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Abstract: In the past 15 years, astronomers have revealed that a significant fraction of the stars should
harbour planets and that it is likely that terrestrial planets are abundant in our galaxy. Among these planets,
how many are habitable, i.e. suitable for life and its evolution? These questions have been discussed for years
and we are slowly making progress. Liquid water remains the key criterion for habitability. It can exist in the
interior of a variety of planetary bodies, but it is usually assumed that liquid water at the surface interacting
with rocks and light is necessary for emergence of a life able to modify its environment and evolve. The first
key issue is thus to understand the climatic conditions allowing surface liquid water assuming a suitable
atmosphere. These have been studied with global mean one-dimensional (1D) models which have defined the
‘classical habitable zone’, the range of orbital distances within which worlds can maintain liquid water on
their surfaces (Kasting et al. 1993). A new generation of 3D climate models based on universal equations and
tested on bodies in the solar system are now available to explore with accuracy climate regimes that could
locally allow liquid water. The second key issue is now to better understand the processes which control the
composition and the evolution of the atmospheres of exoplanets, and in particular the geophysical feedbacks
that seem to be necessary to maintain a continuously habitable climate. From that point of view, it is not
impossible that the Earth’s case may be special and uncommon.
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Introduction

The recent detection of many extrasolar planets has allowed us
to take a major step forward in our investigation of the ultimate
question in astrobiology: ‘are we alone?’ In particular, we will
soon be able to estimate one of the first terms of the Drake
equation, the fraction of stars with planets, and even evaluate
the abundance of planets of a given size (including rocky or
ocean planets) in a given range of orbital distance from
different types of stars. Already, meaningful statistics are
available, notably from the hundreds of planets detected by the
radial velocity method using Earth-based telescopes (e.g.
Howard et al. 2010; Mayor & Queloz 2012), and from the
thousands (>2600 in 2013) of planetary candidates observed
transiting in front of their star by the Kepler space telescope
(see e.g. Borucki et al. 2011). These are called ‘candidates’
because a fraction may be artefacts, for instance due to
eclipsing binary stars in the background of or within the
observed system. This can mimic the photometric signal of a
transiting planet. Theoretical studies suggest a ‘false positive
rate’ of about 10% on average, up to 18% for giant planets
(Fressin et al. 2013), although recent radial velocity obser-
vations of Kepler candidates suggest a false positive rate higher
than 30% for hot Jupiter (Santerne et al. 2012).

Nevertheless, firstly, the evaluation of the distribution of
planets detected by radial velocity or surveys of transits should
be meaningful. Of course, both methods are biased because
the detection of small planets (i.e. Earth-size) remains very
difficult, especially if they have long orbital periods and if they
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orbit stars more massive than red M dwarf stars. Nevertheless,
we have already learned a lot from the detection of ‘super-
Earth’, ‘small Neptune’ and gas giants. Another method, based
on gravitational lensing (Beaulieu et al. 2006, Cassan et al.
2012) provides unbiased statistics on a much smaller popu-
lation, and confirm the general conclusions: planets, and in
particular planets small enough to have a solid or liquid
surface, should be abundant in our galaxy. For instance, on the
basis of radial velocity data and a simple extrapolation of the
planetary distribution, Howard et al. (2010) predicted that
23% of stars harbour a close-in Earth-mass planet (ranging
from 0.5 to 2.0 Earth masses)’ and Bonfils et al. (2013)
calculated that about 50% or more M dwarf stars should have
terrestrial planets (>1-10 Earth masses) with orbit period
between 10 and 100 days. Similarly, using only Kepler’s first
4 months of data, Borucki et al. (2011) estimated that the
frequency of stars observed by Kepler harbouring planets with
a diameter lower than twice the Earth and a short period lower
than 50 days is 13%. It is likely that the actual percentage of
stars with terrestrial planets should be much higher. A few
interesting systems with potentially rocky planet candidates
(mass <10 Earth masses) close to the habitable zone have
already been discovered: Gliese 581 (Udry et al. 2007,
Mayor et al. 2009), HD85512b (Pepe et al. 2011), Gliese
667Cc (Bonfils ef al. 2013), HD 40307g (Tuomi et al. 2013),
Kepler-22b (Borucki et al. 2012).

Among these numerous planets, which fraction may be
suitable for life to start and evolve? In this short review, written
for non-specialists, I discuss the debates and scientific
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investigations relevant to this question. A particular emphasis
is put on the long-term habitability which is probably
necessary for life to (1) modify its environment so that we
can detect it remotely (e.g. Kaltenegger et al. 2007) and (2)
evolve to reach a technological level allowing the use of radio-
signals which could be detected from the Earth, as estimated in
the Drake equation.

In the section ‘Habitability and surface liquid water’, the
classical notion of habitability, as defined by the occurrence
of surface liquid water, is introduced. In the section ‘Being at
the right distance from a star’, how climatological studies
can constrain the range of planets which may be habitable,
assuming that they enjoy a favourable atmosphere, is dis-
cussed. Finally, in the section ‘Having the right atmosphere’,
it is shown that the processes which have allowed the Earth to
keep such a favourable atmosphere for billions of years are still
poorly known, and that from that point of view, the Earth’s
case may be very special and uncommon.

Habitability and surface liquid water

What makes a planet suitable for life?

With only our planet as a viable example, and only one kind of
life to define the necessary ingredients, addressing this question
requires enormous scientific extrapolations and some trust in
purely theoretical studies.

Obviously, the answer depends on the kind of life that we
want to consider. Life, as we know it, always uses carbon-based
molecules with liquid water as a solvent, with no exceptions. In
fact, our experience on Earth has told us that the requirement
for life is liquid water, regardless of mean temperature and
pressure (Brack 1993). Living organisms can exist and thrive in
almost any condition on Earth if liquid water is available
(Rothschild & Mancinelli 2001). Conversely, no creatures can
‘live’ (i.e., have metabolic activity) without liquid water. One
can speculate on forms of life based, say, on liquid ammonia,
condensed methane or even plasma ions interactions.
However, exploring the wide field of modern chemistry and
challenging the most open-minded chemists, reveals that with
our present knowledge it is difficult to imagine any alternative
chemistry approaching the combination of diversity, versatility
and rapidity afforded by liquid water-based biochemistry.
This results from the unique ability of carbon to form
complex species, and the unique characteristics of water as
a liquid solvent (a large dipole moment, the capability to
form hydrogen bonds, to stabilize macromolecules, to orient
hydrophobic-hydrophilic molecules, etc.).

Carbon is common in our galaxy. A surprisingly high
number of molecules that are used in contemporary bio-
chemistry on the Earth (including amino acids) are found in
the interstellar medium, planetary atmospheres and surfaces,
comets, asteroids and meteorites and interplanetary dust
particles. (e.g. Henning & Salama, 1998; Ehrenfreund et al.
2011).

Within this context, the primary definition of habitability is
the presence of liquid water. This may be narrow-minded, but
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if optimistic conclusions can be reached with such a focus, then
whatever we have ignored will only serve to broaden the
biological arena (Sagan 1996). On the other hand, it can be
argued that liquid water by itself may not be sufficient and that
a few other elements and a source of energy (chemical gradient
or light) are necessary to support life forms. However, the
discovery of a very large variety of extremophiles on Earth in
recent years suggests that just about every chemical gradient
imaginable can support some sort of life (Lammer ef al. 2009).
The apparent rapid emergence of life (which seems to have
existed on the Earth as far back as we can look) also tend to
suggest that life may be common once a suitable liquid water
habitat is available.

Water is abundant in our galaxy (e.g., Cernicharo &
Crovisier 2005) and is expected to be part of the initial
inventory of terrestrial planets.

In practice, the primary difficulty to get liquid water is thus
to be in the right range of temperature and pressure. Pressures
must be significantly higher than the triple point (near 6.1 mb).
Temperatures should range between the freezing point (0 °C,
or lower with dissolved salts) and the boiling point, which
depends on the pressure.

For life to evolve from simple bacterial life into complex
forms, about three billion years have been necessary on our
planet. The inherent difficulty of biological evolution and the
fact that ‘a lot of luck’ may be required to make animals (Ward
& Brownlee 2000; Carter 2008) will not be discussed here.
Nevertheless, it is striking that when assessing the odds of
having planets harbouring complex or even intelligent life like
in the Drake equation, one must estimate the frequency of
planets which can remain continuously habitable for billions
of years.

Four classes of habitable planets

In their review of the factors which are important for the
evolution of habitable Earth-like planets, Lammer et al. (2009)
proposed a classification of four liquid-water habitat types
which is very useful to structure the scientific debate on
habitability. A slightly simplified version of these classes is
proposed here:

Class I habitats represent Earth-like analogue planets where
stellar and geophysical conditions allow water to be available
at the surface, along with sunlight. Light is important because
the most productive natural way of powering an organism is by
either using sunlight via photo-synthesis, or by digesting
something that does (at least for life as we know it). On Earth,
even most subsurface ecosystems derive their energy from
photosynthesis. The deep-sea vent communities derive energy
from the reaction of H,S from the vent with O, from the
ambient seawater. However, the O, comes from surface
photosynthesis, so these ecosystems are ultimately also
dependent on it. Only three ecosystems completely indepen-
dent of photosynthesis have been reported, all of which have
limited metabolisms (McKay et al. 2008).

Class II habitats include bodies which initially enjoy Earth-
like conditions, but do not keep their ability to sustain liquid
water on their surface due to stellar or geophysical conditions.
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Mars, and possibly Venus are examples of this class. On such
planets, it is reasonable to assume that life could start, and that
this life could potentially migrate to the limited habitats left
once the planet is no longer able to sustain liquid water on its
surface. On Mars, for instance, deep subsurface aquifers are
considered to be potential sites for remnant life, while on Venus
it is speculated that some exotic life forms could be present in
the liquid cloud droplets of its upper atmosphere.

Class III habitats are planetary bodies where water oceans
exist below the surface, and where the oceans can interact
directly with a silicate-rich core. Such a situation can be
expected on water-rich planets located too far from their star to
allow surface liquid water, but on which subsurface water is in
liquid form because of geothermal heat. An example of such an
environment is given by Europa, one of Jupiter’s satellites,
which is only about a hundredth of Earth’s mass and almost
has no atmosphere, but which is strongly heated by internal
deformation resulting from tidal forces. In such worlds,
not only is light not available as an energy source, but the
organic material brought by meteorites (thought to have been
necessary to start life in some scenarios) may not easily
reach liquid water. Nevertheless, interaction with silicates and
hydrothermal activity, also thought to be important for the
origin of life, are possible.

Class IV habitats are very water-rich worlds which have
liquid water oceans or reservoirs lying above a solid ice layer.
Indeed, even if most planets are expected to possess a silicate
core covered by a water layer, if this layer is thick enough,
water at its base will be in solid phase (ice polymorphs) because
of the high pressure. Ganymede and Callisto are likely
examples of this class. Their oceans are thought to be enclosed
between thick ice layers. In such conditions, the emergence of
life may be very difficult because the necessary ingredient for
life will be likely completely diluted. Lammer ez al. (2009)
considered the lack of rocky substrates such a severe constraint
that they also put the ‘Ocean planets’ with the ocean lying over
a thick ice layer in Class IV, even if the water was liquid at the
surface and therefore exposed to light and meteoritic inputs.

Considering these four classifications, it seems hard to
imagine higher life forms as we know them populating
anything but a Class I habitable planet (Lammer ez al. 2009).
Furthermore, if a planet can only harbour life below its surface,
the biosphere would not likely modify the whole planetary
environment in an observable way (Rosing 2005), or even build
radiotelescopes. Detecting its presence on an exoplanet would
thus be extremely difficult.

Within that context, the concept of habitable exoplanets is
usually limited to surface habitability, and the term ‘habitable
zone’ is usually defined as the range of orbital distances within
which worlds can maintain liquid water on their surfaces.

Being at the right distance from a star

The classical habitable zone

The key reference on the estimation of the habitable
zone remains the masterly work of Kasting et al. (1993)
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(see references therein for previous studies). An up-to-date
description of the habitable zone is also available from Selsis
et al. (2007) in the framework of their assessment of the
habitability of the planets around the star Gliese 581.

Most studies which still define the ‘classical habitable
zone’ are based on 1D climate modelling, which assesses
the habitability of an entire planet by calculating the
global average conditions using a single atmospheric column
illuminated by the global averaged flux.

Inner edge of the habitable zone

The classical inner edge of the habitable zone is the distance
where surface water is completely vaporized or where the
warm atmospheric conditions allow water to reach the upper
atmosphere. There, it can be rapidly dissociated by ultraviolet
radiation with the hydrogen lost to space (Earth currently
keeps its water thanks to the cold-trapping of water at the
tropopause). As thus defined, the inner edge may not be very
far inside Earth’s current orbit because of a destabilizing
mechanism called the ‘runaway’ greenhouse effect: if a planet
with liquid water on its surface is ‘moved’ towards the Sun, its
surface warms, increasing the amount of water vapour in the
atmosphere. This water vapour strongly enhances the green-
house effect, which tends to further warm the surface. On the
basis of simple 1D model calculations, Kasting (1988) found
that on an Earth-like planet around the Sun, oceans would
completely vaporize at 0.84 Astronomical Units (AU).
However, he also showed that the stratosphere would become
completely saturated by water vapour at only 0.95 AU, quickly
leading to the loss of all water. Clearly, this ‘water-loss’ limit is
the one of primary physical concern on the inner edge of the
habitable zone. A lot of uncertainties exist, and the 0.95 AU
limit can be considered to be conservative, mostly because
clouds feedbacks are ignored (Kasting ez al. 1993). Assuming
that clouds may protect a planet by raising its albedo up to 80%
(this approximately corresponds to continuous and thick water
cloud cover), a habitable planet at about 0.5 AU from the sun
is conceivable. This is an extreme value: physical processes able
to maintain liquid water at say, 0.4 AU, are hard to imagine.

Outer edge of the habitable zone

The classical outer edge of the habitable zone is the limit
outside which water is completely frozen on the planet surface.
Estimating this limit with a classical model of Earth climate
with a present-day atmosphere would suggest that this limit is
very close to the current Earth orbit because of strong positive
feedbacks on the temperature related to the process of
‘runaway glaciation’: a lower solar flux decreases the surface
temperatures, and thus increases the snow and ice cover,
leading to higher surface albedos which tend to further
decrease the surface temperature (Sellers 1969; Gerard et al.
1992; Longdoz & Francois 1997).

In reality, on Earth there is a long-term stabilization of
surface temperature and CO, level due to the carbonate-silicate
cycle (Walker et al. 1981). This may be the case on other
planets, assuming that they are geologically active and
continuously outgas or recycle CO,, and that carbonates
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Fig. 1. The classical habitable zone (left) and the main atmospheric
composition (right) of an Earth-analogue atmosphere as a function of
distance from its host star. The classical habitable zone theory assumes
that geophysical cycles will adjust the atmospheric CO, content and its
greenhouse effect to compensate for weaker radiation flux when
distant from the star. Without that, the habitable zone would be here a
thin blue line. On the right, the dashed-dotted line represents the
surface temperature of the planet and the dashed lines correspond to
the inner edge of the habitable zone. The grey zone corresponds to the
incertitude related to the effects of CO, ice clouds (see text).

Figure from Kaltenegger & Selsis (2007) and Lammer et al. (2009)
with data from Kasting et al. (1993) and Forget & Pierrehumbert
(1997).

form in the presence of surface liquid water. Consequently,
CO, accumulates until the geological source is balanced by the
liquid water sink, which ensures the presence of liquid water
(this key assumption is discussed in the section ‘Having the
right atmosphere’). Within this context, one can define the
outer edge of the habitable zone as the limit where a realistic
atmosphere —in terms of composition and thermal structure —
can keep its surface warm enough for liquid water. The most
likely greenhouse gases on a habitable planet are CO, and of
course H,O. Other gases like NH3 or CH4 are possible in a
reducing atmosphere, but they are rapidly photodissociated so
that they must be shielded from solar UV (Sagan & Chyba
1997) or produced by a continuous source or a recycling
process (Kasting 1997). It turns out that a thick CO,
atmosphere may be one of the most efficient solutions for
keeping a planet warm. This is not only due to the properties
of the CO, gas itself. In fact, the greenhouse effect of a purely
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gaseous atmosphere is limited, and in particular adding more
and more greenhouse gas to keep a planet warm does not work
indefinitely. The infrared opacity tends to saturate, while the
absorbed solar energy decreases because of the increase of
albedo by Rayleigh scattering. If we consider a cloud-free CO,
atmosphere (with a water pressure fixed by temperature), the
classical habitable zone outer edge is at 1.67 AU from the
present Sun (with a CO, pressure of about 8 bar; Kasting et al.
1993). Recent work suggests that this value is too large,
because the CO, gas opacity was probably overestimated in
Kasting et al. (1993) model (see Wordsworth et al. 2010a).
However, taking into account the radiative effects of the CO,
ice clouds, which tend to form in such thick CO, atmospheres
allows further increase in warming of the surface thanks to a
cloud ‘scattering greenhouse effect’ (Forget & Pierrehumbert
1997). The outer edge of the habitable zone has been extended
as far as 2.5 AU by taking this process into account. However,
more realistic simulations that spatially resolve the formation
and effects of the clouds are required to confirm this
value. For now, the value of 2.5 AU may be considered an
optimistic upper limit for planets resembling the Earth; i.e.
with an atmosphere mainly composed of CO,, N, and H,O
atmosphere.

Recently, Pierrehumbert & Gaidos (2011) explored the
possible conditions on very different kind of planets: super
Earths that would have been able to retain an appropriate part
of the primordial H,-He mixtures which had accumulated
during their formation. They showed that the spectroscopic
process of ‘collision-induced absorption’ allows molecular
hydrogen to act as an incondensable greenhouse gas and that
bars or tens of bars of pure H, could maintain surface
temperatures above the freezing point of water well beyond the
‘classical’ habitable zone defined for CO, greenhouse atmos-
pheres, out to 10 AU from a solar-type star. A problem with
this scenario is that H,-rich envelope tends to either quickly
escape to space after planet formation (see the section
‘Habitability and atmospheric escape’), or stay very thick,
preventing water from being liquid by keeping the surface
pressure too high. Therefore, the percentage of planets left with
exactly the right atmospheric pressure to allow habitable
temperatures after the early stages of atmospheric erosion is
likely to be very small (Wordsworth 2012). Nevertheless,
Wordsworth (2012) noted that the numerous exoplanets well
outside the ‘classical’ habitable zone and indeed losing their
primordial atmosphere would pass through transient periods
where oceans could form on their surfaces. However, the
duration of these habitable conditions would range from
thousands to a few millions of years

Around other stars

Firstly the limits given above for the solar system can be
extrapolated to planets orbiting other stars by scaling the
orbital distance to the same stellar luminosity, which strongly
depends on the stellar mass (Fig. 1). However, stars smaller
that the Sun with low effective temperature emit their peak
radiation at longer wavelengths (red and near-infrared), where
the radiation is less reflected by the atmospheric Rayleigh
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scattering and a water-rich atmosphere is more absorbent. In
such conditions the planet is more efficiently heated. The edges
of the habitable zone are shifted accordingly (Kasting et al.
1993; Fig 1). In fact, small M stars with masses 0.1-0.5 times
the mass of the sun are particularly interesting, because they
constitute approximately 75% of the stellar population in our
Galaxy, and have a negligible evolution in 10 Gyr. Thus, their
‘continuously habitable zone’ is identical to their initial
habitable zone. Terrestrial planets around M stars are also
easier to detect! However, estimating their habitability requires
us to address several exotic problems such as tidal resonance/
locking (in the extreme 1: 1 case, this means that one side of the
planet will always face the star), active stellar flarings and the
related atmospheric escape, as discussed below (See Joshi 2003;
Buccino et al. 2007; Selsis et al. 2007; Tarter et al. 2007).

Stars larger than the Sun are much less numerous in the
Galaxy, and have a shorter lifetime. If one assumes that, say,
2 Gyr are necessary for complex organisms to form (and build
radiotelescopes), only stars with masses less than 1.5 solar mass
can be considered. A large stellar mass also affects the
radiation output from the star, which is emitted at shorter
wavelengths (blue and ultraviolet). The stellar light is more
readily reflected by an atmosphere, and the habitable zone is
shifted accordingly.

Re-exploring the habitability using 3D climate models

Before 2011, nearly all studies of habitability have been
performed with simple 1D steady-state radiative convective
models that simulate the global mean conditions. Exceptions
to this rule have either been parameterized by energy-balance
models (EBMs) that study the change in surface temperature
with latitude only (Williams & Kasting 1997; Spiegel et al.
2008), or three-dimensional simulations with Earth climate
models (Joshi 2003).

In many cases, 1D models may not be sufficient to estimate
the habitability of a planet. The next step in this investigation is
thus to use 3D time-marching global climate models (GCMs)
which are necessary to really understand the habitability of a
planet. First, they allow simulation of /Jocal habitability
conditions due to e.g. the diurnal and seasonal cycles, which
lets us investigate the meaning of the habitable zone more
precisely than is possible in a globally averaged simulation.
They also help us to understand in a better way the distribution
and impact of clouds which are of central importance to both
the inner and outer edges of the habitable zone, as discussed
earlier. Finally, 3D models allow predictions of the poleward
and/or nightside transport of energy by the atmosphere and, in
principle, the oceans. This is necessary to assess if the planetary
water or a CO, atmosphere will collapse on the night side of a
tidally locked planet, or at the poles of a planet with low
obliquity.

In our Solar system, the climate of most planets can now be
predicted using such GCMs. In fact, a full GCM can be
considered as a ‘planet simulator’ that aims to simulate the
complete environment on the basis of universal equations only.
These models have initially been developed for Earth, as
atmosphere numerical weather prediction models (designed to
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predict the weather a few days in advance) and global climate
models (designed to fully simulate the climate system and its
long-term evolution). Such models are now used for countless
applications, including tracer transport, coupling with the
oceans or the geological CO, cycles, photochemistry, data
assimilation to build data-derived climate databases, etc.,
Since they are almost entirely built on physical equations
(rather than empirical parameters), several teams around the
world have been able to successfully adapt them to other
terrestrial planets or satellites. For instance, our team at
Laboratoire de Meteorologie Dynamique has adapted the
‘LMDZ’ Earth model to Mars (Hourdin et al. 1993; Forget
etal. 1999), Titan (Hourdin ez al. 1995; Lebonnois et al. 2012),
Venus (Lebonnois et al. 2010) and will soon adapt to Triton
and Pluto. These models are used to predict and simulate
the volatile cycles, atmospheric photochemistry, clouds and
aerosols, past climates and more.

We have recently developed a new type of climate model
flexible enough to simulate the wide range of conditions that
may exist on terrestrial exoplanets, including any atmospheric
cocktail of gases, clouds and aerosols for any planetary size,
and around any star. In practice, GCMs simulate (a) the
motion of the atmosphere, including heat and tracer transport
on the basis of the equations of hydrodynamics, (b) the heating
and cooling of the atmosphere and surface by solar and
thermal radiation (i.e., the radiative transfer), (c) the storage
and diffusion of heat in the subsurface, (d) the mixing of
subgrid-scale turbulence and convection, and (e) the for-
mation, transport and radiative effects of any clouds and
aerosols that may be present. Additional levels of complexity
may include ice formation/sublimation, interaction with
oceans and even the effects of vegetation and the biosphere.
(a), (c) and (d) are almost universal processes. We have learned
from studying the solar system that the corresponding
parameterizations can be applied without changes to most
terrestrial planets. The radiative transfer equations are also
universals, however to simulate the 3D climates on a new
planet, one challenge has been to develop a radiative transfer
code fast enough for 3D simulations and versatile enough
to model any atmospheric cocktail or thick atmosphere
accurately.

This model is now applied to understand in a better way the
limit of the habitable zone. For instance, Wordsworth et al.
(2011) applied it to explore the habitability of planet Gliese
581d, discovered in 2007 (Udry et al. 2007). Gliese 581d
receives 35% less stellar energy than Mars and is probably
locked in tidal resonance, with extremely low insolation at
the poles and possibly a permanent night side. Under such
conditions, it was unknown whether any habitable climate on
the planet would be able to withstand global glaciation and/or
atmospheric collapse. 1D models could not be conclusive
(Wordsworth et al. 2010b; Von Paris et al. 2010, 2011;
Kaltenegger et al. 2011). Wordsworth et al. (2011) performed
three-dimensional climate simulations that demonstrated that
Gliese 581d would have a stable atmosphere and surface liquid
water for a wide range of plausible cases, making it the first
confirmed super-Earth (exoplanet of 2-10 Earth masses) in the
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Fig. 2. Surface temperature snapshots from 3D global climate model
simulations for extrasolar planet Gliese 581d, assuming a 20-bar CO,
atmosphere and for three possible rotation rates. Such 3D simulations
can help in understanding in a better way the habitability of
exoplanets, although it is necessary to make strong assumptions on the
nature of the atmosphere. Figure from Wordsworth et al. (2011).

habitable zone. Taking into account the formation of CO, and
water ice clouds, they found that atmospheres with over 10 bar
CO, and varying amounts of background gas (e.g., N,) yield
global mean temperatures above 0°C for both land and
ocean-covered surfaces (Fig. 2).

Similarly, Leconte et al. (2013) have applied the 3D LMD
GCM to explore the possible climate on warm tidally locked
planets such as Gliese 581d and HD85512b. With the same
stellar flux, a planet like the Earth would not be habitable
because of runaway greenhouse instability (see section ‘Outer
edge of the habitable zone’). On a tidally locked planet, they
found that two stable climate regimes could exist. One is the
classical runaway state, and the other is a collapsed state where
water is captured in permanent cold traps (i.e. on the night
side). If a thick ice cap can accumulate there, gravity driven ice
flows and geothermal flux should come into play to produce
long-lived liquid water at the edge and/or bottom of the ice cap,
well inside the inner edge of the classical habitable zone.
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Having the right atmosphere

Staying in the habitable zone is obviously not sufficient for a
planet to continuously maintain liquid water on its surface: it
must have an atmosphere which keeps the surface pressure and
the surface temperature (through its greenhouse effect) in the
right range, for billions of years. However, the processes which
control atmospheric evolution on a planet are still poorly
known. This is the major source of uncertainty regarding the
probability of habitable planets. Two examples of processes
(among many others) for which the Earth’s case may be special
rather than universal, are briefly discussed below.

Habitability and atmospheric escape

The first process which governs the long-term evolution of an
atmosphere is the atmospheric escape to space. Firstly, it
depends on the gravity, and on the temperature of the upper
layer of the atmosphere (the exobase) where the atmospheric
molecules can escape the planet’s gravity field if they are fast
enough, i.e. if the exobase temperature is high enough. (note
that in some cases, escape can also result from chemical
reactions or interactions with the stellar wind). The tempera-
ture of the exobase is not controlled by the total insolation
which heats the surface and the lower atmosphere. Instead, it
depends on the flux of energetic radiations and the plasma flow
from the star (especially the extreme ultraviolet which is
absorbed by the upper atmosphere). It is also controlled by the
ability of the atmospheric molecules to radiatively cool to
space by emitting infrared radiation. To simplify, greenhouse
gases like CO, can efficiently cool, whereas other gases like
N, cannot.

To keep its atmosphere and remain habitable, a planet must
be large enough and exert a high enough gravity to keep its
molecules from escaping when heated by the stellar fluxes.
Obviously, the Moon, which is as much in the habitable zone
as the Earth, is too small. This seems also true for Mars, despite
the fact that it is further from the Sun and that its CO,
atmosphere could have been a very good exobase radiative
cooler. Firstly, the size limit around the Sun may be somewhere
between Mars and the Earth, although it would depend on the
composition of the atmosphere. For instance Lichtenegger
et al. (2010) demonstrated that if the Earth had a nitrogen-rich
terrestrial atmosphere with a present-day composition before
3.8 Gyr the atmosphere would have been removed within a few
million years because of the extreme EUV and solar wind
conditions that could have prevailed during that period when
the Sun was younger. Therefore, they concluded that a CO,
amount in the early nitrogen-rich terrestrial atmosphere of
at least two orders of magnitude higher than the present-
time level was needed to radiatively cool and confine the
upper atmosphere and protect it from complete destruction.
Interestingly, this was consistent with the fact that an elevated
concentration of CO, seems necessary on early Earth to
compensate for the lower luminosity of the young Sun and
solve the ‘faint young Sun paradox’.

A large majority of stars in our galaxy are smaller than the
Sun. In the habitable zone of such stars, and in particular in an
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M dwarf system, atmospheric escape may be stronger because,
for a given total stellar flux, the energetic radiations and
the plasma flows are relatively stronger because of stellar
activity. In such conditions, to keep its atmosphere, a gravity
significantly higher than on the Earth may be necessary
(if sufficient), especially if the atmosphere evolves to an N»-rich
atmosphere early in its lifetime (see e.g. Lammer et al. 2011;
Tian 2011).

However, if the planet’s gravity is large enough, another
problem may occur: the planet may not be able to get rid of its
hydrogen-rich proto-atmosphere (see details in Lammer e? al.
2011 and references therein). In other words, with a solid body
slightly more massive than the Earth, a potential ‘super-Earth’
may ultimately remain like Neptune, with a massive H,-He
envelope that would prevent water from being liquid by
keeping the surface pressure too high.

Intriguing observational evidence relevant to this issue is
provided by the characteristics of some of the ‘super Earth’
for which radii and masses have been measured (Lammer
et al. 2011). Kepler-11b and Kepler-11f, exhibit masses of
~43Mgyrn and ~2.3 Mg, and radii of ~1.97 Rgarn and
~ 2.61 Mgarn, Which result in mean densities of 3.1 and
0.7 g cm™~ > (e.g. Borucki ef al. 2011; Lissauer et al. 2011). The
‘super-Earth’ Gliese 1214b, with a radius of ~2.68 Rg,.¢, and
a mass of ~6.55Mg,, corresponds to a mean density of
1.87 gem ™3 (e.g. Charbonneau et al. 2009). These low densities
indicate substantial envelopes of light gases such as H and He
or possibly H,O and H. Could it be that these ‘super-Earths’
could not lose their initial proto-atmospheres and that they are,
in fact, ‘mini-Neptunes’? In fact, the only observed ‘super-
Earths’ with higher densities which indicate rocky bodies such
as the CoRoT-7b (Léger et al. 2009), Kepler-10b (Batalha et al.
2011), Kepler-18b or Kepler-20b (Borucki et al. 2011) are
much closer to their star, at a distance where really strong
atmospheric escape is expected.

In summary, and to oversimplify this issue, it is not
impossible that the Earth may have enjoyed the right size,
the right kind of star and the right upper atmosphere
composition throughout its history to keep a ‘good’ atmos-
phere (10~ to 10 bars) for billions of years, while being able
to quickly loose its thick primordial hydrogen-rich envelope.
Around different stars, such as active M stars, a larger size
inducing a stronger gravity may be more appropriate to retain
an atmosphere suitable for liquid water and life.

Habitability and geological activity

The classical theory of habitability described in the section
‘Around other stars’ and the current definition of the habitable
zone relies on the assumption that there is long-term
stabilization of surface temperature and CO, level due to the
carbonate-silicate cycle. Without this stabilization, Earth
would not be habitable, and the habitable zone would be
severely limited in size. On Earth, the slow increase of solar
fluxes has always been compensated for by a decrease in the
greenhouse effect, and accidental excursions of the climate
towards global glaciations (e.g., Hoffman et al. 1998) are
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thought to have been counterbalanced by the CO, greenhouse
effect without the interruption of life.

The key process allowing the carbonate-silicate cycle
on Earth, and more generally the long-term recycling of
atmospheric components chemically trapped at the surface, is
plate tectonics. This is a very peculiar regime induced by the
convection in the mantle, which results from the geothermal
heat gradient and surface cooling. How likely is the existence of
plate tectonics elsewhere? Is the geophysical stabilization of the
climate necessary to maintain life a rare phenomenon? In the
solar system, Earth plate tectonics is unique and its origin is
not well understood. Other terrestrial planet or satellites are
characterized by a single ‘rigid lid’ plate surrounding the
planet, and this may be the default regime on extrasolar
terrestrial planets. Plate tectonics is a complicated process that
primarily requires lithospheric failure, deformation and sub-
duction (The lithosphere is the ‘rigid layer’ forming the plates
that include the crust and the uppermost mantle). To enable
plate tectonics, two conditions have been suggested: (1) Mantle
convective stresses large enough to overcome lithospheric
resistance to allow plate braking and (2) Plates denser (i.e.,
colder) than the underlying asthenosphere, to drive plate
subduction. On planets smaller than the Earth (e.g. Mars), the
rapid interior cooling corresponds to a weak convection stress
and a thick lithosphere, and no plate tectonics is expected to
be maintained in the long term. On larger planets (i.e.,
‘Super-Earths’), available studies have reached very different
views. On the one hand, in their theoretical study entitled
‘Inevitability of Plate tectonics and Super-Earths’, Valencia
et al. (2007) showed that, as the planetary mass increases,
convection should be more vigorous, making the lithosphere
thinner (and therefore reducing lithospheric strength), while
increasing the convective stresses (owing to larger velocities in
the mantle). Such conditions should lead to plate tectonics (see
also Valencia & O’Connell 2009; Van Heck & Tackley 2011).
On the other hand, on the basis of numerical mantle
convection simulations, O’Neill & Lenardic (2007) showed
that increasing the planetary radius acts to decrease the ratio of
convective stresses to lithospheric resistance. They concluded
that super-sized Earths are likely to be in an ‘episodic or
stagnant’ lid regime rather than in a plate tectonics regime.
Who is right? In fact, the thermo-tectonic evolution of
terrestrial planets is a complex combination of phenomena,
which has not yet been accurately modelled. For instance, most
models mentioned above did not take into account the fact that
in super-Earths, the very high internal pressure increases
viscosity near the core-mantle boundary, resulting in a highly
‘sluggish’ convection regime in the lower mantles of those
planets which may reduce the ability of plate tectonics (Stein
et al. 2011; Stamenkovic et al. 2012). The effect of size on plate
density and subduction has not yet been studied in detail. What
these studies highlight is the possibility that the Earth may be
very ‘lucky’ to be in an exact size range (within a few percent)
that allows for plate tectonics. Furthermore, Venus, which is
about the size of the Earth but does not exhibit plate tectonics,
shows that the Earth’s case may be rare, and that many factors
control the phenomenon. On Venus, for instance, it is thought
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that the mantle is drier than on Earth, and that consequently
it is more viscous and the lithosphere thicker (Nimmo &
McKenzie 1998). Similar considerations led Korenaga (2010)
to conclude that the likelihood of plate tectonics is also
controlled largely by the presence of surface water. Plate
tectonics may also strongly depend on the history and the
evolution of the planet. Using their state-of-the-art model of
coupled mantle convection and planetary tectonics, Lenardic
& Crowley (2012) found that multiple tectonic modes could
exist for equivalent planetary parameter values, depending on
the specific geological and climatic history. Interestingly, the
existence of such ‘multiple tectonic modes’, for equivalent
parameter values, points to a reason why different groups can
reach different conclusions regarding the tectonic state of
extrasolar terrestrial planets larger than Earth (‘super-Earths’).
But it also adds tremendous complexity to the question of
whether extrasolar terrestrial planets will have plate tectonics.

Conclusions

The ongoing exoplanet detection surveys will soon confirm the
high frequency of terrestrial planets in the habitable zone.
Theoretical 3D climate studies, which benefit from our
experience in modelling terrestrial atmospheres in the solar
system, should allow us to estimate, with some accuracy, if
liquid water can be stable on the surface of these bodies.
However, we will still have to make assumptions on the
atmospheres. Ultimately, our estimation of the frequency of
habitable planets and especially of worlds able to remain
habitable for billions of years will depend on our under-
standing of the nature and of the possible evolution of the
atmospheres. Our experience in the solar system is not
sufficient to estimate what may happen in other stellar systems
or on a planet with a different mass than the Earth. In
particular, it is not impossible that the Earth, because of its
exact size, location, history, as well its sun and its planetary
system has enjoyed a combination of favourable conditions
(see a list of additional possible problems that the Earth seems
to have avoided in Lammer et al. 2009, in the book by Ward &
Brownlee 2000 and its review by Kasting 2001). Since, by
definition, we conduct our research from a habitable planet,
therefore we cannot generalize our experience assuming that it
is universal.

Fortunately, we can hope that in the future it will be possible
to learn more about exoplanetary atmospheres. Thanks to
telescopic observations and spectroscopy. An important step
will be achieved in the next decade by space telescopes like the
James Webb Space Telescope (JWST) or ECHO (Tinetti et al.
2012), as well as by Earth-based telescopic observations using
new generation telescopes like the European Extremely Large
Telescope. These projects will notably be able to perform
atmospheric spectroscopy on exoplanets transiting in front of
their star as seen from the Earth. However, characterizing
atmospheres of terrestrial planets in or near the habitable zone
will remain challenging. Furthermore, the number of obser-
vable planets at suitable distance will probably be very low.
Nevertheless, well before the time when we will be able to
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detect and characterize a truly habitable planet, the first
observations of terrestrial exoplanet atmospheres, whatever
they show, will allow us to make major progress in our
estimation of the likeliness of life (and especially of evolved life)
elsewhere in the Universe.
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