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Abstract: We studied the thermal features of magnetized plasmas in the Martian subsolar magne-
tosheath using MAVEN’s observations from 2014 to 2019. Statistical analyses show that the average
ion and electron temperature in the Martian subsolar magnetosheath are 210 and 31 eV, respectively,
which are significantly lower than their counterparts in the subsolar magnetosheaths of Earth and
Saturn which both have an inherent magnetosphere. However, the ratio Ti/Te in the Martian subsolar
magnetosheath is about 6.8, which is very close to that of Earth and Saturn. We further investigated
the relationship between Ti/Te and the bulk ion flow velocity Vi, as well as the relationship between
the total plasma beta β and Vi. Results show that the average value of Ti/Te when Vi < 300 km/s
is considerably higher than when Vi > 300 km/s. A value of Vi closer to 250–300 km/s leads to a
higher average value of the total plasma beta β. These results confirm the prediction of previous
researchers, that there is not enough room for solar wind thermalization as the distance between the
Martian bow shock and the so-called obstacle is of the order of a solar wind proton gyroradius.
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1. Introduction

Despite the fact that Mars lacks a global intrinsic magnetic field besides crustal mag-
netization [1], the Mars–solar wind interaction exhibits numerous features in common with
those arising from the solar wind interacting with Earth, which has an intrinsic magnetic
field. Observations indicate the presence of bow shock (BS), upstream foreshock, magne-
tosheath (MS), and an inner magnetosphere and magnetotail on Mars [2–5], similar to Earth.
At the interface between unmagnetized Mars and the solar wind, the dynamic pressure
of the solar wind balanced with the Lorentz force generated by the induced current and
magnetic fields that are caused by ionospheric currents. The formations of the BS and MS
are similar to the traditional magnetosphere.

Although the BS and MS belonging to planets in the solar system play similar roles,
the BS and MS of Mars differ compared to other planets due to its small size. For Earth
and Venus, the thicknesses of the BS and MS are significantly larger than the solar wind
ion cyclotron scale, whereas Mars’ BS and MS are comparable with the gyroradius of the
protons. Moses et al. [6] recognized that solar wind thermalization is confined due to
the small scale of the Martian MS. Dubinin et al. [7] indicated that the thermalization of
protons from the solar wind and planetary ionosphere would extend from the BS into the
induced magnetosphere.

Turbulent cascade existing in Alfvenic fluctuations is identified as the primary heating
mechanism for charged particles in the solar wind. Based on the theoretical Kolmogorov
−5/3 spectrum and Kraichnan −3/2 spectrum, Vasquez et al. [8] used magnetic field
measurements by ACE spacecraft to evaluate the turbulent energy cascade rates and
compared them with the same rate calculated by proton temperature and solar wind speed.
The results showed that the turbulence in the solar wind is closer to Kraichnan turbulence.
Moreover, Qudsi et al. [9] analyzed Parker Solar Probe data at 1 au and found that a
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good correlation between the solar wind proton temperature and intermittent small-scale
magnetic field coherent structures existed, which revealed the heating mechanism in detail.
In addition, the kinetic microinstabilities associated with the parallel proton beta induce
turbulence in space plasma and impose a constraint on ion temperature anisotropy [10].

The scientific exploration of the Martian MS started with Mariner-4 and the early
Soviet Mars missions and was followed by Phobos-2, Mars Global Surveyor (MGS), and
Mars Express (MEX). Early Soviet Mars missions (the Mars-2, 3, and 5 missions) discov-
ered the BS and MS for Mars [11]. By examining plasma and magnetic field data from
Phobos-2, Dubinin et al. [12] discovered that the Martian MS is filled with intense bi-ion
magnetoacoustic waves, which may evolve to multiple shock-like structures. Furthermore,
from measurements made by Phobos-2, Dubinin et al. [13] revealed that the interplanetary
magnetic field (IMF) controlled the asymmetry of the BS and MS. MGS further deepens
our understanding of the dynamic physics of the MS. Based on observations consisting of
282 MS crossings, Bertucci et al. [5] reported that linearly polarized ultra-low frequency
fluctuations of the magnetic field and superthermal electron detected in the Martian MS
occupied at least 48% of the entire observation time. These compressive magnetic field
oscillations were found to be anticorrelated with the superthermal electron density, im-
plying that they are mirror mode waves [14]. MEX supplied further observational details
to explore how thermal pressure in the MS balances solar wind dynamic pressure on the
upstream side and magnetic pressure from the field piled up on the downstream side [15].

The Mars Atmosphere and Volatile Evolution (MAVEN) mission [16], initiated in 2013,
is equipped with advanced instruments and has diverse orbits, providing high-quality
data to study the Mars–solar wind interaction. To date, MAVEN’s observations have
broadened the understanding of the distribution and role of electromagnetic waves in
the Martian MS (including Alfvén waves) [17], the prevalence of wave power in multiple
frequency bands [18], and plasma heating caused by these waves [19]. These results
indicate the presence of nonthermal plasma and associated plasma instabilities in the
Martian MS, reinforcing the hypothesis that the Martian MS is not sufficiently large to allow
full thermalization of the shocked solar wind plasma, as predicted by Moses et al. [6].

Researchers studied the position of the Martian MS in detail. Slavin and Holzer [20]
conducted a preliminary study of the position and shape of the BS of Mars using data from
the “Mars” series of spacecraft. Trotignon et al. [21] determined the position of the Martian
BS from 120 BS crossings based on data from Phobos 2. They argued that the position of the
BS of Mars depends on solar activity. In contrast, the subsolar stand-off distance appears
to vary slightly with the solar wind dynamic pressure. Since the arrival of the MGS, more
extensive research has been carried out on the shape and structure of the magnetic pileup
boundary (MPB) and the BS of Mars. Vignes et al. [22] published results on the location
and shape of the BS and MPB reconstructed from 450 BS and 488 MPB crossings detected
by the MAG/ER instrument during the first year of the MGS mission. Owing to the larger
number of crossings, the results are more accurate.

In addition to the results of Vignes et al. [22], other researchers adopted the same method as
Vignes et al. to determine the shape of the boundaries of Mars. Trotignon et al. [23] obtained the
shape of the BS and the MPB from the fusion of Phobos 2 and MGS data. Edberg et al. [24]
determined the location of the MPB and the BS by identifying MPB and BS crossings from
the entire MAG/ER dataset from the premapping phase of the MGS mission.

In a previous study, the quantitative relationship between the temperature of the steady
solar corona and that of the planetary MSs was derived [25]. This indicates that average
plasma temperatures at the subsolar MSs of the planets with inherent magnetospheres
are all close to the mean temperature of the corona. Systematic statistical analyses found
that the average proton/ion temperatures at the subsolar MSs of Mercury, Earth, Jupiter,
and Saturn are 414, 325, 309, and 304 eV, respectively, whereas the same average electron
temperatures for Earth and Saturn are 47 and 37 eV, respectively (no electron data are
available for Mercury and Jupiter at present). The average plasma temperatures of the
subsolar MSs of Earth and Saturn are 184 and 171 eV, respectively. Statistical analyses for
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the plasma temperatures at the subsolar MSs of planets with inherent magnetospheres
(Mercury, Earth, Jupiter, and Saturn) confirmed these theoretical estimations. However,
the exact thermal properties of the subsolar MS of Mars remain unclear and must be
investigated in detail.

In this study, we make full use of MAVEN’s unique capabilities to study the plasma
temperatures in the Martian subsolar MS. Statistical analyses show that the average ion and
electron temperatures in the Martian subsolar MS are 210 and 31 eV, respectively, which
are significantly lower than their counterparts in the subsolar magnetosheaths of Earth
and Saturn.

2. Instruments and Data

The solar wind ion analyzer (SWIA) [26,27] onboard MAVEN acquires measurements
of solar wind ions both in the undisturbed upstream solar wind and in the post-shock
MS. SWIA utilizes a toroidal energy analyzer with electrostatic deflectors to provide a
broad 360◦ × 90◦ field of view on a three-axis spacecraft, with a mechanical attenuator to
enable a broad dynamic range. SWIA provides high cadence measurements of ion velocity
distributions with high energy resolution (14.5%) and angular resolution (3.75◦ × 4.5◦

in the sunward direction, 22.5◦ × 22.5◦ elsewhere), and a broad energy range of 5 eV to
25 keV. According to the description of Halekas et al. [27], the SWIA instrument provides
several different types of data, including coarse 3-D distributions, fine 3-D distributions,
onboard-computed moments, and energy spectra. Coarse 3-D distributions cover the full
SWIA angular and energy range with lower resolutions, while fine 3-D distributions cover
a limited range of phase space with high resolutions. Onboard-computed moments are
computed onboard from coarse and fine 3-D ion distributions. In this study, we utilize
onboard-computed moments to acquire the H+ temperatures in the Martian MS.

The solar wind electron analyzer (SWEA) [28] is a symmetric hemispheric electrostatic
analyzer with deflectors. It is well suited to measuring the energy and angular distributions
of 3–4600 eV solar wind and MS electrons and ionospheric photoelectrons in the Mars
environment. With these measurements, the instrument: (1) determines the electron impact
ionization rates in all regions sampled by MAVEN, (2) distinguishes the energy spectra
of ionospheric primary photoelectrons and the solar wind, MS, and magnetotail electrons
to determine the plasma environment, (3) calculates electron pitch angle distributions to
determine the topology of magnetic fields from both external and crustal sources, and
(4) identifies auroral (~keV) electron populations and determines their role in ionization
and dissociation processes. As described by Mitchell et al. [28], SWEA provides three data
products: 3-D distributions, pitch angle distributions, and omnidirectional energy spectra.
In this study, we calculate the electron temperatures in the Martian MS based on electron
3-D distribution after correcting for the spacecraft potential. Further, we plot the electron
energy spectra according to omnidirectional energy spectra.

The magnetic field instrumentation onboard MAVEN contains two independent tri-
axial fluxgate magnetometer sensors, located at the out end of the two solar arrays [29].
Each magnetometer measures the surrounding vector magnetic field over a wide range (up
to 65,536 nT per axis) with the highest resolution of 0.008 nT and an accuracy of <0.05%.
Both magnetometers sample the ambient magnetic field at an intrinsic sample rate of
32 vector samples per second. The magnetometers return magnetic field measurements
in three coordinates: pc (planetocentric coordinates), pl (payload coordinates), and ss
(Sun-state coordinates). In this study, we employ the magnetic field measurements in ss
with a resolution of 1 s.

3. MAVEN Observations

In contrast to Earth’s MS, whose scale is significantly larger than the mean gyroradius
of solar wind ions, the MS of Mars has a thickness close to the gyroradius of ions in
the solar wind. As a precondition to studying the plasma temperatures in the Martian
subsolar MS, the location of the Martian MS must be determined. In this study, the model
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proposed by Edberg et al. [24] is adopted to identify the Martian MS, as that model relies
on more crossings and is more accurate than other empirical models [22,23]. The MS
is located in the transition region between the BS and MPB. In the period from 2014 to
2019, we identified the time intervals when MAVEN was in the Martian subsolar MS

(θ ≤ 30◦, θ = arctan
√

Y2
MSO+Z2

MSO
XMSO

, MSO is the Mars solar orbital coordinate system) based
on the model of Edberg et al. [24]. Notably, the model of Edberg et al. [24] provides only
the average positions of the BS and MPB. However, due to the variation in the solar wind
conditions and the IMF, the positions of the BS and MPB are variable. To ensure that
MAVEN is located in the subsolar MS of Mars, we must determine the energy spectrum
of electron flux and the magnetic field measurements. Figure 1 shows an example of
Martian MS crossing observed by MAVEN. The time interval from 21:10:00 to 21:30:00 on
7 January 2017, is selected, during which MAVEN is located in the Martian subsolar MS
(θ ≤ 30◦). The upper panel of Figure 1 shows the energy spectrum of the electron flux,
and the lower panel displays the total magnetic field intensity (Bt) in the MSO coordinate
system. After 21:22:56 UT (the black dotted line), the electron energy spectrum and the Bt
change simultaneously and significantly. Before 21:22:56 UT, the electron flux with energy
~100 eV can reach as high as 109 (eV/cm2 sec ster eV), after which the electron flux drops
rapidly by two orders of magnitude to ~107 (eV/cm2 sec ster eV). Before 21:22:56 UT,
Bt is very high and fluctuates dramatically between 20 and 40 nT. After 21:22:56 UT, Bt
drops rapidly to below 10 nT and fluctuates slightly. Both the change in electron energy
flux and the variation in the Bt indicate that MAVEN was passing from the Martian MS to
the solar wind. Therefore, we identify that MAVEN is truly located in the subsolar MS of
Mars from 21:10:00 to 21:22:56 on 7 January 2017. Throughout all time intervals, we found
1219 intervals in which MAVEN was located in the subsolar MS of Mars by identifying
similar variations in the electron energy flux and Bt as shown in Figure 1.
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Figure 1. Electron energy flux spectrum and the total magnetic field for MAVEN passing from the
Martian MS to the solar wind.

Based on the selected data belonging to 1219 time intervals, we performed statistical
analysis and obtained the distribution of plasma temperatures in the subsolar MS of Mars.
For the ion temperatures, we utilized onboard-computed moments provided by the SWIA
onboard MAVEN to determine the magnitudes. The ion temperatures are approximate to
proton temperatures, as protons are absolutely the dominant components of the solar wind.
In the statistical analysis, we collected one data point from every minute. The statistical
distribution of ion temperatures in the Martian subsolar MS is illustrated in Figure 2.
The maximum ion temperature in the MS of Mars can reach 800 eV. The average ion
temperature is Ti ≈ 210 eV, and the most probable ion temperature is Timp ≈ 165 eV, with
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a standard deviation of STi ≈ 101 eV. Furthermore, we obtained electron temperatures in
the Martian subsolar MS based on electron 3-D distributions after correcting the spacecraft
potential. Electron 3-D distribution is one of the data products supplied by the SWEA
onboard MAVEN. As for ion temperatures, we collected one data point from every minute
for electron temperatures. The statistical distribution of electron temperatures in the
Martian subsolar MS is shown in Figure 3. The maximum electron temperature in the
Martian subsolar MS can reach 90 eV. The average electron temperature is Te ≈ 31 eV,
and the most probable electron temperature is Temp ≈ 29 eV, with a standard deviation
of STe ≈ 11 eV. Therefore, the average plasma temperature in the Martian subsolar MS
is T = 1

2
(
Ti + Te

)
= 1

2 (210 + 31) ≈ 121 eV. Wang et al. [30] used THEMIS measurements
to determine the distributions of ion and electron temperatures in the Earth’s MS. The
result indicates that the average ion temperature in the Earth’s subsolar MS is larger than
300 eV, while the average electron temperature is larger than 40 eV. Thomsen et al. [31] used
the dataset from Cassini to determine the distributions of ion and electron temperatures
in Saturn’s MS. The result shows that the average ion temperature in Saturn’s subsolar
MS is larger than 300 eV, and the average electron temperature is ~40 eV. The study by
Shen et al. [25] indicates that the average plasma temperatures in the subsolar MS of Earth
and Saturn are 184 and 171 eV, respectively. Evidently, the average plasma temperature in
the Martian subsolar MS is smaller than those on Earth and Saturn. However, the ratio of
the ion to electron temperature in the Martian subsolar MS is approximately seven, which
is nearly the same as that of the Earth’s and Saturn’s subsolar MSs [25,30,31].
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Figure 2. Ion temperature distribution in the subsolar region of the Martian MS based on data selected
from SWIA onboard MAVEN from 2014 to 2019.

In addition to the plasma temperatures, we counted the bulk ion flow velocity and the
total plasma beta (the ratio of total plasma thermal pressure to plasma magnetic pressure) in
the Martian subsolar MS, which are important parameters of MS plasmas. Figures 4 and 5
show the statistical results. The maximum bulk ion flow velocity in Martian subsolar MS
can reach 600 km/s (Figure 4). The average bulk ion flow velocity is Vi = 138 km/s, and
the most probable bulk ion flow velocity is Vimp = 107.5 km/s, with a standard deviation
of SVi = 77 km/s. As shown in Figure 5, the maximum total plasma beta β in the Martian
subsolar MS can reach 60. The average total plasma beta is β = 5.4, and the most probable
total plasma beta is βmp = 1.75, with a standard deviation of Sβ = 7.3.
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selected from SWIA onboard MAVEN from 2014 to 2019.

Furthermore, the relationship between Ti/Te and the bulk ion flow velocity Vi, as well
as the relationship between the total plasma beta and Vi were also investigated. Figure 6
shows that the distribution of data points in the Ti/Te − Vi plane presents two distinct
characteristics: most points fall in the region where Ti/Te is larger than three and less
than 15, and Vi is below 300 km/s, while the remaining points are located in the region
where Ti/Te is mostly below five, and Vi is over 300 km/s. The result indicates that
the distribution of Ti/Te depends on the bulk ion flow velocity Vi. Figure 7 shows a
more precise result. The average values of Ti/Te vary between seven and nine when
Vi < 300 km/s. In contrast, the average values of Ti/Te vary between two and five when
Vi> 300 km/s, and are significantly lower than when Vi < 300 km/s. To reveal how Vi
affects the magnitude of Ti/Te, we investigated the variation of Ti and Te with Vi. As
shown in Figure 8, the average values of Ti are larger than 200 eV, and the maximum
value can reach 275 eV when Vi < 300 km/s. In contrast, the average values of Ti are
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smaller than 160 eV, and the minimum value is 89 eV when Vi > 300 km/s. These results
indicate that compared to when Vi < 300 km/s, the ions are not sufficiently heated when
Vi > 300 km/s. This can be attributed to the following: because the thickness of the Martian
MS is comparable to the gyroradius of the protons, the higher-velocity ions (Vi > 300 km/s)
enter the Martian ionosphere before they are fully heated. As shown in Figure 9, the
average values of Te exhibit a positive correlation with Vi for Vi < 150 km/s, and are
invariant when Vi > 150 km/s. Combining Figures 8 and 9, we can conclude that the
difference in the average values of Ti/Te separated by Vi = 300 km/s is mainly due to
insufficient thermalization of ions when Vi > 300 km/s. The fact that Ti is obviously larger
than Te is consistent with the turbulent cascade heating mechanism investigated. In terms
of the cascade picture, the energy originates from a large scale and transfers to a small
scale, so that ions having a larger gyration radius would receive cascade energy first and
be accelerated compared to electrons that have a small gyration radius. This can explain
why Ti is larger than Te. Finally, we investigate the relationship between the total plasma
beta β and the bulk ion flow velocity Vi. As shown in Figure 10, when the bulk ion flow
velocity Vi is between 250 and 300 km/s, the total plasma beta β reaches the maximum and
drops on either side.

Magnetochemistry 2022, 8, x FOR PEER REVIEW 7 of 11 
 

 

 
Figure 5. Total plasma beta distribution in the subsolar region of the Martian MS. Data were selected 
from SWIA, SWEA, and fluxgate magnetometer sensors onboard MAVEN from 2014 to 2019. 

Furthermore, the relationship between /i eT T  and the bulk ion flow velocity iV , as 
well as the relationship between the total plasma beta and iV  were also investigated. Fig-
ure 6 shows that the distribution of data points in the /i e iT T V−  plane presents two dis-
tinct characteristics: most points fall in the region where /i eT T  is larger than three and 
less than 15, and iV  is below 300 km/s, while the remaining points are located in the re-
gion where /i eT T  is mostly below five, and iV  is over 300 km/s. The result indicates that 
the distribution of /i eT T  depends on the bulk ion flow velocity iV . Figure 7 shows a more 
precise result. The average values of /i eT T  vary between seven and nine when 

 300 km/s<iV . In contrast, the average values of /i eT T  vary between two and five when 
 > 300 km/siV , and are significantly lower than when  300 km/s<iV . To reveal how iV  af-

fects the magnitude of /i eT T , we investigated the variation of iT  and eT  with iV . As 
shown in Figure 8, the average values of iT  are larger than 200 eV, and the maximum 
value can reach 275 eV when  300 km/s<iV . In contrast, the average values of iT  are 
smaller than 160 eV, and the minimum value is 89 eV when  300 km/s>iV . These results 
indicate that compared to when  300 km/s<iV , the ions are not sufficiently heated when 

 300 km/s>iV . This can be attributed to the following: because the thickness of the Martian 
MS is comparable to the gyroradius of the protons, the higher-velocity ions (  > 300 km/siV
) enter the Martian ionosphere before they are fully heated. As shown in Figure 9, the 
average values of eT  exhibit a positive correlation with  iV for  < 150 km/siV , and are in-
variant when  > 150 km/siV . Combining Figures 8 and 9, we can conclude that the differ-
ence in the average values of /i eT T  separated by iV  = 300 km/s is mainly due to insuffi-
cient thermalization of ions when  > 300 km/siV . The fact that iT  is obviously larger than 

eT  is consistent with the turbulent cascade heating mechanism investigated. In terms of 
the cascade picture, the energy originates from a large scale and transfers to a small scale, 
so that ions having a larger gyration radius would receive cascade energy first and be 
accelerated compared to electrons that have a small gyration radius. This can explain why 

iT  is larger than eT . Finally, we investigate the relationship between the total plasma beta 
β  and the bulk ion flow velocity iV . As shown in Figure 10, when the bulk ion flow 

velocity iV  is between 250 and 300 km/s, the total plasma beta β  reaches the maximum 
and drops on either side. 

Figure 5. Total plasma beta distribution in the subsolar region of the Martian MS. Data were selected
from SWIA, SWEA, and fluxgate magnetometer sensors onboard MAVEN from 2014 to 2019.
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4. Discussion and Conclusions

The average ion and electron temperatures in the Martian subsolar MS are 210 and
31 eV, respectively, both values being lower than those on Earth and Saturn [25,30,31]. This
observation indicates that the shocked solar wind plasma in the Martian subsolar MS is not
fully heated. To confirm this hypothesis, we further investigated the bulk ion flow velocity
in the Martian subsolar MS. As shown in Figure 4, the average bulk ion flow velocity in
the Martian subsolar MS is Vi = 138 km/s. In contrast, according to the observations of
the Earth’s MS [30] and Saturn’s MS [31], the bulk ion flow velocity in the MS of these two
planets is below 100 km/s, which is considerably smaller than that in the Martian subsolar
MS. This means that a part of the kinetic energy of the plasma has not been converted into
heat energy in the Martian MS before the plasma flows out of the MS. As the Martian MS
has a comparable thickness to the gyroradius of the protons, the solar wind plasmas cannot
be sufficiently decelerated and impact the ionosphere of Mars with considerable kinetic
energy. The results of this study confirm the prediction of Moses et al. [6] that the solar
wind is likely to thermalize incompletely before encountering the obstacle for typical solar
wind conditions because of the small scale of the Martian MS. It is worth noting that the
ratio Ti/Te in the Martian subsolar MS is ~6.8, which is very close to that of Earth and
Saturn [25,30,31]. This suggests that the plasma heating mechanisms in the MS of Mars,
Earth, and Saturn are similar.

The relationship of Ti/Te and the total plasma beta β with the bulk ion flow veloc-
ity Vi was likewise studied. The results indicate that the average value of Ti/Te when
Vi < 300 km/s is significantly higher than when Vi > 300 km/s. By analyzing the rela-
tionship between ion temperatures Ti and Vi, as well as the relationship between electron
temperatures Te and Vi, we found that the reason for the difference in the average value
of Ti/Te is mainly due to the ions not being sufficiently heated when Vi < 300 km/s. Fur-
thermore, when Vi is 250–300 km/s, the average total plasma beta β reaches its maximum,
which indicates the most efficient energy transformation from the solar wind kinetic energy
to internal energy.
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