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Abstract

To be habitable, a world (planet or moon) does not need to be located in the stellar habitable zone (HZ), and
worlds in the HZ are not necessarily habitable. Here, we illustrate how tidal heating can render terrestrial or icy
worlds habitable beyond the stellar HZ. Scientists have developed a language that neglects the possible exis-
tence of worlds that offer more benign environments to life than Earth does. We call these objects ‘‘super-
habitable’’ and discuss in which contexts this term could be used, that is to say, which worlds tend to be more
habitable than Earth. In an appendix, we show why the principle of mediocracy cannot be used to logically
explain why Earth should be a particularly habitable planet or why other inhabited worlds should be Earth-like.
Superhabitable worlds must be considered for future follow-up observations of signs of extraterrestrial life.
Considering a range of physical effects, we conclude that they will tend to be slightly older and more massive
than Earth and that their host stars will likely be K dwarfs. This makes Alpha Centauri B, which is a member of
the closest stellar system to the Sun and is supposed to host an Earth-mass planet, an ideal target for searches
for a superhabitable world. Key Words: Extrasolar terrestrial planets—Extraterrestrial life—Habitability—
Planetary environments—Tides. Astrobiology 14, 50–66.

1. Introduction

A substantial amount of research is conducted and
resources are spent to search for planets that could be

habitats for extrasolar life. Engineers and astronomers have
developed expensive instruments and large ground-based
telescopes, such as the High Accuracy Radial Velocity
Spectrograph (HARPS) at the 3.6 m ESO telescope and the
Ultraviolet-Visual Echelle Spectrograph (UVES) at the Very
Large Telescope (VLT), and launched the CoRoT and Kepler
space telescopes with the explicit aim to detect and charac-
terize Earth-sized planets. Even larger facilities are being
planned or constructed, such as the European Extremely
Large Telescope (E-ELT) and the James Webb Space Tele-
scope ( JWST), and an ever-growing community of scientists
is working to solve not only the observational but also the
theoretical and laboratory challenges.

At the theoretical front, the concept of the stellar ‘‘hab-
itable zone’’ (HZ) has been widely used to identify poten-
tially habitable planets (Huang, 1959; Dole, 1964; Kasting
et al., 1993). To the confusion of some, planets that reside
within a star’s HZ are often called ‘‘habitable planets.’’
However, a planet in the HZ need not be habitable in
the sense that it has at least some niches that allow for the
existence of liquid surface water. Naturally, as Earth is the
only inhabited world we know, this object usually serves as
a reference for studies on habitability. Instruments are being

designed in a way to detect and characterize Earth-like
planets and spectroscopic signatures of life in Earth-like
atmospheres (Des Marais et al., 2002; Kaltenegger and
Traub, 2009; Kaltenegger et al., 2010; Rauer et al., 2011;
Kawahara et al., 2012). However, other worlds can offer
conditions that are even more suitable for life to emerge and
to evolve. Besides planets, moons could be habitable, too
(Reynolds et al., 1987; Williams et al., 1997; Kaltenegger,
2010; Porter and Grundy, 2011; Heller and Barnes, 2013a).
To find a habitable and ultimately an inhabited world, a
characterization concept is required that is biocentric rather
than geo- or anthropocentric.

In Section 2 of this paper, we illustrate how tidal heating
can make planets inside the stellar HZ uninhabitable and
how it can render exoplanets and exomoons beyond the HZ
habitable. Section 3 is devoted to conditions that could make
a world more hospitable for life than Earth is. We call these
objects ‘‘superhabitable worlds.’’ Though our consider-
ations are anticipatory, they still rely on the assumption that
life needs liquid water. Our conclusions on the nature and
prospects for finding superhabitable worlds are presented in
Section 4. In Appendix A, we disentangle confusions be-
tween planets in the HZ and habitable planets, and we ad-
dress related disorder that emerges from language issues.
Appendix B is dedicated to the principle of mediocracy—in
particular why it cannot explain that Earth is a typical, in-
habited world.
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2. Habitability in and Beyond the Stellar Habitable Zone

2.1. The stellar habitable zone

A natural starting point toward the characterization of a
world’s habitability is computing its absorbed stellar energy
flux. This approach has led to what is called the ‘‘stellar
habitable zone.’’ The oldest record of a description of a
circumstellar zone suitable for life traces back to Whewell
(1853, Chapter X, Section 4), who, referring to the local
stellar system in a qualitative way, called this distance range
the ‘‘Temperate Zone of the Solar System.’’ More than a
century later, Huang (1959) presented a more general dis-
cussion of the ‘‘Habitable Zone of a Star,’’ which considers
timescales of stellar evolution, dynamical constraints in
stellar multiple systems, and the stellar galactic orbit. A
much broader, less anthropocentric elaboration on habit-
ability has then been given by Dole (1964), who termed the
circumstellar HZ ‘‘ecosphere.’’1 The most widely used
concept as of today is the one presented by Kasting et al.
(1993), who applied a one-dimensional climate model and
identified the CO2 feedback to ensure the inner and the outer
edges of the stellar HZs. The inner edge is defined by the
activation of the moist or runaway greenhouse process,
which desiccates the planet by evaporation of atmospheric
hydrogen; the outer edge is defined by CO2 freeze out,
which breaks down the greenhouse effect, whereupon the
planet transitions into a permanent snowball state. Exten-
sions of this concept to include orbital eccentricities have
been given by Selsis et al. (2007) and Barnes et al. (2008),
and a recent revision of the input model used by Kasting
et al. (1993) has been presented by Kopparapu et al. (2013).

Considering the aging of the star, which involves a steady
increase of stellar luminosity as long as the star is on the
main sequence, the distance range within the HZ that is
habitable for a certain period (say over the last 4.6 Gyr in the
case of the Solar System) has been termed the ‘‘continuous
habitable zone’’ (CHZ) (Kasting et al., 1993; Rushby et al.,
2013). From an observational point of view, the CHZ pro-
vides a more useful tool because life needs time to evolve to
a certain level such that it modifies its atmosphere on a
global scale. Life seems to have appeared relatively early
after the formation of Earth. Chemical and fossil indicators
for early life can be found in sediments that date back to
about 3.8–3.5 Gyr ago (Schopf, 1993, 2006; Mojzsis et al.,
1996; Brasier et al., 2006), that is, less than about 1 Gyr after
Earth had formed. If correct, then life would have recovered
within 100 Myr or so after the Late Heavy Bombardment
(LHB) on Earth (Gomes et al., 2005). However, life re-
quired billions of years before it modified Earth’s atmo-
sphere substantially and imprinted substantial amounts of
bio-relevant signatures in the atmospheric transmission
spectrum. Stars more massive than the Sun have shorter
lifetimes. Thus, although the lifetime of a 1.4 solar-mass
(M1) star is still about 4.5 Gyr, superhabitable planets will
tend to orbit stars that are as massive as the Sun at most.

Further modifications of the circumstellar HZ include
effects of tidal heating ( Jackson et al., 2008a; Barnes et al.,
2009), orbital evolution due to tides (Barnes et al., 2008),

tidal locking of planetary rotation (Dole, 1964; Kasting
et al., 1993), planetary obliquity (Spiegel et al., 2009), loss
of seasons due to tilt erosion (Heller et al., 2011), land-to-
ocean fractional coverage on planets (Spiegel et al., 2008),
stellar irradiation in eccentric orbits (Dressing et al., 2010;
Spiegel et al., 2010), the formation of water clouds on tid-
ally locked planets (Yang et al., 2013), and the dependence
of the ice-albedo feedback on the stellar spectrum and the
planetary atmosphere ( Joshi and Haberle, 2012; von Paris
et al., 2013). These studies show that planets in the HZ of
stars with masses M*(0.5 M1 can be subject to enormous
tidal heating, substantial variations in their semimajor axis,
loss of seasons, and tidal locking. Above all, they demon-
strate that the circumstellar HZ, though a helpful working
concept, does not define a planet’s habitability. For one and
the same star, two different planets can have a different
HZ, depending on a myriad of bodily and orbital charac-
teristics.

2.2. A terrestrial menagerie

Accounting for some of these effects, we can imagine a
menagerie of terrestrial worlds. In Fig. 1, we show these
planets, all of which are assumed to have a mass 1.5 times
that of Earth (Mp = 1.5 M4), a radius 1.12 times that of
Earth2, and a host star similar to Gl 581 (Mayor et al.,
2009). Rather than discussing the exact orbital limits for any
of these hypothetical worlds, we shall illustrate here the
range of possible scenarios. Irradiation from the star is given
by Fi, tidal heat flux by Ft (computed with the Leconte et al.,
2010 tidal equilibrium model), and the critical flux for the
planet to initiate a runaway greenhouse effect by FRG

(Goldblatt and Watson, 2012). Using the analytical expres-
sion given in Pierrehumbert (2010), we estimate FRG = 301
W/m2 for our test planet, and we compute the HZ bound-
aries with the model of Kopparapu et al. (2013). Following
the approach of Barnes et al. (2013) and Heller and
Barnes (2013b), we identify the following members of the
menagerie:

� Tidal Venus: Ft ‡ FRG (Barnes et al., 2013)
� Insolation Venus: Fi ‡ FRG

� Tidal-insolation Venus: Ft < FRG, Fi < FRG, Ft + Fi ‡ FRG

� Super-Io: Ft > 2 W/m2, Ft + Fi < FRG (hypothesized by
Jackson et al., 2008b)

� Tidal Earth: 0.04 W/m2 < Ft < 2 W/m2, Ft + Fi < FRG and
within the HZ

� Super-Europa: 0.04 W/m2 < Ft < 2 W/m2 and beyond
the HZ

� Earth twin: Ft < 0.04 W/m2 and within the HZ
� Snowball Earth: Ft < 0.04 W/m2 and beyond the HZ

Among these worlds, a tidal Venus, an insolation Venus,
and a tidal-insolation Venus are uninhabitable by definition,
while a super-Io, tidal Earth, super-Europa, and an Earth
twin could be habitable. The surface of a snowball Earth is
also uninhabitable because it is so cold that even atmo-
spheric CO2 would condense, and the warming greenhouse
effect could not operate to maintain liquid surface water.

1Dole notes that the term ‘‘ecosphere’’ goes back to Strughold
(1955).

2The radius is derived with an assumed Earth-like rock-to-mass
fraction of 0.68 and using the analytical expression provided by
Fortney et al. (2007).
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Note that the 2 and 0.04 W/m2 thresholds are taken from the
Solar System, where it has been observed that Io’s global
volcanism coincides with a surface flux of 2 W/m2 (Spencer
et al., 2000). Moreover, Williams et al. (1997) suggested
that tectonic activity on Mars ceased when its endogenic
surface flux fell below 0.04 W/m2. Concerning the super-
Europa class, note that O’Brien et al. (2002) estimated
Europa’s tidal heat flux to about 0.8 W/m2.

This menagerie illustrates that terrestrial planets can be
located in the HZ and yet be uninhabitable. Tidal heating
during the planet’s orbital circularization can be an additional
heat source that causes a planet to enter a runaway green-
house state. What is more, tidal heating could make a world
habitable beyond the HZ, possibly the super-Europa planets
in our menagerie. Elevated orbital eccentricities would in-
duce tidal friction in these planets, which would transform
orbital energy into heat. Such highly eccentric orbits would
tend to be circularized; hence perturbations from other
planets or stars in the system would be required to maintain
substantial eccentricities. Then tidal heating could partly
compensate for the reduced stellar illumination beyond the
stellar HZ and potentially maintain liquid water reservoirs.

2.3. Habitable exomoons beyond the stellar
habitable zone

In exomoons beyond the stellar HZ, tidal heat could even
become the major source of energy to allow for liquid wa-
ter—be it on the surface or below (Reynolds et al., 1987;
Scharf, 2006; Debes and Sigurdsson, 2007; Cassidy et al.,
2009; Henning et al., 2009; Heller and Barnes, 2013a,
2013b). Imagine a moon the size and mass of Earth in orbit

around a planet the size and mass of Jupiter, and assume that
this binary orbits a star of solar luminosity at a distance of 1
AU. If the moon is in a wide orbit, say beyond 20 planetary
radii from its host, then it will hardly receive stellar reflected
light or thermal emission from the planet (Heller and
Barnes, 2013a, 2013b), its orbit-averaged stellar illumina-
tion will not be substantially reduced by eclipses behind the
planet (Heller, 2012), tidal heating will be insignificant3,
and the moon will essentially be heated by illumination
absorbed from the star. But as the moon is virtually shifted
into a closer orbit around the planet, illumination from the
planet and tidal heating increase, and the total energy flux
can become large enough to render the moon uninhabitable.
The critical orbit, in which the total energy flux equals the
critical flux for the moon to enter the runaway greenhouse
effect, has been termed the circumplanetary ‘‘habitable
edge’’ (Heller and Barnes, 2013a). Moons inside the habit-
able edge are uninhabitable. Imagine further that the planet-
moon binary is virtually shifted away from the star. Due to
the reduced stellar illumination, the habitable edge moves
inward toward the planet because tidal heat and illumination

FIG. 1. Menagerie of terrestrial planets based on stellar irradiation and tidal heating. A planet with a mass of 1.5 M4 in
orbit around a star similar to Gl 581 is assumed. Dashed lines indicate the borders of the HZ following Kopparapu et al.
(2013). The inner edge is constituted by the runaway greenhouse effect, the outer limit by the maximum greenhouse effect.
Note that tidal heating can potentially heat planets beyond the HZ and open a class of super-Europas. (Color graphics
available online at www.liebertonline.com/ast)

3Only if the moon’s rotation is fast after formation, then it can
experience tidal heating in a wide orbit due to the deceleration
toward synchronous rotation. In this particular constellation of an
Earth-like moon around a Jupiter-like planet at 1 AU from a Sun-
like star, this tidal locking takes less than 4.5 Gyr, even in the widest
possible orbits (Hinkel and Kane, 2013). Moreover, tidal heating
can be substantial even beyond 20 planetary radii from the host
planet if the moon’s orbital eccentricity is large. However, circu-
larization will damp it within a few million years (Porter and
Grundy, 2011; Heller and Barnes, 2013a).
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from the planet can outbalance the loss of stellar illumina-
tion. When the planet-moon system is shifted even beyond
the stellar HZ, then the moon will need to be close enough to
the planet such that it will prevent transition into a snowball
state. In this sense, giant planets beyond the stellar HZ have
their own circumplanetary HZ, defined by illumination from
the planet and tidal heating in the moon.

In Fig. 2, we illustrate this scenario for two different or-
bital eccentricities of the planet-moon binary, 0.01 and
0.001. The abscissa denotes stellar distance of the planet-
moon system, and the ordinate shows the distance between
the planet and its satellite. Green areas denote orbits, in
which the total flux—composed of stellar plus planetary
illumination and tidal heating—varies between the mini-
mum and maximum energy flux (Seff,MaxGr and Seff,MoiGr,
respectively) identified by Kopparapu et al. (2013) to define
the solar HZ. To compute the total energy flux, we chose the
same model as in Heller and Barnes (2013a)4. As the planet-
moon system is assumed at increasing stellar distances, the

habitable edge (red line) moves closer to the planet. Ulti-
mately, beyond the stellar HZ, the satellite must be closer to
its planet than a certain maximum distance such that it re-
ceives enough tidal heating. Moving to the outer regions of
the star system, stellar irradiation vanishes, and tidal heat
becomes the dominant source of energy. Comparison of the
two stripes in Fig. 2 indicates that moons in orbits with only
small orbital eccentricities would need to be closer to the
planet to experience substantial tidal heating.

Note that the orbital eccentricities of the Galilean satel-
lites around Jupiter are all larger than 0.001 and that Titan’s
eccentricity around Saturn is 0.0288. While the reason for
Titan’s enhanced eccentricity remains unclear (Sohl et al.,
1995), the eccentricities of the major jovian moons are not
free but forced; that is, they are excited by the satellites’
gravitational interaction (Yoder, 1979). Thus, as rocky and
icy exomoons are predicted to exist around extrasolar jovian
planets (Sasaki et al., 2010; Ogihara and Ida, 2012), and if
these moons encounter substantial orbital perturbations by
other moons, then possibly many habitable exomoons in and
beyond the stellar HZ await their discovery.

3. Physical Characteristics of Superhabitable Worlds

All exoplanets detected so far either are subject to stellar
irradiation that is very different from the amount or spectral
distribution currently received by Earth, or they have masses

FIG. 2. Habitable orbits for an Earth-like exomoon around a Jupiter-like planet around a solar-luminosity star. Green
areas illustrate orbits, in which the total energy flux of absorbed illumination and tidal heating is above the maximum
greenhouse limit Seff,MaxGr and below the moist greenhouse threshold Seff,MoiGr. Within these stripes, orbits with tidal
heating rates above 100 W/m2 are highlighted in orange. The circumplanetary habitable edge, here defined by the moist
greenhouse, is indicated with a red line. (Color graphics available online at www.liebertonline.com/ast)

4This model, which includes a tidal theory presented by Leconte
et al. (2010), neglects the feedback between tidal heating and the
rheology of the moon. Yet it has been shown that increasing tidal
heat can melt a terrestrial body, thereby shutting down tidal heating
itself (Zahnle et al., 2007; Henning et al., 2009; Remus et al.,
2012).
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larger than a few Earth masses. This has led astrobiologists
to speculate about extremophilic life-forms that could cope
with more bizarre conditions and maybe survive on a planet
that is more hostile than Earth (for a brief review, see
Dartnell, 2011). The word ‘‘bizarre’’ is here to be under-
stood from an anthropocentric point of view. From a pot-
pourri of habitable worlds that may exist, Earth might well
turn out as one that is marginally habitable5, eventually
bizarre from a biocentric standpoint. In other words, it is not
clear why Earth should offer the most suitable regions in the
physicochemical parameter space that can be tolerated by
living organisms. Such an anthropocentric assumption could
mislead research for extrasolar habitable planets because
planets could be non-Earth-like but yet offer more suitable
conditions for the emergence and evolution of life than
Earth did or does; that is, they could be superhabitable.

As to what superhabitable planets could look like or under
which conditions a world could occupy a more benign zone
within the physicochemical volume, we now discuss plan-
etary characteristics that are relevant to planetary habit-
ability (for a broader review, see Gaidos et al., 2005;
Lammer et al., 2009). These considerations will allow us to
deduce quantitative estimates for superhabitable worlds.
Instead of elaborating on extremophilic or even completely
different forms of life, we will still stick to liquid water as a
prerequisite for life and explore more comfortable envi-
ronments as those found on Earth. Thus, our extensions of
habitability toward superhabitability are incremental and
still carry a geocentric flavor.

What could we understand about a superhabitable world?
So far, the term has not been in use; thus its meaning re-
mains obscure. We propose a context family in which it
might be used with reason.6

Habitable surface area. An Earth-sized planet on which
the surface area that permits liquid water is larger than that
of Earth (Spiegel et al., 2009; Pierrehumbert, 2010, Section
1.9.1) could be regarded as superhabitable.

Total surface area. A more uneven surface, or simply a
larger planet with more space for living forms, could make a
planet superhabitable. Due to the higher surface gravity of a
more massive planet, however, both characteristics tend to
exclude one another. To increase a planet’s habitability, the
body cannot be arbitrarily large. As mass typically increases
with increasing radius for terrestrial planets, plate tectonics
will cease to operate at a certain mass (see below). Moreover,
a terrestrial planet that is much heavier than Earth might not
get rid of its primordial hydrogen atmosphere, which could
hamper the emergence of life (Huang, 1960). A planet slightly
larger than Earth can, however, still be regarded as super-
habitable. Note that Earth, the only inhabited planet known so
far, is the largest terrestrial planet in the Solar System.

Land-to-ocean fraction and distribution. The amount of
surface water compared to the amount of land is not only
crucial for planetary climate but also for the emergence and
diversification of life. Giant continents, as Earth’s Gond-
wana about 500 Myr ago, may have vast deserts in their
interiors, as they are not subject to the moderating effect of
oceans. In contrast, planets with more fractionate continents
and archipelagos should favor superhabitable environments
due to their enhanced richness in habitats. Earth’s shallow
waters have a higher biodiversity than the deep oceans
(Gray, 1997). Hence, we expect that planets with shallow
waters rather than those with deep extended oceans tend to
be superhabitable.

What is more, Abe et al. (2011) found that planets dryer
than Earth should have wider stellar HZs. At the inner HZ
boundary, these ‘‘Dune’’ planets are more tolerant against
transition into the runaway greenhouse effect because their
low-humidity equatorial regions can emit above the critical
flux, assumed for an atmosphere saturated in water. But still
the atmosphere is somewhat opaque in the IR and thus ex-
erts a global greenhouse effect, which prevents water at
poles from freezing. On dry planets at the outer HZ
boundary, the low humidity in the tropics hampers forma-
tion of clouds and thus snowfall. Dry planets will thus tend
to have lower albedos than frozen aqua planets (such as
Earth), and they will effectively absorb more stellar illu-
mination and be less susceptible to transitioning into a
snowball state. In addition, daytime temperatures will be
higher on dryer planets at the outer HZ regions due to their
smaller thermal inertia.

Combined with the shallow-waters argument, consider-
ations of dry planets thus suggest that planets with a lower
fractional surface coverage of water, and with bodies of
liquid water that are distributed over many reservoirs rather
than combined in one big ocean, can be considered super-
habitable.

Plate tectonics. On Earth, plate tectonics drive the
carbon-silicate cycle. In this planet-wide geochemical re-
action, near-surface weathering of calcium silicate (CaSiO3)
rocks leads to the formation of quartz-like minerals, that is,
silicon dioxide (SiO2). At the same time, carbon dioxide
(CO2, e.g., from the atmosphere) combines with the residual
carbon atoms to form calcium carbonate (CaCO3). When
subducted to deeper sediments, elevated pressures and
temperatures reverse this reaction, ultimately leading to
volcanic outgassing of CO2. If this cycle stopped or if it
never started on a hypothetical terrestrial, water-rich planet,
then silicate weathering would draw down atmospheric
CO2, which could lead to a global snowball state. On a
planet that receives more stellar illumination or has other
internal heat sources (e.g., tidal or radiogenic heating), this
collapse could be avoided. The period over which radio-
genic heating is strong enough to maintain plate tectonics
increases with increasing planetary mass (Walker et al.,
1981). To a certain degree, more massive terrestrial planets
should thus tend to be superhabitable.

However, planets with masses several times that of Earth
develop high pressures in their mantle, and the resulting
enhanced viscosities make plate tectonics less likely (Noack
and Breuer, 2011). Moreover, a stagnant lid forms at the
core-mantle boundary that allows only a reduced heat flow

5Note that Earth is located at the very inner margin of the solar
habitable zone (Kopparapu et al., 2013).

6We here understand superhabitability as a state in which a ter-
restrial world is generally more habitable than Earth. Con-
ventionally, habitability is considered a binary condition, an ‘‘on/
off’’ or ‘‘1/0’’ state, just as a sow is in pig or not. In this sense, we
discuss the prospects of a sow being pregnant with several farrows,
a state more fertile than only ‘‘on’’ or ‘‘1’’.
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from the core and thereby also frustrates tectonics
(Stamenković et al., 2011). Too high a mass thus impedes
plate tectonics and therefore also subduction that is required
for the carbon silicate. Yet ‘‘propensity of plate tectonics
seems to have a peak between 1 and 5 Earth masses’’
(Noack and Breuer, 2011), which, of course, depends on
composition and primordial heat reservoir. We conclude
that planets with masses up to about 2 M4 tend to be su-
perhabitable from the tectonic point of view.

Magnetic shielding. To allow for surface life, a world
must be shielded against high-energy radiation from inter-
stellar space (termed ‘‘cosmic radiation’’) and from the host
star (Baumstark-Khan and Facius, 2002). Too strong an ir-
radiation could destroy molecules relevant for life, or it
could strip off the world’s atmosphere, an effect to which
low-mass terrestrial worlds are particularly prone (Luhmann
et al., 1992). Protection can be achieved by a global mag-
netic field, whether it is intrinsic as on Earth or extrinsic as
may be the case on moons (Heller and Zuluaga, 2013), and
by the atmosphere. While a giant planet’s magnetosphere
can shield a moon against cosmic rays and stellar radiation,
it may itself induce a bombardment of the moon with ion-
ized particles that are trapped in the planet’s radiation belt
(see Jupiter; Fischer et al., 1996).

To sustain an intrinsic magnetic field strong enough for
protection over billions of years, a terrestrial world needs to
have a liquid, rotating, and convecting core. Within Earth,
this liquid is composed of molten iron alloys in the outer
core, that is, between 800 and 3000 km from its center. Less-
massive planets or moons will have weaker, short-lived
magnetic shields. Williams et al. (1997) estimated a mini-
mum mass of 0.07 M4 for a world under solar irradiation to
retain atmospheric oxygen and nitrogen over 4.5 Gyr. Be-
yond that, the dipole component of the magnetic moment
M depends on the core radius ro, rotation frequency U, and
the thickness D of the core rotating shell where convection
occurs via Mf r3

o D5/9 U7/6 (Olson and Christensen, 2006;
López-Morales et al., 2011), which implies that tidally
locked planets and moons in wide orbits may have weak
magnetic shielding.

Climatic thermostat. A more reliable global thermostat
that impedes ice ages and snowball states would prevent an
existing ecosystem from experiencing mass extinctions,
which would decelerate or even frustrate evolution. There
should exist atmospheric and geological processes whose
interplay constitutes a thermostat that makes a planet su-
perhabitable.

Triggered by the recent discoveries of super-Earth planets
in or near the stellar HZ, recycling mechanisms of atmo-
spheric CO2 and CH4 have been proposed for potentially
water-rich planets (Kaltenegger et al., 2013).7 These planets
are predicted to be completely covered by a deep liquid
water ocean on top of high-pressure ices and without direct
contact with the rocky interior. On such worlds, an Earth-
like carbon-silicate cycle cannot possibly operate, as there

would be no CO2 weathering. Alternatively, lattices of high-
pressure water molecules could trap CO2 as guest mole-
cules, a chemical substance known as carbon clathrate, and
provide an effective climatic thermostat by moderating the
H2O and CO2 levels in water-rich super-Earths. A similar
clathrate mediation has been shown possible for CH4 instead
of CO2 (Levi et al., 2013), that is, methane clathrate.
Clathrate convection could be an effective mechanism to
transport CH4 and/or CO2 from a water-rich planet’s sili-
cate-iron core through a high-pressure ice mantle into the
ocean and, ultimately, into the atmosphere (Fu et al., 2010).

Surface temperature. On worlds with substantial atmo-
spheres, in other words with surface pressures P at least as
high as those on Mars (where 1 mb(P(10 mb), surface
temperatures will generally be different from the thermal
equilibrium temperature given by stellar irradiation and
planetary albedo alone (Selsis et al., 2007; Leconte et al.,
2013). The biodiversity, or the richness of families and
genera, seems to have multiplied during warmer epochs on
Earth (Mayhew et al., 2012), indicating that worlds warmer
than Earth could be more habitable. A slightly warmer
version of Earth might have extended tropical zones that
would allow for more biological variance. This is suggested
by both the ‘‘cradle model’’ and the ‘‘museum model’’ used
in evolutionary biology. The former approach suggests that
rapid diversification occurred recently and rapidly in the
tropics, while the latter theory claims that the tropics pro-
vide particularly favorable circumstances for slow accu-
mulation and preservation of diversity over time (McKenna
and Farrell, 2006; Moreau and Bell, 2013).

However, warming Earth does not necessarily yield in-
creased biodiversity. Warming on short timescales causes
mass extinction, which can currently be witnessed on Earth.
Only a planet that is warm compared to Earth on a billion-
year timescale or a world that warms gently over millions
and billions of years could have more extended surface re-
gions suitable for liquid water and biodiversity.

On the downside, with fewer temperate zones and no
arctic regions, an enormous range of life-forms known from
Earth could not exist. Above all, a world that is substantially
warmer than Earth might have anoxic oceans. On Earth,
oceanic anoxic events occurred in periods of warm climate,
with average surface temperatures above 25�C compared to
pre-industrial 14�C (GRID-Arendal, 1995), and resulted in
extensive extinctions like the Permian/Triassic around
250 Myr ago (Wignall and Twitchett, 1996). While the
concatenation of circumstances that led to extinctions during
hot periods is complicated and may reflect problems of
Earth’s ecosystem, it cannot be excluded that a world
moderately warmer than Earth could be superhabitable. A
colder planet, however, can be assumed to be less habitable,
as less energy input would slow down chemical reactions
and metabolism on a global scale.

Biological diversification. An inhabited planet whose
flora and fauna are more diverse than they are on Earth
could reasonably be termed superhabitable, as it empirically
shows that its environment is more benign to life. An evo-
lutionary explosion, such as the Cambrian one on Earth,
could occur earlier in a planet’s history than it did on
Earth—or simply long enough ago to make the respective

7As candidates for such water-rich planets, Levi et al. (2013)
propose Kepler-11 b, Kepler-18, and Kepler-20 b. Kaltenegger et al.
(2013) suggest Kepler-62 e and f.
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planet more diversely inhabited than Earth is today. Alter-
natively, evolution could have progressed faster on other
planets. Jumps in diversification or accelerated evolution
can be triggered by nearby supernovae and by enhanced
radiogenic or UV radiation.

Multihabitability and panspermia. Stellar systems could
be more habitable than the Solar System if there were more
than one terrestrial planet or moon in the HZ (Anglada-
Escudé et al., 20138; Borucki et al., 2013). If, for example,
the Moon-forming impact had distributed the mass more
evenly between Earth and the Moon, then both objects
might have been habitable. Alternatively, in a hypothetical
Solar System analogue in which only the orbits of Mars and
Venus would be exchanged, there could exist three habitable
planets. With the possibility of massive moons about giant
planets, there might also exist satellite systems with several
habitable exomoons. Such stellar systems could be called
‘‘multihabitable.’’ Impacts of comets, asteroids, or other
interplanetary debris might trigger exchange of material
between those worlds. This exchange could then induce
mutual fertilization among multiple habitable worlds, a
process known as panspermia (Hoyle et al., 1981; Weber
and Greenberg, 1985). Worlds in multihabitable systems,
whether they are planets or moons, could thus be regarded
as superhabitable because they have a higher probability to
be inhabited.

Localization in the stellar habitable zone. Recent work
emphasized that Earth is scraping at the very inner edge of
the Sun’s HZ (Kopparapu et al., 2013; Wordsworth and
Pierrehumbert, 2013). Terrestrial worlds that are located
more toward the center of the stellar HZ could be considered
superhabitable. These objects would be more resistant
against transitioning into a moist or runaway greenhouse
state (at the inner edge of the HZ) than Earth is.

Age. From a biological point of view, older worlds can
be assumed to be more habitable because Earth experienced
a steady increase in biodiversity as it aged (Mayhew et al.,
2012). This diversification indicates that non-intelligent life
itself is able to modify an environment so as to make it more
suitable for its ancestors.9 A stronger claim has been put
forward by what is now known as the Gaia hypothesis,
which suggests that the global biosphere as a whole can be
regarded as a creature controlling ‘‘the global environment
to suit its needs’’ (Lovelock, 1972). Whether considered as a
global entity or not, Earth’s ecosystem obviously influences
global geochemical processes, which has perpetually led to

an increase in biodiversity over billions of years. As an
example, note that after the Great Oxygen Event about
2.5 Gyr ago (Anbar et al., 2007)10, which was likely induced
by oceanic algae, Earth’s surface became more habitable,
allowing life to conquer the continents about 480–360 Myr
ago (Kenrick and Crane, 1997). Therefore, older planets
should tend to be more habitable, or superhabitable if in-
habited.

Stellar mass. The mass of a star on the main sequence
determines its luminosity, its spectral energy distribution,
and its lifetime. The Sun emits most of its light between 400
and 700 nm, which is the part of the spectrum visible to the
human eye. This is also the spectral range in which plants
and other organisms perform oxygenic photosynthesis. On
worlds orbiting stars with masses ( 0.6 M1 (known as M
dwarfs, Baraffe and Chabrier, 1996), these forms of life
might not have the capacity to properly harvest energy for
their survival because their stars have their radiation max-
ima in the IR. However, Miller et al. (2005) found a free-
living cyanobacterium that is able to use near-IR photons at
wavelengths > 700 nm. This discovery, as well as the ability
of the oxygenic photosynthetic cyanobacterium Acaryo-
chloris marina to use chlorophyll d for harvesting photons at
750 nm (Chen and Blankenship, 2011), suggests that—of
course provided that many other conditions are met—
oxygenic photosynthesis on planets orbiting cool stars is pos-
sible. Discussing the results of Kiang et al. (2007a, 2007b) and
Stomp et al. (2007), Raven (2007) also concluded that pho-
tosynthesis can occur on exoplanets in the HZ of M dwarfs.
Ultimately, the transmissivity of the planet’s atmosphere needs
to be appropriate to allow an adequate amount of spectral
energy to arrive at the planet’s surface.

We will not go deeper in possible extremophilic life—
extremophilic from the standpoint of an Earthling—and, for
the time being, consider M stars as less likely hosts for
superhabitable planets. However, these reflections show
that stars slightly less massive than the Sun could still
provide the appropriate spectral energy distribution for
photosynthesis.

Stellar UV irradiation. Stellar UV radiation can damage
deoxyribonucleic acid (DNA) and thus impede the emer-
gence of life. Today, Earth has a substantial stratospheric
ozone column that absorbs solar irradiation almost com-
pletely between 200 and 285 nm (UVC) and most of the
radiation between 280 and 315 nm (UVB). During the Ar-
chean (3.8–2.5 Gyr ago), this ozone shield did not exist, yet
life managed to form. We can assume that terrestrial planets
with anoxic primordial atmospheres would be more habit-
able than early Earth if they received less hazardous UV
irradiation.

M stars remain very active and emit a lot of X-ray and
UV radiation during about the first billion years of their
lifetime (Scalo et al., 2007). The activity-driven XUV flux
of G stars, such as the Sun, falls off much more rapidly, but

8In the case of GJ 667 C, it is entertaining to imagine how the
structure of that system might influence the development of an
intelligent species’ astronomy and human spaceflight activities,
with three potentially habitable worlds and three complete stellar
systems to study up-close.

9Intriguingly, now that the first form of life on Earth is able to
call itself intelligent, it causes a drastic decrease in biodiversity. But
even in case evolution typically leads to intelligent life, then if an
intelligence destroyed itself, it can be assumed that the respective
ecosystem would be able to recover on a million-year or billion-
year timescale, of course depending on the magnitude of the
caused extinction and the environmental effects left behind by the
intelligence.

10Analyses of chromium isotopes and redox-sensitive metals of
drill cores from South Africa by Crowe et al. (2013) indicate a first
slight increase in atmospheric oxygen about 3 Gyr ago, which could
be related to the emergence of oxygenic photosynthesis.
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their quiescent UV flux is enhanced with respect to K and M
dwarfs. What is more, while the UV flux of young M stars is
generally much stronger than that of young Sun-like stars,
quiescent UV radiation from evolved M dwarfs may be too
weak for some essential biochemical compounds to be
synthesized (Guo et al., 2010). Thus, they do not seem to
offer superhabitable primordial environments. K stars offer
a convenient compromise between moderate initial and
long-term high-energy radiation. This is supported by con-
siderations of the weighted irradiance spectrum of complex
carbon-based molecules, indicating that planets in the HZs
of K main sequence stars experience particularly favorable
UV environments (Cockell, 1999). This indicates that K
dwarf stars are favorable host stars for superhabitable
planets.

Stellar lifetime. With a planet’s tendency to be super-
habitable increasing with age, the star must burn long en-
ough for existing life-forms to evolve. Stars less massive
than the Sun have longer lifetimes, and planets or moons can
spend more time within the HZ before they transition inside
the expanding inner edge (Rushby et al., 2013). Against the
background of the two previous items and accounting for the
relatively stable spectral radiance once they have settled on
the main sequence, we propose that K dwarfs are more
likely to host superhabitable planets than the Sun or M
dwarfs.

Early planetary bombardment. The nature of Earth is
closely coupled to its bombardment history. From the lunar-
forming impact (Cameron and Ward, 1976) to the LHB
(Gomes et al., 2005), the impact history influenced the
surface environment, delivery of organic molecules and
volatiles (Chyba and Sagan, 1992; Raymond et al., 2009),
and spin/orbital evolution of Earth. This means that the
history of Earth’s evolution is closely coupled to the orbital
dynamics of the planetary system. It is possible that the
LHB itself is responsible for Earth’s habitability, since it
helped deliver water and other volatiles to Earth’s surface
from farther out in the Solar System.

While the exact cause of the LHB is uncertain, the debate
has focused on effects of a continuous, though gradually
tapering, history of impacts versus a spiked delivery of
material caused by changes in orbital dynamics (Ryder,
2002). Either way, the system architecture played a large
role in determining the extent of these impacts (Raymond
et al., 2004). Is it possible that a system with more dy-
namical instability early in a planet’s history would result in
a longer, more extensive LHB, or—in the case of a sto-
chastic LHB—a sequence of LHB-type events? Such a
history could have little effect on the ongoing evolution of
marine or subterranean microbes yet result in a richer vol-
atile inventory for the host planet or moon and even en-
courage multihabitability by enhancing transfer of material
between planets in the same system.

Planetary spin. The initial spin-orbit misalignment, or
obliquity, and rotation rate of a planet are largely due to the
random events that lead to a planet’s formation (Miguel and
Brunini, 2010), but the subsequent evolution is tightly
coupled to orbital dynamics. Conventional wisdom suggests
that Earth is an ‘‘ideal’’ habitable world, since it has a

large—and presumably rare—moon to stabilize its tilt rel-
ative against the orbital forcing from the Sun and other
planets (Laskar et al., 1993). However, there are a couple of
assumptions in this: (1) that a stable spin is required or even
desired for a habitable planet and (2) that this effect is not
mitigated by the crucial role the Moon has had on the
evolution of Earth’s spin rate. For example, studies have
indicated that Earth’s rotation axis could be stable without
the presence of a massive satellite (Lissauer et al., 2012) and
that such stability is perhaps not desirable (Spiegel et al.,
2009; Armstrong et al., unpublished). In the latter case,
planets with a large tilt can break the ice-albedo feedback at
locations farther from the star, keeping the planet from en-
tering the snowball Earth stage (Williams and Kasting,
1997), and systems with varying tilts could provide slow but
steady changes in ecosystems that encourage evolution of
life.

It is uncertain whether any given spin rate is desirable for
life, as long as it helps keep the surface uniformly habitable,
while radical changes in such a spin rate might be detri-
mental. Did the existence of the Moon encourage life to
evolve by changing the diurnal and tidal cycles, or was this
an impediment to evolution? Could moderate changes of a
world’s obliquity or rotation rate even force life to adapt to a
broader range of environmental conditions, thereby trig-
gering more diverse evolution? Ultimately, is it possible that
a terrestrial planet without a massive moon, or a planet more
subject to changes in spin, could be superhabitable?

Orbital dynamics. It is occasionally claimed that Earth is
habitable largely owing to its stable, circular orbit. How-
ever, climate studies indicate a range of dramatic shifts in
climate due to subtle changes in Earth’s orbit. These oscil-
lations of obliquity, precession, orbital eccentricity, and
rotation period—mainly driven by gravitational interaction
with the Sun, the Moon, Jupiter, and Saturn—are known as
Milankovitch cycles (Berger, 1976; Hays et al., 1976). The
very stability of our orbit, in these cases, makes such events
treacherous, as Earth may experience only subtle changes
again to help rectify the problem. In fact, it is entirely
possible that such stability might put the brakes on biolog-
ical evolution. Planets with eccentric orbits would still
provide a range of seasonally viable habitats while perhaps
acting as a ‘‘vaccine’’ against life-threatening snowball
events. Tidal heating in planets or moons on eccentric orbits
may even act as a buffer against transition into a global
snowball state (Reynolds et al., 1987; Scharf, 2006; Barnes
et al., 2009). Planets with large swings in eccentricity can
also influence the planetary tilt, which has its own, perhaps
positive, impacts on the habitability of a planet. We thus
claim that moderate variations in the orbital elements of a
terrestrial world need not necessarily hamper the evolution
or inhibit the formation of life. Consequently, we see no
terminating argument that Earth’s configuration in an almost
circular orbit with mild changes in its orbital elements
should be considered the most benign situation. Planets that
undergo soft variations in their orbital configurations may
still be superhabitable.

Atmosphere. The atmosphere of an exoplanet or exo-
moon is essential to its surface life, as it serves as a mediator
of transport for water and, to a lesser degree, nutrients.
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Atmospheric composition and the gases’ partial pressures
will determine surface temperatures and, hence, have a key
role in shaping the environment and providing the precon-
ditions for formation and evolution of life.

Just as an example of how an atmosphere different from
that of Earth could make an otherwise similar world su-
perhabitable, note that (i) enhanced atmospheric oxygen
concentration allows a larger range of metabolic networks
(Berner et al., 2007); (ii) variations in the atmospheric ox-
ygen concentration seem to constrain the maximum possible
body size of living forms (Harrison et al., 2010; Payne et al.,
2011); and (iii) there are no known multicellular organisms
that are strictly anaerobic. Today, Earth’s atmosphere con-
tains about 21% oxygen by volume or partial pressure (pO2).
Limited by runaway wildfires for pO2 > 35% and lack of fire
at pO2 < 15% (Belcher and McElwain, 2008), a range of
oxygen partial pressures is compatible with an ecosystem
broadly similar to Earth’s. Obviously, atmospheric oxygen
contents can be much greater than on Earth today, and
worlds with oxygen-rich atmospheres could be entitled su-
perhabitable, because of items (i)–(iii).

While atmospheres less massive than that of Earth would
offer weaker shielding against high-energy irradiation from
space, weaker balancing of day-night temperature contrasts,
retarded global distribution of water, and so on, somewhat
more massive atmospheres could induce positive effects for
habitability. Again, this indicates that planets slightly more
massive than Earth should tend to be superhabitable be-
cause, first, they acquire thicker atmospheres and, second,
their initially extended hydrogen atmospheres can envelop
gaseous nitrogen and thereby prevent its loss due to non-
thermal ion pickup under an initially strong stellar UV ir-
radiation (Lammer, 2013).

Some of the conditions listed in this section are already, or
will soon be, accessible remotely (namely, orbital and bodily
characteristics of extrasolar planets or moons), some will be
modeled and thereby constrained (such as orbital evolution and
composition), and others will remain hidden and induce ran-
dom effects on habitability (climate history, radiogenic heat-
ing, ocean salinity, former presence of meanwhile ejected
planets or satellites, etc.) from the viewpoint of an observer.
This list is by far not complete, and it is not our goal to provide
such a complete list. However, it is supposed to illustrate that a
range of physical characteristics and processes can make a
world exhibit more benign environments than Earth does.
Given the amount of planets that exist in the Galaxy, it is
therefore reasonable to predicate that worlds with more com-
fortable settings for life than Earth exist.

Earth might still be rare, but this does not make the
emergence and existence of extraterrestrial life impossible
or even very unlikely because superhabitable worlds exist.

4. Conclusions

Utilization of any flavor of the HZ concept implies that a
planet is either in the HZ and habitable or outside it and
uninhabitable. Resuming our considerations from Section 2,
our results are threefold: (i) Extensions of the HZ concept,
which include tidal heating, show that planets (‘‘super-
Europas’’ in our terminology) can exist beyond the HZ and
still be habitable. (ii) Fed by tidal heating, moons of planets

beyond the HZ can be habitable. (iii) Intriguingly, none of
all the discussed concepts for the HZ describe a circum-
stellar distance range that would make a planet a more
suitable place for life than Earth currently is.

Terrestrial planets that are slightly more massive than
Earth, that is, up to 2 or 3 M4, are preferably superhabitable
due to the longer tectonic activity, a carbon-silicate cycle
that is active on a longer timescale, enhanced magnetic
shielding against cosmic and stellar high-energy radiation,
their larger surface area, a smoother surface allowing for
more shallow seas, their potential to retain atmospheres
thicker than that of Earth, and the positive effects of non-
intelligent life on a planet’s habitability, which can be ob-
served on Earth. Higher biodiversity made Earth more
habitable in the long term. If this is a general feature of
inhabited planets, that is to say, that planets tend to become
more habitable once they are inhabited, a host star slightly
less massive than the Sun should be favorable for super-
habitability. These so-called K dwarf stars have lifetimes
that are longer than the age of the Universe. Consequently,
if they are much older than the Sun, then life has had more
time to emerge on their potentially habitable planets and
moons, and—once occurred—it would have had more time
to ‘‘tune’’ its ecosystem to make it even more habitable.

The K1V star Alpha Centauri B (a Cen B), which is a
member of the closest stellar system to the Sun and is
supposed to host an Earth-mass planet in a 3.235-day orbit
(Dumusque et al., 2012), provides an ideal target for sear-
ches of planets in the HZ and, ultimately, for superhabitable
worlds. Age estimates for a Cen B, derived via astero-
seismology, chromospheric activity, and gyrochronology
(Thévenin et al., 2002; Thoul et al., 2003; Eggenberger
et al., 2004; Miglio and Montalbán, 2005; Bazot et al.,
2012), show the star to be slightly evolved compared to the
Sun, with estimates being 4.85 – 0.5 Gyr, 6.52 – 0.3 Gyr,
6.41 Gyr, 5.2–8.9 Gyr, and 5.0 – 0.5 Gyr, respectively. Ra-
diation effects of the stellar primary Alpha Centauri A have
been shown to be small and should not induce significant
climatic variations on planets about a Cen B (Forgan, 2012).
If life on a planet or moon in the HZ of a Cen B evolved
similarly as it did on Earth and if this planet had the chance
to collect water from comets and planetesimals beyond the
snowline (Wiegert and Holman, 1997; Haghighipour and
Raymond, 2007), then primitive forms of life could already
have flourished in its waters or on its surface when the
proto-Earth collided with a Mars-sized object, thereby
forming the Moon.

Eventually, just as the Solar System turned out to be
everything but typical for planetary systems, Earth could
turn out to be everything but typical for a habitable or,
ultimately, an inhabited world. Our argumentation can be
understood as a refutation of the Rare Earth hypothesis.
Ward and Brownlee (2000) claimed that the emergence of
life required an extremely unlikely interplay of conditions
on Earth, and they concluded that complex life would be a
very unlikely phenomenon in the Universe. While we agree
that the occurrence of another truly Earth-like planet is
trivially impossible, we hold that this argument does not
constrain the emergence of other inhabited planets. We ar-
gue here in the opposite direction and claim that Earth could
turn out to be a marginally habitable world. In our view, a
variety of processes exist that can make environmental
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conditions on a planet or moon more benign to life than is
the case on Earth.

Appendix A. Usage and Meaning of Terms Related
to Habitability

Discussions about habitability suffer from diverging un-
derstanding of the terms ‘‘habitability,’’ ‘‘habitable,’’ and so
on. Recall that a planet in the stellar illumination HZ, as it is
defined by physicists and astronomers (see Section 2), need
not necessarily be habitable. It is thus precipitate, if not
simply false, to state that the planet Gl 581 d is ‘‘habitable,
but not much like home’’ (Schilling, 2007). Analogously, a
world such as a tidally heated moon outside the HZ need not
necessarily be uninhabitable. Claiming that ‘‘Being inside
the habitable zone is a necessary but not sufficient condition
for habitability’’ (Selsis et al., 2007) can be wrong, de-
pending on the meaning of the word ‘‘habitable.’’ If that
statement means that habitable planets are in the HZ by
definition, then the sentence is tautological. If, however, it
means that a planet needs to be in the HZ to provide liquid
surface water, then it can be proven wrong.

Confusions from blurred pictures are not restricted to the
qualitative. As an example, quantitative problems occur in
discussions about the occurrence rate of planets similar to
Earth that orbit Sun-like stars. The parameter g4 has been
introduced to quantify their abundance. Unfortunately, dif-
ferent understandings of g4 occur in the literature. It has
been used as ‘‘fraction of stars with Earth-mass planets in
the habitable zone’’ (Howard et al., 2009), ‘‘the fraction of
Sun-like stars that have planets like Earth’’ (Catanzarite and
Shao, 2011), ‘‘the fraction of Sun-like stars with Earth-like
planets in their habitable zones’’ (O’Malley-James et al.,
2013), ‘‘the fraction of habitable planets for all Sun-like
stars’’ (Catanzarite and Shao, 2011), ‘‘the fraction of Sun-
like stars that have at least one planet in the habitable zone’’
(Lunine et al., 2008), the ‘‘frequency of Earth-mass planets
in the habitable zone’’ (Wittenmyer et al., 2011), the frac-
tion of ‘‘Earth-like planets with M sin i = 0.5–2 MEarth and
P < 50 days’’11 (Howard et al., 2010), ‘‘the frequency of
habitable planets orbiting M dwarfs’’ (Bonfils et al., 2013b),
‘‘the frequency of 1 < m sin i < 10 M4 planets in the habit-
able zone of M dwarfs’’12 (Bonfils et al., 2013a), ‘‘the
frequency of terrestrial planets in the habitable zone.of
solar-like stars in our galaxy’’ ( Jenkins, 2012), and ‘‘the
number of planets with 0.1 M4 < Mp < 10 M4 in the 3 Gyr
CHZ (a < 0.02AU)’’13 (Agol, 2011). The latter two defini-
tions stand out because Jenkins (2012) restricts g4 to the
Milky Way, and Agol (2011) introduces g4 as a total count,
and yet he uses it as a frequency.

Intriguingly, (i) as it is not clear whether a planet must be
similar to Earth to be habitable, (ii) as the definitions diverge
in their reference to the stellar type, and (iii) as it sometimes

remains obscure what ‘‘Earth-like planets’’ are in the re-
spective context, none of these understandings is equivalent
to at least one of the others, except for the Howard et al.
(2009) and Wittenmyer et al. (2011) explanations. As a
consequence, different estimates for g4 must occur. Al-
though physical, observational, and systematic effects play a
role, a quantitative divergence of estimates for g4 will re-
main as long as there is no consensus about the meaning,
that is, the usage of this word or variable. This problem is
not physical, but it is a logical consequence of the diverging
understanding of g4. Imagine a situation in which all the
authors of the mentioned studies sit around a desk to discuss
their values for g4 and the implications! If they were not
aware of the meaning/usage drift of ‘‘their’’ respective g4,
then their dialogue would founder on a language problem.

The crux of the matter lies in the meaning of any of these
terms, which again depends on the context in which any
term is used. Following the Austrian philosopher Lud-
wig Wittgenstein and his Philosophische Untersuchungen
(Wittgenstein, 1953), many logical problems occur when
terms are alienated from their ancestral use and then un-
reasonably applied in other contexts. Ultimately, as astro-
biology is an interdisciplinary science, it is exposed to those
dangers of confusion and contradiction to a special degree.
In this communication, we shall not infringe the use of
language and terminology but unravel possible perils. In
other words, we ought to be descriptive rather than nor-
mative (Wittgenstein, 1953, Section 124). To answer the
question of whether a planet is habitable, it must be clear
what we understand a habitable planet to be. And following
semantic holism, a doctrine in the philosophy of language,
the term ‘‘habitable’’ then is defined by its usage in the
language.14

Appendix B. An Algebraic Approach
to Superhabitable Planets

Astronomers have developed an inclination to evaluate
habitability in terms of geocentric conditions. Expres-
sions such as ‘‘Earth-like,’’ ‘‘Earth analog,’’ ‘‘Earth twin,’’
‘‘Earth-sized,’’ and ‘‘Earth-mass’’ are often used to evaluate
a planet’s habitability. Although being a natural body of
reference, if other inhabited worlds exist—and obviously
some scientists assume that and look for them—then it
would be presumptuous to claim that they need to be Earth-
like or that Earth offers the most favorable conditions. We
can use set algebra to discern and display planet families.
This somewhat unconventional approach would allow us to
identify Earth as one sort of a habitable and inhabited world
and to become acquainted with superhabitable worlds.

Appendix B.1. Set theory

Consider a set T of terrestrial planets. We assume that any
solar or extrasolar planet will either be an element of T or
not. Planets have been detected with masses of about 5–10
Earth masses, and they likely constitute a transitional regime
between terrestrial and, as the case may be, icy or gaseous.
They may still have their bulk mass in solid form but also

11In this context, M is planetary mass, i is the inclination of the
planet’s orbital plane with respect to an Earth-based observer’s line
of sight, MEarth is an Earth mass, and P is the planet’s orbital period
about the star.

12Here, m is planetary mass and i the inclination of the planet’s
orbital plane with respect to an Earth-based observer’s line of sight.

13In this context, Mp is planetary mass, ‘‘CHZ’’ is an abbreviation
for the ‘‘continuous habitable zone,’’ and a is the planet’s orbital
semimajor axis.

14(Wittgenstein, 1953, Section 43): ‘‘Die Bedeutung eines
Wortes ist sein Gebrauch in der Sprache.’’
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have a substantial atmosphere. Nevertheless, we use a sharp
classification here for simplicity. We concentrate here on the
genuine terrestrial planets. As an example, Earth (e4) is a
terrestrial planet (e� 2 T), whereas Jupiter is not.

The elements of T are the terrestrial planets: T ¼
ft 2 T jt terrestrialg (see Fig. A). Some of these planets will
be habitable and thus be an element of the set of habitable,
terrestrial planets H¼fh 2 T jh habitableg (dotted area). The
complement of this set is the set of uninhabitable, terrestrial
planets U¼ �H¼fu 2 T ju uninhabitableg (blank area). There
are no planets that are both habitable and uninhabitable. Hence,
the union of H and U is equal to the terrestrial planets:
H \ U¼ T . Beyond, there will be a set of Earth-like planets
E¼fe 2 T je Earth-likeg (vertically striped area). Our in-
tuition, trained by the usage of the term ‘‘Earth-like’’ in liter-
ature, in talks, and in conversations, suggests that Earth-like
planets are habitable. For the time being, we prefer to take a
more general point of view and allow Earth-like planets also to
be uninhabitable. E thus overlaps with U in Fig. A. Yet, to be
inhabited, a terrestrial planet must also be habitable. Thus, the
set I¼fi 2 T ji inhabitedg (green area) of inhabited planets is
a subset of H, that is, I � H. Note that the equality is only
valid if all the habitable planets were indeed inhabited. It is
reasonable to assume that there exists at least one terrestrial
planet that is habitable but yet uninhabited. Thus, we can se-
curely state I � H5(t 2 I0t 2 H).15 With Earth being
Earth-like, habitable, and inhabited, we have e� 2 (H \ I \ E).

Finally, we propose that there exists a set S¼fs 2 T j
s superhabitableg (horizontally striped area) of terrestrial
planets, whose elements (i.e., superhabitable planets) offer
more comfortable environments to life than Earth does.
From a statistical perspective, this statement reads as follows:

A randomly chosen element s 2 S

is more likely to be inhabited than a

randomly chosen element e 2 E:

(1)

Alternatively, with p being the probability of a planet to be
inhabited:

p(s) > p(e) (s 2 S, e 2 E) (2)

In Fig. A, we insinuate sentences (1) and (2) by plotting the
relative area of (S \ I) to S larger than the relation of (E \ I)
to E. An equivalent sentence to (2) is

jS \ Ij=jSj ¼ p(s) > jE \ Ij=jEj ¼ p(e) (s 2 S, e 2 E) (3)

where jXj is the number of elements, or ‘‘cardinality,’’ of X.
Sentences (1)–(3) say nothing about the absolute number

of inhabited worlds from sets E and S, which corresponds to
the size of the areas of E and S in Fig. A. Perhaps there are
only two superhabitable planets in our galactic neighbor-
hood, both of which are inhabited, and it may be that there
are 100 Earth-like planets in a similar volume, of which,
say, 10 are inhabited. Then still (2) is true because p(s) = 2/
2 = 1 > p(e) = 10/100 = 0.1. But there would be 5 times as
many Earth-like planets with life than there are super-
habitable inhabited planets.

FIG. A. Set of terrestrial worlds T and subsets. The set membership of Earth e�2 (E \ I) is indicated with a symbol. This graphic
visualizes our claim that habitable planets (H) need not be Earth-like (E) and that there may well exist a set of superhabitable worlds
(S). The cardinality of S may be greater than that of E, and the fraction of planets inside S that are actually inhabited (I, green) may be
greater than the fraction of Earth-like, inhabited planets. For this purpose, S is depicted to be larger than E, and (E \ I) is chosen to be
smaller with respect to E than (S \ I) with respect to S. (Color graphics available online at www.liebertonline.com/ast)

15This question of equality is related to the question how long it
took life to occur on Earth after the planet became habitable. In fact,
planets may generally become inhabited very shortly after becom-
ing habitable. This would allow one to advocate the I � H relation
or even I = H.
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In debates about habitable planets, it is subliminally as-
sumed that there are more Earth-like inhabited planets than
there are non-Earth-like inhabited planets: jE \ Ij > j �E \ Ij.
However, the numbers jE \ Ij, jE \ �Ij, j( �E \ T) \ Ij, and
j( �E \ T) \ �Ij are truly not known, say for a local volume of
100 pc about the Sun. There are only the following constraints:
jE \ Ij�1 and j( �E \ T) \ �Ij* 30¼ j{CoRoT-7 b, Kepler-10 b,
55 Cnc e, Kepler-18 b, Kepler-20 e, Kepler-20 f, Kepler-36 b,
Kepler-42 b, Kepler-42 c, Kepler-42 d, Kepler-62 c, and
others}j16 (Léger et al., 2009; Batalha et al., 2011; Cochran
et al., 2011; Winn et al., 2011; Carter et al., 2012; Fressin
et al., 2012; Muirhead et al., 2012; Borucki et al., 2013).
More terrestrial planet candidates are known, but they lack
either radius or mass determinations (e.g., Gl 581 d, GJ 667
C b to h, GJ 1214 b, HD 88512, and Alpha Centauri B b).

The possible existence of S has fundamental observa-
tional implications. Were it possible to describe S and pre-
dict the characteristics of its elements s, as we attempt in
this communication, then the search for extraterrestrial life
could be made more efficient. Assume two planets were
found; one (ê) being Earth-like and another one (ŝ) being a
member of S. Then it would be more reasonable to spend
research resources on ŝ rather than on ê in order to find
extrasolar life. And intriguingly, ŝ could be less Earth-like
than ê. Ultimately, a superhabitable world may already have
been detected but not yet noticed as such.

Appendix B.2. The principle of mediocracy

The principle of mediocracy claims that, if an item is
drawn at random from one of several categories, it is likelier
to come from the most numerous category than from any of
the other less numerous categories (Section 1 in Kukla,
2010). As an example, consider the cardinalities of two sets
A and B were known; jAj < jBj and A \ B¼Ø, where Ø is
the empty set. Further, A [ B¼M¼fmjm 2 A _ m 2 Bg is
the set of all elements. Then if an arbitrary element �m 2 M
were drawn, it would be more likely to come from B
than from A. This is all the principle of mediocracy states.
In this reading, it comes as a truism. Note that the propor-
tion of A and B, that is, the prior jAj < jBj, is known, and
it is the probability for the drawing that is inferred:
p( �m 2 B) > p( �m 2 A).

In a second reading of the principle of mediocracy, and
this is the one subliminally applied in modern searches for
inhabited planets, the functions of the prior and the drawing
are reversed. Here, �m (which in our example from Section
B.1 is Earth, e4) has already been drawn. It is recognized as
an element of a certain set (E \ I), and it is claimed that this
set is more abundant than the other one. In the terrestrial
worlds scenario (Section B.1), this ventured conclusion
reads ‘‘e�2 (E \ I)0jE \ Ij > j �E \ Ij’’. We paraphrase it
because it is not justified. Given that we have almost no an-
tecedent knowledge of E, �E, and I, this claim is not logical.17

What is more, it is not logical to state that the choice of
e4 has been random; humans have not chosen Earth by
random from a set T (Mash, 1993). To make things worse,
even if we could have chosen e4 randomly from T, and if
our assumption were correct, then what could we conclude

from only one drawing? Numerous drawings, in other words
observations and knowledge about inhabitance of many
Earth-like and non-Earth-like planets, would be required to
reconstruct the prior with statistical significance. Hence,
Earth cannot be justified as a reference for astrobiological
investigations with the principle of mediocracy. The claim
‘‘e�2 (E \ I)0jE \ Ij > j �E \ Ij’’ remains arbitrary, and
current searches for life might not be designed optimally.

To conclude, the principle of mediocracy cannot explain
why Earth should be considered a particularly benign, in-
habited world. When applied to our set of terrestrial worlds,
the principle simply states that a randomly chosen world
most likely comes from the most numerous subset of worlds.
In this understanding, the cardinality of the subsets of ter-
restrial worlds is the prior—it is known before the draw-
ing—and the probability of affiliation with any subset can be
predicted. Yet, concluding that inhabited worlds are most
likely Earth-like is not logical, because, first, the roles of the
prior (here, the inhabited worlds) and the drawing (here,
Earth) are reversed and, second, Earth has not been drawn
(by whom?) at random.
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