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Abstract

The chemical makeup of Earth’s atmosphere during the Archean (4-2.5 Ga) and Proterozoic eon (2.5-0.5 Ga)
contrast considerably with the present-day: the Archean was rich in carbon dioxide and methane, and the
Proterozoic had potentially higher amounts of nitrous oxide. CO, and CH, in an Archean Earth analog may be a
compelling biosignature because their coexistence implies methane replenishment at rates unlikely to be abiotic.
However, CH,4 can also be produced through geological processes, and setting constraints on volcanic molecules
such as CO may help address this ambiguity. N,O in a Proterozoic Earth analog may be evidence of life because
N,O production on Earth is mostly biological. Motivated by these ideas, we use the code EXOREL" to generate
forward models and simulate spectral retrievals of an Archean and Proterozoic Earth-like planet to determine the
detectability of CH,, CO,, CO, and N,O in their reflected light spectrum for wavelength range 0.25-1.8 pum.
We show that it is challenging to detect CO in an Archean atmosphere for volume mixing ratio (VMR) < 10%, but
CH, is readily detectable for both the full wavelength span and truncated ranges cut at 1.7 um and 1.6 um,
although for the latter two cases the dominant gas of the atmosphere is misidentified. Meanwhile, N,O in a
Proterozoic atmosphere is detectable for VMR = 10~ and long wavelength cutoff >1.4 um, but undetectable for
VMR < 10™* . The results presented here will be useful for the strategic design of the future Habitable Worlds
Observatory and the components needed to potentially distinguish between inhabited and lifeless planets.

Unified Astronomy Thesaurus concepts: Exoplanet atmospheres (487); Bayesian statistics (1900); Spectroscopy

(1558); Biosignatures (2018); Posterior distribution (1926); Extrasolar rocky planets (511)

1. Introduction

The Astro2020 Decadal Survey has recommended a large
space telescope primarily aimed at characterizing small,
potentially habitable exoplanets through direct imaging
(National Academies of Sciences et al. 2021). The Habitable
Worlds Observatory (HWO) is a mission concept that was
created in response to this recommendation which will aim to
detect biosignatures on such planets, a major step forward in
our search for extrasolar life. A number of studies have
summarized the plausibility and observational implications of
various biosignatures (D. C. Catling et al. 2018; Y. Fujii et al.
2018; E. W. Schwieterman et al. 2018) with many focused on
the role of oxygen in the form of oxygen gas and ozone
(A. Leger et al. 1993; D. J. Des Marais et al. 2002;
V. S. Meadows et al. 2018). Given that the current Earth hosts
an atmosphere with plenty of O, and O that may exhibit strong
spectral features, it is no surprise that these molecules are the
main component of biosignature studies and likely a smoking
gun in detecting life on another planet. However, since Earth
has hosted life for billions of years, its modern state represents
only a fraction of its history and its current atmosphere
represents only a single case of what we may detect on an
inhabited planet.

The Archean eon (4-2.5 Ga) features some of the earliest
stages of life on Earth (Y. Ohtomo et al. 2014). The atmosphere
during this time was quite different than it is today, dominated
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by nitrogen gas, carbon dioxide, and methane, with little to
no oxygen present (D. C. Catling & K. J. Zahnle 2020). In
Archean Earth, biogenic methanogenesis was the primary
producer of CH,4, which is why CH,4 has been suggested as a
biosignature for many decades (C. Sagan et al. 1993;
M. A. Thompson et al. 2022). The chemical disequilibrium
between CH, and CO, strengthens the case for these molecules
as a biosignature pair, not only because the coexistence of such
a redox pair could be evidence of biological metabolism
but also because the short photochemical lifetime of CHy
implies replenishment at rates that are unlikely to be abiotic
(J. Krissansen-Totton et al. 2018). However, both of these
molecules can be produced through volcanism, and CHy is also
a product of serpentinization (T. L. Schindler & J. F. Kasting
2000). These nonbiological sources create ambiguity and false
positive scenarios for the interpretation of biosignatures.
Meanwhile, volcanoes also emit CO, with a CO/CH, flux
ratio typically >0.1, while methanogenesis does not produce
CO (M. R. Burton et al. 2013). Therefore, constraints on
atmospheric CO could be used to break (at least some of) the
degeneracy (S. F. Sholes et al. 2019; N. Wogan et al. 2020). In
this study, we evaluate the potential to detect CO,, CHy, and
CO gases through reflection spectroscopy with the currently
outlined capabilities of HWO, to determine the extent to which
we can distinguish between a lifeless and a potentially
inhabited planet with anoxic atmospheres.

The Proterozoic eon (2.5-0.5 Ga) followed the Archean and
is marked by increasing levels of oxygen and the Great
Oxidation Event (T. W. Lyons et al. 2014). The presence
of oxygen allowed for the growth of organisms crucial to
the nitrogen cycle, and its yet limited amount contributed to the
incomplete denitrifying step and a buildup of N,O in the
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atmosphere (H. Chen et al. 2015), which is a compelling
biosignature due to its strong spectral features in the near-IR
and limited abiotic sources (e.g., H. Rauer et al. 2011). For this
reason, and due to the likelihood of higher N,O mixing
ratios in the Proterozoic Earth compared to other eons
(R. Buick 2007), we simulate the atmosphere of a Proterozoic
Earth-like planet with varying amounts of N,O to investigate
the detectability of this gas in this scenario and its potential as
an alternative biosignature.

We use the code EXOREL™, an atmospheric model generator
for reflection spectra and Bayesian retrieval framework
(M. Damiano & R. Hu 2020), to perform all atmosphere
simulations and retrievals. In EXOREL™, a cloud and radiative
transfer model determines the wavelength dependence of the
flux ratio of light from planet to light from star. Cloud
properties such as depth, thickness, and chemical identity are
fitted to the model and influence the retrieved nonuniform
volume mixing ratio (VMR) of the condensable molecular
species. We make use of a newer version of the code, with
specific enhancements highlighted in the text. Here, we
simulate several Archean-Earth-like scenarios with varying
amounts of CO and determine the constrained VMR of
molecules in the atmosphere. We also simulate two Proterozoic
Earth-like scenarios, each with a different input VMR for N,O.
In both the Archean and Proterozoic cases, we not only use a
wavelength range 0.25-1.8 um, covering the near-UV, visible,
and near-IR with resolutions of 7, 140, and 70, but we also
investigate alternative wavelength ranges for each case. We
also simulate a scenario for an Archean-Earth-like planet with a
paucity of CO, to investigate the extent to which the spectral
signature of CO, masks the signal of CO.

This paper is organized as follows. In Section 2, we outline
the relevance of CH4 and N,O biosignatures in an Archean and
Proterozoic Earth context and describe our retrieval setup. In
Section 3, we summarize the results of our forward models and
retrievals and determine the potential of detecting certain
molecular species. We discuss these results and their implica-
tions on future observations in Section 4, and outline our
conclusions in Section 5.

2. Methods

In this section, we first introduce the relevant background
and details for the biosignatures of interest in this paper. We
then describe the atmospheric modeling and retrieval setup
used to study the reflection spectrum and detectability of these
molecules in an exo-Earth context.

2.1. Biosignatures

As a major atmospheric component, of predominantly
biological origin, and with few sources of abiotic production,
oxygen is perhaps the most robust biosignature in a modern
Earth-like environment (C. E. Harman et al. 2015). However,
recent studies have shed light on numerous pathways of oxygen
formation and buildup from geological and photochemical
pathways, including ocean vaporization and photolysis of H,O
(R. Luger & R. Barnes 2015) and the destruction of CO, from
UV rays (P. Gao et al. 2015). Thus, due to the possibility of
oxygen detection being a false positive in the context of life, it
is important to consider alternative biosignatures in addition to
0O, and Os. Here, we focus on two cases: CH, in an atmosphere
resembling Archean Earth and N,O in a Proterozoic Earth-like
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environment. Although these molecules are not free from the
risk of false positives, incorporating a variety of potential
biosignatures in our studies and considering planetary contexts
that differ from modern Earth will paint a more complete
picture of the potential to detect life on another planet.

2.1.1. CH, in Archean Earth

The Earth’s atmosphere during the Archean eon was very
different from today. Marked mainly by the lack of oxygen, the
atmospheric makeup constituted mostly of nitrogen, carbon
dioxide, and methane. The coexistence of the CO,/CH, pair,
which are effectively on opposite ends of carbon’s redox
spectrum, implies a strong disequilibrium in the atmosphere
and therefore a replenishing source for the CH, molecule
(M. A. Thompson et al. 2022). Given its short photochemical
lifetime in an oxidizing environment, CH, must have been
produced in the Archean Earth at large fluxes, which make it
likely to have a biogenic origin. In fact, the primary source of
CH, during the Archean eon was methanogenesis, a process in
which CH, is emitted as a waste product during microbial
respiration (D. C. Catling et al. 2001). The total surface flux of
CH, into the atmosg)here during the Archean may have
exceeded 50 Tmol yr~ ', resulting in a VMR of 0.01.

CH,4 can be produced abiotically in various ways; the two
most prominent are volcanism/outgassing and water-rock
reactions, including serpentinization. Thus, there is a risk that
the detected CH; on an exoplanet comes from geothermal
systems rather than life, i.e., a false positive scenario.
Compared to the total estimated global flux in the Archean,
however, the abiotic contribution of CH, was relatively minor,
less than 1 Tmol yr~' (J. Kasting 2005). Indeed, J. Krissanse-
n-Totton et al. (2018) argues that it is unlikely for these sources
to maintain large enough fluxes to contribute significantly to
global CH, amounts. However, recent studies suggest that high
CH, emission is possible through serpentinization and the
subsequent reaction between H, and residual CO, in early
Earth (Y. Miyazaki & J. Korenaga 2022); and in the event that
such large fluxes do exist in an exoplanetary context, other
identifiable features may be required to reveal the abiotic origin
of the CH,.

One feature that could help identify volcanic sources of
CH, is the copresence of CO in the atmosphere given that
volcanic outgassing typically produces more CO than CHy
(M. A. Thompson et al. 2022). In addition, CO is a source of
free energy and is consumed by life on Earth (S. W. Ragsdale
2004). For these reasons, the detection of CO makes CH4 more
likely abiotic. In other words, detecting CH4 and CO, with an
absence of CO on an exoplanet could be a strong biosignature,
whereas detecting all three molecules together is likely an
indication of active volcanism and thus a false positive.

To quantify the amount of CO relative to CH4 needed for CO
to be an “antibiosignature” marker, coupled ecological-atmo-
spheric models have been developed that track the CO/CH,
ratio as a function of volcanic H, flux (P. Kharecha et al. 2005;
E. W. Schwieterman et al. 2019). In M. A. Thompson et al.
(2022), it is shown that for Archean volcanism, a ratio of 4—10
is indicative of an abiotic environment where CH, is produced
volcanically, whereas a ratio of <0.1 signifies an ecosystem
that includes methanogens, CO metabolizing organisms, and
organic matter fermentation. This means that a planet with
atmospheric CO abundances comparable to or larger than CH,
levels is likely to have produced that CH, abiotically, and a
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detection of such a case should be interpreted as a potential false
positive of the CH, biosignature. In this study, we take
VMRcy, = 0.01 which represents an upper limit of CH, in the
Archean atmosphere and consider VMRco = 0.01, 0.05, and 0.1,
corresponding to CO/CHj ratios of 1, 5, and 10, respectively.

It has been shown that a CO-dominated atmosphere can be
ruled out in an Earth-analog planet for reflected light observa-
tions with signal-to-noise ratio (SNR)>20 and wavelength
coverage extending beyond 1.6 um (S. Hall et al. 2023).
Although we also study CO detectability, the question addressed
here is entirely different: while ruling out CO as the dominant
atmospheric species is necessary to exclude certain false positive
scenarios for O, biosignatures (V. S. Meadows et al. 2018), the
volcanic CO considered in this work does not accumulate to
become the dominant gas. Nevertheless, we also take an SNR of
20 and experiment with the effect of long wavelength cutoff on
retrieved molecular abundances.

Due to many sources of uncertainty, including the
geothermal systems on exoplanets and the ratio of CO to
CH, produced abiotically in such worlds, we briefly describe
alternative methods of distinguishing between methane on an
inhabited versus lifeless planet. One method is to identify the
isotope ratio of carbon: life on Earth preferentially prefers '*C
over other isotopes, such that biologically produced methane
will predominantly bear the '>C isotope, whereas volcanically
sourced methane will have comparatively smaller ratios of
12C/ 13C (P. Meister & C. Reyes 2019). However, there is no
guarantee that life on other planets will be similar to Earth; the
enzymes and metabolisms that evolved on exoplanet surfaces
may be quite different. In addition, it is challenging to detect
such isotopic differences in habitable exoplanets with current
instrumentation. Thus, CO remains the most reasonable
candidate for unraveling the origin of CH, and identifying
false positives.

M. Damiano & R. Hu (2022) have already studied the
performance of EXOREL™ on retrieving molecular abundances
in an Archean-Earth-like atmosphere. It was found that CO,
and CH, mixing ratios were correctly constrained with >2¢
confidence. In this paper, we expand upon these results by
including CO in addition to all of the molecules and cloud
properties presented there and incorporate additional updates,
such as cloud fraction, updated Rayleigh scattering, and noise
realization. In this way, we investigate the detectability of the
1.55 pm CO feature in an Archean atmosphere. M. Damiano &
R. Hu (2022) also test the effect of cutting the long wavelength
range at 1 ym and found that the near-IR is crucial to constrain
CH,. As discussed above, we expand upon this experiment by
running retrievals of the Archean scenario for wavelength
ranges up to 1.6 and 1.7 pm.

2.1.2. N>O in the Proterozoic Earth

As the Archean eon transitioned into the Proterozoic, atmo-
spheric oxygen levels began to rise, continents began to take
shape, and the first eukaryotic organisms evolved (M. Fakhraee
et al. 2023). Among other natural phenomena, the nitrogen cycle
is sensitive to the availability of oxygen, such that the Proterozoic
atmosphere experienced more complex changes than simply the
rise of oxygen. For instance, environmental conditions can alter
the amount of emitted N,O, a molecule of interest due to its
potential as a strong biosignature. In fact, microbes participating in
the nitrogen cycle were the predominant producers of N,O
(E. W. Schwieterman et al. 2018). This production of N,O can
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follow many pathways. The primary source is the denitrification
step: as nitrates are converted to molecular nitrogen, an
incomplete reaction can lead to buildup of the intermediate N,O
molecule (A. M. Quick et al. 2019). Other pathways include
hydroxylamine oxidation by bacteria and dissimilatory nitrate
reduction to ammonium (DNRA) by bacteria/fungi (R. Pinto
et al. 2021).

N,O is an attractive biosignature because there are few abiotic
sources. On early Earth, perhaps the most significant contributor
was chemodenitrification in hypersaline lakes, a process in
which nitrates are abiotically reduced to N,O by ferrous ions
(V. A. Samarkin et al. 2010). However, it is unlikely for this effect
to produce N,O at rates significant enough to cause a false positive
because of its reliance on disequilibrium between a nitrate rich and
reducing ocean (E. W. Schwieterman et al. 2022). In addition,
R. Hu & H. Delgado Diaz (2019) showed that dehydrative
dimerization of HNO would produce less N,O than Earth’s
biosphere. Other abiotic sources include lightning, which con-
tributes only 0.002% of atmospheric N,O (U. Schumann &
H. Huntrieser 2007), and extreme UV radiation, which will produce
far more detectable nitrogen oxides than N,O (E. W. Schwieterman
et al. 2018).

We choose the Proterozoic Earth context because of the
advantages it provides over other historical eons in terms of
producing and maintaining an N,O-detectable atmosphere. In
contrast to modern Earth, the Proterozoic atmosphere contained
little oxygen, and an anoxic and sulfur-rich ocean limits the
amount of copper catalysts needed for the reduction of nitrates
to nitrogen gas (R. Knowles 1982). This effectively hinders the
denitrification step in the nitrogen cycle and results in a greater
abundance of the intermediate product, N,O. The Archean
Earth contained little to no oxygen, which may have had a
similar effect on the nitrogen cycle. However, the most
significant sink of N,O is photolysis by UV photons, where
the presence of oxygen and notably ozone can mitigate this
effect (V. S. Airapetian et al. 2016). In fact, photochemical
modeling has shown that without a protective ozone layer,
marine abiotic N,O emissions would sustain less than 1073
atmospheric N;O VMR. (S. Buessecker et al. 2022). Thus, it is
this intermediate amount of oxygen that enables an increase in
the production and longevity of the N,O molecule.

For these reasons, Proterozoic Earth may have contained
N,O in abundances that were orders of magnitude larger than in
Archean or Modern Earth, the latter of which has a mixing ratio
<107 (P. Lemke et al. 2007). Geochemical modeling has
shown that N,O fluxes just one or two orders of magnitude
larger than today’s rate of 0.4Tmolyr ' could lead to
atmospheric mixing ratios of more than 10> and even up to
10~* (E. W. Schwieterman et al. 2022). Since UV photons play
the role of a major N,O sink, these abundances can be further
enhanced if we consider K and M stars, whose lower UV fluxes
can help preserve atmospheric N,O (A. Segura et al. 2005). In
fact, a Modern Earth-like planet around a K6 type star can
accumulate a mixing ratio of up to 107>, and a Proterozoic
Earth-like planet with greater N,O flux can host an upper limit
of 107>, Thus, in this work we consider the two cases of N,O
mixing ratios, one corresponding to an upper limit for an Earth-
like planet around a G-type star, VMRy,0 = 10~ and one for
the same kind of planet around a K-type star, VMRy,o = 1073
and determine its detectability in a Proterozoic context. It is
reasonable to consider exo-Earths around K-type stars because
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Table 1

Free Parameters and Prior Ranges
Free Parameter Symbol Range Type
Clouds
Cloud Top Rop,H,0 [2, 7] Pa Log-uniform
Cloud Thickness Do [2, 7] Pa Log-uniform
Condensation Ratio CRy,0 [-7, 0] Log-uniform
Molecules
H,0 Partial Pressure H,0 [-2, 7] Pa Log-uniform
CH,4 Partial Pressure CH,4 [—2, 7] Pa Log-uniform
CO, Partial Pressure CO, [—2, 7] Pa Log-uniform
CO Partial Pressure CO [—2, 7] Pa Log-uniform
N,O Partial Pressure N,O [—2,7] Pa Log-uniform
O, Partial Pressure 0, [-2,7] Pa Log-uniform
Surface Albedo® A, [—2, 0] Log-uniform
Planet Radius R, [0.5, 10] Ry, Linear-uniform
Note.

# This applies to retrievals on Proterozoic Earth. For Archean Earth, we set
A, =0.2.

they make up nearly 25% of the current HWO target star list
(E. Mamajek & K. Stapelfeldt 2024).

2.2. Retrieval Setup

We use the Bayesian retrieval code EXOREL’® as described in
M. Damiano & R. Hu (2020): planet reflection spectra are
simulated using a radiative transfer model, which is fed into a
nested sampling retrieval framework to fit the parameters of
choice. We invoke version 2.3.5, with updates to molecular and
Rayleigh contributions, cloud fraction possibility, noise
realization, and fitting parameterization. This includes recent
updates to the N,O opacity line list which incorporates crucial
features for A\ < 1.2 um (HITEMP2019; L. S. Rothman et al.
2010; R. J. Hargreaves et al. 2019), partial cloud coverage, and
an adaptive grid with 100 layers (M. Damiano et al. 2024, in
preparation). We choose to fit for partial pressures, and the free
parameters and their prior ranges are outlined in Table 1.

Spectra are generated for the Archean and Proterozoic case
using parameters from J. Krissansen-Totton et al. (2018),
M. Damiano & R. Hu (2022), and M. Damiano et al. (2023),
with the additions of CO and N,O as appropriate, summarized
together with the retrieval results in Tables 2-5. Included in the
spectra is Gaussian noise applied to a photon noise model
scaled to an SNR of 20 at 0.75 ym. The wavelength range is
0.25-1.8 um, covering the near-UV, optical, and near-IR, and
we use resolutions of R =7, R = 140, and R = 70, respectively.
These are values considered for the HabEx and LUVOIR
concept, precursors of the HWO (The LUVOIR Team 2019;
B. S. Gaudi et al. 2020). In the following section, we describe
the results of our spectral retrievals.

3. Results
3.1. CH/CO, in Archean-Earth Context

To model the Archean-Earth atmosphere, we use a 50-50
cloud coverage scenario and set the surface albedo to a constant
0.2, consistent with previous works (e.g., M. Damiano et al.
2023). Because CO features in the wavelength range presented
here are few and weak, making these assumptions will
potentially improve our ability to retrieve the correct CO

Table 2

Retrieval Results for Archean Earth Scenario for Varying CO Input Abundance
Log(VMRco)

Parameter Input -2 —1.3 —1
Clouds (Log)
Pop,,0 (Pa) 4.5 4.641513 4717830 4601915
Do (Pa) 4.0 3.7410% 4001532 4.0170%
CRp,0 —4.0 —5.0511% —5.25H139 —432+119
Mol. (Log)
VMR 11,0 1.0 —1.011217 —1.0240% —0.91101¢
VMR ¢y, -2.0 —2.137913 —2.197%17 —2.12%913
VMR o, -1.0 —1.42%93¢ —1.46%03 —1.15%938
VMRco a —4.44+178 —33314%8 —0.16*%9]
VMR, -7.0 —5.137140 —4.327138 —3.56719%%
VMRy, —0.1 —0.07+3% —0.07*0%3 —22733
Misc.
R, (Rs) 1.0 1.007991 1.000:59 1.000:99
Note.

? The input VMR for CO is given by the columns. Input values are from
J. Krissansen-Totton et al. (2018) and M. Damiano & R. Hu (2022).

Table 3
Retrieval Results for Archean-Earth Scenario for Varying Wavelength Range

Long Wavelength Cutoff

Parameter Input 1.8 pm 1.7 pm 1.6 pm
Clouds (Log)

Popi0 (Pa) 45 4.64"513 414088 424515
Dino (Pa) 40 3R 3430 3187
CRu,0 —4.0 —5.0571% —3.817999 —3.131022
Mol. (Log)

VMR,0 -1.0 —1.01%343 —0.527%12 —0.677318
VMR ¢y, -2.0 —2.137913 — 1607598 —1.7375%
VMR co, -1.0 —1.42+92 —0.209% —0.6894%
VMRco —20 —4.44+178 —5.917358 —0.26+19
VMRo, -7.0 —5.13714 —7.224350 —9.69792]
VMRy, —0.108 —0.07+3%2 —5.247404 —8.07131%
Misc.

Ry(R<) 1.0 1.00*99! 101409 1015991

Note. Input values from J. Krissansen-Totton et al. (2018) and M. Damiano
et al. (2023).

abundance. In this way, our results for the Archean Earth
represent a somewhat optimistic outlook on CH4/CO,/CO
retrieval. Figure 1 shows the planet-to-star flux ratio as a
function of wavelength for an Archean scenario with
CO/CH, = 10 (red circles) along with the retrieved molecular
and cloud contribution (colored curves). The strongest features
are due to CH, (orange), followed by CO, (green) and H,O
(blue). Due to these features, it is unsurprising that we obtain
well-constrained posterior solutions for the retrieval on CHy
and CO, abundances (Figure 2).

Even with the maximum amount of CO that we consider in
this study (VMRco =0.1), the CO features shown in red in
Figure 1 are relatively weak. The main absorption is at
1.55 pm, which is located within a stronger CO, feature. Thus,
we do not attain good constraints on CO abundance for any of
the three cases we consider (Figure 3). For CO/CH, =1, we
obtain a wide posterior, signifying a general nondetection of



THE ASTRONOMICAL JOURNAL, 168:292 (9pp), 2024 December

Table 4
Retrieval Results for Proterozoic Earth Scenario and Log(VMRy,0) = —3

Long Wavelength Cutoff

Parameter Input 1.8 pm 1.4 pm 1.2 pm
Clouds (Log)

Popi0 (Pa) 4.85 4.55% 44303 3.35103%
Dyyo (Pa) 43 4.1049% 4161031 3.9640%
CRp,0 -3.0 —3.7671Y] —3.85712¢ —451H7
Mol. (Log)

VMR 11,0 —2.0 —1.697022 — 1741026 —1.0010:4
VMR ¢y, —43 —4.079%2 —~3.937928 —3.50703
VMR co, —34 —42118 —3.85+361 —1.54t44
VMR y0 -3.0 —2.517°937 —1.93798 —4.10139
VMR, —27 —2.5819%¢ —1.88527 —3.8971%
VMR, —63 —6.011018 —5.97+934 532403
VMRy, —0.01 —0.01+30! —0.02+09 —0.2019:42
Misc. (Log)

A, —0.7 —1.1879% —1.18793¢ —1.10793
g 2.99 2.99+091 2.99790} 3.02599!

Note. Input values from J. Krissansen-Totton et al. (2018) and M. Damiano
et al. (2023).

Table 5
Retrieval Results for Proterozoic Earth Scenario and Log(VMRy,0) = —4

Long Wavelength Cutoff

Parameter Input 1.8 pm 1.4 pm 1.2 pm

Clouds (Log)

Pop o (Pa) 485 4334023 2784041 3.79+041
Do (Pa) 43 401702 3707513 3791028
CRu,0 -3.0 —3.0519% —461%173 —432*18
Mol. (Log)

VMR 5,0 -20 —1.5540%2 —0.80+0% —1.03%033
VMRcy, —43 —3.92+023 —2.897015 —3.907933
VMR co, -34 —7.14733 —0.093% —6.13534
VMR y,0 —4.0 —6.89733 —6.7233 652837
VMR, -2.7 —6.6138 —6.437411 —6.521377
VMR, —6.3 —5.917512 —5.01754 —5.561938
VMRy, —0.01 —0.01+99 —6.3573%3 —0.0579%
Misc. (Log)

A -0.7 —1.20133 —1.1810%7 —1.07793
g 2.99 3.00599! 2.99+0:01 3.02+901

Note. Input values from J. Krissansen-Totton et al. (2018) and M. Damiano
et al. (2023).

CO. In the CO/CH, =5 case, the posterior is again wide, but
has a peak at large VMR, representing a CO-dominated
atmosphere. However, the Bayesian evidence for such an
atmosphere is small, and again the retrieval prefers a low
amount of CO and an N, dominated case (See Table 2). The
CO/CH, = 10 case no longer leads to a wide posterior but
retains the peak at high values, and includes a tail toward low
CO abundance, where the 1o and 30 lower limits are —0.88
and —6.74, respectively, for Log(VMRcp). These limits are
consistent with a nondetection of CO. It is also degenerate with
N,: a CO-dominated and N, dominated atmosphere are both
valid solutions. Thus, using our current setup, an Archean
scenario with a moderate to high amount of CO that
corresponds to the abiotic case (CO/CH, > 3) will not display
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the necessary features to constrain CO abundances and to rule
out potential false positives. Additional studies of the SNR,
wavelength range, resolution, and atmospheric scenario needed
to constrain CO in a CH,/CO, environment will be important
for identifying false positives.

The results for the Archean case with variable CO abundance
are summarized in Table 2. For each of the CO mixing ratios
we considered, we report the median value of the posterior
distribution and 1o error. In each of the scenarios, there are
good fits on the VMR of H,O, CH,, and CO, and cloud
parameters (all within or close to 10). As summarized above,
CO has the poorest retrieval results; for Log(VMRcp) of —2
and —1.3, the retrieval underestimates the amount of CO with
large error bars and for Log(VMRco) = —1, the retrieval
overestimates the CO abundance. For this specific case, the
VMR of N, also has a very wide distribution, signifying the
degeneracy between CO and N,. Indeed, even though this case
includes a relatively high amount of CO, the CO, feature at
1.55 pm is much stronger and the retrieval cannot distinguish
between N, and CO Rayleigh scattering. This is consistent with
the results from S. Hall et al. (2023). Note that the constraints
on N, are much more precise and accurate for the other two
cases where this degeneracy is not encountered.

For our long wavelength cutoff experiment for the Archean
case, we ran retrievals identical to the Log(VMRcp) = —2 case
above but with maximum wavelengths of 1.7 ym and 1.6 ym to
assess the importance of the cutoff on the resulting molecular
abundances and cloud parameters. The posterior solutions for
CH, mixing ratio for varying wavelength range are shown for
each cutoff in Figure 4. The blue solution is for the full
wavelength range and is identical to the left-hand plot in
Figure 2: an excellent result whose 1o range covers the exact
input value. The green and pink posteriors represent the 1.7 yum
and 1.6 um cutoff, respectively. While still strongly con-
strained, these are biased toward higher amounts of CH,. The
reason for this can be attributed to the type of atmosphere we
retrieve in each case. As we cut the long wavelength to 1.7 um,
we lose some of the CH, anchor and H,O absorption features
between 1.7 and 1.8 ym. This can be seen by the degrading
constraint on H,O and condensation ratio in the full posterior
results (Table 3). Without the strong CH, features and
moderate H,O features in this range, the model allows for a
much greater amount of CO,, leading to much less N, and thus
a bias toward higher amounts of H,O and CH,. For a further
cut down to 1.6 um, some CO, features are lost and instead we
obtain a CO-dominated atmosphere. This is a similar result as
the Log(VMRcp) = —1 case where CO and N, are indis-
tinguishable, leading to CO being the dominant species and a
poor constraint on N,. Obtaining three different dominant
molecules for the three cutoff cases demonstrates both the
importance of selecting a proper wavelength range and the
limitations of retrieval results. Despite this fact, we have shown
that the posterior CH, mixing ratio still does not change
appreciably when cutting down to smaller long wavelength
cutoff, reinforcing the case for CH4 as a strong biosignature
candidate.

3.2. N>O in Proterozoic Earth Context

In the Proterozoic Earth case, we use a 100% cloud coverage
atmosphere and take surface albedo as a free parameter. This is
in contrast to the Archean case and represents a more
challenging scenario for molecular abundance detection.
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Figure 1. Flux contrast ratio of an Archean Earth-like planet with CO/CH4 = 10 as a function of wavelength. The input forward model is shown by the red circles,
and the retrieval result is overlain and separated by molecule to show the individual molecular contributions.
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Figure 2. Posterior solution curves for the mixing ratios of CH, (left-hand
panel) and CO, (right-hand panel) for the same case shown in Figure 1. The
dashed vertical lines represent the input value to the forward model, which
agree well with the posterior results.
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Figure 3. Posterior solution curves for the abundance of CO for CO/CHj ratios
of 1, 5, and 10, corresponding to CO VMR’s of 0.01 (pink), 0.05 (green), and
0.1 (blue), respectively. The dashed vertical lines represent the input values of
CO, color coded to the corresponding histogram. For small ratios, the CO
distribution is wide, signifying a nondetection. For moderate and high ratios, a
peak appears for large CO abundance, which is degenerate with N,. Thus, with
the current retrieval setup, it will be challenging to constrain CO abundance in
an Archean-Earth scenario.
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Figure 4. Posterior solution curves for the abundance of CH,4 for long
wavelength cutoff of 1.60 um (pink), 1.70 pm (green), and 1.80 um (blue).
The dashed vertical line is the input value of CHy. The full wavelength range
results in the best constraint on CH,4. The middle and short wavelength cutoff
results show a bias toward higher amounts of CH, due to the different types of
atmospheres retrieved in these cases (see text). Nevertheless, all three cases
show a good constraint on CHy.

Finding good constraints in this setup would reinforce the case
for N,O as a strong biosignature. Flux ratio as a function of
wavelength for the input simulated data is shown along with
molecular contribution retrieval result in Figure 5. These results
make use of the updated opacity tables and cross-section data
for N,O (HITEMP2019).

As outlined above, we simulate Proterozoic Earth-like
atmospheres for two N,O mixing ratios, 10> for an Earth-
twin orbiting a K-type star and 10~* for a G-type host star. We
also investigate the effect of long wavelength cutoff on N,O
detectability by running three retrievals for each mixing ratio;
the wavelength range we employ starts at 0.25 ym and ends at
either 1.8 ym, 1.4 pm, or 1.2 um, motivated by the location of
N,O features that are spread throughout the 1.2—1.8 pm range.

The posterior distribution result for the VMRy,0 = 1073
case is shown in Figure 6. A long wavelength cutoff of 1.8 ym
(blue) results in a nicely constrained posterior solution for the
mixing ratio of N,O. Cutting the wavelength at 1.4 um (green)
preserves the precision of the posterior but with a slightly less
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Figure 5. Same as Figure 1, but for a Proterozoic Earth-like planet with VMR n,0 = 1073. The spectrum does not have any dominating features, but the absorption of
numerous molecules are evident. N,O features (brown) can be found at numerous wavelengths past 1 ym, particularly at 1.113, 1.283, 1.383, 1.516, 1.585, 1.671, and

1.777 pum.
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Figure 6. Posterior solution curves for the mixing ratios of N,O for long
wavelength cutoffs at 1.8 ym (blue), 1.4 pm (green), and 1.2 pum (pink). The
dashed vertical line is the input value where Log(VMRy,0) = —3. A long
wavelength cutoff of 1.8 ym and 1.4 pum results in constrained and fairly
accurate posteriors, whereas a 1.2 ym cutoff leads to a nondetection of N,O.

accurate result: the probability density peaks at ~—2 versus —2.5
for the previous case. The driving simulated data point here is at
1.383 pum: although the feature is not very deep, N,O is the
strongest absorber at this wavelength for the molecules we fit. Note
that this data point is within error of the continuum. This is reflected
in the posterior distribution where the green curve tails toward very
low amounts of N,O. Finally, we obtain a wide posterior result for
a cutoff at 1.2 um (pink), signifying a nondetection of N,O. This
means that for Log(VMRy,0) = —3, the wavelength range must
extend to ~1.4 um to reliably detect N,O in a Proterozoic context.
The posterior results for this scenario are summarized in Table 4.
Along with N,O, the posterior results for all of the other free
molecules worsen as the long wavelength cutoff is shrunk. The
cloud parameters are also best retrieved for the full wavelength
range, but the posteriors distributions do not widen appreciably as
we cut to lower wavelengths.

Figure 7 shows the posterior distribution results for N,O for
the case of VMRy,0 = 10~4. Unlike the previous case, we do
not obtain well-constrained posterior solutions for any of the
three wavelength cutoffs. Both the 1.4 ym and 1.2 um cases
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Figure 7. Same as Figure 6, but for an input Log(VMRy,0) = —4. For each of
the long wavelength cutoffs considered here, we obtain a wide posterior
distribution for mixing ratio of N,O, but the case of 1.8 pm cutoff results in a
slight peak that is biased toward higher amounts of N,O.

result in peakless and wide posteriors that are consistent with
no detection of N,O. The 1.8 pum case has a slight peak at —3,
an overestimate of the input value, but is still generally wide
and does not well constrain the mixing ratio of N,O. We
conclude that VMRy,o > 10~* is needed to be detected in a
Proterozoic Earth-like context, and thus K-type stars would be
the best option to search for such planets. Table 5 summarizes
the results for all free parameters: most follow a similar trend as
the case in Table 4. We note that constraining an N, dominated
atmosphere in this Proterozoic setup depends on the inclusion
of features past 1.4 pm due to degeneracy with CO,. In fact, we
obtain CO, as the dominant gas for a cutoff at 1.4 ym and both
a CO, dominated and N, dominated atmosphere are admissible
solutions for a cutoff at 1.2 ym. The surface albedo is also not
well constrained for any wavelength cutoff, even though the
cloud parameters have generally good constraints.

4. Discussion and Future Direction

We have shown that even though the detection of CH4 and
CO; in an Archean-Earth analog can be made robustly with
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reflection spectroscopy that extends to near-IR wavelengths, it
will be challenging to address the potential false positive
scenarios for the CH,/CO, biosignature pair with observations
in the same wavelength range. Detecting and constraining CO
abundance in the atmosphere would help retire the risk of false
positives that CH, came from volcanic outgassing, but the
spectral feature of CO in wavelengths <1.8 ym is weak and
often buried by stronger absorption of CO,. Here, we have
considered a generous upper limit of 10% for CO, and yet the
retrieval exercise did not indicate that a useful constraint of the
CO abundance would be obtained.

We also performed retrievals for varying wavelength coverage
in addition to the full 0.25-1.8 yum range: we cut the long
wavelength at 1.7 yum and 1.6 ym and found that CH, is clearly
detected, but the dominant gas in the atmosphere is not correctly
identified, resulting in a slight bias in the constraints of the mixing
ratio of CH,. The uncertainty of the atmospheric context adds to
the ambiguity of the source of the potential biosignature gas.

To test the sensitivity to the assumed CO, abundance, we
additionally simulated a retrieval scenario with a CO, abundance
similar to modern Earth (VMR o, = 0.0004, compared to 10%
assumed in the Archean-Earth-like scenario). With 10% atmo-
spheric CO as the input, the retrieval suggests a CO-dominated
atmosphere, similar to the results for the 1.6 um long wavelength
cutoff case. Thus, even if we uncover the CO signal by
weakening the CO, feature, we still do not obtain a reliable
constraint on CO abundance. Since CO and N, have the same
molecular mass and few spectral features, a high amount of input
CO, such as 10%, results in degeneracies between the two and
the retrieval cannot reliably choose the dominant atmospheric
gas species.

Extending the long wavelength coverage beyond ~2 um
would play an essential role for interpreting the CH,/CO,
detections. There are stronger and more plentiful CO absorp-
tion lines further out in the near-IR and mid-IR, such as the
ones at ~2.4 um and ~4.7 um. These features should be
explored in future work, along with the impact of thermal
emission that becomes more significant at these longer
wavelengths, because one might consider preparing the
capabilities of starlight suppression and precision photome-
try /spectroscopy at these longer wavelengths should favorable
planets be discovered by the HWO (S. Martin et al. 2022).

On the other hand, we found that there is the potential to
detect N,O in a Proterozoic Earth atmosphere for relatively
large amounts such as Log(VMRy,o) = —3 and the appropriate
wavelength coverage, whereas smaller abundances such as Log
(VMRy,0) = —4 are potentially nondetectable, even with a
wide wavelength coverage. Log(VMRy,0) = —3 represents an
upper limit of N,O abundance which can accumulate in an
atmosphere of a planet with a large N,O-producing biomass
around a K-type star. This implies that more moderate amounts
of N,O will not be detectable, but this should be explored in
further studies with an emphasis on the effect of SNR and
spectral resolution. Even so, N,O remains a top biosignature
candidate in the context of characterizing terrestrial exoplanets
with the HWO.

Another direction to take this study is to consider additional
biosignatures that may potentially be present in both the
Archean and Proterozoic eons. Some of the most popular
molecules include dimethyl sulfide (DMS) and methyl chloride
(CH;Cl), which are overwhelmingly produced biologically and
produce features in the near-IR (S. Seager et al. 2016).
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Reviewing these and other molecular gases will give a more
complete picture of the potential to detect biosignatures with
future missions.

5. Conclusion

With efforts ramping up to design the HWO, it is critical to
understand the measurements needed to detect biosignatures
through direct imaging of Earth-like planets. In this study, we
consider exoplanets that may represent Earth in different
historical ages. The atmosphere in the Archean eon had
negligible amounts of oxygen but was abundant in methane
and carbon dioxide. This CH,/CO, pair can be interpreted as a
disequilibrium biosignature, and we showed that each of these
molecules would be readily detectable through reflection
spectroscopy of an Archean-Earth-twin exoplanet using the
spectral resolution, wavelength range, and SNR currently
considered for HWO. We have also shown that it will be
challenging to detect the CO molecule, which could rule out the
false positive scenario that the CH4 is produced by volcanic
outgassing.

Another alternative biosignature we explored is N,O in a
Proterozoic Earth context because the abundance of N,O
throughout Earth’s history may have been the highest during
the Proterozoic eon. N,O alone is a compelling biosignature
due to minor known abiotic sources, and we have shown that it
may be a promising molecule to pursue due its detectability,
especially for planets around K-type stars. Further studies could
focus on determining the combination of mixing ratio and
instrument capabilities needed to constrain the N,O biosigna-
ture along with the atmospheric context on an exoplanet, such
as the relative abundances of other atmospheric gases and
instrument SNR /resolution. This work, along with joint studies
and future directions, will help inform the ultimate design and
scope of the HWO.
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