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Recent observations of several planet-hosting M dwarfs show that most have FUV/NUV flux ratios 1000
times greater than that of the Sun. Here we show that the atmospheric oxygen contents (O2 and O3) of
potentially habitable planets in this type of UV environment could be 2–3 orders of magnitude greater
than those of their counterparts around Sun-like stars as a result of decreased photolysis of O3, H2O2,
and HO2. Thus detectable levels of atmospheric oxygen, in combination with the existence of H2O and
CO2, may not be the most promising biosignatures on planets around stars with high FUV/NUV ratios
such as the observed M dwarfs.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Because of current observation constraints, M dwarfs are the
most promising targets in the search for habitable exoplanets
and life on such planets in the near future (Anglada-Escudé et
al., 2013). The Earth’s atmosphere remained mostly anoxic until
2.2–2.4 billion years ago (GOE), and the rise of O2 in the Earth’s
atmosphere after that time is widely accepted to be the result of
the evolution of oxygenic photosynthesis (Kasting, 1993a, 1993b).
Today the oxygen abundances in the Earth’s atmosphere are main-
tained orders of magnitude out of chemical equilibrium only by
biological activity (Des Marais et al., 2002; Kaltenegger et al., 2007;
Segura et al., 2005; Léger et al., 2011). Observationally, atmo-
spheric O2 with a mixing ratio exceeding 0.2% could be de-
tected at 0.76 μm by a future optical/near-IR (TPF-C type) mis-
sion (Kaltenegger et al., 2007), and O3 with a column density
>1017 cm−2 could be detected at its 9.6 μm band by a future
thermal IR (TPF-I or Darwin-like) mission (Kaltenegger et al., 2007;
Segura et al., 2003).

Many previous papers (Walker, 1977; Kasting et al., 1979, 1984;
Kasting, 1990, 1993a, 1993b, 1995, 1997; Rosenqvist and Chasse-
fiere, 1995; Segura et al., 2003, 2005, 2007) have been published
regarding atmospheric oxygen as a biosignature. Selsis et al. (2002)
pointed out that in an atmosphere with high CO2 content (0.2 bar
to several bars), abiotic atmospheric oxygen could build up in some
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cases but the high CO2 contents in such atmospheres mask the O3
IR features completely. Thus if the future observations of exoplan-
etary atmosphere show high abundances of CO2, abiotic oxygen
build-up is possible and the source of atmospheric oxygen, if de-
tected, should be carefully examined. A more recent paper (Hu et
al., 2012) supports the Selsis et al. results about oxygen abiotic
buildup in a dense CO2 atmosphere.

The existence of detectable levels of atmospheric O2 and/or O3
with H2O in a planet’s atmosphere with limited concentration of
CO2 (lower than 0.2 bar) is considered by some researchers as one
of the most promising biosignature for habitable planets (Léger et
al., 1996, 2011; Des Marais et al., 2002; Selsis et al., 2002; Segura
et al., 2003, 2005, 2007; Kaltenegger et al., 2007). However, atmo-
spheric oxygen contents have not been studied using realistic UV
spectra of planet-hosting M dwarfs. Most previous observations of
M dwarfs are limited to wavelengths longer than 1850 Å (Buccino
et al., 2007; Walkowicz et al., 2008), which do not include the
FUV bandpass (1170–1750 Å) or the bright Lyman-α emission line
(Linsky et al., 2013). IUE did make observations of several inactive
M dwarfs, but its sensitivity and spectral resolution were insuf-
ficient to make significant detections of FUV emission lines. The
Ly-α fluxes are completely dominated by geocoronal airglow in
these observations. The Living with a Red Dwarf program did ob-
tain integrated emission line fluxes (C III 977 Å and O VI 1032 Å)
of a few M dwarfs (Engle et al., 2009). However, no Lyman-α
(1216 Å) data were available except for 4 active M dwarfs (Wood
et al., 2005). Thus previously observed UV spectra of M dwarfs are
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Fig. 1. Upper panel: Time-averaged UV fluxes incident on a hypothetical lifeless Earth and a lifeless planet at 0.21 AU from GJ876 (France et al., 2013). The GJ876 NUV flux
between 1800 and 2200 Å is below the observation limit and is set to this value, forming the flat line in the wavelength region in the GJ876b spectrum. Lower panel: the
photolysis cross sections of 6 species in the model. H O, O , and CO photolysis is driven by FUV photons. H O , HO , and O photolysis is driven by NUV photons.
2 2 2 2 2 2 3
insufficient for computing atmospheric O2 and O3 abundances in
planetary atmospheres.

New FUV and NUV observations of 6 planet-hosting M dwarfs
by the Hubble Space Telescope show that 5 of them are strong
emitters at FUV wavelengths but weak emitters at NUV wave-
lengths and one of them GJ1214 remains undetermined because
of large signal-to-noise ratio (France et al., 2012, 2013). For GJ876,
the time-averaged integrated energy flux in Lyman-α on a planet
at 0.21 AU (the outer part of the habitable zone of M dwarf GJ876)
is 2 times that received by the Earth; but at NUV wavelengths,
the Earth receives more than 2000 times the flux incident on the
GJ876 planet. Even for GJ1214, which displays only weak (possibly
intermittent) FUV and NUV radiation, its FUV/NUV ratio appears to
be at least 500–600 times that of the Sun, albeit with large uncer-
tainties (France et al., 2013).

FUV photons, originating in stellar chromospheres and tran-
sition regions, dissociate CO2 to produce atomic oxygen. 3-Body
recombination of atomic oxygen can form O2; 3-body recombina-
tion reaction between atomic oxygen and O2 can form O3. From
this perspective FUV photons are net sources of atmospheric oxy-
gen. NUV photons (1750–3200 Å), originating in both stellar pho-
tospheres (the continuum part) and chromospheres (the emission
lines), dissociate O3, H2O2 and HO2 and other species but not CO2.
Thus high FUV/NUV photon flux ratio could have significant impli-
cations for the atmospheric composition of planets. In this work
we study this effect using a 1-D photochemical model.

2. Model descriptions

We apply the observed FUV and NUV spectra of GJ876 to a 1-D
photochemical model (Tian et al., 2010, 2011) to study the pho-
tochemistry of a hypothetical abiotic Earth-mass planet near the
outer edge of the habitable zone of GJ876. The FUV/NUV ratios
of other observed weakly active M dwarfs are similar to that of
GJ876. Thus we do not expect our conclusions to change signifi-
cantly when using the UV spectra of other observed M dwarfs. For
comparison, we also model an abiotic Earth using the current solar
FUV and NUV data. Fig. 1 shows the FUV and NUV energy fluxes
incident on the top of the atmospheres, as well as the absorption
cross sections of 6 species.

Our model contains 52 long-lived species, 27 short-lived spe-
cies, and 434 chemical reactions. The atmospheric eddy diffusivity
and density profiles are identical for the GJ876 and the lifeless
Earth models. To discuss the influence of different temperature
profiles on the results, we use three temperature profiles corre-
sponding to surface temperatures of 275, 288, and 298 K. In the
remainder of this paper, the results using 288 K surface tempera-
ture will be discussed when the temperature is not specified. The
details of the species, boundary conditions, reactions, and profiles
are included in the supplemental material.

For both planetary atmospheres, we use a fixed volcanic out-
gassing H2 flux of 2.5 × 1012 mol H2/yr, or 1010 H2 molecules
cm−2 s−1, a value appropriate for the modern Earth (Tian et al.,
2005), and set the H2 surface deposition velocity to zero, reflecting
the lack of consumption by organisms on the two lifeless plan-
ets. Hydrogen escape to space is assumed to be diffusion-limited
(Walker, 1977). Lightning is ignored for simplicity. To fully account
for the dissociation of CO2 and the transport effect of ozone, we in-
clude both in the model as long-lived species. Rainout and surface
deposition of most oxidizing and reducing species are treated the
same way as in previous works (Tian et al., 2010, 2011). For CO,
we applied a fixed deposition velocity of 10−6 cm/s at the surface,
suitable for an ocean in which CO reacts with the oxidizing species
deposited from the atmosphere. The O2 deposition velocity is set
to equal to that of CO, consistent with their similar diffusivities
and Henry’s law constants.

In this work we ignore the burial of organics, which should help
to increase the atmospheric oxygen content. In addition to H2 out-
gassing, ferrous iron released from the interior of the planet is a
source of reducing power to the atmosphere–ocean system. For the
modern Earth, the global ferrous iron flux from hydrothermal sys-
tems (Kump and Holland, 1992) is 2.5 × 1010 mol Fe/yr, or 1.6 ×
108 cm−2 s−1, and the upper limit for the iron deposition rate on
early Earth is 3 × 1012 mol Fe/yr, or 1.2 × 1010 cm−2 s−1, derived
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Fig. 2. Redox budget of the atmosphere–ocean system. In the atmosphere, the out-
gassing of hydrogen, rainout of oxidizing species, and release of hydrogen from the
ocean are sources of reducing power (red color), while the escape of hydrogen and
rainout of reducing species are sinks of the atmosphere’s reducing power (blue
color). In the ocean, ferrous iron from hydrothermal systems and rainout of reduc-
ing species from the atmosphere are sources of reducing power, while the rainout
of oxidizing species and release of hydrogen from the ocean into the atmosphere
are sinks of the ocean’s reducing power. Burial of organic matters is ignored which
could further increase atmospheric oxygen content if included in the redox bud-
get. The ocean redox budget was not included in previous models, except that of
Kharecha et al. (2005). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

from the Hamersley BIF (Holland, 2006). Atmospheric to ocean O2

fluxes of 2.5 × 107 cm−2 s−1 and 2 × 109 cm−2 s−1, respectively,
are needed to oxidize these ferrous iron inputs (note that 1 mol of
O2 consumes 2 mol of H2 via the reaction 2H2 +O2 → 2H2O, while
3 mol of ferrous iron generates 1 mol of H2 when oxidized to mag-
netite: 3FeO + H2O → Fe3O4). These fluxes are much smaller than
the model predicts for O2 deposition fluxes in the GJ876 UV case.

Most previous models only considered the redox balance of the
atmosphere (Segura et al., 2003, 2005, 2007; Tian et al., 2010,
2011). The oceanic redox balance was considered for an Archean
Earth with an active marine biosphere (Kharecha et al., 2005). In
the present work, we consider the redox balances of both the
atmosphere and the ocean. As shown in Fig. 2, the volcanic out-
gassing of hydrogen (ΦVolc) and the rainout of oxidizing species
from the atmosphere (ΦOxi) are the sources of the reducing power
of the atmosphere, while the escape of hydrogen (ΦEsc) and the
rainout of reducing species (ΦRed) are the sources of the atmo-
sphere’s oxidizing power.

In addition to the rainout of reducing and oxidizing species
from the atmosphere to the ocean, our model includes ferrous iron
injection from hydrothermal systems into the ocean and the re-
lease of reducing gases back to the atmosphere. The rainout of
reducing species from the atmosphere and the ferrous iron injec-
tion are sources of the ocean’s reducing power, and the rainout
of oxidizing species is a sink of the ocean’s reducing power. On a
geological timescale, the redox balance in the ocean cannot be sat-
isfied automatically by these terms. Thus in order to reach long
term ocean redox balance, an upward flux (ΦOcean) of reducing
gases (in the form of H2) is added at the lower boundary of the
atmosphere model with the value equal to the difference between
the ferrous iron flux and the rainout fluxes. The same ocean release
flux is included in the atmospheric redox budget calculations.

We carried out simulations with a 1 bar surface pressure. At-
mospheric CO2 concentration is between 1 and 10%. More details
are provided in the supplemental material.
3. Results and discussions

High O2 and O3 contents are obtained for the UV radiation
input from GJ876 but not for the Sun. Fig. 3 shows the typical
profiles of O2, O3, CO, and CO2 (fixed to 5% at the surface) in the
two cases. In the solar UV case, the calculated O2 mixing ratio de-
creases from 10−3 at 60 km altitude to 10−17 at the surface, and
the O2 vertical column density is 3.7 × 1019 cm−2, similar to the
results in previous papers (Segura et al., 2007). In contrast, the O2
mixing ratio in the GJ876 UV case remains ∼0.4% everywhere be-
low 70 km, and the O2 vertical column density is ∼8 × 1022 cm−2.
The calculated O3 vertical column density is 1.5 × 1015 cm−2 in
the solar UV case and 3.6 × 1017 cm−2 (240 times larger) in the
GJ876 UV case. Using the UV spectrum of GJ876 clearly increases
atmospheric oxygen content.

In order to understand the mechanisms, in the following table
we compare the photolysis J values (the rate coefficient at which
photolysis occurs for a certain species) at the top of the atmo-
sphere (TOA) of several key species in the solar and GJ876 UV
models. It is clear that the main effects of using the GJ876 UV
spectrum is to decrease the photolysis of O3, H2O2, and HO2.

JCO2

(s−1)
JO2

(s−1)
JO3

(s−1)
JH2O

(s−1)
JH2O2

(s−1)
JHO2

(s−1)

Solar 1.5E−7 2.6E−6 6.8E−3 7.8E−6 7.8E−5 5.0E−4
GJ876 1.9E−7 2.5E−6 4.3E−5 8.4E−6 7.3E−7 1.3E−6

To further test the effects of different photolysis efficiencies of
O3, H2O2, and HO2 on our results, we carried out sensitivity tests
in the 5% CO2 + 288 K surface temperature case using the GJ876
UV spectrum but artificially increasing the photolysis J values of
O3, H2O2, and HO2 by factors of 100, 100, and 500, respectively.
When we increase only JO3 , the O3 content decreases 30 times but
the O2 content decreases only 50%. When we increase JH2O2 and
JHO2 at the same time, O3 decreases by 3 orders of magnitude and
O2 decreases by 30 times. On the other hand, when we inhibit the
photolysis of O3, H2O2, and HO2 in the solar UV case, high oxygen
contents similar to those in the GJ876 UV cases are obtained.

These sensitivity tests suggest that although enhanced O3 pho-
tolysis decreases O3 in the GJ876 UV model, it does not influence
the O2 content significantly. Slow H2O2 and HO2 photolysis is the
fundamental reason for the high oxygen content in such an at-
mosphere. As shown in the lower panel of Fig. 1, while the cross
sections of CO2 and O2 are significant only in the FUV region, the
cross sections of O3, H2O2, and HO2 are significant in the NUV,
where the solar and GJ876 UV spectra differ most.

Both H2O2 and HO2 photolyses are sources of OH radicals. Selsis
et al. (2002) investigated the following catalytic oxygen loss mech-
anism involving HO2:

(1) CO +OH → CO2 +H

(2) H +O2 + M → HO2 +M

(3) O +HO2 → O2 + OH
− − − − − − − − − − − − − − − − −

CO +O → CO2

For H2O2, similar but less efficient catalytic oxygen loss mecha-
nism can be written:

(1) CO +OH → CO2 +H

(2) H +O2 + M → HO2 +M

(4) O +H2O2 → HO2 +OH

(5) HO2 +HO2 → H2O2 +O2
− − − − − − − − − − − − − − − − −

CO + O → CO
2
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Fig. 3. Atmospheric profiles of O2 (dashed), CO (dotted), CO2 (solid curves on the right in both panels), and O3 (solid curves on the left in the right panel) for abiotic
Earth-mass planets around the Sun and GJ876. Atmospheric CO2 levels are set to 5% at the surface on both planets. The O3 mixing ratios in both panels are multiplied by a
factor of 3000.
Thus slower photolysis of HO2 and H2O2 decreases the avail-
ability of OH, which in turn slows down these catalytic oxygen
loss mechanisms. All previous works (Selsis et al., 2002; Segura
et al., 2003, 2005, 2007) use either increased or decreased total
UV fluxes but did not consider a much higher FUV/NUV ratio than
that of the Sun. The effect of the combination of rapid CO2 pho-
tolysis with slow H2O2 and HO2 photolysis on atmospheric oxygen
contents were not studied.

Fig. 4 shows column densities of atmospheric O2 and O3 (mul-
tiplied by 105) in the GJ876 UV model as functions of CO2 con-
centrations, regulated by surface and atmospheric temperature. We
used three temperature profiles, corresponding to surface tempera-
tures of 275 (colder climate), 288, and 298 K (warmer climate), re-
spectively, as shown in the supplemental material. The water vapor
content in the warmer climate case is orders of magnitude greater
than that in the colder climate case (shown in the supplemental
material). The upper solid and dashed curves are for the colder
climate and the lower ones are for the warmer climate. Because
photolysis of H2O produces H and OH radicals which remove O2,
it is more difficult to accumulate oxygen in a warmer and wetter
atmosphere (thus more water vapor). But in all cases the oxygen
contents increase with CO2 concentrations because H2O photolysis
could be reduced by an increased content of atmospheric CO2.

Our hypothetical GJ876 planet is placed in the outer part of
the habitable zone, while planets in the inner part of the habit-
able zone receive a higher dosage of UV photons and should have
faster photochemistry. Doubling the input FUV and NUV fluxes in
the GJ876 UV case for 5% CO2 + 288 K surface temperature in-
creases the O2 and O3 column densities to 1.3 × 1023 cm−2 and
5.7 × 1017 cm−2, respectively, both of which are factors of 60%
larger.

On the geological timescale, a planet’s atmospheric CO2 content
is linked to the planet’s climate (warmer climate favors conver-
sion of silicates to carbonates and the reduction of atmospheric
CO2, colder climate favors an increase of atmospheric CO2; Walker,
1977). Therefore, planets in the inner part of a habitable zone
should have less atmospheric CO2 than those in the outer part.
Thus planets in the outer part of the habitable zones of M dwarfs
may accumulate higher amount of O2 and O3 in their atmospheres
than planets in the inner habitable zones. Whether or not this
trend is reversed by the different UV dosage reaching the plan-
ets depends on the UV brightness and particular spectral shape of
the central star.

Because we do not have the capability for calculating a trans-
mission or a thermal emission spectrum, we rely on the re-
sults of previous published works, which show that an O2 con-
centration of 0.2% and O3 column density between 1017 and
1018 cm−2 in exoplanetary atmospheres with 0.01 bar CO2, sim-
ilar to that on early Earth at 2 Ga, are detectable by future mis-
sions to search for life on exoplanets (Kaltenegger et al., 2007;
Segura et al., 2003), provided that the atmospheric CO2 content
is low (Selsis et al., 2002). The calculated O2 contents in the GJ876
UV model exceed 0.2% by a safe margin. Therefore, positive detec-
tions of O2, H2O and CO2 in the atmospheres of habitable planets
around stars with high FUV/NUV ratios do not necessarily imply
the existence of life. Detectable levels of O2 but not O3 were ob-
tained in Selsis et al. (2002) for both dry and humid atmospheres
without Earth-like rainout and outgassing rates. Our work focus
on Earth-like conditions. Selsis et al. (2002) also obtained high O3
contents in CO2-dominant atmospheres. By comparison, the calcu-
lated O3 contents in our work are for N2-dominant atmospheres
and thus could be detectable. Future spectral analysis is needed to
determine whether the combination of O3, H2O and CO2 is a true
biosignature, as proposed by Selsis et al. (2002), around stars with
high FUV/NUV ratios.

The readers are cautioned that our calculations are appropri-
ate for habitable planets with Earth-like environments. Not all
exoplanets in their habitable zones have similar hydrological and
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Fig. 4. Atmospheric oxygen contents as functions of CO2 concentrations under different surface temperatures. The diamond symbols represent the specific cases modeled. The
solid and dashed curves are for O2 and O3 (multiplied by 105) column densities, respectively. The upper solid and dashed curves are for 275 K surface temperature cases,
representing colder and drier climates, and the lower ones are for 298 K surface temperatures, representing warmer and wetter climates. The middle curves are for surface
temperature of 288 K, the global average surface temperature of present Earth.
outgassing activities as those of the Earth. Thus even if the abi-
otic oxygen contents for some particular set of parameters is low,
this does not prove that a high oxygen content is a 100% reliable
biosignature. Thorough studies of environmental parameter space
such as those in Selsis et al. (2002) are needed to support this
claim. On the other hand, to find a “false positive” result for only
one exoplanet with plausible hydrological and outgassing activi-
ties, for which the Earth’s rainout and outgassing rates are at least
realistic choices, would be adequate to claim that such a biosig-
nature is not 100% reliable. It is noted that the coupling between
the visible-NIR irradiance of the star and the planet’s atmospheric
thermal profile might impact the results by strongly affecting the
efficiency of the tropospheric cold trap and thus the amount of
water vapor in the stratosphere.

Because high CO2 content favors high abiotic O2 and O3 con-
tents, quantitative determination of CO2 in exoplanetary atmo-
spheres through observations can provide insights concerning the
origin of the observed oxygen. Our simulations also show that
whenever high abiotic atmospheric O2 and O3 appear, high CO
contents also appear in the atmosphere. Thus the determination
of CO abundances in habitable exoplanetary atmospheres could
provide constraints on the origin of observed oxygen. In this as-
pect, ground-based high resolution NIR spectroscopy could be use-
ful (de Kok et al., 2013). Because of the importance of FUV and
NUV radiation in driving oxygen photochemistry, observations of
the FUV and NUV spectra of planet-hosting stars are critical. A ro-
bust claim for the detection of biosignatures in exoplanetary atmo-
spheres requires the combination of observations and photochem-
ical models.

4. Conclusions

Until now, the combination of O2 and/or O3, H2O, and CO2
in the atmosphere of a rocky planet in the habitable zone has
been considered the most promising biosignature, especially when
considering Earth-like hydrological and outgassing activities. But
previous models have not included realistic FUV/NUV flux ratios
from planet-hosting M dwarfs. We find that the inclusion of real-
istic UV fluxes from such stars calls into question the reliability of
this combination of molecules as a biosignature.

Recent observations of 6 planet-hosting M dwarfs unambigu-
ously show that most have FUV/NUV ratios 3 orders of magnitude
larger than that of the Sun. We show here that slow H2O2 and
HO2 photolysis, driven by this unique combination of UV spectra,
weakens the catalytic oxygen loss mechanisms in planetary atmo-
spheres. As a result, the atmospheric O2 content on a habitable
but lifeless planet with Earth-like hydrological and outgassing ac-
tivities could accumulate to levels detectable by future missions
that search for life when the central star has a high FUV/NUV ratio
similar to those of the recently observed planet-hosting M dwarfs.
O3 photolysis in such a UV environment is also reduced and the at-
mospheric O3 content on a lifeless habitable planet with Earth-like
hydrological and outgassing activities increases by 2–3 orders of
magnitude in comparison with that in solar EUV environment. The
detectability of O3 in such a case requires further spectral analysis.

Despite the potential ambiguity regarding atmospheric oxygen
as a reliable biosignature, the search for life on exoplanets could be
helped by the combination of (1) a quantitative determination of
planetary atmosphere composition (H2O, CO2, and CO in addition
to oxygen), (2) medium-to-high resolution stellar UV spectrum,
and (3) appropriate photochemistry modeling of the planet’s at-
mosphere.
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