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Chemical disequilibrium quantified using the available free energy

has previously been proposed as a potential biosignature. However,
researchers remotely sensing exoplanet biosignatures have not yet
investigated how observational uncertainties impact the ability to infer
alife-generated available free energy. We pair an atmospheric retrieval

tool to athermodynamics model to assess the detectability of chemical
disequilibrium signatures of Earth-like exoplanets, focusing on the
Proterozoic eon when the atmospheric abundances of oxygen-methane
disequilibrium pairs may have been relatively high. Retrieval model studies
applied across a range of gas abundances revealed that order-of-magnitude
constraints on the disequilibrium energy are achieved with simulated
reflected-light observations for the high-abundance scenario and high
signal-to-noise ratios (50), whereas weak constraints are found for moderate
signal-to-noise ratios (20-30) and medium- to low-abundance cases.
Furthermore, the disequilibrium-energy constraints are improved by using
the modest thermal information encoded in water vapour opacities at
optical and near-infrared wavelengths. These results highlight how remotely
detecting chemical disequilibrium biosignatures can be a useful and
metabolism-agnostic approach to biosignature detection.

Exoplanet exploration science is making rapid progress towards the  Astrophysics 2020 report* recommended space-based high-contrast
detection and characterization of potentially habitable worlds'. Con-  imaging of potentially life-bearing exoplanets as aleading priority for
tinuing®* and near-future exoplanet strategies® will focusonthesearch  the coming decade. When attempting to infer whether a distant world is
for atmospheric gases, including the chemical signatures of life (or  inhabited, the chemical disequilibriumis a potential indicator of lifeand
biosignatures)®”. Recently, the Decadal Survey on Astronomy and  hasalonghistory of study in Solar System planetary environments®°,

'Department of Astronomy and Planetary Sciences, Northern Arizona University, Flagstaff, AZ, USA. 2Lunar and Planetary Laboratory, University of Arizona,
Tucson, AZ, USA. ®Earth and Space Sciences, University of Washington, Seattle, WA, USA. “Department of Earth and Planetary Sciences, University of
California Riverside, Riverside, CA, USA. *Space Science Division, NASA Ames Research Center, Moffett Field, CA, USA. °NASA Goddard Institute for
Space Studies, New York, NY, USA. "Theoretical Astrophysics Department of Physics and Astronomy, Uppsala University, Uppsala, Sweden. éCenter for
Climate Systems Research, Columbia University, New York, NY, USA. °NASA Goddard Space Flight Center, Greenbelt, MD, USA. "°Earth and Atmospheric
Sciences, Georgia Tech, Atlanta, GA, USA. "School of Earth and Space Exploration, Arizona State University, Tempe, AZ, USA. ?Astrobiology Program,

University of Washington, Seattle, WA, USA.

e-mail: Amber_Young86@nau.edu

Nature Astronomy | Volume 8 | January 2024 | 101-110 101


http://www.nature.com/natureastronomy
https://doi.org/10.1038/s41550-023-02145-z
http://orcid.org/0000-0003-3099-1506
http://orcid.org/0000-0002-3196-414X
http://orcid.org/0000-0002-2949-2163
http://orcid.org/0000-0003-3728-0475
http://orcid.org/0000-0002-6673-2007
http://orcid.org/0000-0001-6285-267X
http://orcid.org/0000-0002-2632-1027
http://orcid.org/0000-0001-6247-8323
http://orcid.org/0000-0001-5646-120X
http://orcid.org/0000-0001-8522-3788
http://crossmark.crossref.org/dialog/?doi=10.1038/s41550-023-02145-z&domain=pdf
mailto:Amber_Young86@nau.edu

Article

https://doi.org/10.1038/s41550-023-02145-z

A key example is the coexistence of O, and CH, in Earth’s atmosphere
because the strong biological production rates of CH, are able to main-
tain this gas at appreciable levels despite its relatively short chemical
lifetime (roughly a decade) in an oxidizing atmosphere.

A primary metric for quantifying chemical disequilibrium
involves calculating the difference in chemical energy associated with
an observed system and that system’s theoretical equilibrium state.
Recent work has explored the application of one such metric—the avail-
able Gibbs free energy—to Solar System worlds and to Earth’s planetary
evolution ™", Although the available Gibbs free energy is a promising
metric forinterpreting chemical disequilibrium biosignatures, little is
known about how observational uncertainties will impact our ability
to constrain the available Gibbs free energy for Earth-like exoplanets,
where ‘Earth-like’ refers to an ocean-bearing, Earth-sized world with
surface pressures and temperatures like those on Earth and with an
atmosphere dominated by N,, H,0 and CO, with trace amounts of CH,
and varying levels of O,.

Exoplanet atmospheric characterization, including the search for
biosignature gases, proceeds throughretrieval analysis or atmospheric
inference (for example, refs. 14-18). In short, a retrieval framework
enables the statistical exploration of atmospheric states that are con-
sistent with a given set of spectral observations, whether these are
real or simulated. Although retrieval models do not directly constrain
quantities like the available Gibbs free energy, pairing an exoplanet
atmosphericretrieval model with athermochemical tool—as detailed
in Methods—enables inferences of both atmospheric chemical abun-
dances andthe associated disequilibrium state of the atmosphere. As
described in Methods, simulated reflected-light observations of an
Earth-like planet are created with uncertainties specified by the V-band
(0.55 um) signal-to-noise ratio (SNR). Applying inverse modelling
techniques to these simulated observations for several randomized
observational noise realizations then maps the observational quality
tothe expected constraints on the available Gibbs free energy.

Theanalyses presented here focus on directlyimaged Proterozoic
Earth analogues withreflectance spectral dataspanning near-infrared,
opticaland ultraviolet wavelengths at resolving powers of 70,140 and
7 (motivated by Decadal Survey mission concept reports'>*°). This eon
represents roughly half of Earth’s history and is notable for its oxygen-
ated atmosphere, which may have had enhanced atmospheric methane
concentrations (compared to modern Earth), thereby presenting an
idealtime period for detecting an O,-CH, disequilibrium. The retrieval
studies described in this paper explore a range of concentrations for
key gases in Proterozoic Earth’s atmosphere and were adopted from
aspan of Earth evolutionary scenarios summarized in a review?. Our
high-and low-concentration scenarios are identical to mid-Proterozoic
extremes from this review, and an intermediate-concentration case
was generated by computing the logarithmic geometric mean of the
high and low cases.

Figure 1shows modelled constraints on the atmosphericavailable
Gibbs free energy (in joules per mole of atmosphere) that would be
expected from observations of Proterozoic Earthanaloguesinreflected
light. Each result is broken up into three atmospheric composition
categories of high, medium and low biosignature gas abundances.
The simulated observations were conducted at several SNRs for each
abundance category. Most of these reflected-light cases present avail-
able Gibbs free energy posteriors that are consistently peaked at lower
Gibbs free energy values but with statistically significant tails to higher
values. Inour simulations, the log available Gibbs free energy is found
tobenolargerthan1.30,1.13 or1.21) mol™at 95% confidence (inferred
from the marginal cumulative distributions) for SNR =20, 30 or 50
for the medium-abundance case and 0.47, 0.68 or 0.03 ) mol™ for the
low-abundance case. By contrast, the uncertainty on the available Gibbs
free energy for the high-abundance case goes down to as low as an
order of magnitude for the SNR = 50 observational case (Table1). Inthe
high-abundance scenario (Fig. 1a), the distributions of the posteriors

derived from the simulated SNR =20 or 30 observations have a dual
peak. Given the randomization of the simulated observational data
points, retrievals at these SNRs could occasionally constrain the O,
abundance. Thus, one peak corresponds to cases in which O, is well
detected and the other peak corresponds to non-detections.

The constraints on the available Gibbs free energy are most
strongly dependent on the quality of the inferences for the O, abun-
dance, CH, abundance and atmospheric temperature, as shown in
Fig.2. Thisis consistent with thermodynamic theory, which has shown
that the Gibbs free energy is strongly dependent on temperature and
only weakly dependent on pressure®. In the high-abundance case with
SNR =20, theresults showalarge uncertainty ontheinferred O,abun-
dance. Thisintroduced a substantial uncertainty on the available Gibbs
free energy for this particular case. However, higher observational SNRs
of30and 50 at high abundance showed better constraints on O,, which
led to improved constraints on the available Gibbs free energy. These
trends also held true for the CH, posteriorsin the high-abundance case.
The retrieval analyses for the medium and low cases largely resulted
inbroad upper limit constraints for O,and CH, at each of the observa-
tional SNRscenarios tested here. Reasonable atmospheric temperature
constraints were seen for allabundance cases and observing scenarios,
which stemmed fromadequate constraints onthe shape of the atmos-
pheric water vapour bands across the spectral range for all modelled
scenarios. Table 1details the 16th, 50th and 84th percentile values for
the marginal O,, CH, and temperature distributions (corresponding
tothelovalues for a Gaussian distribution).

Most fundamentally, the results for the high-abundance scenario
demonstrate that strong detections of O,and CH, absorption features
lead to tight constraints on the resulting available Gibbs free energy,
thereby enabling aninference of the extent of chemical disequilibrium
inthe atmosphere of an Earth-like exoplanet. Figure 3 highlights spec-
tral features of several species (O,, CH,, O;, CO, and H,0) across the
range of modelled Proterozoic Earth scenarios. In the near-infrared,
opticaland ultraviolet spectral range explored in this work, the strong-
est O, feature is the oxygen A-band at 0.762 pm. There are several
CH, features within the 1.6-1.8 pum wavelength range, indicated in
orange. Each colour-coded absorptionfeature for O,, CO,, CH,and O,
isaccentuated by afactor of 2 relative to the original input abundance
to highlight the precision needed to observe each species.

Constraining the available Gibbs free energy is a promising charac-
terization strategy that synergizes well with established techniques for
biosignature gas detection. In practice, it is possible to infer an upper
limit on the available Gibbs free energy and, for more optimistic cases,
proper constraints can be obtained on the free energy for Proterozoic
Earth-like planets. For high-abundance cases, in particular, it is possible
to place constraints on the available Gibbs free energy to within an
order of magnitude with SNR = 50 observations. This could be feasible
with a future direct-imaging mission for exoplanets, but future work
is necessary to understand any systematic barriers to achieving this
level of SNR. Also note that the detection of the 0,-CH, disequilibrium
is highly sensitive to the near-infrared spectral features that drive the
quality ofthe CH, abundance constraints andis also, in part, enabled by
atmospheric temperature constraints from thermal effects in molecu-
lar band shapes (especially in the near-infrared). Such spectral features
may not be observable for all targets as the inner working angle for
high-contrastimaging systems, especially coronagraphs, expands lin-
early with wavelength, thus further indicating the importance of asmall
inner working angle for a future mission. Features shortward of 1.8 pum
observed with a 6 m telescope would be accessible for targets within
~8 pc. Fora 6 m-class space telescope with noise properties modelled
onthe LUVOIR-B concept®®*, the high-SNR cases explored here could
beachieved for an Earth-like target around a solar host at distances of
5-7 pc with an investment of 2-4 weeks of observing time (in line, for
example, with planned expenditures for high-value targets in the Habit-
able Exoplanet Observatory concept study'®). According to arecently
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Fig.1| Available Gibbs free energy posterior distributions inferred from
simulated reflected-light observations for different Proterozoic Earth
models. a, Marginal posterior distribution of the log of the available Gibbs
free energy for the high-abundance case, derived from SNR = 20 (hatched),
30 (unfilled) and 50 (solid fill) simulated reflected-light observations. Vertical
black (dashed), orange (dotted), red (dot-dashed) and blue (solid) lines in all

log available Gibbs free energy (J mol™)

log available Gibbs free energy (J mol™)

three panels represent the input value and previously reported values for the
available Gibbs free energy of modern Earth (atmosphere only case), Mars and
modern Earth (atmosphere and ocean case), respectively'. b, Same as abut for
the medium-abundance case. ¢, Same as abut for the low-abundance case. atm,
atmosphere only case; atm + oc; atmosphere and ocean case; ME, modern Earth.

Table 1| Summary of the parameters, input values and 1o confidence intervals (taken from the 16th, 50th and 84th
percentile values) for the high, medium and low atmospheric abundance scenarios that were modelled

Parameter Abundance Input SNR=20 SNR=30 SNR=50
High 201 —2.92+4s —2.07+08 -166*07
o9 O, s -3.01 —6.08+265 —6.0212%8 ~6.2923
Low -4.01 ~6.60+27 -6.73+2% ~7.001305
High -454 —4.361082 ~4.2010 —41105
log CH, Medium -4.94 —6.07*152 ~6.29*1%7 —531490%
Low -5.53 719+ —6.87+1%2 7444
High -116 ~0.65+03 -0.79+92¢ —07570%
log CO, Medium e —228+048 214407 —2194%
Low -3.31 —6.36+23% —6.40724 -6.7513%
High 288 259.91+3218 27223124 266.8611754
. (<) Medium 288 267.841305 273.841224 26613150
Low 288 255.31+2506 258341297 263.09%310
High 1.3687 01775 128107 176:0%
t?c?gaJvr?(l)e:E))le Gibbs free energy Medium 0.9739 —1-243'_52; _1'231%.5:0 _1'161%»7642
Low 05853 —L65+LL -163*55, L7405

proposed target star list for the Habitable Worlds Observatory*, about
26 stars are within that 7 pc limit. Two important observation-related
caveats are that the retrievals assume that the planetary orbit is well
constrained at that planet-to-star flux ratio and that the retrievals
could be treated as being independent of time over the course of an
observation. Asan observing strategy, performing abaseline analysis
atlower SNRs may help usidentify potentially exciting targets for more
detailed follow-up observations and provide upper limit constraints
on potential chemical disequilibrium signals for a subset of targets.
From an observational perspective, characterizing the CH, and
0, abundances are essential to inferring the atmospheric chemical
disequilibrium signal of Earth analogues over most of their evolution-
ary history. Although the results presented here are focused on the

detectability of O,and CH, from space withreflected-light observations
in visible and near-infrared wavelengths, similarly effective observa-
tions could be done from the ground and in other spectral ranges. For
example, extremely large telescopes could attempt O, detections for
Earth-like planets orbiting nearby M dwarfs* %, Ground-based obser-
vations would complement continuing efforts with the James Webb
Space Telescope (JWST), as constraining Earth-like abundances of O, is
aknown challenge”. Analogous transit scenarios relevant to the JWST
NIRSpecinstrument are explored in the Supplementary Information
(Supplementary Figs.1and 2), which shows that the available Gibbs free
energy is difficult to constrain (most probably due to non-detections
of O, fromthe simulated observations). Conversely, molecular oxygen
may be detectable in the mid-infrared with transit spectroscopy by
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Fig.2|Posterior distributions for key retrieved atmospheric parameters

for different noise levels and Proterozoic Earth models. a, The marginal
posterior probability distributions for the retrieved log abundance of O, in the
high (green), medium (purple) and low (blue) abundance cases. Each distribution
isinferred from simulated reflected-light observations at SNR = 20 (hatched),

30 (unfilled) and 50 (solid fill). The vertical black dashed lines represent the
input value for each parameter (the input is calculated using column-integrated
volume mixing-ratio profiles for each gas phase species). b, Same as a but for
the methane constraints. ¢, Same as abut for the atmospheric temperature
constraints.

observing O, collision-induced absorption features near 6.4 pm with
the JWST MIRI instrument®. Although O, does not produce strong
features in the emission spectrum of an Earth-like exoplanet, if O,
abundances could be inferred from O, abundances™ then detections
of O, in the mid-infrared at 9.7 um with low- or moderate-resolution
spectroscopy could provide the requisite constraints on O,. The LIFE
(Large Interferometer for Exoplanets) mission concept, for exam-
ple, could constrain O, abundances at SNRs >10 in the mid-infrared™.
Ozone also has absorption features in the ultraviolet (for example,
the Hartley-Huggins band at 0.25 pm and the subtler Chappuis bands
from 0.5 to 0.7 um), which could be detectable with the Habitable
Worlds Observatory using low- or moderate-resolution reflected-light
observations as well (Supplementary Fig. 3c). CH, has key absorption
bands throughout the optical, near-infrared and mid-infrared, so could
be detected by reflectance, transmission or emission spectroscopy
and would require resolving powers of roughly 30-40, depending on
abundance (for example, refs. 28,29,33-35).

The Proterozoic eon is a potentially ideal Earth-like context for
constraining the atmospheric O,-CH, chemical disequilibrium gas
pair for an Earth-like planet around a G-type star due to a probably
higherabundance of CH,, arisein O, relative to the Archean Earth, and
the longevity of this signal over a2 Gyr period. An Archean Earth-like
atmosphere may have amodest atmospheric chemical disequilibrium
signature driven by the CH,-CO, gas pair'>. However, abiotic sources
for CH, production would need to be explored'>. Modern Earth has
substantially less atmospheric CH,, making detection of the O,-CH,
atmospheric signature challenging, although the photochemistry
for amodern Earth-like planet around an M or K dwarf may gener-
ate substantially more CH, in atmospheres with modern levels of O,
(for example, refs. 36,37). Thus, the concept of remotely detectable
disequilibrium-energy biosignatures could apply to Earth-like worlds
around a very wide range of stellar host types. For any exoplanet, the
stellar photochemical context will be vital to consider when evaluat-
ing potential biosignatures. Nevertheless, our results offer awindow
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Fig.3|Simulated reflected-light spectra for Proterozoic Earth cases.

a-c, The xaxesindicate the wavelength in micrometres and the y axes represent
the planet-to-star flux ratio. a, Simulated reflected-light spectrum for the high-
abundance case (green). Absorption features for O, (brown), CO, (blue), CH,
(yellow) and O, (red) are shown and their input abundances are multiplied by a
factor of 2. Water vapour absorption features are labelled with text. The legend

for the grey error bars shows the scaling for each noise instance (SNR = 20,30 or
50).Theinset highlights the O, A-band feature at 0.76 pm. b, Simulated reflected-
light spectrum for the medium-abundance case (purple). Each input abundance
is multiplied by a factor of 2 to show its effect. ¢, Simulated reflected-light
spectrum for the low-abundance case (blue). The denoted species absorption
features are shown and their input abundances are multiplied by a factor of 2.

into the characterization of an Earth-Sun twin as an analogue for
similar exoplanets.

The thermodynamic systems modelled here represent only the
chemical disequilibrium in the atmosphere. Oceans can provide an

additional source of chemical disequilibrium and, in fact, the main-
tenance of N, and O, in the presence of liquid water (for Proterozoic
and modern Earth) and the maintenance of CO,, N, and CH, in the
presence of liquid water (for Archean Earth) are major contributors to
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disequilibrium energy over time'. There is the potential for remotely
detecting exoplanetary oceans with reflected light***. However, infer-
ring the available energy requires constraints on the planet’s ocean
volume, which may be quite challenging to constrain remotely. Thus,
atmospheric disequilibrium constraints are probably conservative, at
least for ocean-bearing worlds. In general, the inability to easily con-
strain ocean volume (or its chemical state) or the inability of retrieval
to fully detect all gaseous species means that the constraints on the
atmospheric available Gibbs free energy are probably conservative.

Discriminating false positives, for which an abiotically driven
signal could mimic a true biosignature, is especially crucial for inter-
preting chemical disequilibrium signatures, as false positives for O,
have been heavily studied***°. The holistic interpretation of a given
chemical disequilibrium signal will require not only a quantification
of the extent of the signal butalso aninference of the chemical species
driving the signature and their production and loss mechanisms®. A
previous study by Wogan and Catling” outlined the potential abiotic
mechanisms that generate free energy and even cases where a lack of
free energy could lead to a false negative scenario.

A known environment with an excess amount of abiotically pro-
duced free energy is Mars. In fact, estimates of chemical disequilib-
rium for the Proterozoic Earth are lower than those for modern Mars
(24 ) mol™ versus 136 ) mol™, respectively). However, the available
Gibbs free energy produced on Mars is driven by the O,-CO gas pair
(abiotically generated by CO, photolysis), whereas abiotic sources for
free energy in the Proterozoic Earth atmosphere are negligible (Sup-
plementaryFig.4). The direct-imaging characterization of atrue Mars
analogue exoplanet would be challenging due to the tenuous nature
oftheatmosphere, alarger orbital distance than Earth-like targets and
the overall smaller size. However, Mars-like worlds with substantial
available Gibbs free energy due to photochemistry may represent an
important category of false positives. Mars has very cold, dry atmos-
pheric conditions with a majority of its atmosphere comprising CO,,
which can be readily photolysed. Given this context, one would need
to constrain the photochemical environment of a Mars analogue to
distinguish it from aProterozoic Earth-like case. This would require that
atmospheric constraints (for example, species abundances, planetary
surface pressure and atmospheric temperature) are obtained alongside
acharacterization of the host stellar spectrum (especially at ultraviolet
wavelengths). Itis especiallyimportant to characterize the abundances
of CO,, CO and abiotic O,. CO, and CO have absorption featuresin the
near-infrared around 1.6 pm and CO, has additional, weaker features at
shorter near-infrared wavelengths. CO absorptionin this wavelength
rangeis particularly weak and would probably require high CO partial
pressures to be detectable, thus implying that it might be difficult to
detect the abiotic disequilibrium energy for such worlds.

In any given search, a planet’s retrieved chemical disequilib-
rium must be considered alongside other contextual information
when establishing the biogenicity. For example, adisequilibrium that
requires gas fluxes incompatible with abiotic explanations is more
probably due to life. Additionally, planets with ‘edible’ disequilibria
(thatis, easily surmountable kinetic barriers) that might be expected
tobereadily consumed as ametabolic fuel by aresident biosphere may
serveas ‘anti-biosignatures™. Ingeneral, detecting atmospheric chemi-
caldisequilibrium would require that the associated chemical species
aremixed wellinthe atmosphere whereas more localized, non-global
signatures would be much more difficult to constrain.

Insummary, searching for chemical disequilibrium biosignatures
willbe a promising endeavour for exoplanet characterization efforts,
and future missions should consider this approach when developing
their observational strategies. For Earth-like analogues, access to O,
and CH, spectral features is key and will hinge on sufficient resolving
power and broad spectral coverage to retrieve relevant gas features.
Maximizing the potential to place tight constraints on these chemical
species will probably require high-SNR observations at wavelengths

spanning into the near-infrared, implying that this technique may
be most relevant for the best exoplanetary candidates. Alongside
understanding planets and stars as systems®, chemical disequilibrium
biosignatures will be a powerful tool for future observations.

Methods

This study incorporated an exoplanet atmosphericretrieval model that
was coupled to a thermodynamics Gibbs free energy tool to explore
how observational quality influences our ability to interpret and quan-
tify chemical disequilibrium signals from simulated reflected-light
observations. The photochemical model Atmos was used to explore a
range of atmospheric compositions spanning high, medium and low
biosignature gas abundances, and these were then used to generate
simulated spectra according to each abundance case. Thereafter a
spectral retrieval model, rfast, was used to map out the posterior distri-
butions of relevant atmospheric and planetary parameters consistent
withagivensimulated observation. The rfast and the Gibbs free energy
toolswere then coupled by randomly sampling the atmospheric state
posterior distribution for relevant parameters and passing those ran-
domized instances as inputs to the Gibbs free energy tool. Repeating
this process thousands of times generates a posterior distribution for
the available Gibbs free energy that is consistent with the simulated
observation. The resulting posterior distribution allowed us to assess
how observational uncertainty influences our ability to constrainand
interpret chemical disequilibrium biosignatures.

Theretrieval model

The rfast model®® was adopted for the atmospheric retrievals. It
incorporates aradiative transfer forward model, an instrument noise
model and a retrieval tool to enable rapid investigations based on
remote-sensing of exoplanet atmospheres. The radiative transfer
forward modelis capable of simulating (1) both one-dimensional and
three-dimensional views of an exoplanet in reflected light, (2) emis-
sion spectra and (3) transit spectra. It takes as input the atmospheric
chemical and thermal state (including profiles of cloud properties).
The retrieval package also uses a Bayesian sampling package (emcee)
to call the aforementioned radiative transfer model while mapping
out the posterior distribution for the atmospheric parameters used
to fit anoisy observation®.

Our retrieval simulations are done in one dimension by using the
diffuse radiative transfer treatment for modelling directly imaged
views of the planet. They reproduce what one might expect fora quad-
rature (or gibbous) phase observation of an Earth-like exoplanet. The
rfast model performs the retrieval inference assuming an isothermal
atmosphere and constant volume mixing-ratio profiles forinput chemi-
calspecies. Clouds are takento be anequal blend of liquid water andice.
Additionally, clouds in simulated observations are assumed to cover
50% of the disk and have a vertical extent described by the cloud top
height and cloud pressure extent in Feng et al.”. Our noise estimates
are constant with wavelength and set by the noise specified for the V
band toremain consistent with decadal studies and previous exo-Earth
retrieval analyses"”'*%,

Gibbs free energy model

The thermodynamics Gibbs free energy model from Krissansen-Totton
et al.""? was adopted to calculate chemical disequilibrium biosigna-
tures. The Gibbs free energy is a thermodynamic state function that
describes the maximum amount of work a chemical process can pro-
duce at constant pressure and temperature®:

N
6= an )

where n;isthe moles of species i, 0G/0n;is the change in Gibbs free energy
withrespecttothe moles ofagivenspeciesandthe sumisover thetotal
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number of species in the system (N). The overall Gibbs free energy of a
givenstate canberewritteninterms of thermodynamicactivity and the
standard Gibbs free energy of formation for agiven species:

AGorp =S (Ao +RTIn( M o)
(T,P)—Z Gy THRIIN n_TVfi n;,

i

where MGy p isthe Gibbs free energy of formation for a given species
(determined at a given global mean surface temperature T and refer-
ence pressure P,), n;is the total number of moles and y; is the activity
coefficient. The utility of the Gibbs free energy is that it is minimized
atthermodynamic equilibrium, which allows us to model the theoreti-
cal equilibrium state at a given temperature and pressure without
explicitly considering individual chemical reactions.

Each observational scenario that was simulated considers the
target as a closed, well-mixed system at constant global surface pres-
sure and constant characteristic global temperature. The Gibbs free
energy model first computes the Gibbs free energy of the systemgiven
an input atmospheric state (for example, usually an instance of gas
mixing ratios, atmospheric temperature and surface pressure from
the atmospheric retrieval model) and subsequently solves for the
equilibrium species mixing ratios, such that the Gibbs free energy
is minimized and atoms are conserved. An interior points method,
implemented using Matlab’s fmincon function, was used to minimize
and solve for the equilibrium state. (Supplementary Fig. 4 details the
initial and equilibrium abundances for all the species.) The difference
betweenthe Gibbs energy of the input atmospheric state and the equi-
librium state quantifies the available Gibbs free energy:

@ = G(7,p)(Minicial) — G(7,p)(Negq)- (3)

The available Gibbs free energy (@) is, henceforth, used to quantify
the chemical disequilibriumand is measured injoules of available free
energy per mole of atmosphere'-?, where n,, and n, are the initial/
observed and equilibrium mixing ratios, respectively. Alarge available
Gibbsfree energy indicates strong planetary chemical disequilibrium
(for example, the modern Earth atmosphere and ocean system at
2,326 ) mol™). Conversely, alow available Gibbs free energy indicates
weak chemical disequilibrium. Most planetary bodies in our Solar
System, like Jupiter, Venus and Uranus, all have well below 1) mol™ of
available free energy".

Thermodynamics calculations

Supplementary Fig. 4 shows an equilibrium calculation for the high
Proterozoic abundance case presented in the main text. O,, N,, H,0,
CO,, NH,, CH,, H,, N,O and O, are all included in the calculation. The
total available Gibbs free energy for this scenario is 24.24 ] mol™. The
bluebars show the observed mixing ratios of each species, thered bars
represent the equilibrium mixing ratios of each species and the yellow
bars show the change in mixing ratio between the equilibrium and
observed abundances. O, and CH, have notably large observed mix-
ing ratios and also have large differences between their observed and
equilibrium abundances. This indicates that these two species are the
maindrivers of chemical disequilibriumin the atmosphere. NH;, H,,N,O
and O all contribute to the overall available free energy. However, their
low relative abundances (in comparison to O, and CH,) mean that the
contribution of free energy from these speciesis negligible. Therefore,
NH;, H, and N,O were excluded from the retrieval analysis and held at
their equilibrium abundances when computing the available Gibbs free
energy posterior distribution. O, was kept in the analysis as it isa pho-
tochemical byproduct of O,and, thus, useful to constrainalongside O,.

Atmospheric modelling of the Proterozoic Earth
Self-consistent atmospheric models were generated using the photo-
chemical model component of the Atmos tool***’, Atmos is a coupled

photochemical-climate model that uses planetary inputs (for example,
chemical species mixing ratios, associated chemical reactions, grav-
ity, surface pressure, surface temperature and stellar spectrum) to
calculate the steady-state profiles of chemical species present in the
atmosphere. In the overall analysis, the default solar spectrum was
used to model Earth-like cases relevant to reflected-light observa-
tions’. In the model, this solar spectrum was then adjusted with an
input parameter (TIMEGA) to scale the solar flux to its appropriate
insolation 1.3 Gyr ago. The TRAPPIST-1 spectrum® was used for the
TRAPPIST-1 simulations mentioned in the text. All the atmospheric
cases modelled in this study assumed a total fixed surface pressure
of 1bar. A suite of cases spanning from low to high concentrations of
0,, CH, and CO, (input values outlined in Table 1) were explored to
capture broad uncertainty in the abundance of certain atmospheric
species during the Proterozoic eon and referenced to the ‘model low’
and ‘model high’ values from Table 1in Robinson and Reinhard”. The
medium-abundance case was computed by taking the logarithmic
geometric average of the high and low values. These generated pro-
fileswere used to produce realistic atmospheric spectrawith the rfast
forward model that were then retrieved on. Note that the changes in
CO, abundance did not have a substantial impact on the uncertainty
of the available Gibbs free energy.

Simulated rfast observations

Reflected-light observations in this study were modelled after
direct-imaging Decadal Survey mission concepts with ultraviolet
(0.2-0.4 um), optical (0.4-1.0 pm) and near-infrared (1.0-1.8 pm)
band-passes at resolving powers of 7,140 and 70, respectively'**°. Each
instance of asimulated noisy spectrumwas produced with randomized
error bars and with the prescribed SNR taken to apply at 0.55 pm (con-
sistent with earlier exo-Earth studies).

Reflected-light retrievals

Outlined in Supplementary Fig. 3 are the marginal posterior distribu-
tions for the mixing ratios of H,0 (Supplementary Fig. 3a), CO, (Sup-
plementary Fig. 3b) and O, (Supplementary Fig. 3¢), along with the
retrieved atmospheric pressure (Supplementary Fig. 3d) for the high
(green), medium (purple) and low (blue) abundance scenarios. These
retrieved parameters were included in the random sampling used to
compute the available Gibbs free energy posteriors (Fig. 1) but did not
have asubstantialinfluence onthe uncertainty. However, constraining
parameters like H,0, CO, and surface pressure are essential for infer-
ring the climate and habitability of exoplanets. Additionally, O;canbe
used as a proxy for loosely approximating the O, abundance for less
oxygenated atmospheres since O, can remain detectable even at low
0, concentrations®**2, The caveat is that other factors (for example,
the stellar host type and stellar ultraviolet flux) must be well character-
ized®. A comprehensive list of the planetary parametersincluded in the
retrieval analysis are shown in Supplementary Table 1.

Transit retrievals and available Gibbs free energy inference
Thesuccessfullaunch of theJWST and the prospects for characterizing
Earth-like planets in the habitable zone of M dwarf stars motivated
attempts to constrain the available Gibbs free energy of a Proterozoic
Earth-like planet orbiting the M dwarf TRAPPIST-1. For all three atmos-
pheric cases and simulated observations with the NIRSpecinstrument,
our results (Supplementary Figs. 1and 2) indicate that it is extremely
challenging, requiring less than 5 ppm noise.

InSupplementaryFig. 1, the marginal posterior distributions for the
0,abundance (Supplementary Fig.1a), CH, abundance (Supplementary
Fig.1b) and atmospheric temperature (Supplementary Fig. 1c) are out-
lined atthe high-, medium-and low-abundance cases for a Proterozoic
Earth-like planet orbitingan M dwarfandinferred from simulated transit
observations with the JWST NIRSpec instrument. For O,, in particular,
these results show that it is very difficult to constrain the atmospheric
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abundance of O,at each of the observational noise levels (5and 10 ppm),
either of which would be challenging for JWST to achieve for current
best-case targets. This outcome was to be expected given that detect-
ing biogenic O, abundances with JWST is a known challenge*>%*>*,
The lack of constraints on the O, abundance also make inferring the
chemical disequilibrium energy of a Proterozoic Earth-like exoplanet
orbiting a late-type star too challenging for JWST. In Supplementary
Fig. 2, the available Gibbs free energy posteriors inferred from these
observations are shown for the high (Supplementary Fig. 2a), medium
(Supplementary Fig. 2b) and low (Supplementary Fig. 2c) abundance
cases. The posterior distributions for all abundance cases and noise
levels demonstrate that a noise floor of <5 ppm would be required to
obtain tight constraints on the available Gibbs free energy for these
Proterozoic Earth-like scenarios. This <5 ppm noise estimate is smaller
thansome predicted estimates (of the order of tens of parts per million)
forthe noise floor**. Itis, therefore, unlikely thatJWST could constrain
the available Gibbs free energy for a Proterozoic Earth-like planet.

Data availability

All the source data that corresponds to the results of this work (for
example, spectral data, available Gibbs free energy distributions
and retrieval parameter distributions) have been published on
Zenodo®® and are available to download from https://zenodo.org/
record/8335447. Theinitial release of the rfast spectral retrieval model
canbeaccessed from https://zenodo.org/record/7327817. The Atmos
modelis publicly available and can be accessed at https://github.com/
VirtualPlanetaryLaboratory/atmos. The Matlab version of the ther-
modynamics model from Krissansen-Totton et al."?is available from
co-author J.K.T’s personal website: http://www.krisstott.com/code.
html. Source data are provided with this paper.

Code availability

The code is available as follows: rfast https://zenodo.org/
record/7327817; Atmos https://github.com/VirtualPlanetaryLabora-
tory/atmos; and the thermodynamics model http://www.krisstott.
com/code.html.
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