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Abstract

Life has had a dramatic impact on the composition of Earth’s atmosphere over time, which suggests that statistical
studies of other inhabited planets’ atmospheres could reveal how they coevolve with life. While many evolutionary
pathways are possible for inhabited worlds, a possible starting hypothesis is that most of them evolve similarly to
Earth, which we propose could lead to a positive “age–oxygen correlation” between the ages of inhabited planets
and the fraction which have oxygen-rich atmospheres. We demonstrate that next-generation space observatories
currently under consideration could test this hypothesis, but only if the stellar age distribution of the target sample
is carefully considered. We explore three possible parameterizations of the age–oxygen correlation, finding that
they yield similar results. Finally, we examine how abiotic oxygen sources could affect the results, and discuss how
measuring the age dependence of oxygen could shed light on whether it is a reliable biosignature. Future efforts
can expand upon this groundwork by incorporating detailed models of the redox balance of terrestrial planets and
its dependence on stellar and planetary properties.

Unified Astronomy Thesaurus concepts: Astrobiology (74); Habitable planets (695); Biosignatures (2018);
Exoplanet evolution (491)

1. Introduction

The coming decades promise exciting developments in the
search for life beyond Earth, with multiple groups proposing
the construction of novel space observatories which could discover
and characterize several potentially Earthlike planets orbiting
nearby stars (e.g., Apai et al. 2019; Origins Space Telescope Study
Team 2019; Staguhn et al. 2019; The HabEx Team 2019; The
LUVOIR Team 2019). By discovering biosignature molecules in
these planets’ atmospheres (e.g., Schwieterman et al. 2018), such
observatories would enable the first constraints on the frequency of
life in the universe and comparative studies of the properties of
inhabited worlds.

Molecular oxygen (O2), and its photochemical byproduct ozone
(O3), have been discussed as promising biosignatures for such
missions, as O2 has a short lifetime in the Earth’s atmosphere and
is replenished almost entirely by photosynthetic life (e.g., Owen
1980; Des Marais et al. 2002). O2 would make for an even
stronger biosignature if it were found in the presence of reduced
gases (such as methane) which would quickly eliminate it in the
absence of a strong oxygen source (e.g., Lovelock 1965;
Meadows et al. 2018b). Oxygenic photosynthesis makes use of
carbon dioxide, water, and light, which have been accessible on
Earth throughout its history—suggesting that many extraterrestrial
ecosystems may have converged on the same mechanism (e.g.,
Meadows 2017).

However, the presence of oxygen in Earth’s atmosphere has
evolved over time, with the planet having an anoxic
atmosphere for approximately the first half of its history.
During the Hadean and Archean eons, the abundance of O2

was no more than 10−6 times its present atmospheric level
(PAL) (Zahnle et al. 2006; Catling & Zahnle 2020). Then,
during the “Great Oxidation Event” (hereafter GOE) circa
2.4–2.1 Gyr ago, the concentration of O2 dramatically
increased to between 10−4 and 10−1 PAL, and would later

increase again (circa 600 Myr ago) to reach its modern
abundance (Lyons et al. 2014).
The precise causes and timing of the GOE are a matter of

ongoing research—for a thorough review, see Lyons et al. (2014).
While the evolutionary development of oxygenic photosynthesis
was a prerequisite for the GOE to occur, the two were not
necessarily coeval; in fact, the evidence suggests a delay—perhaps
hundreds of millions of years long—between the appearance of the
first organisms to produce oxygen and its eventual accumulation
in the atmosphere (e.g., Brocks et al. 1999; Anbar et al. 2007;
Kendall et al. 2010; Kurzweil et al. 2013; Planavsky et al. 2014).
Regardless of its causes, the GOE counts among the most dramatic
changes to Earth’s atmosphere in geological history, and was
dependent on the existence of life. Since Earth’s atmosphere
was anoxic for about half of its history, some authors have
considered how pre-GOE Earth analogs might appear in reflected
or transmitted light, and how the presence of life on such worlds
could be inferred in the absence of oxygen (e.g., Pilcher 2003;
Domagal-Goldman et al. 2011; Seager et al. 2013; Arney et al.
2016, 2018; Krissansen-Totton et al. 2018).
To date, most studies of oxygen and other potential

biosignatures have focused on how life could affect individual
planets. However, due to the challenging nature of characterizing
terrestrial planets, future space telescopes may provide only
limited information about the atmospheres and fundamental
parameters (e.g., bulk composition) of many individual planets.
Even so, important information will be enclosed in the overall
population of planets studied, and trends between their properties
can be tested against the predictions of models for terrestrial planet
evolution (e.g., Bean et al. 2017; Checlair et al. 2019). In such
cases, sample sizes will be a limiting factor on the complexity of
models which can be tested.
Since Earth’s biosphere and atmosphere have coevolved

over time, the exciting possibility exists that by studying
several inhabited planets spanning a range of ages, we could
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test for shared trends in the coevolution of their atmospheres
and biospheres, uncovering common patterns which govern the
evolution of life in the universe. For example, if future space
missions are able to detect the presence of O2 or O3 in the
atmospheres of several potentially habitable worlds, this would
allow them to constrain the frequency of oxygen-bearing
planets as a function of age. We propose that this measurement
could be used to test whether the atmospheric evolution of
other inhabited worlds resembles that of Earth (i.e., the null
hypothesis). By this, we mean that they start with anoxic
atmospheres which eventually become oxygen-rich—although
the time required for oxygenation will likely vary between
planets (Catling et al. 2005). If they evolve like Earth, then the
fraction of inhabited planets with oxygenated atmospheres
should increase with age, with older planets being more likely
to have undergone a GOE-like event. If such a trend were
discovered, it would strongly suggest that Earthlike atmo-
spheric evolution is typical for inhabited planets, and would by
extension strengthen the case for O2 as a biosignature, as we
can think of no plausible abiotic explanation for this trend.

In this paper, we estimate how many potentially habitable
planets a future telescopic biosignature survey must character-
ize to detect a positive “age–oxygen correlation”—and thus test
whether Earth’s atmospheric evolution is typical. We present
our results as a function of the actual occurrence rate of life on
potentially habitable worlds, and investigate the optimal target
stellar age distribution for testing our hypothesis. Finally, we
estimate the noise which would be introduced by strong abiotic
sources for O2, and discuss how a statistical sample of planets
with oxygenated atmospheres could be used to verify O2 as a
biosignature.

This study does not attempt to model in detail the many
possible factors affecting the rate at which inhabited planets
acquire oxygen, which we discuss qualitatively in Section 4.2.
Rather, we use Earth’s evolutionary history as the practical
template for an initial estimate of the sample size required to
begin studying their oxygen evolution. Our results should be
interpreted with this caveat in mind, and we encourage future
studies to build off our approach by incorporating the effects of
diverse planetary parameters on the redox balance of other
habitable worlds.

2. Methods

Here, we consider only potentially habitable planets or “exo-
Earth candidates” (EECs). We use these terms interchangeably to
refer to planets which are comparable in size to Earth and have
orbits within the liquid water habitable zone, and which therefore
could sustain habitable surface conditions (e.g., Kasting et al.
1993; Kopparapu et al. 2013, 2014). Note, however, that our
results are agnostic to the exact range of sizes and orbits
considered to be potentially habitable, except when we compare
them to the predicted discovery yields for future space-based
biosignature surveys. For the reasons argued above, we also
assume that inhabited planets demonstrate a positive correlation
between their ages and the fraction which have oxygen in their
atmospheres, which we hereafter refer to as the “age–oxygen
correlation.”

Our basic methodology is as follows: we generate a number
N EECs with randomly assigned ages t, a fraction flife of which
are assumed inhabited. We then assume that some age-
dependent fraction f tO2

( ) of inhabited planets have undergone
a GOE-like event and therefore have detectable amounts of O2

or O3 in their atmospheres. Assuming that a future space-based
survey has discovered and spectroscopically characterized the
entire sample, we apply a statistical test to calculate the
confidence with which the age–oxygen correlation could be
discovered as a function of the number of planets observed.
Finally, we average the results of this test across 104 random
samples4 for each cell in a two-dimensional grid of values for N
and flife.

5

2.1. Fraction of Inhabited Planets with O2

We consider three functions to describe the fraction f tO2
( ) of

inhabited planets which have detectable O2 or O3 in their
atmospheres as a function of their age t (or, approximately, the
age of their host star). We consider the stellar ages to be
determined precisely, and discuss the feasibility of this
assumption in Section 4.6.
The functions, plotted in Figure 1, are as follows: in the first

case, f tO2
( ) increases exponentially over an e-folding timescale

of 3.2 Gyr, so that the typical planet reaches its GOE at the
same epoch as Earth’s ( ~t 2.2 Gyr). In the second case, all
planets evolve identically, encountering their GOEs at the same
point in time as Earth did. The third case assumes the same
functional form as the first, but with a longer timescale of
10 Gyr—in this case, most planets encounter their GOEs much
later than Earth did. We discuss the motivation behind these
functional forms in Section 4.5.
Finally, in each case we only distinguish between oxygenated

and anoxic atmospheres; the mixing ratio of O2 is not modeled.
Generally speaking, the presence or absence of O2 will be much
easier to determine than its precise mixing ratio. Furthermore,
while O2 may not be directly detectable for planets with only a
small biogenic abundance—analogous to Earth during the
Proterozoic era—its presence might still be inferred through that
of its strongly absorbing byproduct O3 (e.g., Angel et al. 1986;
Des Marais et al. 2002; Segura et al. 2003; Reinhard et al. 2017).

Figure 1. (In color, left axis) Three functions which we assume to describe
f tO2

( ), the fraction of inhabited planets which have a detectable amount of
oxygen as a function of age t. In the first two cases (green and red), the typical
inhabited planet undergoes a GOE at the same epoch as Earth’s ( ~t 2.2H Gyr).
(In gray, right axis) We plot an estimate of Earth’s historical O2 abundance vs.
the PAL, adapted from Reinhard et al. (2017). Note that estimates for pO2

when Earth was younger than ∼4 Gyr range by up to two orders of magnitude.

4 In some samples none of the planets have O2, so the p-value is undefined
and we discard it. This generally only occurs for low values of N and flife and
does not significantly impact our results.
5 The code used to generate the grid of p-values and Figures 1–3 can be found
here: https://www.github.com/abixel/age-O2-correlation/.
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2.2. Abiotic O2

Several authors have suggested scenarios in which a rocky
planet in or near the habitable zone could attain a detectable
amount of O2 through abiotic sources, generating a “false
positive” biosignature. A review of several of these scenarios
and the means by which they can be distinguished from
biological sources can be found in Meadows et al. (2018b).

Generally speaking, abiotic oxygen is produced by the
splitting of H2O or CO2 and the subsequent escape of hydrogen
to space. Water vapor can be split either in the upper
atmosphere due to UV-driven photolysis (e.g., Wordsworth
& Pierrehumbert 2014; Luger & Barnes 2015; Meadows et al.
2018a; Wordsworth et al. 2018) or on the surface through a
photocatalytic reaction involving titanium dioxide (Narita et al.
2015). The photolysis of CO2 can lead to a buildup of abiotic
O2, which is exacerbated in the radiative environment of low-
mass stars, or when the outgassing flux of reducing species
(namely H2 and CH4) is much lower than on Earth (Hu et al.
2012, 2020; Domagal-Goldman et al. 2014; Tian et al. 2014;
Gao et al. 2015; Harman et al. 2015).

More optimistically, other models show that the lightning-
driven recombination of CO and O (Harman et al. 2018) as
well as volcanic outgassing at rates comparable to Earth’s (e.g.,
Hu et al. 2012; James & Hu 2018) could each counter O2

buildup from abiotic sources. Further research into such
preventative factors may alleviate concerns about the reliability
of this biosignature.

Some of these proposed abiotic sources of O2 could, in
principle, be present on both inhabited and noninhabited
planets, and would mask the age–oxygen correlation by
imbuing planets with O2 from a young age. To investigate
this, we allow for some age-independent fraction of EECs to
have abiotic oxygen sources, regardless of whether or not they
have life. For most of the results presented below we set this
parameter to zero so that there are no planets with abiotic O2,
but we investigate their impact in Section 3.3.

2.3. Stellar Age Distribution

Recent studies have found that while the star formation
history of the Milky Way disk has varied measurably, it is to
first order uniform in age, with the oldest disk stars forming
∼10 Gyr ago (e.g., Snaith et al. 2015; Fantin et al. 2019; Mor
et al. 2019). Assuming homogeneous star formation throughout
the disk, the age distribution of nearby stars should resemble
this history, excepting a small deficit of old, massive stars with
main-sequence lifetimes shorter than 10 Gyr. We therefore
assume a uniform stellar and planet age distribution from 0 to
10 Gyr for most of our results.

However, it may be more efficient to prioritize observing
only young and old stars, so as to maximize the difference in
f tO2

( ) for the models in Figure 1. This is especially important
for surveys limited by available telescope time, where the target
list must necessarily be pruned. Likewise, excluding young or
old stars from any survey could inhibit the detectability of the
age–oxygen correlation. To examine these considerations, we
also simulate samples consisting of different combinations of
young (0–2 Gyr), intermediate (2–7 Gyr) and old (7–10 Gyr)
age ranges. We discuss the impact of the age distribution in
Section 3.2.

2.4. Correlation Test

To determine whether the age–oxygen correlation can be
confidently identified in our simulated samples, we apply two
statistical tests, each implemented using SciPy (Virtanen et al.
2020). The first is the Mann–Whitney U test (Mann &
Whitney 1947), which is applied to measurements of a variable
(i.e., age) from two independent populations (i.e., oxygenated
and anoxic planets), to determine whether the age distribution
of one population is stochastically greater than the other.
Unlike the similar and more widely used Student’s t-test, the
Mann–Whitney test does not assume the two age distributions
to be of normal shape and equal variance, and compares the
samples through their mean ranks rather than through their
sample means. We also apply Spearman’s rank correlation test
(e.g., Wall & Jenkins 2003), which is usually applied to detect
nonlinear, monotonic correlations between two variables. The
two variables can be continuous (i.e., age) or discrete (i.e.,
whether the planet has O2).
We use the Mann–Whitney test to calculate most of our

results, as we believe its underlying assumptions most
accurately match our data, but we also compare its efficiency
to that of Spearman’s test in Section 3.4. Each of the tests
reports a p-value representing the probability that age and
oxygen are not apparently correlated, with values <p 0.05
corresponding to a significant (95% likely) correlation. Finally,
since we are testing a directional hypothesis (that age and
oxygen are positively correlated), we calculate one-tailed p-
values.

3. Results

3.1. How Many Planets Must Be Observed to Detect a
Correlation?

The contour plots in Figure 2 delineate the number of planets
—as a function of flife—which must be characterized to detect
the age–oxygen correlation with high confidence ( <p 0.05).
The shaded area marks the region of the parameter space in
which the proposed age–oxygen correlation could be identified.
Each colored contour corresponds to one of the cases in
Figure 1—except where otherwise stated, we consider “Earth is
typical” as our baseline case.
For the baseline case, we find that a sample of ∼20 EECs

would be sufficient to detect the age–oxygen correlation if life
is present on 80% of such worlds. In a more pessimistic case
where life exists on only 10% of these planets, then ∼300
characterizations are required. If life is present on fewer than
2% of EECs, then the sample size required exceeds 1000.

3.2. What Is the Optimal Age Distribution of Target Stars for
This Experiment?

To maximize the science yield of missions capable of
detecting biosignatures, it may be prudent to prioritize their
targets based on age. In Figure 3(a) we investigate the impact
of different age-based target selection strategies on a survey’s
ability to test for an age–oxygen correlation.
We find that by selecting targets with ages just between 0–2

and 7–10 Gyr, the total number of planets required to detect the
age–oxygen correlation drops by about 35%. Alternatively,
when a survey excludes young systems, the number of planets
required increases by a factor of ∼3. These results suggest that,
when possible, surveys of habitable exoplanets should not
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prioritize intermediate and older age planets over younger
targets. In fact, the youngest planets are the most important
targets for testing our hypothesis, and should be prioritized in
surveys which are limited by observing time rather than
fundamental instrument constraints.

3.3. What Is the Impact of Abiotic Sources for O2?

For most of our results, we assume that all oxygen is
produced by life, but in Figure 3(b) we investigate the amount
of noise introduced if some age-independent fraction of EECs
have abiotic O2 sources. We find the impact on the required
sample size to be modest to considerable. If abiotic O2 exists on
about 10% of EECs, then the required sample size must
increase by 25%–100% depending on flife. In the pessimistic
case that half of EECs have abiotic O2 and life is rare, the
required sample size increases by an order of magnitude.

3.4. What Is the Most Efficient Test for Detecting the Age–
Oxygen Correlation?

In Figure 3(c) we compare results using each of the statistical
tests reviewed in Section 2.4, as well as the more commonly-
used Student’s t-test (which is not strictly applicable to our case
as it assumes normal age distributions). Generally speaking, the
three tests yield similar results. While Student’s and Spear-
man’s tests are slightly more sensitive to the correlation for
high values of flife, the assumptions of the Mann–Whitney test
most accurately match our data set, which consists of two non-
normal age distributions (for oxygenated and anoxic atmo-
spheres) with unequal variances.

While we have chosen p=0.05 (i.e., a 5% probability that
age and oxygen are uncorrelated) as our threshold for a
confident detection of a positive correlation, a lower or higher
confidence level detection may be achieved through character-
izing fewer or more EECs. In Figure 3(d) we calculate the

number of targets required to detect the age–oxygen correlation
with low confidence ( <p 0.1) or very high confidence
( <p 0.01). These contours demonstrate that while a confident
detection may be out of reach for a given sample size if life is
rare, preliminary evidence can still be acquired to motivate a
more in-depth survey.

4. Discussion

4.1. Future Observatories Could Test the Proposed Age–
Oxygen Correlation

Current observatories lack the capability to detect oxygen or
ozone absorption in the atmospheres of terrestrial exoplanets.
However, multiple ambitious space mission concepts which
have been proposed in the literature could perform this
characterization for statistically meaningful numbers of planets.
Here, we identify several such concepts and compare their
likely sample sizes (where available) to the requirements we
predict in Figure 2.
Two observatories would use coronagraphic instruments to

directly image potential exo-Earths orbiting nearby FGK stars.
The Large UV/Optical/IR Surveyor (LUVOIR; The LUVOIR
Team 2019) would feature an 8–15 m diameter segmented
primary mirror, while the Habitable Exoplanet Observatory
(HabEx; The HabEx Team 2019) would make use of a 4 m
monolithic mirror. HabEx would also launch with a starshade,
which would maneuver separately from the telescope to occult
the targeted host star and enable deep spectroscopic character-
ization of its planets. With their broad UV-to-near-IR (NIR)
wavelength coverage, both telescopes could probe for ozone
absorption at far-UV wavelengths as well as O2 in the visible
spectrum. Employing the yield optimization methodology first
developed by Stark et al. (2014), both concept studies have
reported estimates for the number of EECs which they could
detect, namely -

+54 34
61 for LUVOIR and -

+8 5
9 for HabEx (see also

Figure 2. The number of EECs as a function of flife which must be characterized to confidently (p=0.05) detect a correlation between their ages and the fraction with
O2 or O3 in their atmospheres. Results are plotted for each of the cases detailed in Figure 1 and a target sample with a uniform distribution of ages between 0 and
10 Gyr. The dashed lines indicate “pessimistic” and “optimistic” cases for the frequency of inhabited worlds among EECs. On the right, we include estimates for the
EEC detection yield of a few possible future observatories reviewed in Section 4.1. Note, however, that these estimates were calculated using different methods, and
the occurrence rates used to determine them may have been overestimated (Pascucci et al. 2019).
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Stark et al. 2015, 2016, 2019; Kopparapu et al. 2018). As such,
LUVOIR would be able to test for the age–oxygen correlation
given flife > 50%. HabEx would likely lack the sample size
required to detect it on its own, but could contribute
substantially toward building up a sufficiently large sample
of characterized EECs if complemented by ground- or space-
based efforts targeting nearby M dwarfs.

Three mission concepts would use transit and/or phase
curve spectroscopy to characterize potential exo-Earths. The
Nautilus Space Observatory (Apai et al. 2019) would consist of
35 unit space telescopes, each with an ∼8.5 m diameter
ultralight, diffractive–refractive lens as the primary light-
collecting element. Through visible-to-NIR transit spectrosc-
opy, the array could be used to search for oxygen or ozone in
the atmospheres of up to 1000 EECs. With such a sample,
Nautilus could test the age–oxygen correlation even in the
pessimistic case where only 10% of EECs are inhabited. Two
other telescopes would enable mid-infrared transit and phase
curve spectroscopy of planets orbiting mid-to-late M dwarfs,
including the Origins Space Telescope (∼26 characterized
EECs; Origins Space Telescope Study Team 2019) and the
Mid-Infrared Exoplanet Climate Explorer (Staguhn et al.
2019), and would infer the presence of oxygen through O3

absorption between 9 and 10 μm. In the optimistic case, a
sample of 20–30 planets could achieve the requirements
outlined in Figure 2, or it could be combined with the yield
of missions targeting FGK stars.
Space-based infrared interferometry offers another avenue

toward directly imaging exo-Earths through their thermal
emission. The Large Interferometer For Exoplanets (LIFE)
project6 aims to coherently combine light from four ∼2.8 m
mirrors in order to detect and characterize nearby exo-Earths in
the 5–25 μm wavelength range. LIFE would characterize the
atmospheres of ∼45 EECs orbiting nearby GKM stars, and
with such a sample could detect the age–oxygen correlation for
flife > 25% (Kammerer & Quanz 2018; Quanz et al. 2018).
A note of caution: the yield estimates above have been

adapted directly from literature references, and may not be
directly comparable as they were calculated using different
techniques. All of them rely on estimates of hÅ (the number of
potentially habitable planets per star) extrapolated from Kepler
data, but recent work by Pascucci et al. (2019) suggests that
such estimates are exaggerated by a factor of four to eight, as
the Kepler radius distribution of short-period planets is heavily

Figure 3. We recalculate the number of EECs which must be characterized to detect the age–oxygen correlation in the “Earth is typical” case, but under different
conditions than assumed in Figure 2. For comparison, we replot the baseline result in Figure 2 as a solid line in each panel. (a) We modify the age distribution of the
target sample by including only young (0–2 Gyr) and old (7–10 Gyr) planets (dashed) or by excluding young planets (dotted). (b) We assume that 10% (dashed) or
50% (dotted) of EECs have some abiotically-produced O2. This fraction includes inhabited and noninhabited planets alike. (c) We recalculate the results using
Spearman’s rank correlation test (dashed) and Student’s t-test (dotted) to determine the detection significance. (d) We plot contours for a less ( =p 0.1; dashed) or
more ( =p 0.01; dotted) confident detection of the age–oxygen correlation.

6 https://www.life-space-mission.com/
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impacted by atmospheric loss. Nevertheless, the numbers cited
suggest that testing for the age–oxygen correlation may be an
achievable science goal for some of these missions.

In summary, we conclude that future space missions which
are being designed to detect oxygen in the atmospheres of
individual planets could use the same capabilities to test the
null hypothesis that the Earth’s atmospheric evolution is typical
for an inhabited world. To achieve this science goal, the stellar
age distribution of the target sample should be carefully
considered: when it is necessary to prioritize targets, surveys
are encouraged to favor young stars to maximize their
sensitivity to changes in atmospheric oxygen content during
the first few billion years.

4.2. Impact of Planet and Stellar Properties

In our analysis we assume that the amount of time required
for a planet to reach a GOE-like transition is random, but
typically between 1 and 10 Gyr. In reality, this timescale will
be dependent on each planet’s properties. In order for a GOE-
like event to occur, a planet’s biological oxygen source must
grow large enough and/or its oxygen sinks must become
minimal enough such that the former overwhelms the latter.
Here we address ways in which these sources and sinks might
vary across different types of habitable worlds.

Catling et al. (2005) coin the term “oxygenation time” to
refer to the time required for a planet to acquire enough
atmospheric) O2 to support complex life, and they argue that a
planet’s size, composition, and the presence or absence of
continents could affect this timescale in diverse ways. For
example, larger planets, or planets with more reducing initial
compositions, will have a greater inventory of reducing matter
to exhaust. The interior heat flux could be higher on planets
larger than Earth, or for tidally-heated planets on close-in orbits
around low-mass stars (Driscoll & Barnes 2015), which would
affect outgassing rates. Continents play a role in both removing
oxygen from the atmosphere (through outgassing and rock
weathering) and replenishing it (through the burial of organic
matter), but on a planet without continents these processes
would be diminished (Lunine 2013).

The escape of hydrogen from Earth’s atmosphere into space
acts to oxidize the planet, an effect which may have triggered
the GOE since hydrogen escape from early Earth’s atmosphere
was likely much faster than at present (Catling et al. 2001;
Claire et al. 2006; Zahnle et al. 2013, 2019). On Earth, the
hydrogen escape rate is limited by its diffusion rate into the
exosphere (Hunten & Donahue 1976). The diffusion length
decreases with surface gravity, which ranges from ∼0.3 to 2.5
g on rocky exoplanets (e.g., Neil & Rogers 2020), so diffusion-
limited escape should be more efficient on larger planets—but
at the same time the maximum escape rate of hydrogen from
the exosphere will be throttled due to increased gravitational
potential (Catling et al. 2005). In total, we might expect a
nonmonotonic relationship between hydrogen escape and
planet size which could accelerate or inhibit the oxygenation
of the atmospheres of other inhabited worlds.

Since the advent of oxygenic photosynthesis is presumed a
prerequisite for global oxygenation, the rate at which evolu-
tionary changes occur in the biosphere could also limit the
oxygenation timescale. Several authors have investigated
factors affecting the pace of biological evolution on planets
hosted by low-mass stars, with some suggesting that prebiotic
chemistry could be inhibited by a deficit of ultraviolet radiation

(Buccino et al. 2007; Ranjan et al. 2017; Rimmer et al. 2018),
and others proposing that complex life could take longer to
subsequently evolve (Haqq-Misra & Kopparapu 2018; Haqq-
Misra 2019). Biogenic oxygen levels may be substantially
lower around low-mass stars, as they emit less of the visible-
wavelength radiation which drives oxygenic photosynthesis on
Earth (e.g., Kiang et al. 2007; Gale & Wandel 2016; Lehmer
et al. 2018; Lingam & Loeb 2018, 2019; Mullan & Bais 2018;
Ritchie et al. 2018). The net effect of these factors could be to
substantially delay or entirely prevent the oxygenation of the
atmosphere for habitable planets orbiting low-mass stars.
A planet’s size, bulk composition, and its host star’s spectral

type can often be constrained through observation, so it is
conceivable that one could control for their effects—but this
would necessitate a larger sample. It may be possible to detect
continents by measuring a planet’s photometric variability
through extensive direct imaging observations (e.g., Ford et al.
2001; Cowan et al. 2009; Cowan & Fujii 2018; Farr et al. 2018;
Lustig-Yaeger et al. 2018; Fan et al. 2019; Aizawa et al. 2020),
but likely only for a limited number of optimal targets.
In total, we expect that the diversity of planet compositions

and environments will result in a corresponding diversity of
oxygenation timescales, but overall the age–oxygen correlation
should remain as long as some planets were oxygenated within
their first several Gyr. Our analysis accommodates this
diversity by simulating planets with such timescales ranging
from ∼1 to 10 Gyr, but if the typical timescale is in fact very
short (<1 Gyr) or long (>10 Gyr), then a larger sample size
will likely be required to detect the correlation. Further detailed
theoretical treatments of the variation of oxygen sources and
sinks across a realistic range of planetary properties will be
valuable for evaluating the assumptions made in Figure 1.

4.3. Verifying O2 as a Potential Biosignature

We propose that a potential future discovery of a positive
age–oxygen correlation would serve as additional evidence for
life on oxygen-bearing planets, even if concerns about false
positives cannot be ruled out through contextual evidence for
individual planets in the sample (e.g., Meadows et al. 2018b).
While multiple mechanisms have been proposed for the abiotic
generation of O2, none so far have been shown to produce a
positive correlation of O2 content with age. On the other hand,
such a correlation does reflect the history of biogenic oxygen in
Earth’s atmosphere, so if discovered it would suggest a similar
(i.e., biological) history for other worlds. Nevertheless, like all
proposed biosignatures, the discovery of an age–oxygen
correlation would need to be rigorously scrutinized to ensure
that no plausible abiotic evolutionary scenarios could pro-
duce it.
On the other hand, if enough planets with oxygenated

atmospheres are detected that a positive age–oxygen correla-
tion can be ruled out over gigayear timescales, this would
imply that most planets which already have oxygen acquired it
before ∼1 Gyr. An explanation would be required for why
Earth took substantially longer to become oxygenated than
most oxygen-rich planets. Such an explanation may be found
through modeling the effects of planet and stellar properties on
redox balance as discussed in Section 4.2, or perhaps through
an argument about anthropic bias (i.e., if complex and
intelligent life is more likely to evolve on planets with late
GOEs, then our planet is more likely to have had a late GOE).
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4.4. Complicating Factors for Detecting O2 or O3

We assume that O2 or at least O3 will be detectable for every
post-GOE planet, but complicating factors could make this
assumption optimistic. Clouds and hazes can mask absorption
by low-altitude gases, an issue which is expected to affect both
direct imaging and transit observations of rocky planets (e.g.,
Arney et al. 2017; Rugheimer & Kaltenegger 2018; Wang et al.
2018; Kawashima & Rugheimer 2019; Lustig-Yaeger et al.
2019). For transit spectroscopy, it could prove difficult to
disentangle the spectral features of the atmosphere from those
of the stellar photosphere (Apai et al. 2018). This may inhibit
the detection of biosignatures on planets around M dwarfs
(Rackham et al. 2018; Zhang et al. 2018; Iyer & Line 2020),
but would be a less prominent issue for FGK stars (Rackham
et al. 2019b). Detailed spectral modeling of the photosphere
may also help to resolve this degeneracy (Pinhas et al. 2018;
Rackham et al. 2019a; Wakeford et al. 2019; Iyer &
Line 2020).

We again emphasize that even in cases where O2 is difficult
to observe (e.g., due to clouds), strong O3 absorption may still
be visible. Generally, while these complicating factors may
have the effect of increasing the sample size required to detect
the age–oxygen correlation, they in principle should not
inhibit it.

4.5. Assumed Correlations

In our analysis we consider three functions to describe the
fraction of inhabited planets with oxygenated atmospheres. The
first and third functions have the following exponential form:

t= - -f t t1 exp .O2
( ) ( )

This is appropriate if we assume that every inhabited planet has
an equally small probability to undergo a GOE during each
consecutive interval of time during its history. If Earth is a
typical example, then this probability is ∼3% per 100Myr.
This case seems appropriate if the timing of the GOE is set by
changes in the biosphere, as several random and independent
evolutionary steps must occur before oxygenic photosynthesis
can become a dominant form of metabolism.

In the second case we assume a step function:

=
<


f t
t
t

1 2.2 Gyr
0 2.2 Gyr.

1O2

⎧⎨⎩( ) ( )

Under this case, every planet is an exact Earth analog and
undergoes a GOE at the same age as did Earth. While this is
unlikely to actually be correct, a step function would be the
most easily detectable correlation, so our results for this case
reflect a lower limit on the required sample sizes.

Despite the difference between the functional forms of the
first/third and second cases, the sample sizes which must be
observed to test them typically agree to within a factor of two,
suggesting that our results are relatively consistent across these
cases.

4.6. Prospects for Determining Stellar Ages

For simplicity, we assume that each planet’s age (which is
approximately the age of its host star) is known with high
precision, but this is not a true assumption for most known
exoplanets today.

It is plausible that precise (<1 Gyr) age constraints could be
achieved through asteroseismology, as demonstrated for
several Kepler/K2 planet hosts (e.g., Mathur et al. 2012;
Chaplin et al. 2014; Silva Aguirre et al. 2015; Creevey et al.
2017; Kayhan et al. 2019; Lund et al. 2019). With the same
method, the PLATO mission could allow for 10% precision age
measurements of hundreds of bright solar-type stars (Rauer
et al. 2014).
However, asteroseismic pulsations have so far proved

difficult to detect in low-mass stars despite extensive efforts
(Baran et al. 2011a, 2011b; Krzesinski et al. 2012; Baran et al.
2013; Rodríguez-López et al. 2015; Rodríguez et al. 2016;
Berdiñas et al. 2017). For now, age estimates for low-mass
stars rely on various spectroscopic and photometric relations.
For example, Burgasser & Mamajek (2017) combine several
diagnostics to determine the age of TRAPPIST-1, a well-
studied ultracool dwarf known to host multiple potentially
habitable planets (Gillon et al. 2017). Despite a thorough
analysis, the authors are only able to constrain the age of the
system with a 1σ precision of ±2.2 Gyr, demonstrating that
securing subgigayear age constraints for low-mass stars is not
feasible using existing techniques.
Provided systematic errors are minimal, age uncertainties

could be factored into a statistical correlation test. Doing so,
however, would likely increase the required sample size if the
uncertainty is much larger than the age range over which the
correlation is expected (1 Gyr). It is therefore important that
advances be made over the next two decades in the
measurement of stellar ages, particularly for low-mass stars.

4.7. Luminosity Evolution for Low-mass Stars

A potential source of uncertainty comes from the luminosity
evolution of the host star, and therefore the evolution of its
habitable zone. Habitable zone planets around low-mass stars
are the best targets for characterization through transit
spectroscopy because they produce larger relative transit
depths, are more likely to transit, and transit more often than
Earth twins around Sun-like stars. However, their host stars’
habitable zones contract significantly during the pre-main-
sequence phase, which can last for hundreds of millions of
years. Planets toward the inner edge may have regained their
habitability only after the star reached the main sequence, or
may have lost it permanently (e.g., Ramirez & Kaltenegger
2014; Luger & Barnes 2015; Tian & Ida 2015; Barnes et al.
2016).
To account for this caveat, more detailed future studies could

estimate and subtract the amount of time for which the planet
was outside of the habitable zone from its age before
performing a correlation test. In contrast, planets which have
been rendered permanently uninhabitable by the pre-main-
sequence star represent a reduction in flife, and are therefore
already factored into our analysis.

5. Conclusions

Motivated by a new generation of space missions concepts
that aim to search for atmospheric biosignatures across
statistically meaningful samples of planets, we explore how
constraints on the presence of atmospheric O2 or O3 as a
function of age could be used to study how inhabited planets
and life coevolve, and to test the robustness of oxygen as a
biosignature. A possible starting hypothesis for the evolution of
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inhabited planets is that their atmospheres evolve in a similar
manner to Earth’s. We show that this null hypothesis predicts a
strong, positive age–oxygen correlation among such worlds.
The presence of such a trend, if detected by future
observatories, could serve as additional evidence for life.

We show that by detecting or rejecting the presence of
O2—or its byproduct O3—in a sufficiently large sample of
potentially habitable planets, it will be possible to confirm this
hypothesis using statistical correlation tests—without needing
to know which planets are inhabited. To confidently detect the
age–oxygen correlation, we find that a sample size of ∼20
potentially habitable planets must be observed if ∼80% of them
are in fact inhabited. If the inhabited fraction is only ~10%,
then ∼300 planets must be observed, and if it is smaller than
∼2% then more than 1000 planets are required. These sample
sizes are similar to those predicted for ambitious space
missions proposed to launch within the coming decades.

Our results have important implications for the target
selection of future biosignature surveys which should be
considered as their missions are designed and built. Namely,
surveys which must down-select or prioritize their target lists
should favor young and old over intermediate-age stars, as
doing so could reduce the number of planets required to detect
the age–oxygen correlation by about 35%. Similarly, surveys
should avoid excluding young stars from their target lists, as
this could increase the number of planets required by a factor of
∼3. Such target selection strategies will require precise stellar
age measurements, which should be achievable for many FGK
dwarfs through asteroseismology, but are yet out of reach for
low-mass stars.

These results are also sensitive to the abundance of
abiotically-produced O2 in exoplanet atmospheres. While Earth
has no substantial nonbiological oxygen sources, it has been
proposed that a small fraction of potentially habitable
exoplanets could. If this fraction exceeds ∼10%, then many
more planets must be characterized to detect the age–oxygen
correlation.

Our study offers a promising initial analysis of the capacity
of next-generation observatories to study the oxygen evolution
of habitable planets. Future studies can expand upon this
groundwork by incorporating quantitative treatments of the
influence of planet size, composition, stellar environment, and
other factors which may impact the proposed age–oxygen
correlation. Finally, while in-depth studies of individual planets
—especially those presenting biosignatures—will be invalu-
able, statistical analyses could enable a broader understanding
of life as a universal phenomenon. We encourage that this and
other statistical hypotheses be given proper consideration as
new telescopes and instruments are being designed to
characterize the atmospheres of habitable exoplanets.
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