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Overview of previous works on O, spectral features for exoplanet’s
studies. Because O is one of the most detectable and robust indicators of
global biological activity, concepts for telescopes that would attempt to search
for life on exoplanets all include the ability to detect Os or its photochemical
byproduct, O3z. Oy absorbs at several wavelengths in the visible (VIS) at 0.63,



0.69 and 0.76 pm and near-infrared (NIR) at 1.27 pum. The Oy A-band at
0.76 pum has often been considered the most viable spectral feature for oxygen
detection in transmission (Il) and reflectance spectra (2). (I) showed that it
could be possible to detect the O A-band in the atmosphere of an Earth twin
with the future Extremely Large Telescopes (ELTs). However large unknowns
remain to disentangle the exoplanet Oq signal the from the telluric Oy. Mean-
while, (3) showed that Os—Os collision induced absorption (CIA) features at
1.06 and 1.27 um were present in Earth’s transmission spectrum during lunar
eclipse and produce more absorption than the O A-band monomer feature.
CIA features are produced through inelastic collisions in a gas. In the case
of the 03—y CIA features, the two Oy molecules interact forming transient
multipole-induced dipoles producing broad spectral features distinct from the
individual underlying Oy molecule. (4) showed that the 1.06 and 1.27 pum Og—
O2 CIA features may be detectable (for SNR, > 3) with the James Webb Space
Telescope (JWST) for an Earth analogue orbiting an M5V star at a distance
of 5 pc. (B)) proposed that the 1.06 and 1.27 pm transit features could be used
to identify the high O. partial pressures predicted to be associated with abi-
otic Oy atmospheres, which should be significantly higher than for the modern
Earth case. More recently, (6) have shown that the 1.06 and 1.27 um Oy CIA
features could be detectable with JWST at a SNR of 5 in just few transits for
the TRAPPIST-1 planets with O desiccated and dense (10 and 100 bars) at-
mospheres.
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Supplementary Figure 1: Simulation with PSG of the SSO3 occultation ob-
served by (7)) April 30, 1985 at an altitude of 14.9 km over the latitude 32.3°N
and longitude 290.6°W. Simulation of the 6.4 pm O9-X CIA is in very good
agreement with observation data from (7).



Supplementary Figure 1 shows the simulation of the Sun occultation SSO3
observed by (7)) (figure 3) on April 30, 1985, at an altitude of 14.9 km (13 km
over the Himalayas). Our simulation and the observation data are in very good
agreement, showing the validity of our O2-X CIA parameterization at 6.4 pum.

Supplementary Figure 2 shows the terminator HoO and Os atmospheric
profiles with a modern Earth-like atmosphere composition for TRAPPIST-1
planets in the habitable zone, namely le, 1f and 1g (top panel) and their trans-
mission spectrum with clouds included (bottom panel). Boundary conditions
for the photochemistry are those described in (8) Table 8. We can see that
the terminator region is very dry, with volume mixing ratios near the surface
reaching the maximum value 102 for TRAPPIST-1e decreasing down to 107¢
for 1g. However, as we can see in the spectra this region of maximum H-sO
concentration is below the continuum level because of clouds and atmospheric
refraction. Note that above ~ 60 km H-O is strongly photodissociated. As
a results, the contribution of HoO at 6.4 um is very largely dominated by the
05-X CIA and this domination increase for dryer planets TRAPPIST-1f and 1g.

Supplementary Figure 3 is similar to Fig. 2 but for the 22 bar O desiccated
and isothermal atmospheres presented in Table [I We can see that the O3-O2
1.27 pm CIA and O2-X 6.4 um CIA features require significantly fewer transits
than the Oy A—band monomer band and would be detectable at up to about
25 pc (except for the coldest isothermal atmosphere beyond 20 pc). Note that
in the case of a desiccated, Os-rich planet with aerosols, the 6.4 pm band would
require significantly fewer transits than the 1.27 pum for the same reasons as for
the habitable case.
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Supplementary Figure 2: Panel A: HoO and Os atmospheric profiles at the
terminator of TRAPPIST-1e, 1f and 1g planets in the habitable zone with a
modern Earth-like atmosphere. Panel B: Corresponding transmission spectra
for the three planets. We can see that HoO volume mixing ratio is tiny by
comparison to O and that the wetter region near the surface is below the
continuum level of the spectra because of the atmospheric refraction and/or
clouds. Os-X largely dominates over HoO in the 6.4 pum region.
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Supplementary Figure 3: Number of TRAPPIST-1e transits needed for a 5 o
detection of the Oy A-band (R=100), the O2-O5 CIA at 1.27 um (R=20) and
the O2-X CIA at 6.4 um (R=10) with JWST for the TRAPPIST-1 system
moved from 2 to 25 pc away from the Sun. The atmosphere is exclusively
composed of Oy with surface pressure of 22 bars. For each wavelength the
shaded area correspond to various isothermal profiles from 600 K (lowest line)
to 200 K (highest line). Resolving power (R) has been optimized for each band to
maximize the SNR. The horizontal dashed red line corresponds to the number of
times TRAPPIST-1e will transits during JWST 5.5 years life time (85 transits).
The vertical dashed black line denotes the distance of the TRAPPIST-1 system
with respect to the Sun. The O3-O5 CIA at 1.27 pum and the O9-X CIA at 6.4
um are detectable up to 25 pc away, except for the coldest atmospheres beyond
20 pc.

Supplementary Table[I] presents the relative transit depth, 1 transit SNR and
number of transits for 3 and 5 ¢ detections for TRAPPIST-1e assuming 1 and
22 bar desiccated atmosphere on TRAPPIST-1e. 22 bars is based on a conser-
vative estimate of Oy retention by (8). We can see that the difference in transit
depth between the 1 and 22 bar cases increase with temperature (because the
refraction limit is at higher pressures) and that the strength of O A—band is rel-
atively insensitive to pressure. The O5-X CIA feature at 6.4 um requires fewer
transits to achieve 3 or 5 ¢ detection and is therefore the most promising indi-
cator of a massive Os desiccated atmosphere potentially observable with JWST.



Supplementary Table 1: Relative transit depth (ppm), signal-to-noise ratio for
1 transit (SNR-1) and number of transits to achieve a 5 ¢ and 3 ¢ detection of
O assuming Oy desiccated and isothermal atmospheres on TRAPPIST-1e (8)).
The numbers at the left of the ”—” mark are for the 1 bar atmosphere while
the numbers at the right are for the 22 bar atmosphere. (-) represent the cases
for which more than 100 integrated transits are needed. For each feature, the
wavelength and resolving power (R) are mentioned.

Feature A-band 05-09 05-04 0.-X
Wavelength [pm] 0.76 1.06 1.27 6.4
R 100 40 20 10
Temperature 200 K
Depth [ppm] 44-44 38-37 42-41 67-66
SNR-1 0.25-0.25 0.66-0.65 1.16-1.14 1.33-1.31
N transits (50) ) 57-59 19-19 14-15
N transits (30) (-) 21-21 7 5-5
Temperature 300 K
Depth [ppm] 68-68 52-62 57-71 88-107
SNR-1 0.39-0.39 0.90-1.07 1.59-1.98 1.75-2.13
N transits (50) (-) 31-22 10-7 86
N transits (30) 59-59 11-8 4-3 3-2
Temperature 400 K
Depth [ppm] 91-99 63-88 71-107 110-162
SNR-1 0.52-0.57 1.10-1.54 1.97-2.97 2.18-3.22
N transits (5o) 93-77 21-11 6-3 5-2
N transits (30) 33-28 74 2-1 2-1
Temperature 500 K
Depth [ppm] 114-127 74-108 83-132 129-197
SNR-1 0.65-0.73 1.28-1.88 2.31-3.65 2.56-3.91
N transits (50) 5947 15-7 5-2 42
N transits (30)  21-17 6-3 2-1 1-1
Temperature 600 K
Depth [ppm] 137-156  83-136 95174 147 264
SNR-1 0.79-0.89 1.44-2.37 2.63-4.83 2.93-5.23
N transits (50) 40-32 12-5 4-1 3-1
N transits (30) 14-12 4-2 1 1-1
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