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We present simulations of the thermal and nonthermal escape processes for H and D, under atomic, molecular
and ion forms at Mars during spring equinox. These processes include Jeans escape, several photochemical re-
actions and the escape associated to the solar wind interaction with Mars. While the hydrogen escape is domi-
nated by the atomic Jeans escape, we find that the deuterium escape is dominated by the photochemical atomic
escape. Ions escape represent only 10% of the total escape for both species and is mostly due to charge exchange
between neutral and solar wind protons. Including all the processes, we find a D/H fractionation factor (D/H
escape ratio divided by the D/H atmospheric ratio) f = 0.04, with a main uncertainty associated to the elastic
collisional cross sections needed to accurately derive the photochemical escape rate. Using this fractionation
factor and considering a 30 m exchangeable reservoir of water, the average hydrogen escape rate needed to
fractionate the Martian water from its primordial value to its current D/H value during the last 4.5 Gyr is ~1.0 x
10%® 571 which is larger than the current average escape rate (~ 2 x 10%° s’l).

1. Introduction

Numerous evidences suggest that liquid water was present in the
Martian past not only during the Noachian, eroding the surface and
forming the valley networks (Carr, 1996) and the phyllosilicate minerals
(Bibring et al., 2006), but also during the Hesperian, forming the
outflow channels and a possible ocean during the late Hesperian (~3
Gyr ago) (Dickeson and Davis, 2020; Schmidt et al., 2022). The fate of
this water is still unknown, but a substantial part of it could have
escaped into the interplanetary medium as suggested by the D/H ratio
measured in the Martian water vapor (Owen et al., 1988) or in the
Hesperian clay minerals (Mahaffy et al., 2015). The D/H ratio measured
in the current Martian atmosphere is 5 to 6 times the Standard Mean
Ocean Water (SMOW) value (Owen et al., 1988; Krasnopolsky et al.,
1997; Webster et al., 2013) and has also been observed to vary spatially
(Novak et al., 2011; Villanueva et al., 2015; Aoki et al., 2015; Krasno-
polsky, 2015). The D/H ratio has been estimated to 1.9 after the end of
the hydrodynamic phase (Leshin, 2000) and Curiosity/SAM measured a
D/H ratio of 3 + 0.2 SMOW in strongly bound water or hydroxyl in
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ancient (hesperian) martian clays (Mahaffy et al., 2015), indicating an
increase of the D/H fractionation from the end of the hydrodynamics
phase (~ 4 Gyr ago) (Jakosky and Phillips, 2001) to the Hesperian and
another increase from Hesperian to now, most likely driven by the
preferential atmospheric escape of H compared to D due to its lower
atomic mass (Jakosky et al., 2018).

Let us assume a model with two water reservoirs, consisting of the
atmosphere and the seasonally exchanging polar ices (reservoir 1) and
the permanent polar ices (reservoir 2). If we assume that the D/H ratio is
the same for the two reservoirs, and, noting Ny(t) and Np(t) the total
number of H and D atoms (under atomic or molecular forms) at a given
time t, the evolution of the ratio [D/H](t) = Ng(t)/Np(t) during an
infinitesimal time variation dt is given by

 Np(t) — dp(t)dt
) v = R o .

where ®g(t) and @p(t) are the hydrogen and deuterium atmospheric loss
rate (in atoms per time units) at time t.
A first order development of this equation leads to the differential
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equation of the evolution of D/H:

o

where ty(t) = Ny(t)/®y(t) is the time scale of the hydrogen loss and f(t)
is the fractionation factor given by

o (8)/ g, 1)
t) = WNH(Q 3

Two obvious conditions must be fulfilled to produce fractionation
during escape (Eq. (2)). The time scale 7y of the hydrogen escape rate
should not be much larger than the planet’s age, the fractionation factor
should be different from one. If f(t) = 1 all along the planet history, then
H and D escape in proportion of their relative abundance leading to no
fractionation. Because the mass of H is lower than D, the atmospheric
escape is more efficient for H than D and then f(t) < 1 most of the time
leading to an increase of D/H with time. The time scale of the D/H
fractionation is ty(t)/(1-f(t)) < ty(t) and would be equal to the
hydrogen loss timescale if the escape of D was negligible (f(t) = 0).

The two reservoirs model can be expanded to a 3 reservoirs model
(Krasnopolsky, 2000) where a third reservoir (reservoir 3) with the
primordial D/H ratio of 1 SMOW is added to the previous system. The D/
H ratio of this reservoir is denoted (D/H)s. This reservoir does not ex-
change water directly to the reservoir 1, but can supply the second
reservoir (e.g. permanent ice caps) in water to maintain a constant
hydrogen abundance in reservoir 2. The reservoir 2 can exchange (on
long time scale) with the atmosphere and is replenished from reservoir
3. The evolution of the D/H ratio in reservoir 2 relative to the primordial
D/H ratio in reservoir 3 (r = (D/H)2/(D/H)3) is solution of the differ-
ential equation (Krasnopolsky, 2000):
dr 1-r(t)f(t)

(b “)

where the evolution of r is still determined by the two parameters ty(t)
and f(t) defined previously. At t = 0, r(t) =1 so if f(t) = 1 all the time, we
still find no fractionation of the water as expected. But once the reservoir
2 has been fractionated (r(t) > 1), f(t) should be smaller than 1/r(t) in
order to continue having an increase of r(t). If at a time t, f(t) = 1/r(t),
the D/H increase of reservoir 2 due to the preferential loss of H is
balanced by its decrease due to the lower primordial D/H flux coming
from reservoir 3.

Currently, hydrogen escape, which is dominated by Jeans escape, has
been estimated from a diverse set of observations (Anderson and Hord,
1971; Chaufray et al., 2008; Chaffin et al., 2014, 2018; Halekas, 2017;
Rahmati et al., 2018; Qin, 2021; Mayyasi et al., 2023) and modeling
(Krasnopolsky, 2002, 2010, 2019; Chaufray et al., 2015, 2021a),
showing large seasonal variations. Atomic deuterium is more difficult to
measure but past measurements and more recent MAVEN measurements
have shown also large seasonal variations of its concentration in the
upper atmosphere (Clarke et al., 2017; Mayyasi et al., 2017; Chaufray
et al., 2021b), and thus of its escape. But contrary to H, D escape is
expected to be mostly non-thermal (Krasnopolsky, 2002, 2010) due to
its larger mass. The main photochemical escape processes for D have
been studied in details only recently (Cangi et al., 2023) using photo-
chemical modeling of deuterium ion chemistry and Monte Carlo
modeling of hot escape probabilities (Gregory et al., 2023a). These
simulations have shown that DCO™ recombination and the reaction
between CO3 and HD are the two most important sources of deuterium
escape. In this study, we simulate the most important escape processes
for the major form of H and D (H, Ha, D, HD, H', D) in the upper at-
mosphere of Mars including: thermal, photochemical and ions escape,
the latter driven by the solar wind interaction with Mars’ atmosphere.
The photochemical escape includes not only the ion-neutral reactions
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able to produce hot hydrogen and deuterium (Gregory et al., 2023b;
Cangi et al., 2023) but also the collisions between hot oxygen produced
from the OF dissociative recombination (e.g. Deighan et al., 2015,
Leblanc et al., 2017, Lillis et al., 2017, Jakosky et al., 2018) with atomic
and molecular hydrogen and deuterium (Gacesa et al., 2012; Shemato-
vich, 2013). The different models used to estimate the different escape
processes are described in Section 2 and the simulated values are pre-
sented in Section 3. These values of f(t) and ty(t) as well as the current
main limits of our approach are discussed in Section 4 before a
conclusion and perspectives of the study (Section 5).

2. Models
2.1. Model of the Martian atmosphere and the thermal escape

To compute the thermal escape of H, D, Hy and HD, we use the
Planetary Climate Model (PCM) in its Martian version (Mars-PCM).
Mars-PCM is a 3D hydrodynamic model of the Martian atmosphere and
ionosphere from the surface to the exobase near ~200 km, the altitude
at which thermal escape is calculated (Forget et al., 1999; Gonzalez-
Galindo et al., 2009, 2013, 2015). The vertical coordinate is the atmo-
spheric pressure, and the upper altitude is not constant but can vary
between ~200 to 250 km.

This model has been used in the past to compute the H and H,
thermal escape (Chaufray et al. 2015, 2018, 2021). The spatial resolu-
tion is 5.625° in longitude, 3.75° latitude and a pressure vertical coor-
dinate is used leading to a variable vertical resolution, which is typically
of ~10 km in the thermosphere.

The main updates used in this study that affect the H and D species in
the thermosphere, are the inclusion of detailed cloud microphysics that
considers the details of the formation of clouds and their microphysics
(nucleation, ice growth, scavenging) and their radiative effect, needed
to simulate the supersaturation (Navarro et al., 2014; Vals et al., 2022;
Naar, 2023), HDO as a tracer in its vapor and icy phases (Vals et al.,
2022; Rossi et al., 2022) and the incorporation of the photochemistry of
deuterated species, including ions (Table 1). The inclusion of the su-
persaturation makes the hygropause more porous, allowing H,O and
HDO to reach the upper atmosphere (Vals et al., 2022).

The coefficients of the reactions between HD and an ion i, kyp,;, are
approximated from the Langevin frequency (e.g. Krasnopolsky, 2002)
assuming the same polarizability between HD and Hy (Ishiguro et al.,
1952), yet considering the difference in the mass, leading to (Krasno-
polsky, 2002)

kupi = /2/3kuz;

These reactions can produce atomic H or D and we assume each
channel to be equiprobable. For example, the important reaction Hy +
CO3 has a reaction rate 9.5 x 10'° ¢m®.s7! in Mars-PCM (Table 1). The
equivalent reaction with HD: HD + CO3 has a total reaction rate of (2/
3)12 % 9.5 x 10'% ecm3s! = 7.8 x 10'° cm>.s~! and the two channels:
HD + CO3 — HCO3 + D or HD + CO3 — DCO3 +H are equiprobable and
then both channels have a coefficient equal to 3.9 x 10'° cm3.s71.

A similar approximation is used for the reaction between D and ions,
while because the root square of mass ratio between H,O and HDO is
close to 1 (~0.97), we use the same coefficient for the two species.

Coefficients of the recombination of deuterated ions DCO3, DCO™
and HDO™ are equal to the coefficients of the HCO3, HCO™ and H,0+
ions) and taken from the UMIST database as for the reaction between
deuterated ions and neutrals species. The diverse measured values of the
coefficient rate of the HCO" dissociative recombination and its tem-
perature variations present important disagreement (e.g. Fox, 2015).
Experimental measurements of the reaction rate of HCO'™ and DCO™
between 150 and 270 K done by Korolov et al., 2009 indicate a possible
15% lower coefficient rate at 300 K for the DCO" recombination
compared to the HCO™ recombination which is inside the error bars of
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Table 1

hydrogen ionospheric chemical reactions included in PCM-Mars and their re-
action rates (in cm®.s™1). The third column indicate if the reaction is included to
describe deuterium or not, or if only one of the two possible products of the

reaction is included.

Reaction Rate (cm®.s™1) Used for
deuterium
HCO3 +e - H+O0+ 8.1 x 1077(300/T)*%* Yes
co
HCO3 +e - OH+CO 3.2 x 1077(300/T.)*%* Yes
HCOf +e - H+CO, 6.0 x 107%300/T,)%% Yes
HCO3 + O - HCO*' + 1.0 x 107° Yes
0O,
HCO3 + CO - HCO" + 7.8 x 1071 Yes
CO,
CO$+H — HCO'" + 0O 4.5 x 10710 Yes
H" +CO, - HCO* +0  3.5x107° No
CO" +Hy - HCO§ +H 7.5 x 10710 Yes (2 channels)

HCO" +e” - CO+H

CO3 + Hy0 - H,0™ +
CO,

CO™ 4 Hy0 — Ho0" +
co

0" + H,0 - H,0" + 0

N3 + H,0 - H,0" + N,

N* + Hy0 - H,0" + N

H" + H,O — H,0" + H

HCO" + H0 —» H30" +
Cco

H,0" 4 05 — 03 + H,0

H,0" + CO - HCO™ +
OH

H,0" + 0 - O3 + H,

H,0" 4+ NO - NO" +
H,0

H,0" + Hy0 —» H30" +
OH

H,0'" + Hy - H;0" +H

H,0"+e -H+H+0

H,O0" + e — H+ OH

H0" +e - O+ Hy

H30"+e - OH+H+
H

H30" + e - H,0 + H

H;0" +e — OH + H,

H;0" +e > O+ Hy+
H

0" +H, - OH"+H

OH"+0- 03 +H

OH" 4 CO, — HCO3 +
o

OH" +CO - HCO" + 0

OH' + NO - NO™ +
OH

OH*' + Hy —» Hy0' + H

OH' + 0, —» O3 + OH

O"+H-H"'+0

H " +0-0"+H

CO3 + Hy — HCO3 + H
cot +H - H" +CO

2.4 x 1077(300/T)%%°
2.04 x 107°(300/T.)*°

1.72 x 1079(300/T.)*>

3.2 x 107°(300/To)%®°
2.3 x 107%(300/To)"°
2.8 x 107°(300/T)%°
6.9 x 107°(300/T.)*°
2.5 x 107°(300/T)*°

4.6 x 10710
5.0 x 10710

4.0 x 10711
2.7 x 10710

2.1 x 107%(300/T)%°
6.4 x 10710

3.05 x 1077(300/T)*°
8.6 x 1078(300/T.)*°
3.9 x 10°%(300/T.)"°
3.05 x 1077(300/T)*°
7.09 x 107%(300/T)"°
5.37 x 107%(300/T)%°
5.6 x 107°(300/To)%°

1.7 x 107°

7.1 x 10710
1.44 x 107°

1.05 x 107
3.59 x 10 1°

1.01 x 107°
5.9 x 10710

5.66 x 1071°(T./300)**%exp(8.6/

Te)

6.86 x 107 1%(T./300)%%%exp

(—224.3/Te)
9.5 x 10710
4.0 x 10710

Yes
Yes

Yes

Yes
Yes

Yes (2 channels)

Yes
Yes

No

Yes (1 channel
only)

Yes

Yes (2 channels)
Yes

No

No
No
No

Yes (1 channel
only)

Yes (1 channel)
No
No

No

Yes (2 channels)
No

the measured coefficients. They also find a slightly different temperature
dependence (power — 1.3 £ 0.2 for HCO+ dissociative recombination
and — 1.1 + 0.2 for DCO™ dissociative recombination) which is different
from the value of —0.69 given in the UMIST database. At Te = 1000 K
(representative of the electron temperature near the exobase), the re-
action rate of the HCO™ recombination in our study is ~1.0 x 10~/ cm®.
s~! while the expressions from Korolov et al. (2009) (used by Cangi
et al., 2023), leads to 4.2 x 1078 cm®.s~! and the expressions used by
Fox (2015) gives an intermediate value of 6 x 10 8 em3s L. Using the
coefficient rate from Korolov et al. (2009) should therefore reduce our
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simulated production and escape rate by a factor ~ 2.

In the current version, only the two major deuterated ions DCO™" and
HCO3, which are needed to describe the hot atomic deuterium (Cangi
et al., 2023), and one minor ion HDO™ are included. The inclusion of
other minor deuterated ions as DT, H,DO' and OD™ should not change
the results presented in this paper.

The simulation presented here is done for Ls = 0°, and the solar
average scenario, supposed to be representative of the current average
conditions (Gonzalez-Galindo et al., 2015). The ion dynamics presented
in Chaufray et al. (2014) is included and extended to describe HCO™,
DCO™, HCO4 and DCO3. In the model, the computation of the molecular
diffusion of light escaping species requires a boundary condition on the
effusion velocity (Chaufray et al., 2015). We choose the Jeans effusion
velocity for H, Hp and D, and no escape for HD. This assumption is
discussed in Section 4. The output of the model is a 3D field of atmo-
spheric (composition, temperature) and ionospheric (composition)
variables as well as the Jeans escape rate of the light species (even if the
boundary condition for HD is a zero-effusion velocity, its Jeans escape
rate can be calculated from the simulated temperature and density at the
exobase). The ion and electron temperatures from Viking measurements
are imposed (Chaufray et al., 2014). Electron and Ion temperatures
measured by MAVEN/LPW (Ergun et al., 2021; Hanley et al., 2021) at
low SZA and MAVEN/STATIC are not expected to affect our calculations
appreciably, but should be included in the future to confirm this
statement.

2.2. Model of the exosphere and the photochemical escape

The exosphere content is composed by thermal and non-thermal
populations. The thermal population is the extension of the atmo-
sphere resulting from the ballistic motions of the atoms and molecules,
above the exobase, assuming a Maxwell-Boltzmann velocity distribution
function at the exobase temperature. The non-thermal population is the
population created by the photochemical reactions near the exobase
with a large initial energy and not fully thermalized due to the small
number of collisions near the exobase. This separation between thermal
and non-thermal populations is a usual assumption for atomic oxygen on
Mars but is more questionable for hydrogen and discussed in Section 4.2.

The 3D thermospheric neutral densities simulated with PCM-Mars
are reinterpolated into an altitude grid and extended above the exo-
base (fixed at 200 km) using the formalism presented by Vidal-Madjar
and Bertaux (1972) (see also appendix) to compute the density of the
thermal population of the different species (H, O, CO,, D, Hy and HD).
This approach can lead to small discontinuities at the exobase (espe-
cially for light species) because the exospheric transport is not included
in the calculation of the density at the exobase in the PCM-Mars simu-
lations presented here. This assumption is discussed in Section 4.2.

The non-thermal components of the exosphere and the photochem-
ical escape rates are computed using a 3D Monte Carlo model. In Monte
Carlo simulations, contrary to hydrodynamic code, we use a particular
approach, where the hot species are described by several particles
(called test particles) each one representative of a large number of real
particles. The background atmosphere is considered as a fluid charac-
terized by its density, composition and temperature, not modified by the
presence of these hot particles.

This model works in Mars-centered Solar Orbital (MSO) frame and
tracks the hot particles, produced in the Martian upper atmosphere
between 120 and 200 km. The hot particles are followed between 120
and 20,000 km.

The model has been used to simulate the hot oxygen produced by the
dissociative recombination of OF ions and to derive the oxygen escape
rate. The collisions of this hot population with the background atmo-
sphere can produce other hotter species (CO2, N, Ar) and were included
to interpret the observations of a non-thermal argon population detected
in the exosphere of Mars (Leblanc et al., 2019). In this paper, we have
added the collisions of the hot oxygen with four new species: H, Hy, D
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and HD to estimate their escape rate induced by these collisions.

Other chemical reactions in the Martian upper atmosphere produce
atomic hydrogen and deuterium at high energy. When these reactions
occur deeply below the exobase, all the atoms produced are thermalized
by collisions with the main species (CO3, O). However, a small fraction
of atoms produced slightly below or above the exobase will not be fully
thermalized and may have an energy larger than the escape energy. This
small fraction can be neglected in the simulation of the density below
the exobase as assumed in the PCM-Mars, but for species like atomic D it
can be a non-negligible fraction of the escape (e.g. Cangi et al., 2023).
The photochemical reactions included in our models to simulate the
non-thermal escape of H and D are the main chemical source of atomic
hydrogen and deuterium in the ionosphere (Krasnopolsky, 2002, 2019;
Fox, 2015; Gregory et al., 2023b):

H,+CO;—>HCO; +H+AE=1eV 11 =95x10"" cm’s™" (R1)
HD+CO;—~HCO; +D+AE=1eV 1, =39x10" cm’s™" (R2)

HCO" +e —»CO(X'S") +H+AE=731eV 13,

=P3, Xx2.4x107300/T:)**°  (R3a)
HCO" +e —CO(a®M,) + H+ AE = 1.30eV 13

= Pgp 2.4 x1077300/T.)**  (R3b)
DCO* +e —CO(X'S") +D+AE=731eV 14

= P3, X 2.4 x1077300/T.)*%  (R4a)
DCO* +e —CO(a’M,) + D+ AE = 1.30eV 14

= Pap X 2.4 x107300/T)*°  (R4b)

The rates of the two reactions producing H atoms (R1 and R3) are
from Krasnopolsky (2019). For R3, we consider the two channels 3a and
3b with a probability ps, and p3p = 0.77 and 0.23 respectively (Gregory
et al., 2023a). The reaction rate for R2 is the one of R1 multiplied by
0.82, based on the Langevin formula (Krasnopolsky, 2002) and divided
by 2 because we assumed that the other channel leading to (DCO3+H),
not included in our simulation is equally possible. For R4, we consider
two channels as for R3 with ps, = p3a and pap = p3p.

The inputs for the exospheric model are the density of the ions
needed to calculate the production rates of the hot oxygen (03) and the
hot hydrogen and deuterium (CO3, HCO" and DCO™), as well as the
electron density and temperature. The 3D ion density is taken from the
PCM-Mars (see Section 2.1) from 120 km to 200 km.

The main species needed to describe the sources and the energy
degradation of the hot atoms are COq, No, Ar, O, Hy, H, D and HD. The
neutral density of the main atmospheric species (CO,, Ny, O, Ar) is
extrapolated above the top boundary of Mars-PCM up to 20,000 km by a
simple 1D hydrostatic law at the local (latitude, local time) exospheric
temperature and considering the mass of each species. This approach is
sufficient to describe accurately the density of these heavy species up to
altitudes where their density become negligible (e.g. Kallio et al., 2011).
This approach is less valid for light species (e.g. Kallio et al., 2011), and
the density of the light species (H, Hy, D and HD) are calculated using the
kinetic approach from Vidal-Madjar and Bertaux (1972) described
partly in appendix. The collisions of the hot oxygen atoms with all the
species are calculated at all altitudes between 120 and 20,000 km.

The electron temperature is the one used as input in Mars-PCM (see
section 2.1). Because the ions and electron density and temperatures are
not extrapolated, the production of hot species is limited below 200 km.
The test particles produced between 120 and 200 km are followed in the
full simulated domain between 120 and 20,000 km. For the simulations
of the reactions R1, R2, R3 and R4, only the test particles with a kinetic
energy larger than the potential energy divided by 10 are described (i.e
with a velocity v < vese/3.2). The test particle is considered as
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thermalized if its energy is lower than this limit. This choice is arbitrary
but does not impact the simulated escape rate.

To simulate the hot hydrogen and deuterium produced by collisions
of thermal H and D with the hot oxygen, because the number of simu-
lated test particles is very large, we only considered test particles
(whatever the species) with an energy larger than the local hydrogen
escape energy multiplied by 0.8 (~ 0.1 eV at 200 km). Collisions of hot
oxygen with CO», O (cold), Ny, Ar and the studied species (H, D, Hy and
HD) are considered. Given the large number of possible collisions, the
collision cross sections of the different hot population and atmospheric
species included in this study are taken from the simple universal model
of Lewkow and Kharchenko (2014) and collisions between hot particles
are neglected.

For all mechanisms, we use a temporal loop and eject regularly a
constant number of test particles of different weights (the number of real
particles represented by a test particle). This weight is proportional to
the local production rate. The particles are removed from the simulation
if they are thermalized, if they reach the lower boundary (120 km) or the
upper boundary (20,000 km) of the model. Only the particles reaching
the upper boundary with a velocity larger than the escape velocity are
considered to compute the escape rate. The number of particles reaching
the upper boundary with a velocity lower than the escape velocity is
much smaller than the escaping particles. The simulated escape flux is
given by the sum of the weights of the escaping test particles divided by
the simulation time. We perform long simulations, such that at the end
of the simulations, the simulated escape flux doesn’t vary significantly
and the total weight of the test particles remaining in the simulation
divided by the simulation time is much lower (< 1%) than the derived
escape rate. So, even if these remaining test particles were escaping,
their contribution to the estimated escape rate would be negligible.

2.3. Model of the solar wind interaction with Mars

To simulate the solar wind interaction with the Martian upper at-
mosphere, we used the LatHys model (Modolo et al., 2016). LatHys is a
parallel 3D, multispecies hybrid code, where ions are described as in-
dividual charged particles and electrons as a mass-less charge neutral-
izing fluid. In the hybrid approach, ions trajectory is computed from the
equation of motion, including only the Lorenz force, while electric and
magnetic (EM) fields are derived from the Maxwell equations (e.g. Kallio
etal., 2011). The 3D Martian atmosphere simulated with Mars-PCM and
extended into the exosphere (CO,, O, H densities) was used as input of
the model. At this stage the D corona is not included in the LatHyS
simulations since the D™ production is not expected to play a role on the
global interaction.

The hot oxygen corona is not considered in this simulation since its
effect on the electromagnetic environment and on the H" and D" escape
rate is expected to be of only few % (Dong et al., 2018). The electro-
magnetic environment is computed on a cartesian MSO grid with a
spatial resolution of 80 km. The size of the simulation box is [—2.4;
+2.4] Martian radius along X (Mars — Sun direction) and [—4.6; +4.6]
Martian radius along Y and Z directions. The model is used to compute
the electric and magnetic fields around Mars only. The solar wind (SW)
and interplanetary magnetic field (IMF) parameters used in this simu-
lation are summarized in Table 2, and are typical values at the Martian
orbit. Crustal magnetic fields are not considered in the performed sim-
ulations to not complexify the global SW — Mars interaction.

In a second step, the production of H" and D" planetary ions by
photoionization is computed as the products of the local neutral (H or D)

Table 2
Parameters of the solar wind and magnetic field used to simulate the interaction
between Mars and the solar wind.

SW Density SW Velocity IMF magnitude IMF direction

2.7 cm™3 480 km 3nT Parker (57°)
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density and the ionization frequency v = 3.1 x 10~8 57! for both species.
The production of H" and D' planetary ions by charge exchange is
computed with a test particles code in which 12 x 10° test particles
representative of the solar wind protons are followed in the LatHyS
Martian electromagnetic fields. The simulated production of planetary
ions (H" and D") is recorded on a spherical grid.

The escape rates of H and D, produced either by photoionization
or by charge exchange are also computed using the test particle code.
For each process and each species, 12 x 10° test particles (planetary H*
and D™) are followed until they escape from the simulation box or reach
the lower boundary at 200 km.

3. Results
3.1. Thermal population and Jeans escape rate

3.1.1. Horizontal distribution near the exobase

The simulated temperature near the exobase (200 km) shows the
expected day/night asymmetry (Fig. 1). For this average solar condition
scenario, the dayside exospheric temperature is ~210 K and ~ 150 K on
the nightside.

The atomic hydrogen and deuterium density at the exobase (Fig. 2),
as well as Hp and HD (not shown) present a pattern similar to those
simulated by Chaufray et al. (2015) at Ls = 0°-30°, with a dawn/dusk
asymmetry and a density bulge at 4-5 am. This enhancement of light
species results from the convergence and downwelling of the thermo-
spheric winds in the morning nightside. Because these thermospheric
winds are enriched in light species, they produce a local bulge in light
species (e.g. Elrod et al., 2017). Such an enhancement has been observed
for helium and molecular hydrogen by MAVEN (Elrod et al., 2017; Stone
et al., 2022) and is expected for other light species.

For H, the exospheric ballistic transport can reduce this enhancement
by redistributing the hydrogen at the exobase from the nightside to the
dayside (Chaufray et al., 2018) and leading to a distribution closer to the
theoretical solution nT*2 = Constant (Hodges and Johnson, 1968). Such
an exospheric transport is numerically difficult to extend to heavier
species like D or Hy because the computation of the net flux (i.e. the
difference between the upward and downward exospheric flux) must be
more accurate when the species is heavier. Therefore, it is not included
in these simulations for any species (see Section 4).

1.0e+02 1.3e+02 1.7e+02 2.0e+02 2.3e+02 2.7e+02 3.0e+02

Temperature (K)

50

Co-latitude

100

0 60

120 180 240 300 360
Longitude

Fig. 1. PCM generated map of the simulated temperature at 200 km (near the
exobase) in Mars body-fixed rotating frame for average solar condition. Noon is
at longitude = 0°, dawn at longitude = 270°, dusk at longitude =90° and
midnight at longitude = 180°. The north pole is at co-latitude = 0° and south
pole at co-latitude = 180°.
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3.1.2. Thermospheric and ionospheric density vertical profiles

Mars-PCM was used to simulate the neutral and ion density in the
Martian thermosphere and ionosphere at Ls = 0° for an average solar
activity. The density of H, D, Hp, HD, O and CO; (the main neutral
species useful for this work) are shown in Fig. 3 (left panel), and the
density of electrons, O3, CO3, HCO', and DCO" ions (the main ion
species useful for this work) are shown in Fig. 3 (right panel).

The vertical variations of the neutral species are controlled by the
local temperature (~200 K at the subsolar point in this simulation). The
simulated density of Hy near 200 km is ~2 x 10° cm 3, while the
transition between the CO, dominant species to the O dominant species
is at ~200 km (when the CO; density is ~107 cm’s), in agreement with
the observations by MAVEN/NGIMS (Stone et al., 2022).

The simulated HCO™" density is in the range of the density simulated
by Fox (2015), Krasnopolsky (2019) and Cangi et al. (2023) and
observed by MAVEN/NGIMS (Benna et al., 2015), but the altitude of the
peak is slightly below (170 km) and less pronounced than the peak
simulated by Fox (2015) and Krasnopolsky (2019) while in better
agreement with Cangi et al. (2023) who find also a secondary peak
around 170 km with a density ~ 10% em ™. This difference may be due to
the limited altitude range of Mars-PCM and Cangi et al. (2023)
compared to the models by Fox (2015) and Krasnopolsky (2019) but
should not modify our conclusions on the relative importance of the
different escape processes.

3.1.3. Thermal escape

The thermal escape of H, Hy, D and HD is computed by integration of
the Jeans equation over the exobase as done by Chaufray et al. (2015).
The simulated escape rates of the four species due to the different
simulated processes are given in Table 3 as well as the effusion veloc-
ities. The effusion velocity ueg is a 1D concept (e.g. Chassefiere and
Leblanc, 2004; Chaufray, 2021) and in our 3D simulation, we will define
it, for all processes, as the simulated escape rate ® divided by the
average density < n > o of the species at 200 km (calculated with PCM-
Mars) and by the surface of the exobase Sygg in order to compare our
values to those reported by Krasnopolsky (2010):

Lo — (O]
o $200{1) 500

The thermal effusion velocity is controlled by the temperature at the
exobase and our values are close to the derived values by Krasnopolsky
(2010) for T= 200K (3.9 x 10% 4.8 x 107, 4.8 x 10"}, and 5 x 10~*
cm/s for H, Hy, D and HD). Note that for a 1D model, the effusion ve-
locity of Hy and D is equal due to their equal mass while in our simu-
lation, slight differences in the horizontal distribution of the density of
the two species lead to a small (<5%) difference in their effusion
velocity.

3.2. Photochemical escape

3.2.1. Production by dissociative recombination of HCO" and DCO™

The simulated production rate of H and D by dissociative recombi-
nation of HCO™ and DCO™ (noted XCO™ with X = H or D) above 80 km
are 6.1 x 10%° s™! and 2.8 x 10?2 571, Our simulated production rate of
hot H is in good agreement with the production calculated by Gregory
et al. (2023a) above 80 km. Because almost all the atoms produced
between 80 and 120 km are thermalized by collisions and their proba-
bility to escape is null (Gregory et al., 2023a), we only simulate the
production above 120 km. The simulated production of hot H and D
above 120 km is 3.0 x 10% and 1.2 x 10?2 s7! respectively. The
simulated escape rates and the associated effusion velocity are given in
Table 4.

Half of the hydrogen atoms produced by this reaction above 120 km
escapes, while one third of the deuterium atoms escape. The difference
in the efficiency is due to the mass of the atom and the larger energy
needed for D to escape. The simulated effusion velocity is lower than the
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Fig. 2. PCM generated maps of the simulated hydrogen density (left panel) and deuterium density (right panel) in Mars body-fixed rotating frame at 200 km.
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Fig. 3. Left: PCM simulated density of several neutral species at subsolar point from 120 km to the top of the atmosphere (~ 225 km). Right: PCM simulated density
of several ions at subsolar point from 120 km to the top of the atmosphere (~ 225 km).

Table 3
PCM Simulated thermal escape rates and effusion velocity for H, D, H, and HD.
H D H, HD
Thermal escape
Escape rate (s 1) 21x10%  1.3x10*° 1.9x10® 1.8x 107
Effusion velocities (cm. 35x 102  41x107' 40x107! 71x107*

s

Jeans effusion velocity by more than one order of magnitude for H, but
larger by more than one order of magnitude for D. The simulated H
escape rate is in good agreement with the H escape rate simulated by
Gregory et al. (2023a) for their low solar activity case. Considering we
simulate a similar production and used comparable elastic cross sections
between H and CO (in our case 6 ~ 4.6 x 10~'° cm? while they use a
value slightly lower ~3.9 x 107!° cm?) it suggests a global agreement
between our two models.

3.2.2. Production by reaction of Hy and HD with CO3

The reactions R1 and R2 are another major source of hot H and D in
the ionosphere of Mars. The simulated production rates and escape rates
are given in Table 4. The reaction between H, and CO3 leads to an
escape flux larger than the escape flux computed by Gregory et al.
(2023b) by a factor 2, which may be due to the difference in the Hy and
CO73 density profiles. However, similarly to these authors, we find a
lower escape rate for the reaction R1 compared to R3. The efficiency
(ratio between escape and production) is slightly lower for the former
reaction for both H and D than the dissociative recombination of XCO™
due to the lower energy transferred to the atoms. The effusion velocity of
H produced by R1 and R3 is lower by one order of magnitude than the
effusion velocity of H produced by thermal escape. Our value is two
times larger than the total photochemical escape by photoproduction
estimated by Krasnopolsky (2010) at solar minimum which could result
from his approximation that only the particles produced above the
exobase escape, while part of the particles produced below are not fully
thermalized and also contribute to the escape. For D, our effusion ve-
locity by R2 and R4 is four times the value of Krasnopolsky (2010) but it
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Table 4
MC simulated photochemical production, escape rates and effusion velocities for
H, D, H, and HD.

H D H, HD

Dissociative Recombination of XCO™*

Production above 120 km 3.0 x 1.2 x X X

) 105 1022

Escape rate () 1.5 x 4.0 x X X
105 102

Effusion velocities (cm.s ™) 23.3 12.4 X X

XH + CO3

Production above 120 km 2.3 x 6.2 x X X
105 102

Escape rates (s’l) 9.8 x 1.6 x X X
1024 102

Effusion velocity (cm.s™h) 16.3 5.0 X X

Collision with hot O

Production above 120 km 4.9 x 1.6 x 3.2 x 1.4 x
Y 102 1022 102 1022
Escape rate (s 1) 1.9 x 1.8 x 3.4 x 1.0 x

1025 1021 1024 1021
Effusion velocity (ems™h) 31.7 5.5 7.3 3.9

is not clear if the dissociative recombination of DCO™ was included in
the estimate of Krasnopolsky (2010). If this reaction was not included
then the effusion velocity computed from R2 is only 1.4 larger than the
effusion velocity calculated by Krasnopolsky (2010).

3.2.3. Production by collisions with hot oxygen

Hot oxygen produced by dissociative recombination of the O3, the
main ion in the Martian ionosphere, can transfer part of its energy to the
background species, producing hot neutrals (e.g. Leblanc et al., 2019)
and contributing to the escape of light species (Gacesa et al., 2012;
Shematovich, 2013). The simulated oxygen escape rate is 9 x 10 57!
slightly larger than the escape rates reported by Lillis et al. (2017)
(between 1.2 and 5.5 x 10% s’l), who used a model based on the
thermospheric/ionospheric MAVEN observations, but in very good
agreement with the average value derived from pickup ions measure-
ments by Rahmati et al. (2018) (mean value ~9 x 10% s_l). However,
as discussed in several studies, this value is sensitive to the collisional
cross section (Leblanc et al., 2017), and should vary almost inversely
with the O-CO5 cross section (Cravens et al., 2017). The O-CO5 cross
section used in our simulation ~4.6 x 107 ° cm? (Lewkow and
Kharchenko, 2014) is ~ four times lower than the cross section used in
Lillis et al. (2017), which can explain the difference. Our simulated
production and escape rate of hot H and D by collisions with hot oxygen
(or recoils produced by hot oxygen) are also indicated in Table 4. These
values should also be very sensitive to the collisional cross section. Our
derived effusion velocity for H is larger than the value estimated by
Krasnopolsky (2010) by one order of magnitude but comparable for Hj,
D and HD, although in our simulations, the simulated effusion velocity
(i.e. efficiency of the process) decreases with the mass of the species. The
simulated effusion velocity of H; is larger by 40% than that of D because
the “universal” cross sections of Lewkow and Kharchenko (2014) are
40% larger for molecule-atom collisions that atom-atom collisions
(parameter y in their Eq. (2)). Therefore, the energy transfer from hot O
to Hy is more efficient than the energy transfer from hot O to D. The ratio
between the escape rate and the production rate is ~10% for both
species, confirming that the difference is due to a more efficient pro-
duction of hot Hy than hot D by collisions. The difference in the effusion
velocity of Hp and D due to collisions with hot oxygen should be directly
scalable with their relative collisional cross sections with O. Our effusion
velocities for Hy and HD are one order of magnitude larger than the
effusion velocities computed by Gacesa et al. (2012) for an exospheric
temperature of 240 K (derived from their simulated escape flux given in
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their Table 1 to be 0.59 cm/s for Hy and 0.27 cm/s for HD at 200 km).
The exospheric temperature is not expected to have a large effect on this
process, and the elastic cross section between O and H for the energy
range considered is not very different. The main difference is due to a
lower collisional cross section between Hy and CO,, since in our simu-
lations we used the value given by Lewkow and Kharchenko (2014)
leading to 6 ~ 4.6 x 10715 cmz, while Gacesa et al. (2012) used the
O—N,, cross section from Balakrishnan et al. (1998) ~ 2 x 10~ cm? so
their thermalization of hot Hy with CO, is four times larger. Assuming a
simple inverse relation between this cross section and the escape rate,
similar to the approximation considered by Cravens et al. (2017) for
oxygen escape, a difference by a factor of ~2 still remains that could be
due to the fact that we neglect the inelastic collisions (i.e the ro-
vibrational excitation of these two molecules induced by collisions)
which should reduce the kinetic energy transferred to Hp and HD. The
ratio between the effusion velocity of Hy and HD (~1.9) is in good
agreement with the ratio of ~2.1 computed by Gacesa et al. (2012). The
ratio between the thermal escape of H and the escape of H by collisions
with hot O is equal to ~11. This value is slightly lower than the ratio
obtained by Shematovich (2013) which is equal to ~18. Here again, this
difference by a factor ~ 1.6 is most likely due to different collisional
cross sections.

3.3. Solar wind loss

To simulate the ion hydrogen and deuterium loss, we use the LatHyS
model and the associated particle test. The electromagnetic environment
of Mars is simulated with LatHyS using the neutral atmosphere —
exosphere obtained with the thermal population only. The effect of the
non-thermal component on the electromagnetic environment is
neglected in this study. The neutral D and H can be ionized by different
processes: photoionization, charge exchange with solar wind protons
and electron impact. The last process is not considered in this study since
it was found negligible for atomic oxygen (Chaufray et al., 2007).

3.3.1. Photoionization

The photoionization rate of H is computed from 200 km to 10
Martian radii (henceforth Ry,), while it is computed from 200 km to 3 Ry,
for D. Due to its low scale height, the ionization of D above 3 Martian
radii can be neglected but the ionization of H between 3 Rm and 10 Rm
represent ~20% of the total production. We do not consider the atten-
uation of the solar flux since the medium is optically thin above 200 km.
Then, the photoionization production is simply given by the ionization
frequency (solar average scenario) multiplied by the local density except
in the shadow of Mars where the production is null. The total production
of HY by photoionization is 3.9 x 10%* s ! and the total production of D*
is 4.3 x 10%° s71. We use the test particle code to describe the produced
ions and compute their trajectory. The ions can be partly lost by charge
exchange with atomic H or O, or reimpact the planet (at 200 km) or
escape. The escape flux is then estimated from the escaping fraction
(Table 5). Since the spatial domain of LatHyS is limited (see Section 2.3),
some ions are produced outside the LatHyS domain, where the elec-
tromagnetic fields are not computed. We assume that all ions produced
outside the domain of LatHyS are escaping. This is a good approximate
since these pick-up ions, produced at very high altitudes, are convected
by the solar wind after a few gyromotions.

Table 5
: LatHyS simulated production rates, escape rates and effusion velocity for the
ion H" and D" escape. hv: photoionization, CE: charge exchange.

Solar wind interaction H (hv) D (hv) H (CE) D (CE)
Production rates (s!) 39x10%*  43x10®° 23x10% 1.2x10%
Escape rate (s 1) 1.9x10**  1.0x10*° 1.9x10% 0.8x10*
Effusion velocities (cm. 3.2 3.1x10! 31.7 2.5

s
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3.3.2. Charge exchange with solar wind protons

To simulate the ions loss by charge exchange with solar wind pro-
tons, we use a test particle code and proceed in two steps. First, we inject
solar wind protons on a square area of length AY = AZ = 9Rp,
perpendicular to the x-axis placed at x = +2.4Rp,, upstream of the
planet. We solve the equation of particle’s motions assuming the electric
and magnetic environment determined by the LatHyS simulation. At
each time step, we compute the charge exchange reactions between the
solar wind protons and the neutral H and D of the Martian exosphere,
producing planetary H and D" ions around Mars (Fig. 4).

The total production rate for both ions is larger than the production
rate by photoionization: 2.3 x 10® s~ ! for H" and 1.2 x 10*' s ! for D"
The ratio is slightly larger for H than D because of the larger scale height
of H, and the fact that charge exchange is not important below the
magnetic pile-up boundary, while the photoionization production is
maximum at 200 km. The production of D* and H' are largest at the
magnetic pile-up boundary and at the bow shock (Fig. 4). Far from the
planet, the solar wind flux is uniform and then production rates varia-
tions are due to neutral hydrogen/deuterium variations resulting in a
lower scale height of production for D compared to H'. Escape rates of
these ions are computed with a particle test code for the second step of
the analysis. We inject H™ (and D™ respectively), with a zero velocity,
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according to the charge exchange or photoionization productions
derived from the first step. The numerical weight of the planetary ion
reflects the local production (by charge exchange or photoionization).
The dynamic of these planetary H' and D is thus determined by using
the test-particle code with the same electric and magnetic field, allowing
to characterize the escaping particles. Charge exchange between H" and
D" ions and the neutral atoms are also considered, re-neutralizing such
species, and forming Energetic Neutral Atoms (ENAs), during their tra-
jectory. Most of the produced ions escape in our simulations (Table 5)
and therefore the ENA escape can be neglected.

The escape rate of H" and D produced by charge exchange is larger
than the escape rate of ions produced by photoionization, in agreement
with the simple estimate from Krasnopolsky (2010). As found by this
author, we also find that the photoionization channel is comparable to
the thermal escape for D' at Tex, ~ 200 K (Krasnopolsky, 2010). We
derived an effusion velocity by charge exchange similar to Krasnopolsky
(2010) for H (23.9 cm.s ! for Texo ~200 K) but lower by a factor of 4 for
D. This difference is certainly due to the differences in the simulated
solar wind proton flux around Mars, showing structures (Fig. 4) in our
simulations, while Krasnopolsky (2010) consider a uniform solar wind
flux above the ionopause. The difference is less important for H, because
a larger fraction of H is produced at high altitude above the bow-shock
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-73 55 -837 -18 0.0

D* Production (log scale) (cm®s™)

4

Fig. 4. production rate of planetary H+ (left panel) and D+ (right panel) ions around Mars by charge exchange between H and D with the solar wind protons (X-Y

MSO plane).
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(due to its larger scale height) where the solar wind is uniform. Ioni-
zation by charge exchange of Hy and HD are much lower due to a cross
section lower by ~2 orders of magnitude compared to H and D (Nakai
et al., 1987) and therefore is not considered in this study.

4. Discussion
4.1. Fractionation and timescale

The dominant atmospheric loss process for hydrogen is the thermal
loss of atomic hydrogen due to its low mass. The total simulated escape
rate (including H and H,) is 2.8 x 10%% s™!, the Jeans escape rate rep-
resenting ~75% of this escape rate. This value agrees with the observed
value at equinox reported by Chaufray et al., 2008, Chaffin et al., 2014)
from Mars Express but is larger than the value derived from MAVEN by a
factor of ~2-3 (Mayyasi et al., 2023) and the Jeans escape rate is larger
than our previous estimate at Ls = 0° by a factor of ~4 (Chaufray et al.
2015, 2021). This difference is due to the new microphysics description
of the clouds by Navarro et al. (2014) allowing water vapor to reach
altitudes >100 km where it can be photolyzed or decomposed by ion
reactions, thereby producing more atomic hydrogen, in agreement with
observations. This access of water vapor to such high altitudes is sup-
ported by observations (Maltagliati et al., 2013; Belyaev et al., 2021).

For deuterium, the total simulated escape rate is 9.4 x 10%! s71
(including D and HD), the Jeans escape being much lower than the
photochemical escape. The DCO™ dissociative recombination, and the
collisions between hot oxygen and deuterium (atomic and molecular)
are the two dominant processes and represent ~70% of the total escape.
This result differs from Krasnopolsky (2010) who found that charge
exchange between solar wind ions and atomic deuterium was the main
loss process. In our simulation, the charge exchange is the main escape
process in the ion form but represents only 10% of the total escape for
both H and D. The simulated escape rates of H and D can be used to
derive the two parameters controlling the D/H fractionation on Mars
presented in the introduction. The fractionation factor f deduced from
our simulations, assuming a D/H ratio ~ 5.5 Standard Mean Ocean
Water (SMOW) in the atmosphere, is f = 0.04. This value is << 1 and
therefore the timescale of the D/H fractionation (ty/(1-f)) is close to the
hydrogen loss timescale. This value is similar to the value obtained by
Cangi et al. (2023) who also find that thermal H escape is dominant
while D escape is dominated by photochemical loss. These authors did
not include the HD and H; escape produced by collisions with hot ox-
ygen, explaining their very low escape value compared to our study or to
other studies (Krasnopolsky, 2010; Gacesa et al., 2012).

If we only consider the water content of the current Martian atmo-
sphere, that is ~10 pr.um, then the loss timescale of hydrogen is 1y =
11,000 years. This requires that water ice in the polar caps balances the
escape rate to maintain a stable abundance of water vapor in the Martian
atmosphere. Therefore, the calculation of ty(t) should account for the
full size of the exchangeable reservoir of water which is very uncertain
(Krasnopolsky and Feldman, 2001) and time dependent due to the
variations of the orbital and inclination of Mars along its history (Touma
and Wisdom, 1993; Laskar et al., 2004; Forget et al., 2006; Naar, 2023).

Considering the three reservoirs model of Krasnopolsky (2000) pre-
sented in Section 1, the solution of Eq. (4) is

¢ f(£) ot / v f(t) 347
r(t) = eiﬁ) r(f)dt’ 1+ / dite o r(t”)dt
o 7(t)

If we suppose f(t) to be constant, this solution can be simplified to

r(t) = % 1-(1-fe "k
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and then, following Krasnopolsky (2000, 2015), we can constrain the
integral:

tdt 1, (1-f
[
ott) f\I-fr

Using r = 5.5 and f = 0.04, we found o ~ 5.2. This can be used to
deduce an average escape rate during a period of T = 4.5 Gyr.

Ny Ny
(®) = o~ 5.27

This average flux will be equal to our simulated hydrogen escape rate
for a water exchangeable reservoir of 0.8 m global equivalent layer
(GEL) which is much smaller than the water contained in the ice caps (e.
g. Lasue et al., 2013). In the frame of this model, even a time dependent f
(t) will lead to a very small reservoir since a is minimum for f < < 1 and
equal to r-1 = 4.5, which would lead to a water exchangeable reservoir
of 0.9 m GEL. A more likely explanation is that the average escape rate
during the last 4.5 Gyr is larger than our hydrogen escape rate simulated
for the current conditions.

If we consider an exchangeable reservoir of 30 m GEL and the
simulated value of f(t), the computed value for <® > is equal to 1.0 x
102 57! which is larger than our simulated value and the hydrogen
escape rate derived from Lyman-a observation near northern solstice (e.
g. Chaffin et al., 2014; Mayyasi et al., 2023). However, this value is more
consistent with the H Jeans escape rate simulated at larger Martian
obliquity during dusty scenarios, even though still larger by a factor ~ 3
(Gilli et al., 2022).

We can also consider that the current escape is only representative of
the last 3.5 Gyr and that at t; = 3.5 Gyr ago, the D/H ratio of the
exchangeable reservoir was already r; = 3 SMOW as measured by Cu-
riosity/SAM in strongly bound water or hydroxyl in ancient (hesperian)
martian clays (Mahaffy et al., 2015). In that case

alt) - a(ty) = [% :%zn(llif;» ~3.0

and the average escape rate < ® > needed to fractionate the
exchangeable reservoir during the last 3.5 Gyr is equal to 7.4 x 10%7 s71,
only reduced by 25%.

4.2. Current limits of this study

Several assumptions done in this study will need to be refined in the
future to better describe the hydrogen fractionation in the upper at-
mosphere of Mars.

As mentioned in previous sections, the elastic cross sections between
H, D, Hy and HD and other atmospheric species (CO, O, Ar, N3) are not
well known whereas the simulated photochemical escape is strongly
sensitive to these values. Such uncertainty has a limited impact on the
simulated H loss because the thermal escape is dominant. However, the
photochemical escape is the major loss process for D and therefore the D
escape, and fractionation factor f are very sensitive to the elastic cross
sections. Based on the different estimate of the collision cross sections
(Lewkow and Kharchenko, 2014, Gacesa et al., 2012, see also Cravens
et al., 2017), we estimate the uncertainty on the cross section to be
equivalent to a factor ~ 10 at most for Hy (HD) and CO,, probably less
for H(D) and CO,. Consequently, a similar uncertainty on the simulated
photochemical escape rates, assuming an inverse relation between the
escape flux of a species and the collisional cross section of this species
with COy (Cravens et al., 2017) is expected. The differences of the
simulated hot Hy and HD escape with Gacesa et al. (2012) (see Section
3.1.3) seem consistent with this simple relation.

Another limit of the current study is the upper boundary condition
(atP ~ 1078 Pa, ~ 200 km) used in the Mars-PCM for D, Hy and HD. We
only consider the thermal escape while we show in this paper that non-
thermal escape is more important for these species. Including the non-
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thermal escape should reduce the simulated density at the exobase (e.g.
Krasnopolsky, 2010) and therefore reduce their escape rate, requiring an
iterative procedure between PCM-Mars and the simulation of the non-
thermal process to be consistent. Such iteration will be studied in the
future, but we do not expect it will change the simulated escape rate by
more than a factor of 2 (Krasnopolsky, 2010), much less than the un-
certainty due to the elastic collisional cross sections.

We also neglect the ballistic transport in the exosphere in the upper
boundary conditions in Mars-PCM that should smooth the horizontal
variations of the density of the light species at the exobase. Such process
was included for H by Chaufray et al. (2018), but the numerical pro-
cedure used for this study is difficult to extend to heavier species.
However, the effect of the exospheric ballistic transport is expected to be
less important for heavier species because the horizontal motion is
shorter and therefore, the horizontal redistribution of the density at the
exobase limited.

Due to the short timescale variations of the solar wind flux, the
production of planetary ions by charge exchange should be also highly
variable. Simple scalings are difficult to apply here, because for a much
larger dynamic pressure, the magnitude of the magnetic field in the
magnetic pileup region would be larger, reducing the efficiency of the
escape process by charge exchange (deflecting the solar wind protons
further from Mars) while increasing the planetary ion production. A
study based on a larger range of solar wind parameter should be
considered to better estimate its average contribution to the atmospheric
escape.

We only consider the spring equinox season and mean solar condi-
tions. This is assumed to be representative of the average escape rate,
but seasonal variations, particularly the southern summer season (Ls =
270°) where large amount of water vapor can reach high altitudes,
increasing the source of atomic hydrogen (Fedorova et al., 2021;
Belyaev et al., 2021; Chaffin et al., 2021; Shaposhnikov et al., 2019)
would be interesting to consider because the fractionation of D and H
should be more sensitive to the difference in the H,O/HDO photolysis
rate.

Finally, we summed up the escape rates obtained for each process to
derive the total escape, assuming implicitly that the thermal and non-
thermal population can be fully separated. For ions, the assumption of
an independence between thermal and non-thermal escape is valid
because the planetary ions are produced below the bow-shock, at an
altitude where non-escaping atoms are dominant.

The photochemical reactions used to simulate the photochemical
escape also produce thermal hydrogen and deuterium. Thus, part of the
hydrogen and deuterium produced by photochemical reactions
contribute to both thermal escape e and photochemical escape in our
simulations. However, treating escape processes separately is probably a
valid assumption because most of the hot (non-thermalized) escaping
particles are produced at high altitudes (above ~150 km) where colli-
sions become rare but the production is low, and therefore do not
contribute much to the density at the exobase. The density at the exo-
base is more sensitive to the largest production at lower altitudes (<~
150 km), where all the atoms are quickly thermalized.

For the collisions between hot oxygen and atomic hydrogen, this
assumption is even less obvious and should be investigated in the future
to be validated. However, since the thermal escape is dominant, an
overestimate of the production of hot H by collision with hot oxygen
atoms will not change the simulated total escape rate. For heavier spe-
cies it is valid because the thermal escape is much lower and then
negligible.

Considering only the largest uncertainty due to the elastic cross
sections on the deuterium photochemical escape, we propagate the
uncertainty on f, @ and < ® > (Table 6). To estimate the largest value of
f, we consider only thermal escape for H, and rescale our simulated D
escape flux considering a minimum D-CO; cross section and a maximum
D—O cross section.

The maximum values for D-CO, and HD-CO», correspond to the value
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Table 6
Estimated range of different elastic collisional cross sections and their propa-
gationto f, a and < @ > .

This simulation =~ Maximum value =~ Minimum value

oD-CO; (cm?) 46 x 10715 2 x 107 2.0 x 107°1°
oD_O (cm?) 33x1071 5x1071% 2.0 x 1071°
GHD-O (cm?) 46 x 10715 5x 10715 2.0 x 1071°
6HD-CO; (cm?) 46 x 10715 2x 107 2.0 x 1071°
@) (s°H 8.4 x 102 20.2 x 10% 2.6 x 10%!
®(HD) (s 1) 1.0 x 10% 2.5 x 10! 1.0 x 10%
f 0.04 0.12 0.011

« 5.2 8.3 47

<® >for30mGEL(s™)) 1.0 x 10%® 1.6 x 10% 8.9 x 10%

between O and N3 at 1 eV, used for example by Gacesa et al. (2012) to
describe the collisions between CO, and H,. The maximum value for
D—O and HD-O correspond to the value for D—O from Zhang et al.
(2009) near 1 eV. The minimum values for D-CO,, HD-CO5 correspond
to the value for Hy—O from Gacesa et al. (2012) near 5 eV.

To calculate the minimum and maximum escape rate of D, we
rescaled our simulated escape flux obtained for R2 and R4 assuming an
escape rate inversely proportional to the D-CO3 cross section, while for
collisions between hot O and D we assume an escape flux proportional to
the O—D cross section and inversely proportional to CO2-D cross sec-
tion. We also add the thermal and ion escape (1.0 x 1021 s7h.

For HD a similar rescale is done for collisions between hot O and HD.
The range for f is large, between 0.011 and 0.12, while for the three
reservoirs model, the effect on the average escape rate needed to frac-
tionate a 30 m GEL exchangeable reservoir from the primordial value to
the current value is limited (60% uncertainty).

5. Conclusion

In this paper, we estimate numerically the escape rates of Hand D (as
atoms and molecules) to derive the current fractionation factor of the
hydrogen at Ls = 0° and average solar conditions. The hydrogen escape
is dominated by the thermal escape, while the deuterium escape is
dominated by photochemical processes in the thermosphere/iono-
sphere. Several limitations, especially the inaccurate knowledge of the
elastic and inelastic cross sections between (H, Hy, D, HD) and the at-
mospheric species (O, CO3, N3, Ar) might impact our estimates. Such
uncertainty could be propagated to f, assuming a simple linear relation
between the escape of the species X produced by collisions with hot
oxygen ~ 0¢.x and an inverse relation with 6¢og.x. The derived value of f
agrees with previous studies but is smaller by a factor ~ 5-10 compared
to the values deduced from MAVEN/IUVS observations near Ls = 270.
Increasing the elastic cross section of O—D by a factor of 5 or reducing
the elastic-cross section between D-CO; should increase the D escape
rate, and hence, the value of f but the value of the D-CO, elastic cross
section in our study is already in the lower range of values considered in
the literature (Shematovich, 2013). MAVEN/IUVS observations were
performed during the dusty season, near Ls = 270° while our simulations
are done at Ls = 0°, illustrating that f could be seasonally dependent,
driven by fractionation of the D/H in the Martian thermosphere due to
different processes not investigated in this paper: HDO/H50 condensa-
tion, photodissociation, reaction rates of HoO and HDO (Montmessin
et al., 2005), particularly important at Ls = 270° where large amount of
H20/HDO could reach the thermosphere. A seasonally variable f is also
supported by Cangi et al. (2024).

Other seasons and also other solar activity as well as specific events
like flares or CMEs that could change the relative importance of the ion
escape resulting from the solar wind interaction (Jakosky et al., 2015;
Romanelli et al., 2018) will be considered in the future.
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The method to extend the density of the thermal population from the thermosphere to the exosphere is based on Vidal-Madjar and Bertaux (1972)
and was also partly presented in Chaufray et al. (2015, appendix). In this appendix, we derive the three equations needed to compute the latitude 8¢
and the longitude a. of the initial position A, of the atom at the exobase, knowing its position (r, §, ) and its velocity (V, 6, ¢) at A on the trajectory.

We use the same notation as Vidal-Madjar and Bertaux (1972). The position A of the atom on its trajectory is noted (r,5,a) and its velocity (V, 6, ¢)
where 1,8,a are the radial, latitude and longitude of A. V is the magnitude of its velocity, 0 the angle between the velocity and the radial direction, and
¢ the last angle defining the velocity vector. In the spherical basis, the position and velocity vectors at A are given by

— —
r=re

V = Vcoste, + Vsindcospe, + Vsindsinge,

We define a new cartesian basis (x, y, z’) where z’ is perpendicular to the trajectory (i.e. perpendicular to r and V), x’ is directed from the planet
center toward the pericenter of the trajectory and y’ complete the system to have a direct basis:

These three vectors, expressed in (e, eg, €,) are given by

—

e —
— singe, + cosype,

g =

N
xV
|7 7]

—

1[/2u? 2u?
¥=4_2 [(Lsinze — 1) e — isinecosﬁ(cosq;a + singe,) }
e el\Yy y

— — 2u? . _
2 X X' = ——sinfcosOe, +

2 2
v (%sinze — 1) (cospe, + singe,)

where we used the eccentric vector (its norm is the eccentricity of the trajectory and its direction the direction of the pericenter) defined by

, VXL _ 2u? _, 2u? — —
. o X .
=————¢ = |—sin“0—1 ) e, ———sinfcosd(cospey + sinpe
GMm " (y ) " y ( 0 ¢)

and defined the adimensionned velocity u and distance y as Vidal-Madjar and Bertaux (1972) by

ue vV o, rV
7Vesc.c7 7ZGM
_re

Y=7

L is the angular momentum defined by

— — .=
L =m7 x V=mrVsindz

M is the mass of the planet, G the gravitational constant, m the mass of the atom, and Ve, the escape velocity at the exobase distance r.
From the norm of the eccentric vector, we can derive the expression of the eccentricity of the trajectory leading to eq. 12 of Vidal-Madjar and

Bertaux (1972):

4 2
e=4/1+ yizsinzé‘(u2 -y)

11
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The true anomaly angle p of A is the angle between the pericenter direction x* and the position of A (e;) and then the cosine and sinus of p are given
by

1 /2u?
cosp=xee == (isinzﬁ—l)
e\y

. - — 2112 .
sinf=y ee = ;smﬁcosﬁ

The semi-lactus rectum o of the trajectory can be deduced from the polar equation (Vidal-Madjar and Bertaux, 1972)

u?sin®6

= 2r, ¥z

Note that sinf <0 when 6 > /2 (when the particle at A moves downward). For the hyperbolic trajectories (escaping atoms), only 6 < n/2 is
permitted since, by assumption, no particles come back to the exobase with a velocity larger than the escape velocity.
The expressions of x, y’ and z’ can be simplified using

— .= —

7 = —singe, + cospe,

— — . — . —
X = [cosfe; — sinp(cospe, + singe,) |

Y = sinfe; + cosp(cospe, + singe,)

The particle at A is coming from the origin point A, at the exobase (r.), defined by its true anomaly angle f.. In the (x’,y’,z’) frame, the radial vector
1. is given by

7o =r.(cosp, X +sinB,y’)

and then, in the spherical frame (e, ey, €,) we have
e = r.(cosp.cospp + sinfsin, ) e; — (sinficosp, — sinfi.cosp)(cospe, + singpe, )
Noting y = p-p., we can simplify this expression by

= r¢(cosye; — simycospe, — sinysingpe,,)

Iy

In the cartesian basis xyz, the coordinates of r and r, are given by

cosocosa
- X
r =r| cosésina
siné
C0S6.COSA,
— .
re =r.| cosd.sina,
Sinéd,

In the xyz basis, the spherical vectors can be expressed using the well-known expressions:

cosécosa
— .
e, = | cosdsina
siné
sinécosa
— . .
ey = | sindsina
—cosd
—sina
> j—
e, = | cosa
0

and then, the projections of r. along x, y and z lead to the three equations needed to fully determine the latitude 8¢ and longitude o, of A.:

€085.€0S0, COSycosdcosa — Sinycospsindcosa + simysingsina
cosé.sina, | = | cosycosdsina — simycosgsindsina — sinysingcosa
sind, CoSysing + Sinycospcosd

The first equation corresponds to eq. 14 of Vidal-Madjar and Bertaux (1972). The third equation to eq. 13 of Vidal-Madjar and Bertaux (1972). The
second equation, not given in Vidal-Madjar and Bertaux (1972), is needed to fully constrain the longitude o in the general case when there is no
symmetry of the density and the temperature at the exobase.
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