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Feature: E xoplanet s

And so you must confess
That sky and earth and sun and all that comes to be
Are not unique but rather countless examples of a 
class.
Lucretius, Roman poet and philosopher, from 
De Rerum Natura, Book II

The only thing more astonishing than their diver-
sity is their number. We’re talking exoplanets 
– planets around stars other than our Sun. And 
they’re being discovered in Star Trek quantities: 
1692 as this article goes to press, and another 3845 
unconfirmed candidates.

The menagerie includes planets that are pink,  
blue, brown or black. Some have been labelled hot 

Jupiters, black Jupiters or puffy Jupiters; there are 
hot Neptunes and mini-Neptunes; exo-Earths, 
super-Earths and eyeball Earths. There are planets 
that orbit pulsars, or dim red dwarf stars, or binary 
star systems.

Astronomers are in heaven and planetary scien-
tists have an entirely new zoo to explore. “This is the 
best time to be an exoplanetary astronomer,” says 
exoplanetary astronomer Jason Wright of Pennsyl-
vania State University. “Things have really exploded 
recently.” Proving the point is that a third of all 
abstracts at a recent meeting of the American Astro-
nomical Society were related to exoplanets.

This explosion is largely thanks to the Kepler space 
observatory. Discoveries of exoplanets had been 

Planets galore
With almost 1700 planets beyond our solar system having been discovered, climatologists are 
beginning to sketch out what these alien worlds might look like, as David Appell reports

David Appell is a 
science writer living 
in Salem, Oregon, 
US, www.
davidappell.com
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slowly mounting since the first two candidate exo-
planets were confirmed in 1992. But Kepler’s launch 
in 2009 changed the game entirely. The observatory 
boasted a specially designed one metre wide pho-
tometer that could continuously monitor the bright-
ness of more than 150 000 stars. Thanks to this kit, 
Kepler was able to detect the minute variations in 
a star’s output as an exoplanet happened to pass 
between (transit) its star and Kepler. In May 2013, 
when the second gyroscope-like reaction wheel that 
kept Kepler pointed at a particular star failed, the 
telescope’s spectacular run was sadly curtailed. Yet 
astronomers are still busy analysing its data and, as 
we go to press, data from Kepler have led to the dis-
covery of 964 confirmed exoplanets and 3845 that 
are unconfirmed.

But it is not only astronomers who are having their 
fun. Climatologists, who were previously restricted 
to modelling Earth, Venus, Mars and Titan, now 
have hundreds of new worlds to play with. Feeding 
data from Kepler into their climate models, these sci-

entists are beginning to sketch out what these other 
worlds might look like and, in particular, whether 
they could support life.

When climate gets strange
Some of the newly discovered exoplanets would have 
a hard time supporting life as we know it. The odd-
ball planet HD 80606 b in Ursa Major, for example, 
has an orbital eccentricity (the amount by which it 
deviates from a circular orbit) of 0.93 – just slightly 
lower than Halley’s Comet. Orbiting its Sun-like star, 
planet HD 80606 b would receive at its furthest point 
about as much sunlight as the Earth does, but when it 
is at “periastron” – its closest approach to its star – it 
would get a massive 828 times more. When astrono-
mers observed the planet’s eclipse by its parent star, 
its temperature rose from about 800 K to 1500 K in 
just six hours.

All that astronomers need to begin estimating 
an exoplanet’s climate are its orbit – defined by the 
distance from its star and the duration of its year – 
and the luminosity of its parent star. Both pieces of 
information are yielded by the two main methods 
for detecting exoplanets: radial velocity surveys and 
transit surveys (see box, left). And knowing a plan-
et’s mass and radius, astronomers can determine the 
planet’s average density, giving some idea of what 
it’s made of. Meanwhile, clues to the planet’s atmos-
phere, if it has one, can be gained from the starlight 
it blocks when the planet passes in front of its star, 
or from the planet’s own emissions that are blocked 
when it passes behind its star.

Raymond Pierrehumbert, a climate scientist at the 
University of Chicago, has explored the possible cli-
mate of Gliese 581 g, a candidate exoplanet that sits 
20 light-years from Earth in the constellation Libra. 
One of six exoplanets thought to be orbiting its star, 
Gliese 581 g was discovered in 2010 by the Lick–Car-
negie Exoplanet Survey led by University of Califor-
nia, Santa Cruz astronomer Steven Vogt and R Paul 
Butler of the Carnegie Institution of Washington. 
The discovery was based on combined radial velocity 
measurements from the Keck 1 telescope in Hawaii 
and the 3.6 m telescope at the European Southern 
Observatory in Chile. While four of the six exoplan-
ets are confirmed, the existence of Gliese 581 g is 
controversial because the data can be interpreted 
to mean either that Gliese 581 g exists, or that the 
confirmed planet Gliese 581 d has an eccentric orbit 
rather than circular. “It will take many more data 
points than the 400 gathered already to resolve this 
eccentricity ambiguity,” says Vogt, who believes the 
radial velocity data support the unconfirmed plan-
ets, but who expects to spend many years doubling 
the number of data points before resolving the issue.

Despite this ambiguity, Gliese 581 g hit exoplanet 
headlines in July 2012 when it was ranked first in a list 
of the five potentially most habitable exoplanets, put 
together by researchers at the Planetary Habitability 
Laboratory, which is part of the University of Puerto 
Rico at Arecibo. The planet is looked on so favour-
ably because, if it does exist, it lies smack-bang in the 
middle of its star’s “habitable zone” (see next section).

Pierrehumbert explored the range of possible 

How to find exoplanets

 ● Radial velocity surveys detect a planet by observing the wobble in a star’s 
motion caused by the orbiting planet. Light from the component of the wobble 
along our line of sight is Doppler-shifted as the star approaches us or recedes 
from us. We detect this as a shift in the lines of the star’s emission spectra to 
smaller or larger wavelengths. Hundreds of observations can eventually detect 
a radial velocity – defined as the line-of-sight velocity of the star with respect 
to Earth – as low as 1 m/s. By comparison, Jupiter shifts our Sun’s centre of 
mass by 12 m/s.

 ● Transit surveys detect a small decrease in a star’s light when an exoplanet 
happens to have an orbit that takes it between its star and Earth. The amount 
of light blocked indicates a planet’s size, with large Jupiter-like planets blocking 
more than 1% of a Sun-like star’s light and Earth-sized planets only 0.01%.

 ● Direct imaging of a faint exoplanet beside its immensely brighter star typically 
works if it has a wide orbit of tens of astronomical units.

 ● Gravitational microlensing of a star that happens to pass in front of another 
is usually a smooth microlensing event, but if the event is perturbed – as 
evidenced by a blip on an otherwise smooth curve showing the amount of 
magnification over time – this indicates that an exoplanet is orbiting the 
foreground lensing star.

 ● Astrometry is a method whereby a star’s position is plotted precisely and any 
perturbations point to an orbiting planet.

 ● For more details on detection techniques, see “Brave new worlds” (March 
2009 pp26–30).

Caught on camera The HR 8799 planetary system was detected through direct imaging.
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environments of Gliese 581 g by making different 
guesses for the planet’s composition and putting 
them into climate calculations. Key parameters are 
what the surface is made of (rock, water or ice?) and 
the atmosphere (airless, life-essential nitrogen or an 
abundance of carbon dioxide (CO2), with its large 
greenhouse effect?). Because the planet’s orbit is, 
in theory, circular and only 0.15 astronomical units 
(AU) from its star, tidal forces are huge and it is 
likely tidally locked, always displaying the same side 
to its star (as the Moon does to Earth). 

One scenario is that Gliese 581 g is a rocky planet 
without an atmosphere, which would make it cold 
and barren – and therefore little different from our 
Moon. But if the planet has a pure nitrogen atmos-
phere with a surface pressure of 105 pascals – nearly 
the same as that of the Earth – over a dry rocky sur-
face, the temperature would be a survivable –4 °C at 
the substellar point (the surface point directly under 
the star). The planet’s night side would, however, be 
about –50 °C – inhospitable for life as we know it. 
Different estimates of the planet’s albedo (reflec-
tance), the presence of water (brought in by com-
ets, as is thought to be the case for Earth) and the 
amount of CO2 in its atmosphere would lead to much 
higher temperatures. In fact, with a dense enough 
atmosphere, the planet would have a strong water 
vapour/CO2 greenhouse effect producing a warm, 
liquid water ocean, with the potential to support life.

But the most interesting possibility for Gliese 
581 g is an “eyeball Earth” – a low enough albedo 
that open water occupies a circular region near the 
planet’s substellar point (the “pupil” of the eyeball), 
with the rest of the planet’s surface frozen over (the 
“white” of the eyeball). The size of the ocean would 
depend on the atmosphere’s CO2 concentration, and 
the temperature at the ice edge would be the freez-
ing point of the ocean. Using a global climate model 
with 105 pascals of surface pressure and a 20% CO2 
atmosphere, Pierrehumbert found the planet would 
have a maximum temperature of 37 °C with a large 
circular ocean of width 90° in both latitude and lon-

gitude. Depending on the planet’s radius (known 
to be between 1.3 and 2 times Earth’s), the region 
of open water would be about half the size of all of 
Earth’s oceans. The night-side temperature would be 
frozen darkness at about –63 °C.

Even if Gliese 581 g does not exist, other similar exo-
planets do. So could such an eyeball-Earth exoplanet 
ever be confirmed? One clue would be to scan the 
planet using infrared photometry and detect a step-
change in the planet’s albedo, corresponding to the 
transition between ice and open water. If the planet 
is tidally locked, our view of it would change during 
its orbit, from the warm ocean to the cold night side.

Habitable zones
We’ve mentioned the habitable zone, or “Goldilocks 
zone”, but what would this be like in reality? Within 
this realm, where temperatures are not too hot or 
too cold, it is possible for a rocky planet to maintain 
liquid water on its surface – a key requirement for the 
survival of life as we know it.

In a paper published in Proceedings of the National 
Academy of Sciences last November (10.1073/
pnas.1309107110), James Kasting and colleagues at 
Pennsylvania State University tried to pinpoint the 
inner and outer limits of the habitable zone, expand-
ing on groundbreaking work Kasting first did over 
20 years ago. Using sophisticated models of a rocky 
planet with surface liquid – and making assumptions 
that the atmosphere contains water vapour, nitrogen, 
carbon dioxide and oxygen – he and his team found 
that the inner edge of the habitable zone is closer to 
its star than previously calculated.

What the paper also shows is that, when a watery 
planet is too close to its star, there are two very dif-
ferent mechanisms by which the planet’s water can 
be lost to space. First, if a planet is so close to its star 
that its temperature exceeds 647 K, the planet would 
lose its water dramatically by undergoing a “runaway 
greenhouse” effect and its entire ocean would evapo-
rate into its atmosphere.

Kasting and colleagues find that, for Sun-like stars 

Eye in the sky Artist’s impression of Gliese 581 g as an “eyeball 
Earth” that is frozen all over except for a single giant ocean.

What a scorcher! The simulated weather patterns of eccentric planet HD 80606 b, 4.4 days 
(top left) to 8.9 days (bottom right) after its closest approach to its star.
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with an effective radiating temperature of 5780 K, a 
runaway greenhouse effect occurs if a planet’s effec-
tive stellar flux, Seff, is 1.04 or more (figure 1). (This 
quantity is a measure of how much radiation a planet 
receives from its star and is a planet’s stellar flux 
divided by the solar flux at Earth’s orbit. Seff = 1 is the 
flux we receive on Earth, with higher values meaning 
more radiation is received than on Earth, and lower 
values less.) In our solar system, this effective stellar 
flux is equivalent to the planet being 0.98 AU from 
the Sun and in fact Venus, which orbits at 0.72 AU, 
is thought to have undergone a runaway greenhouse 
effect. Once the ocean is gone, the planet’s water 
would be lost in a few tens of millions of years, as the 
photo-disassociated hydrogen atoms escape to space.

The second method by which a planet can lose its 
water is that, before the entire ocean evaporates, 
the atmosphere becomes fully saturated and water 
vapour rises so high into the stratosphere that it can-
not condense. When those atoms in a water mole-
cule are then disassociated by incoming photons, the 
light hydrogen atoms escape into space. This “moist 
greenhouse” happens, in Kasting’s 1D model, if the 
planet’s surface temperature is above 340 K for an 
Earth-like atmosphere, equivalent to the planet’s 
Seff being greater than 1.01. In our solar system this 
equates to 0.995 AU from the Sun, just inside Earth’s 
orbit, which would seem to indicate that Earth is in 
danger of this fate.

However, Kasting explains that his 1D energy bal-
ance model is limited in its predictions. “The model is 
too conservative for two reasons,” says Kasting. First, 

it ignores how clouds, which can both trap and reflect 
heat, change with temperature. Second, it assumes 
that relative humidity in the lowest part of the atmos-
phere is 100%, when in reality it is less. “A 3D climate 
model is needed to better quantify these effects,” he 
adds, which is in fact what other researchers have 
now done. Recent work using a 3D climate model by 
Jérémy Leconte, of the Institut Pierre Simon Laplace 
in Paris, and colleagues puts the inner edge of the 
habitable zone at a safer Seff = 1.10 (0.95 AU) for 
Earth-like planets, and that of Eric Wolf and Brian 
Toon of the University of Colorado at Boulder found 
an inner limit of Seff = 1.15 (0.93 AU).

As for the cold outer boundary of the habitable 
zone, it is the distance at which surface water cannot 
get above its freezing point, despite full-on green-
house warming. Kasting and colleagues calculate 
this theoretical “maximum greenhouse” limit to be 
at Seff = 0.35, which equates to 1.69 AU in our solar 
system. However, we know that early Mars had liquid 
water flowing on its surface at least 3.8 billion years 
ago – a time when the Sun’s luminosity was 25% lower 
than today – which suggests an empirical limit of 
Seff = 0.32, which is 1.77 AU in our solar system today.

Favourites for habitability
Given the wide range of parameters that can make 
a planet habitable, which exoplanets do astronomers 
think have the best chance of supporting life?

At NASA’s exoplanet conference at its Ames 
Research Center three years ago, the Kepler team 
announced it had found its first confirmed planet in 

1 The Goldilocks zone – not too hot, not too cold
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The habitable, or “Goldilocks”, zone is the shell-shaped region around a star in which a planet could have liquid water on its surface. That 
zone is shown here as a function of the temperature of the planet’s star (five examples are shown on the left) and of stellar flux in 
comparison to what we receive on Earth, Seff. In a conservative scenario, the habitable zone is restricted to the “moist greenhouse” and 
“maximum greenhouse” limits. An optimistic scenario, which uses estimates of how long Venus and Mars kept liquid water on their surfaces, 
extends the habitable zone to the “recent Venus” and “early Mars” limits.
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a habitable zone, Kepler 22 b, some 600 light-years 
from Earth in the constellation Cygnus. It orbits 
its Sun-like star in 290 days, and although its semi-
major axis is a familiar 0.85 AU, the shape of the exo-
planet’s orbit is unknown, so we also do not know 
how much time it spends in its star’s habitable zone. 
With Seff = 1.09, it likely has a surface above freezing 
over at least part of its orbit, and could be an ocean 
world with a small rocky core.

The solar system around the star Kepler 62, which 
is some 1200 light-years away in the constellation 
Lyra, has at least five planets, two of which are par-
ticularly enticing as twin Earths. The masses of this 
pair – Kepler 62 e and Kepler 62 f – are unknown, but 
we know they have radii between 1.25 and 2.0 that of 
Earth. Both are in the habitable zone of their parent 
star, with Seff values of 1.16 and 0.41, respectively – 
the latter within the habitable-zone limits given by 
climate models. The planets’ albedos are unknown, 
but a Monte Carlo simulation that assumed they are 
a random number between 0 and 0.5 found the plan-
ets’ estimated equilibrium temperatures to be –3 °C 
and –65 °C.

Dimitar Sasselov of the Harvard–Smithsonian 
Center for Astrophysics and colleagues at the Max 
Planck Institute for Astronomy in Heidelberg, Ger-
many, calculate that the planets may be completely 
made of water, or they may be solid with a shallow 
ocean; the latter offers the possibility of hydrother-
mal vents, which on Earth support organisms known 
as “extremophiles”.

With a little luck and the right atmospheric com-
position, either or both of Kepler 62 e and f could be 
habitable. However, we will not know if any of these 
planets are fit for life until astronomers look more 
closely. “Until and unless we obtain good data on 
the planetary atmospheres that show some kind of a 
bio-signature, we will not know if they are habitable 
environments,” says Ravi Kopparapu, a research 
associate in Kasting’s group at Pennsylvania State.

Unless the inhabitants of an exoplanet are beam-
ing radio waves or laser light our way – what scientists 
who search for extraterrestrial life call “technosigna-
tures” – astronomers will look for actual habitation 
by spectroscopically examining an exoplanet’s light 
spectrum. A telltale sign could be the presence of 
accumulated gaseous molecules that are a by-prod-
uct of biological metabolism, such as oxygen, meth-
ane, nitrous oxide and ammonia. Specifically, the 
ratios of these gases should be far from thermody-
namic equilibrium – as they are on Earth.

Kepler 62 e and Kepler 62 f are too far away for 
astronomers to sift through their light looking for 
chemical elements from their atmospheres – their 
distance is large enough that not enough photons 
would be collected. But they have attracted the atten-
tion of SETI (Search for Extraterrestial Intelligence) 
researchers, whose SonATA programme – SETI on 
the Allen Telescope Array in northern California – is 
concentrating on the Kepler telescope’s discoveries 
of exoplanets in the habitable zone. The programme 
will focus on frequencies where the Earth’s atmos-
phere is most transparent, which includes many fre-
quencies that have never before been observed.

This is a truly unique time for astronomers – new 
vistas are bringing revelations of new worlds almost 
as fast as they can catalogue them, while others are 
characterizing these realms, allowing us to begin 
imagining what they look like. Can imagination 
keep up with reality? Like few other times in his-
tory, our human understanding of the cosmos is ful-
filling, and even surpassing, our human dreams of  
the cosmos.

Future missions 

Last December saw the launch of the European Space Agency (ESA) Gaia mission, 
also known as “the one billion star surveyor”. This five-year mission’s primary goal 
is to investigate the formation and evolution of the Milky Way by mapping 1% of 
our galaxy’s stars; monitoring the position of these stars will also bring to light 
any wobbles in their position that would indicate exoplanets (see box on p34). 
Estimates suggest that Gaia will discover tens of thousands of new exoplanets. 

Looking further ahead, in 2017 NASA plans to launch the Transiting Exoplanet 
Survey Satellite (TESS) telescope, which will look for transiting exoplanets and 
is expected to discover up to 10 000 candidates. There are also plans to adapt 
existing ground-based telescopes here on Earth to search for new exoplanets. 
The SPHERE system designed for the European Southern Observatory’s Very 
Large Telescope and the Gemini Planet Imager developed for the Gemini South 
telescope, both in Chile, will allow these telescopes to look for large, giant 
planets. A different approach will use the spectrographs HARPS-N at Italy’s 
Galileo National Telescope in the Canary Islands and ESPRESSO at the ESO’s Very 
Large Telescope – planned for 2016 – to detect exoplanets’ frequency spectra.

Many hopes are being placed on the NASA-led James Webb Space Telescope 
(JWST), planned as a successor to the Hubble Space Telescope, to study the 
formation of stars and planets. Its large-aperture, infrared telescope will be 
ideally suited to doing atmospheric spectroscopy. But the JWST has already been 
17 years in the planning, is well over budget and, with shades of the infamous 
Superconducting Super Collider, has nearly been cancelled once already. The US 
has now capped its cost at $8bn, with launch slated in 2018.

Then there are proposals such as the New Worlds Mission to build an 
unprecedented “star shade”. Shaped like a multi-petalled flower, the shade would 
fly 50 000 kilometres in front of the JWST, blocking a star’s light by as much as 
10 billion-fold, allowing astronomers to view exoplanets without the glare of the 
star over-exposing their readings. Also, ESA has drawn up plans for a mission 
called PLATO to launch in 2024, which is hoped to discover exoplanets around 
Sun-like stars (see p9).

What else is out there? It is perhaps the ultimate question.

� n

Star surveyor  Artist’s impression of Gaia, which is right now monitoring our galaxy’s stars.
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