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Key Points:

e Observations of H brightness at high
altitude in Mars' atmosphere during
aphelion solar minimum show an
abrupt slope change above 5,000 km

e Hot H atoms produced via solar wind
charge exchange can reproduce the
observed profiles, providing evidence
for nonthermal hydrogen

e Since this escape scales with solar
wind flux, elevated loss rates early
in Mars' history could result in much
larger overall water loss
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Abstract Atomic H is a direct tracer of water loss at Mars. The recent discovery of annual enhancements

in its escape rate near perihelion, in excess of the previously established theory, indicates that Mars has

lost substantial amounts of water to space. However, these loss rates are often estimated assuming thermal
properties for the exospheric H atoms and are therefore a lower limit. Past analyses of spacecraft observations
delivered indirect evidence for the existence of an energetic non-thermal H population without a clear detection.
Here, we present the unambiguous observational signature of non-thermal H at Mars, consistent with solar wind
charge exchange as the primary driver for its production. The calculated non-thermal escape rates are as high as
~26% of the thermal rate near aphelion and solar minima. An active Sun would increase the present-day escape
rate and a younger energetic Sun likely contributed toward the significant historic loss of water from Mars.

Plain Language Summary The total water lost by Mars is determined by calculating the number
of H atoms permanently escaping its upper atmosphere into space at present and extrapolating it back in time.
The present-day escape rate of H does not account for energetic H atoms, which were postulated to exist but not
previously observed to date. Such a population would enhance the H escape rate further, thereby increasing the
total volume of the water lost by Mars. This work presents the first confirmed signature of energetic H atoms
in the atmosphere of Mars and finds that interaction of the neutral H population in its uppermost atmospheric
layer, that is, its exosphere, with the solar wind results in its creation. The amount of energetic H atoms
produced depends on the Mars' atmospheric conditions such as temperature and density of neutral H atoms in
the exosphere, solar activity, and Mars' position around the Sun. Since the younger Sun was much more active
than today, it is likely that the interaction of an early Martian exosphere with the stronger solar wind resulted
in the loss of a larger fraction of H atoms into space than has been estimated to date.

1. Introduction

Water loss from Mars has been the subject of intense scrutiny in the past few decades. Surface geological features
stipulate that Mars was host to large lakes and streams early in its evolutionary history (Baker, 2001; Ehlmann
et al., 2011; Jakosky & Philips, 2001; Ojha et al., 2015). Today's Mars is dry and barren. Loss of its global
magnetic field and its once thick CO, atmosphere facilitated the slow escape of the planet's water inventory into
space, to some extent, over a timeframe of several billion years (Jakosky et al., 2018). At present though, accurate
knowledge of the water reserves once possessed by Mars and the percentage lost to space is lacking. Estimates
from mapping the D/H ratio of near-surface water quote a global equivalent layer (GEL) of ~140 m hosted
by nascent Mars, whereas remote sensing measurements of its exosphere advocate a GEL of ~23 m (Jakosky
et al., 2018; Villanueva et al., 2015). The GEL describes the thickness a certain volume of water would have if
it were spread evenly over all of Mars's surface. This large discrepancy between the surface and remote sensing
estimates is due in part to factors that are unaccounted for in the remote sensing analyses. One of them is the
assumption that the hydrogen atoms at Mars, the primary source of which is photodissociated water vapor, are
only undergoing escape from its exosphere based on the velocity distribution at the inferred bulk gas temperature,
that is, thermal escape.

The highly expansive Martian exosphere was first discovered by the Mariner 6 and 7 probes in the late 1960s
and early 1970s through the detection of the resonantly scattered solar Lyman o photons by its H atoms at
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altitudes of ~8.8 Ry, .. (Barth et al., 1969, 1971). Since then, martian exospheric characterization has made
remarkable headway using the same remote sensing technique. Analysis of the Lyman o emission line observed
with far-ultraviolet imaging using the Hubble Space Telescope (HST) and Mars Express (MEX) determined an
order of magnitude change in the thermal H escape flux during the southern summer season (Bhattacharyya
et al., 2015; Chaffin et al., 2014; Clarke et al., 2014), with the peak escape occurring around Southern Summer
Solstice, that is, when the south pole is at its highest sunward tilt (Bhattacharyya et al., 2017b). This trend was
also identified by the Mars Atmosphere and Volatile Evolution (MAVEN) mission, which furthered the timeline
of the observations over multiple Mars Years and confirmed a similar behavior for the deuterium atoms (Clarke
et al., 2017; Halekas, 2017; Mayyasi et al., 2019, 2022). Despite all these discoveries, none could establish unam-
biguous evidence for the presence of energetic non-thermal H atoms in the exosphere of Mars.

Non-thermal H atoms are atoms created via non-thermal processes with velocity distributions that do not obey
the standard Maxwell-Boltzmann profile. These atoms may have higher energies compared to thermal H in plan-
etary exospheres and are therefore often referred to as hot atoms. Various processes may give rise to non-thermal
H in planetary exospheres, the most influential among those being exothermic/photochemical reactions with H
bearing species close to the exobase (boundary between the collisional and collisionless atmosphere), collisions
between other non-thermal species and thermal H atoms, and charge exchange between thermal H and incident
solar wind protons. All these processes are active at Mars. However, little is known about the exact contribution of
each process in the production of the Martian exospheric non-thermal H atoms as no direct detections of energetic
H were made until this work.

The first indirect indicator of non-thermal H at Mars was inferred during the analysis of MEX observations
of the Martian exospheric Lyman a emission (Chaffin et al., 2014; Chaufray et al., 2008). Well appropriated
temperature boundaries (~170-350 K) for the thermal H atoms, determined from thermospheric observations
and Global Circulation Models, could not reproduce the MEX Spectroscopy for the Investigation of the Atmos-
phere of Mars instrument's Lyman « intensity profiles (Bougher & Keating, 1999; Bougher et al., 2009; Leblanc
et al., 2006, 2007). Instead, a substantially higher temperature (>350 K) was required to match the observed
intensities. The same was true for the HST observations of Mars (Bhattacharyya et al., 2015, 2017a, 2017b;
Clarke et al., 2014). Attempts at spectrally separating an energetic population from the dominant thermal H
atoms did not yield any positive results as the temperature difference between the two was not large enough to be
observed as perceivable Doppler broadening within the spectral resolution of the available instruments.

An alternate means toward isolating energetic non-thermal H is to discern a transformation in the slope of the
Lyman a intensity profile as the mean atmospheric scale height, that is, the distance over which the atmospheric
density falls by a factor of an exponent, transitions from being thermally dominated to becoming non-thermal H
dominated at high altitudes. This is a well-known characteristic of the Lyman « profiles of Venus (Anderson, 1976;
Bertaux et al., 1978; Chaufray et al., 2012). The density distribution of the thermal H atoms declines rapidly with
altitude at Venus due to its substantial gravity in comparison to Mars. The larger scale height of the Martian
exosphere due to the low gravity results in a more gradual decrease of the H density profile making it difficult to
observe the transition altitude above which energetic non-thermal H becomes dominant.

To test for the presence of an extended non-thermal H corona at Mars, HST observations specifically tailored
toward detecting this population were scheduled during the end of 2017 and beginning of 2018. This work
presents those observations and their detailed analysis to positively identify the presence of non-thermal H atoms
on Mars, characterize them, and determine their role in the water loss history of the planet.

2. HST Observations of Mars

The martian exospheric Lyman a emission was imaged using the Advanced Camera for Surveys—Solar Blind
Channel (ACS-SBC) onboard the HST. The ACS-SBC instrument is a broadband imager optimized for the
far ultraviolet wavelength range of 115-170 nm. The sensitivity of the ACS-SBC detector at Lyman a is well
constrained through an independent HST observing campaign (Bhattacharyya et al., 2020).

The HST observations consisted of 300 s exposures of Mars with a clear filter which allows Lyman o and another
that blocks it out. The scaled difference of the two images contains only the Lyman a emission above the limb
of Mars. The disk, however, is too noisy to be used after the subtraction process because of FUV emissions from
oxygen, and nitrogen which dominate the thermospheric altitudes at Mars. The density of the heavier species
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HST Dayside Profiles
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Figure 1. (a) The final reduced Advanced Camera for Surveys—Solar Blind Channel image of the martian Lyman a
emission for 31 December 2017. The two parallel black lines are dead anodes on the detector. The disk of Mars is noisy as the
difference between the clear and filtered image is very small. The blue lines mark the +45° angle around the sub-solar point
wherein pixels within the same angular distance from the disk center were averaged to obtain the Lyman o intensity profile
with altitude at Mars. (b) The intensity profile with altitude constructed for the three Hubble Space Telescope visits ranging
from 1 Ry, (0 km) to 11.32 Ry, . (35,000 km).

falls off rapidly due to their smaller scale height, and above ~1,000 km the signal from H Lyman « is >90% of
the total signal measured as H is the dominant species everywhere at and above that region (Krasnopolsky, 2010).

Lyman o emissions from background sources like the geocorona and the interplanetary hydrogen vary with
HST's position in its orbit and its look direction. This background manifests itself as a constant value on top of
the Mars Lyman «a signal. The geocoronal intensity may vary from ~1 kR on the anti-sunward side to ~30 kR on
the dayside depending on solar activity across HST's orbit (Bhattacharyya et al., 2020; Waldrop & Paxton, 2013).
Therefore, to quantify this constant background a separate HST orbit observing the blank sky 5 arcminutes away
from Mars was included as part of the observing campaign. Since each visit consisted of ~11 images of Mars with
the clear filter, corresponding images from the sky orbit were used to estimate the background Lyman « intensity
for each Mars image (values between 2 and —20 kR), which was then subtracted off from them. The final reduced
image containing only the Martian exospheric Lyman o emission is shown in Figure 1a. The ACS-SBC image
reduction procedure is detailed in Clarke et al. (2009).

Due to the large scale height of thermal H in the Martian exosphere, the HST observations were executed during
low solar activity (F,,, < 80 at Earth) and at orbital longitudes closest to Mars' aphelion (L, = 71°) given HST's
scheduling constraints. These observing conditions ensured colder temperatures for the thermal H atoms and
therefore a reduced scale height. The Earth-Mars distance was also greater than 1.5 AU, enabling the global imag-
ing of the Martian exosphere up to altitudes of ~33,000 km. The observations were executed as three separate
visits over a period of 2 months beginning on the last day of 2017. Table 1 details the exact observing conditions.

Radial intensity profiles, in kilo-Rayleighs (1 kilo-Rayleigh = 10° photons/cm?/s), were constructed by taking a
+45° angular slice around the sub-solar point in the final reduced images. This technique averages the pixel inten-
sities equidistant from the planet's center to construct the altitude profile. Since the number of pixels increases
with distance from planet center, this method allows for a better signal-to-noise ratio at higher altitudes where the
photon count in each pixel is small.

The profile for each observation day displays an abrupt change in slope between 5,000—10,000 km, as shown in
Figure 1b. At these altitudes, the mean scale height of the atmosphere starts transitioning from being thermal H
dominated to non-thermal H dominated and is similar to the double sloped profiles observed at Venus (Chaufray
et al., 2012). For plotting purposes, Figures 2a—2c show the mean of the three observations and their correspond-
ing model fits, instead of the individual days, for better visibility of the profile shape at high altitudes. The anal-
ysis was done for each observation independently.

The ACS-SBC instrument is a photon counting Multi Anode Microchannel Array detector with very low dark
current (8.52 x 107 counts/s/pix) and zero read noise. The quantum efficiency of the detector is ~34% at Lyman
a (Ryon et al., 2023). Hence, the noise contribution from the detector itself is very small. The total uncertainty
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Table 1

Hubble Space Telescope Observing Conditions and Thermal H Fit to the Data

Observation Date  Sun— Earth— Fias Exobase "Escape flux of
Mars Mars solar Mars index  temperature for “Best-fit thermal  thermal H from

distance  longitude  distance at thermal H at H density at the  the exobase (X107

Day of year (AU) (L) (°) (AU) Earth SZA = 0° (K) exobase (cm™) atoms/cm?/s)

12/31/2017 1.63 108 1.96 71 271 42,700 + 2,300 8.06 + 0.43

365

01/13/2018 1.62 114 1.85 71 218 68,600 + 8,200 3.86 + 0.46

013

02/10/2018 1.59 128 1.58 78 190 83,600 + 5,400 1.88 +0.12

042

aUncertainties derived from Xriin + 1 from the radiative transfer (RT) model thermal H fits to the HST data. ®Uncertainty
calculated from the thermal H exobase density limits given in the seventh column.
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Figure 2. (a) The radiative transfer model best-fit to the Hubble Space Telescope (HST) data considering only thermal H atoms in the Martian exosphere. (b) The
model fit to the data upon adding a non-thermal H population at a mean temperature of 600 K in the Martian exosphere to the thermal H intensity shown in panel

(a). (c) An improved fit to the data by 6% at altitudes between 12,000-30,000 km upon including the high energy tail of the velocity distribution of H atoms with a
10,000 K Maxwellian. The uncertainty in the data values is <30% for the HST observations and is represented by the light gray shaded region in panels (a—d). The
Maxwellian functional fits to the non-thermal H speed distribution obtained from the Monte Carlo (MC) model at an altitude of 240 km, which is close to the 200 km
exobase altitude for Mars assumed in the thermal H model. The model curve (gray) is noisy because of the inherent randomness of the MC modeling process and the
small number density of hot H atoms.
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in the derived intensity values in the final altitude profiles is ~25%-30% for the highest altitudes (>20,000 km)
with values <5% at the lower altitudes (<5,000 km). This uncertainty is represented as a gray-shaded region in
Figures 2a—2c.

3. Modeling the Thermal H Distribution in the Exosphere of Mars

The density distribution of the H atoms corresponding to the observed intensity in the HST images are non-linearly
related at altitudes below ~20,000 km. Here the Lyman « emission is optically thick, that is, the solar photons
are resonantly scattered in random directions by multiple H atoms before reaching the observer. A RT model that
accounts for the scattering probabilities is required to accurately estimate the line-of-sight Lyman « emission
intensity. For this analysis, an existing RT model, previously used to study the martian Lyman « emission has
been used to simulate the observed intensities (Bhattacharyya et al., 2015, 2017a, 2017b; Clarke et al., 2017).
This model assumes spherical symmetry and an isothermal exosphere, which works well for the observed high
altitudes with HST (Bhattacharyya et al., 2020). The model also assumes a Maxwellian velocity distribution for
the H atoms at the exobase (thermal H atoms).

RT modeling of the optically thick Lyman o emission results in a degeneracy between its two free parameters,
temperature and number density of the thermal H atoms at the exobase (Bhattacharyya et al., 2017a; Chaffin
et al., 2018). This degeneracy is broken by independently determining the thermospheric temperature at Mars
and assigning it to be the mean temperature of the thermal H atoms at the exobase, as has been done in previous
studies (Bhattacharyya et al., 2015, 2017a, 2017b; Clarke et al., 2017; Mayyasi et al., 2018, 2019, 2022).

The majority of thermal H at Mars is created via photodissociation of water vapor over a range of altitudes
(40-80 km). H as H, is then transported via both diffusion and bulk dynamics to the upper thermosphere and
re-converted back into atomic H in ionospheric reactions (Hunten & McElroy, 1970; McElroy & Donahue, 1972;
Parkinson & Hunten, 1972). Due to this, the H atoms are expected to be in thermal equilibrium with the thermo-
sphere where the collision frequency with CO, is still large in comparison to the exobase altitude (~200 km). There-
fore, the Martian thermospheric temperature is a close estimate of the thermal H mean temperature at the exobase.

For the first two HST observations, the thermospheric temperature was determined from MAVEN's Extreme
UltraViolet Monitor (EUVM) occultation measurements near the terminator (Thiemann et al., 2018). This
temperature was then converted to the sub-solar point value using the temperature versus solar zenith angle
(SZA) curve established at Mars from MAVEN's Neutral Gas and Ion Mass Spectrometer (NGIMS) measure-
ments (Bhattacharyya et al., 2020). Due to MAVEN's precessing orbit and its unfavorable observing geometry,
the thermospheric temperature for the last HST observation could not be obtained from EUVM measurements.
Instead, the Mars-Planetary Climate Model (Mars-PCM) was used to obtain the thermospheric temperature at the
sub-solar point (Forget et al., 1999; Gonzalez-Galindo et al., 2009). The exobase temperature at Mars does not
vary much with SZA < 60° on the dayside (Bhattacharyya et al., 2020; Mayyasi et al., 2022; Stone et al., 2018).
Since the HST profiles are on the dayside around the subsolar point (+45°), the above-described temperatures are
a good estimate for the exobase in the spherically symmetric RT model.

The density distribution of thermal H atoms that best matched the HST observations was determined using the
RT model. Simulated Lyman « intensities for different thermal H exobase densities were fit to the data with the
constraint that the modeled intensity cannot exceed the observed intensity up to an altitude of ~2,700 km, where
>90% of the H atoms were assumed to be thermal. This constraint is to ensure that more weight is given toward
fitting the simulated values of the “thermal H only” model to the observed intensities at altitudes <5,000 km,
where most of the thermal H atoms reside. The best-fit density was determined through y2 minimization (Chaufray
et al., 2008). The altitude of ~2,700 km was chosen as it was the highest altitude with the lowest ¥ up to which
the mean of the modeled intensity did not exceed the mean of the observed intensity for all the observations.
Figure 2a displays the best-fit model intensity for thermal H plotted against the HST data. The uncertainties in the
derived density were determined from the maximum and minimum bound of the range of densities encompassed
by )(iin + 1for the model fit. Table 1 lists the corresponding H exobase densities for the three HST observations.
The thermal escape flux in Table 1, @,,, .. is calculated using the Jeans formulation:

n(Fexo) € *exo U,
Dreans = M (Aexo + 1) €8

27
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In the above equation, Uth is the most probable Maxwellian velocity for the H atoms given by U, = 4/ 2k Texo JAexo

2
s = =" with v__ being the parabolic escape velocity for
U2k Texo rexo esc

is a dimensionless parameter given by, Aexo =

hydrogen, G as the universal gravitational constant, M the mass of Mars, k, as the Boltzmann constant, T, as the
temperature at the exobase, n the number density of H, and r,, as the altitude of the exobase. The error bounds
are calculated from the density bounds for the three observations. As is evident from the figure, the modeled
intensity fails to reconcile with the observed intensity at higher altitudes. The discrepancy increases with altitude
and is larger than the uncertainty in the data values. We attribute this difference in intensity to the presence of

non-thermal H atoms, which was not accounted for in the modeling process.

4. Non-Thermal Hydrogen in the Martian Exosphere

Many attempts have been made in the past to understand the major processes that produce non-thermal H at
Mars. An earlier study that focused on the production of hot H via exothermic reactions derived a hot to cold
density ratio of ~10~* for low solar activity at the exobase (Lichtenegger et al., 2006; Nagy et al., 1990). This
density of hot H is much too small to explain the discrepancy between the model and the HST data. A similar
result was obtained for the production of hot H via photochemical reactions at Mars (Gregory et al., 2023; Groller
et al., 2015). A separate study dedicated toward understanding the production of hot H from collisions between
thermal H and non-thermal O also predicted small ratios of energetic to thermal H densities (Shematovich, 2013),
thereby disfavoring this mechanism as well. By contrast, the efficiency of the solar wind charge exchange process
with exospheric thermal H and the resulting non-thermal H atoms created via secondary collisions (Bisikalo
et al., 2018; Shematovich, 2013, 2021; Shematovich & Bisikalo, 2020, 2021) does appear to provide the needed
number of hot atoms to explain the HST observations (exobase density ratio of hot to cold ~10~3). Hence, for
this study, we have focused on the third mechanism, the creation of non-thermal H through charge exchange with
solar wind protons at Mars.

The non-thermal H density distribution at Mars is determined through 1D Monte Carlo (MC) modeling (Bisikalo
et al., 2018; Shematovich, 2013, 2021; Shematovich & Bisikalo, 2020, 2021). The 1D model does not incor-
porate the increase in the volume of each voxel with altitude appropriate for spherical geometry, which may
overestimate the number of non-thermal atoms by a factor (+/Ry,.)* Including this change in volume may also
result in the overproduction of energetic neutral H atoms from the solar wind charge exchange process, which
then collide with thermal H to create non-thermal H atoms. The exact balance of the two factors and their effect
on the true shape of the non-thermal H distribution profile is unknown at present. Such an undertaking requires
extensive modeling and is beyond the scope of this study. However, the conclusion of this study is not expected
to change significantly due to this modeling deficiency.

There are several inputs to the model: the thermal H density determined from the initial RT modeling of the
data (Table 1), the upstream solar wind proton flux measured using the MAVEN Solar Wind Ion Analyzer
instrument and displayed in Figure 3a, the temperature profile determined from the analytical expression of
Krasnopolsky (2010), and the background atmospheric density for the major species CO,, N,, and O at Mars. The
background temperature and density for the HST observations are displayed in Figure 3b.

The density of the background species was determined using the NGIMS instrument on MAVEN in conjunction
with an atmospheric model (Matta et al., 2013; Mayyasi et al., 2019). The NGIMS observations were of CO, and
Ar conducted on 17 December 2017, the closest date to the HST observations where the MAVEN periapsis was
on the dayside allowing better constraints on the background atmosphere at low SZA. The background atmos-
phere was assumed to be unchanging for the period of the HST measurements. Even though this assumption is
likely incorrect, specifically with regards to the scale height of the atmosphere due to the varying temperature
profile, this effect was neglected in the analysis since no measurements exist for the HST observations. Also, the
effect of the bulk atmospheric constituent and the primary Lyman o absorber, CO,, at Mars, is less than 1% above
altitudes of 2,000 km (Chaufray et al., 2008).

The final-derived density of non-thermal H atoms from MC modeling is displayed in Figures 3c—3e. The calcu-
lated profiles indicate that non-thermal H is a significant constituent of the total H population at altitudes above
20,000 km for the three HST observations.
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The energetic and thermal H densities were then used in the RT model to simulate the observed intensity and
compared with the data. For the RT simulation, the thermal and non-thermal populations were considered to not
radiatively interact with each other. The RT model operates on the assumption that all H atoms obey the Maxwell
Boltzmann (MB) velocity distribution at the exobase (Thomas, 1963). Since the hot H atoms were created via a
non-thermal process and do not obey the MB distribution shape, a best-fit MB function of ~600 K was substi-
tuted in the RT model to represent them, as shown in Figure 2d. The resulting total intensity from the RT model
successfully resolved the large discrepancy between the data and the model (Figure 2b). However, this modeled
intensity was still below the observed value above 10,000 km. A second attempt at including the high energy
tail of the non-thermal distribution fitted with a 10,000 K Maxwellian lowered the difference between data and
model by 6% at higher altitudes (Figure 2c). This indicates that the higher energy atoms mostly reside at the
largest altitudes, further confirming that the registered signal at altitudes >20,000 km is mostly from non-thermal
H. Any leftover discrepancy is attributed to modeling shortcomings like not treating the non-thermal population
accurately in the RT model, that is, assuming a photon redistribution function for a Maxwellian for the scattering
process even though the actual velocity distribution of the particles is not Maxwellian, neglecting the contribu-
tion from other non-thermal processes, specifically HCO™" dissociative recombination (Gregory et al., 2023), and
inaccurate background atmospheric characteristics.

The escape rate of non-thermal atoms is determined from the MC model, which tracks the trajectories of the
individual particles as a function of time. These escape rates with altitude are shown in Figure 3f. The Jeans
escape formulation cannot be applied to this population as they do not obey the Maxwellian distribution. The
mean escape rate for these hot atoms (calculated from the values in Figure 3f) from all altitudes amounted to
~2.4 %108, ~9.9 X 10°, and ~4.9 x 10 atoms/cm?/s for 31 December 2017, 13 January 2018, and 10 February
2018, respectively. These escape rates when compared to the thermal rate (Table 1) indicate that the non-thermal
escape fraction reached as high as ~26% of the thermal escape fraction from Mars under low solar activity
conditions and colder thermospheric temperatures for the Martian atmosphere relative to those around perihelion.

Among the three HST visits, the upstream solar wind proton flux was highest on 13 January 2018. The altitude
at which non-thermal H density exceeds the thermal H density (~20,000 km) is also lowest on 13 January 2018.
The 31 December 2017 date had the lowest upstream solar wind proton flux and the non-thermal H dominated
altitudes were above 30,000 km and outside the field of view of HST. The exobase temperature was also the
highest for that day, resulting in the largest scale height for thermal H among the three visits. This suggests that
both the properties of thermal H, that is, its exobase density and temperature, and the upstream solar wind proton
flux at Mars are contributing factors toward determining both the changeover altitude above which non-thermal
H dominates and the escape flux of the non-thermal atoms from Mars.

5. Discussion

Determination of the actual amount of water lost by Mars has been a longstanding issue as has been mitigating
the discrepancies between the surface D/H GEL value and the remote sensing GEL value. Discovery of an ener-
getic H population in the Martian exosphere is a step in the right direction for resolving the GEL discrepancy and
gaining a better understanding of the total water lost by Mars. The presence of this population also has significant
impact on the exospheric dynamics (e.g., non-Maxwellian atoms change the velocity distribution and thereby
shape of the emission line with altitude) of Mars and will likely shorten the timeline of the water escape history
of the planet.

Hot H is present in the exospheres of all terrestrial planets in our solar system (Bhattacharyya et al., 2015;
Chaufray et al., 2012; Qin & Waldrop, 2016). However, not much is known about the origin of this energetic
population at present at all planets. At Mars, we find that the solar wind charge exchange is a viable mechanism
for the creation of this population and could be a potential driver for other planets as well. Increased solar activity

Figure 3. Panel (a) shows the Mars Atmosphere and Volatile Evolution (MAVEN)-Solar Wind Ion Analyzer measurement of the solar wind proton flux at Mars for

the three Hubble Space Telescope (HST) observation days. Panel (b) shows the background atmosphere constructed from MAVEN's Extreme UltraViolet Monitor and
Neutral Gas and Ion Mass Spectrometer (NGIMS) instruments used in the modeling process. The T, (dashed curve), T, (dot-dash curve), and T, (dot-dot-dot-dash
curve) correspond to the atmospheric temperatures for 31 December 2017, 13 January 2018, and 10 February 2018. The O, CO,, and N, densities were determined
from NGIMS measurements on 17 December 2017. Panels (c—e) show the thermal H density distribution obtained from radiative transfer modeling and the non-thermal
H density distribution determined from the Monte Carlo (MC) model for the three HST observation days. The black line in the three figures represents the sum of the
thermal and the non-thermal H densities. Panel (f) represents the non-thermal H escape flux calculated from the MC model as a function of altitude.
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would therefore have a significant impact on the H escape rate at Mars and so would the injection of more H
atoms above the exobase. Further study of this population has to be conducted during Mars' perihelion season,
which is also the dust storm season (L, = 180°-330°), when both the thermal H density and the upstream solar
flux are higher. Because non-thermal H is created by energization of thermal H through collisions with the ener-
getic neutral H atoms generated from charge exchange with the solar wind, as shown in this work, it is expected
that the non-thermal escape rate would be higher during the perihelion season, thereby increasing the water
escape rate during a Mars year.

In the past, when the Sun was younger and more active, the solar wind charge exchange rate with the neutral
exospheric H atoms was likely higher, resulting in enhanced water escape for the planet. This implies that Mars
could have probably lost most of its water early in its evolution, and the amount that remains buried in the
crust today (100-1,500 m GEL) found from geological studies (Carr & Head, 2003; Clifford & Parker, 2001;
Di Achille & Hynek, 2010; Korokawa et al., 2014) is likely closer to the lower end of the estimate. Therefore,
elucidating the behavior of the energetic H atoms is key to extrapolating back in time to understand the history of
water escape from the red planet as well as the possibility of the existence of life on it.

Data Availability Statement

The HST data used in this analysis can be found in the HST MAST archive through the link https://mast.stsci.edu/
search/ui/#/hst/results ?proposal_id=15097. The MAVEN data used in this study are publicly available through
the NASA Planetary Data System (PDS) archive's Atmospheres node at https://pds-atmospheres.nmsu.edu/
data_and_services/atmospheres_data/MAVEN/maven_main.html. The radiative transfer model source functions
are available in Bhattacharyya et al. (2023a). The data presented in the figures are available in Bhattacharyya
et al. (2023b).
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