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A Future Large Infrared/Optical/Ultraviolet Telescope Optimized for Observing Habitable 
Exoplanets and General Astrophysics (Highest Priority for Space Frontier Missions) 

Inspired by the vision of searching for signatures of life on planets outside of our solar system…
the priority recommendation in the frontier category for space is a large (~6 m diameter) IR/O/UV 

telescope with high-contrast (10-10) imaging and spectroscopy. 

National Academy of Sciences (USA) 2021, Pathways to Discovery in Astronomy and 
Astrophysics for the 2020s, https://doi.org/10.17226/26141
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Is There Life on Earth?

Observation Interpretation Conclusion

Earth probably has life, 
but it’s pretty weird 
(organics in O2?!)

Planet is rocky, temperate

Spectrum indicates H2O, 

O2, CH4

H2O suggests habitability

Large flux of CH4, O2 required to explain 
observations 

Known abiotic mechanisms do not 
explain inferred CH4 flux, observed O2

Sagan et al. 1993



“The planet is covered with large amounts of water…There is 
so much O2 in the atmosphere as to cast doubt on the 

proposition that UV photodissociation of H2O provides an 
adequate source…CH4 is detected at ~1 ppm…only 
biological processes are likely to generate so large a 

disparity…but how plausible…[life generating]…a massive 
(and poisonous) [O2] atmosphere…is an open question.”

Sagan et al. 1993 Nature
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Recipe for Remote Life Detection

Observation Interpretation Conclusion

Probabilistic constraint 
on presence of life

Measure atmospheric 
spectrum, bulk planetary/

stellar properties

Use theories of (in)habitability to assess 
plausibility of biological explanation

Quantify production/loss fluxes of 
potentially biogenic gases implied by 

observations

Determine if known abiotic mechanisms 
can explain inferred gas fluxes

Extensive Theoretical 
Infrastructure Required



Three Illustrative Vignettes

Observation Interpretation Conclusion

Probabilistic constraint 
on presence of life

Measure atmospheric 
spectrum, bulk planetary/

stellar properties

UV Irradiation on M-dwarf Exoplanets & 
Implications for Abiogenesis

Assessing Novel Biosignature Gases

Water Vapor & Composition of Early 
Earth-like Atmospheres

Theory, experiments, 
observations needed to build 

interpretive infrastructure

UV Photochemistry



Photochemistry Influences 
Planetary Habitability



Rocky, Likely Temperate Exoplanets
Modified from
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M-Dwarf Planet Surfaces: UV-Poor
10-2-10-3x bioactive UV



M-Dwarf UV Is Not Too High…

…But May Be Too Low

Lessons from early Earth 5

Figure 4. Relative biological effectiveness of UV surface radiation on
Proxima-b. (A) The biological effectiveness of UV on DNA and the
radiation-resistant microorganism D. radiodurans (Voet et al. 1963; Diffey
1991) quantifies the relative effectiveness of different wavelengths of UV
radiation to cause DNA destruction or, for D. radiodurans, mortality,
which increases with decreasing wavelength. Biological effectiveness of UV
damage for (B) oxygenic atmospheres and (C) anoxic atmosphere models
shown as convolution of the surface UV flux and action spectrum over
wavelength (solid line shows flaring, dashed line quiescent star), compared
to present-day Earth (red solid) and early Earth (3.9 billion years ago) (red
dashed).

UV surface fluxes we model for Proxima-b during a flare could be
occurring regularly.

Fig. 4 shows that only for highly eroded (0.1 bar) and anoxic
atmosphere models the planet’s biologically effective UV radiation
surface flux is higher than for present-day Earth. While the anoxic
atmosphere does result in a considerably more biologically harmful
radiation environment compared to the present-day Earth, it is still
approximately an order of magnitude less biologically harmful than
early Earth’s. Therefore, UV surface radiation levels should not
rule out surface habitability for our closest potentially habitable
planets or for planets orbiting in the HZ of active M stars in general.
Furthermore, in the absence of an ozone layer, depending on the
atmospheric composition of a planet, other atmospheric gases, such
as sulfur compounds or CO2 can absorb UV radiation (see e.g.
Cockell et al. 2000a; Rugheimer et al. 2015). The production
of organic hazes via methane photochemistry, which may have
existed in the early Earth’s anoxic atmosphere, could also act as

a UV absorber for planets that lack significant ozone (Arney et al.
2017). This further strengthens the argument to not rule out our
neighbouring HZ planets in the search for life.

3.3 UV can create as well as hide signatures for life

For late-type M stars, high UV surface environments could remain
for billions of years (see e.g. West et al. 2004; France et al. 2013;
Rugheimer et al. 2015; Youngblood et al. 2016). In a high UV
surface environment, mechanisms that protect biota from such
radiation can play a crucial role in maintaining surface habitability,
especially on planets around active M stars with thin, eroded or
anoxic atmospheres, where other UV-attenuating gases/particles are
not present.

On Earth, biological mechanisms such as protective pigments
and DNA repair pathways (see e.g. Neale & Thomas 2016) or
biofluorescence (O’Malley-James & Kaltenegger 2018) can pre-
vent, or mitigate, radiation damage. Some microorganisms and
lichens have been observed to tolerate full solar UV in space
exposure experiments, often using protective cells or pigments as
UV-screens (e.g. Cockell 1998; Sancho et al. 2007; Onofri et al.
2012). Strategies such as living under a soil/sand layer, in rock
crevices, and under water could also be used (e.g. Cockell et al.
2000a; Cockell, Kaltenegger & Raven 2009; Ranjan & Sasselov
2016). Only 1μm of water is needed to attenuate the shortest UV-
C wavelengths (<168 nm) by a factor of 10 or more (O’Malley-
James & Kaltenegger 2017). If small insoluble particles are present
in a water column, scattering could effectively reduce the UV-C
flux by ∼40 per cent at a depth of just 1 cm (Cockell, Southern &
Herrera 2000b). Survival strategies like these could lead to a cryptic
surface biosphere that produces no detectable surface biosignatures
(Cockell et al. 2009). However life in subsurface environments
should produce no, or very weak, surface biosignatures.

Alternative UV protective mechanisms like biofluorescence (see
O’Malley-James & Kaltenegger 2018 for details) could indicate
life remotely. Fluorescence is common in the natural world and in
some cases may serve as protection against UV radiation damage
by upshifting UV light to longer, safer wavelengths (O’Malley-
James & Kaltenegger 2018).

Protective biofluorescence would be most useful during the in-
crease in UV flux during flares, and could cause a temporary change
in the planet’s surface brightness in the visible. Constant high UV
radiation environment present in the anoxic planet model could
favour continuous fluorescence (O’Malley-James & Kaltenegger
2018). Lab experiments with green fluorescent proteins have suc-
cessfully produced high fluorescent efficiencies of up to 100 per cent
(see O’Malley-James & Kaltenegger 2018 and references therein).
Because biofluorescence is independent of the visible flux of the
host star and only dependent on the UV flux of the star, emitted
biofluorescence can increase the visible flux of a planet orbiting an
active M-star by several orders of magnitude (O’Malley-James &
Kaltenegger 2018) during a flare.

Detection of the 9.6μm ozone band could provide the first
insights into UV surface environments of planets in nearby M star
systems, showing whether or not those atmospheres contain ozone.
Ozone and other atmospheric gases are potentially detectable by
near future telescopes like the James Webb Space Telescope for
our closest planet, Proxima-b (Kreidberg & Loeb 2016), while
high-contrast imaging with planned ground-based telescopes like
the ELT could provide additional atmospheric characterization (see
e.g. Lovis et al. 2017; Luger et al. 2017; Snellen et al. 2017).

MNRAS 00, 1 (2019)

Oxic Atmosphere 
(~Modern Earth) 

Lessons from early Earth 5

Figure 4. Relative biological effectiveness of UV surface radiation on
Proxima-b. (A) The biological effectiveness of UV on DNA and the
radiation-resistant microorganism D. radiodurans (Voet et al. 1963; Diffey
1991) quantifies the relative effectiveness of different wavelengths of UV
radiation to cause DNA destruction or, for D. radiodurans, mortality,
which increases with decreasing wavelength. Biological effectiveness of UV
damage for (B) oxygenic atmospheres and (C) anoxic atmosphere models
shown as convolution of the surface UV flux and action spectrum over
wavelength (solid line shows flaring, dashed line quiescent star), compared
to present-day Earth (red solid) and early Earth (3.9 billion years ago) (red
dashed).

UV surface fluxes we model for Proxima-b during a flare could be
occurring regularly.

Fig. 4 shows that only for highly eroded (0.1 bar) and anoxic
atmosphere models the planet’s biologically effective UV radiation
surface flux is higher than for present-day Earth. While the anoxic
atmosphere does result in a considerably more biologically harmful
radiation environment compared to the present-day Earth, it is still
approximately an order of magnitude less biologically harmful than
early Earth’s. Therefore, UV surface radiation levels should not
rule out surface habitability for our closest potentially habitable
planets or for planets orbiting in the HZ of active M stars in general.
Furthermore, in the absence of an ozone layer, depending on the
atmospheric composition of a planet, other atmospheric gases, such
as sulfur compounds or CO2 can absorb UV radiation (see e.g.
Cockell et al. 2000a; Rugheimer et al. 2015). The production
of organic hazes via methane photochemistry, which may have
existed in the early Earth’s anoxic atmosphere, could also act as

a UV absorber for planets that lack significant ozone (Arney et al.
2017). This further strengthens the argument to not rule out our
neighbouring HZ planets in the search for life.

3.3 UV can create as well as hide signatures for life

For late-type M stars, high UV surface environments could remain
for billions of years (see e.g. West et al. 2004; France et al. 2013;
Rugheimer et al. 2015; Youngblood et al. 2016). In a high UV
surface environment, mechanisms that protect biota from such
radiation can play a crucial role in maintaining surface habitability,
especially on planets around active M stars with thin, eroded or
anoxic atmospheres, where other UV-attenuating gases/particles are
not present.

On Earth, biological mechanisms such as protective pigments
and DNA repair pathways (see e.g. Neale & Thomas 2016) or
biofluorescence (O’Malley-James & Kaltenegger 2018) can pre-
vent, or mitigate, radiation damage. Some microorganisms and
lichens have been observed to tolerate full solar UV in space
exposure experiments, often using protective cells or pigments as
UV-screens (e.g. Cockell 1998; Sancho et al. 2007; Onofri et al.
2012). Strategies such as living under a soil/sand layer, in rock
crevices, and under water could also be used (e.g. Cockell et al.
2000a; Cockell, Kaltenegger & Raven 2009; Ranjan & Sasselov
2016). Only 1μm of water is needed to attenuate the shortest UV-
C wavelengths (<168 nm) by a factor of 10 or more (O’Malley-
James & Kaltenegger 2017). If small insoluble particles are present
in a water column, scattering could effectively reduce the UV-C
flux by ∼40 per cent at a depth of just 1 cm (Cockell, Southern &
Herrera 2000b). Survival strategies like these could lead to a cryptic
surface biosphere that produces no detectable surface biosignatures
(Cockell et al. 2009). However life in subsurface environments
should produce no, or very weak, surface biosignatures.

Alternative UV protective mechanisms like biofluorescence (see
O’Malley-James & Kaltenegger 2018 for details) could indicate
life remotely. Fluorescence is common in the natural world and in
some cases may serve as protection against UV radiation damage
by upshifting UV light to longer, safer wavelengths (O’Malley-
James & Kaltenegger 2018).

Protective biofluorescence would be most useful during the in-
crease in UV flux during flares, and could cause a temporary change
in the planet’s surface brightness in the visible. Constant high UV
radiation environment present in the anoxic planet model could
favour continuous fluorescence (O’Malley-James & Kaltenegger
2018). Lab experiments with green fluorescent proteins have suc-
cessfully produced high fluorescent efficiencies of up to 100 per cent
(see O’Malley-James & Kaltenegger 2018 and references therein).
Because biofluorescence is independent of the visible flux of the
host star and only dependent on the UV flux of the star, emitted
biofluorescence can increase the visible flux of a planet orbiting an
active M-star by several orders of magnitude (O’Malley-James &
Kaltenegger 2018) during a flare.

Detection of the 9.6μm ozone band could provide the first
insights into UV surface environments of planets in nearby M star
systems, showing whether or not those atmospheres contain ozone.
Ozone and other atmospheric gases are potentially detectable by
near future telescopes like the James Webb Space Telescope for
our closest planet, Proxima-b (Kreidberg & Loeb 2016), while
high-contrast imaging with planned ground-based telescopes like
the ELT could provide additional atmospheric characterization (see
e.g. Lovis et al. 2017; Luger et al. 2017; Snellen et al. 2017).
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the S1 surface is barrierless in the region shown, and emission
is unable to compete with passage to a lower PES via a conical
intersection. Low fluorescence quantum yields are a consequence
of short excited-state lifetimes. However, low fluorescence may also
indicate the trapping of an excited state in a dark excited state, such
as a triplet state or singlet np* state. High rates of nonradiative
decay are responsible for the ultrashort excited-state lifetimes
observed in the canonical nucleobases, which suppress the
quantum yields for photochemical damage.33

There are further advantages to ultrashort lifetimes. Even if
a molecule is stable against a unimolecular excited-state reaction,
a long excited-state lifetime may allow it to diffusively encounter
another molecule and undergo a bimolecular reaction. This
pathway is facilitated by long lifetimes (triplet states can have
ms lifetimes in solution) and molecularly crowded environments.
Long lifetimes also increase the opportunity for energy transfer to
molecules with lower-lying excited states, possibly funneling
energy to a vulnerable site.

Nonradiative decay in nucleobase monomers

The canonical nucleobase monomers are very poor fluorophores
with fluorescence quantum yields on the order of 10!4–10!5 in
aqueous solution at room temperature,34 indicating that the vast
majority of excited states decay nonradiatively. Femtosecond
transient absorption (fs-TA) experiments reveal that the lowest
singlet excited-state (S1) lifetimes of nucleobase monomers are
on the order of hundreds of femtoseconds in aqueous solution
(Fig. 5). For canonical purines, nearly all excited states return to
the ground state via ultrafast internal conversion (UIC); few, if
any, excited-state molecules are trapped in the optically dark
1np* state or the lowest triplet state, or undergo photochemical

reactions such as (de)protonation or ejection of an electron to
the solvent.35 For the canonical pyrimidines, in addition to UIC,
10–50% of the UV-excited molecules decay to a lowest 1np* state
that lasts 10–150 ps before decaying to the ground state or
undergoing intersystem crossing.36 This is responsible for triplet
yields of up to a few percent for the pyrimidine bases.37

Importantly, the excess energy provided by a UV photon can
still pose a threat to the nucleobases after UIC, which converts the
electronic energy into excess vibrational energy in the electronic
ground state (e.g., 267 nm = 4.65 eV). In collision-free condi-
tions in the gas-phase, the excess energy eventually results in
fragmentation.38–40 In solution, the surrounding environment
provides a means for a vibrationally hot solute to ‘cool down’ by
transferring its excess energy to the solvent molecules (vibra-
tional cooling, VC, Fig. 4B). Interestingly, the fastest VC rate is
observed in water, the environment in which all biological
reactions take place.41 The solute–solvent hydrogen bonds
enable direct intermolecular energy transfer between the
high-frequency solute and solvent vibrational modes, e.g., from
the N–H stretching of the hot nucleobases to the O–H stretching
and/or bending overtone of H2O, thereby increasing the speed of
energy dispersal.42

An increasing number of theoretical studies have modeled the
nonradiative decay pathways in nucleobases and their derivatives.43

The best comparison with the highest level quantum computations
is achieved with experiments on bases that are isolated in the gas
phase.44 Such experiments lack effects from the hydrogen-bonded
solvent, but can reveal intrinsic properties of the chromophore. The
picture that emerges is that dynamics depend very strongly on the
potential energy landscape, and thus on molecular structure. This
dependence derives from the fact that conical intersections (CIs),
where the energies of two electronic states become degenerate
(Fig. 4B), can exist only at molecular geometries that differ from the
ground state equilibrium geometry; in other words, a CI always
involves a deformation of the molecular frame as illustrated for
adenine in Fig. 4B. Two major motifs govern fast internal conver-
sion in nucleobases: pyramidalization in C2 for purines and
deformation of the C5QC6 bond in pyrimidines, mostly forming
CIs between the pp* and np* states or directly with the ground
state.43 Other less dominant pathways include coupling with a ps*
state, for example via the N9H coordinate in purines.45 Fig. 6
illustrates how excited-state lifetimes, which are governed by these
CIs, can differ by orders of magnitude for closely related structures.
A striking example is the difference between the isomers adenine
(also called 6-aminopurine) and 2-aminopurine. The former does
not fluoresce and the latter does, while its excited-state lifetime is
further affected by hydrogen bonding in solution.46 This exquisite
structure dependence even manifests itself in large excited-state
lifetime differences between tautomers.47

Excited-state lifetimes depend on the absorption wavelength,
especially when barriers exist on the trajectory towards a CI.
When measured well above such barriers, the excited-state lifetime
may be short, while it can be significantly longer following
excitation close to or below the barrier. Thus it is possible for
compounds to be well protected against UV photochemical damage
except for a small range of wavelengths in the UV spectrum.

Fig. 5 S1 excited-state lifetimes of canonical bases (blue squares) and
modified bases (red circles) in aqueous solution measured in femtosecond
transient absorption experiments. Note the logarithmic scale on the left
axis. While the modified bases have lifetimes that span several orders of
magnitude, all of the canonical bases have ultrashort (subpicosecond)
lifetimes.
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Prebiotic Relevance of UV

• Experimental: Shown to drive diverse 
syntheses (reviewed e.g., Green et al. 2021)

• Theoretical:  Most abundant energy 
source; directly affect electronic states of 
molecules (Deamer et al. 2010; Pascal 2012)

• Historical: Biogenic nucleobases show 
evidence of high-UV selection pressure 
(Beckstead et al. 2016) synthesis, together with the energy released by

shock waves generated by impacting comets
and asteroid-sized objects (Chyba and Sagan
1992). The electrical discharge used in the
original Miller-Urey experiments, and elevated
temperature and pressures associated with geo-
thermal environments (.2008C) can also do
chemical work, but these sources represent a
tiny fraction of the total energy flux. Electrical
discharge is meant to simulate lightning in re-
ducing gas mixtures, and Miller (1953) found
that small amounts of highly reactive HCN
and HCHO were produced in the discharge,
which afterwards underwent Strecker reactions
to produce several amino acids. This experiment
revolutionized origins of life research, because
for the first time, biologically relevant molecules
were synthesized in a simulated prebiotic envi-
ronment using a plausible source of energy.

Formaldehyde can also be synthesized by
UVlight interacting with water vapor and carbon
dioxide in the upper atmosphere, and a plausible
photochemical reaction was proposed by Pinto
et al. (1980). From reasonable assumptions

about UV flux and composition of the early
atmosphere, these workers calculated that form-
aldehyde was added to the oceans at a rate of 1011

moles/year. It has long been known that formal-
dehyde (HCHO) in alkaline solutions readily re-
acts to form a variety of carbohydrates, as is
discussed later. Cyanide (HCN) is another com-
mon product of UV and electrical energy im-
pinging on mixtures containing nitrogen and
gases such as CO and CO2, and cyanide readily
reacts with itself to produce other biologically
relevant molecules. For instance, a few years after
the Miller experiment was published, John Oro
(1961) discovered that at high concentration,
HCN could undergo pentamerization to form
adenine.

Elevated pressures and temperatures asso-
ciated with geothermal conditions can also
promote significant chemical reactions. In par-
ticular, the Fischer-Tropsch (FT) reaction uses
elevated temperatures to provide activation
energy for a reaction in which carbon monoxide
and hydrogen combine to produce long-chain
hydrocarbons. Nooner et al. (1987) were among
the first to test this reaction as a potential prebi-
otic source of hydrocarbon derivatives, using
meteoritic iron as a catalyst, which lowers the
activation energy of the reaction.

Although it is a reasonable assumption that
the synthesis of organic compounds required
for the origin of life was driven by energy avail-
able in the prebiotic environment, another
source of potential chemical energy was avail-
able in organic compounds delivered by comets
and meteoritic infall during late accretion.
Chyba, Sagan, and co-workers (1990, 1992) es-
timated the total amount of organic carbon
compounds that could be delivered in this way,
and within an order of magnitude, it was in the
range of the amounts estimated to be synthe-
sized by Miller-Urey reactions under the most
favorable conditions. The energy content would
be present in the form of reduced carbon com-
pounds that could undergo chemical modifica-
tion if they were exposed to mineral surfaces in
geological settings of appropriate fugacity (Shock
1990) (See also Pizzarello and Shock 2010).
This possibility is largely unexplored and is likely
to be a fruitful direction for future research.

Table 1. Most of the energy flux on the early Earth was
in the form of light energy from the sun, just as it is
today.

Energy sources on the early Earth (kilojoules
m22yr21)

Solar radiation
(UV,250 nM)

24,000

Shock waves from
impacts

200

Radioactivity 117
Electrical discharges 2.9
Volcanoes 5.4
Chemical energy Significant for the origin of

life, not yet estimated.
The value shown in the table is the energy of

ultraviolet radiation in a wavelength range that
is absorbed by common organic compounds
such as PAH, and therefore capable of activating
photochemical reactions. Table adopted from
estimates given by Chyba and Sagan (1992) and
Miller and Urey (1959). There is considerable
uncertainty in these estimates, which are presented
only to illustrate order-of-magnitude approxi-
mations for energy flux in meter-scale localized
environments.

Bioenergetics and Life’s Origins
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M-dwarf Planets: Is UV Required To Start Life?

Ranjan et al. in prep

CO2 cut-of

Ranjan+2017

•UV-driven ribonucleotide synthesis fails under steady-state M-dwarf UV (all 
M’s, Rimmer et al. 2018; some M’s, Ranjan et al. in prep)


• Flares (Ranjan et al. 2017c, Guenther et al. 2020)?


• If not: potential test for UV-dependent theories of abiogenesis



Takeaways
• UV irradiation influences 

habitability


• M-dwarf planets: low UV. OK for 
habitability, but abiogenesis?


• Can flares compensate?


• Potential opportunity to use 
exoplanets to test origins-of 
life-theories David A. Aguilar, CfA



Photochemistry Sets the 
Atmospheres of Early 

Earth-Like Planets



Early Earth-Like Planets
•Anoxic CO2-N2 atmosphere


•Rule in the SS: Mars, Venus, early Earth


•Prebiotic Earth; biosignature null hypothesis

NASA

Such traces of life would likely elude detection. (The
mechanisms for O2 buildup and further details surrounding
the trajectory of the O2 content of Earth’s atmosphere are
described in Section 4.2.1.)

Various modeling studies have attempted to model
Earth’s atmospheric composition and spectral signatures and
their variation over time self-consistently by using coupled
photochemical/radiative–convective models and prescribed
surface fluxes of various gases or prescribed surface spectral
albedos. Relevant examples include models exploring dif-
ferent geologic eons on Earth (Meadows, 2006; Kaltenegger
et al., 2007); an early Earth with photosynthetic microbial
mats on land (Sanromá et al., 2013), a purple Archean ocean
due to photosynthetic purple bacteria (Sanromá et al., 2014);
an orange Archean Earth due to an organic-rich atmospheric
haze (Arney et al., 2016); and trajectories of O2 fluxes over
geologic time given estimated atmospheric concentrations
(Gebauer et al., 2017). Such approaches have also been
applied to planets orbiting other stars: for example, bio-
signature gas concentrations and detectability under the UV
environments of planets orbiting M stars (Segura et al.,
2005; Rugheimer et al., 2015a, 2015b); and organic hazes on
Earth-like planets around different stellar types (Arney et al.,
2017). The sections that follow describe these biosignature
examples and others in detail, with many investigations in the
context of photochemical models of alternative planetary
scenarios.

4. Gaseous Biosignatures

Gaseous biosignatures can result from direct biological
production or from environmental processing of biogenic
products leading to secondary compounds. The example
treated in detail in the companion article by Meadows et al.
(2018) is O2 produced from photosynthesis, and O3 subse-
quently formed by photochemical reactions involving O2 in
the stratosphere. Not all biogenic gases are uniquely bio-
logical, and their identification as signs of life will depend
strongly on their environmental context. Below we describe
biogenic gases known to date, the contexts in which they
may or may not be identified as biosignatures, their spectral
absorbance features, and how they may be observed.

4.1. Gaseous biosignature overview

To be spectrally detectable, gases in the atmosphere must
interact with photons through dissociation, electronic, or vi-
brorotational transitions. Because many gases absorb near the

same wavelengths, it is essential to have the spectral range
and/or resolution to discriminate between gases to uniquely
identify their presence or absence in an exoplanet atmo-
sphere. Figure 6 shows the line absorption intensities or ab-
sorption cross sections for the biosignature gases presented in
this section for reference, drawing from the HITRAN 2012
(Rothman et al., 2013) and PNNL (Sharpe et al., 2004)
spectral databases. These gases include O2, O3, nitrous oxide
(N2O), CH4, methyl chloride (CH3Cl), ethane (C2H6), NH3,
dimethyl sulfide (DMS), dimethyl disulfide (DMDS), and
methanethiol (CH3SH) (also see reference Tables 3 and 4 in
Catling et al., 2018, a companion article in this journal issue).

4.2. Earth-like atmospheres

An ‘‘Earth-like’’ atmosphere is defined here as one
dominated by N2, CO2, and H2O (O2 may or may not be a
significant component). An ‘‘Earth-like’’ atmosphere is, by
definition, associated with habitability and characterized by
the presence of high-molecular-weight gases (mM >> 2) that
include a condensable greenhouse gas (H2O), a noncondens-
able greenhouse gas (CO2), and a noncondensable back-
ground gas (N2). This definition is traditionally used to
define the circumstellar HZ with 1D radiative–convective
climate models (Kopparapu et al., 2013). Earth’s atmo-
spheric composition has evolved greatly through time
(section 3.4), and so, it is important not to limit the defi-
nition of ‘‘Earth-like’’ to atmospheres identical to Earth’s
modern atmosphere, which represents just a small part of
Earth history (e.g., Lyons et al., 2014). Furthermore, an
Earth-like atmosphere is not the only type of ‘‘habitable’’
atmosphere conceivable for a rocky, terrestrial planet. Al-
ternative possibilities, such as an H2-dominated atmosphere,
are described in Section 4.4.

Each subsection below describes a biosignature gas that
has been considered for Earth-like atmospheres (high mo-
lecular weight, N2-CO2-H2O dominated). First, the major
biological production and buildup mechanisms for the gas
are described. Second, abiotic sources are presented and
discussed if known. If the buildup of the gas has been
studied as a function of the host star spectral type, this is
also discussed. Each subsection concludes with a description
of the major absorption bands of each gas, and whether they
overlap with those from other gaseous biosignatures.

4.2.1. Oxygen (O2). Molecular O2 and its photochemical
by-product O3 have been the most highly referenced astro-
nomical biosignature gases since surveys of nearby habitable

FIG. 5. Evolution of Earth’s atmo-
spheric O2 content through time. Shaded
boxes show approximate ranges based
on the latest geochemical proxy records,
while the curve shows one possible
evolutionary trend over time. After Rein-
hard et al. (2017); see also Lyons et al.
(2014).

10 SCHWIETERMAN ET AL.

Schwieterman+2018

NASA

NASA



Photochemistry of CO2-N2 Atmospheres
•OH controls buildup of spectrally-active 

species (CH4, SO2, N2O…; Crutzen+1991)


•OH controls atmospheric stability (c.f. Mars; 
McElroy+1972)


•OH source: H2O photolysis

JAMSTEC

CO2 + h𝛎 → CO + O
O + O + M → O2 + M

H2O + h𝛎 → H + OH

CO + OH → CO2 + H
O2+H+M→ HO2 + M
HO2 + O → O2 + OH
Net: CO + O → CO2

BUT

Wikimedia Commons



Models Discrepant

(Early-Earth Like Planet)

5. RESULTS

5.1. Planets Around G Stars

5.1.1. Planets with High H2 Outgassing Rates

We begin by pointing out that our model produces very little
ground-level O2 for typical abiotic Earth conditions, regardless
of the CO2 concentrations in the atmosphere. Here, a typical
abiotic Earth would resemble the prebiotic Earth, which is
thought to have had more CO2 than the modern Earth. The
adjustment would be caused by the negative feedback between
CO2 and climate (Walker et al. 1981). The prebiotic Earth
might have had ∼80% N2 and enough CO2 (∼20%) to provide
clement conditions. Assumed volcanic outgassing rates for the
early Earth are ∼3× 109 cm−2 s−1 for SO2, ∼3× 108 cm−2 s−1

for H2S, ∼3× 109 cm−2 s−1 for CH4, and ∼1010 cm−2 s−1 for
H2 (Segura et al. 2007). Under these conditions, our model
surface O2 concentrations are ∼1× 10−13 PAL, similar to
those shown in Figure 4(a) of Segura et al. (2007). Outgassing
rates within an order of magnitude higher or lower than those
quoted here seem reasonable for an Earth-like planet through-
out most of its lifetime, and produce similar (very low) surface
O2 concentrations. Here, an “Earth-like” planet is defined as
one that has a reduced interior, active volcanism, and a volatile
inventory similar to the Earthʼs.

5.1.2. Planets with Low Outgassing Rates

We next changed the parameters in the model to try to
duplicate false positives that have been published in the recent
literature. The first case we looked at was a high-CO2
atmosphere (90% CO2, 10% N2) on a planet orbiting a G star
like our Sun. Hu et al. (2012) simulated such a planet with three
different H2 outgassing rates: 3× 1010, 3× 109, and
0 cm−2 s−1. Their zero H2 outgassing case still included a
small outgassing flux of H2S, as discussed further below. The
assumed deposition velocities for CO and O2 were
1× 10−8 cm s−1 and zero, respectively. Their results are shown
in the two left-hand panels of Figure 3. Surface O2 was low in
the high-outgassing case, but it increased markedly as volcanic
outgassing rates decreased. Ultimately, their zero-outgassing
case yielded a well-mixed O2 profile with a mixing ratio of
1.3× 10−3. As pointed out earlier, this is just slightly above the
inferred O2 mixing ratio for the Proterozoic Earth, so this
constitutes a false positive for life by our definition.
Using the exact same boundary conditions on CO and O2,

we do not generate high surface O2 concentrations, for reasons
that remain unclear (see discussion below). These boundary
conditions do not yield a balanced global redox budget, and so
we have chosen not to show them. However, these results
differed only slightly from the same calculation with a fully
balanced global redox budget and we have shown these latter

Figure 3. Comparative species profiles for the high-CO2 cases shown in Figure 6 of Hu et al. (2012; left panels) and from our work (right panels). A one-bar, 90%
CO2 atmosphere is assumed. Our model balances the global redox budget; Hu et al. balance only the atmospheric redox budget. Solid curves correspond to an H2
outgassing rate of 3 × 1010 cm−2 s−1; dashed curves are for one-tenth that rate, and the dotted curves correspond to H2S outgassing only. The upper limit on
Proterozoic O2 proposed by Planavsky et al. (2014) is shown as a green line segment and arrow.
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Figure 3. Comparative species profiles for the high-CO2 cases shown in Figure 6 of Hu et al. (2012; left panels) and from our work (right panels). A one-bar, 90%
CO2 atmosphere is assumed. Our model balances the global redox budget; Hu et al. balance only the atmospheric redox budget. Solid curves correspond to an H2
outgassing rate of 3 × 1010 cm−2 s−1; dashed curves are for one-tenth that rate, and the dotted curves correspond to H2S outgassing only. The upper limit on
Proterozoic O2 proposed by Planavsky et al. (2014) is shown as a green line segment and arrow.
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Old 𝛔H2O NUV Prescriptions



(New) 𝛔H2O NUV Measurements
Ranjan et al. 2020



Photochemical Implications
•10-3⨉ decrease in pCO. (H2, 

CH4 may also be reduced)


•No abiotic O2 (removes O2 
biosignature false-positive)


•Fate of H2: chemistry, not 
escape


•5x increase in prebiotic 
organic production (CH2O, 
formaldehyde)

Ranjan et al 
2020
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Table 1. Summary of results from corrected model (i.e. with corrected CO2 cross-
sections), with results from uncorrected model also shown for context. The first sub-
table, titled ”Standard Scenario”, illustrates the e↵ect of di↵erent prescriptions for H2O
NUV absorption on CO and O2 concentrations in our standard scenario (Table 3). The
second sub-table, titled ”Reduced Outgassing Scenarios”, illustrates the e↵ect of our
new cross-sections on the abiotic O2 buildup scenario reported in Hu et al. (2012). The
enhanced H2O photolysis e�ciently recombines CO and O2, and removes this abiotic
false-positive scenario for O2. In this table, rX is the surface mixing ratio of X (relative
to dry CO2+N2). JH2O is the column-integrated photolysis rate. �Dep is the net flux
of reducing power out of the ocean, in H-equivalents, relevant to the question of global
redox balance (�Dep < 0 ) reducing power enters the ocean).

Parameters rCO rO2 JH2O �Dep

(cm�2 s�1) (H cm�2 s�1)

Standard Scenario

Uncorrected model 8.2E-3 1.5E-14 1.0E8 -4.2E9

Sander et al. (2011) H2O 6.4E-3 9.2E-19 9.3E7 -3.7E9

Kasting & Walker (1981) H2O 1.2E-4 9.5E-19 1.2E10 -2.0E10

Cuto↵ H2O (this work) 8.6E-6 7.2E-12 6.6E10 -6.0E10

Extrapolated H2O (this work) 1.3E-5 2.5E-12 5.3E10 -5.8E10

Reduced Outgassing Scenarios

�H2 = 3⇥ 109 cm�2 s�1

Uncorrected model 1.2E-2 3.2E-6 3.0E7 -4.3E9

Sander et al. (2011) H2O 9.5E-3 3.0E-6 2.9E7 -3.7E9

Extrapolated H2O (this work) 1.5E-5 2.8E-11 5.3E10 -8.5E9

�H2 = �CH4 = 0 cm�2 s�1

Uncorrected model 3.7E-2 1.5E-3 9.1E6 -1.8E9

Sander et al. (2011) H2O 1.6E-2 2.1E-4 9.8E6 -1.8E9

Extrapolated H2O (this work) 1.6E-5 3.4E-11 5.3E10 -4.8E8

Perhaps most dramatic is the suppression of CH4. With our new H2O cross-sections, we predict the concentration
of volcanically-outgassed CH4 to be 2 orders of magnitude lower than using the Sander et al. (2011) cross-sections
and 1.5 orders of magnitude lower than using the Kasting & Walker (1981) cross-sections. We predict the main sink
on CH4 to be OH via the reaction OH + CH4 ! CH3 + H2O, consistent with previous work (e.g., Rugheimer &
Kaltenegger 2018). This suppression of CH4 is significant because CH4 is spectrally active, and has been proposed
as a potentially detectable component of exoplanet atmospheres and a probe of planetary processes, including life
(Guzmán-Marmolejo et al. 2013; Rugheimer & Kaltenegger 2018; Krissansen-Totton et al. 2018). Our work suggests
it may be harder to detect this gas in anoxic atmospheres than previously considered.
Also key is our finding of photochemical suppression of H2 (but see caveat below). Prior simulations concluded that

the main sink on H2 on anoxic terrestrial planets (e.g. early Earth) was escape to space and that pH2 was to first
order set by the balance between H2 outgassing and (di↵usion-limited) escape (Kasting 1993, 2014). Indeed, under
the assumption of the Kasting & Walker (1981) cross-sections, we recover this result ourselves. However, with our
new cross-sections, we find the sink due to the reaction H2 +OH ! H2O +H to be the dominant sink on H2, which
suppresses pH2 by 1 order of magnitude relative to past predictions. This reaction converts relatively unreactive H2

to relatively reactive H, which can undergo further reactions to ultimately be deposited to the surface in the form of
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Is O2 a robust sign of life?



Many Photochemical Uncertainties Remain

An, Ranjan+2021

•New EUV H2O photolysis channel 
(90-110 nm; An, Ranjan et al. 2021)                        
H2O + hν → H + H +O


•Astrochemical implications


•Potentially relevant to exo-
mesospheric chemistry?


•𝝈CH4, 𝝈HSO, 𝝈HNO…



•Many basic photochemical parameters are 
underconstrained, limiting efficacy of 
photochemical models for exoplanets


•NUV 𝝈H2O: higher than assumed, large 
photochemical implications


•New H2O EUV photodissociation channel


•Etc…


•Much work is required to prepare our 
photochemical models for biosignature search

Takeaways

NASA



Zina Deretsky, National Science Foundation/AP

Photochemistry Controls 
the Detectability of 
Biosignature Gases



The Ideal Biosignature Gas…
• Is spectrally distinguishable


• Has no abiotic false positives


• Accumulates to detectable levels

Zina Deretsky, National Science Foundation/AP

planets have been contemplated (e.g., Owen, 1980; Leger
et al., 1993; Sagan et al., 1993; Des Marais et al., 2002). This
is largely because O2 is a dominant gas in Earth’s modern
atmosphere ( pO2 = 0.21), produces potentially detectable
spectral signatures, and is effectively entirely sourced from
photosynthesis on Earth. Oxygenic photosynthesis (OP) uses
light energy to (indirectly) split H2O, which serves as an
electron donor to produce organic matter from CO2, gen-
erating O2 as a waste product (Leslie, 2009). The net re-
action is often written as follows:

CO2 gð Þþ 2H2Ow þ hm! CH2Oð ÞorgþH2O þ O2
w gð Þ

where (CH2O)org represents organic matter and hn is the
energy of the photon(s) (where h is Planck’s constant and n
is the frequency of the photon). Although the net equation
may cancel an H2O from both sides, this representation
explicitly shows that the O2 atoms for the evolved O2 (de-
noted with superscript w) come from the water molecules
and not the carbon dioxide. OP makes use of some of the
most widely available molecules in the ocean–atmosphere
system (H2O and CO2) and harnesses abundant photons

from the Sun. It is regarded as perhaps the most potentially
productive metabolism on any planet orbiting a star due to
the wide availability of its basic substrate and energy source
(Kiang et al., 2007a, 2007b). The range of organisms that
use OP on our own planet includes plants, algae, and cya-
nobacteria. It is important to note that oxygenation of an
atmosphere is a more complex process than simple pro-
duction of O2 by photosynthetic organisms. The net photo-
synthetic reaction given above is, in a general sense,
reversible, depleting O2 with the decay of organic matter via
aerobic respiration (CH2O + O2 / CO2 + H2O). Photo-
synthesis produces no net O2 unless some of the organic
matter is preserved and ultimately sequestered from the at-
mosphere. This process is primarily facilitated by burial of
organic matter in marine sediments or soils (Berner and
Canfield, 1989; Bergman, 2004; Catling, 2014), and is also
greatly augmented by burial of sulfide generated by anaer-
obic sulfate reducers that oxidize organic matter (Berner and
Raiswell, 1983). The accumulation of O2 in the atmosphere
further requires that the rate of these burial processes is
greater than the rate of O2 losses, such as by reactions with
reduced volcanic gases (Catling, 2014).

FIG. 6. Biosignature gas absorption features. Line intensities (cm-1/[molecule cm-2]) for O2, O3, N2O, CH4, CH3Cl,
C2H6, and NH3 are sourced from HITRAN 2012 (Rothman et al., 2013), while cross sections (cm2) for DMS, DMDS, and
CH3SH are sourced from the PNNL spectral database (Sharpe et al., 2004). C2H6, ethane; CH3Cl, methyl chloride; CH3SH,
methanethiol; DMDS, dimethyl disulfide; DMS, dimethyl sulfide.
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Products of life 
(direct / indirect)

Products of other processes 
(false positives)

Oxygen

(O2) Photosynthesis Photochemistry, escape

Ozone

(O3) O2 + sunlight Photochemistry, escape

Methane

(CH4)

Fermentation by 
bacteria in cattle geothermal processes

Nitrous 
Oxide
(N2O)

bacteria, algae lightning strikes

Adapted from Lucas Ellerbroek, C. Sousa-Silva

…Has not yet been identified



Novel Biosignature Gases: Too Reactive?
Spectral 
Features

False Positive 
Potential 
(Known)

Atmospheric 
Accumulation Ref

Organosulfurs 
(DMS, DMDS) Good Low Bad Domagal-Goldman 

et al. 2011

Phosphine 
(PH3) Good Low Bad Sousa-Silva et al. 

2020

Isoprene 
(C5H8) Moderate Low Bad Zhan et al. 2021

Ammonia 
(NH3) Good Low Bad Seager et al. 2013, 

Huang et al. 2021
Wikimedia 
commons
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Kasting 1990

•The ability of an atmosphere to 
photochemically cleanse itself of 
trace gases is finite


• If a gas is emitted at fluxes 
exceeding this threshold, it runs 
away until limited by surface 
processes

H2O + h𝛎 → OH + H

CO + OH → CO2 + O

A Ray of Hope: Photochemical Runaway

Finite
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NH3 Undergoes Runaway around M-Dwarfs
•Case study: NH3 in H2-N2 

atmosphere (“Cold Haber 
World”, Seager et al. 2013)


•NH3: Reactive, well-studied, 
not for excellence as 
biosignature (Huang et al. 
2022)

RECONS Project
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Wavelength (microns)

0 cm-2 s-1
1E10 cm-2 s-1
2E10 cm-2 s-1

Runaway Makes NH3 Detectable

2 JWST Transits 
Super-Earth (1.5 RE) 

GJ876 stellar properties



Novel Biosignature Gases: Too Reactive?
Spectral 
Features

False Positive 
Potential 
(Known)

Atmospheric 
Accumulation Ref

Organosulfurs 
(DMS, DMDS) Good Low Bad Domagal-Goldman 

et al. 2011

Phosphine 
(PH3) Good Low Bad Sousa-Silva et al. 

2020

Isoprene 
(C5H8) Moderate Low Bad Zhan et al. 2021

Ammonia 
(NH3) Good Low Bad Seager et al. 2013, 

Huang et al. 2021
Wikimedia 
commons



Runaway Makes Reactive Gases Detectable
Spectral 
Features

False Positive 
Potential 
(Known)

Atmospheric 
Accumulation Ref

Organosulfurs 
(DMS, DMDS) Good Low ? Domagal-Goldman 

et al. 2011

Phosphine 
(PH3) Good Low Detectable in 

Runaway
Sousa-Silva et al. 

2020

Isoprene 
(C5H8) Moderate Low Detectable in 

Runaway Zhan et al. 2021

Ammonia 
(NH3) Good Low Detectable in 

Runaway
Seager et al. 2013, 
Huang et al. 2021

Wikimedia 
commons
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Runaway is a General Prediction
CO 

Zahnle 1986 
Kasting 1990, 2014 

Schwieterman et al. 2019

O2 
Gregory et al. 2021

•Also CH4 (Prather 
1996; Pavlov et al. 
2003, Segura et al. 
2005, Ranjan et al. 
2022)
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O2 on Earth: Actualized Runaway
B.S. Gregory, M.W. Claire and S. Rugheimer Earth and Planetary Science Letters 561 (2021) 116818

Fig. 4. Model-predicted ground-level O2 mixing ratios of model atmospheres with 
fixed flux boundary conditions for O2, where the user-specified flux is equal to pre-
dicted fluxes from the fixed mixing ratio-driven models (Case 0).
Large, filled yellow plus, red cross and pink diamond indicate the three chosen O2
surface mixing ratios (2.1 × 10−4, 2.1 × 10−5 and 2.1 × 10−6, respectively), and 
the O2 fluxes required by the fixed mixing ratio-driven model to produce these at-
mospheres. Small yellow plus, red cross and open pink diamond symbols indicate 
O2 mixing ratios of atmospheres produced when fluxes for each case are perturbed 
slightly. Note that the x axis has a linear scale.

These tests supplement the preliminary conclusions from Cases 
1 and 2, demonstrating that some steady-state model solutions 
computed using fixed O2 mixing ratio LBCs between 4 × 10−7 and 
5 × 10−4 are in fact unstable equilibrium solutions. They adjust 
to new solutions given trivial changes in lower boundary fluxes. 
This suggests, but does not fully prove, that fixed mixing ratio 
LBCs produce unstable equilibrium solutions in some (potentially 
large) regions of parameter space. A full stability analysis requires 
time-dependent computations beyond the scope of this effort, but 
will be forthcoming. Users of 1-D photochemical models (who 
must already carefully choose boundary conditions (e.g. Domagal-
Goldman et al., 2014; Harman et al., 2018) are further cautioned 
to consider the stability of model results against small variations 
in flux, especially if using fixed mixing ratio boundary conditions.

4.4. Case 3: including negative feedbacks from oxidative weathering

Photochemical models to date have ignored a key negative feed-
back on oxygen fluxes at Earth’s surface: as atmospheric O2 con-
centrations build up, the removal rate via oxidative weathering 
increases. To test whether this could stabilise atmospheres with 
lower pO2, we ran suites of models with the inclusion of deposi-
tion velocity boundary conditions that remove O2 from the lower 
boundary at a rate proportional to the O2 mixing ratio. Numeri-
cally, this requires the photosynthetic O2 flux to be delivered into 
the atmosphere at 0.5 km above the surface, but this has a neg-
ligible effect on the vertical profiles because large eddy diffusion 
coefficients rapidly mix near-surface layers.

Firstly, we defined the O2 lower boundary flux as Fout =
V dep[O 2]N1, where V dep is the deposition velocity (cm s−1), N1
is the atmospheric density in the first grid step, and [O 2] is the 
ground-level O2 mixing ratio. In a second suite, we used Fout =
V dep[O 2]0.5N1, following pyrite oxidation kinetics experiments that 
show a half-power law relation (Johnson et al., 2019). We focus on 
pyrite rather than organic carbon oxidation (which we consider a 
redox-neutral part of the reversal of photosynthesis in our concep-
tualisation), but conveniently carbon oxidation rate laws are also 

Fig. 5. Case 3 model results.
Model results showing the effects of the inclusion of an oxidative weathering flux 
of O2 out of the atmosphere (Case 3 results; circles, triangles and squares) com-
pared to the Case 1 model atmospheres, for which there is no drawdown O2 flux 
(diamonds). Model-predicted ground-level O2 (filled, teal symbols) and CH4 (open, 
orange symbols) mixing ratios are plotted against user-specified O2 flux into the 
model atmosphere across the lower boundary. The ratio of the CH4 flux to the up-
ward (into-the-atmosphere) O2 flux is 0.094 for each model suite (Table 1). The 
equation for the drawdown flux is shown in the legend, where [O 2] is the mixing 
ratio of O2 and N1 is the number density of the atmosphere in the lowermost grid 
step.

approximately half-power in O2 (e.g. Daines et al., 2017). We tuned 
values of V dep to 5 × 10−9 cm s−1 and 2.3 × 10−9 cm s−1, respec-
tively, in order to reproduce the modern oxidative weathering flux 
of ∼2.6 × 1010 pu (Holland, 2002) and modern pO2, when using 
the fixed-flux modern model. For a third suite, we increased V dep
by an order of magnitude for the half-power law case.

The results (Fig. 5) reveal that the two-state behaviour observed 
in Cases 1 and 2 persists in the Case 3 suites, despite the inclu-
sion of a negative feedback flux. Increasing V dep by an order of 
magnitude produces several steady-state model atmospheres with 
O2 mixing ratios between 10−6 and 10−3, but they are not stable 
against trivial changes in flux.

4.5. Confirmation of two stable states of atmospheric oxygen chemistry?

Fig. 6 illustrates a key result of this work. Predicted O2 ground 
mixing ratios are plotted against O3 column densities for the 2067 
flux-driven steady-state model solutions in Cases 1-3. Given the 
monotonic increase in O3 column density with O2 mixing ratio for 
the classic (Case 0) result, it previously appeared plausible to imag-
ine that Earth’s atmosphere could have existed in a wide range 
of stable mid-oxic states. In contrast, our flux-driven results sug-
gest that, for a broad range of O2 and CH4 fluxes, the majority of 
solutions cluster in two locations, with limited stable solutions be-
tween.

The model atmospheres show a bimodal distribution, with 
‘high-’ (mode of 0.1-0.2) and ‘trace-’ (mode of 1-2 × 10−8) O2
atmospheres (Fig. 6, upper panel). With ‘high-O2’ atmospheres de-
fined as those with pO2 above 2.1 × 10−6 and, as a conserva-
tive measure, discarding the atmospheres with O2 concentrations 
greater than 0.30 (since these are unlikely to have existed for most 
of the Phanerozoic), 95% (2σ ) of our model atmospheres have pO2
greater than 5 × 10−3, and 97.5% have pO2 greater than 2 × 10−3

(∼1% PAL). The results may be additionally conservative as the 
bulk of the solutions computed with lower than 1% PAL O2 were 

7

Gregory et al. 2021

Such traces of life would likely elude detection. (The
mechanisms for O2 buildup and further details surrounding
the trajectory of the O2 content of Earth’s atmosphere are
described in Section 4.2.1.)

Various modeling studies have attempted to model
Earth’s atmospheric composition and spectral signatures and
their variation over time self-consistently by using coupled
photochemical/radiative–convective models and prescribed
surface fluxes of various gases or prescribed surface spectral
albedos. Relevant examples include models exploring dif-
ferent geologic eons on Earth (Meadows, 2006; Kaltenegger
et al., 2007); an early Earth with photosynthetic microbial
mats on land (Sanromá et al., 2013), a purple Archean ocean
due to photosynthetic purple bacteria (Sanromá et al., 2014);
an orange Archean Earth due to an organic-rich atmospheric
haze (Arney et al., 2016); and trajectories of O2 fluxes over
geologic time given estimated atmospheric concentrations
(Gebauer et al., 2017). Such approaches have also been
applied to planets orbiting other stars: for example, bio-
signature gas concentrations and detectability under the UV
environments of planets orbiting M stars (Segura et al.,
2005; Rugheimer et al., 2015a, 2015b); and organic hazes on
Earth-like planets around different stellar types (Arney et al.,
2017). The sections that follow describe these biosignature
examples and others in detail, with many investigations in the
context of photochemical models of alternative planetary
scenarios.

4. Gaseous Biosignatures

Gaseous biosignatures can result from direct biological
production or from environmental processing of biogenic
products leading to secondary compounds. The example
treated in detail in the companion article by Meadows et al.
(2018) is O2 produced from photosynthesis, and O3 subse-
quently formed by photochemical reactions involving O2 in
the stratosphere. Not all biogenic gases are uniquely bio-
logical, and their identification as signs of life will depend
strongly on their environmental context. Below we describe
biogenic gases known to date, the contexts in which they
may or may not be identified as biosignatures, their spectral
absorbance features, and how they may be observed.

4.1. Gaseous biosignature overview

To be spectrally detectable, gases in the atmosphere must
interact with photons through dissociation, electronic, or vi-
brorotational transitions. Because many gases absorb near the

same wavelengths, it is essential to have the spectral range
and/or resolution to discriminate between gases to uniquely
identify their presence or absence in an exoplanet atmo-
sphere. Figure 6 shows the line absorption intensities or ab-
sorption cross sections for the biosignature gases presented in
this section for reference, drawing from the HITRAN 2012
(Rothman et al., 2013) and PNNL (Sharpe et al., 2004)
spectral databases. These gases include O2, O3, nitrous oxide
(N2O), CH4, methyl chloride (CH3Cl), ethane (C2H6), NH3,
dimethyl sulfide (DMS), dimethyl disulfide (DMDS), and
methanethiol (CH3SH) (also see reference Tables 3 and 4 in
Catling et al., 2018, a companion article in this journal issue).

4.2. Earth-like atmospheres

An ‘‘Earth-like’’ atmosphere is defined here as one
dominated by N2, CO2, and H2O (O2 may or may not be a
significant component). An ‘‘Earth-like’’ atmosphere is, by
definition, associated with habitability and characterized by
the presence of high-molecular-weight gases (mM >> 2) that
include a condensable greenhouse gas (H2O), a noncondens-
able greenhouse gas (CO2), and a noncondensable back-
ground gas (N2). This definition is traditionally used to
define the circumstellar HZ with 1D radiative–convective
climate models (Kopparapu et al., 2013). Earth’s atmo-
spheric composition has evolved greatly through time
(section 3.4), and so, it is important not to limit the defi-
nition of ‘‘Earth-like’’ to atmospheres identical to Earth’s
modern atmosphere, which represents just a small part of
Earth history (e.g., Lyons et al., 2014). Furthermore, an
Earth-like atmosphere is not the only type of ‘‘habitable’’
atmosphere conceivable for a rocky, terrestrial planet. Al-
ternative possibilities, such as an H2-dominated atmosphere,
are described in Section 4.4.

Each subsection below describes a biosignature gas that
has been considered for Earth-like atmospheres (high mo-
lecular weight, N2-CO2-H2O dominated). First, the major
biological production and buildup mechanisms for the gas
are described. Second, abiotic sources are presented and
discussed if known. If the buildup of the gas has been
studied as a function of the host star spectral type, this is
also discussed. Each subsection concludes with a description
of the major absorption bands of each gas, and whether they
overlap with those from other gaseous biosignatures.

4.2.1. Oxygen (O2). Molecular O2 and its photochemical
by-product O3 have been the most highly referenced astro-
nomical biosignature gases since surveys of nearby habitable

FIG. 5. Evolution of Earth’s atmo-
spheric O2 content through time. Shaded
boxes show approximate ranges based
on the latest geochemical proxy records,
while the curve shows one possible
evolutionary trend over time. After Rein-
hard et al. (2017); see also Lyons et al.
(2014).
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Takeaways
• No “perfect” biosignature


• Conventional (e.g., N2O): elevated false 
positive potential


• Unconventional (e.g., C5H8): very reactive


• Reactive gases: potentially detectable with 
JWST via photochemical runaway 


• Broad catalog of potential biomarkers: not 
necessarily reliant on evolution of O2 
photosynthesis

Zina Deretsky, National Science Foundation/AP

National Geographic



Recipe for Remote Life Detection

Observation Interpretation Conclusion

Probabilistic constraint 
on presence of life

Measure atmospheric 
spectrum, bulk planetary/

stellar properties

Use theories of (in)habitability to assess 
plausibility of biological explanation

Quantify production/loss fluxes of 
potentially biogenic gases implied by 

observations

Determine if known abiotic mechanisms 
can explain inferred gas fluxes

Extensive Theoretical 
Infrastructure Required



Future Work

Observation Interpretation Conclusion

Probabilistic constraint 
on presence of life

Measure atmospheric 
spectrum, bulk planetary/

stellar properties

Theory, observational, lab work to refine 
theories of habitability, abiogenesis, 

extract priors

Theory, lab work to catalog (1) which 
biosignature gases to look for, (2) where 
to look for them, (3) how to discriminate 

false positives

Theory and lab work to build robust 
photochemical models

Theory, experiments, 
observations needed to build 

interpretive infrastructure



• Temperate rocky planets orbiting other stars are common, and we will 
measure their atmospheric spectra within the next few decades.


• Constraining exoplanet life from atmospheric spectra requires intense 
interpretive intervention 


• Photochemical models (characterize potential biosignatures)


• Geochemical models (understand geological false positives)


• Theories of origin & endurance of life (Bayesian interpretation of 
putative biosignature)


• Theoretical, laboratory, and observational work is required to build this 
interpretive infrastructure

Summary



Life on Earth may be the result of a common process, or 
it may require such an unusual set of circumstances that 

we are the only living beings within our part of the 
galaxy, or even in the universe. Either answer is 

profound…The coming decades will set humanity down 
a path to determine whether we are alone. 

National Academy of Sciences (USA) 2021, Pathways 
to Discovery in Astronomy and Astrophysics for the 

2020s,  https://doi.org/10.17226/26141

https://doi.org/10.17226/26141


MIT 
Sara Seager


Andrew Babbin

Janusz Petkowski


William Bains

Peking University 
Daniel Koll

Harvard/CfA 
Dimitar Sasselov

Clara Sousa-Silva


Iouli Gordon

Corinna Kufner

Gabi Lozano


Khaled Abdelazim

Azra Haseki*


Chris Magnani*

CU Boulder 
J. Sebastian Pineda

Stanford 
Ron Hanson


Laura Schaefer

Chris Strand

NASA Ames 
C. Sonny Harman

UC Riverside 
Eddie Schwieterman

Cambridge 
John Sutherland


Paul Rimmer

Jianfeng Xu

TIFR 
Prasanta Nayak

NISER 
Sangita Mandal*

Aditi  Pradhan*

UW 
Zoe Todd


Jonathan Toner

Oxford 
Sarah Rugheimer

Cardiff 
Jane Greaves

Red*=student

JPL 
L. Barge

U Akron 
Nita Sahai

(Partial) Acknowledgements



• Temperate rocky planets orbiting other stars are common, and we will 
measure their atmospheric spectra within the next few decades.


• Constraining exoplanet life from atmospheric spectra requires intense 
interpretive intervention 


• Photochemical models (characterize potential biosignatures)


• Geochemical models (understand geological false positives)


• Theories of origin & endurance of life (Bayesian interpretation of 
putative biosignature)


• Theoretical, laboratory, and observational work is required to build this 
interpretive infrastructure

Summary
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Canonical Biosignature: CH4 + O2 (+ H2O) [Sagan et al. 1993] 

in the Solar system, and found that Earth’s was unique: its
topology displays a hierarchical and modular structure,
whereas the CRNs of other planets appear more random.
Further investigation by Holme et al. (2011) found similar
results, suggesting that the degree, distribution, and scaling
of Earth’s reaction network are more like those of metabolic
reaction networks than other planetary atmospheres. In ad-
dition, Solé and Munteanu (2004) reported that Earth’s at-
mosphere is more modular, also more like biology.

Holme et al. (2011) further speculated that the differences
between the network structure of Earth’s atmosphere and
others may be due to the comparatively small size of the
data set for most planetary CRNs. Nonetheless, given that
similar topological signatures have already been identified
in biological networks ( Jeong et al., 2000)—a feature that in
and of itself has been suggested as a potential biosignature
( Jolley and Douglas, 2012)—and that the topology also
appears to influence chemical disequilibrium in the atmo-
sphere (Estrada, 2012), these findings suggest the possibility
that the presence of a global biosphere influences the to-
pology of a planet’s atmospheric CRN in a significant, po-
tentially detectable way.

While further study is required to validate this technique
(especially in terms of comparing the topology of nonbio-
logical systems, such as hot Jupiters) and establish its sen-
sitivity, it holds tremendous promise as a tool for assessing
exoplanet habitability and potential influence of a global
biosphere. A following companion article contains further
discussion of this topic (Walker et al., 2018).

8. Cryptic Biospheres: ‘‘False Negatives’’ for Life?

While it can be argued that the evidence for life on modern
Earth is strongly remotely detectable from the presence of
abundant O2, this will not necessarily be the case for every
inhabited planet. Biospheres that persist only on chemosyn-
thetic metabolisms will have orders of magnitude lower
productivity than photosynthetic ones (Des Marais, 2000),
and chemosynthesis reduces chemical disequilibrium rather

than enhancing it (Seager et al., 2012). Moreover, many known
microorganisms and even entire ecosystems are cryptic to
surface spectral detection, such as endolithic communities.
Photosynthetic endoliths may live in fractures under rock
surfaces, ruling out surface biosignatures, although they
may emit O2 if oxygenic (Cockell et al., 2009a). Subsur-
face oceans in the icy moons of the outer Solar system may
host redox-driven microbial biospheres cryptic to remote
detection (e.g., Lipps and Reiboldt, 2005) with confirma-
tion only possible with in situ exploration.

Studies of the early Earth, a persistently habitable and in-
habited planet, likewise sound a cautionary note for expec-
tations of the general detectability of exoplanet biosignatures,
particularly for the utility of the O2-CH4 biosignature cou-
ple (Reinhard et al., 2017; see Fig. 17). The Archean Earth’s
atmosphere was significantly more reducing than today’s
and contained no detectable O2 or O3. While the Archean
eon’s (4.0–2.5 Ga) atmosphere likely contained signifi-
cant detectable amounts of CH4, it is unclear whether this
alone would be an unequivocal sign of life (Arney et al.,
2016). The Proterozoic eon (0.5–2.4 Ga) has been viewed in
recent studies as perhaps an archetypical model for a highly
detectable disequilibrium biosphere, believed to have both
detectable O2 (10%) and much higher CH4 (*100 ppm)
than modern Earth (e.g., Kaltenegger et al., 2007). How-
ever, recent geochemical evidence based on chromium
isotopes suggests that Proterozoic O2 was quite low (per-
haps <0.1% of PAL) (Planavsky et al., 2014b; Lyons et al.,
2014), while biogeochemical modeling studies of sulfate
cycling in the ancient ocean suggest that CH4 was also
much lower (1–10 ppm) (Olson et al., 2016). If these esti-
mates of low O2 are correct, Fig. 17 shows that O3 would
have resided at the cusp of detectability during the mid-
Proterozoic eon, and would have only been potentially de-
tectable in the UV (Reinhard et al., 2017). (Although the O3

concentration is relatively insensitive to O2 abundances
over several orders of magnitude, this relationship breaks
down at the lowest published limits for Proterozoic O2; i.e.,
pO2 < 0.1% PAL).

FIG. 17. Potential ‘‘false negatives’’ for remote life detection. Left: conceptual figure illustrating the difficulty of de-
tecting the O2-CH4 disequilibrium signature through Earth history. Right: synthetic spectra, at 1 cm-1 resolution, of the O3

Huggins–Hartley band (0.25mm), O2-A band (0.76mm), and 1.65mm CH4 band at different geologic times assuming gas
abundances consistent with geochemical proxies and/or biogeochemical modeling constraints. Black represents no ab-
sorption by the indicated gas, red a lower limit, and blue an upper limit, given reasonable uncertainties in geochemical
proxies. Adapted with permission from Reinhard et al. (2017).

32 SCHWIETERMAN ET AL.

Reinhard et al. 2017



Runaway:Thermodynamically Forbidden?

Qualitative 
Runaway produces high 
temperatures and metabolite 
concentrations, meaning it will 
self-inhibit (Segura et al. 2005; 
Rugheimer et al. 2015, 2018)

Quantitative 
ΔGreac(T, Ci) ≤ -20 kJ mol-1        
(Hoehler 2004)


[Metabolism energetically profitable]


Pme(T)/ΔGreac(T, Ci) < 10-4 mol g-1 s-1 
(Seager+2013 & refs therein)


[Metabolite production rate plausible]CO2 + 4H2 → CH4 + 2H2O



Ranjan et al. 2022

•CH4 runaway self-
inhibits for modern 
Earth, but not early 
Earth


•NH3 runaway allowed 
for N2-H2 atmosphere

N2 + 3H2 → 2NH3

Ranjan et al. 2021

Runaway:Thermodynamically Allowed

CO2 + 4H2 → CH4 + 2H2O



Ranjan et al. 2022Ranjan et al. 2022
•Case study: NH3 in H2-N2 

atmosphere (“Cold Haber 
World”, Seager et al. 2013)


•NH3: Reactive and well-
studied, not for excellence 
as biosignature (Huang et al. 
2022)

NH3 Runaway is Robust to Boundary Conditions



orbiting Proxima Centauri compared to estimates for the Sun
(Figures 2 and 3 and ). These higher abundance estimates are
primarily due to the lower atmospheric OH concentrations in
planetary atmospheres around Proxima Centauri. The hydroxyl
radical (OH) is the primary sink for both CO and CH4 through
the reactions CO + OH→CO2 + H and CH4 + OH→CH3

+ H2O. For oxic atmospheres, OH is primarily sourced through
the reaction H2O+O(1D)→2OH. The singlet oxygen is
derived from tropospheric ozone through the reaction O3+hν
(λ<320 nm)→O(1D)+O2. Thus, the sequence of reactions
that ultimately result in tropospheric OH is mediated by NUV
radiation that is substantially less plentiful from M-stars such as
Proxima Centauri because of lower photosphere blackbody
temperatures, with the result that OH production is much less
favored and consequently the sinks for CO and CH4 are much
less efficient (Segura et al. 2005). In anoxic atmospheres, OH is
derived primarily from photolysis of H2O (H2O+hν
[λ<200 nm]→OH+H), which is partially shielded by
overlying CO2. The FUV radiation of Proxima Centauri is
highly concentrated near the Lyα wavelengths (∼121.6 nm),
which makes this self-shielding more effective and reduces the

OH abundance for the Proxima anoxic atmospheres versus the
solar anoxic atmospheres.
Figure 2 shows resulting CO and CH4 mixing ratios for our

oxic (modern Earth-like) planet. Note that at low CO fluxes, the
atmospheric CO is predominately sourced from CO2 photo-
lysis, with a weak relationship to CO2 mixing ratio due to
photochemical self-shielding (not shown). At these low CO
fluxes the planet orbiting the Sun has a CO mixing ratio of
<2×10−8, while the planet orbiting Proxima Centauri has a
CO mixing ratio two orders of magnitude higher (>1 ppm).
Notably, at the same CO flux (3 ×1011 molecules cm−2 s−1) as
derived from the modern Earth, the steady-state pCO
concentration for a planet orbiting at the inner habitable zone
boundary of Proxima Centauri is over three orders of
magnitude higher (>200 ppm for Procedure 1 versus ∼0.1
ppmv for the Sun case). At a CO flux of three times modern the
CO mixing ratio would be >1500 ppm, and for 10 times the
modern flux pCO is approximately 2.7% (Procedure 1). The
latter matches or exceeds the maximum predicted CO
concentration on a habitable but uninhabited planet with an
active hydrological cycle and limited NOx production from
lightning (Harman et al. 2015, 2018), even though our model

Figure 2. Atmospheric mixing ratios of CO (a) and CH4 (b) as a function of surface molecular fluxes for oxygen-rich, modern Earth-like atmospheres. Results are
shown for both the Sun (black) and the M-star Proxima Centauri (red). Horizontal line shows mixing ratios for each gas in the modern atmosphere, while modern and
estimated Hadean/Archean fluxes of CO and CH4 are shown above each panel. The shaded ranges in (a) depict results for models assuming only an upward molecular
flux of CO (upper end) and assuming both an upward molecular flux and the maximum possible deposition velocity of 1.2×10−4 cm s−1 (lower end). Note that for
the highest surface fluxes around Proxima Centauri the atmosphere enters a “CO runaway.” Atmospheric pCO2 is fixed at 360 ppm (∼3.6×10−4 bar) in all
calculations.

Figure 3. Atmospheric mixing ratios of CO (a) and CH4 (b) as a function of surface molecular fluxes for oxygen-poor, Archean Earth-like atmospheres. Results are
shown for both the Sun (black) and the M-star Proxima Centauri (red). Horizontal line shows mixing ratios for each gas in the modern atmosphere, while modern and
estimated Hadean/Archean fluxes of CO and CH4 are shown above each panel. Atmospheric pCO2 is fixed at 0.02 bar in all calculations.
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Surface Deposition Can Inhibit Runaway…

Φgas=rgasnatmvdep,gas

…Biology Can Make Surface Deposition Inefficient 
•Modern Earth: vO2,ef =10-8 cm s-1 vs 10-4 cm s-1 

allowed by theory (Kharecha et al. 2005)


•O2 has saturated surface, making O2 deposition 
inefficient (Daines et al 2017, Galvez et al 2020)

•E.g., NH3 undetectable if surface deposition 
efficient (Huang et al. 2022)


•Surface deposition inefficient for insoluble 
gases (e.g., CO; Kharecha et al. 2005, 
Schwieterman et al. 2019)
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At Earth’s isoprene production rate of 3 × 1010 molecules cm-2 s-1, isoprene 
remains a trace gas in all of three exoplanet atmosphere scenarios, at less 
than 1 ppb (column-averaged mixing ratio) (Table 2). At surface fluxes lower 
than 1 × 1011 molecules cm-2 s-1, isoprene is concentrated near the surface 
where it is created. Any isoprene that diffuses to the upper atmosphere is 
readily destroyed. To illustrate this finding, the column-averaged mixing ratio 
of isoprene at four different altitudes for a CO2-dominated atmosphere of an 
exoplanet transiting a M dwarf star is shown in Figure 9. 
 
Isoprene may remain a trace gas even at higher production rates than on 
Earth, because large isoprene sinks may exist on planets different from Earth. 
The sinks could realistically include: life that has evolved to consume the 
abundant isoprene; photochemical destruction pathways as yet unknown in 
anoxic atmospheres; and/or higher deposition rates than those exist on 
Earth.  
 

 

 
 
Figure 9. Column-averaged mixing ratios of isoprene and other major atmospheric gases in a 
CO2-dominant atmosphere orbiting an M dwarf star as a function of isoprene surface flux. 
Dominant atmosphere species and isoprene-reacting radicals are plotted in various colored dash 
lines. The isoprene column-averaged mixing ratio (in units of ppm) for different isoprene surface 
fluxes (i.e. biological production rate) (in units of molecules cm-2 s-1) are shown by a solid black 
curve. The abundance of isoprene at 0 - 10 km from the surface overlap with the solid black curve 
and is additionally indicated by the light grey stars. The abundances of isoprene at 10 - 20 km, 20 - 
30 km, and > 30 km from the surface are shown in different shades of grey and are additionally 
shown by different types of triangles. For low surface fluxes, isoprene remains a trace gas 
throughout the atmosphere (< ppm levels) with abundances increasing linearly with surface fluxes. 
For surface fluxes above 3 × 1010 molecules cm-2 s-1, isoprene abundance rapidly increases.  For 
isoprene surface fluxes above 3 × 1011 molecules cm-2 s-1, isoprene abundance at the upper 
atmosphere (where most transmission spectral features originate) reach the same level as surface 
abundance. 
 
 

Zhan et al. 2021
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Runaway:Thermodynamically Allowed
N2 + 3H2 → 2NH3

•NH3 runaway: 
thermodynamically 
allowed



…OH Controls Atm. Composition

•OH controls composition 
(CH4, CO, SO2, etc…)


•OH controls stability 
(CO2-rich, e.g. Mars)

Oxic Atmospheres
O3 + h𝛎 → O(1D) + O2

O(1D) + H2O → 2OH

Anoxic Atmospheres
H2O + h𝛎 → H + OH

σH2O controls OH (anoxic)…

JAMSTEC

Wikimedia Commons



Basic Problem

CO2 + h𝛎 → CO + O

O + O + M → O2 + M
CO + O + M → CO2 + M

CO + O → CO2



Mars

absorbed by the magma ocean, perhaps removing the
possibility of a false positive altogether. However,one can
imagine M-star planets that are resupplied with water at some
later time by some process akin to the Late Heavy Bombard-
ment in our own solar system, or that migrate into the HZ after
their host star evolves onto the main sequence. Hence, we
should still be concerned about false positive on M-star planets,
as we discuss further below.

1.2.3. Planets with Frozen Surfaces

A slightly less obvious false positive is a planet just beyond
the outer edge of the habitable zone, like early Mars, but with
roughly twice Mars’ mass (Kasting 1997; Kasting 2010). The
frozen surface would not take up much oxygen once the surface
layer itself was oxidized, and the planet should be large enough
to hold onto its atmosphere, but perhaps not large enough to
maintain volcanic outgassing of reduced species like H2. In that
case, photodissociation of H2O in the planetʼs atmosphere,
followed by escape of hydrogen to space, could conceivably
cause substantial amounts of O2 to accumulate, just as on the
Venus-like planet described above. The Martian atmosphere
itself contains ∼0.1% O2, produced by this process. Indeed,
Mars’ O2 concentration would probably be even higher except
that the planetʼs low gravity allows oxygen to escape by way of
nonthermal processes such as dissociative recombination of
ions, e.g., O2

++ elO+O, in which the resultant O atoms
have sufficient kinetic energy to escape. Most of these
nonthermal loss processes for oxygen would cease to operate
on a planet twice as massive as Mars, allowing O2 to
accumulate almost indefinitely. The planetʼs upper atmosphere
would be dry, making it unlikely to be distinguishable using
transit transmission spectroscopy, but this type of false positive
could probably be identified with direct imaging because the
planet surface would be cold, and hence its lower atmosphere
should be deficient in H2O.

1.2.4. More Troubling False Positives: Low-outgassing Planets
and Planets Around M Stars

Recently, several researchers have suggested the existence of
more troubling false positives that would be harder to identify.
It is these studies that motivate the present paper. Hu et al.
(2012) concluded that CO2-dominated worlds around Sun-like
stars may build up oxygen if the outgassing rates of reduced
gases (such as methane or hydrogen) are small. Their model
included an atmospheric hydrogen budget, along with realistic
assumptions about the rate of hydrogen escape. More recently,
Tian et al. (2014) have suggested that CO2-rich planets orbiting
M stars may build up significant amounts of O2 because of the
higher ratio of far-ultraviolet to near-ultraviolet (FUV/NUV)
stellar radiation. FUV radiation (λ < 200 nm) can photolyze
CO2, producing CO and O atoms:

CO h CO O.2 O� l �

Direct recombination of CO with O is slow, however, because
that reaction is spin-forbidden. Hence, O atoms recombine with
each other to form O2:

O O M O M.2� � l �

Here, “M” is a third molecule, needed to carry off the excess
energy from the collision. Recombination of O or O2 with CO
can be catalyzed by the byproducts of H2O photolysis, which

occurs at wavelengths <240 nm. (All of these photochemical
models, including the independent one by Hu et al., extrapolate
the measured H2O cross sections from 196 nm out to 240 nm,
which is the energy threshold for breaking the H2O bond
(Kasting & Walker 1981). The H2O absorption cross section is
low, but finite, at these wavelengths, giving rise to substantial
H2O photolysis all the way down to the planetʼs surface.)
For example, one such catalytic cycle, originally proposed
by Donahue (1969) and McElroy & Hunten (1970) begins
with

H O h OH H2 O� l �

followed by

CO OH CO H
O H M HO M

HO O O OH
net: CO O CO

2

2 2

2 2

2

� l �
� � l �

� l �
� l

The wavelength regions for photolysis of H2O and CO2 overlap
with each other (Figure 1); however, only H2O can be
photolyzed longward of 200 nm, and so the efficiency of such
catalytic cycles depends critically on the flux of stellar NUV
radiation. We have summarized these reactions in Figure 2.
Domagal-Goldman et al. suggested that total FUV

(<200 nm) fluxes in excess of solar levels are responsible for
the generation of abiotic O2 and O3. In contrast, Tian et al.
suggest that the higher ratio of FUV (<200 nm) to mid- and
near-UV (200–400 nm, hereafter referred to simply as the
NUV) radiation coming from an M star (as compared to the
Sun) is responsible for increased O2 and O3 production. For the
spectra used in this study, the difference is centered at
∼170 nm, characterized by a marked change in flux for the
F, G, and K stars, with little to no change in flux for the M stars
(Figure 1). Many M stars are highly active and so emit an
excess of FUV radiation from their chromospheres. NUV
radiation is absorbed within the photosphere by molecules
such as TiO, and so the stellar emission is sub-blackbody
at these wavelengths. As we will show later, the NUV/FUV
plays a critical role in determining the steady state concentra-
tions of CO and O2, rooted in the photochemistry outlined
above.
Returning to the model comparison, we note that the Tian

et al. model also included an atmospheric hydrogen budget.
However,when Domagal-Goldman et al. (2014) repeated these
calculations, they got mixed results: these authors agreed with
Hu et al. and disagreed with Tian et al. This outcome was
somewhat surprising because the Hu et al. photochemical
model was developed independently, but the Domagal-Gold-
man et al. and Tian et al. models were offshoots of the same
Kasting group model. Thus, one might have expected the
agreement/disagreement to be the other way around. Here, we
compare our own (Kasting group) model with all three of these
other models in an attempt to identify the reasons for the
discrepancies and to determine which predictions are robust
and which are model-dependent.

2. WHAT CONSTITUTES A FALSE POSITIVE FOR LIFE?

Before proceeding further, we should step back and decide
what exactly constitutes a false positive for life. Oftentimes,
this has been defined as detectable atmospheric O2 or O3
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value for k14 would imply somewhat
larger mixing ratios for odd hydrogen
and lower values for the eddy mixing
coefficient near 30 km, but it should
not significantly alter the general
characteristics of the photochemical
model. In particular, recombination of
O and CO would continue to occur
primarily by reactions 3 to 5, although
photolysis of H202 would be relatively
more important as a sink for 02

Concentrations of odd oxygen were
obtained by numerical solution of the
coupled diffusion and continuity equa-
tions. Odd oxygen, mainly 0 and 03,
is produced by photolysis of CO2 and
O2 We used the data of Widing et al.
(15) to compute dissociation rates. Their
fluxes are somewhat lower than the
values employed in earlier calculations
(16), and the photolysis rates are simi-
larly reduced. The net production of 0
in the present model is equal to 1.8 X
1012 cm-2 sec-1. Loss of odd oxygen
is primarily by reaction 5, with some
contribution from reactions 2 and 9.
The results for the principal constitu-
ents are shown in Fig. 1. This model
corresponds to a vertical eddy diffusion
coefficient of 1.5 X 108 cm2 sec-1 and
is most sensitive to the diffusion coef-
ficient in the vicinity of 30 km. The
value of the diffusion coefficient de-
rived here is similar to values dis-
cussed by Gierasch and Goody (17)
in their study of energy transfer in
the martian troposphere. According to
calculations by McElroy and McCon-
nell (16), somewhat larger eddy coef-
ficients, about 109 cm2 sec-1, are re-

Table 1. Relevant reactions with their rate constants (1, 13). For two-body reactions the
units are cms sec-1, and for three-body reactions the units are cm" sec-1.
Reaction Reaction Rate constant Refer-
number ence

1 CO+O+CO2-CO2+CO k1= 2 x 1037 (21,22)
2 O+O+C02-02+C02 k2= 3 X10-m(T/300)-2-§
3 H + 2+CO2-HO2+CO2 k3 = 2 X 10-a (T/273)-1-8 (23)
4 O+H02-*OH+O, k4=7 x 10- (24)
5 CO+OH-CO, +H k =9X 10-13 exp(-500/T)
6 H +O-OH+O0 k,= 2.6 X 10u
7 O+ °2 + C02- 0° + CO k7= 1.4 x 10-a (T/300)-2-5 (25)
8 03+h, -O,+O J8=4.2X 10-3sec-
9 O+OH-402+H k= x 10-
10 02+hp-40+0 Jo= 5.8 X 1010 sec-1
11 CO+HO- COa +OH = <10-16
12 HO2+HO2-H202+ k,=9.5 x 10-
13 H202 + hp -> OH + OH ]3=5.2 X 10- sec-1 (26)
14 H+HO2-+H6+02 k14 1 X 10-U
15 OH+HO2-H20+0 k, 5= 2 x 10-10 (24)

quired at higher elevations (above 60
km) in order to account for upper
atmospheric data on 0 and CO.
The relative importance of various

source and sink terms is illustrated in
Fig. 2. The difference between the
CO., photolysis rate and the total re-
combination rate reflects the contribu-
tion of flow to the local 0 production
rate. Evidently recombination of CO
and 0 occurs mainly below 25 km, and
the sequence of reactions 3 to 5 is
the dominant path for recombination.
Formation Of 02 occurs in a restricted
altitude regime, between 25 km and 30
km, and reaction 9 dominates. The rate
of reaction 15 obtained from Fig. 1
implies an average rate for photolysis
of HMO equal to 2.7 X 109 cm-2 sec-1,
in agreement with earlier estimates (2)
of the mean photolysis rate based on

observed H20 concentrations (18). The
model predicts an 03 abundance
of 1.4 X 10-4 cm atm, in satisfactory
agreement with limits set by the ultra-
violet experiments on Mariner 6, Mari-
ner 7, and Mariner 9 (19). Ozone is
normally a minor source of ultraviolet
opacity in the martian atmosphere, al-
though strong absorption is occasion-
ally detected. High O3 concentrations
are apparently correlated with unusual-
ly cold atmospheric conditions (19) and
may be a natural consequence of the
chemical model discussed here. One
would expect lower concentrations of
H20 and consequently OH, HO2, and
H in colder regions of the martian
atmosphere. Wet chemistry is less ef-
fective and odd oxygen concentrations
should be consequently higher.
The response of the martian atmo-

104 10x 10 I10ot 1092 i '1 10"l 1O'2 1013
Concentration (cmrF3 ) Integrated rates (cm-2sec-')

Fig. I (left). Concentrations of principal constituents in the martian atmosphere. The surface temperature is 220°K. The eddy
diffusion coefficient is 1.5 x 108 cm2 sec'1. The curve for odd hydrogen, shown as a broken line between the portions labeled HO2
and H, is plotted for a density of odd hydrogen 5 X 10-'° times the C02 density. The 0a and CO densities are, respectively, 1.3 x
10-' and 8 x 10-4 times the C02 density. Fig. 2 (right). Integrated rates of reactions important in CO2 and O2 formation and
loss. The rates are integrated from the martian surface to height z. The curve labeled P(O) is the integrated photolysis rate
for CO2. The contribution from 0 + 0 + CO is only 2.3 x 10" cm2 sec-1 and is not shown.
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Trace H2O + h𝛎 Stabilizes Martian CO2



Measuring 𝛔H2O
•Gas flow cell measurements @ 292 K


•Anoxic (N2 purged); sub-saturation H2O


•Triplicate measurements


•First NUV (>200 nm) H2O cross-sections ever 
measured at habitable conditions (T<373K)

A. Fateev

Temperature-dependent absorption cross-sections 
of CO2 and H2O in 120-300 nm 

Optical Diagnostics Group, DTU Chemical Engineering, Frederiksborgvej 399, Roskilde,  
DK-4000, Denmark 
 

Alexander Fateev (alfa@kt.dtu.dk) and Sønnik Clausen 
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Abstract  
In gas (non-sooting) flames and post flames UV light absorption in 180-300 nm is dominated by hot CO2 and H2O. CO2 and H2O are also 
ones from a long list of other molecules those are of interest for atmospheric chemistry on Earth and other (exo)planets. The exoplanets 
atmosphere temperature can vary from 200 to 2200C and they are frequently exposed to extremely strong UV radiation from their parent 
stars. Available UV absorption cross-sections for most molecules are usually limited to ambient or low temperature ranges. The 120-200 nm 
spectral range (often called as far UV) is extremely important for atmospheric chemistry. It has for example been shown in many publications 
that the absorption of the UV flux increases substantially at wavelengths above 160 nm together with the temperature .  
In opposite to IR absorption, the CO2 and H2O UV absorption cross-sections are broad-band continua-like structures with weakly pronounced 
fine structures. On for example Log10-scale the cross sections look like as a straight line in a relatively broad spectra range. The slope of the 
cross-sections (or its straight line fit) is temperature-dependent and therefore can be used for calculations of gas temperature. Moreover at 
high temperatures the absorptions cross sections tend to extent to longer wavelengths. Because CO2/H2O absorption cross-sections are 
temperature-dependent and their theoretical calculations are very complicated and nearly impossible with desired accuracy, the only way to 
build a cross section database is to measure cross sections at well-controlled conditions as for example can be found in a gas cell. We 
present new UV absorption cross sections for CO2 and H2O up to 1500C in 120-300 nm spectral range. The measurements have been 
performed on a high-end three zones hot flow gas cell with temperature uniformity ±0.5 C in the central zone, where UV absorption 
measurements are performed. The results are compared with latest published data Venot et al (2013) and the results of Schulz et al (2002).  
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1950s: Miller-Urey Synthesis

• 1952:  Abiotic amino acids

• 1961: abiotic nucleobases

• Simple AA, nucleobases, 
sugars: synthesized readily on 
Earth, in space

• Raw materials+energy=life?

Wikimedia Commons

https://commons.wikimedia.org/wiki/File:Miller-Urey_experiment-en.svg


biologywise.com

Nucleobase 

Sugar (R)

N-Glycosidic 
Bond

Phosphate

‘70s-2000s: Challenges

• AA: no complex AAs, no 
polymerization,no 
bioselectivity

• Sugars:  asphaltization 
problem

• Nucleic acids (RNA)

• Potential key to origin of 
life (RNA world)

• Nucleobases, but no 
nucleotides

Wikimedia commons

(CH2O)n+CH2O 
→(CH2O)n+1

http://chemwiki.ucdavis.edu/Core/Organic_Chemistry/Organic_Chemistry_With_a_Biological_Emphasis/Chapter_11:_Nucleophilic_carbonyl_addition_reactions/Section_11.5:_N-glycosidic_bonds


2009-present: Advances
• 2009: Prebiotic path to U, C 

nucleotides 

• 2012: Prebiotic path to 2, 3-C 
sugars

• 2015: Reaction network (U, C, 
sugars, amino acids, lipid 
precursors)

• Key pathway requirements

• Liquid water, HCN, phosphate

• UV light, sulfidic anions 
(e.g, HS-, HSO3-), NOX (NO2-, 
NO3-)

U, C, other 
pyrimidines U, C

h𝝂

Amplification

Wikimedia Commons

Formose 
Reaction 

(nonselective)

Cyanosulfidic 
Pathways 
(selective)

vs



system towards the equilibrium state where entropy reaches a
maximum value because all the microstates accessible to the
system are populated according to Boltzmann’s distribution
law. However, thermodynamics never predicts the time evol-
ution of a system. In the same way, the application of
extremum principles to far-from-equilibrium processes is
subject to discussion or requires specific condition [50,51]
although it is worth noting that an attempt has been made
to use this approach in origin of life studies [52]. Further-
more, attempts to understand life and its origins through a
thermodynamic description, including far-from-equilibrium
approaches (see Morowitz [10] for an insightful attempt of
this kind), are likely to solve only part of the problem because
the stability principle supporting life is of a kinetic nature and
relies on the persistence of multiplying entities rather than
on regular thermodynamics. Proposing the hypothesis of
an unknown thermodynamic principle runs into the same
difficulty [53].

With respect to the origin of life, it would be logical, con-
sidering a single replicating system that grows at the expense
of a limited resource, that the variants that are selected for are
those which tend to increase the overall replication rate,
increase the population of replicating entities and deplete
more efficiently the resource so that less efficient variants

would be driven to extinction. This observation suggests
that the effect of increasing DKS would mainly result in an
increase in the chemical flux, but that would only be true
for an isolated set of variants of a replicating system. Any
improvement in DKS corresponds to an increase in the
energy flux diverted from spontaneous linear processes by
the presence of replicators. Thus any increase, either in the
rates of the rate-determining process or in their efficiency,
will increase the population of replicators thereby increasing
the flux. But it must be taken into account that from a chemi-
cal point of view, every intermediate in the replication loop
can be considered as an energy resource for other systems.
Therefore, introducing a predator system would lead to a
stable configuration (i.e. without the possibility of spon-
taneous reversion to the former state). A reduced reactant
flux could then be observed without modification of the repli-
cation loop (the notion of DKS may in this case include
periodic variations predicted for predator–prey systems by
the Lotka–Volterra equations). This example shows that
external parameters are likely to influence the flux of reac-
tants, and thus the behaviour of a replicating system,
so that no parameter characterizing its DKS can be found
independently of the environment in which the system is
embedded, which poses a never-ending issue about the
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cost of 
irreversibility free energy requirement for the origin of life

Scheme 5. Free energy source requirements in living systems (inspired from the figure introduced by Lineweaver & Chopra [45] with a different perspective).
Comparison of different sources of energy available in planetary environments: electromagnetic radiations (correspondence with frequency and wavelength in
abscissa), thermal energy (black body radiation curves displaying spectral radiance in ordinate: at 647 K, the critical point of water, blue line; 1600 K, representing
typical Hadean magma temperatures red line; and 3500 or 6000 K, dark and light orange lines, surface temperatures of examples of M-stars or G-stars as the Sun,
respectively) and lightning (T !104 K). A much higher potential (ca 150 kJ mol – 1 [42,43]) than the free energy potential of usual biochemicals (green rectangle
30 – 70 kJ mol – 1, including ATP) was required to trigger the self-organization of life after taking into account the cost of irreversibility (yellow arrows). Photo-
chemistry induced by UV or visible light (emitted by many stars including a significant part of highly abundant M-stars) complies with the requirement as
well as lightning. At higher stages of evolution of life on Earth, the development of metabolic engines allowed the concentration of free energy from less
potent transmembrane potentials through chemiosmosis [46]. The development of membrane bioenergetics thanks to rotary ATP synthases and of membranes
impermeable to ions made the colonization of new environments possible as well as the use of new energy sources through the exploitation of pH gradients
[47]. Overall, these molecular motors operating as energy concentration engines allowed the use of free energy potential of ca 15 – 20 kJ mol – 1 to drive cell
metabolism instead of the almost 10-fold higher potential required to drive early self-organization. By contrast, thermal energy in hydrothermal systems with
temperature close to the critical point of water (647 K) fails to comply with the irreversibility requirement for the origin of life.
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UV Light: Foe…or Friend?
• O2: requires sophisticated machinery 

(Adele 2002, Horandl+2018)


• H2O: corrodes proteins, nucleic acids 
(NRC+2007; Benner 2014, 
Adam+2018)


• Key: does “good” outweigh “bad”?

BI80CH27-Wolfenden ARI 16 May 2011 12:45

a   25°C
t1/2 ≈ 230 years

t1/2 ≈ 
120 years

t1/2 ≈ 70 years

t1/2 ≈ 
60,000 years

t1/2 ≈ 31,000,000 years
[t1/2 ≈ 110 years]

t1/2 ≈ 
20,000 years

t1/2 ≈ 
3 years

t1/2 ≈ 
6 years

t1/2 ≈ 180 years t1/2 ≈ 13 days

t1/2 ≈ 3,500 years
[t1/2 ≈ 16 days]

t1/2 ≈ 6 days

t1/2 ≈ 
20 days

t1/2 ≈ 25 days

t1/2 ≈ 100 years t1/2 ≈ 7 years

b   92°C

Figure 1
Half-lives for cleavage of bonds that are present in DNA—and also in RNA—are shown in square brackets.
Values are shown at (a) 25◦C and (b) 92◦C, the temperature at which the hyperthermophilic organism
Ignisphera aggregans grows optimally. Figure prepared by Gottfried K. Schroeder.

values of !G‡, !H‡, and T!S‡ expressed in
kcal/mol. This table does not include the more
rapid reactions mentioned at the outset of this
review, of which the dehydration of bicarbonate
(t1/2 = 5 s at 25◦C) (6) is perhaps the most strik-
ing example. If those are included, the overall
span of reaction rate constants in the absence
of an enzyme is 6 × 1018-fold.

In contrast to the widely disparate rates of
these nonenzymatic reactions, the rates of the
corresponding enzyme reactions fall within a
relatively narrow range, with a typical t1/2 near
0.01 s. Thus, as emphasized in an earlier re-
view (84), enzymes differ enormously in the
difficulty of the tasks that they are called upon
to perform.

A striking tendency of the entries in Table 3
is that the slowest reactions tend to exhibit the
greatest sensitivity to temperature. Thus, the

rate of nonenzymatic decarboxylation of uro-
porphyrinogen increases by a factor of more
than 106 when the temperature is elevated from
25◦ to 100◦C, whereas the rate of peptidyl trans-
fer (a relatively easy reaction) increases by a fac-
tor of only 17.

EVOLUTIONARY IMPLICATIONS
There has been controversy about whether
life originated in a hot or cold environment,
and about whether enough time has elapsed
for life to have evolved to its present level of
complexity.

Table 3 shows that rising temperature
disproportionally speeds slow reactions, pro-
foundly affecting the time that would have been
required for primordial biological reactions on
a warm earth. Table 3 and Figure 2 show that

660 Wolfenden
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Peroxidase

Nontoxic  
Products 

H2O

O2

After  https://www.jfmed.uniba.sk/fileadmin/jlf/Pracoviska/ustav-mikrobiologie-a-imunologie/ANAEROBIC_BACTERIA.pdf
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UV: Abundant on Early Earth

~70 bar CO2
8×10-4 

bars CO2

Wavelength (nm)

Ranjan et al. 2017a0.1 bar CO2
(Rugheimer+2015)

Lyons & Reinhardt 2011

synthesis, together with the energy released by
shock waves generated by impacting comets
and asteroid-sized objects (Chyba and Sagan
1992). The electrical discharge used in the
original Miller-Urey experiments, and elevated
temperature and pressures associated with geo-
thermal environments (.2008C) can also do
chemical work, but these sources represent a
tiny fraction of the total energy flux. Electrical
discharge is meant to simulate lightning in re-
ducing gas mixtures, and Miller (1953) found
that small amounts of highly reactive HCN
and HCHO were produced in the discharge,
which afterwards underwent Strecker reactions
to produce several amino acids. This experiment
revolutionized origins of life research, because
for the first time, biologically relevant molecules
were synthesized in a simulated prebiotic envi-
ronment using a plausible source of energy.

Formaldehyde can also be synthesized by
UVlight interacting with water vapor and carbon
dioxide in the upper atmosphere, and a plausible
photochemical reaction was proposed by Pinto
et al. (1980). From reasonable assumptions

about UV flux and composition of the early
atmosphere, these workers calculated that form-
aldehyde was added to the oceans at a rate of 1011

moles/year. It has long been known that formal-
dehyde (HCHO) in alkaline solutions readily re-
acts to form a variety of carbohydrates, as is
discussed later. Cyanide (HCN) is another com-
mon product of UV and electrical energy im-
pinging on mixtures containing nitrogen and
gases such as CO and CO2, and cyanide readily
reacts with itself to produce other biologically
relevant molecules. For instance, a few years after
the Miller experiment was published, John Oro
(1961) discovered that at high concentration,
HCN could undergo pentamerization to form
adenine.

Elevated pressures and temperatures asso-
ciated with geothermal conditions can also
promote significant chemical reactions. In par-
ticular, the Fischer-Tropsch (FT) reaction uses
elevated temperatures to provide activation
energy for a reaction in which carbon monoxide
and hydrogen combine to produce long-chain
hydrocarbons. Nooner et al. (1987) were among
the first to test this reaction as a potential prebi-
otic source of hydrocarbon derivatives, using
meteoritic iron as a catalyst, which lowers the
activation energy of the reaction.

Although it is a reasonable assumption that
the synthesis of organic compounds required
for the origin of life was driven by energy avail-
able in the prebiotic environment, another
source of potential chemical energy was avail-
able in organic compounds delivered by comets
and meteoritic infall during late accretion.
Chyba, Sagan, and co-workers (1990, 1992) es-
timated the total amount of organic carbon
compounds that could be delivered in this way,
and within an order of magnitude, it was in the
range of the amounts estimated to be synthe-
sized by Miller-Urey reactions under the most
favorable conditions. The energy content would
be present in the form of reduced carbon com-
pounds that could undergo chemical modifica-
tion if they were exposed to mineral surfaces in
geological settings of appropriate fugacity (Shock
1990) (See also Pizzarello and Shock 2010).
This possibility is largely unexplored and is likely
to be a fruitful direction for future research.

Table 1. Most of the energy flux on the early Earth was
in the form of light energy from the sun, just as it is
today.

Energy sources on the early Earth (kilojoules
m22yr21)

Solar radiation
(UV,250 nM)

24,000

Shock waves from
impacts

200

Radioactivity 117
Electrical discharges 2.9
Volcanoes 5.4
Chemical energy Significant for the origin of

life, not yet estimated.
The value shown in the table is the energy of

ultraviolet radiation in a wavelength range that
is absorbed by common organic compounds
such as PAH, and therefore capable of activating
photochemical reactions. Table adopted from
estimates given by Chyba and Sagan (1992) and
Miller and Urey (1959). There is considerable
uncertainty in these estimates, which are presented
only to illustrate order-of-magnitude approxi-
mations for energy flux in meter-scale localized
environments.
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Deamer & Weber 2010

• Experimental: Shown to drive diverse syntheses 
(Sagan+1971, Rosenberg+2008, Powner+2009, Barks+2010, 
Sarker+2013, Patel+2015, Bonfio+2017, etc…)

• Theoretical:  Most abundant energy source; directly 
affect electronic states of molecules (Deamer+2010, 
Pascal+2012)

• Historical: Biogenic nucleobases show evidence of high-
UV selection pressure (Rios & Tor 2013, Beckstead+2016)



H2O Clouds

100 500

Early Mars: Probably Similar

• Clouds: Implausibly thick 
decks required to affect 
surface UV

• SO2/H2S: need ≥ 10-6 bar; 
only transiently possible

• Dust: 𝛕=1-10 can scrub UV; 
𝛕~0.5 today

• More modelling required
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Ranjan et al. (2017),  Astrobiology, 17, 687
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UV Light: An Orientation



Is UV Required for Abiogenesis?
• Better atmospheric transmission modelling

• Evolution of low-mass star SED

• Reprocessing of high-energy radiation

The Astronomical Journal, 148:64 (14pp), 2014 October Shkolnik & Barman
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Figure 11. Excess FUV (left) and NUV (right) fractional flux density, where the photospheric flux from the appropriate model is subtracted from the observed flux,
plotted as a function of stellar age. The boxed data point is the accreting star TWA 31.
(A color version of this figure is available in the online journal.)

Figure 12. Median X-ray, FUV, and NUV excess fluxes (not flux densities), including upper limits, as a function of stellar age. The FUV median values for the Hyades
cluster and the old sample are comprised of 65% and 42% upper limits, respectively. Using the correlation in Figure 8, we predicted the FUV values for those with
upper limits. The coefficients of the power-law fits to the three bandpasses are listed in Table 2.
(A color version of this figure is available in the online journal.)

extending single activity measurements of M dwarfs at UV
or X-ray wavelengths to the EUV.

3. The X-ray and UV fluxes correlate over a broad range
of activity levels, defined by two groups: high and low
emitters. Within each group there is only a weak correlation,
likely due to the non-simultaneity of the UV and X-ray
observations.

4. Qualitatively, the FUV and NUV excess flux densities decay
in a similar fashion to X-ray results, with a high saturation
level from 10 Myr until a few hundred megayears. By the
age of the Hyades at 650 Myr, we measure a drop in excess
flux, after which it plummets at the old ages of the field
sample. Without these measurements at each individual
age, a single power-law fit to just the TWA and oldest
stars, as done by Stelzer et al. (2013), underestimates the
UV emission from M stars by a factor of 3–5 over many
hundreds of megayears.

5. The median excess fractional fluxes at each age show a
reduction in FUV and NUV by factors of 30 and 20,

respectively, from young to old ages. Combining this with
an observed drop in X-ray by a factor of 65 suggests that the
median reduction in flux with age may steepen with shorter
wavelength, and that the drop in EUV flux most likely falls
in between.

The reported FUV and NUV fluxes provide the empirical
guidance needed to build new M dwarf upper-atmosphere
models (S. Peacock et al. in preparation) to characterize of
the full-UV spectra, including the EUV and Lyman α, for the
stars that are the most common planet hosts. These models
will provide a grid of input spectra to planetary atmospheric
photochemical models to study the impact of M dwarf UV
evolution on planetary atmospheres.

E.S. would like to thank V. Meadows for stimulating discus-
sions, B. Stelzer and the referee, L. Fossati, for helpful com-
ments on the manuscript, and S. Neff and the GALEX team for
answering questions about the archive. This material is based
upon work supported by the NASA/GALEX grant program
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ices (23). These other theories may provide plausible pathways to
form a variety of amino acids, or some of the nucleobases, and so
may help provide some of the building blocks of life, if somehow
the relevant species can be selectively concentrated, but none of these

theories has offered prebiotically plausible chemical pathways to
high yields of a range of nucleotides, amino acids, and lipid precursors
from prebiotically plausible starting conditions, which remains a
necessary first step for the origin of life. For hypothetical alternative
theories, if there is a clear link between their chemical pathways and
observable physical conditions of the planet or system, then a similar
analysis can be carried out and abiogenesis zones can be identified
for them.

What do our results say about looking for biosignatures on rocky
planets around ultracool dwarfs? This is an important consideration,
given that ultracool dwarfs are likely the only possible candidates for
this search within the next decade or so. Present flare statistics for cool
stars suggest that asmany as 20%ofMdwarfsmay flare often enough to
drive the prebiotic photochemistry on rocky planets within their habit-
able zones, assuming that the atmospheres of these planets can survive
this extreme activity. What is most relevant for biosignature detection
would be the flare rates forMdwarfs early in their evolution, becausewe
will want to search for biosignatures on planets where life has existed
long enough to change the planet’s surface and atmosphere in detect-
able ways. Note that the liquid water habitable zones ofMdwarfs evolve
inward as they age (24). If atmospheres are observed for a large fraction
of rocky planets around active ultracool stars, then it may well be the
case that life is more likely to have originated in systems with the most
active stars, all else being equal.

The search for biosignatures on planets around quiet M dwarfs re-
mains worthwhile, in some senses even more now than before our in-
vestigation. If definitive biosignatures were discovered within the
atmospheres of multiple rocky planets around quiet ultracool dwarfs,
at the very least, then such findings would suggest that the mechanism
by which Earth-like life could originate is not universal.

Fig. 4. Abiogenesis zone. A period-effective temperature diagram of confirmed exoplanets within the liquid water habitable zone (and Earth), taken from a catalog (1, 42, 43),
along with the TRAPPIST-1 planets (3) and LHS 1140b (4). The “abiogenesis zone” indicates where the stellar UV flux is large enough to result in a 50% yield of the photochemical
product. The red region shows the propagated experimental error. The liquid water habitable zone [from (44, 45)] is also shown.

Fig. 5. Flare frequencies. The power-law fits for the cumulative flare frequencies
above a particular U-band energy, log (EU/1 erg), given for a variety of Kepler stars from
Davenport (17). The grayscale indicates stellar mass, the red line indicates the average
stellar flare frequency for stars later than K5, and the blue dashed line indicates the
lower limit of flaring needed: If the star’s power-law flare frequency intersects the
dotted blue line, then the star is active enough for its planets to be considered within
the abiogenesis zone. Flares with EU > 1035 are often extrapolations of flare frequencies
beyond what has been observed, and flare frequencies may not follow the same
power-law at these high energies (17).
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Potential Diversity of Rocky Exoplanets

Fulton+2017



Anoxic Biochemistry 
is Understudied

compounds have so far not been reported. 31P NMR can detect
substances present at <1% of the level of the major
phosphorus-containing substances in a sample (Glonek, 1994),
which suggests that trivalent phosphorus is present at <1% of
the level of compounds such as phosphatidylcholine or
adenosine triphosphate (ATP). However, we note that all the
NMR studies on metabolites that we have found have been on
aerobic organisms (mostly mammals, higher plants, or yeast).

Could there be other biological trivalent phosphorus
compounds awaiting discovery? We believe there could be,
despite the paucity of such compounds reported in databases
and literature of ‘‘natural products’’ (i.e., chemicals made by
life), and the lack of detection of such compounds by NMR
metabolomic surveys. Databases of natural products are
inconsistent on how they report the source sample from
which a chemical is derived, so the degree to which col-
lections are biased toward aerobic environments is not
known. However, it is clear that the large majority of natural
products are identified from aerobic samples—plants, ani-
mals, soil fungi, ascomycetes grown in aerated culture, and
marine organisms (Fig. 1). Very few are collected from an-
aerobic samples, and indeed, received wisdom among nat-
ural product chemists has been that anaerobic organisms do
not produce secondary metabolites (Behnken and Hertweck,
2012). Metabolomic surveys also focus, almost exclusively,

on aerobic organisms such as insects, plants, and mammals,
and usually on model laboratory organisms grown under
(aerobic) laboratory or glasshouse conditions (see, e.g.,
Grivet et al., 2003; Bundy et al., 2009).

The examples of phosphine (Section 2.1) and phospho-
lane (Section 2.2) show that terrestrial life indeed can and
does make trivalent phosphorus compounds, and suggest
that it only does so in highly anoxic environments. This
refutes the argument that life cannot exploit trivalent phos-
phorus chemistry. We suggest that a more systematic search
of completely anoxic environments and the organisms that
grow in such environments will find, as well as phosphine-
producing organisms, organisms that make other more
complex trivalent phosphorus compounds.

It is clear that the discovery of phospholane sets an in-
teresting precedent for a possibility of a much wider utili-
zation of trivalent phosphorus in biochemistry.

3. Thermodynamics of Synthesis of Trivalent
Phosphorus Compounds

The second of the proposed arguments explaining why
terrestrial life does not make trivalent phosphorus com-
pounds, and specifically why life does not directly make
phosphine, stems from the thermodynamics of the synthesis
of reduced phosphorus compounds. It is argued that trivalent
phosphorus compounds must be synthesized by reduction of
phosphate, and the enormous energy demand of phosphate
reduction makes the synthesis of trivalent phosphorus, and
specifically of phosphine, implausible. We argue that the
potential thermodynamic limitations of the synthesis of
these compounds do not justify the scarcity of trivalent
phosphorus chemistry in life. We address our reasoning with
two arguments:

First, the energy of synthesis of phosphine is high.
Making phosphine from hydrogen and phosphate at neutral
pH at Earth surface temperatures is endergonic. However,
making phosphine from phosphite, or from phosphate and
NADH, is energy releasing. The thermodynamics and en-
vironmental ecology of phosphine formation have been
discussed extensively elsewhere (Pasek et al., 2014; Bains
et al., 2019) and only summarized here.

There are two pathways that an organism could in principle
use to make phosphine; the complete reduction of phosphate
and the disproportionation of phosphite. The complete re-
duction of phosphate to phosphine by NADH can yield
energy in warm, highly acid environments (pH <2, tem-
perature ‡20!C) or hot, moderately acid environments (pH
<5, temperature ‡60!C) (Bains et al., 2019). The production
of phosphine by disproportionation of phosphite is energy
yielding in a wider set of warm, acidic or cooler, highly
acidic environments. Such environments are less extreme and
hence more common than those favoring complete reduction
of phosphate to phosphine. However, the scenario of pro-
duction of phosphine from disproportionation of phosphite
leaves the open question of the source of phosphite. Bains
et al. (2019) note that reduction of phosphate to phosphite
using NADH is itself energy yielding in a wide range of cool,
neutral, or warm, mildly acid environments. This raises the
possibility that a structured ecosystem, with cool, acid, anoxic
bottom waters supporting the production of phosphite and
warmer surface water supporting its disproportionation, could

FIG. 1. The distribution of source organisms of known
natural products shows a strong bias of the search for natural
compounds toward aerobic organisms. At least 88% and
maybe as much as 99% of all natural products are extracted
from aerobic source organisms. Distribution of source or-
ganisms is shown on the example of publicly available
UNPD natural product database (Gu et al., 2013). Sources
that are obligately aerobic are colored blue. Fungi, protozoa,
and bacteria can be aerobic or anaerobic, depending on
species or growth condition (shown in red). Archaea, which
are predominantly anaerobic, are shown in black, but only
represent 0.07% of originating species. The fraction of the
biosphere on Earth that is anaerobic is unknown, however,
the distribution of source organisms above it not typical
of the biosphere, in which between 30% and 50% of the
biomass is known to be bacterial (Whitman et al., 1998).
A substantial fraction, possibly 30%, of the total biomass on
Earth is represented by the ocean floor sedimentary bacteria,
almost all of which are anaerobic (Kallmeyer et al., 2012). If
biosynthesis of trivalent phosphorus-containing natural
chemicals is strictly dependent on an anoxic environment, it
is likely that more of such molecules are going to be dis-
covered in anaerobic source organisms.

TRIVALENT PHOSPHORUS 5

D
ow

nl
oa

de
d 

by
 M

as
sa

ch
us

et
ts

 In
st

 T
ec

h/
 0

26
20

87
4 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

4/
15

/1
9.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

Bains+2019



“There are two overarching goals in exoplanet science… 

Goal 1 is to understand the formation and evolution of planetary system…


Goal 2 is to learn enough about the properties of exoplanets to identify potentially habitable 
environments and their frequency, and connect these environments to the planetary systems 
in which they reside. Furthermore, scientists need to distinguish between the signatures of life 

and those of nonbiological processes, and search for signatures of life on worlds orbiting 
other stars.” 

National Academy of Sciences (USA) 2018, http://nap.edu/25187



Prebiotic 
Chemistry

Biosignature 
Search

Prioritize target selection, Priors 
for biosignature interpretation 

(Catling et al. 2018)

Empirically constrain theories of 
abiogenesis 

Examine prebiotic (abiotic, 
habitable) worlds


(Rimmer, Ranjan, Rugheimer 2021)



Recipe for Remote Life Detection Flowchart



UV
Impacts

Escape 
H, H2

Transport
Lightning

Biotic exchange 
(emission, consumption)

Volcanism
Abiotic exchange 
(Rainout, exsolution, surface 

reactions, geochemical cycles)

Atmospheric 
Photochemistry

Potential Diversity of Rocky Exo-Volcanism

• How does exo-
volcanism vary with: 
Temperature, Pressure, 
oxygen fugacity, volatile 
loading?


• Photochemical probe of 
underlying planet?


• Biosignature false 
positive/negatives?

Potential PhD Project



Present and future NASA missions promise a wealth of 
measurements that contain the answers to the two overarching 
goals of understanding planets and searching for life. But the 
scientific implications of these data will not be fully realized without 
a thriving and engaged community in related fields of theoretical, 
laboratory, and observational science.


Finding: Theoretical models are essential to plan and interpret 
observations of exoplanets.

Finding: The limited laboratory and ab initio data covering the 
parameter space relevant to exoplanets is a barrier to accurate 
models of exoplanet atmospheres and interiors.

Finding: Understanding of exoplanets is limited by 
measurements of the properties of the parent stars. 

National Academy of Sciences (USA) 2018, Exoplanet Science 
Strategy, http://nap.edu/25187



Experimental Constraints to Improve Terrestrial 
Exoplanet Photochemical Models (ExCITE-PM)

Photochemical Model

Molecular 
Cross-Sections

Chemical 
Rate Laws

Habitability

Atmospheric 
Composition

Synthetic Spectra

Planetary 
Scenario

• Identify, rectify weaknesses in rocky planet photochemical models 
(e.g., Ranjan et al. 2020)


• First iteration funded (XRP, $660k, SPI: Ranjan). 


• Initial focus: O2 and S on TRAPPIST planets


