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ABSTRACT

Aims. We aim to quantify the width of the quasi-perpendicular Martian bow shock region to deepen the understanding of why the
width is variable and which factors affect it, and to explore the implications on thermalization.
Methods. To quantify the width, 2074 quasi-perpendicular bow shock crossings from a database were studied. Upstream conditions,
such as Mach numbers, dynamic pressure, ion densities, and other factors, were considered. Furthermore, the difference between the
downstream and upstream temperature was measured.
Results. We found that the shock region width is correlated with the magnetosonic Mach number, the critical ratio, and the overshoot
amplitude. The region was found to be anticorrelated with dynamic pressure. The width is not affected by the upstream ion density
of the investigated species or by the upstream temperature. The difference between the downstream and upstream temperature is not
affected by the shock region width.
Conclusions. We found that the factors that affect the stand-off distance of the bow shock, such as the magnetosonic Mach number
and dynamic pressure, also affect the width. The width is also positively correlated with the overshoot amplitude, indicating that the
structures are coupled or that they are affected by largely the same conditions. The lack of a correlation with the ion temperature
difference indicates that the shock region width does not affect the ion thermalization.

Key words. plasmas – shock waves – methods: data analysis – planets and satellites: terrestrial planets – planet-star interactions –
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1. Introduction

A bow shock is created when the supersonic solar wind flows
around an obstacle (Russell 1985). Solar System bow shocks
are important for their role as laboratories from which we can
extrapolate information about astrophysical shocks and for their
role in the evolution of planetary magnetospheres. The plane-
tary interaction of the solar wind at the nonmagnetized planets
Venus and Mars is different from that at magnetized planets, such
as Earth and Jupiter. At objects such as Earth (Behannon 1968)
and Jupiter (Valek et al. 2017), the bow shock is created in the
interaction between the solar wind and the global magnetic field
of the planet. For other bodies without a global magnetosphere,
the bow shock is created in the interaction between the solar
wind and the ionosphere; the magnetosphere of these objects is
called an induced magnetosphere (Luhmann et al. 2004). The
bow shock is the boundary between the solar wind and the mag-
netosheath, where the magnetosheath is a region of piled-up
magnetic field in which the particles have slowed to subsonic
speeds (Parks 2015). Since the shock is created in the interaction
with the ionosphere, the stand-off distance (the distance from
the planet to the shock) is shorter than for shocks that are created
in the interaction of a strong global dipole field (Earth, Jupiter,
etc.). Therefore, the shock at Mars is closer to the surface than
the shock at Earth, and it has a smaller curvature radius. This
affects the interaction of the solar wind and the shock because
the shock cannot be considered planar to the same extent as
at Earth (Farris & Russell 1994). A third type of Solar System
object is comets, which have bow shocks in the periods when
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their outgassing activity is high enough, and for which the bow
shock size can vary over orders of magnitude, depending on the
outgassing rate (see for example Goetz et al. 2022).

A possible consequence of this smaller curvature radius is
an increase in the width of the quasi-perpendicular bow shock
region at Mars. The quasi-perpendicular bow shock typically has
a much thinner boundary than its quasi-parallel counterpart. The
shock is called quasi-perpendicular where the angle between the
interplanetary magnetic field (IMF) and the normal of the shock,
θbn, is 45◦ ≤ θbn ≤ 90◦ (Balogh & Treumann 2013). The quasi-
perpendicular shock typically consists of a foot, a ramp, and an
overshoot (Leroy et al. 1982; Bale et al. 2005). The foot of the
shock is created when ions are reflected at the shock and are then
accelerated parallel to the shock by the convective electric field
of the solar wind (Paschmann et al. 1982). They constitute a cur-
rent, which creates an increase in the magnetic field (Ampère’s
law). They gyrate less than a proton gyroradius (rgi) before they
return to the shock, which sets the thickness of the foot (Woods
1971, 1969; Gosling & Thomsen 1985; Livesey et al. 1984;
Balikhin et al. 1995; Burne et al. 2021). The ramp is a current
layer that gives rise to the largest jump in the magnetic field. It
is the thinnest region of the shock and measures a few electron
inertial lengths (c/ωpe) wide (Newbury et al. 1998; le Roux
et al. 2000; Hobara et al. 2010; Burne et al. 2021). Last, there is
the overshoot, which is defined by an increase in the magnetic
field following the ramp (Leroy et al. 1982; Livesey et al. 1982;
Mellott & Livesey 1987; Scudder et al. 1986). The overshoot is
created by the effect on the electrons of the E ×B drift along the
shock, while the ions are not affected because the width of the
layer is negligible compared to the ion gyroradius (Baumjohann
& Treumann 2012). This once again constitutes a current, which
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causes an increase in the magnetic field; this increase is the
overshoot. The width of the overshoot is on the scale of a
few proton-convected gyroradii (Livesey et al. 1982; Scudder
et al. 1986; Burne et al. 2021). As an example of these scales,
Burne et al. (2021) studied a quasi-perpendicular bow shock
crossing at Mars, where the lengths of the foot, ramp, and over-
shoot were 308±16, 2±1, and 1244±113 km, respectively, which
in physical scales corresponded to 0.60±0.04 rgi, 1.5±0.7 c/ωpe,
and 2.4±0.2 rgi. Fruchtman et al. (2023) conducted a statistical
study of the overshoot and magnetic field jump of the Martian
bow shock. They compiled a database with 3847 bow shock
crossings, with calculated average upstream values of the
plasma quantities and of the solar wind conditions such as the
Alfvén speed and the magnetosonic speed. We use this excellent
database in this study to investigate the width of the bow shock
regions for the quasi-perpendicular bow shocks of the dataset.

At Mars, however, the quasi-perpendicular bow shock often
defies predictions of its width. The quasi-perpendicular bow
shock at Mars is often wide, with a less clearly discernible
foot and overshoot. This is important because it implies that
the conditions at Mars create a behavior at the shock that can-
not be described by the above theory. Furthermore, the width
could affect processes at the shock, such as energy transfer of
the ions and their subsequent thermalization. Because the cur-
vature radius might affect the width, the parameters that affect
the stand-off distance are of interest because a larger stand-off
distance implies a weaker curvature. The magnetosonic Mach
number has also been found to affect the bow shock stand-
off distance at Mars, and Edberg et al. (2010) reported that an
increase in MMS causes a decrease in bow shock altitude. This
relation is linear. Furthermore, the authors found that at higher
Mach numbers, the bow shock showed a stronger flaring. The
relation between the bow shock location and MMS was found to
be similar to that at Venus, where a linear relation was found
previously. Another parameter of interest is the ratio of the fast
magnetosonic Mach number and the first critical Mach number,
Mfms
Mcrit

. At unity or larger, the energy can no longer be dissipated
only through resistivity, and other dissipation mechanisms, such
as particle reflection, will act (Kennel et al. 1985). The shock
structure therefore changes with this ratio, which might affect
the width of the shock region. Other drivers for the stand-off
distance include the dynamic pressure, Pdyn (Schwingeschuh
et al. 1992; Verigin et al. 1993; Edberg et al. 2009), and solar
extreme ultraviolet (EUV) irradiance (Edberg et al. 2009; Hall
et al. 2019).

Another possible cause can be seen at the bow shocks
of comets. Neubauer et al. (1993) found that bow shocks at
comets are often wider and more gradual than those seen at
planets, which is thought to be due to mass loading. Wide quasi-
perpendicular bow shocks have been observed at comet Halley
by the Giotto spacecraft (Coates 1995). As a result of the low
gravity of the comet, the coma extends far around the comet and
affects the solar wind far upstream of the comet. Based on the
similarities between Mars and comets, such as the ratio of the
gyroradius compared to the scale of the system, and based on
the extended exosphere that is due to weak gravitational forces,
it might be possible that something similar could affect the
Martian bow shock.

We study 2048 bow shock crossings that consist of all events
with θbn > 60◦ from the database of Fruchtman et al. (2023). We
quantify the shock region width as the distance of the location
at which the magnetic field increases from an upstream average
in the solar wind to the location where it decreases to a down-
stream average in the magnetosheath. Since wide bow shocks

have been observed at comets due to mass loading, we examine
the upstream ion density to determine whether mass loading is
more present for wider bow shocks. We assess whether factors
that affect the stand-off distance, such as MMS, Pdyn, and Mfms

Mcrit
,

also affect the width. Finally, we hypothesize that there will be
more time for the thermalization of ions in wider shock regions.
As a measure of thermalization, we investigate whether the dif-
ference between the upstream and downstream ion temperature
increases with width.

2. Instrumentation

The study is based on data from the Mars Atmosphere and
Volatile Evolution (MAVEN) mission (Jakosky et al. 2015),
using data from the period November 2014 to November 2019.
Magnetic field data were collected by the Magnetometer (MAG)
(Connerney et al. 2015). MAG measures the vectorial magnetic
field at a sampling frequency of 32 samples s−1, and it has a reso-
lution of 0.05 nT. The ion data were measured by the Solar Wind
Ion Analyzer (SWIA) (Halekas et al. 2015), a 2π non-mass-
resolving electrostatic analyzer that provides onboard calculated
solar wind plasma moments.

The moments were calculated under two regimes. In the
solar wind, the instrument operates in the so-called fine mode,
wherein the energy resolution is increased, while a decreased
angular resolution covers the majority of the distribution
(Halekas et al. 2015). In the magnetosheath, the instrument shifts
to coarse mode, in which the field of view is increased to accom-
modate the broader population, but the energy resolution is
decreased. The shift in mode accommodates the difference in
ion distribution before and after the bow shock, which increases
the reliability of the ion moments. The moments were calculated
under the assumption that all ions are protons. In the solar wind
and upper magnetosheath, this is a reasonable assumption given
that the population typically consists of 95% protons. Halekas
et al. (2015) estimated that this assumption causes an error of
about 3% (an underestimation of the density, and an overesti-
mation of the velocity) in the solar wind, which was deemed
negligible in this study.

Care has been taken to not use data during this mode shift of
the instrument, which occurs at the bow shock. The onboard cal-
culated second moment, that is, the temperature, was similarly
calculated under the assumption that all ions are protons. The
largest error stems from alpha particles, which appear as higher-
energy particles because their mass is higher, thereby raising
the average temperature. To investigate how large this error is,
we calculated our own temperature moment from the differen-
tial energy flux measured by SWIA, and we manually removed
the alpha-particle energy range where they were reasonably well
distinguished from the protons. The resulting temperature did
not vary significantly from the onboard calculated temperature,
and we therefore concluded that the SWIA onboard calculated
temperature moment can be trusted as long as the instrument is
in the mode that is most suitable at the spacecraft location. We
therefore used it in our study.

As plasma distributions are often anisotropic, we used the
temperatures in the directions parallel, T||, and and perpendic-
ular, T⊥, to the magnetic field. These were computed using the
magnetic field provided by MAG, which was first low-pass fil-
tered with a cutoff frequency of 0.1 Hz. The purpose of the
filtering is to limit the influence of waves and other noise in the
magnetic field on the temperature estimate.

In order to be able to separate different ion species,
the Suprathermal and Thermal Ion Composition (STATIC)
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Fig. 1. Quasi-perpendicular bow shock region with a width of 623 km. The spacecraft position at the time of the bow shock crossing (06:07:02) was
(−0.07, 1.23,−2.59)RM. The panels show (a) the ion-energy spectrogram, (b) the magnetic field components, (c) the magnitude of the magnetic
field, in black, and the filtered magnetic field, Bfilt, in red, with the upstream and downstream average being shown by the lower and upper horizontal
line, respectively, (d) the ion density, and (e) the velocity components. The leftmost and rightmost vertical lines in the panels signify the start and
end of the bow shock region, respectively. The middle vertical line signifies the bow shock crossing, as determined by Fruchtman et al. (2023). All
vector quantities are represented in the MSO coordinate system.

energy-mass electrostatic analyzer (McFadden et al. 2015) was
used to obtain upstream solar wind densities for a selection of
populations. STATIC resolves eight masses, 32 energies, and
16 azimuthal and 4 polar angles. From the differential particle
flux, we calculated the ion density, velocity, and temperature as
the zeroth, first, and second moment of the velocity distribution
function, respectively. The differential particle flux of the elec-
tron energy spectra was measured with the Solar Wind Electron
Analyzer (SWEA) (Mitchell et al. 2016). All quantities are pre-
sented in the MSO coordinate system, which is an orthogonal
coordinate system in which the positive x-axis points from the
center of mass of Mars toward the Sun, the y-axis is approxi-
mately opposite to the direction of the orbital motion of Mars,
and the z-axis points perpendicular to the plane of the Mars orbit
around the Sun.

3. Method

We analyzed the width of the bow shock region of 2074 cross-
ings. We made use of the database compiled by Fruchtman et al.
(2023). In their study, they used a range of algorithms to iden-
tify bow shock crossings between November 2014 and 2019.
Information on solar wind conditions, such as upstream density,
velocity, plasma beta, and the fast magnetosonic Mach number
(Mfms) for each crossing is included in the database. Further-
more, information on the shock is also included, such as θbn and
the angle between the IMF and the normal of the bow shock. In
our study, we investigated the width of the quasi-perpendicular
bow shock region, and we therefore chose only bow shock cross-
ings where θbn ≥ 60°. While the criteria for quasi-perpendicular
bow shocks are θbn ≥ 45°, we chose a higher limit to ensure
only quasi-perpendicular bow shock crossings were included, as
the methods for calculating θbn are not exact. Fruchtman et al.
(2023) calculated θbn by first calculating the normal using the

three mixed-mode coplanarity methods (Schwartz 1998) and
then averaging the results of the three methods. According to
Lepidi et al. (1997), the mixed-mode coplanarity method is one
of the most reliable single-spacecraft methods for calculating the
bow shock orientation, and it is aligned well with theoretical
predictions. The angle θbn was then calculated from the average
upstream magnetic field, and the normal.

The bow shock region is defined as the region in which the
plasma is immediately affected by the bow shock. We defined
this by using the upstream and downstream averages in the
magnetic field for each crossing in the database by Fruchtman
et al. (2023), and manually locating where the magnetic field is
increased from the upstream average, indicating a piling-up of
the magnetic field, and a return from the increased value of the
overshoot to the average of the downstream. Since the magnetic
field fluctuates at all times, we considered a smoothed magnetic
field, calculated as a running average over one minute. The width
of the region was then defined as the distance the spacecraft has
traveled between these times, projected on the bow shock normal
direction.

An example of this is shown in Fig. 1. Panel c shows the
magnitude of the magnetic field and the filtered |Bfilt|. The upper
horizontal line signifies the downstream average as calculated
by Fruchtman et al. (2023), and the lower horizontal line sig-
nifies the upstream average. The leftmost vertical line at time
06:02:39 shows where |Bfilt| has increased from the upstream
average, indicating the start of the bow shock region. Similarly,
at the rightmost vertical line at time 06:11:44, |Bfilt| decreases to
the value of the downstream average, marking the end of the bow
shock region. The width of the region is the distance traveled
by the spacecraft between these two times, which in this case
is 1637 km. The middle vertical line, at 06:07:02, marks the bow
shock crossing as identified by the algorithms of Fruchtman et al.
(2023). The ion spectrogram is shown in panel a, which shows a
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Fig. 2. Locations of the bow shock crossings. The panels show projections onto (a) the x–z plane, (b) the x–y plane, and (c) the y–z plane.

Fig. 3. Histograms of bow shock width. Panel a shows the width of the whole bow shock region, and panel b shows the width of the upstream and
downstream regions. The mean of the total width is 546 km, the upstream mean is 321 km, and the downstream mean is 227 km.

slight broadening of the spectrum at the leftmost vertical line,
indicating that the ion population diversifies from the narrow
solar wind beam. Panel b shows the magnetic field components,
which shows that the field is mostly directed in the x- and y-
direction. In panel d we plot the ion density, showing an increase
in density in the bow shock region and a decrease to downstream
values toward the end of the region. The final panel, e, shows
the ion bulk velocity, showing a decrease in vx and a increase in
vy and vz as the flow is decelerated and deflected. The magnetic
field, B, and the ion quantities reach a quasi-steady state at the
end of the bow shock region, indicated by the rightmost vertical
line.

We divided the width into an upstream and downstream
width to determine how much of the total width is attributable
to the region upstream of the crossing and how much to down-
stream of the crossing. This is defined as the region between the
upstream and downstream lines from the crossing time, respec-
tively. We were also interested in the conditions that affect this
width, and we therefore studied the correlation between the
width and the upstream ion densities, the magnetosonic Mach
number (Mms), the critical ratio ( Mfms

Mcrit
), the overshoot amplitude

(A), shock jump ( Bdown
Bup

), the dynamic pressure (Pdyn), and the
Mars solar longitude (LS ). Last, to investigate the impact of the
shock region width on thermalization, we investigated the rela-
tion between the width and ithe on temperature difference, ∆T =
Tdown – Tup.

4. Observations
In Fig. 2 the locations of the bow shock crossings are shown in all
three planes: (a) zx-plane, (b) yx-plane, and (z) zy-plane. For the
most part, the distribution of the crossings across the dayside is
even, with some minor bias. The yx-plane in panel b shows more
crossings in the positive y-hemisphere. The zy-plane in panel c
shows a clear orbit bias.

In Fig. 3 we plot the histograms of the shock region width.
Fig. 3a shows the total width of the region. Most of the shock
region widths are in the range 0–1500 km, with a mean of 546
km. The peak is around 500 km, and there are a few crossings
with a width of >1500 km. In Fig. 3b we divided the width into
upstream and downstream components. The distributions do not
differ significantly. Most of the widths are in the range of 0–
800 km. The mean of the upstream and downstream widths is
321 and 227 km, respectively. The downstream width distribu-
tion is slightly more narrow, with more events around the peak
of 200 km, but the total width is overall fairly evenly distributed
between upstream and downstream.

Fig. 4 shows the upstream ion density plotted over the shock
region width. We investigated the species H+, He2+, O+, and O+2 .
In the left column, the average upstream number density is plot-
ted for each species, and in the right column, the mass density
in amu is plotted. The figure shows no correlation between an
increased upstream density and the shock region width for any
species.
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Fig. 4. 2D histogram of the shock region width over the upstream ion densities. The color bar signifies the number of events per bin. The upper
and lower x-axis of the graphs shows the number and mass density, respectively. The panels show the following ion species: (a) protons, (b) alpha
particles, (c) oxygen, and (d) molecular oxygen.

In Fig. 5 we plot the bow shock region width over different
parameters. In Figs. a and b we plot the width over Mms and Mfms

Mcrit
,

respectively. For both parameters, higher values are correlated
with a larger width. In Fig. c we show the overshoot ampli-
tude in B for the shock region, A, over width. The correlation
between the shock region width and A is positive, where a larger
A correlates with a larger region width. This relation does not
hold for the shock jump, as shown in Fig. d, where no relation
between region width and shock jump can be discerned. How-
ever, a negative correlation is visible for the dynamic pressure,
Pdyn (Fig. e). The larger widths are all observed for lower values
of Pdyn, indicating that the dynamic pressure does not only com-
press the magnetosphere, but also the bow shock region. Last,
Fig. f shows that the shock width is apparently independent of
the season, as the shock region width does not vary significantly
with LS .

Fig. 6 shows the temperature over the width. The left column
(a, c, and e) shows the upstream temperature and its components
perpendicular and parallel to the magnetic field. The right col-
umn (b, d, and f) shows the difference between the downstream
and upstream value for the same parameters. The plots in the left
column show that the width is not affected by the upstream tem-
perature for the full temperature or its components. Similarly, the
right column shows no correlation between the difference in the
downstream and upstream temperature for an increasing shock
region width.

5. Discussion

We investigated the width of the Martian bow shock region by
quantifying the width, studying potential drivers, and investigat-
ing the potential consequence on thermalization.

We studied the width with a single spacecraft, and caveats
must therefore be discussed. The bow shock is known to move
and fluctuate, often at speeds much faster than the spacecraft
speed. It is therefore difficult for a single spacecraft to mea-
sure the width, as the measured region depends on its movement,
which cannot be determined with one spacecraft alone. However,
we studied the distance traveled by the spacecraft over several
minutes. The shock is unlikely to travel with a single speed in
one direction during that time, but is more likely to fluctuate
around some equilibrium point. We argue that during the dura-
tion of the spacecraft travel, the overall structure of the bow
shock region is the same, and that fluctuations can be ignored.
In the bow shock crossing shown in Fig. 1, what is most likely
fluctuations of the bow shock can be seen in the ramp around the
crossing, and also a minute later. These fluctuations are unlikely
to largely affect the width of the whole measured region. Given
the size of the dataset, and the correlation with upstream param-
eters, a meaningful analysis can probably be made even with
single-point measurements.

For the shock region width, most events fall into the interval
0–1000 km, with a mean around 500 km. The shock ramp itself
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Fig. 5. 2D histogram of the shock region width over various parameters. The color bar signifies number of events per bin. The panels show the
following parameters: (a) the magnetosonic Mach number, Mms, (b) the critical ratio, Mfms

Mcrit
, (c) the overshoot amplitude, A, (d), the shock jump,

Bdown
Bup

, (e) the dynamic pressure, Pdyn, and (f) the Mars solar longitude, Ls.

only constitutes a smaller part of this width, with the foot and the
overshoot taking up a majority of the width. Fig. 3b also showed
that the shock affects the solar wind and the magnetosheath to a
similar extent, meaning that the foot and the overshoot extend to
a similar distance.

Based on the results of this study, it seems unlikely that mass
loading affects the width of the bow shock region. Fig. 4 showed
that a larger width does not correlate with a higher upstream den-
sity for any species. The largest widths seem to occur for low
upstream densities. This differentiates Mars from bodies with
a similar ratio of the gyroradius to the magnetosphere, such as
comets, where mass loading is one of the main drivers of the
magnetosphere structure.

The upstream parameters in Fig. 5 show that the parameters
that affect the stand-off distance seem to be correlated with a
wider shock region. The magnetosonic Mach number is known
to correlate with the stand-off distance, with larger Mms causing

a smaller stand-off distance. Our results suggest that a larger Mms
also increases the shock region width. Interestingly, a higher Mms
pushes the bow shock toward the planet and causes the width to
increase. As discussed previously, for Mfms

Mcrit
> 1, the resistivity

cannot account for all the energy dissipation. Panel b shows that
similarly to panel a, the width increases for an increasing ratio.
This indicated that the shock region width increases as other
energy dissipation mechanisms become stronger. For a critical
ratio lower than unity, when resistivity is enough to dissipate the
energy of the shock, no particle reflection is needed to dissipate
the energy, and lacking one structure of the shock (the foot), the
shock is therefore more narrow. A possible explanation could be
that for a higher critical ratio, more particles are reflected, some
of which with a higher energy with a larger gyroradius, and the
foot therefore extends farther.

The shock region width appears to correlate with overshoot
amplitude, as indicated by panel c in Fig. 5. This is what we
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Fig. 6. 2D histogram of the shock region width over temperature. The color bar signifies the number of events per bin. The left column shows
the upstream temperature and the temperature components perpendicular and parallel to the background magnetic field. In the right column, the
difference between the downstream and upstream temperatures is shown, also for the total temperature and for the components.

would expect because Fruchtman et al. (2023) found that the
overshoot amplitude was positively correlated with Mms and with
Mfms
Mcrit

. This might either indicate that the two are coupled, or that
the factor that affects the overshoot also affects the region width.
The shock jump, however, does not seem to be correlated with
the shock region width.

The dynamic pressure, Pdyn, is another solar wind property
that affects the stand-off distance and also affects the region
width. In Fig. 5, the shock region width is seen to decrease for
higher Pdyn. Once again, this is intuitive, as a higher dynamic
pressure compresses the magnetosphere of Mars, and as seen in
our results, the bow shock region as well. Last, the dependence
on the season is weak, as shown in panel f of Fig. 5. The spread
is slightly larger and the values around the southern summer sol-
stice are higher (LS ~270°). As Mars approaches the Sun, the
radiation increases, and so does the ionization rate in the Mar-
tian magnetosphere (Sánchez-Cano et al. 2016). As the number

of ions increases, so does their thermal pressure, and the stand-
off distance of the bow shock increases (Ramstad et al. 2017).
The extreme-UV flux is a secondary driver of solar wind condi-
tions such as Mms (Garnier et al. 2022), however, and a weaker
effect is therefore expected.

It was theorized that a larger region width would lead
to a stronger thermalization of solar wind ions, and that
the temperature in the magnetosheath would increase more
for a wider shock region. The results of this study do not
support this theory. Figs. (6b,d,f) shows no increase in ∆T
for wider shocks for the full temperature or its components.
The histograms of the parallel and perpendicular temperatures
are also very similar, indicating little temperature anisotropy.
The reverse, that the width would be affected by the tem-
perature, does not seem to be the case either. Figs. (6a,c,e)
shows that the width is largely unaffected by the upstream
temperature.
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6. Summary and conclusions

We have quantified the width of 2074 quasi-perpendicular bow
shock regions. The bow shock region was defined in the follow-
ing way: it starts where the upstream magnetic field increases
from the upstream average, indicating a pile-up of the magnetic
field, and it ends where the overshoot decreases to the value of
the downstream average, indicating the end of the overshoot.
Furthermore, we analyzed the upstream conditions and studied
the temperature difference before and after the shock. We found
that the width is correlated with the magnetosonic Mach number,
Mms, the critical ratio, Mfms

Mcrit
, and the overshoot amplitude, A. The

width is anticorrelated with the dynamic pressure, Pdyn. This is
in line with the hypothesis that the factors that affect the stand-
off distance (Mms and Pdyn) also affect the shock region width.
As the width was also positively correlated with the overshoot
amplitude, A, it follows that it was also correlated with Mfms

Mcrit
,

as they were shown to be correlated (Fruchtman et al. 2023).
Mass loading, measured as the upstream ion density of H+, α-
particles, O+, and O+2 , was not found to affect the width. The
difference in the downstream and upstream temperature was not
correlated with the shock region width either. While the results
of this study show clear relations between the upstream condi-
tions and the shock region width, a study of the variability of
the width of the shock structures could be conducted when mul-
tipoint measurements at Mars become available, such as with
the arrival of ESCAPADE (Lillis et al. 2022), or potential future
multispacecraft missions (Lillis et al. 2021; Larkin et al. 2024).
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