, the components of either the covariant or contravariant form of a vector - and the
covariant and contravariant derivatives with respect to these components - depend on position. It is thus overly
complicated and susceptible to loss of precision to rotate the components of our vectors and tensors into this
frame, apply relevant V in that frame, and then rotate back into Cartesian frame. It is both simpler and still
mathematically valid to keep the components in Cartesian form the entire way through, and use the chain rule to
apply V while in pseudospherical position space: For position vectors ¢° = {Dfm(.,SZA,gb} and x' = {x,y,z} and
arbitrary tensor To*- (q) with Cartesian components, one need only calculate (using Einstein summation
notation)

FRUCHTMAN ET AL.

8 of 25

85UD | SUOWIWOD BAIER.D 3o jdde auy Ag peusenob ae s3jolLe YO ‘88N JO S3nJ o ARG BUIIUO AB]IM UO (SUORIPUOD-PUR-SLLBY WD A3 1M AReiq 1 BUTIUO//SdNY) SUORIPUOD PUe SWid L 8U3 88S *[20¢/2T/.0] uo A%iqi 8uljuo AB|IM ‘99TEE0VTYZ02/620T OT/I0p/uod Ao M Ariq1jeul|uosgndnfe;/sdny woJ papeojumod ‘2T ‘¥202 ‘20r669TC



 Veld
et Journal of Geophysical Research: Space Physics 10.1029/20247A033166

oTkoki-— ag® 9Thk

v, Tk (q) = (‘I) 9q : (Q) (8)
ox! T oxi ag°

where w can be calculated numerically in the pseudo-spherical coordinate system - taking into account
periodic boundary conditions - for each Cartesian component k, separately, and 2 , are derived from the
reciprocal basis vectors a® = ‘;q, & and then calculated analytically. To ensure orthogonahty, the latter partial
derivative is not differentiated directly. Were we to do so, the reciprocal basis vectors "gﬁ"‘ and 2 e ¢ would be

entirely independent of morphology. Instead, we derive the basis vectors

0x (q.{c;
a = x'(q {C]})éi ©
aq*

from which can be derived the reciprocal basis vectors (for each set of coefficients associated with a given cadre)
via (Eisele & Mason, 1970, Chapter three)

ea’ = (a; X a,)/(a; - (ay X a3)) (10)

4. Data

The dataset we use for this study is comprised primarily of the time series within the half orbits corresponding to
the 3,848 (relatively stationary) shock crossing locations listed in Fruchtman (2023) - along with the characteristic
upstream parameters included therein, along with another 422 data points within our time range identified
manually. Our 5 year period from 2015 to 11-15 to 2019-11-15 comprises almost the entire second half of Solar
Cycle 24. For the purpose of focusing on the solar wind plasma, we constrain the intervals for these half-orbits
such that their inner edge ends when one of three scenarios occur.

1. SZA > 150deg: Due to MAVEN's orbit geometry, almost all data at larger angles will be below the MPB, and is
thus outside the scope of this study.

2. The MAVEN spacecraft passes behind the planet: That is, X <0 and p = VY? + Z> <Ry,.

3. The region identification algorithm (REGID) introduced in Halekas, Ruhunusiri, et al. (2017) determines that
the spacecraft is within the ionosphere.

As the most significant independent global upstream drivers of BS morphology (Garnier et al., 2022a), we divided

this data into cadres of derived upstream magnetosonic mach number M,,; = [(V"),|/+ /C§ + Vi 26.73, and

Lya = 2.88nW/m? based on the sample median values of upstream measurements associated with each shock.
For calculation of Cy, we have used ion and electron adiabatic indices y; = 5/3 andy, = 1 respectively. It should
be noted that there is not a homogeneous distribution of data points in M,,, — Lya space, and thus the sample
medians may be far from the population medians. First, the parameters are relatively anti-correlated (r = —0.241)
given their connection to solar activity. Second, the sub-orbits are not uniformly distributed in time: During the
first several months of the mission (at highest Lya) the ground based algorithm for computing spacecraft po-
tentials would occasionally fail for the entire interval wherein MAVEN was upstream of the BS, thus preventing
calculation of electron moments or M,,.

The simplest global quantity to measure is the magnetic compression B/ (B), across the shock. We will use it as
proof of concept. The 1 day magnetic field profiles across the BS are well known. Upstream of the shock, the
magnetic field is relatively quiescent. In quasiparallel shocks, this behavior is suddenly broken by a pulse train of
increased |B| regions which slowly become thicker and closer together until merging entirely (Schwartz, 1991;
Schwartz & Burgess, 1991). In the quasiperpendicular case (a majority of our collected half-orbits), the profile (in
upstream and downstream solar wind) is characterized by the classic foot-shock ramp-overshoot-coherent
downstream structure (Gedalin, 1996; Wong, 1968; Woods, 1971). The overshoot is a shock structure with
thickness of the order of the upstream solar wind ion Larmor radius (Burne et al., 2021; Mellott & Livesey, 1987;
Tatrallyay et al., 1997) continuing from the downstream side of the ramp, and its amplitude B/ Baown — 1 is
significantly correlated with M,,; (Fruchtman et al., 2023).
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In Figure 2 we show the spatial distribution of B/(B), in each cadre as rotated into cylindrical coordinates. We
show for comparison the cylindrical average conic surface models of the BS and MPB as calculated in Trotignon
et al. (2006). The top four panels show the result of the traditional binning method, while the bottom four show the
result of our pseudo-spherical binning schema. When binning data into their real positions in space, structures like
the BS are clearly fuzzy and smeared out. In the high M,,; cadres, an overshoot structure is barely visible, and does
not appear at all in the lower cadres. Our scale normalization technique however, sharpens the shock surface into
focus. A clear discontinuity is seen in all cadres. This makes more apparent that the BS jump is seen further from
the Trotignon et al. (2006) fit for higher M,,, and lower Lya. In addition, the Larmor radius thick shock overshoot
is now coherent in all cadres, and its amplitude clearly increases with M,,; as previously observed. Also observed
in Fruchtman et al. (2023) is the global trend whereby the magnetic compression decreases with SZA. While
visible in standard binning cases, the trend becomes significantly sharper when our technique is applied.

5. Results

Having demonstrated the efficacy of our scale normalization schema, we now apply it to study the forces gov-
erning the bulk movement of the magnetosheath plasma, as well as the thermalization process within the plasma.

5.1. Forces

Using our pseudo-spherical coordinate system, we compute both the single ion species thermal pressure diver-
gence —V-PryandJ XB = (V xB) xB/p, =B- VB/p, — V(f—;) . As we found that these forces do

not significantly vary with Ly, in this section we show the results for the high Lya cadres only. For completeness
and purpose of comparison, we include counterpart figures for the other cadres in our supporting document.

We show the spatial mapping of (—V - Pty )xuse in Figure 3 (top). As expected, we see a large outward pointing
force at the shock surface corresponding to the sudden compression of the shocked plasma. In terms of spatial
variation of the shock force, (—V - Pry)yusz 18 strongest (as expected) around the subsolar point. We also see the
expected inward pointing force at the MPB, where the density of magnetosheath plasma of solar wind origin
rapidly drops. Throughout the sheath, —V - Pt otherwise acts to accelerate the plasma forward and laterally (not
shown) after slowing it down at the shock. Comparing cadres, we also see M,,; dependent spatial variation at the
BS: An azimuthal asymmetry in (—=V - Pty )y can be observed, and is more significant for low M,,,. At high
M,,,, there is a north-south asymmetry, with a stronger force in the ZMSE > 0 hemisphere. We note the presence
of vertical stripes in the sheath where the sign flips. This is an artifact of a form of systemic error which will be
discussed later.

Figure 3 (bottom) shows projections of (J X B)y,sz in the XY and XZ plane. It can be seen from the smaller color
scale that the J X B force is weaker in the shock and sheath than —V - Pr. As expected, the J X B force points
outward at the shock and MPB where the magnetic field amplifies the most. Also as expected, we once again see
that (J X B)yysr is strongest near the subsolar point. At the shock, we see that (J X B)xsz decreases with M.
Also, in the X-Y plane, a more subtle asymmetry (compared to the thermal pressure gradient) is seen for lower
M,,, and in the X-Z plane, the force weakens at a higher rate toward the flanks for higher M,,,. This decrease with
M, should arise from a similar trend in upstream My, which can be explained by splitting J X B into its con-
stituent force terms.

We have calculated J X B as the difference between the magnetic tension and magnetic pressure gradient. As no
study has yet analyzed these forces individually at Mars, we take advantage of the opportunity to do so here. The
spatial variations are shown in Figure 4.

We see that [B - V B/|,| decreases rapidly with D,,.. The magnetic tension is a measure of the curvature of the
magnetic field lines. The primary source of curvature within the sheath is the magnetic draping over the iono-
sphere. At distances further away from the ionosphere, simple geometry tells us that the curvature of field lines
per unit volume will necessarily decrease. Though the trend is more obvious for the magnetic pressure gradient,
the magnetic tension is also weaker for higher M,,,,.
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Figure 2. Cylindrical coordinate projection of the global magnetic compression B/ By, as measured by 4270 MAVEN half
orbits in cadres of high and low M,,; and Lyman Alpha irradiance Lya. Top four panels show the results of the standard
Cartesian binning schema, while the bottom four panels show the results of our implementation. The dotted lines show for
comparison the average BS and MPB conics as calculated in Trotignon et al. (2006).
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Figure 3. Cross section of forces in the XY and XZ planes for high Lya cadres, showing only the X component for figure clarity. Top four panels: - Divergence of ion
pressure tensor. Bottom four panels: J X B Force. Forces are calculated within pseudo-spherical position space before being re-binned back to Cartesian space.
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Figure 4. Cross section of the x-components of the J X B force terms for the high Lya cadres in XY and XZ planes. Top: the magnetic tension B- V B/p,. Bottom:
negative magnetic pressure gradient —V Pg.
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5.2. Magnetic Pressure Gradient Scaling

The spatial variation of —V Py is shown in Figure 4 (bottom). We see that the x-component spikes at both the BS
and MPB, where the change in B? is greatest. As introduced above, this spike at the shock varies with M,,;, and can
be explained in terms of upstream M,. Algebraic manipulation gives us

1

V(B>
21, ( )

| - VPBHDfraC—»O =
Dfrac—0

- ‘zlwv(w)%’(agu)z)
= vl ()

By comparing with parameters in the dataset Fruchtman (2023), we can show that both (B) and (ﬁ)

(11)

Dfrac—0

Dfrac—0

Dfrac—0
hold a power relationship with M,. Here we define M, = [(V*"), -figg|/V, as calculated for Fruchtman
et al. (2023). There, the shock normal vector fizgg was determined by taking the normalized component wise
average of the three single spacecraft mixed-mode formulae given in Schwartz (1998). First, we note from the
dataset that (B),, increases linearly with \/W [{V©"),| (Pearson correlation » = —0.593). This means that -
ignoring the cos(fyy) term - Py := (B)%j/ (Zpo) can generally be said to power scale with M, alone. Fitting the
power-law relationship logM, versus logPp,, to a linear trend line, we find that P, ~ 8.43 X 101 M7 145Pa,
Second, we note that the ramp for a supercritical quasiperpendicular shock is a kinetic scale structure (Balikhin &
Gedalin, 2022). At this scale, the relevant nearby downstream feature is not the MHD scale downstream region,
but the kinetic scale overshoot structure. We can approximate the magnetic compression in the middle of the ramp
to lowest order as halfway between uncompressed (B/By = 1) and maximally compressed
(B/By = Bua/By): B(Djye = 0)/By = (Buax/By + 1)/2. Comparing derived quantities from the above
dataset (for B, determined from 1 s resolution time-series data) as well as Quest (1986); Mellott and Live-
sey (1987), we see a significant correlation between M, and B,,./(B); (r = 0.817). Fitting the power law
relationship, we find that B,/ (B)y ~ 0.796M%8%.

Finally, we must account for the inverse length scale at the shock ramp V ~ L~!. Burne et al. (2021); Hobara
et al. (2010) showed that the ramp thickness can be at scales between the ion inertial length (¢/w,;) and the
electron inertial length (¢/w),) . Hobara et al. (2010) further demonstrated that, in units of inertial length, the ramp
scale drops with increasing M,. However, this comes from a 1D analytical theory which does not take all the
physics into account. It has been clearly shown at Earth from multi-spacecraft data by Mazelle and Lem-
bege (2021) that even hybrid code simulations cannot resolve the physical scale of the ramp. They found that the
above approximate power law relationship of L/(c/@,;) versus M, is really only an upper bound and that the
ramp width varies with time and upstream parameters with a maximum close to a few electron inertial lengths. In
a study analyzing the length of the quasiperpendicular shock foot, Balikhin and Gedalin (2022) chose a setup in
which the length of the ramp resolved to approximately one tenth of the ion Larmor radius ry;, which is in relative
agreement with the above Mazelle and Lembege (2021) scale. This quantity is relatively simple to determine

power scaling for: V ~ L™ & 10r7;' « By/|V" - figg|, which clearly scales approximately as M3 !. Fitting the

power law relationship of r;; and My, we find that r;;' ~ 7.91 x 107°M;%%%5m~1.

Putting these together, we obtain an estimated theoretical force law scaling behavior at the shock of

eo 10 1 Bmﬂx 2
Ry (M) EPBU<E( By " 1))

(12)
1 2
~10%7.91 x 107M;998.43 x 107! lM;1‘45(§(0.796MX'896 + 1)) N/m?
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Figure 5. Scaling of magnetic pressure gradient at the shock with M}, along with theoretical deduction curve. (a) Data points show the measured values of ‘ — VPg ook
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at associated M, with
shock

1 B 2
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theoretical predicted scaling curve. (c) and (d) show the above figures with data divided by local cos?8y,. Data points are colored by the SZA of that measurement, as

indicated by colorbar.

To compare with experimental quantities, we use the 3D pseudo-spherical coordinate space arrays of | — VP| and
half-orbit characterizing upstream M, in each cadre. For each column of fixed SZA and ¢,,s; within the range
|Drac| < 0.04, we find the cell with the maximum | — VPg| and record the associated value of My in the corre-
sponding cell. In case our identification of the middle of the shock ramp is imperfect, this still gives us the
| — VPg| and associated M, at the shock for all angles. To construct a more representative sample set
({M,}, {Fg;ﬁ}), we consider from each cadre only cells for angular coordinates SZA € {25,35,45,55,65,75, 85}
and |¢ye| € {25,45,65,85,105,125,145,165}. We plot them together in Figure 5a. Qualitatively, they are in
relatively good agreement, though this has a large data envelope.

B? is a dimensional quantity. By the principle of dimensional analysis any dynamical system of dimensional
quantities can be simplified into a system involving a smaller number of dimensionless quantities (Bare-
nblatt, 1996; Buckingham, 1914). In the physics of collisionless shocks, two dimensionless quantities related to
B? are known to jump rapidly in the direction of the shock: First, the magnetic compression B/By,; second, the
ratio of the magnetic pressure to the upstream dynamic pressure Pp/Pp,,. Dimensional analysis suggests that it

should be the gradient of one of these, not B itself that is the source of the sudden outward force. We consider as

2
an example the magnetic compression normalization: Dividing VP by 2Pp , we get a quantity —% \% (%) whose

theoretical scaling at the shock reduces to dividing Equation 12 by the scaling term 2Pp, .

The experimental measurements of this normalized force and the theoretical predictions are shown in Figure 5b as
the data points and curve, respectively. It is clear that the data envelope is much thinner with this normalization.
However, we see that when we normalize our data to consider only compression effects, the slope of the measured
distribution is substantially different from that of the theoretical model.

We can account for this anomaly by considering the spatial variation of our measurements and the geometry of the
system. In both panels, we color our data points by their SZA. From the color gradient - which is roughly
perpendicular to the theoretical curves, we see that the magnetic pressure gradient decreases with SZA. By as-

sociation (taking Vu mainly along x), this is also a decrease with cos?@yy = (Vi7" - figg/ |V’A5”|)2 which we
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neglected in our power law predictions. At the shock, —V Py (and —V - P1) balances the normal force exerted by
the upstream dynamic pressure. Since the latter depends on cos 26y, then so should the former. Evidence for this
can be found in Fruchtman et al. (2023), where the magnetic compression across the shock was found to decrease
with SZA for much the same reason. To test this, we normalize the data of panels (a) and (b) by associated values
of cos26@yy. The results are shown in panels (c) and (d). We see that the spread in the data has dropped signif-
icantly within both the unnormalized and Pp, normalized results. In addition, we see in panel (d) that the latter set

of data now closely follows the deduced power law scaling.

5.3. Normalized Total Force

Dimensional analysis can be applied to our statistical analysis and the study of the forces in the magnetosheath
more broadly. The Rankine Hugoniot jump conditions tell us that it is not the dimensional downstream MHD
variables which are constrained by upstream conditions, but their ratios compared to their upstream counterparts
which are constrained (Russell et al., 2016). It is also understood from the energy density perspective that the
system scales are governed by boundaries created where pressures balance. At the shock, this is where
Pp, = Pg + Pry, or dimensionlessly, where Pg/Pp, + Pry/Pp, = 1. By principle of dimensional analysis,
the dimensionless quantities that vary with respect to dimensionless upstream parameters are
Ppi= Py/Pp, ~ 1/Mj (or B/By = [Pg/Pg,) and Pryi= Pru/Pp, ~ 1/M5 rather than Pg, and Pry. In the
case of the magnetic pressure, we can reasonably extend the argument to hypothesize that the dimensionless

quantity B:=B/,/ HoPp, should also be constrained by upstream quantities.

A ramification of this is that a potential systematic error can arise when numerically calculating downstream
forces: When calculating the force in some cell, we must compare the adjacent cells to each other. But these cells
may contain data from different orbits with extremely different dimensional upstream parameters (e.g., the same
quantity as measured upstream, and/or upstream dynamic pressure). Since the ratios of dimensional downstream
parameter to same dimensional upstream parameter are constrained by dimensionless upstream conditions, this
can result in significantly different adjacent cells (or even extended gradients over a range of cells) even if no such
structure existed within the local plasma measured by either cell. The vertical stripes of alternating positive and
negative (V - Pry)y seen in Figure 3 are examples of this. While normalizing the equations of our forces by a
spatially constant variable to make the system dimensionless will not change the dynamics of the system, proper
choice of constant will allow us to constrain our measurements for more accurate force calculation. In addition, if
the normalization parameter is chosen properly for the system to constrain the measured dimensional quantity,
then the observed trends should hold for all (reasonable) values of this parameter. To analyze the total force
experienced by ions in the plasma, the reasonable choice of normalization condition to constrain both V - Pty and
J XB is the upstream dynamic pressure Pp, . Because we are already using scale-normalized dimensionless
position variables, our scale normalization framework should itself serve as a proxy to normalizing away the
remaining inverse length scale associated with V. Note that as binning and force calculation are noncommutative
operations, we define

JxB:=B.VB-Vp, (13)

As such, rather than considering the spatial variation in F,,, = J XB — V. Py, we will instead analyze the
dynamics of the total normalized force F,o, = F,,”/ PL',;/ =J xXB-V- IS;; This should work to increase the

overall clarity in spatial trends. We demonstrate the improvement in clarity between V - Pty and V - I’D?,; in the
supporting document. Note that this difference is calculated while still in pseudo-spherical coordinates and before
re-binning. The spatial variation in the total normalized force is shown in Figure 6. Once again, we show only the
high Lya cadres.

As stated above, shock forces act to balance out the normal force produced by the upstream dynamic pressure. This
means that these forces too should be normal to the BS surface. At MHD scale, it is these forces which accelerate the
(fluid scale) SW to rapidly slow its -X directed velocity. These normally directed forces (and thus acceleration)
clearly can also have large non-X components. Our spatial mapping of normalized forces makes it easier to
visualize that the shock itself diverts the plasma to deflect it around the planet. This is in good agreement with gas-

dynamic models of the Earth BS total force (Y. Wang et al., 2004). In the sheath, we see that all components of l::,;
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Figure 6. XY and XZ plane cross-sections of the normalized total force Fm, experienced by ions in the plasma for high EUV cadres. Top and bottom panels show the X
and Y/Z components of the force respectively.
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are much weaker than at the shock. As seen from the positive (F m,) ((i’ ,m) )Values for YMSE (ZMSE) < 0, and
Y z

negative values for YMSE (ZMSE) > 0, the total force in the magnetosheath flanks acts to keep the plasma
contained within the region. We can now see more clearly that it is the BS, rather than the magnetosheath, which
contributes most strongly to deflecting the solar wind around Mars. The high resolution view of low SZA mag-
netosheath forces seenin Y. Wang et al. (2004) shows that Earth F,,, points away from the sun-planet line. Note that
the planar cross sections in our off-axis figures are clearly of poor resolution at low SZA.

We further note the presence of an off-axis component azimuthal asymmetry in the forces at the BS. While extant
in all hemispheres, this is most visible below the x-axis of the XZ and XY planes where the -Z directed component
of the force in the -Z surface of the BS is significantly stronger than the -Y directed component in the -Y surface of
the BS. This asymmetry is visibly larger than the variation with M,,;. This is a result of an azimuthal asymmetry in
V- IS;;, which is more significantly pronounced than an associated asymmetry in J "XB (both not shown). There
are two sources of this, experimental and physical respectively. Experimentally, there are immediate difference in
data coverage at the shock. In the XZ plane, there is much more coverage, whereas the coverage in XY is spotty
near the shock, likely due to a combination of the MAVEN orbit and the prevailing IMF direction. When
calculating forces, missing data is filled in by smoothing which tends toward more gradual and less sharp
transitions - which occur more often in XY than XZ. Thus XZ has more sharp discontinuities and XY more
gradual transitions.

Also considerable is the physical source of this asymmetry: Comparing our unnormalized forces, we saw that
V - Pty dominates over J X B at the shock. This should remain true after normalizing by the same upstream
parameter Pp to obtain V - IS;; and J X B. This normalization choice involves dividing by m,{ngy )y, and so we
can rule out a density dependency as the source of this asymmetry. Thus, the asymmetry in the divergence of
Pty must be dominated by (tensorial) temperature variations. In general, the off-diagonal components of the
pressure tensor are negligible compared to the diagonal components. Thus we can say that
V,;P¥(with index summation) ~ Vijj(without index summation). Comparing the off-axis diagonal components

—\ Y —~\& —\ )Yy —~—~\ %
(PTH) and (PTH) in the XY and XZ planes respectively, we found that (PTH) < (PTH) at the shock. This

should not be surprising: ZMSE is defined as perpendicular to E,MF, while YMSE is in the plane of B r- Notably,
the IMF cone angle at Mars is typically around 60° or 120°, meaning that B;yr is 60° off from the XMSE axis, and
so - by geometry - must be only around 30° off of the YMSE axis. Thus ’F-’;;ZZ corresponds to the perpendicular

. . LS . .
component of the anisotropic pressure tensor while Pt~ is a mix of perpendicular and parallel components -

primarily the latter. Thus, we find that in the MSE frame (I*":,) > (I?,:,) due to the temperature anisotropy 7' > 7).
z y

Because we have normalized the thermal pressure by the proper upstream normalization parameter which sets the
downstream behavior of the system, dimensional analysis tells us that the asymmetry observed here should be
always be present.

Romanelli et al. (2020) analyzed the spatial variation of plasma data with different ion species considered
separately rather than using this paper's single ion approximation. Doing so, they showed that the velocity in the
martian magnetosheath is azimuthally asymmetric due to a mass loading force. The asymmetry in the ion pressure
divergence discussed above should contribute to additional velocity asymmetries in individual ion species ve-
locity flows.

5.4. Thermalization and Plasma Instability

It is well established that the size of the Martian magnetosheath is on the order of the convected ion gyroradius
(Brecht, 1990; Moses et al., 1988), and thus the downstream plasma barely has time to thermalize. Our scale
normalization technique allows us to analyze the thermalization process with considerable precision. Given time
for wave-particle interactions, the plasma should then slowly isotropize as it flows away from the shock. We show
confirmation of this in Figure 7(top). Here, we define T;, as in Halekas, Brain, et al. (2017).

As expected, we see a sharp spike in the anisotropy at the shock, followed by gradual decrease. In all cases, A; is
significantly larger at low SZA, given the shock is stronger there (Fruchtman et al., 2023). Comparing cadres, we
also see that A; appears to drop more rapidly for high M,,,,.
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Figure 7. Top panels: The spatial distribution of the ion temperature anisotropy as calculated from the SWICS dataset for our
selected half orbits in each cadre. Bottom panels: The spatial distribution of the mirror instability condition I'; < 0 for our
selected half orbits in each cadre. Note that, being calculated from instantaneous SWICS mode data - which is primarily
intended for sub-BS measurement, the upstream measurements are not fully precise.
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The different rates at which the anisotropy collapses can be explained in terms of the mirror instability condition
I; =1 + B, (1 — A;) <0 (Hellinger, 2007). Here, 8, = 2yyn;,,T;1/ B, using the above definition of T;, . When
I'; is negative, the mirror mode grows and the plasma isotropizes until mirror stability occurs at I'; > O(Hel-
linger, 2007; Jin et al., 2022). Note that this classical theoretical mirror instability criterion is only valid when ion
distributions can be well-described by bi-Maxwellians. There is a more general criterion taking into account the
real velocity distribution function (vdf). Though the ions do not all have Maxwellian vdfs (especially for larger
amount of pickup ions, including protons, for larger exospheric hydrogen densities near perihelion and at large
Lya), the major part of the ion populations here can be approximated by bi-Maxwellians.

The spatial variation of I'; is shown in Figure 7 (bottom). We see that I"; approaches zero toward the MPB and higher
SZA. Comparing cadres, this trend toward zero can be seen to slow with increasing M,,,. Downstream f increases
with upstream M,,,; (Gary et al., 1993; Halekas, Brain, et al., 2017). At high beta a smaller anisotropy is unstable.
Thus, starting with the same anisotropy at the shock, it is going to be harder to reach mirror stability at higher beta.

That A; and I'; gradually change over a large spatial range is a good reminder that instabilities do not process the
plasma instantaneously. Plasma modifications generated by instabilities have finite growth rates which implies
finite growth lengths. For an anisotropic plasma, the mirror mode instability has the largest growth rate, which
obeys (Hellinger, 2007; Jin et al., 2022):

Wi F[.2
W3 g [ (14 pu (1= A7) 2)

Vmax =

(14)

This growth should occur until mirror stability is achieved or the mirror mode has saturated the plasma. The
spatial distribution of y,,,, is shown in Figure 8 (top). Note that the time-series ¥,,,,(f) has been set to zero when
I';(¢) > 0. Because 7,,,, spatially varies by orders of magnitude, calculating the mean of pseudo-spherical bins
when re-binning to Cartesian bins can introduce a large upward bias. To avoid this, we instead re-bin by filling
Cartesian cells with the median value of the associated pseudo-spherical cells. We see that y,,,, drops by orders of
magnitude with distance from the BS, and rapidly decreases as plasma progresses through the sheath. This is in
agreement with Jin et al. (2022); Simon Wedlund et al. (2022) where mirror mode structures were seen in the

upper magnetosheath. Comparing upstream conditions, we see that y,,,. is larger in high M, cadres at the BS.

ax
As plasma instability modes grow exponentially, we can approximately quantify the thermalization process in
terms of the number of instability growth periods experienced as the plasma travels through the sheath. At a single
growth period, the instability mode has made one e-fold, and by this point we can say that the plasma has suf-
ficient time to begin thermalizing. Similarly, as the number of e-folds becomes large, the unstable mode should
approach saturation.

Ymax 1S NOt constant throughout the plasma, and thus we cannot simply compare the growth rate to the time in
which the plasma flows through the sheath. Instead we must integrate y,,,, over time, following along flow lines.
This will give us the number of e-folds as we progress through the plasma. To follow along flow lines, we start by
rebinning our spatial distribution of the ion velocity and 7,,,, into 3D Cartesian components to obtain V(x) and
Ymar(X)- In order to fill the spatial distribution, we NAN-fill these resulting Cartesian arrays using analogous
methods to those described above. For each integer degree of SZA, we start at the shock surface, ¢;5p = —135°,
and increment in 6t = 50ms timesteps using the fourth-order Runge-Kutta method (Joy, 2007). Here, we have
arbitrarily chosen ¢,z = —135° as a starting azimuth between the Y and Z axis. We use 6t = 50ms as a timestep
sufficiently well below the relevant timescales as to allow fine scale integration of e-folding and minimize cells
skipped by Runge-Kutta flowlines. At each time step r = 16¢, we then increment the number of e-folds since
leaving the shock by 7,,,,(x)dt. This is plotted in Figure 8 (bottom). Here, each cell shows the number of e-folds
generated between the start of the flow line up until the time step in which the flow line leaves that cylindrical
coordinate cell. For each cadre, the dotted lines show the cylindrical projections of the longest flow lines for
intervals SZA < 16°, 16° <SZA <40°, 40° <SZA <66°, 66° <SZA <90° and 90° <SZA < 116°. We briefly
note that the differences in the e-folding gradients between cadres are more due to inhomogenious noise than any
upstream phenomena; all cadres are shown here for completeness.

Comparing the e-folding gradients along different flow line trajectories, we see that the e-folding rate varies with
starting SZA: thermalization begins closer to the shock near the nose than toward the flanks. At sufficiently high
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Figure 8. Top panels: The spatial distribution of the maximum growth rate y,,,,. in the plasma. Bottom panels: The number of e-folds in the mirror mode generated since
leaving the shock surface until reaching that point in space along a calculated flow line. The dotted lines show example flow lines.
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SZA, the plasma never appears to reach the e-folding regime at all. Note that this is not merely a result of flow
lines at the flanks starting further along: there is a clear one e-fold band (in white) that follows a flow path-like
trajectory.

That the e-folding happens more quickly at the nose than near the flank can be explained in terms of the velocity
gradient. As seen above, plasma is significantly slowed down at the shock. As more deflection is necessary near
the nose than at the flanks to avoid the ionosphere, V drops more significantly. V is (relatively) small close to the
shock. As the plasma is re-accelerated and travels through the sheath, y,,,. drops by orders of magnitude with
distance from the BS. Depending on the starting SZA, our flowlines can travel for ~30 — 80 seconds through the
binned magnetosheath before running out of data (a figure for which is shown in the Supporting document). By
comparison, we found that ~ 1 second is spent near the outer boundary where y,,,. is at a local maximum. While
this may seem insignificant, a majority of the y,,,, weighted average of the duration is spent in this region. V is
smaller near the nose for longer and farther compared to at the flanks, where the plasma is closer to the outer
boundary and y,,,, is larger. At the flanks, V is sufficiently large that the plasma quickly enters a region with small
long before e-folding can properly begin. With this analysis, we see that there is a region of persistent

ymax
anisotropy that never gets wiped out by instabilities.

A related statistical analysis of the spatial distribution (using Cartesian coordinate binning) of Martian mirror
mode structures was conducted by Simon Wedlund et al. (2023). They found two main regions of high occurrence
of mirror mode waves: one just downstream of the nominal BS which corresponds to where the instability
condition is more negative and where the Mirror Mode structures should be more likely created and a second one
just around the MPB where an accumulation of evolved structures is expected as for the terrestrial magnetopause.
The former is in good agreement with our results herein, though we see no evidence of the latter.

6. Conclusion

As has been demonstrated, the length scale normalization binning technique allows for higher resolution analysis
of magnetosheath plasma compared to the traditional Cartesian binning schema. Our implementation of this
technique as applied to the Martian system makes clear a number of features that were previously imperceptible:
we can resolve spatial structures that were previously washed out. The magnetic tension B- V B/, has been
found to be insignificant at the shock, and only become prominent deeper into the magnetosheath. The unnor-
malized magnetic pressure gradient —V Py was shown to be the J X B term which is prominent at the shock and
decreases in magnitude with M,,; and M,. By utilizing dimensional analysis to constrain B, we found that the
gradient in magnetic compression can be described almost entirely in terms of a M, power law relationship. The
ion thermal pressure divergence —V - Pty can now be observed to possess an azimuthal asymmetry at the shock.
Proper use of dimensional analysis shows that this arises from the plasma temperature anisotropy. Finally, we
found that thermalization of the Martian magnetosheath is heavily dependent on upstream Mms and the SZA of
the incoming flow. This is explained mainly in terms of the ion velocity distribution.

It should be noted that the implementation of our technique is highly simplified. Given more precise parame-
trization of BS taking into account larger number of upstream parameters and crustal fields, and an associated
highly parameterized MPB surface, future investigations (either as a follow up or as a counterpart study for other
systems with induced magnetosheaths) could rework our framework to properly set a coordinate following the
fractional distance between magnetosheath boundaries for even higher resolution. As an alternative to the scale
normalized fractional distance implemented here, another possible implementation is to use
Dyrae = (X-Hi — Rgg)/ 1y, the distance from the shock in upstream Larmor radii in the shock normal direction.
Structures such as the overshoot have a thickness which are on the order of the convective ion Larmor radius, and
the outer boundary sets initial conditions, thus the rigorously defined distance from the outer boundary may
potentially precisely capture kinetic scale magnetosheath processes. Unlike Mars, Venus has a purely extrinsic
magnetosheath. This means that the inner and outer magnetosheath boundaries should be more simply param-
eterized. Thus we expect a Venusian counterpart study using our scale normalization technique would produce
more accurate results than our own.
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