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Introduction: Photochemical escape in planetary
atmospheres is a process by which a) an exo-
thermic chemical reaction produces an upward-
traveling neutral particle whose velocity ex-
ceeds the planetary escape velocity and b) the
particle is not prevented from escaping through
any subsequent collisions with thermal neutrals.
At Mars, photochemical escape is thought to be
the dominant loss process for neutrals heavier
than hydrogen today [Lammer et al., 2008],
likely several times larger than heavy ion es-
cape, and thus one of the major pathways for
atmospheric escape over the history of Mars.
By approximately 2 orders of magnitude the
dominant escaping atom is O (cf. table 3 of
Brain et al. [2015]), mostly the result of DR of
O,", the process upon which we will focus in
this study.

The critical altitude region for photochemical
escape is within a few scale heights of the exo-
base (i.e. 170-250 km), i.e. the region sufficient-
ly low in altitude that substantial amounts of
O," are created, but where the mean free path is
sufficiently large that energized hot O atoms
can escape the atmosphere in substantial num-
bers without first losing too much energy
through collisions.

Several numerical models of photochemical
escape of O from Mars have been developed in
recent years using input from the two vertical
profiles recorded by the Viking Landers
[Hanson et al., 1976; Nier et al., 1976] and
global circulation models [Bougher et al., 1999;
2000; Gonzalez-Galindo et al., 2013]. Photo-
chemical escape rates range from 1.0 to 6.0 x
10% s for equinox solar minimum conditions
and from 4.0 to 22.0 x 10%° s™ for equinox solar
maximum conditions, with an average of 2.75
for the ratio between the former and latter con-
ditions.

Data used in this study. Although photochem-
ical escape of O cannot be directly measured by
MAVEN, all of the important quantities upon which
it depends are measured in situ in the Mars upper
atmosphere, typically on at least every other orbit.
We use in situ data from three instruments collected

below 400 km during 1982 orbits orbits spanning
February 11 2015 to June 28 2016. We obtain tem-
peratures and densities of ambient electrons meas-
ured by the Langmuir Probe and Waves (LPW) ex-
periment [Andersson et al., 2015]. We also use tem-
peratures of thermal O," ions measured by the Su-
praThermal And Thermal lon Composition
(STATIC) experiment [McFadden et al., 2015].
Finally, we use densities of thermal O,+ ions and the
thermal neutral species CO,, CO, N, and O measured
by the Neutral Gas and lon Mass Spectrometer
(NGIMS) [Mahaffy et al., 2014]

We note that NGIMS cannot measure both ions
and reactive neutral species (i.e. CO and O) on the
same periapsis pass. For this reason, we use different
subsets of the 1982 orbits to calculate dissociative
recombination rates and escape probabilities, accord-
ing to the availability of the relevant data in each set
of orbits, as discussed in the next section.

Method for calculating escape fluxes.

In order to determine photochemical escape flux-
es of hot oxygen from in situ measurements, we sep-
arately calculate two different quantities as a func-
tion of altitude z: 1) the production rate of hot oxy-
gen atoms from O2+ DR and 2) the probability that,
once produced, a hot O atom will escape the atmos-
phere. DR occurs via 4 main channels with the re-
sulting O atoms each leaving with half of the exo-
thermic energy in the center of mass frame of the
electron-ion collision. The four channels are given:
Likelihood

Initial state Final state

Oy +e— O(*P) + O(°P) +6.99 eV  26.5%

O('D) + O(*P) +5.02 eV 47.3%
O('D) +O('D) + 3.06 eV 20.4%

O(1D) +O(15) +0.83 eV 5.8%

Figure 1: channels and ratios for DR of 02+

The upper two of these reactions result in indi-
vidual O energies in excess of the escape energy (at
200 km altitude) of 1.98 eV. For each set of neutral
density and electron and ion temperature profiles, we
run a three-dimensional Monte Carlo hot atom
transport model to calculate escape probabilities as a
function of altitude. We assume the atmosphere is
spherically symmetric with the same altitude profile



everywhere. Hot O atoms start at a set altitude and
are given random directions and an initial energy
drawn at random from the initial energy distribution
for that altitude (mentioned in the previous para-
graph). They are propagated through collisions with
thermal neutrals until 2500 escape, from which es-
cape property is calculated. We run this model at
each altitude starting from 400 km we work down in
altitude until the escape probability falls below 5e-5.

Once we have calculated altitude profiles of the
hot O production rate and the hot O escape probabil-
ity, we simply multiply these two quantities together
at each altitude step to get the production rate of es-
caping hot O. We then integrate with respect to alti-
tude to get the hot O escape flux for that particular
periapsis pass. Figure 1 is a flowchart of this calcu-
lation, relating the quantities measured by MAVEN,
formulae derived from experiment, models and cal-
culated values.
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Figure 2: Flowchart explaining calculation of hot
oxygen escape from measured altitude profiles of
neutral densities and ion and electron densities
and temperatures.

The profiles of all necessary quantities shown in
the left magenta boxes in Figure 2 are not measured
in the same orbit. Therefore, for each of the 951 or-
bits where we are able to determine the hot oxygen
production rate profile (see the lower blue box in
Figure 2), we multiply by an escape probability pro-
file (upper blue box in Figure 2) that is the mean of
the escape probability profiles determined from the
previous and subsequent orbits.

Dependence on EUV flux: Escape fluxes show a
positive trend with respect to solar EUV flux meas-
ured at Mars. Figure 3a shows all 9510f the derived
values of O escape flux taken with solar zenith an-
gles less than 90° (no significant dependence of de-
rived escape flux on solar zenith angle was observed
within this range), i.e. dayside, as a function of the
EUV irradiance at 30.4 nm estimated by the FISM-
M model [Thiemann et al., 2016], along with binned
averages and standard deviations. Power law fits to
this data were then tried for a wide range of power
law indices. Reduced chi-square values were calcu-
lated assuming an error of 0.3 x 10" cm™s™ for every
point, which is approximately the spread in values
collected within the same day. The best fit index is
2.19, but with quite a large spread (1.2 to 3.0) within

1-sigma. The dip that we see for intermediate values
of 30.4 nm flux is likely due to seasonal effects, i.e.
the lower atmosphere respond more slowly solar IR
flux than the upper atmosphere does to solar EUV
flux. Only by collecting data over multiple Mars
years will we be able to disentangle seasonal from
solar cycle effects.
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Figure 3: Dependence of dayside O escape fluxes on 30.4
nm EUV irradiance. We show all 951 individual derived
escape flux values (small pink dots) and binned values
(black diamonds) with standard deviations in each bin.
All fits to this data that fall within the 1-sigma error el-
lipsoid are shown as gray lines, with the best fit (power
law index of 1.76) shown in black.
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Figure 4: Extrapolation of photochemical O escape rates
over Martian history. Panel a) shows the assumed histo-
ry of 30.4 nm EUV irradiance, taken from Ribas et al.
[2005]. Panels b) and c) shows the resulting escape rates
and cumulative oxygen lost respectively, assuming the
best power law fit (1.78) to EUV dependence (thick
black), the range of 1-sigma power law fits, the 10" and
90" percentiles of those distributions (thin black), a line-
ar dependence (red dashed) [Cravens et al., 2016] and
no EUV dependence, i.e. a simple extrapolation back in
time of the present-day escape rate (blue dashed).



Modern-day EUV flux: One of the prime goals of
the MAVEN mission is to constrain the total loss of
atmosphere over Martian history. In order to build a
baseline from which we may extrapolate photochem-
ical O escape rates backward in time, we must esti-
mate the average escape rate over the modern epoch,
i.e. over the range of solar EUV irradiance condi-
tions that exist in the modern era. We use the week-
ly irradiance at 30.4 nm calculated at Mars by FISM-
M since 1947 on the basis of direct measurements
back to 2002, satellite measurements of solar Lyman
alpha irradiance back to 1978 and ground-based
measurements of F10.7 solar radio flux prior to 1978
[Thiemann et al., 2016]. 80% of values lie within the
range of 1.2 to 4.5 x 10® s,

Historical Loss of atomic oxygen over time: We
now have in hand a modern-day estimate for photo-
chemical escape rates and a range of dependences on
EUV flux. This allows us to make estimates of es-
cape rates at earlier times in solar system history.
We utilize a functional form for the evolution of
EUV irradiance with stellar age derived by Ribas et
al. [2005] from observations of six sun-like stars
with a range of ages from 0.1 to 6.7 Gyr. They de-
termined that irradiance in the wavelength range 10-
36 nm (which encompasses the solar 30.4 nm He Il
line we are using) decreases as t*%, where t is the
stellar age in billions of years. We set the irradiance
att=4.5 Gyr (i.e. the present-day) to be the mean of
the 30.4 nm irradiance from the 70-year reconstruct-
ed record FISM-M shown in Figure 6a: 0.000244
W/m?/nm. The resulting estimate of 30.4 nm irradi-
ance over solar system history is shown in Figure 4a.
We then use the best-fit and 1-sigma range of power
law indices to extrapolate O escape rates and cumu-
lative loss back to 4.4 Gyr ago, shown in Figure 4b
and c respectively. For comparison, we also show
the simplistic case of simply extrapolating current
escape rates back to the early solar system (blue
dashed lines) and a linear EUV dependence from the
theoretical result of [Cravens et al., 2016](red
dashed lines).

We notice a few features in these extrapolations.

The first is that the simply extrapolating current es-
cape rates backwards in time (thereby assuming no
EUV dependence) leads to unrealistically low escape
rates and cumulative loss amounts. Secondly, the
range of escape rates and cumulative losses is rela-
tively narrow back to ~3 Gyr, but then rapidly in-
creases as EUV irradiance increases, due to the
broad range of power law fits that are consistent with
the MAVEN data. For example, 12 times higher
EUV at 4 Gyr ago leads to ~19 times higher escape
if the power law index 1.2, but 235 times higher if
the index is 2.2. Therefore, better constraining the
EUV dependence of photochemical escape rates is a
primary concern as more data is collected during

MAVEN’s extended mission. In particular, disen-
tangling seasonal from solar cycle effects may re-
quire more than one Mars year of observations.
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