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Abstract. Darwin (ESA) and Terrestrial Planet Finder-TPF (NASA) are two projects of space telescopes aiming
at the detection of extra-solar terrestrial planets and some of their atmospheric components. In particular, they
will be sensitive to the 9.6 pym band of O3 which may be the signature of an Ogz-rich atmosphere produced
by photosynthetic life forms. In this paper, we point out that Oz, and hence O3, can also be produced by
photochemistry and we investigate the risk of “false positive” detection of life incurred by these missions. For this
purpose, we have developed new photochemical and radiative-convective models of terrestrial planet atmospheres.
By modelling the photochemistry of some realistic atmospheres, (including present and past Earth and Mars) we
show that Os-rich atmospheres (up to 5%) and IR absorbing O3 layers can build up without life from H2O and
CO2 photolysis. However, Darwin can still provide a reliable way to detect, through their mid-infrared signatures,
ecosystems which have developed oxygenic photosynthesis. Indeed, the two photochemical sources of O3 are shown
to interfere with each other; second, when the CO2 pressure is high enough (>50 mbar) to produce appreciable
amounts of Oz and Os, it also masks the O3 feature; and third, the by-products of HoO photolysis destroy Os. As
a result, whereas the unique detection of Oy remains ambiguous, the simultaneous infrared detection of Og, CO2
and H»O, provided by Darwin, is established to be a robust way to discriminate photochemical O production
from biological photosynthesis: none of the atmospheres modelled exhibits this “triple signature”, even in the

most extreme “high risk” cases.
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1. Introduction

Two space projects, Darwin (Léger et al. 1996) and TPF
(Beichman et al. 1999) are presently under study to search
for terrestrial exoplanets and signatures of life in their at-
mosphere. Molecular oxygen Os and the closely related
species ozone O3 will be looked for as tracers of oxygenic
photosynthesis, by analogy with Earth. We address here
the question of the real meaning of O5 and Og detections
on a planet, and the possibility of “false positive detec-
tions” (i.e. cases where abiotic (photochemical) processes
might mimic the biogenic production of Oy and Og). Our
purpose is to answer the following questions:

— What level of atmospheric Oy can be built up in the
absence of life from photochemical processes?

— Can abiotic O4 results in a detectable signature of Og
in the mid-infrared range (5-20 pm)?

— Can we unambiguously identify in those cases the abi-
otic origin of Os and Og3?

Send offprint requests to: F. Selsis,
e-mail: selsis@observ.u-bordeaux.fr

To investigate the risk due to abiotically produced Os,
we have selected three types of atmospheres, which
present one or both of the main photochemical pro-
cesses for its production: photodissociation of COs and
H50. These types are humid CO5 dominated atmospheres
(cases A-D), dry COq atmospheres, (E, F) and a humid
atmosphere with permanent water supply and hydrogen
escape (G).

The first type we will consider is CO5 dominated at-
mospheres with water vapor rising from a moist saturated
surface. This very important case is believed to correspond
to the early stages of the atmosphere of all the three terres-
trial planets Venus, Earth and Mars. It also includes Mars
at the present time, and a possible future, terraformed
state of this planet. We will study 4 cases with Pco, from
6 to 3200 mbar. Sensitivity of the model to the parameters
and processes included was checked in case A (Mars).

The second type is a dry COs atmosphere. We consider
this type because, due to the lack of chemical destruction
path using the OH radical, it is expected to maximize
the abiotic Oy and Ogs production as compared to the
humid COs atmosphere. This case is the most favorable
for abiotic O production. The 2 cases considered are for
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Pco, = 4000 (large Oz content) and 50 mbar (compromise
between Oy production and Oz detectability).

The third case, suggested by J. Schneider, is an at-
mosphere with a permanent HoO influx at high altitudes,
where water photolysis can occur. When this delivery, pro-
vided by comets or small ice particles of cometary origin,
is associated with hydrogen escape, this can lead to an Og
accumulation.

After reviewing the cases of abiotic Og and O3 produc-
tion in the solar system today, we present the CO5 and
H>O photodissociation processes responsible for it, and
the sources of CO2 and H2O in the present and the past
of the terrestrial planets (Sect. 3.3). The numerical tools
developed to study these present and past atmospheres of
terrestrial planets in the solar system and around other
stars are described in Sect. 4: the photochemical model
PHOEBE and the infrared spectrum computation tool
LWT. The results of our simulations are presented Sect. 5.

Two processes not taken into account in previous
works prove to be important: the retroaction of chemistry
on the vertical temperature profile, and the disappear-
ance of the ozone mid-IR signature for high Pco, (above
~50 mbar). These results are discussed in Sect. 6 with
respect to the remote detection of life signatures through
Darwin or TPF. We conclude from these results that the
real risk of “false positive” detection of ecosystems ap-
pears very limited, which makes the triple O3-H20-CO4
IR signature a robust indicator of life.

2. Observational search for exoplanets
and signatures of life

The existence of other planetary systems, discussed al-
ready by ancient greek philosophers, has only been proved
very recently, first around pulsars (Wolszczan & Frail
1992), then around solar type stars (Mayor & Queloz
1995). In this latter case, the discovered planets are mas-
sive (of the order of a Jupiter mass) and likely to be gi-
ant gaseous planets, which at least proved to be the case
for HD 209458b (Charbonneau et al. 2000). Up to now,
76 planets with masses above 0.2 Jupiter mass have been
found around 68 main-sequence stars'. Recently, the dis-
covery of 15 “free floating” massive planets (i.e. not orbit-
ing around a star) has been announced in a star forming
region (Zapatero Osorio et al. 2000).

The search for smaller planets of terrestrial type rises
considerable scientific and philosophical interest, but is
technically much more difficult. Among the ambitious
projects aimed at their detection, the space observatories
under study by ESA (Darwin; Léger et al. 1996) and by
NASA (TPF; Beichman et al. 1999) are based on direct
detection in the near infrared through a “nulling inter-
ferometer” (Bracewell 1978). Other concepts for indirect
search of terrestrial planets are the space projects Corot
(Rouan et al. 1998), Eddington (Deeg et al. 2000) and
Kepler (Borucki et al. 1997).

! See nhttp://www.obspm.fr/encycl/encycl.html for an
update
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As soon as photons coming from the planet can be
distinguished from those coming from the star, a spectral
analysis is feasible within the available signal-to-noise ra-
tio. The physical and chemical properties of the planets
and their atmosphere can be studied. The recent detec-
tion of the atmosphere of a “hot Jupiter” in absorption
during a transit is the first spectral information gained
on the atmosphere of an exoplanet (Charbonneau et al.
2001). As life on Earth has strongly modified the planet
(atmosphere, oceans, surface), can we use this fact to dis-
tinguish spectroscopically the presence of similar life on
another planet? In the particular case of Earth, O, is fully
produced by the biosphere: less than 1 ppm coming from
abiotic processes (Walker 1977). In a famous paper, Sagan
et al. (1993) analyzed a spectrum of the Earth taken by the
Galileo probe, searching for signatures of life. They con-
clude that the large amount of O5 and the simultaneous
presence of CHy traces is suggestive of biology. Moreover,
the detection of a widespread red-absorbing pigment with
no plausible mineral origin supports the hypothesis of bio-
photosynthesis. Owen (1980) suggested to search for O
whereas Angel (1986) has suggested to consider rather Og
and its signature in the mid-infrared range around 10 pm.
Paetzold (1962) and Léger et al. (1993) have investigated
the feature of O3 as a tracer of O5 in the atmosphere of ex-
oplanets. This concept is at the root of the spectroscopic
design of Darwin, as proposed to ESA by Léger et al.
(1996), and of TPF (Terrestrial Planet Finder, Beichman
et al. 1999).

For Darwin, all the volatile ingredients and products
of oxygenic photosynthesis lead, directly or indirectly, to
infrared spectral signatures in the instrument’s window:

2H50* + CO2 + photons — CH0 + H2O + O3.

(As pointed out by the asterisks, photosynthetic O9 is
made of oxygen atoms extracted from water.)

The absorption lines of H,O, CO5 and, as a tracer of
the oxygen, O3, will be simultaneously searched for: this is
what we call the triple signature. For the project TPF, an
alternative option is to search for Os in the visible range
(Nisenson & Papaliolios 2001).

To validate the concept of Darwin and TPF with re-
spect to the search for extraterrestrial life, it is compul-
sory to understand both the risk of a “false positive” re-
sult (where an abiotic process is mistakenly interpreted
as a signature of life) and of a “false negative” result
(when a planet contains life forms but does not produce
any characteristic signature). When using the criterion
of Oy or Og, false negative cases are clearly possible: on
Earth itself, almost 2 Gyr are thought to separate the first
traces of life —3.7 Gyr BP (before present) (Rosing 1999)
and maybe earlier (Mojzsis et al. 1996) — from the epoch
where O4 has reached detectable levels in the atmosphere
— 2.3-1.9 Gyr BP (Holland 1994). Furthermore, even
oxygen-rich atmospheres can fail to lead to a detectable
signature of ozone in the Darwin spectra (Selsis 2000a,
2002).
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3. 02 and O3 in abiotic conditions

The problem of abiotic production of O with regard to
the relevance of Os as a tracer of life has been addressed by
several previous authors. Léger et al. (1999) have rejected
the hypothesis of an oxygen-rich atmosphere from infalling
comets, answering questions stressed by Noll et al. (1997).
Ollivier (1999) proposed to search simultaneously for HoO
and Os. Schindler & Kasting (2000) have discussed the
false positive problem in the frame of radiative transfer
computations of IR methane and ozone lines, but without
modelling the photochemical production of these species.
The work of Kasting (1988) on the evolution of Venus at-
mosphere stresses a case where an atmosphere can tran-
siently be rich in Og through abiotic phenomena whereas
having both HoO and COg present in detectable quan-
tities. Chassefiere & Rosenqvist? (1995) made a pioneer
study of Os production rates in CO; dominated humid
atmospheres, and applied it to early stages of Mars. A
preliminary report of the present work and questions re-
lated to Darwin have been published by Selsis (2000a).
Details of the model are described by Selsis (2000b).

Apart from the Earth, Os is present in the atmosphere
of other bodies of the Solar System (Sect. 3.1). In all cases
its presence can be attributed to abiotic processes, mainly
COg2 and H30 photodissociation (Sect. 3.3).

3.1. O, and Oy in the solar system today
3.1.1. Venus

The oxygen airglow emission has been observed in the
visible (dayglow: Connes et al. 1979; nightglow: Slanger
et al. 2001) and in the 1.27 pum band (Connes et al. 1979).
However it is not possible to estimate the Oy column den-
sity from these observations. Indeed, this IR airglow arises
from the decay of O2(*A) which can be produced by sev-
eral processes: Og photolysis, atomic oxygen recombina-
tion, reaction of O3z with Cl radicals. Several attemps to
detect Oy allowed to infer upper limits on its abundance,
equivalent to uniform mixing ratios of 2 x 1076 (Traub &
Carleton 1974) and 3 x 10~7 (Trauger & Lunine 1983).
Two in situ measurements by Pioneer Venus gave surpris-
ing mixing ratios: (4.4 +2.5) x 107> at 52 km altitude,
and (1.6 +0.7) x 107° at 42 km (Oyama et al. 1980);
but these detections have been discounted by several au-
thors (von Zahn et al. 1983; Krasnopolsky & Zahn 1986).
Recently, Mills (1999) gave an upper limit of 3 x 1076 for
the O mixing ratio above the 300 mbar level.

3.1.2. Mars

Molecular oxygen was first detected by Barker (1972)
by the Doppler-shifted 760 nm lines and the same year
by Carleton & Traub (1972). Using the same method,
Trauger & Lunine (1983) inferred a more precise estima-

2 See also the commentary to this work done by Kasting
(1995).
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Table 1. Observations of Oz and O3 in the solar system. For
the martian atmosphere, equivalent mixing ratios are calcu-
lated with a mean total column density of 2.08 x 10%** cm™?
corresponding to a mean surface pressure of 5.6 mbar. (x) The
surface mixing ratio was measured by Viking at a 7.5 mbar
pressure.

species and column density equivalent

references cm™? mixing ratio
Mars

(02 (x10%)

Barker (1972) (2.6 +0.2) 0.0012

Carleton & Traub (1972) (2.8 £0.3) 0.0013

Trauger & Lunine (1983) (2.3 +£0.1) 0.0011

Owen et al.

(Viking — in situ) (1977) 0.0013 (x)

(02 (x10") (x107%)

Espenak et al. (1991) 40£1.3 1.9

Clancy et al. (1999) 5.4—-10.8 2.6—5.2
Venus

O : Mills (1999) - <3 x107°

Icy satellites
Ganymede (G), Europe (E), Rhea (R), Dione (D)

Atmospheric O2 (x10')

Hall et al. (1998) 2.4-14 (G) -
1-10 (E) -

O; trapped in ice (x10'%)

Noll et al. (1996) 45 (G) -

Noll et al. (1997) 16 R&D) -

tion of the mean O5 column density. In situ measurements
made during the Viking mission reported a mixing ratio
of 0.13% at the surface (Owen et al. 1977), consistent with
remote observations.

In the 70’s, the first measurements of ozone where
made with the Mariner probe in the reflected UV spec-
trum of Mars (Barth et al. 1973 and Wehrbein et al.
1979) and from Earth through the IR airglow of Oa(*A)
(Noxon et al. 1976; Traub et al. 1979). They reported a
non uniform geographic distribution which is due to sur-
face pressure variation with topography and also to the
distribution of water vapor. Indeed, water vapour is dis-
tributed according to the temperature and its photolysis
by-products efficiently destroy Os. Observations covering
the middle latitudes lead to a mean O3 column density of
(4.0 & 1.3) x 10*® cm=2 (Espenak et al. 1991). HST ob-
servations showed some strong temporal variations linked
with the amount of aerosols in the atmosphere (Clancy
et al. 1999). O3 column density reached up to 1016 cm=2
when the aerosol level was particularly low.

3.1.3. lcy satellites

The observation of the UV airglow of the Jupiter’s moons
Europa and Ganymede revealed the existence of tenuous
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oxygen atmosphere (Hall et al. 1995, 1998). The O,
column densities inferred from these measurements are
(2.4—14) x 10'* cm~? for Europa and (1—10) x 10'* cm =2
for Ganymede. These Oy atmospheres are produced by the
interaction of charged-particle radiations with water ice,
and were predicted by previous studies (Johnson 1990).
The icy surfaces of the two satellites are exposed to the
strong radiation environment of the inner Jovian magne-
tosphere. The sputtering of the ice releases atoms and
molecules. Hydrogen escapes rapidly and an oxygen at-
mosphere remains. An unexpected result was the detec-
tion, on Ganymede, of the infrared signature of condensed
O, trapped in the water ice and probably also due to
the ion bombardment (Spencer et al. 1995). The quan-
tity of O within the surface is not well estimated because
one does not know whether the oxygen is solid, liquid or
trapped in high pressure gas bubbles (Baragiola & Bahr
1998; Johnson 1999).

O3 was first identified on Ganymede (Noll et al. 1996)
and then on Saturn’s moons Rhea & Dione (Noll et al.
1997). The O3 column density estimated is 4.5 x 106 cm 2
for Ganymede and (1-6) x 10 ecm~2 for Rhea and
Dione. The ozone observed cannot be produced photo-
chemically in the atmosphere because this would imply
a ratio [O3]/[02] = 107*-1073 which is not consistent
with the atmospheric oxygen column density nor with
the total density estimated by occultation. The icy satel-
lites exposed to a strong radiation that can be due to
a magnetospheric environment seem to build up an Os-
O3 “atmosphere” embedded within the surface (Johnson &
Jesser 1997).

3.2. Photochemical production of O, and O3
on terrestrial planets from CO, and H,O

Apart from the Earth, where Oy is abundant and quasi-
exclusively produced by living bodies, O is also present
in small amounts on other bodies of the solar system (see
Table 1). The two main processes likely to produce de-
tectable quantities of atmospheric O on terrestrial plan-
ets in the absence of life are the photodissociation of CO2
and HyO by stellar UV photons. CO2 and HyO are impor-
tant constituents of the present or past atmosphere of the
terrestrial planets Venus, Earth and Mars (see below).

In the atmospheres of Venus and Mars, the photolysis
of CO, is a source of atomic O. The 3-bodies reaction
which rebuilds COs is:

CO+0+M— COy +M
k1(T) = 3.5 x 6.5 x 10733 exp(—2180/T) cm® s~ 1.

It is much slower than the reaction that forms molecular
oxygen:

O+0+M— 0y +M
ko(T) = 3.6 x 8.6 x 10722 T2 cmCs~ 1.

(Yung & Demore 1999, except for the underlined coef-
ficients which account for the mature of the third body
(M = COs): Warnatz 1984; Tsang & Warnatz 1986.)
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The ratio ko/k; is in the range [6 x 10*—2 x 10°] in
the stratosphere of Venus and [2 x 10°—107] in the at-
mosphere of Mars. In both cases the presence of photo-
chemically produced O3 is expected. Photochemistry can
account for the small quantities of Oz and/or O3 detected
in the atmosphere Mars as modelled below (5.1.1).

3.3. Sources of abiotic oxygen: CO» and H, O
on present and past terrestrial planets

In all terrestrial planets, the history of COs and HsO
are closely related. The composition of their early atmo-
spheres favored by current theories is “neutral” or weakly
reducing: CO2-H20-N2 or CO-H30-N3 (Kasting 1993)
with possible low levels of methane due to a highly reduc-
ing upper mantle (Pavlov et al. 2000). This composition is
very different from the reducing atmospheres (NHs, CHy,
Hs, ...) used in former planetary models as well as in most
of the Miller-type laboratory experiments simulating the
production of organic compounds in the atmosphere.

3.3.1. CO5 and H>0 on Earth

COg is only a minor constituent of present day Earth at-
mosphere (0.03% or 0.3 mbar). Besides very recent human
activity, the main phenomena affecting the COs content
are its release by volcanoes and its precipitation as carbon-
ates in the ocean, partly by microorganisms. Precipitated
carbonates are recycled to the mantle through plate tec-
tonics. On the early Earth, several arguments point to-
ward a much larger abundance. The estimated amounts of
COs trapped in the mantle and the crust are respectively
equivalent to 150 and 60 bars (Zhang & Zindler 1993).
The latter reservoir is mainly made of carbonates; their
formation requires the presence of liquid water, emerging
lands (continents) and calcium-rich rocks. In these con-
ditions the weathering dissolves calcium ions and leads
to the formation of CaCOgs. All these factors — life, wa-
ter, continents, calcium salts (the early mantle was rich
in sodium rather than calcium salts) — were absent or less
favourable at the beginning of Earth history, suggesting
a much lower rate of COs precipitation as carbonates.
On the other hand, mantle outgasing is thought to have
been more efficient, releasing either volatiles from late ac-
cretion (chondritic or cometary material, Dauphas et al.
2000), especially COz, HoO and CO, or recycling the first
carbonates through juvenile plate tectonics. These argu-
ments point to a higher CO4 content of the early Earth’s
atmosphere. However the reader should consult the recent
work of Zahnle & Sleep (2001) about the evolution of car-
bon reservoirs where they estimate that atmospheric CO»
was buffered to low levels.

The presence of liquid water on Earth is attested as
early as —4.3 Gyr (Mojzsis et al. 2001) and even —4.4 Gyr
(Wilde et al. 2001) as it is required for the formation of the
oldests pieces of rocks known: zircon crystals. The oldest
sediments are from the Isua Supergroup, Greenland, and
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have been dated 3.8 Gyr BP. Liquid water is another argu-
ment for COs in the atmosphere, as the presence of an ef-
ficient greenhouse gas is required on the Earth to compen-
sate for the lower luminosity of the young Sun (faint young
Sun paradoz, Sagan & Mullen 1972; Kasting et al. 1984),
and COz is the most likely candidate before gases of bio-
genic origin, like CHy and Og, could play a role. However,
it should be mentioned that CHy might have been a prebi-
otic component of the atmospheres (Galimov 2000) with
a significant climatic role (Pavlov et al. 2000). It has been
proposed that the system atmospheric CO2/liquid water
is self regulating on the Earth (Walker et al. 1981). A de-
crease in CO4 lowers the temperature, so that freezing of
water occurs and inhibits the dissolution of CO5 in ocean
water and the weathering of rocks by rain, whereas COs is
still released by volcanoes. This mechanism insure a min-
imum Pco, value; it should also limit Pco, towards high
values; because the hot climate induced by a high COq
content would enhance the water cycles and thus increase
the weathering and the removal of atmospheric COs into
carbonate deposits.

Data to constrain Pco, and Pu,o through Earth his-
tory are scarce. The minimum Pco, required to main-
tain water liquid before 4 Gyr is about 200 mbar (Kasting
1993). On the other hand, the absence of FeCOg (siderite)
2.8 Gyr ago indicates Pco, < 15 mbar (Rye et al. 1995).
The decrease of Pco, may have paralleled the growth of
the continental crust. The partial water pressure Py, o is
very difficult to guess, as it is severely affected by the (un-
known) shape of the thermal vertical profile. For a profile
similar to the contemporary profile, ground Pi,0 is be-
tween 1 and 40 mbar according to the season.

3.3.2. CO5 and H>O on Mars and Venus

Today water is quasi absent from martian atmosphere
(a mean value of 3 pum-precipitable, equivalent to a col-
umn density of 10! cm~2 and a constant mixing ratio of
5 x 1075). This is however sufficient to make Mars atmo-
sphere a “humid” atmosphere from the point of view of
photochemistry (catalytic role of OH radicals, see below).

There are several indications of liquid water on early
Mars, 3.5-4 Gyr ago (Carr 1983), which implies its pres-
ence in the atmosphere at that time. Geological formations
similar to terrestrial river beds, as well as the erosion of
the older craters bear testimony of a warmer and more
humid climate in the past. A part of this water would
now be trapped in polar caps and permafrost (Carr 1986)
whereas a fraction was lost due to H escape (as indicated
by the D/H ratio, Bjoraker et al. 1989; see also Kass &
Yung 1999).

On Mars COs3 is now the dominant atmospheric species
(95.3%) of the tenuous (6 mbar) atmosphere. If CO; is
the main greenhouse gas, 2 bar of CO5 would be neces-
sary to maintain liquid water at present, and 5 at the
time of the faint early Sun — if one forgets the diffi-
cult correction for CO5 cloud formation above 350 mbar
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(Forget & Pierrehumbert 1997). The COg content is in-
deed supposed to have been much larger in the past (Kahn
1985; Pollack et al. 1987; Hoffman 2000). Water is now
absent from the atmosphere of Venus, but it may have
been present earlier and removed by a runaway greenhouse
effect (Rasool & De Bergh 1970; Kasting 1988). CO4 is
thought to have been always present, even if not always
as high as its today’s value of 90 bars of COs.

Thus both Mars and Venus may have produced pho-
tochemically some Os and Og in the past.

3.4. Interaction of CO2 and H, O photochemistry

The 150 photochemical and chemical reactions included in
our photochemical model are listed in Selsis (2000b). The
most important reactions for abiotic production of O4 are:

Oxygen production

(1) 4(H,O + hv — OH + H)
(2)2(OH+ OH — Hy0 + 0O)
3)0O+ 0O —  Og
(4) H escape
(5) 2(COz + hv — CO + O)
(6) O+ 0O — Oy
Oxygen loss
(7) CO + OH — CO; +H
B)H+0s+M — HO2+ M
(9) O 4+ HO» — 0Oy 4+ OH
CO + 0O — CO.

These processes are strongly coupled. First, the effi-
ciency of Os production from HyO photodissociation de-
creases with increasing COy abundances, as CO2 absorbs
UV photons in the same wavelength range as H,O (Fig. 2).
Note also from the same figure that photochemical O5 pro-
duction is to some extent self-regulating, as the photons
responsible for HoO and CO, photodissociation can also
dissociate Oz. Second, in the presence of HO, radicals
(H, OH, HO3) produced by HyO photolysis, catalytic cy-
cles (such as reactions 7, 8 and 9) recombine O and CO
into COs9, competing with reaction 3. This recycling into
COg requires very low abundances of HO, radicals since
they are not consumed in the chemical schemes. Moreover,
Yung & Demore (1999) pointed out a photochemical reg-
ulation that keep the sinks for H and O in a 2:1 ratio,
preventing O (and also Hz) from accumulating. This in-
volves a chemical cycle that couples CO2 and H2O photo-
chemistry. Thus the Oy production will be more efficient
either in a COy dominated atmosphere with very little or
no water, or in a humid atmosphere poor in COs, which
are the cases we have considered.
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4. Model

A full description of the new model used can be found in
Selsis (2000b). We briefly summarize below the main char-
acteristics and new developments contained, and give the
references for the basic physical and astronomical input
data used.

We have developed two new tools to handle respec-
tively one-dimensional time-dependent photochemistry
and radiative transfer in planetary atmospheres. The pho-
tochemical code, called PHOEBE (PHOtochemistry for
ExoBiology and Exoplanets), produces from initial at-
mospheric conditions and for a given stellar spectrum the
abundances for each chemical species as function of alti-
tude and time. The other code, LWT (Long Wavelengths
Transmissions) computes the resultant average infrared
spectrum of the planet, as well as the local radiative heat-
ing and cooling atmospheric rates.

4.1. The photochemical model PHOEBE

The photochemical model extends previous modelling
codes developed by the Bordeaux Planetology Group
(Titan: Toublanc et al. 1995; Neptune: Dobrijevic &
Parisot 1998; Jupiter: Le Flochmoen 1997; Saturn and
Uranus: Ollivier et al. 2000a and b). The following ba-
sic physical phenomena are included: photodissociation,
2 and 3 bodies chemical reactions, transfer of the stel-
lar photons (absorption and diffusion), vertical transport
of the molecules (by both molecular and eddy diffusion),
condensation/evaporation phenomena.

The transfer of UV light has been improved with
higher resolution data (now 1 nm, formerly 5 nm) for
both the solar spectrum and the cross sections. Solar data
are from the SUSIM instrument (Floyd et al. 1998). The
dependence of absorption and photodissociation cross-
sections and branching ratios with temperature are now
included when they are known. Multiple diffusion is
no longer handled through Monte-Carlo methods but
through the Isaksen et al. (1977) method. This method
gives good results for Rayleigh diffusion, and the speed
increase allows us to solve the radiative transfer for each
integration step. This method is however less precise than
Monte-Carlo methods when applied to Mie scattering by
aerosols.

New chemical species have been included, mainly NOx
compounds (and chlorine compounds for checks on mod-
ern terrestrial atmosphere). There are now 37 species and
150 reactions in our database. For 3-body reactions, we
have included an empirical efficiency coefficient, depend-
ing on the nature of the third body.

4.2. The radiative transfer code LWT

In parallel to PHOEBE, we have developed another code
for the computation of the radiative properties of the
atmosphere in the infrared. This code, called LWT (for
Long Wavelength Transmission) provides the radiative
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cooling and heating rates at each altitude, as well as
the average IR spectra of the planet. It follows closely
in its structure the MODTRAN code (Berk et al. 1989),
covering the spectral interval 1 to 20000 cm™!, with a
resolution of 1 cm™', and for any atmospheric temper-
ature. It includes CO3—COs collision-induced absorption
when known (see Selsis 2000b, for a discussion). LWT also
permits to reconstruct the thermal profile in radiative-
convective equilibrium with a given chemical composition
of the atmosphere. This temperature retrieval includes ra-
diative and chemical heating (obtained from PHOEBE),
long wavelength heating and cooling, convective adjust-
ments. The resulting equilibrium is not a local equi-
librium, as it couples all the layers in the atmosphere
through Curtis matrices (see Coakley 1977). In order to
calculate the photochemichal and thermal equilibrium one
should use PHOEBE and LWT in an iterative process (see
Sect. 5.1.2 and Fig. 4)

4.3. Validation of the codes

The PHOEBE code has been applied to the terrestrial and
martian atmospheres in order to compare its results with
observations and other models. Mean thermal and ozone
terrestrial profiles are well reproduced with constant irra-
diation mode as shown in Fig. 1. In the upper atmosphere,
above 70 km, the steady-state profiles computed with a
constant irradiation, are quite different from the averaged
observations that mix day and night profiles. PHOEBE
was also used with a time-dependant irradiation; the re-
sults for this day/night mode are consistent with diurnal
variations of mesospheric ozone (>50 km) as observed by
a micro-wave instrument (Lezeaux 1999). The code repro-
duces well the behavior of O3 during the day, validating
the modelling at altitudes up to about 90 km.

Simulations of the martian atmosphere, comparisons
with observations and previous models have been de-
scribed at length by Selsis (2000b). Some of these dis-
cussions are resumed in part 5.1.1.

5. Simulations and results

We present successively our results on the humid CO»-
dominated, dry COgz-dominated and water-rich atmo-
spheres. For each atmospheric case under study, we give its
description in terms of parameters of the model, the past
or present Solar System situation it may correspond to,
and/or its theoretical interest for the “maximization” of
the false positive detection risk with Darwin. The results
are then presented, compared with other existing observa-
tional or theoretical work, and their effective significance
for the false positive problem is analyzed. The robustness
of the results to model changes is explored in more de-
tails for case A. An overview of all cases is summarized in
Table 3.



F. Selsis et al.:

Darwin and false positive detection of life

991

80

K/
\

\

\

\

Ay

\
\

60

-——- averaged observations

20 variability domain

altitude (km)

computed profile

20

==

==

80

60— averaged

observations

variability domain
| — — input profile \
computed profile

40—

altitude (km)

0zone mixing ratio

250
temperature (K)

Fig. 1. Model results for the present Earth’s atmosphere: thermal a) and O3 b) profiles. These profiles (solid lines) are computed
for a constant mean irradiation. They are compared with a yearly average (dashed lines) from the CIRA database (Rees et al.
1990). This database contains monthly averaged profiles for 10 deg latitude bands; the grey area represents the envelop of all
these CIRA profiles. The model fits very well the O3 data at most altitudes; the discrepancy above 70 km is apparent and due
to night/day effects (see text, part 4.3). In graph b), the long-dashed line shows the initial temperature profile used for the
photochemical and temperature retrieval modelling; after 3 iterations, the PHOEBE profile (solid line) matches very well the

observations.

(cin
g

absorption cross section
= = = = =
S Q Q g 9
R B B B8 B

140 160
wavelength (nm)

H
5
2
B

Il
180

Il
120

200

Fig. 2. Photodissociation cross sections of HoO, CO2 and Oa.

5.1. Humid COy-dominated atmospheres

We made four different runs. In all of them water va-
por abundances were close to the saturation value. The
COg pressure increased from 6 mbar (case A) to 1 bar
(case B) and 3.2 bar (case C); the last case D (Pco, =
0.2 bar) “maximizes” the risk of a false positive detection
of life. In cases A and B, the atmosphere was pure COa,
whereas cases C and D included also 0.8 bar of No, lead-
ing respectively to total pressures Piot of 4 bar and 1 bar.
Beside their representativity of humid COs-dominated at-
mospheres, these cases were also studied for themselves as
representing A) Mars today; B) a possible terraforming
(McKay et al. 1991) or ancient state of Mars; C and D)
two plausible stages of the early Earth atmosphere; see
Selsis (2000b) for more details.

5.1.1. Case A (Ptot = Pco, = 6 mbar)

All input parameters for this run correspond to present-
day Mars; the set of values is the same as used by

Nair et al. (1994). The mean chemical atmospheric com-
position is that determined from Viking data (Owen et al.
1997): 95.3% COas, 2.7% Na, 1.6% Ar. We adopted the
thermal profile recommended by Seiff (1982) up to 100 km
and the one by Nair between 100 and 220 km. Ground-
level humidity has been adjusted to obtain a column den-
sity of 3.1 um precipitable water, which is within the range
observed on Mars (Clancy et al. 1992); a run with 8.2 um
has also been performed. The law for the turbulent diffu-
sion coefficient K as a function of altitude has been fitted
from the data compiled by Krasnopolsky (1993). The vari-
ation of the surface albedo with A has been parametrized
according to Lindner (1985). When included, H and Hy
escape and Os sink on the surface are supposed to corre-
spond to the stationary state (loss of 2 H atoms for one O
atom), as result e.g. of the regulation mechanism proposed
by Yung & DeMore (1999).

Simulations were first conducted for a basic set of
conditions: constant solar flux, 3.1 um-pr HyO, H and
O escape. The set of chemical reactions and reaction
rates has been optimized, leading to a database we
called “MARS” (Selsis 2000b), different from the JPL97
database (DeMore et al. 1997) by taking into account the
specific role of CO9 as a third body in the association re-
actions. The production of O and O3 through photolysis
is shown in Fig. 3. After a growth for 100 000 yr the abun-
dances reach a constant value close to present day values
for Mars, which are respectively about 10™2 and 107® in
mixing ratio.

The effects of suppressing the O and H escape, increas-
ing the humidity, changing the chemistry database, and
night /day alternance versus mean solar flux have been also
investigated; the results are summarized in Table 3. The
observations (see Table 1) are best reproduced by cases us-
ing the optimized “MARS” chemical database, and includ-
ing H and O escape. This shows that standard chemical
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Fig. 3. Evolution of the O2 and Oz column densities as a function of time for a humid CO2 dominated Mars-like atmosphere at
low pressure (Pco, = 6 mbar) . The H2O column density corresponds to 3.1 um precipitable water (solid line); a more humid
atmosphere (8.2 um-pr) is also shown (dotted line). Note that more water results in less Oz and O3 (see text). A steady state
is reached after 100 000 yr. The grey areas represent the abundance range deduced from observations for these two compounds

nowadays.

databases (like the JPLIT database, developed for terres-
trial applications) need to be adapted according to the na-
ture of the background gas(es) (e.g. carbon dioxide).

The Oy abundance changes but Os remains a minor
component (<0.3%): we notice that even the twofold in-
crease in Oy from case A-la to case A-lc results in only
an O3 increase of 25%.

Note that more water results in less Oy and Og, il-
lustrating the mechanism alluded to above (Sect. 3.4):
the increase of radicals H, OH and HO2 diminishes the
O2 production (by catalyzing the CO and O recombina-
tion to CO3) and efficiently destroys Oz. We also tested
whether the mean abundances of the various compounds
are affected when taking into account the diurnal varia-
tion of the insolation. As our model is time dependent, we
can simulate the evolution with small time steps (10 min
maximum). This mode of simulation however does not
allow long integration times. Starting from the steady
state found in case A we note that the mean Os con-
tent is slightly sensitive to the day/night alternance and
evolves from the initial state: an increase of 0.2% is seen
for 250 days. Longer term effects have still to be checked.

We conclude that in a Martian-like, low pressure, pure
CO; atmosphere, the abiotic production of Oz and Os is
marginal (2 x 1072 and 1077 at most); this result is ro-
bust with respect to uncertainties in the modelling pro-
cess. Such a low Ogs content would not show up in the
IR spectrum taken by Darwin, which will not be able to
detect an absorption or emission feature less intense than
about one fifth of the terrestrial Oz band (Léger, private
communication).

5.1.2. Case B (Ptot = Pco, =1 bar)

How does the previous result change for a denser humid
CO; atmosphere? Let us consider now a 1 bar atmosphere

Table 2. Case A (present Mars). This Table shows the depen-
dence of the results for O2 and O3 on some of the input param-
eters. The observations (see Table 1) are best reproduced by
cases A-la and A-2, which use the optimized “MARS” chemi-
cal database, and include H and O escape.

A-la  A-1b  A-1c A-1d A-2
Nu20 (pm-pr) 3.1 3.1 3.1 3.1 8.2
Chemistry MARS MARS JPL  JPL  MARS
Escape yes no yes no yes

x(02) (x1073) 1.1 0.5 24 05 1.0
No, (10*°cm™2) | 2.5 1.1 5.3 1.0 2.3
No, (10%ecm™2) | 6.5 2.5 8.0 0.5 5.0

made of COq, with water present. This case can be seen
as the Martian atmosphere some time in the past (see
Sect. 3.3.2). It may also represent an eventual future of
the planet, according to the “terraforming” scenario pro-
posed by McKay et al. (1991), where the introduction of
an efficient greenhouse gas (e.g. CFC) in small quantities
initiates an increase in the temperature and leads to the
sublimation of CO5 and H2O, which themselves generate a
runaway greenhouse effect liberating more of those gases.
In a 1 bar atmosphere, a partial pressure of 1 mbar for Og
is the minimum for growing plants (McKay et al. 1991).

Such an atmosphere has already been modelled by
Chassefiere & Rosenqvist (1995a), who obtained a par-
tial pressure Po, of 1 mbar, assuming a “terrestrial ther-
mal profile without stratosphere”, to take into account
the a priori absence of heating by Os. But, as noted by
these authors, the water vapor profile critically influences
the Oy production, and this profile itself relies heavily on
the thermal profile.



Table 3. Model parameters and results for each case. The parameters were chosen to favour, under realistic conditions, an O2/O3 abiotic enrichment. However none of the
surveyed cases presented the triple signature of Earth-like oxygenic photosynthesis: no false positive case. The weak triple signature in case G appears in an unlikely extreme
situation (see text). Notes: (1) Adjusted to obtain the column density measured on Mars (i.e. 3.1 and 8.2 microns precipitable of H2O). (2) Surface humidity: Heurt = 1%,
so that Xu,o (surface)/Xsaturated = 0.01. (3) In units of present mean solar flux at Earth distance. Case A, B: present solar flux at Mars distance; cases C, D: solar flux at
1 AU 4.2 Gy ago according to standard evolutionnary models; Cases E, F: flux set to have a mean surface temperature of about 300 K (a false positive detection has to be
in the habitable zone). (4) Results for no NO flux nor Os sink. For the effect of these, see text. (6) Computation of the thermal profile was done only for the initial state
of the atmosphere, no iterations were made after photochemical calculations. (5) Left column: results with the initial fixed thermal profile; right column results with the
computed thermal profile. (7) The range of values given for Oz and Oz in cases C and D accounts for the presence or not of NO production by lightnings (Navarro-Gonzalez
et al. 1998). The others influences we have tested (O2 sinks and volcanic emission of reducing species) are not included here because they make the abundances of Oz and

O3 completely negligeable compare to detectable levels. (8) The triple signature required for Darwin to suspect a biologic activity consists in the simultaneous presence of ;
mid-IR bands of all three species O3, HoO and CO2. This takes into account the resolution and sensitivity of the instrument. %
z.
CO; humid CO; dry H20 influx &
Cases A B C D E F G &
Pio¢ (mbar)/Pco, (mbar) | 6/6 1000/1000 4000/3200 1000,/200 4000/4000  1000/50 1000/traces g?
Xcoz 0.957 1 0.8 0.2 1 0.05 3x 107" §
H2.O Nu,o (1) —3.1/8.2 Hgyr (2) - 1% Haurs 100% Hgure 100% no no constant input g
Py, (mbar) 0.16 0 800 800 0 950 1000 ;:
solar flux (3) 0.43 0.43 0.73 0.73 0.5 0.7 1 g
gravity Mars Mars Earth Earth Earth Earth Earth E.
O3 surface losses no no no (4) no (4) no no yes, <Hy losses g’
thermal profile observed arbitrary (B1) computed (B2) educated guess educated guess computed (6) computed e
influences chemistry, day/night thermal profile Oz loss, Oz loss, high stellar UV g
tested H/O escape, moisture volcanism volcanism E.
Po., (mbar) 6 x 1073 0.5 (5) 20 (5) [0.4-4] (7) [0.01-0.1] (7) 27 3.5 decrease o:
02 column density (cm™2) | 2.5 x 10%° 1.3 x 10*2 8.8 x 10?* [10%2-10%) [10%°—102") 2.7 x 10** 9 x 10?2 &
02 mixing ratio 1073 5x107* 0.02 [107*~1077) [107°~1071 2.7% 0.35% <1%
O3 column density (cm™2) | 6.5 x 10*° 5 x 10'7 1.8 x 10*° <107 <106 3.4 x 10" 1.7x 10"
O3 mixing ratio ~ 1078 2x1078 5x 1077 <107? <1071 3x 1078 7x107% | <1077
comments Mars today early or terraformed early Earth I early Earth II comet or hydrated
& Figures 3 Mars / 4-5-6 7 8 9-10 11-12 IDPs infall / 13
Triple signature? (8) no no no no no no marginal

€66
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Fig. 4. Photochemistry in a 1 bar CO2 atmosphere (case B). This graphs show the iterative procedure used to calculate the
thermal and chemical profiles. The first step consists in calculating the chemical evolution using an initial guess of the thermal
profile (it was taken from Rosenqvist & Chassefiere 1995) and corresponds to a modified terrestrial profile, isothermal above
the tropopause). Once a steady state reached, a new thermal profile, 77 is computed in radiative-convective equilibrium with
this composition (step 2). Photochemical computation and temperature retrieval are repeated once again (steps 3 and 4). This
iterative procedure should be proceeded until reaching stable conditions but this highly time-consuming task was not completed.
Anyway, the photochemical states called B2 and B; can be shown respectively as an upper limit and an extreme lower limit for
the Oz and O3 contents. Indeed, the cold trap that leads to a water vapor depletion above 30-40 km will still be efficient with
the thermal profile T1: H2O abondance in the stratosphere will increase, but not above 10™7. This will lower slightly the O2-O3
production but then, a lower O3 abundance would lead to a colder stratosphere and to less water vapor. From this result we
suggest an equilibrium state close to Bo with a temperature profile between T; and T». For the resulting infrared emission, see
Fig. 6.

The different steps of our modelling of this case B oo ]
are shown in Fig. 4. We started the simulation with the r super ozone layer ]
same thermal profile as Rosenqvist and Chassefiere and = 60 - .
obtained a first photochemical equilibrium (step 1). This < - 1
case (Bp) reproduces approximately the case studied by 2%~ 7
these authors, with a partial pressure Po, ~ 0.5 mbar3. © zo:— b
Then we computed the temperature profile (77 in Fig. 4) r J//fér/ré;.t/r}a;lil;rrc;fglgeﬁﬁ ]
in radiative-convective equilibrium with this chemical ol L ]
composition (step 2). This new profile displays a strong 107 ozone conlc‘lfﬁtraﬁon (R 10

decrease in temperature with increasing altitudes due to
the low level of ozone and the absence of stratospheric
warming. We let then the chemistry evolve from the state
B; to a new steady state Ba (step 3). The Oy abundance
is considerably higher (40 times) , with Po, = 20 mbar
leading to a “super ozone layer”, which is compared to
the terrestrial case in Fig. 5. This ozone layer, in turn,
heats the upper atmosphere, giving the next thermal pro-
file T (step 4). As the thermal effects are not directly cou-
pled with the photochemical evolution, one should proceed
with such iterations until reaching a final self-consistent
state. This very time consuming task has not been un-
dertaken in the present work. However, from these cal-
culations, we can show that the final solution is brack-
eted allowing the estimation of the false positive risk. The
thermal structure T still provides a cold trap, limiting
the vertical transport of HyO, and the level of water va-
por in the hot stratosphere cannot exceed 1078—107".
This is enough to diminish slightly the production of Og

Fig. 5. Super ozone layer produced in a 1-bar humid CO3 at-
mosphere (solid line, case B2). Terrestrial ozone is shown for
comparison (dashed line).

and O3z which, in turn, lowers the stratospheric warming
and moisture, providing a negative feedback. Hence, the
chemical equilibrium cannot differ much from state Bs.
This one and the thermal profile T5 can be seen as upper
limits respectively for the Oy and Ogs contents and the
temperature.

The existence of an ozone layer as dense as on Earth,
or even denser, is thus not necessarily a by-product of
biological activity. But does this super ozone layer lead
to an observable O3 IR band for Darwin, and hence to
a “false positive”? The infrared emission calculated for
the chemical composition Bs is shown in Fig. 6. Synthetic
spectra were computed for both the thermal structure T}
and 75, in order to display the Oz feature for both ex-

3 The factor 2 difference may be attributed to the role of CO2 treme cases. Despite the relatively high abundance of Oz
in the association reactions which is taken into account in our and Os,the latter molecule will not be detected in this case
model. Indeed, in the case A (current Mars) the introduction with Darwin: the large quantity of COgz present in the
of this effect leads to a decrease of the Oy column density from atmosphere completely masks its signature (see Fig. 6).
5.3 x 10%° to 2.5 x 10?° cm™2. The sensitivity and resolution required to reveal the Oj




F. Selsis et

wavelength |im)
15141312 11 10 9 8 7 6

L I I I I I I
O, contribution

— computed spectrum

--- surface emission

o

> ) x 3
& 2 3 3
T

altitude (km)

8

°

150 200 250 300
temperature (K)

intensity (arbitrary unit)
w

O, contribution

— computed spectrum
--- surface emission [

150 200 250 300
temperature (K)

intensity (arbitrary unit)
w

1200 1400
wavenumber (cmi)

Il Il Il I
600 800 1000 1600

1800

2000

Fig. 6. IR emission of an 1 bar CO2 humid atmosphere. This
case B may for example be representative of an early Mars,
or a terraformed Mars. Synthetic spectra have been computed
for the maximum Ogs content and the two extreme tempera-
ture profiles. The shaded grey area indicates the ozone feature,
which is embedded within CO2 bands. At Darwin resolution
and signal-to-noise ratio (AX ~ 0.5 um, SNR < 10, Volonte
et al. 2000), the presence of O3 cannot be inferred, for any
temperature profiles contained between these ones. There is
no false postive risk even at higher resolution as the high CO2
pressure features (within the 9-11 pm and also 7-8 pm ranges)
will warn about the possible abiotic origin of Oz and Os.

feature is far beyond the capability of the first generation
of instruments that will be dedicated to the spectroscopic
study of extrasolar planets. Moreover, in the further per-
spective of high performance instruments able to resolve
this weak Ogz contribution from CQOs, features, the pres-
ence of high pressure CO5 bands would warn the observer
about the possible abiotic origin of this signature.

In this case B, the non-detectability of O3 eliminates
any “false positive” risk for the Darwin strategy based on
the Og criterium; it however points out the opposite risk
of false negative (see Sect. 6.2.3).

5.1.3. Case C (Piot = 4 bars, Pco, = 3200 mbar,
Pn, = 800 mbar)

This case and the following one are COs-rich humid at-
mospheres, with the same N5 content as in the present
Earth atmosphere, but high (Pco, = 0.2 bar) to very
high (Pco, = 3.2 bar) CO2 abundance. These neutral
atmospheres are possible states of the early Earth at-
mosphere (Case C has been investigated as such by
Navarro-Gonzalez et al. 1998).

al.: Darwin and false positive detection of life
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Fig.7. Case C: dense COsz-dominated humid atmosphere
(4 bars, 80% COa2, 20% N3). This atmosphere contains as much
N2 as present day Earth atmosphere and may represent a very
early stage of the early Earth atmophere. Chemical relative
abundances are ploted as a function of altitude. No NO flux
nor Oz surface sink included (see text).

We first discuss the most extreme case (C). The tem-
perature profile is taken similar to the present one on
Earth but for the stratospheric ozone heating which is sup-
pressed. The solar flux is 73% of the present one (Gough
1981), which corresponds to 4.2 Gyr BP according to stan-
dard evolution models of the Sun; the surface temperature
remains high due to the greenhouse effect of COs. The rel-
ative humidity at surface level is assumed to be 100%.

After about 10° yr a chemical steady state is reached
(Fig. 7), with a mixing ratio of photochemically-produced
O3 of about 1073 (Pp, ~ 4 mbar) and only 10~7 for Os.

To provide a better representation of the early Earth,
simulations have been conducted for both cases C and D
where a gas production linked to volcanic activity and a
O5 sink by oxydation of surface rocks are included; these
simulations also address the problem of the NO/Oy ra-
tio, crucial for some prebiotic reaction (Commeyras et al.
2002). The volcanic gas sources include NO, produced by
lightnings in volcanic plumes, and reducing species (Ha,
CO or CHy) released in the case of a more reducing upper
mantle. In all cases the volcanic gases decrease the oxygen
and ozone contents. We conclude that in the high Pro,
humid atmosphere of case C no ozone IR feature would
thus be seen by Darwin, due to the low ozone content, and
the masking by COxq lines.

5.1.4. Case D (Ptot = 1 bars, Pco, = 200 mbar,
Pn, = 800 mbar)

The previous case C may not correspond to a long-lasting
stage of the planet evolution in the presence of abundant
liquid water and continental crust, as weathering will ef-
ficiently pump atmospheric CO4 into carbonates (Pollack
et al. 1987; Sleep & Zahnle 2001). Furthermore, on the
Earth itself geological evidence suggests a maximum Pco,
of ~40 mbar since 2.8 Gyr BP (Rye et al. 1995); note
however that we have no constraints from rocks on Pco,
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Fig. 8. Case D: medium density CO2-dominated humid atmo-
sphere (1 bar, 20% CO2, 80% N2). This atmosphere also con-
tains as much Nj as present day Earth atmosphere, but seems
a more likely representation of the early Earth atmosphere.
Chemical relative abundances are ploted as a function of alti-
tude. The grey area between solid and dashed lines indicates
the variability of the profiles with or without oxygen surface
sink and with low or high NO production (see text).

for earlier times. The minimum COs pressure needed for
maintaining the temperature above the water freezing
point at early times (=4 Gyr ago) is 200 mbar in the ab-
sence of methane (Pavlov et al. 2000). We thus conducted
a simulation for this value, which is more likely to repre-
sent a substantial fraction of the evolution of the Earth’s
early atmosphere than case C.

The vertical profiles of some species, at steady state,
are shown in Fig. 8. The Oy production appears less effi-
cient than in the previous case, with a relative abundance
between 107¢ (ground) and 10~3 (at ~60 km). The ground
level value for O5 decreases even further if a NO volcanic
source and O surface sink are included.

As in case C, we conclude that no infrared Oj fea-
ture will be seen by Darwin. Thus dense humid COz-rich
atmosphere have a low photochemical production of Os
and will not display any “false positive” Oz signature for
Darwin.

5.2. Dry CO, atmospheres

In the humid COs-rich atmospheres studied above, HO,.
radicals produced by HoO photolysis limit the production
of O2. What happens in a dry CO2 atmosphere? Nair et al.
(1994) have used their photochemical model of Mars to
study the equilibrium state of such an atmosphere when
water is absent. They obtain a mixing ratio of 3.9 x 1072
for Oz (and 7.7 x 1072 for CO), with CO5 remaining the
main atmospheric constituents. This contradicts Atreya
& Gu (1994), who estimate that COg should be fully con-
verted to CO and Os in less than 6000 yr. An equilibrium
model like that used by Nair et al. seems inappropriate to
handle the problem, as the physical conditions are strongly
modified during the conversion of COs to CO and Os: in-
crease of the density (by a factor 1.5 when the conversion
is complete), modification of the hydrostatic equilibrium,
surface warming and mid atmosphere cooling due to COs.
We study here a 4 bar CO2 atmosphere (case E), which
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Fig. 9. Case E: ozone layer produced in a 4 bar dry pure CO»
atmosphere; the terrestrial profile is shown for reference (heavy
solid line).

leads to a large Og and Ogs content, and a 50 mbar CO9
atmosphere (case F), which is a compromise between the
O5 production and the detectability of the Oz IR bands.

5.2.1. Case E: 4 bar pure CO;, atmosphere

We consider a pure COy very dense atmosphere with
Earth’s gravity. To handle the evolution of the physical
parameters, we make a stepwise computation, readjusting
the physical parameters after each step. We made sim-
ulations up to 300000 yr only due to computation time
limitations. After 300000 yr, O5 reaches a level of 2.7%;
this stage is not yet fully stationary, but further Os evolu-
tion appears extremely slow, as O2 absorbs the very same
photons which dissociate COs. It seems thus that COs
remains the main constituent of such an atmosphere, as
predicted, despite its limitations, by the equilibrium model
of Nair et al. In Fig. 9 we show the O3 concentration. The
upper atmosphere is richer than the Earth’s atmosphere;
this is due to the absence of the hydrogen compounds
responsible for catalytic destruction of Os. The concen-
tration of O3 at low altitude is low: production is limited
due to the high CO2 column density which severely limits
the number of dissociating (A < 242 nm) photons there,
whereas O3 produced at higher altitudes is photodisso-
ciated by longer wavelength photons before reaching the
lower atmosphere.

The simulated IR Darwin spectrum for this atmo-
sphere is shown in Fig. 10. No Ogs signature is present,
due to the high COy content which masks the Og lines
between 9 and 10 gm (900 and 1100 cm™1).

5.2.2. Case F: 1 bar dry low CO4 (50 mbar or 5%)
N2 (95%) atmosphere

Now we try to maximize the risk of having an Oz signa-
ture in a COs-rich atmosphere: we consider a case where
Pco, is ~50 mbar, which is just below the 100 mbar COq
pressure threshold above which the masking of O3 bands
by CO takes place, while keeping a high photochemi-
cal production of Oz, and hence the possibility of an Og
9.6 um band. The Ny content is 20% higher than on Earth
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Fig. 10. Case E: IR Darwin spectrum simulated for a 4 bar dry
pure CO2 atmosphere. Despite of the important Os layer (see
Fig. 9) the O3 signature is completely masked by CO; lines
between 900 and 1100 cm™?.

just to have a 1 bar atmosphere. The presence of Ny as a
background gas simplifies the numerical treatment with-
out significantly affecting the chemistry (N2 does not ab-
sorb at the wavelengths important for the dissociation of
CO4 and Og, nor is chemically active). An equilibrium is
reached after 50 000 yr; Fig. 11 displays the corresponding
abundance profiles.

The partial pressure of photochemically produced Oq
reaches 3.5 mbar. If O3 is consumed by surface oxydation
processes, the photochemical Os production must proceed
continuously, and the atmosphere needs a constant COq
supply, e.g. from comets or volcanoes. But, in both cases,
other compounds are also injected (water, and in the sec-
ond case, sulfur and chlorine compounds), both reducing
the efficiency of the Os and Os accumulation, either by
chemical reduction or by catalysing the CO and O re-
combination to COs. In the atmosphere of Venus, chlorine
and sulfur compounds oxidize CO to COz (e.g. Yung &
DeMore 1999); this explains why, in this COq-rich atmo-
sphere, the Oy abundance is so low (cf. above , Sect. 3.1.1).

As seen in Fig. 12, the O3 band can only barely be
detected in the IR spectrum; only a very good signal to
noise and a very precise knowledge of the CO5 abundance
and of the thermal profile would allow one to infer the
presence of Oz from this spectrum.

5.3. Case G: Humid atmosphere with permanent water
supply

Water is dissociated into OH 4+ H or O + Hy in the up-
per atmosphere; as H and Hs escape, the atmosphere is
enriched in oxygen. Such an accumulation however can
proceed if, and only if, the O consumption (oxydation of
rocks, reactions with volcanic gases, ...) is less efficient
than hydrogen escape. On Venus, for example, the H es-
cape on a short time scale may have produced a Os-rich
atmosphere, but for a limited time only (Kasting 1988).
To have such a phenomenon for a longer time, one
may consider a constant supply of water, for example
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by a constant influx of comets, or of small ice particles
of cometary origin (this case was suggested to us by J.
Schneider). Another case of interest is an HyO-dominated
atmosphere with an initial HoO reservoir but no perma-
nent influx; such a situation might have occurred e.g. on
a warmer early Europa. Case G can be used to set upper
limits for the Oy photochemical production in the latter
case.

We thus consider here a planet of Earth size and grav-
ity with a humid atmosphere, a constant HsO influx,
high hydrogen escape rate, low Oz consumption by sur-

2000 face oxidation, 1 bar of Ny and low level of minor species

which would act as catalysts of H and O recombination to
H0. We include however 0.03% of CO4 (its abundance on
Earth): without such traces there would not be the “triple
CO3-H30-03 signature” in Darwin spectra, and hence no
“false positive” risk. The HyO influx of 10'® cm=2s7! is
high enough to ensure a very high Ho O stratospheric abun-
dance of about 1073 (as opposed to 107° in the present
Earth’s stratosphere). Note that this flux is 1000 times
higher than the estimated delivery flux required to ex-
plain the water vapor observed in the atmosphere of gi-
ant planets (Feuchtgruber et al. 1997). Due to the strong
H>O influx, such an atmosphere leads to specific numer-
ical problems like imposing small time steps. This limits
in practice the duration of the numerical integration to
~100 years, which is low compared to time required to
have a significant O9 build up. We tackle the problem in a
different way, including in the initial atmosphere a small
quantity of Os, and studying its variation with time. We
have thus included 1% Os. For higher contents, UV pho-
tons are largely absorbed by Os and H5O is no longer
efficiently photodissociated. Our computations show that
the O3 content tends to decrease, and thus that 1% O»
(10 mbar) represents an extreme upper limit of the pos-
sible oxygen content of this kind of humid atmosphere.
Figure 13 shows the vertical Os profile (as compared with
the terrestrial one). Os is present with a very low mixing
ratio (<1077). This is lower than expected from extrapo-
lating from the 20% O, standard terrestrial atmosphere to
a 1% Oy following the logarithmic behaviour established
by Paetzold (1962) and Léger et al. (1993); this is due to
the specific nature of the humid atmosphere under study:
the catalytic destruction of O3 by H and HO,, species is
strongly enhanced compared to the Earth.

This catalytic destruction follows these three main
cycles:

OH + O — H+ 09

H + O3 — OH + O3

O + O3 — 202

OH + O3 —  HO2 + O2
HO2 + O —  OH + O2

O + O3 — 202

OH + O3 — HOs + Oo
HO2 + O3 —  OH + 202
2()3 — 3()2
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Fig. 12. Case F: IR Darwin spectrum computed for a 1 bar N2 dry atmosphere with 5% (50 mbar) of CO2. The 9.6 um ozone
signature (in grey) is mixed with the CO2 bands at 9 and 11 pm. Even with the capability to separate the two features this
would not be consider as a “false-positive” case because the O3-CO2 absorption is not associated to an H2O signature. The

triple criterium is not gathered here.

An efficient production of Og in a humid atmosphere
requires a very high rate of HoO photolysis driven by
strong UV radiations in the water-rich upper atmosphere.
H and HO, radicals are then much more abundant and
also chemically efficient in a wider range of altitudes. The
ozone destruction is then amplified by the very same pro-
cess that produces Og, even in the absence of the main
species responsible for the ozone destruction on Earth:
the NO, (these radicals come from the photolysis of NoO
which is a by-product of biological activity and therefore
are not present in the abiotic cases we considered.) For
Darwin nominal (R = 25) and improved (R = 100) reso-
lutions, there is only a marginal signature of Os in the IR
spectrum (Fig. 14), despite the fact that lower O3 means
less warming of the atmosphere, and an enhanced con-
trast of the absorbing band (Selsis 2000a). Although CO4
and HO bands are present in this spectrum, we consider
that, with planned Darwin resolution and sensitivity, the
weakness of the O3 band makes extremely low the risk of
identifying a humid atmosphere with constant HoO influx

as a false positive case. Moreover, the necessity of match-
ing, for the planet, the many ad hoc conditions quoted at
the beginning of this paragraph makes this risk even more
marginal (see discussions, Sect. 6.2.2).

6. Discussion
6.1. Extension to other cases of terrestrial exoplanets
6.1.1. Influence of the spectral type of the star

What would be the impact of changing the stellar spec-
trum on the photochemical production of Oy and O37? The
most important parameter is the ratio Ry, = Fuv/Ftot
where Fy, is the stellar flux in the UV range impor-
tant for photochemistry ([100-400] nm) and Fio, the total
integrated flux. We performed simulations with Ry, <
solar Ry, (cooler stars); in all cases they gave a lower
05 and O3 content. We also performed simulations with
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Fig. 14. Case G: IR Darwin spectrum simulated for a humid atmosphere (1 bar N2, 0.1% H20) with constant H2O influx and
little CO2 (0.03%). The Os line is barely detectable at present (R = 25, left) and improved (R = 100, right) Darwin resolution.
Despite the presence of CO2 and H2O line, the risk to detect such case as a “false positive” is marginal.

Ry, > solar Ry, (hotter or very young stars®), but only
for case G (Oz production from H2O photolysis and H
escape), without changing our conclusions.

For other cases with a high Ry, it is difficult to guess
what would happen: more UV produces more atomic oxy-
gen, but not necessary more Oy or Og, because these
species are also unstable under high UV irradiation. We
note however that:

— A possible consequence of higher R,, would be to
produce in case F an Oj signature with less COq
(Pco, < 50 mbar). Then, there would be less COq
masking and we would see an unambiguous O3 feature.

4 The case of young stars with high UV (T-Tauri phase) and
its impact on inorganic photochemistry has been studied by
Canuto et al. (1982). However, this UV/EUV excess cannot
interact with the primitive atmosphere because 1) the stellar
phase involved is too short (<10° yr, Bontemps, private com-
munication); 2) UV excess is produced by dust accreting on
the star and the same dust absorbs the UV in the planetary
disk.

But anyway, case F is dry and does not display the HoO
component of the triple signature required to trace bio-
photosynthesis;

— Hot stars like F-stars are rarer than solar or less lumi-
nous stars and have a shorter life. We showed elsewhere
(Selsis 2000a) that the 9.6 ym Og band is not a robust
way to detect Og-rich (Earth-like) atmospheres around
such hot stars. Indeed, the temperature contrast be-
tween the surface and the emitting ozone layer is too
low to induce a signature detectable by a Darwin-like
instrument.

6.1.2. The case of reducing early atmospheres

When exploring the past of the Earth’s atmosphere, we
concentrated on the scenario favoured nowadays for the
primitive atmosphere, i.e. a CO2-H20-Ny mixture. If one
considers the option of a mildly reducing atmosphere
(Pavlov et al. 2000; Galimov 2000), the possibilities of
photochemically producing a substantial amount of O
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are much lower. Namely, reducing gases like Ho, CHy4 or
NHj3 would react with Oy and strongly limit its level (see
e.g. Selsis 2002 about the CH4/O2 competition). Therefore
abiotic photochemical production of Oz in reducing atmo-
spheres is inefficient and the concomitant detection of Os
or O3 with NH3 (9 and 11 pm in the Darwin window) or
CHy4 (7.5 pm) would strongly suggest biological activity.

6.2. Consequences for Darwin and TPF
6.2.1. Maximum O, abiotic production

Looking back to Table 3, we note that Oz can become,
through photochemical production in one case (case E,
i.e. 4 bar dry CO2 atmosphere), a major component of
the atmosphere, reaching xos ~ 5%. This result is close
to the zo2 = 3.9% found by Nair et al. (1994) for a lower
pressure dry COy atmosphere (dry Mars), found with an
equilibrium model. Although this 5% level is somewhat
below the 20% level of present terrestrial Oz, this ques-
tions our ability to discriminate between abiotic and bio-
logic O3 origin. This is a crucial point when one consid-
ers searching for Oy photosynthetic life by the direct and
unique detection of O2. Note however that the correspond-
ing atmospheres are extreme and may be unlikely cases:
is it possible to build up a COs atmosphere completely
devoid of HoO? Even Mars and Venus have traces of wa-
ter vapor. And many other compounds found in planetary
atmospheres (sulfur or chlorine compounds, for example)
can catalyse, at trace levels, the reverse process, reforming

CO4 from CO and Os,.

6.2.2. Is case G (permanent water supply) a realistic
false positive case?

Coming back to case G, where, although marginal, a triple
signature might appear, we stress the ad hoc nature of
the situation considered: a constant influx of HoO-bearing
small particles or larger bodies, the absence of an oxygen
sink (no reducing species in the atmosphere, no recycling
of the surface), a high UV irradiation and an efficient es-
cape of H atoms. To obtain the upper limit of 1% of O,
the water influx was set to 10'° molecules cm~2 s~!. If
delivered via hydrated dust similar to solar IDPs with an
average water content of 4 wt% (Maurette et al. 2000),
this flux implies the infall of 1.9 x 10° tons yr~—! on the
whole Earth. This is 3 x 10* higher than the current flux
(40000 £ 20 000 tons yr—!, Love & Brownlee 1993). Earth
might have experienced such a high flux only during the
Late Heavy Bombardment (Maurette et al. 2000; Love &
Brownlee 1993). So high delivery presupposes a very dusty
interplanetary environment which lasts less than 400 My
around main-sequence stars (Habing et al. 1999). Darwin
and TPF will be able to detect and study terrestrial plan-
ets in the habitable zone only in the case of systems with
low zodiacal emission (less than about 10 times the Solar
System zodiacal light, Beichman et al. 1999). Therefore,
such a case proves to be restricted to very young
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systems and moreover, probably non-observable in the
mid-infrared. Moreover, although we considered only a de-
position of pure water vapor, delivering water this way is
also a source of highly reducing species. Indeed, cometary
matter contains nearly as much mass in refractory com-
plex organics than in water ice (Greenberg 2000) and col-
lected micrometeorites have an average content of organic
carbon of 3 wt% (Maurette 1998). Such species, delivered
at the same time as water, would prevent any O5 accumu-
lation.

6.2.3. The CO, masking of O3: Advantages
and disadvantages

We have seen (cases B, C, D and E) that when the CO,
pressure is high enough to photochemically produce an
IR-absorbing ozone layer (Pco, > 50 mbar for a dry at-
mosphere, Pco, > 1 bar for a humid atmosphere), high
CO; pressure bands (centered at about 7.3, 7.9, 9.4 and
10.5 pm) affect the thermal spectrum. With Darwin res-
olution (R ~ 20) and signal-to-noise ratio (SNR < 10),
the two COy features arising on both side of the 9.6 pym
band hide the Oz signature. By masking the abiotic ozone
it sustains, COo masks also the potential “false positive
imposters” that photochemistry could produce in the mid-
infrared.

For higher spectral resolution than foreseen for Darwin
spectra in Fig. 6 show that O3 and CO4 features can in
principle be distinguished, even in the case of a humid
atmosphere. However, the “triple signature” criterion still
allows in this case to trace their possible abiotic origin,
when high COs pressure bands are present. On the other
hand, the masking effect (at low resolution) as well as
the rejection of spectra with high COq pressure (at high
resolution) can produce “false negatives”, as they lead
one to reject truly photosynthetic ecosystems that would
be detectable under a COz-poor atmosphere (Selsis 2002).

If one considers it more important to avoid false posi-
tive detections than to miss inhabited planets, the mask-
ing of abiotic O3 and then of false positive detection is
clearly an advantage, as this eliminates several potentially
ambiguous cases.

6.2.4. Is the Darwin strategy validated?

Within the framework of our approach, does the Darwin
concept still appear to be validated with respect to the
risk of false positive detection? The answer is clearly yes.
Relying on our simulations and discussions above, it turns
out that the simultaneous signature of HoO, COs and O3
within Darwin’s spectral window cannot be due to abi-
otic photochemistry. With an additional criterion impos-
ing the absence of high COgy pressure bands, this triple
biomarker can be extrapolated to future high performance
instruments working in the mid-infrared range. Searching
for the triple IR signature of Oz, CO2 and HoO with a
Darwin-like instrument appears more robust than a direct
but unique detection of Os. Indeed, while Os can become
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abiotically a major atmospheric component (up to few
percents) Og cannot be detected in such cases at the same
time as HoO and COs, due to the masking effect of COa,
and/or to the catalytic cycles destroying Oz and follow-
ing HoO photolysis. Thus, through the triple signature,
Darwin effectively filters out false positive detections in
all the cases. Moreover,

— as oxygenic photosynthesis extracts Os from HoO and
fix carbon from COg;

— as life appears to be, as far as we know it, indissociable
from H5O;

— as CO;y is a constituent of all the known terrestrial
planet atmospheres and an expected constituent of
habitable extrasolar planets (Kasting et al. 1993);

— and as Og is a powerful, logarithmic, tracer of O
(Léger et al. 1993);

searching for this triple signature in quest of photosyn-
thetic sources of Oy is not a restrictive strategy when
compared to search for Os, or O3z, alone.

Furthermore, the relevance of this mid-IR triple signa-
ture is strengthened when considering that, in our simula-
tions, the abiotic production of Os and O3 was optimized
on purpose. Adding more realistic processes or compounds
(weathering and chemical interaction with rocks, delivery
of external matter, volcanic emissions) to these “clean”
atmospheres diminishes the possible amounts of these two
molecules. This trend was noted when simulating early
Earth cases (C, D) and it clearly makes mid-infrared false
positive detection even more unlikely.

7. Conclusion

We adressed here the question of abiotic photochemical
production of Oy and O3 and the astrobiological relevance
of the detection of these molecules on extrasolar planets
by future space observatories (Darwin and TPF). The two
possible sources leading to an Oy accumulation are the
photolysis of COs2, and of HoO when associated with hy-
drogen escape. We first showed qualitatively that these
two mechanisms interfere with each other, and are thus
limited in habitable planet atmospheres, where both CO»
and HyO are expected. To tackle quantitatively the prob-
lem, we developed new photochemical and thermal models
of planetary atmospheres. The simulation were conducted
on 7 main types of terrestrial planet atmospheres (pre-
sented in Table 3), which include present Mars and plau-
sible early Earth and Mars atmospheres.

According to our simulations, the COs photolysis
proved to be an efficient way to build up a significant
oxygen level in two general cases. The first one is a dry
atmosphere, where the recombination of COs is not catal-
ysed by the products of HoO photolysis. The second is a
humid atmosphere made of more than one bar of COa:
in this case the temperature profile does not allow HsO
to reach altitudes where it could be photolysed. In such
cases, Oq-rich atmospheres with an O3 layer as dense as
on Earth can be built without the intervention of life.
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However, we demonstrated that the search for life re-
mains possible, at least within the wavelength range of the
Darwin instrument (5-20 pm), by selecting only the spec-
tra displaying the simultaneous signature of CO3, HoO
and Os, that we called the “triple signature”. Indeed, the
need for water to make the planet habitable and the CO2
masking effect at Darwin resolution filter out any Os-rich
atmosphere built from COs photolysis. Moreover, future
instruments of higher spectral resolution, able to resolve
the O3 signature among the CO5 bands, will also allow
to discount ambiguous cases, as the presence of these high
pressure CO2 bands warns the observer about the possible
abiotic origin of Os.

We also investigated an eventual false positive detec-
tion due to the enrichment in Oy that follows the photol-
ysis of water vapor associated to hydrogen escape. In this
case, the production of Os is maintained by a constant de-
livery of water in the upper atmosphere via hydrated par-
ticles. It is possible to “tune” the model in such a way that
a significant build-up of O5 occurs. However, besides the
fact that the required conditions are unrealistic or result
in a non-observable case (due to large zodiacal emission),
O3 is destroyed by the products of HoO photodissocia-
tions while Og is produced. This prevents the formation
of a detectable ozone layer.

We have thus demonstrated the robustness of the bio-
genic Os detection scheme based on the triple COs-Hs O-
Os IR signature that we propose for Darwin, as the risk of
false positive proves to be low. We showed in contrast that
relatively high Oz content can be reached abiotically (up
to 50 mbar in our sample), which could be a magjor con-
cern for experiments aiming at detecting photosynthetic
life using information on Os alone. Note that searching
the triple signature instead of O3 alone is not restrictive
as HoO and CO4 are expected in habitable planets and
display strong IR bands.

Although it may be more important to avoid “im-
posters” than to miss an ambiguous signal from some
inhabited planet, “false negative cases” and the condi-
tions under which oxygenic photosynthesis can effectively
transform the atmosphere have also to be discussed (Selsis
2002). For the Earth itself, the triple signature would have
allowed a remote detection of life for only about half of
its history: the almost equally long period where biogenic
CH4 was probably the main greenhouse gas should be
studied in great detail when trying to search for life be-
yond photosynthetic species. All these questions are very
important for the optimal design of any ground or space
experiment like Darwin and TPF aiming at the observa-
tion and search for biosignatures in the atmospheres of
terrestrial exoplanets; in all cases photochemical models
will be of great help, as we have seen here.
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