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Abstract

This study statistically compares ion properties between the thermal core and total ion populations in the Martian
magnetosheath, based on observations collected by the Mars Atmosphere and Volatile EvolutioN (or MAVEN)
spacecraft from 2015 to 2023. Ion moments for the core population are derived by fitting measured three-
dimensional ion velocity distributions with bi-Maxwellian functions, whereas those for the total population are
obtained by directly computing weighted sums over the distributions. The core population accounts for a median
of approximately 80% of the total number density and dominates the bulk flow of the total population. In contrast,
the total population exhibits significantly higher temperature, thermal pressure, and plasma beta, primarily due to
the presence of suprathermal ions. Both populations exhibit greater temperature anisotropies downstream of
quasi-perpendicular shocks compared to quasi-parallel shocks, consistent with stronger shock compression and a
greater contribution from gyrating reflected ions under quasi-perpendicular conditions. Notably, the core
population consistently exhibits significantly higher temperature anisotropy than the total population under both
shock geometries, suggesting the presence of additional perpendicular heating mechanisms acting on the core
population beyond shock compression. One plausible mechanism is stochastic energization by kinetic Alfvén
waves. Overall, this systematic comparison of ion parameters between the core and total populations provides
new insights into the thermodynamic structure and governing processes of the Martian magnetosheath.

Unified Astronomy Thesaurus concepts: Mars (1007); Solar wind (1534); Planetary dynamics (2173); Space
plasmas (1544)

1. Introduction

In contrast to Earth, which possesses a global intrinsic
magnetic field, Mars lacks such a field, leading to a direct
interaction between the solar wind and the Martian ionosphere
(A. Nagy et al. 2004). Despite this fundamental difference, the
solar wind interaction at Mars exhibits several features analogous
to those observed at Earth. As the solar wind encounters Mars, it
creates a complex plasma environment consisting of an induced
magnetosphere, a bow shock, and a magnetosheath (E. Dubinin
et al. 2006; C. Bertucci et al. 2011; J. S. Halekas et al. 2021). The
interplanetary magnetic field (IMF) can pile up outside the
ionosphere due to mass loading (K. Szego et al. 2000), in
which planetary ions are incorporated into the solar wind,
increasing its mass density and slowing the flow. The resulting
compression of the magnetic field balances the solar wind
dynamic pressure, leading to the formation of an induced
magnetosphere (M. K. G. Holmberg et al. 2019; C. Zhang et al.
2025). Consequently, a bow shock forms upstream of Mars as a
result of the interaction between the supersonic solar wind and
the induced magnetosphere. Across the bow shock, the plasma
flow is decelerated from supersonic to subsonic speeds, with
upstream kinetic energy dissipated and converted into thermal
energy, resulting in heating and partial thermalization of charged
particles (C. Mazelle et al. 2004). Multiple dispersive and

dissipative processes contribute to ion heating at the shock
(C. F. Kennel et al. 1985; N. Sckopke 1995).
The Martian magnetosheath lies between the bow shock and

the induced magnetosphere boundary, serving as the region
where the solar wind plasma undergoes deceleration, heating,
thermalization, compression, and deflection (J. G. Luhmann
1992). Under the magnetohydrodynamic framework, the shocked
solar wind plasma just downstream of the bow shock can be
approximately described by Rankine–Hugoniot jump conditions
(C. T. Russell et al. 2016). As solar wind ions traverse the bow
shock, they develop a broader energy distribution due to partial
thermalization. The magnetosheath is often characterized by
broadband electromagnetic fluctuations whose energy
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SPEDAS framework (V. Angelopoulos et al. 2019). This
algorithm classifies plasma regions—such as the pristine solar
wind, magnetosheath, ionosphere, and tail lobe—based on a
combination of parameters, including ion velocity, temper-
ature, and density, as well as spacecraft location and both the
magnitude and variability of the magnetic field. Incorporating
automated classification enhances the consistency and objec-
tivity of magnetosheath interval identification. Figure 1
illustrates an example of this process. We begin by manually
identifying bow-shock and induced magnetosphere boundary
crossings through visual inspection of plasma and magnetic
field data. These crossings are then used to delineate the
corresponding magnetosheath intervals. To ensure consis-
tency, the manually defined intervals are cross-checked against
the algorithm’s output. If any portion of an interval falls
outside the region classified as magnetosheath by the
algorithm, the boundaries are adjusted to ensure that the entire
interval lies within the algorithm-defined region. This
procedure ensures that the final intervals are consistently
defined as magnetosheath by both manual inspection and
automated classification. In the example shown, 11 magne-
tosheath intervals are identified, each bounded by a pair of
magenta vertical lines. Using this combined approach, a total
of 24,670 magnetosheath intervals are identified from
MAVEN observations spanning 2015–2023.

3. Derivation of Moments for the Core and Total Ion
Populations

We compute the density, velocity, pressure, and temperature
moments of the total ion population by integrating each coarse
three-dimensional ion velocity distribution over all energy and
angular bins. The number density is obtained as the zeroth-
order moment of the distribution, while the bulk velocity is
derived from the first-order moment. The full pressure tensor is

then calculated in Cartesian coordinates in the spacecraft frame
using second-order velocity moments relative to the bulk flow.
This tensor is subsequently rotated into magnetic-field-aligned
coordinates, where the parallel pressure is aligned with the
magnetic field, and the two perpendicular pressures are
determined by diagonalizing the transverse components. The
corresponding temperatures are calculated by dividing the
diagonal elements of the pressure tensor by the number density
and the Boltzmann constant. To account for the limited FOV
of SWIA, we follow the approach of J. S. Halekas et al.
(2017a), excluding observations in which the instantaneous
magnetic field direction lies outside the FOV and using the
larger of the two perpendicular temperature components as the
effective perpendicular temperature.
We estimate the moments of the core ion population by

fitting the measured velocity distribution at each time step to a
convecting bi-Maxwellian distribution function expressed in a
coordinate system defined with respect to the local magnetic
field (J. S. Halekas et al. 2023). The analytic form of the
distribution function is given by
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Here, n is the bulk density, m is the proton mass, and kB is the
Boltzmann constant. The parameters T⊥ and T∥ represent the
perpendicular and parallel temperatures relative to the magnetic
field. The velocity components v⊥1, v⊥2, and v∥ are defined in a
magnetic-field-aligned coordinate system, and vb⊥1, vb⊥2, and
vb∥ are the corresponding components of the bulk flow velocity.

Figure 1. Example of magnetosheath interval identification from MAVEN observations. Panels (a)–(c) display the ion time–energy spectrogram, number density,
and velocity from SWIA, respectively. Panel (d) shows the three components of the magnetic field in Mars-solar-orbital coordinates as measured by MAG. The
bottom color bar indicates the automated region classification based on the algorithm of J. S. Halekas et al. (2017b), where cyan segments denote intervals identified
as magnetosheath. Magenta vertical lines mark the boundaries of 11 magnetosheath intervals, determined through a combination of visual inspection of plasma and
magnetic field signatures and results from the automated classification.
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We retrieve the best-fit parameters using a least-squares
optimization method combined with a gradient descent algo-
rithm. Because the bi-Maxwellian distribution function is fully
parameterized, ion moments—including number density, bulk
velocity components, and temperature components—can be
directly obtained from the best-fit parameters. To further ensure
that the fitted distribution can reliably represent the core ion
population, we apply three additional quality-control criteria,
established through extensive empirical testing. These criteria
are as follows: (1) the difference between the logarithms of the
measured and fitted maximum energy fluxes must be less than
0.05; (2) the difference between the logarithms of their
minimum energy fluxes must be below 0.5; and (3) the linear
correlation coefficient between the logarithms of the measured
and fitted peak fluxes, calculated over the top 5% of data points
ranked by measured flux, must exceed 0.75. This filtering step
enhances the robustness and physical reliability of the derived
ion moments. Only fits meeting all three criteria are included in
the subsequent statistical analysis.
Figure 2 illustrates an example of a bi-Maxwellian fit

applied to a coarse velocity distribution measured by SWIA in
the magnetosheath. Panels (a)–(c) display the measured energy
fluxes (blue) alongside the corresponding fitted fluxes (red)

along three orthogonal directions defined relative to the local
magnetic field. The fitted distribution captures the thermal
characteristics of the core ion population. In this example, the
difference between the logarithms of the measured and fitted
maximum fluxes is only about 0.01, resulting in the blue and
red horizontal dashed lines nearly overlapping. For the
minimum fluxes (indicated by the two horizontal solid lines),
the difference is about 0.2. The correlation coefficient between
the logarithms of the measured and fitted peak fluxes also
exceeds 0.75. Together, these metrics indicate that the fit
reliably represents the thermal core population. Panels (e)–(f)
display two-dimensional contours of the measured ion velocity
distribution, while panels (g)–(h) show the corresponding
contours from the fitted bi-Maxwellian distribution, which
represents the thermal core ion population. In each panel, the
x-axis denotes the velocity component parallel to the ambient
magnetic field, and the y-axis represents one of the two
perpendicular components. The lower-left corner of panel (f)
lists the moments of the total ion population, derived directly
from the measured distribution. In contrast, the moments
shown in panel (h) are computed from the bi-Maxwellian fit
and characterize the core ion population. In this example, the
core population accounts for approximately 70% of the total
ion density. The remaining approximately 30% corresponds to

Figure 2. Example of a bi-Maxwellian fit to a SWIA coarse three-dimensional velocity distribution in the Martian magnetosheath. Panels (a)–(c) show one-dimensional
cuts of the measured differential energy fluxes (blue markers) and the corresponding bi-Maxwellian fits (red markers) along the two perpendicular directions and the
parallel direction in a local magnetic-field-aligned coordinate system. The dashed and solid horizontal lines correspond to the maximum and minimum fluxes,
respectively, which are used in the fit-quality criteria. Panel (d) shows a log–log comparison of measured vs. fitted fluxes; the cyan line marks the 1:1 correspondence,
and the annotated value indicates the correlation coefficient for the peak fluxes (gold diamonds; see the definition in the main text). Panels (e)–(f) display two-
dimensional contours of the measured velocity distribution in planes with respect to the magnetic field direction. Panels (g)–(h) show the corresponding contours from
the fitted bi-Maxwellian core population. Panels (i)–(j) present the measured velocity distributions after manual removal of spacecraft-reflected ions.
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remained largely unchanged, with no impact on the relevant
conclusions.
Figures 5, 6, 7, and 8 display spatially averaged maps of ion

parameters, categorized by ion population (core and total) and
shock geometry (quasi-perpendicular and quasi-parallel). In
each map, the two black curves indicate the average locations
of the bow shock and the induced magnetospheric boundary,
based on the conic models of J. G. Trotignon et al. (2006). It
should be noted that some observations fall outside these
modeled boundaries but are still part of the magnetosheath,
owing to the inclusion of data from all seasons and a wide
range of upstream solar wind conditions. The apparent lack of
data coverage in the subsolar region is primarily due to the

failure to obtain reliable bi-Maxwellian fits for the core ion
population. In this region, the shock geometry is typically
quasi-perpendicular because of the large Parker spiral angle at
Mars, with quasi-parallel conditions being rare. The Mach
number of the bow shock is generally higher here than
elsewhere, so the incident solar wind flow experiences the
greatest deceleration and deflection. This leads to a higher
fraction of reflected ions within the total ion population in the
magnetosheath downstream of the subsolar bow shock
compared to other regions. The enhanced presence of these
reflected ions can produce strongly non-Maxwellian velocity
distributions, introducing broad suprathermal wings and
additional peaks, which are particularly challenging for

Figure 5. Spatially averaged maps of ion properties for the total ion population in the Martian magnetosheath downstream of quasi-perpendicular shocks shown in
cylindrical MSO coordinates. All quantities, except temperature anisotropy and plasma beta, are normalized to their upstream values prior to averaging. Black curves
indicate the average locations of the bow shock (outer) and induced magnetosphere boundary (inner) based on J. G. Trotignon et al. (2006).

Figure 6. Spatially averaged maps of ion properties for the total ion population in the Martian magnetosheath downstream of quasi-parallel shocks shown in
cylindrical MSO coordinates. The format and normalization scheme are identical to those in Figure 5.
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reliably extracting the core population with a bi-Maxwellian
fit. Although quasi-perpendicular shocks dominate, there are
rare occasions when the local IMF orientation produces a
quasi-parallel shock geometry in the subsolar region. In these
uncommon cases, bi-Maxwellian fitting of the downstream
core population remains highly problematic, likely due to
enhanced turbulence, transient wave activity, and nonstation-
ary plasma flows. These factors can give rise to velocity
distributions that are highly broadened, asymmetric, or
otherwise non-Maxwellian, even without a large reflected ion
population. Consequently, the core population is often not well
defined, and the fitting procedure either fails to converge or

produces results that do not meet quality-control criteria,
resulting in persistent data gaps in this region. We also note
that magnetosheath observations downstream of quasi-parallel
shocks are largely confined within the modeled bow-shock
boundary, whereas those downstream of quasi-perpendicular
shocks more frequently extend beyond it. This discrepancy
likely reflects the outward extension of the bow shock under
quasi-perpendicular conditions, driven by the higher phase
speed of fast magnetosonic waves. To resolve the distinct
spatial characteristics of the two ion populations, different
color scales are used for the core and total populations for most
parameters, due to significant differences in their value ranges

Figure 7. Spatially averaged maps of ion properties for the core ion population in the Martian magnetosheath downstream of quasi-perpendicular shocks shown in
cylindrical MSO coordinates. These panels follow the same format as Figure 5 except that the color bar ranges are adjusted to reflect the typical scales of the core
population.

Figure 8. Spatially averaged maps of ion properties for the core ion population in the Martian magnetosheath downstream of quasi-parallel shocks shown in
cylindrical MSO coordinates. The format is identical to that of Figure 7.
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two parameters. This relationship is consistent with theoretical
expectations based on kinetic instability regulation (S. P. Gary
et al. 1993, 1994, 1996). As plasma beta increases, the thresholds
for proton temperature anisotropy instabilities decrease, render-
ing the plasma more susceptible to wave–particle scattering.
These scattering processes act to reduce anisotropy, driving the
system toward marginal stability. This anticorrelation is observed
under both shock conditions, in agreement with observations at
Earth (S. A. Fuselier et al. 1994).
Figures 9 and 10 present the spatial distributions of the ratios

between the core and total ion populations for various ion

parameters under quasi-perpendicular and quasi-parallel shock
geometries, respectively. The core-to-total ratios of number
density, temperature, thermal pressure, and plasma beta all
exhibit similar spatial trends: They are relatively low near the
bow shock and gradually increase downstream, reaching peak
values near the induced magnetosphere boundary. This trend
suggests an increasing dominance of the thermal core ion
population deeper within the magnetosheath, likely resulting
from the progressive thermalization of initially nonthermal ions.
Notably, the core-to-total density ratio reaches a maximum of
approximately 0.9 in the deepest region of the magnetosheath,

Figure 9. Spatially averaged maps of core-to-total ratios for ion properties in the Martian magnetosheath downstream of quasi-perpendicular shocks shown in
cylindrical MSO coordinates. Each panel shows the ratio of the core-population value to the total population value for the ion parameter indicated in its title. Black
curves denote the average bow shock (outer) and induced magnetosphere boundary (inner) locations.

Figure 10. Spatially averaged maps of core-to-total ratios for ion properties in the Martian magnetosheath downstream of quasi-parallel shocks shown in cylindrical
MSO coordinates. The format is identical to that of Figure 9.
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