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Abstract

The Martian magnetosheath acts as a conduit for mass and energy transfer between the
upstream solar wind and its induced magnetosphere. However, our understanding of its
global properties remains limited. Using nine years of data from NASA’s Mars Atmo-
sphere and Volatile EvolutioN (MAVEN) mission, we performed a quantitative statis-
tical analysis to explore the spatial distribution of the magnetic fields, solar wind and
planetary ions in the magnetosheath. We discovered significant asymmetries in the mag-
netic field, solar wind protons, and planetary ions between the quasi-perpendicular and
quasi-parallel magnetosheaths. The asymmetries in the Martian magnetosheath exhibit
both similarities and differences compared to those in the Earth’s and Venus’ magne-
tosheaths. These results indicate that the Martian magnetosheath is distinctly shaped
by both shock geometry and planetary ions.

Plain Language Summary

The magnetosheath, located between the bow shock and the planetary (induced)
magnetosphere, plays a crucial role in transferring mass and energy from the upstream
solar wind to the upper atmosphere. Knowing its characteristics is essential to under-
stand the interactions of the solar wind with planetary systems. Here, we conducted a
statistical analysis to explore the global properties of magnetic fields, solar wind protons,
and planetary ions within the Martian magnetosheath. Our findings reveal a distinct asym-
metric distribution of the magnetic field, solar wind and planetary ions between the quasi-
perpendicular and quasi-parallel magnetosheaths. Our results indicate that the prop-
erties of the Martian magnetosheath are influenced by a combination of factors. The Mar-
tian magnetosheath provides a unique and natural laboratory to study plasma physics
processes involving both magnetized solar wind and planetary heavy ions.

1 Introduction

The interaction of the solar wind with Mars is widely recognized as a crucial fac-
tor in the long-term evolution of the Martian atmosphere (e.g., Luhmann & Bauer, 1992;
Lillis et al., 2015; Dong et al., 2018; Jakosky et al., 2018; Zhang et al., 2025a). Before
this interaction occurs, the properties of the pristine solar wind are modified by the bow
shock (BS). Specifically, as the super-Alfvénic solar wind, carrying the interplanetary mag-
netic field (IMF), approaches the planetary magnetosphere, it crosses a bow shock that
decelerates and heats it (Nagy et al., 2004; Mazelle et al., 2004; Zhang et al., 2025b). This
decelerated solar wind forms a layer known as the magnetosheath, which envelops the
magnetosphere (Bertucci et al., 2011; Narita et al., 2021). Thus, the magnetosheath plays
a pivotal role as a conduit for the transfer of mass and energy between the upstream so-
lar wind and the planetary magnetosphere, whether intrinsic or induced (see Lucek et
al., 2005, for review).

Within our solar system, the Martian magnetosheath serves as a unique labora-
tory among terrestrial planets for studying the interactions between the solar wind and
its induced magnetosphere. Note that some comets exhibit similar characteristics (He
et al., 2021; Goetz et al., 2022). This uniqueness is primarily due to three distinct fac-
tors. First, the magnetic field environment of Mars is hybrid, characterized by both in-
duced magnetic fields and localized crustal magnetic fields (Nagy et al., 2004; Luhmann
et al., 2015; Dong et al., 2015a; DiBraccio et al., 2018; Zhang et al., 2022, 2023; Gao et
al., 2024). This combination results in a considerably more complex magnetic environ-
ment compared to that of other planets. Second, the Martian magnetosheath contains
more planetary ions compared to those of other planets (Xu et al., 2016), which signif-
icantly influence its dynamics, including localized turbulence and wave activity (H. Li
et al., 2024). This elevated ion population is largely attributed to Mars’ extended ex-
osphere, which expands and contracts seasonally due to the planet’s low gravity and highly



elliptical orbit (Valeille et al., 2009; Dong et al., 2018). Third, the relatively small thick-
ness of the magnetosheath, comparable to the gyroradius of solar wind protons, suggests
that the solar wind is not fully thermalized (Moses et al., 1988), emphasizing the impor-
tance of kinetic effects at Mars. These unique attributes make the Martian magnetosheath
a particularly interesting area of study.

To date, research on the Martian magnetosheath has explored several key aspects,
including waves and turbulence (Russell et al., 1990; Sagdeev et al., 1990; E. M. Dubinin
et al., 1997; Espley et al., 2005; Bertucci et al., 2011; Ruhunusiri et al., 2015; Dong et
al., 2015b; E. Dubinin & Fraenz, 2016; H. Li et al., 2024; Romanelli et al., 2024; Simon Wed-
lund et al., 2023, 2025; Zhang et al., 2025¢), electron energization (Horaites et al., 2021),
temperature anisotropy (Halekas et al., 2017; Andreone et al., 2022), and the deflection
of solar wind protons (E. Dubinin et al., 2018; Romanelli et al., 2020). However, com-
pared to our understanding of Earth’s magnetosheath, our knowledge of the Martian mag-
netosheath remains limited. Previous studies have clearly shown that the properties of
the Earth’s magnetosheath are strongly dependent on the shock geometry (Dimmock et
al., 2016, 2017).

The bow shock can be classified into two types based on geometry: the quasi-parallel
shock (Q)) and the quasi-perpendicular shock (Q1). A Q) (QL) shock occurs where the
IMF is approximately parallel (perpendicular) to the bow shock normal (Bale et al., 2005;
Burgess et al., 2005). The downstream magnetosheath in the @) shock, called the Q)
sheath, exhibits properties distinct from those of the Q| sheath. For example, Dimmock
et al. (2016, 2017) and Walsh et al. (2012) showed that the proton density and ion tem-
perature were higher on the @ flank at Earth, whereas magnetic field strength |B|, pro-
ton speed, and ion temperature anisotropy were larger on the @), flank. However, the
asymmetries in the Venusian magnetosheath exhibit similarities and differences compared
to those observed on Earth, suggesting that induced magnetosheaths may differ from in-
trinsic magnetosheaths (Rojas Mata et al., 2023). At Mars, several asymmetric prop-
erties have also been noted, including the sheath thickness (Halekas et al., 2017), elec-
tron temperature (Andreone et al., 2022), and the magnetic field draping pattern (Zhang
et al., 2022). Despite this, the overall properties of asymmetry in the Martian magne-
tosheath remain unclear. Several key questions still remain: Does the Martian magne-
tosheath exhibit significant asymmetries in the distribution of magnetic fields and plasma,
including both solar wind protons and planetary ions? If so, how pronounced are these
asymmetries, and how do they compare to those observed at other planets? Addition-
ally, what factors control these asymmetries? Addressing these questions can significantly
enhance our understanding of the physics occurring within planetary magnetosheaths
and the interactions between the solar wind and planets.

To address the questions raised, we conducted a statistical analysis of plasma and
magnetic field distributions in the Martian magnetosheath, utilizing nine years of MAVEN
observations. Our goal was to quantitatively reveal the asymmetries in the magnetic field
and plasma present in this region.

2 Data

To perform this study, we used magnetic field data from the magnetometer (MAG)
(Connerney et al., 2015) heavy and ion data from the Suprathermal and Thermal Ion
Composition (STATIC) instrument (McFadden et al., 2015), and proton data from the
Solar Wind Ion Analyzer (SWIA) (Halekas et al., 2015) onboard MAVEN. We used Mars-
Solar-Electric (MSE) coordinates. In MSE coordinates, the x-axis points toward the Sun,
the z-axis aligns with the solar wind electric field, ng = —TUgy X EIMF, and the y-
axis completes the right-handed coordinate system. Following Zhang et al. (2022) and
Zhang et al. (2024), we only construct the MSE coordinates for orbits with steady IMF
conditions, characterized such that the angle between the inbound and outbound IMF
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Figure 1. a) Two example IMF configurations in MSE coordinates. The IMF has a + B,
component in the top half panel and a -B, component in the bottom half panel. The BS (black
curve) is drawn with various vectors indicating the shock normal at different locations. The Q)
and @1 shocks are labeled. b) The conversion of both configurations to MMSE coordinates. c)
A diagram of our angular cut method. The measurement area is shown as the orange shaded
region, with 15° bin intervals (the bin overlap is not shown). d) The spatial coverage of our data.
N is the bin count. This map is for STATIC (O%, OF), which has the most limited data cover-

age.

is less than 30°, as measured in-situ with MAG. Between December 2014 and Decem-
ber 2023, we found 6338 orbits with available plasma data, magnetic field data, and as-
sociated MSE coordinates.

We used plasma moments of O and O ions using data from STATIC measure-
ments, applying the integral method described in Franz et al. (2006), Zhang et al. (2022),
Zhang et al. (2024), and Fowler et al. (2022).

3 Method

In the MSE coordinate system, the @ magnetosheath is located in the +Y hemi-
sphere when the IMF B, is positive and in the -Y hemisphere when B, is negative. In
contrast, the @ magnetosheath is positioned in the opposite hemisphere (see Figure 1(a)).
Thus, to facilitate a unified analysis regardless of the IMF B, polarity, we introduce a
new coordinate system called Magnetosheath-MSE (MMSE) coordinates. When IMF B,
is positive, MMSE coordinates align with MSE coordinates. For negative IMF B, Yy ymse
and Zpy v sp are inverted relative to Yassg and Zysg, ensuring that the QH (Q.) flank
is consistently located in the +Yaarse (—Yummse) flank (see Figure 1(b)).

To analyze the asymmetries between the Q) and Q1 magnetosheaths, we organized
the data into spatial grid bins sized 0.1 Rps by 0.1 Ry (Ras is the radius of Mars, 3390
km) in the MMSE-XY plane. In order to ensure a smooth transition between features,
we overlap the bins by 50%. Given that the magnetosheath displays asymmetries along



the Zymse (£Es,) direction, particularly the heavy ion escape plume in the +Ej,, hemi-
sphere, (e.g. Dong et al., 2014; Dong et al., 2015¢; Romanelli et al., 2020; E. Dubinin

et al., 2018, 2024; Nesbit-Ostman et al., 2025) we limited our analysis to data near the
magnetic equator, specifically between -1 and 1 Rj; in the z-direction, to reduce this in-
fluence. The data are averaged along the z-axis, yielding one median value in the XY-
plane. As the location of the Q| and @ shocks is caused by the IMF cone angle, de-
fined as the angle between the projected IMF and the z-axis, we limited our analysis to
data with a corresponding upstream cone angle between 30°—60° or 120° —150°. For
statistical reliability, we included only bins that contain more than 40 measurements. More-
over, we excluded data potentially affected by crustal fields by setting |Bops| > 10| Bmodetls
where |Bops| and |Binoder| are the observed magnetic field strength and field strength pre-
dicted by the latest crustal fields model from Gao et al. (2021), respectively. In addition,
since the magnetosheath properties are correlated with the upstream solar wind param-
eters, we normalized the data from each orbit by its corresponding upstream value. Fig-
ure 1(d) shows the spatial coverage and bin counts of our STATIC dataset, which has

the most limited data coverage. Spatial coverage maps for MAG and SWIA are provided
in the supplemental information.

To quantitatively analyze the asymmetries, we used the BS and magnetic pile-up
boundary (MPB) models in the magnetic equator plane (XY plane with Zypsr = 0)
from Trotignon et al. (2006) to define the magnetosheath region. As the BS and MPB
are modeled in three dimensions, they extend further inward on the XY plane in the +Zyprs5/—
Zymse hemisphere compared to the magnetic equator plane (Zyysp = 0). Conse-
quently, we confined our analysis to the inner two-thirds of the magnetosheath, shown
as the shaded orange region in Figure 1(c). This approach ensures that most of the data
points are located within the true magnetosheath. This approach also limits the effects
of using a shock model rather than individual crossings, by eliminating the region where
the shock’s positions are averaged over. To divide the magnetosheath into thirds, two
inner bounds are defined by linearly interpolating between the MPB and BS models, pro-
ducing two intermediate boundaries (shown as dashed lines in Figure 1(c)).This suffices
for our study of large scale structure, but note that as these models are averaged over
many different solar wind conditions, this interpolation is less accurate towards the ter-
minator. Furthermore, in order to understand how asymmetries evolve as the solar wind
propagates tailward, we defined the angle 6 as the angle between the position vector and
the +Xarmrsp direction (see Figure 1(c)). We define 6 so that it is positive (negative)
in the Q| (Q 1) magnetosheath. We then rebinned the data in 15° bins ranging from —120°
to 120°, with 50% overlap to ensure a smooth transition of features. Following Dimmock
et al. (2017), we calculated the median values in each angular bin and then calculated
the dimensionless asymmetry parameter, A, as follows:

A=100x A= (1)
Q+QL
where Q) and @ are the previously calculated averages of the bins spanning the same
angle from noon on the @ and @, flanks. We quantified the spread of the data in each
bin by calculating the standard error of the mean, defined as o/ V'N, where o is the stan-
dard deviation and N the number of data points per bin. This allowed us to determine
an upper and lower estimate for A (see Dimmock et al., 2017).

4 Results
4.1 Magnetic Field Strength

Figure 2(al) shows the spatial distribution of the magnetic field strength normal-
ized to the upstream IMF strength, denoted |B|/|Brar|. |B|/|Brar| increases moving
from the BS to the MPB. Furthermore, |B|/|Brar| is higher in the | sheath compared
to the @ sheath, consistent with observations made in Earth’s magnetosheath (e.g., Dim-
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Figure 2. Statistical mapping results for (al) magnetic field strength with overplotted direc-

tion vectors projected into the XY plane, (bl) proton density, and (c1) proton velocity, also with

overplotted direction vectors. All values are normalized by upstream conditions. Panels (a2),

(b2), and (c2) show the value of the angular bins and the number of data points in each bin N.

Figures (a3), (b3), and (c3) show the percent asymmetry calculated from these bins.



mock et al., 2017), as well as previous observations at Mars (Halekas et al., 2017). This
can be explained by the Rankine—Hugoniot conditions (Hudson, 1970): the magnetic field
component normal to the BS remains unchanged upon crossing the BS due to the con-
tinuity of the normal magnetic field, while the tangential component significantly increases.
Therefore, in the Q| shock, the IMF is dominated by the normal component, resulting

in a minimal change in |B| when crossing the shock. In contrast, when the IMF crosses
the @, shock, the | B] is significantly enhanced due to the dominant tangential compo-
nent.

Figure 2(a2) presents the average |B|/|Brar| in each angular bin. |B|/|Bravr| is
larger from noon to £60° and decreases towards past the terminator, caused by the stronger
compression near the subsolar region. The asymmetry index, A, shown in Figure 2(a3),
varies from 3% to 14%. The area extending beyond 90° from local noon in the @ re-
gion corresponds to the foreshock under the nominal Parker spiral angle of the IMF at
Mars (57°) (see Figure le of Jarvinen et al. (2022)), which is characterized by weak and
turbulent magnetic fields, as seen in the overlapped direction vectors in Figure 2(al). Con-
sequently, the asymmetry becomes more pronounced.

In the @ sheath, |B|/|Brayr| ranges from 3 to 5, while in the @ sheath, it ranges
from approximately 2 to 4. It should be noted that the Rankine-Hugoniot conditions pre-
dict a maximum |B|/|Brpr| of 4 (Russell et al., 2016), which is smaller than our ob-
served values in the inner magnetosheath. However, it should be noted that the Rankine-
Hugoniot conditions assume single-fluid plasma. Fruchtman et al. (2023) examined the
magnetic shock jump at Mars and found that many individual crossings overshot the limit
of 4, suggesting that a two-fluid variation of the Rankine-Hugoniot conditions is needed
at Mars. For a discussion of two-fluid Rankine-Hugoniot theory, the reader is referred
to Motschmann et al. (1991) and Fahr and Siewert (2015). Our observed discrepancy
is reasonable considering that magnetic fields are gradually intensified by the pile-up as
they approach Mars, driven by the mass-loading effect of planetary ions (Boscoboinik
et al., 2023; S. Li et al., 2025). Consequently, it suggests that the planetary ions may
influence the configuration of magnetic fields in the magnetosheath.

4.2 Solar Wind Protons

Figure 2(b1) shows the distribution of proton density, normalized to the upstream
solar wind, denoted as ny+ /Nsw. N+ /Nsw peaks on the flanks, roughly within the +60°
to £75° range, with a local minimum between 60° and —60°. ny+ /N, initially increases
as it moves towards Mars from the BS to the middle region of the magnetosheath and
then decreases as it approaches the MPB, particularly past the terminator. This sug-
gests that the solar wind protons are initially decelerated by the BS, thus increasing their
density, but subsequently deflected. The deflection could result from two factors: first,
the plasma depletion layer, where strong magnetic fields near the MPB can squeeze out
the plasma (Zwan & Wolf, 1976); second, depletion caused by planetary ions.

Panels (b2)-(b3) of Figure 2 illustrate the asymmetry of ny+ /ng,. In the dayside
region, N+ /Mg, has a maximum value of 1.8 (1.5) in the Q1 (Q)) sheath, with ng+ /1y
in the @ sheath being about 5% higher than in the @) sheath. However, in the termi-
nator and nightside regions, ng+ /ng, decreases to 0.7 on both flanks, indicating weak
compression in these areas. The asymmetry gradually decreases in the nightside region
to just 2.8%.

Figure 2(c1) shows the magnitude of the proton velocity, normalized to the upstream
solar wind speed, denoted as |vg+|/|vsw|. Upon crossing the BS, the solar wind is sig-
nificantly decelerated, especially in the subsolar region +30°, with |vg+|/|vsw| a min-
imum of 0.4 at +15°. As the solar wind propagates toward the nightside, |vg+|/|vsw| in-
creases gradually (see Figure 2(c2)). Overall, the deceleration of the solar wind in the
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Figure 3. Following the method and format used in Figure 2, panel (a) shows the number

density of O, and panel (b) presents the number density of O3 .

magnetosheath appears to be nearly symmetric, with the asymmetry index, A, gener-
ally below 5% (see Figure 2(c2-c3)).

[vgr+]/|vsw]| is higher in the dayside @ sheath, consistent with the behavior ob-
served in Earth’s magnetosheath (Dimmock et al., 2017), but higher in the nightside @
sheath (see Figure 2c). Interestingly, this area corresponds to a kink-like magnetic struc-
ture, which naturally forms a current sheet (Zhang et al., 2022; Romanelli et al., 2015).
This structure is a consistent feature of the magnetosheath for IMF cone angles below
60° and above 120° degrees, as selected in our dataset. It can be seen in Figure 2(al)
in the magnetic field vectors in the @ nightside region. This indicates that this struc-
ture likely plays a role in regulating the motion of solar wind protons.

4.3 Planetary Ions

Based on the results presented in Section 4.1, it is possible that planetary ions may
strengthen the magnetic field and deflect solar wind protons. Therefore, it is intriguing
to investigate whether the planetary ions also exhibit asymmetries within the magne-



tosheath. Here we focus only on planetary oxygen ions, specifically Ot and OF . Figure
3(al, bl) illustrates the spatial distribution of the number densities of Ot and O3 . The
ion densities appear to be highly variable and are log-normally distributed. Due to this,
we use the median absolute deviation, M AD = median(X —X), where X is each data
point and X is the median of each bin, in place of the standard deviation when calcu-
lating the uncertainty on each bin. The number densities of O and O;r are generally
less than 0.1 em™3. The typical solar wind proton density in the magnetosheath is ap-
proximately 6 ecm =3 (Wang et al., 2020). Therefore, planetary oxygen ions contribute
less than 2% to the plasma number density in the magnetosheath, but a much higher
percentage of the total ion mass, as they are significantly heavier than H™.

In panels (al) and (b1) of Figure 3, we observe that both O and O display qual-
itatively similar trends. Both ions exhibit higher densities between 60° and —60°, which
is proximal to the ionosphere and where the photo-ionization rate is the highest. Sub-
sequently, their densities decrease toward nightside. From panels (a2), (a3), (b2), and
(b3) of Figure 3, both O and OF exhibit clear asymmetries, with higher densities on
the Q) flank compared to the @ flank. This asymmetry increases from 0 to 20% for
O™ and up to 40% for OF going from the dayside to the nightside. This asymmetric trend
contrasts with that of solar wind protons, which is partially caused by shock geometry.
This is reasonable considering that most planetary ions do not cross the BS but orig-
inate from below the MPB. Therefore, other factors are responsible for the asymmetry.
This behavior aligns with findings from kinetic hybrid simulations, which showed that
the Ex B drift causes planetary ions to migrate toward the @ flank due to conserva-
tion of momentum (Kallio & Jarvinen, 2012). As we move tailward, the concentration
of planetary ions in the Q| flank increases, leading to a progressively greater asymme-
try. This is consistent with our results. Consequently, we suggest that the ExB drift
is responsible for the asymmetric distribution of the planetary ions.

5 Discussion and Conclusion

Drawing on nine years of MAVEN observations, we conducted a statistical study
to investigate the asymmetries in the magnetic field and plasma between the @), and
Q) regions of the Martian magnetosheath. We confined our study to Z < +1, Ry IMF
cone angles 30° — 60° and 120° — 150°, and eliminated data that was affected by the
crustal fields. Our findings indicate that, similar to Earth and Venus, Mars’ magnetosheath
displays pronounced asymmetries. As illustrated in Figure 4, the primary conclusions
are summarized as follows:

1. The normalized magnetic field strength in the (), magnetosheath region is 3% to
14% stronger compared to the Q) magnetosheath region. This asymmetry is ex-
pected from the Rankine-Hugoniot conditions at the shock, though the compres-
sion ratio further into the sheath exceeds the theoretical maximum..

2. In the dayside region, the solar wind proton density is 5-10% higher in the Q| mag-
netosheath than in the ¢ magnetosheath. The proton speed is about 5% higher
on the Q; magnetosheath in the dayside region; yet, this trend reverses on the
nightside, with speeds showing a 3% increase on the Q) magnetosheath. This ap-
pears consistent with the presence of the kink-like magnetic structure in the @
nightside hemisphere, which is a permanent feature of the magnetosheath for the
IMF cone angles selected in our dataset.

3. Planetary ions, O" and OF, also exhibit significant asymmetry. Although both
O™ and O; appear nearly symmetric in the dayside region, the asymmetry increases
as one moves tailward. Beyond the terminator region, the density of O* and OF
in the @ sheath is 20-30% higher than in the @ magnetosheath. This observed
asymmetry aligns with the anticipated effects of E x B drift.
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Figure 4. Summary diagram of results. The asymmetries are shaded in the region where they
are strongest. The magnetic field is strongest near the MPB between —30° and —60° Proton
density is highest in the @1 flank near —60°. The kink-like magnetic structure is located on the
Q) nightside, which also corresponds to a region of increased proton speed and slight Q-favored

asymmetry. O" and OF are densest in the Q) magnetosheath.

We found that although planetary ions do not contribute significantly to the plasma
density in the magnetosheath, they likely still play an important role in its dynamics.
The compression ratio of the magnetic field in the inner magnetosheath exceeds the the-
oretical maximum value obtained by the single-fluid Rankine-Huginiot theory, suggest-
ing that mass loading by planetary ions likely plays a role in the amplification of the mag-
netic field. Additionally, the reversed asymmetry trend of solar wind proton speed past
the terminator region suggests that the kink-like current sheet structure in the Q) mag-
netosheath also plays a role in influencing plasma distribution in the magnetosheath. Within
this structure, solar wind protons exhibit localized increased density, which is expected
because the plasma tends to converge at the center of the current sheet.

To understand the mechanisms responsible for magnetosheath asymmetries, we com-
pare different planetary magnetosheaths. In Earth’s magnetosheath, the proton density
is about 10-21% higher in the Q| magnetosheath, while the proton speed and magnetic
field strength are more pronounced in the @, magnetosheath, with reported asymme-
tries of 5-12% and 5-23%, respectively (Walsh et al., 2012; Dimmock & Nykyri, 2013;
Dimmock et al., 2016, 2017). The studies at Earth report dawn/dusk asymmetries, but
due to the nominal 45° Parker Spiral angle (Slavin & Holzer, 1981), the dawn (dusk) flank
statistically corresponds to the Q (@) flank. In the Venusian magnetosheath, Rojas Mata
et al. (2023) found that the proton density is approximately 18% higher in the Q| mag-
netosheath while the proton speed is about 7% higher in the Q, magnetosheath and re-
ported no significant asymmetry in magnetic field strength. The lack of an observed |B|
asymmetry at Venus may be caused by poor data resolution rather than a true symmet-
ric magnetosheath (Rojas Mata et al., 2023). The asymmetries in proton speed and mag-
netic field strength align with those observed in Earth’s and Venus’s magnetosheaths.
However, we observe an opposite asymmetry in the proton density in the Martian mag-
netosheath. Comparatively, the asymmetry in proton density in the Martian magnetosheath
contrasts with observations at Earth and Venus. However, the asymmetries in proton
speed and magnetic field strength align with those observed in Earth’s and Venus’s mag-
netosheaths. These results suggest that certain physical mechanisms driving these asym-
metries may be universal across various planetary environments, whereas other mech-
anisms appear to vary depending on the specific characteristics of the surrounding space
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environment. For instance, the Rankine-Hugoniot conditions, commonly applied to plan-
etary bow shocks, predict higher magnetic field strengths in the @, flank, which is ob-
served at Mars and Earth (Walsh et al., 2012; Dimmock et al., 2017). This consistent
observation across Mars, Venus, and Earth supports this. Furthermore, to maintain con-
tinuity of the tangential electric field, the Rankine-Hugoniot conditions predict a shift

in the flow stagnation region from the subsolar point towards the @ sheath (Turc et al.,
2020). This results in a higher proton speed in the ) | magnetosheath at Earth. A sim-
ilar phenomenon is observed at Mars, as illustrated in Figure 2(c). Therefore, we sug-
gest that the asymmetries in both magnetic field strength and proton speed within the
planetary magnetosheath primarily stem from the shock geometry.

The asymmetry in proton density is generally believed to be influenced by shock
geometry (Walsh et al., 2012). Specifically, the BS extends further on the @, side as fast
magnetosonic waves propagate faster there, resulting in a thicker magnetosheath in this
region. Consequently, the proton density is higher in the @) magnetosheath due to its
comparatively smaller area. However, the proton density asymmetries we observed at
Mars exhibit a trend opposite to that at Earth, suggesting that additional factors are
involved. Compared with Earth’s magnetosheath, the Martian magnetosheath exhibits
two significant differences: the presence of planetary ions and more pronounced kinetic
effects due to its small extent. Given that planetary oxygen ions exhibit an opposite trend
to protons, it is plausible that the proton asymmetry at Mars is related to these ions.
However, the factors that cause the asymmetric proton density distribution remain un-
clear and are beyond the scope of this paper, requiring further investigation.
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