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Abstract Hydrogen escape to space has shaped Mars' atmospheric evolution, driving significant water
loss. An unknown fraction of atmospheric H lost acquires its escape energy from photochemical processes,
with multiple observational studies suggesting much higher densities of such “hot” H than models predict.
Here, we show that a previously unconsidered mechanism, HCO* dissociative recombination, produces more
escaping hot H than any previously studied process, potentially accounting for more than 50% of escape during
solar minimum aphelion conditions and ~5% of the expected long-term average loss. This hot H is predicted to
impact observed brightness profiles negligibly, posing a significant challenge to the interpretation of spacecraft
remote sensing observations. This mechanism's efficiency is largely due to the high (63%—-83%) albedo of

the planet to H at 1-10 eV energies, indicating the likely importance of dozens of similar photochemical
mechanisms for the desiccation of Mars, Venus and planets throughout the universe.

Plain Language Summary The escape of hydrogen atoms from the upper atmosphere of Mars

has led to significant loss of water from the planet. Hydrogen needs energy to escape Mars' gravitational pull,
which can be sourced from the energy given to H atoms when they are produced by chemical reactions—this
results in “hot” hydrogen. However, the importance of hot hydrogen escape is unknown, and there is a disparity
between predictions from observations and models. Here, we show that one reaction, HCO™ dissociative
recombination (HCO* + e~ — CO + H), which has never been considered before, produces more escaping hot
H than any process previously studied. In some seasonal conditions, it accounts for more than half the H loss,
while accounting for 5% on longer timescales. Despite its importance, we predict that the hot H produced by
this process is very difficult for spacecraft to observe. This mechanism is effective for escape because most H
atoms produced by chemical reactions at high altitudes escape, so dozens of similar mechanisms are likely to
be important at Mars. HCO™ dissociative recombination is probably significant at Venus, where hot H escape is
dominant, and perhaps at other rocky planets outside the solar system.

1. Hot H Loss at Mars: A Significant Knowledge Gap

Escape of atomic hydrogen to space, a process responsible for the depletion of a large proportion of Mars' primor-
dial water inventory, has sculpted the planet's atmospheric evolution (Anderson & Hord, 1971; Owen et al., 1988;
Villanueva et al., 2015). The dominant mechanism for hydrogen loss at Mars is thought to be thermal (Jeans)
escape, in which a small proportion of hydrogen atoms with velocities in the high-energy tail of a collisional veloc-
ity distribution have sufficient energy to escape the planet's gravity. Existing thermal H escape estimates include
fluxes of 1.4 x 108 cm~2 s~! and 1.8 X 10% cm~2 s, retrieved from Lyman alpha observations, assuming one
population of thermal hydrogen (Anderson & Hord, 1971; Chaufray et al., 2008), and a flux of 2.4 x 108 cm =257},
given by the photochemical model of Nair et al. (1994), balancing the atomic oxygen sinks (Lammer et al., 2003).
On seasonal timescales, thermal hydrogen escape varies between 0.1-50 x 10® cm~2 s~! (Bhattacharyya, Clarke,
Chaufray, et al., 2017; Bhattacharyya et al., 2015; Chaffin et al., 2014; Chaufray et al., 2021; Clarke et al., 2014;
Halekas, 2017). Seasonal H escape is dependent on mesospheric and thermospheric water vapor concentrations
(Heavens et al., 2018; Krasnopolsky, 2019; Stone et al., 2020), which are driven by temperature variations and
enhanced by dust events, as observed by instruments on several spacecraft (Aoki et al., 2019; Chaffin et al., 2021;
Federova et al., 2018, 2020) and shown by photochemical (Chaffin et al., 2017) and global circulation modeling
(Neary et al., 2020; Shaposhnikov et al., 2019).
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Despite the significance of thermal H escape, the presence of a second, smaller population of higher-temperature
hydrogen atoms—nonthermal or “hot” hydrogen—has been indicated by modeling studies (e.g., Nagy et al., 1990)
and inferred by spacecraft observations (Bhattacharyya et al., 2015; Chaffin et al., 2018; Chaufray et al., 2008;
Galli et al., 2006; Lichtenegger et al., 2006). These particles gain an energy boost through either the exothermic
photochemical reactions by which they are formed or momentum or charge exchange processes. The relative
importance of thermal and nonthermal H escape has yet to be definitively established (Bhattacharyya et al., 2015).
Nagy et al. (1990) were the first to model hot H densities around Mars, through production by charge exchanges
of energetic H ions with neutral O or H atoms. They computed a hot hydrogen abundance more than two orders
of magnitude lower than its thermal counterpart, suggesting negligible nonthermal escape. Inclusion of five addi-
tional H-producing reactions resulted in slightly higher predicted exospheric densities (Lichtenegger et al., 2006).
Krasnopolsky (2010) calculated H loss after photochemical production to be 3%—4% of the thermal H loss,
assuming all hot H produced above the exobase escapes, and momentum transfer with nonthermal O accounted
for escape equal to 5% of thermal escape in the model of Shematovich (2013). However, recent observations
of the H corona by the Hubble Space Telescope and Mars Express suggest the presence of a larger nonthermal
component, perhaps 8%—50% of the thermal H density (Bhattacharyya et al., 2015; Chaufray et al., 2008; Galli
etal., 2006). The abundance ratio is not the same as the ratio of escape fluxes; some predictions result in a nonther-
mal escape contribution of almost half the total (Bhattacharyya, Clarke, Bertaux, et al., 2017; Bhattacharyya,
Clarke, Chaufray, et al., 2017; Bhattacharyya et al., 2015), while Chaffin et al.'s (2018) two-population model
reproduced Mars Atmosphere Volatile and EvolutioN (MAVEN) Lyman alpha measurements with a hot to ther-
mal H density ratio of only 1%, consistent with Nagy et al. (1990), but resulting in hot H escape of 5%—25% that
of total escape. The discrepancy between model predictions and empirical observations motivates a reassessment
of H loss, especially as some nonthermal H-producing mechanisms have not been included in existing models.

In this study, we use a new Monte Carlo model, based on those of Lillis et al. (2017) and Groller
et al. (2010, 2012, 2014), but completely reimplemented here, to quantify nonthermal H escape at Mars via
HCO" dissociative recombination. We choose this mechanism because HCO™ is the dominant H-bearing ion in
the upper atmosphere (Fox, 2015; Krasnopolsky, 2002; Matta et al., 2013), yet its influence on escape has not
been explored. Secondly, we report hot H escape probability profiles at Mars, which can be used to quantify loss
via any similarly energetic photochemical mechanism whose H production rates are known.

2. Monte Carlo Model

Our new Monte Carlo model (Figure 1) tracks a number of test particles, representative of a hot H population, as
they move through the atmosphere, allowing the calculation of escape rates, coronal density structure, and energy
distributions. Related models have previously been used to quantify nonthermal O and C escape at Mars (Groller
et al., 2014; Lillis et al., 2017). More generally, Monte Carlo techniques have been implemented for decades
to simulate particle trajectories in the upper atmospheres of planetary bodies (e.g., Amerstorfer et al., 2017,
Bougher et al., 2008; Chaufray et al., 2007; Hodges, 1994, 1999; Hodges & Tinsley, 1986; Johnson et al., 2008;
Lichtenegger et al., 2006).

The test particles are initially distributed with altitude according to an input production rate profile, with initial
velocities dependent on the excess energy of the simulated mechanism and isotropically distributed in direction.
The model tracks the particles' positions as they respond to gravity and collide elastically with neutral background
species (CO, CO,, N,, and O). We use the total and differential O—H cross sections of Zhang et al. (2009), without
modification, for collisions with all four background species due to a lack of availability of more specific data.
The cross sections are energy-dependent, and the collision energy is the sum of the kinetic energies of the H and
the ambient background species in the center of mass reference frame, where the velocity of the background
particle is randomly sampled from a Maxwell-Boltzmann distribution at the neutral temperature at the collision
altitude (with temperature profiles from Fox (2015)). A collision is simulated if a random number from a uniform
distribution between 0 and 1 is greater than ). e~%"s"A!, where, for each background species, o, is the total cross

section at the collision energy, n, is the densbity at the collision altitude, v is the test particle velocity, and At is
the timestep. The background particle involved in the collision is chosen randomly with relative probability based
on the contribution of each species to this collision depth. To compute the outgoing angle, the differential cross
section for the energy closest to the computed energy (from 0.1, 0.5, 1, or 5 eV) is used. A probability distribution
function, derived from the differential cross section, is randomly sampled to select the scattering angle. When
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Figure 1. Schematic summarizing model inputs, processes, and outputs. Left-hand panel: flowchart of Monte Carlo model inputs (yellow boxes) and processes (blue
boxes). Top right: (a) input density profiles of background species. Black lines show total column density above each altitude. (b) Input density profiles of HCO* (dark
blue) and electrons (bright blue). Densities in (a, b) are from Fox (2015), for low (thick lines) and high (thin lines) solar activity. (c) Hot H production rate profiles

due to HCO™ dissociative recombination, which direct the initial hot H distribution, for low (thick line) and high (thin line) solar activity. Lower right: positions of test
particles (black points) in the model at the end of a simulation; positive x coordinates are on the dayside. Hot H densities are higher in the dayside hemisphere because
HCO* dissociative recombination is an ionospheric process that occurs only on the dayside.

a collision occurs, the particle's velocity vector is updated accordingly. We neglect inelastic collisions as they
are unimportant relative to elastic collisions at the low energies relevant to H scattering through an atmosphere
predominantly composed of much heavier species (Lichtenegger et al., 2006).

The simulation ends when all test particles are “deactivated” through one of three conditions: (a) the particle is
thermalized (i.e., its energy falls below the escape energy (between 0.05 eV at the upper boundary (5,000 km) and
0.13 eV at the lower boundary (80 km)), (b) the particle's position moves below the lower boundary, or (c) the
particle reaches the upper boundary with an energy greater than or equal to the escape energy. Those in category
(c) are counted, and the fraction is multiplied by a dayside hemispheric production rate to give a global escape
rate. As well as escape fractions, hot H density and energy distributions are calculated following tallying methods
utilized by previous Monte Carlo models (X-5 Monte Carlo Team, 2003; see Supporting Information S1).

3. Significant Nonthermal H Escape From HCO* Dissociative Recombination

We use the model to calculate escape rates of H produced via the dissociative recombination of HCO™*. Assuming
that all HCO™" and H is in the ground state, the branches of this reaction are:

HCO" + e~ — CO(X '=*) + H+7.31 eV, assumed branching ratio = 0.77,
— CO(a’,) + H+ 1.30 eV,  branchingratio = 0.23 (Rosati et al., 2007),

— CO(a' °=*) + H+ 044 eV, assumed branching ratio = 0.

(Rosati et al., 2007). Most of the excess energy—1.30 or 7.31 eV, depending on the electronic state of the CO
(Rosati et al., 2007)—goes into the H atom's velocity, resulting in “hot” hydrogen with energies far above the
escape energy at production altitudes (0.12-0.13 eV). This velocity is compounded with the velocity of the center
of mass of the reactants:

mivy + mva
mi; + mp

ey
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to obtain the initial velocity of the H atom, where m, and m, are the masses of HCO™ and an electron, respectively,
and v; and v, are their velocities. For each initialized H particle, the reactant velocities are chosen by randomly
sampling a Maxwell-Boltzmann distribution at the ion or electron temperature (from Fox, 2015) at the collision
altitude.

The model initializes 100,000 test H particles, with positions dictated by the HCO™" dissociative recombination
production rate profile between 80 and 400 km (Figure 1), which is assumed to be uniform across the dayside.
Production is calculated for both low (LSA) and high (HSA) solar activity conditions using HCO* and electron
density profiles from Fox's (2015) eroded model. The low and high solar activity conditions are defined by
Fox (2015) and characterized by a solar zenith angle of 60°, an orbital distance of 1.524 AU, and F,, values of
68 and 214, respectively. The input HCO* profiles show peak densities of 8.1 X 10> cm~3 and 5.3 x 10?> cm™3
at altitudes of 185 and 208 km, for low and high solar activity conditions, respectively (Fox, 2015), resulting
in lifetimes of 523 and 998 s at the peaks, respectively. The dominant sink of HCO* in Mars' upper atmos-
phere is dissociative recombination, while two reactions involving OCOH* are among the most important
source mechanisms (Fox, 2015; Krasnopolsky, 2002, 2019). We use the rate coefficients adopted by Fox (2015):
2 x 107(T,/300)™"* em? s~! for T, < 300 K and 2 x 107/(T,/300)™"* ecm? s~! for T, > 300 K, where T, is the
electron temperature (Fox, 2015). We adopt the CO(a) yield of 23% reported by Rosati et al. (2007) and assume
that ground state CO(X) is produced 77% of the time, with a branching ratio of zero to the excited CO(a’) state.
We account for the probabilities of CO(a) with different vibrational levels after Rosati et al. (2007; 0.45 for v =0,
0.21 for v =1, 0.13 for v =2, 0.10 for v = 3, and 0.10 for v = 4), but neglect different vibrational levels for the
CO(X) branch, as none were reported. After accounting for the CO molecule's electronic and vibrational states,
the CO and H gain all remaining exothermic energy from recombination as translational kinetic energy, using
conservation of momentum in the center of mass frame.

We predict escape rates for HCO™* dissociative recombination by running a series of 10 simulations. The mean
output global escape rates (Figure 2) are 1.30 + 0.01 x 10%° s~! and 6.92 + 0.04 x 10>* s~! for low and high
solar activity, respectively. These values correspond to 6.5% and 3.5% of Nair et al.'s (1994) thermal escape
flux, 2.4 x 108 cm~2 s~! (equal to a global loss rate of 2 x 10% s~1). This is comparable to previous forward
model-based photochemical loss fractions (3%—5%; Krasnopolsky, 2010; Shematovich, 2013), which did not
include HCO* dissociative recombination. Inclusion of this new mechanism would therefore roughly double the
existing model hot H escape predictions. The loss rates are 156% and 83% of the lowest reported seasonal ther-
mal loss rate (Chaffin et al., 2014, 2015; Clarke et al., 2014; Halekas, 2017), indicating that there may be some
conditions at Mars in which nonthermal escape dominates thermal escape.

Escape rates are lower under high solar activity conditions, predominantly due to a 35% decrease in escape
efficiency (Figure 2). An extended neutral atmosphere under higher solar activity increases the frequency of
collisions and rate of thermalization, inhibiting escape. A secondary factor is a 17% decrease in production rate
under high solar activity compared to low solar activity, which is due to the lower HCO™" density around the
production rate peak altitudes (100—200 km; Figures 1b and 1c). This anticorrelation of HCO™* density and solar
activity, also seen in other H-bearing ions, including OCOH*, which greatly influences HCO™* production, is due
to larger photochemical and escape sinks of H and H, under higher solar activity (Fox, 2015). Solar EUV fluxes
were higher earlier in solar system history (Ribas et al., 2005; Tu et al., 2015), so our results suggest that escape
fluxes from this particular nonthermal mechanism would likely have been smaller in Mars' past than today.

Figure 2a shows output hot H density profiles for a typical model run. Densities peak at altitudes of 143 and
155 km for low and high solar activity conditions, respectively. The increase in the thermosphere scale height
under high solar activity suppresses hot atom densities as well as escape. Given our strict definition of hot hydro-
gen, in which bound hot particles with energies below escape energy are removed from the simulation, despite
velocities remaining well above those of thermal particles, observable hot hydrogen densities (of both bound and
escaping particles) are likely to be larger than those presented in Figure 2.

An initial estimate of expected brightness profiles resulting from this hot H (Figure 2b) can be obtained assuming
that the atmosphere is optically thin with respect to Lyman alpha radiation, which allows us to use the relation:

Ii = gN; @

where N is the column density along the line of sight of a spacecraft's remote sensing instrument and g is the

1

photon scattering coefficient (1073 photons particle™' s~!; Anderson & Hord, 1971). For example, assuming
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Figure 2. Model predictions of hot hydrogen produced by HCO* dissociative recombination. (a) Output average dayside hot H density profiles for a typical simulation,
for low (LSA; blue) and high (HSA; orange) solar activity conditions. (b) Predicted brightness profiles for hot H produced by HCO* dissociative recombination, for
nadir (thin lines) and limb (thick lines) observations, for both low and high solar activity. For limb predictions, the altitude is measured toward the Sun from the subsolar
point. The column density, shown on the upper horizontal axis, is multiplied by g (10~3 photons particle™! s~') to calculate the brightness (Anderson & Hord, 1971).
(c—f) Energy distributions for hot H in one low and one high solar activity simulation, at four different altitudes. (g—j) Energy and direction distributions for hot H in one
low solar activity simulation, at the same four altitudes. y = cos @, where € is the angle between the particle's path direction and a trajectory pointing directly upwards.
Table: Hemispheric hot H production rates via HCO* dissociative recombination and calculated global escape rates, for both low and high solar activity conditions. The
standard deviation of the mean loss rate is computed from 10 model runs.

a nadir observation at 5,000 km and integrating the low solar activity output densities (Figure 2a) below this
altitude, we obtain a brightness of 2.4 Rayleighs (R). Adopting a similar procedure for a limb observation (see
Supporting Information S1), we obtain a maximum brightness of 12 R at a spacecraft altitude of 100 km.

Energy distribution functions at a series of altitudes for a typical simulation are shown in Figure 2 (c—j). Panels
(g—j) show the distribution of energy and direction of the hot H atoms for one of the low solar activity models,
where p = cos @ and 0 is the angle between the atom's direction of motion and a vector pointing radially outward
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from the planet. With increasing altitude, the particles transition from moving in all directions to having u values
focused to 1, because most reaching higher altitudes are moving directly upward away from the planet; this is a
geometrical effect only. Panels (c—f) show the energy distributions integrated over u, for both low and high solar
activity.

4. Escape Probabilities Close to 100% Above Collisional Atmosphere

We have shown that HCO™ dissociative recombination is key to a complete understanding of H loss at Mars.
This naturally poses the question of the influence of other unstudied nonthermal mechanisms on hot H escape,
including the dozens of additional photochemical reactions that produce H above escape energy. For example,
the photochemical model of Fox (2015) includes 44 further exothermic reactions with H as a product. Some
of these reactions have high excess energies of up to 10.95 eV (H; dissociative recombination), high column
production rates between 80 and 400 km of up to 5.3 x 107 cm™2 s~' (CO} + H, — OCOH* + H), or high peak
production rate altitudes of up to 272 km (Hj + H, — HJ + H), which are all factors that could contribute to
considerable escape. The photochemical model of Krasnopolsky (2019) incorporates additional H-producing
reactions involving water chemistry, which may become particularly important during some seasonal conditions.

Some photochemical mechanisms have been studied previously. For instance, hot hydrogen produced by the reac-
tions O+ H, - OH* + H,OH* + e~ - O+ H, CO;r + H, - OCOH* + H, and OCOH* + e~ — CO, + H has
been simulated for both Mars (Lichtenegger et al., 2006) and Venus (Lammer et al., 2006; McElroy et al., 1982).
In addition, the charge exchange reactions of energetic hydrogen ions with oxygen or hydrogen atoms have been
modeled to obtain hot H densities at Mars (Lichtenegger et al., 2006; Nagy et al., 1990) and are considered
dominant for escape at Venus (Donahue & Hartle, 1992; Hodges, 1999; Hodges & Tinsley, 1981, 1986; Lammer
et al., 2006; Rodriguez et al., 1984). Momentum transfer from solar wind penetrating protons to atmospheric H
(Halekas et al., 2015) may also produce hot atoms (e.g., Shematovich, 2021). The total escape flux of hydrogen
via photochemical and charge exchange sources at Venus is 3.8 X 10%° s~! (Lammer et al., 2006), which is compa-
rable to our escape fluxes from HCO™ dissociative recombination (Figure 2). This motivates the investigation of
escape at Mars via these and other reactions involving H-bearing ions. In contrast to HCO* dissociative recom-
bination, the production rates of some reactions may increase sufficiently with solar activity to overcome the
decrease in escape efficiency and therefore may have played a key role in Mars' earlier atmospheric loss.

In order to facilitate future escape estimates of these mechanisms, we produce escape probability profiles for
two example particle kinetic energies: 5 and 0.2 eV. The curves, indicating the probability that an H atom born
at a certain altitude with a certain kinetic energy will escape, can be used alongside production rate profiles to
estimate the production rate of escaping H for different nonthermal mechanisms. We choose an energy of 0.2 eV
as a lower limit, as it is just above the escape velocity at 80 km (0.13 eV); 5 eV is a representative value halfway
between escape energy and the largest excess energy from an H-producing reaction in Fox's (2015) compila-
tion (10.95 eV), and slightly less than the average kinetic energy imparted to H atoms by HCO™ dissociative
recombination.

To construct the profiles, we use the Monte Carlo model to track the trajectories of 1,000 test particles produced
at a single altitude, all with the same initial kinetic energy (5 eV or 0.2 eV). For a series of altitudes between 80
and 400 km, we take the mean escape fraction from four simulations (Figure 3). We calculate the column density
of background species above each altitude (N; Figure 1a), assuming that the column density above 400 km is
equal to the sum of the background species' scale heights (k,T,/mg, where k, is Boltzmann's constant, m is the
molecule's mass, and T, and g are the neutral temperature and the gravitational acceleration at 400 km) multiplied
by their densities at 400 km. The dependence of escape probability on N is independent of the density profiles
chosen, so we combine the model results for low and high solar activity for each of the two energies. We then fit
the escape probabilities (p) to the form p = Ae=*"9, where o is the total O—H cross section at the chosen energy
(3.89 x 10715 cm? for 5 eV and 5.52 X 1015 cm? for 0.2 eV; Zhang et al., 2009). The constant A is equal to the
escape probability with no molecules overhead. The constant b is a transparency coefficient, accounting for the
fact that a single collision is not necessarily sufficient to thermalize a test particle.

We find that the curves p = 0.9147¢(0038 No) and p = (0.8133¢(-0-1225 N fit the data for particle populations with
initial kinetic energies of 5 and 0.2 eV, respectively. Mapping the column densities to altitudes, the resulting
escape probability profiles are shown in Figure 3. Escape probabilities are low below ~130-150 km and increase
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Figure 3. New escape probability profiles for two H population energies and two solar activity conditions. Black lines/
symbols and silver lines/symbols are for the 5 and 0.2 eV populations, respectively. Thick lines/crosses and thin lines/circles
are for low and high solar activity conditions, respectively. Symbols show the four models run for each altitude (smaller
points) and the mean (larger points). Lines are fits of the combined low and high solar activity data for each population
energy: p = 0.9147¢~09388N for the 5 eV population and p = 0.8133¢~%1225V for the 0.2 eV population. The curves for each
solar activity differ because of the varying overhead column densities (N) with altitude. Horizontal dashed lines indicate the
altitude at which the escape probability is equal to 1/e.

to maximum values of 0.91 and 0.81 for 5 and 0.2 eV populations, respectively, at the uppermost production
altitude of 400 km. This is considerably larger than nonthermal oxygen escape probabilities, which are up to
0.4-0.65 (Fox & Ha¢, 2018; Lillis et al., 2017). Since hydrogen has a much smaller mass compared to oxygen,
momentum transfer with CO, and O is less effective and more collisions (~26 for 5 eV particles and ~8 for 0.2 eV
particles) are required to reduce a particle's energy to thermalization (Krasnopolsky, 2010). Half of the particles,
initially directed upward, all escape, and a large proportion of the half initially directed toward the planet collide
frequently enough to be turned around and escape. In other words, A is roughly equivalent to 0.5 + 0.5a, where a
is the planetary albedo with respect to hot hydrogen atoms. We find « values of 0.83 and 0.63 for the 5 and 0.2 eV
populations, respectively. While it is known that there is a considerable albedo for ~keV-energy H atoms sourced
from charge exchange with solar wind protons (e.g., Girazian & Halekas, 2021; Halekas et al., 2015; Kallio &
Barabash, 2001), our high albedo results for hot H energies (below ~10 eV) indicate the potential for significant
net escape of H from photochemical sources operating above ~200 km.

5. Applicability to Understanding Hot H Escape at Mars

We have shown that HCO* dissociative recombination alone produces a greater proportion of escaping H with
respect to thermal hydrogen than some previous modeling estimates of the total nonthermal H loss from photo-
chemical sources (<5%; e.g., Krasnopolsky, 2010; Nagy et al., 1990). Escape through this mechanism has not
previously been quantified, and our results suggest it plays a significant (perhaps dominant) role for hot hydrogen
escape at Mars.

No direct observations of hot H at Mars have been made to date, but our calculated densities enable predictions
of what could be observed in the future (Figure 2b). We predict Lyman alpha brightness from H produced by
HCO* dissociative recombination of up to 12 R, which is negligible compared to typical H brightness at Mars, on
the order of kilo-Rayleighs (e.g., Anderson & Hord, 1971). Therefore, while HCO™* dissociative recombination
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can produce 5% of the nonthermal H escape and around half the total H escape in some seasonal conditions, it
is effectively invisible to detection by observational studies, due to the much brighter total H population, most
of which is bound to the planet. This highly nonlinear relationship between brightness and escape rate presents a
challenge to future missions endeavoring both to detect hot H directly and infer nonthermal escape rates. Further,
in previous modeling studies, brightness predictions have matched observations better with the inclusion of hot
H alongside a thermal population (e.g., Bhattacharyya et al., 2015), but this requires a much larger brightness
contribution from hot H than we predict for the H from HCO™ dissociative recombination. Therefore, it is possi-
ble that there is another unconsidered hot H-producing mechanism that results in much higher densities and
brightnesses, or HCO* dissociative recombination may be even more important than we compute in this study,
due to more HCO™ in the atmosphere than realized. If this is the case, hot H escape rates would presumably also
be much higher.

The individual and cumulative importance of nonthermal processes can be evaluated further in future studies
using our new H escape probability profiles, which show that most H produced above the ionospheric peak
escapes. An initial escape estimate for a chosen mechanism can be obtained by multiplying the probability by the
production rate and integrating over altitude. For example, we can estimate escape for HCO* dissociative recom-
bination and compare to the result described in Figure 2. Due to the energy removed by branching to different
electronic states of CO, 77% of the particles initially have a kinetic energy of 7.06 eV and 23% have a kinetic
energy of 1.26 eV or less (Rosati et al., 2007). We can approximate escape probabilities for HCO* dissociative
recombination as 77% of our new 5 eV profile plus 23% of our 0.2 eV profile, which results in a global loss rate
estimate of 1.20 x 10% s~! for low solar activity conditions. This is within 8% of our loss rate calculated earlier
(1.30 x 10% s~1, Figure 2), illustrating the utility of the escape probability profiles for good escape estimates. The
marginal underestimation is likely due to a difference in the way that collisions change the velocities of the parti-
cles when the initial kinetic energy is slightly different. The Monte Carlo modeling of individual mechanisms
that initial estimates highlight as important remains valuable for obtaining escape rates and density and energy
distributions.

When considering the loss rates from HCO™ dissociative recombination, our model has a few limitations that
future versions will address. First, we use one-dimensional input density and temperature profiles, assumed to be
uniform across the dayside. This is a simplification, but, assuming an optically thick atmosphere, the total number
of HCO™ ions in a column should not vary, and the maximum production altitude according to the Chapman
function varies across the dayside by no more than one scale height from that with a solar zenith angle of 60°,
taken by Fox (2015) to produce the profiles used as inputs in this study. Our model does not capture the effects
of seasonal and longer-term density variations: future work will be needed to study important trends. Second, our
input profile choices assume an ionopause at 400 km, with no hot H production above this altitude. However, use
of our escape probability profiles reveals that, for low solar activity conditions, ~90% of the escaping H produced
comes from below 190 km, due to the reaction rate peak around 140 km. Variation of the ionopause above this
altitude is therefore unlikely to cause more than a 10% change in values. Third, we do not consider rotational
energy, either in the initial HCO* molecule or in the product CO molecule. A similar assumption was made for
hot O at Mars in the model of Groller et al. (2014), given that incorporation of the correct rotational states had
a negligible effect on hot O modeling at Venus (Groller et al., 2010). Including the rotational energy of the CO
molecule here would only affect the magnitude of the remaining energy by a factor of 0.1%—1%.

Finally, this model only considers elastic collisions with limited background species. The lack of inelastic colli-
sions may result in some overestimation of particle energies and therefore escape. However, inelastic channels
are insignificant for atom—atom collisions at these energies (Lewkow & Kharchenko, 2014), and we follow
the assumptions of similar hot H Monte Carlo modeling, which suggests that inelastic atom—molecule colli-
sions are also unimportant at energies below 8 eV (Lammer et al., 2006; Lichtenegger et al., 2006). While esti-
mated H-N,, H-CO, and H-CO, total and differential cross sections, produced using scaling methods from
known data, are available (Lewkow & Kharchenko, 2014), we opt instead to use unscaled O-H cross sections for
collisions of H with all background species until dedicated cross sections for each collision pair are generated,
based on the conclusions of detailed modeling studies performed by Gacesa et al. (2020) for O-CO, collisions.
This assumption likely affects our results the most, and we will update our model to use the relevant cross sections
as they become available.

We simulate collisions with the four most abundant atmospheric neutral species, but not with background H and
H,. The lack of H-H and H-H, collisions may have two contrasting effects on our escape results: (a) escape may
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be overestimated because of an underestimated collision and thermalization rate, or (b) escape may be underesti-
mated because secondary hot particles are not taken into account. On the one hand, Gu et al. (2020) found that hot
helium escape, induced by hot O collisions, decreased by up to 50% when collisions with H and H, were incor-
porated (see their Figure 3 and their Table 2). Part of the observed effect is explained by a reduction in the initial
production of hot He atoms by momentum exchange with nonthermal oxygen, presumably because O is more
likely to collide with H and H, when they are present. This reduction in hot atom production rate is not applicable
to the photochemically produced hot hydrogen in our models. The decrease in escape is also attributed in part to a
decrease in escape probability as He atoms are thermalized by collisions with H and H,. The relative importance
of these two factors is not shown explicitly by Gu et al. (2020) but in light of this study we might expect the lack
of H and H, collisions in our model to cause an overestimation of escape by no more than a factor of two and
likely less. On the other hand, collisions of hot H with background H could produce secondary hot H particles
due to efficient momentum exchange, increasing hot H production and therefore escape (Shematovich, 2004),
especially when the primary particles have energies several eV higher than the escape energy, as the majority of
those produced by HCO™ dissociative recombination do initially. An equivalent process, via collisions with back-
ground oxygen, has been included in models of hot O (Gréller et al., 2010; Krestyanikova & Shematovich, 2006;
Lichtenegger et al., 2009). We do not expect the overall effect of these two opposing factors to be large because
H and H, only become dominant ambient species at altitudes above the exobase where collisions are infrequent:
they become more important than CO, N,, and CO, only above 240-260 km (360 km) and more important than
O only above 340-380 km (and higher) for low (high) solar activity conditions (Fox, 2015), where escape proba-
bilities are already >80%. We conclude that the effect of including H and H, as background species would be on
the same order of magnitude as the results of some of our other assumptions and does not negate our conclusions,
but we intend to incorporate collisions with these species in future model development.

6. Conclusions

Here we have identified HCO* dissociative recombination as a previously overlooked yet important source of
escaping hot H at Mars, contributing 3.5%-6.5% of the thermal escape estimate. Modern hydrogen escape rates
are insufficient to explain the magnitude of water loss required by D/H ratios, so it is hypothesized that early
hydrogen loss was greater (Cangi et al., 2020; Jakosky et al., 2018). However, given that solar EUV fluxes
were higher in the past (Ribas et al., 2005; Tu et al., 2015) and our high solar activity simulations result in less
escape, we speculate that HCO™ dissociative recombination does not explain this effect. Nonetheless, it is possi-
ble that other nonthermal mechanisms, such as resonant charge exchange with ionospheric plasma, may have
been significant across Mars' lifetime. At Venus, nonthermal loss is dominant due to inhibited thermal escape
(Anderson, 1976; Hodges, 1999; Hodges & Tinsley, 1981; Lammer et al., 2006), so we expect that HCO™ disso-
ciative recombination, which has also never been explored at that planet, may be very important. This process
could also be key at Venus-sized exoplanets with CO,-rich atmospheres and negligible thermal H loss. Despite
the lack of prior work on its effect on escape, HCO* dissociative recombination, along with other nonthermal
processes, especially those that produce H above the ionospheric peak, is key to a more comprehensive view of
water loss from terrestrial planets.

Data Availability Statement

The model code, output, and plotting scripts used are available in Gregory et al. (2022).
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