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Finding Terrestrial Planets In The Habitable Zones Of Nearby Stars 

 
Humans have always wondered whether seemingly disparate phenomena could be 
understood as different manifestations of the same underlying principles. As well as 
being deeply satisfying, this would give greater predictive power in unfamiliar 
situations, if somebody had the right idea. Such ideas have turned out to be central to 
our survival, especially since the industrial revolution. 
 
Some of the most widely known ideas have a very wide range of applicability, 
including beyond the Earth. One of the earliest such breakthroughs was made by 
Kepler, who showed how all known planets journeyed around the Sun in repeating 
elliptical orbits1. Within a century, Newton explained this in terms of one universal 
force: gravity2. This tied together the motions of all 6 planets and several satellites, 
motions which had seemed unpredictable just a century earlier. 
 
Eventually, we learned that the Sun is just an ordinary star and that our galaxy is just 
another galaxy3, rather than the whole Universe (though some people today were 
alive when this was debatable). Very recently, we proved conclusively that the Sun is 
not the only star to have planets orbiting it4. Most stars are like the Sun in this 
respect5. Planets are abundant but life on them may be rare. The quest to determine if 
this is so is already revealing important information about how we all got here, 
without yet giving a conclusive answer. Obtaining one would dramatically alter 
mankind’s perceptions about itself and life on Earth.  
 
The formation of a planetary system is thought to occur at the same time as the 
formation of its host star. In the flattened accretion disk around it, the dust condenses 
into small objects that stick together, at first through chemical bonding and then 
through gravity6. This produces mile-sized objects that perturb each others’ orbits, 
eventually colliding and producing Moon-sized planetisimals. These are on relatively 
widely spaced orbits because it takes a lot of material to create each object. Thus, the 
next stage of collisions is slower.  
 
In the inner regions of the system, terrestrial planets may be formed. Further out, 
beyond the ‘snow line’, ice can exist as a solid. Hydrogen and oxygen are very 
abundant elements, so the amount of solid material is significantly higher beyond the 
snow line. The extra material allows the formation of much heavier objects, perhaps 
10-15 ME. These may accrete the much more abundant gas, if they form before the 
star has brightened and blown it away. A gas giant like Jupiter (318ME) is now born. 
In some cases, it will migrate inwards4, probably due to interactions with remaining 
material in the disk7. If more than one giant planet forms, they can interact 
gravitationally for a much longer period than the lifetime of the disk. In some cases 
(and possibly in our own solar system), planets may be ejected altogether from their 
parent star as a result8, 9.  
 
The mass and metallicity of the gas cloud from which a star forms affect the 
formation of any potential planets around that star. Both affect the amount of solid 
material available to form terrestrial planets or the cores of gas giants. This material 
(dust) is formed in previous generations of stars, often only while they are exploding. 
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Giant planets are particularly sensitive to the amount of material available10. This is 
less important for Earth mass planets, which require a much smaller amount of solid 
material. Even then, it will be difficult to form rocky planets around stars with low 
enough M and Z, as results suggest11. Very old stars (which formed when Z was 
lower) and stars too far from the galactic centre (where supernovae are too infrequent 
to enrich the gas in metals); thus may have difficulty forming planets, especially if the 
star is late-type.  
 
Very high Z would lead to a more massive disk in which gas giants could form 
rapidly, before the disk was dissipated. Interactions with the disk would therefore be 
stronger and last longer, potentially causing significant inward migration. This could 
disrupt the orbits of closer in terrestrial planets. Thus, stars with high Z may not be 
ideal for life to develop around. 
 
Near the galactic centre also lurks a supermassive black hole12. When it accretes gas, 
huge amounts of energy and particle radiation are likely emitted. This can be very 
damaging for life, but only within ~5000 light years of the galactic centre13. Similar 
radiation levels could come from a supernova, if one occurred within ~50 light years 
of a planet14. The long half-lives of the radioisotopes produced means that, even for a 
slowly rotating planet, most of it will be affected. The space density of stars – and 
thus supernovae – is highest near the galactic centre. This also makes such regions 
have high Z, so regions too close to the centre of a galaxy may not be ideal for life. 

Figure 1  The fraction of nearby stars that have giant planets orbiting them10. 
There is a strong dependence on metallicity. The inclusion of a linear 
dependence on mass significantly improves the fit to the data. 
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However, recent work indicates that the higher metallicity in the inner regions of a 
galaxy increases the frequency of terrestrial planets and this may even compensate for 
more frequent SNe. If so, the most likely place to find life might actually be close to 
the centre of a galaxy15. 
 
There are hazards further from the centre too. The spiral arms of the Milky Way are 
regions where spiral density waves have compressed the gas16, leading to an increased 
star formation rate. This is clearly visible in the blue colour of such regions in similar 
galaxies, indicative of hot short-lived stars which must have formed recently. These 
massive stars explode as supernovae, which can be harmful to life. 
 

 
 
 
 
 
 
 
The spiral density waves are believed to rotate at a certain rate16. Stars which orbit the 
galaxy at close to this rate will have the longest time between spiral arm crossings. It 
appears that the Sun is just such a star17. If this is not a coincidence, then a whole 
galaxy might be unsuitable for the development of intelligent life (which requires 
billions of years of evolution). The metallicity at the corotation circle might be 
‘wrong’ or it may be too close to the galactic centre. 
 
Despite the uncertainty, some regions of a galaxy will be better than others at forming 
habitable planets and avoiding catastrophic damage to any potential biosphere on such 
planets. For near-term exoplanet characterisation missions, though, the target stars 
will be very close to the Sun in galactic terms, leading to a similar galactic 
environment. In any case, simple life is less affected by radiation from supernovae 
and takes less time to evolve. 

Figure 2 The spiral galaxy NGC 1232, 100Mly away. The spiral arms 
contain young blue stars, but the central region only contains much 
older and redder stars because it has not formed new stars recently. 
Note this galaxy has been disturbed by another one passing nearby. 
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Even with the right galactic environment, the star may be a problem. Stars are often in 
a binary or multiple star system. This can destabilise planetary orbits, unless the stars 
are very close or very widely separated, compared to the star-planet separation. But 
binaries at an intermediate separation seem unsuitable for planetary orbits to be stable. 
 
The large number of stars in our galaxy suggests that there may be life on an 
exoplanet. For such life to be detectable from light years away, it must be abundant. 
This requires a lot of energy and a liquid solvent as a medium for chemical reactions. 
The most likely energy source is the parent star, although in places like Europa, tidal 
heating may be significant19. The solvent is most likely to be water because of the 
very high cosmic abundances of hydrogen and oxygen. Uniquely, water freezes from 
the top downwards, making it difficult for a standing body of water to completely 
freeze. A solid surface is required to allow the water to collect, ruling out gas giants. 

Figure 3 Diagram showing which regions of our galaxy in spacetime a planetary 
system capable of supporting intelligent life may have been born in18. Green 
(within thick white line) means suitable for developing intelligent life. Although 
the metallicity and supernovae constraints seemingly allow a wide region, the 
issue of spiral arm crossings would further restrict the allowed region to between 
the vertical red lines. In another galaxy, this region may fall in the ‘wrong’ sort of 
environment, potentially meaning the galaxy has no intelligent life within it.  
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For these reasons, a terrestrial planet or moon is required. The edges of the habitable 
zone are determined by where an ocean of liquid water wouldn’t last, because the 
temperature is too high or too low. The most important determinant of temperatures 
on Earth over geologic timescales is the carbonate-silicate cycle20. This acts like a 
thermostat which controls CO2 levels and thus the greenhouse effect. In the presence 
of land masses and oceans, a large enough planet should operate a similar cycle.  
 
Rainwater containing dissolved CO2 reacts with surface rocks. The resulting insoluble 
carbonates get washed into the ocean, where they precipitate out. Although life affects 
the process on Earth, it can operate without life. 
  
 CaSiO3 + CO2  ⇄  CaCO3 + SiO2 (1) 
 
Plate tectonic motions subduct the carbonates into the interior of the planet, where this 
reaction gets reversed due to higher temperatures (which favour the endothermic 
backward reaction). The CO2 eventually works its way out through volcanoes, 
completing the cycle. For plate tectonics to operate on an exoplanet, its interior must 
remain hot so that convection ensues. Mars is too small and cold for this. Venus does 
not support plate tectonics, likely because it lost its endowment of water (needed to 
provide lubrication to the plates). This would not have occurred if it was in the 
habitable zone. The universality of convection suggests that plate tectonics should 
occur on Earth-size or larger planets in the habitable zone. 
 
The temperature stabilising effect of Equation 1 comes about because weathering 
rates depend on total rainfall, which is greater at higher temperatures. Using the 
Boltzmann factor as a rough guide, evaporation and rainfall are quite sensitive to T 
(an increase from 20ºC to 30ºC leads to a 70% increase21). 
 
Such an increase leads to net removal of CO2 from the atmosphere, restoring the 
temperature towards its previous value. The opposite happens if it gets too cold. Earth 
is thought to have undergone a global glaciation event22, but the build up of CO2 in 
the atmosphere due to continued volcanic activity eventually caused deglaciation. 
Other factors like volcanic dust darkening the ice could have been important too. 
 
The carbonate-silicate cycle attempts to maintain temperatures within the range where 
liquid water remains on the surface. It is probably the main reason why Earth has 
remained habitable despite a ~30% increase in LS

23. If Earth formed further from the 
Sun, more CO2 would be required to end a Snowball Earth. Higher CO2 levels make 
for a thicker atmosphere, which is better at Rayleigh scattering sunlight (this process 
makes our sky blue). Thus, there are limits to how much CO2 can warm the planet and 
if it forms far enough away, it will never deglaciate24. Life might still persist in 
isolated volcanic hotspots, but this would probably not be detectable from light years 
away. For planets orbiting fainter stars, the stellar radiation is at longer wavelengths, 
making Rayleigh scattering less effective. This allows the planet to remain habitable 
with less incident radiation.  
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Loss of water to space becomes significant at the inner edge of the habitable zone. A 
higher temperature leads to a more humid atmosphere, causing a rising parcel of air to 
cool down more slowly (due to release of latent heat). Thus, the temperature can 
remain high and water vapour can remain abundant until much greater altitudes, at 
which the flux of stellar UV radiation is higher. 
 
This radiation can photodissociate water molecules, with the hydrogen atoms readily 
escaping. Nearly all the water originally present will thus be lost25. Such a ‘moist 
greenhouse’ scenario is thought to have occurred on Venus, explaining why it has a 
very high D:H ratio26 (deuterium escapes to space less easily than the lighter 
hydrogen). Fainter stars emit less UV radiation with which to work this process. 
 
The width of the habitable zone is now estimated. Assuming a spherical planet acting 
as a uniform temperature blackbody, the star-planet separation at which the effective 
equilibrium temperature is T; is given by  
  

 2
* 1

4
L

a
Tπσ

=  (2) 

 
For the inner edge, T is set to 50ºC as this makes for a very moist atmosphere. For the 
outer edge, noting that CO2 freezes out at -79ºC and that the poles will be cooler than 
the average temperature, T = -50ºC is used. This makes the habitable zone around the 
Sun go from 0.74 to 1.56 AU, including two planets. Both these planets had liquid 
water on their surface in the past27. The habitable zone therefore appears to be wide 
enough that forming planets within it is perhaps not uncommon. 

Figure 4 Simulation of Mars under different amounts of solar radiation relative to 
the present level S0, assuming a nearly pure CO2 atmosphere23. Too high a pressure 
leads to condensation of CO2 (dashed line). The temperature curves are plotted 
only until the maximum attainable temperature, which corresponds to less CO2 
than the saturation level due to increasing Rayleigh scattering. 
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Most stars are fainter than the Sun28. Understanding whether habitable conditions can 
be sustained around such stars will therefore be crucial. Habitable planets orbiting 
such stars must be closer in, increasing tidal forces. Using as a guide the spindown 
rate of Earth due to torques exerted by the Moon29, a typical tidal timescale for the 

Earth (
.

Ω÷Ω ) is 4.8Gyr. The size of the bulges and the net torque on a given non-

spherical shape are both 3

M
R

∝ , so the tidal torque is
2

6

M
R

∝ . 

 
Without the Moon, the timescale for Earth to reach Sun-synchronous rotation would 
be 20 Gyr (as a rough estimate). Using the observed mass-luminosity relationship for 
stars30 and keeping the flux received at the exoplanet fixed (so 2R ∝Μ ), the tidal 
timescale 10 !M∝  Assuming a star a few Gyr old, habitable exoplanets will almost 
certainly be in synchronous rotation if M* < 0.6MS. The steep dependence on M 
means this conclusion is fairly robust to details like the tidal deformability. 
 
According to the above analysis, Mercury should be tidally locked. It is not, due to the 
gravity of other planets like Venus. This allows Mercury to maintain an elliptical 
orbit. The rate of rotation is such that, when the tidal force is strongest (at perihelion), 
Mercury’s angular rotation and orbital advance rates are equal, so it temporarily 
appears to be tidally locked. This is called pseudosynchronous rotation. Considering 
the large number of multiple-planet systems discovered31, a similar situation may 
arise around another star. 
 
Nevertheless, a planet may end up tidally locked. With a thick atmosphere, strong 
winds should transport enough heat to the night side to prevent condensation of 
atmospheric gases there. Ocean currents might also help. The key thing is to consider 
where the water goes. There will be snowfall over the night side, as winds will no 
doubt transport water vapour. With good circulation of heat, enough should reach the 
night side for sublimation to also occur there.  
 
Eventually, some sort of equilibrium should develop, with sublimation over the entire 
night side balancing evaporation from a small amount of water on the day side. The 
water would probably end up concentrated near the terminator, in which case so 
would any life. This region might be analogous to the tropics on Earth.  
 
With a thin atmosphere, the substellar point would get very hot. If the oceans froze 
over, they might still remain ice-free here. Thus, the planet might be an ‘eyeball 
Earth’32, with temperatures stabilised by the carbonate-silicate cycle. The stability of 
such climates is investigated with a simple energy balance model33 I developed, 
designed especially to investigate runaway planetary glaciations. 
 
Assume the time-averaged power radiated away from the top of the atmosphere 
depends on θ according to Equation 3 (θ is latitude/angle from substellar point). The 
dependency on Earth matches that of incident solar radiation, while on planet M (a 
hypothetical tidally locked planet orbiting an M-dwarf); the obvious generalisation of 
this function is used. The radiated power at a location must exceed a certain threshold 
( )4  with 0T T Cσ = °  if it is to remain ice-free.  
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To sustain a given extent of ice cover, the radiation emitted at the ice boundary must 
equal this threshold. Using the formulae below, this determines the total amount of 
radiation that must be absorbed by the planet. Only if the actual amount of radiation 
absorbed is equal to this can the extent of ice cover be as desired. 
 

 
Earth :  cos

Planet  M:  cos
2

θ
θ  (3) 

 
Obliquity of the spin axis and landmasses are ignored. The greenhouse effect is 
allowed for by changing the effective solar constant. Due to the albedo of ice and 
open water being different (0.8 and 0.1, respectively, for Earth35); the amount of 
radiation absorbed also depends on the extent of ice cover. 
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In the snowball state, the absorbed curve is below the required curve at the Equator, 
so the temperature here must be below 0ºC. Deglaciation occurs only once the two 
curves are equal at the Equator, allowing ice there to melt. This requires much higher 
levels of greenhouse gases than are present in the hotter state depicted in Figure 5. 
Once volcanoes have pumped that much CO2 into the atmosphere, ice cover rapidly 
retreats to 80º. The climate would be much hotter than that today34. Such extreme 
climate swings over relatively short timescales can be damaging for life. 
 
On planet M, apart from the altered geometry (which flattens the ‘absorbed’ curve 
near θ = 0), the crucial difference is the albedo of ice. Instead of 0.8 for Earth, 0.43 is 
more like it for GJ1214, greatly affecting the conclusions of the model35. 
 

Figure 5 The curves show the amounts of radiation absorbed and required to 
maintain the extent of ice cover beyond a given latitude. The dashed red curve 
assumes less greenhouse gases than the solid red curve. In the warmer state, there is 
a stable solution at 70º, like Earth today. In the cooler state, an infinitesimal 
reduction in the strength of the greenhouse effect causes the whole planet to rapidly 
glaciate – this is called Snowball Earth. The transition occurs once ice gets to a 
latitude of 38º, similar to much more detailed models33. 
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Ice cover can keep growing only as long as it does not cover up much land, as this 
would lower weathering rates and raise CO2 levels. Thus, for a runaway glaciation to 
occur on Earth, nearly all land must be at |θ|<38º. As this corresponds to 61% of 
Earth’s surface area, it is possible, though unlikely. The corresponding value for 
planet M is only 28%, making it almost impossible to do this, especially as the land 
fraction can not be too low. If it was, evaporation on the dayside would be too high, 
causing net transfer of water to the night side. 
 
The ratio of effective solar constant at the onset of a runaway glaciation and at the 
deglaciation threshold is 2.8 on Earth, implying a huge increase in CO2 levels. On 
planet M, this ratio is only 1.24. This is so low that decreasing the albedo by 0.15 
would itself be sufficient to cause deglaciation (this could be caused by volcanic dust 
and settling of the ice). Deglaciation should therefore happen faster than on Earth, if 
volcanic outgassing rates are similar. In fact, it is conceivable that other negative 
climate feedbacks could make up for such a small shortfall in the radiation budget and 
prevent a complete glaciation. Thus, biologically damaging runaway planetary 
glaciations (and their aftermaths) should be far less likely and less severe on planet M. 
 
Another potential issue is whether the slower rotation rate of planet M relative to 
Earth could cause it to lack a magnetic field. This might lead to atmospheric loss due 
to stripping by a stellar wind. At present, the details of this process remain unclear, as 
does the effect of rotation rate on the generation of a magnetic field. However, a 
larger planet with higher rates of volcanic outgassing can afford higher rates of 
atmospheric loss while still maintaining a substantial atmosphere. 
 
Also important to consider is that the width of the habitable zone scales as *L , 
making it narrower around a fainter star. However, this is probably compensated for 
by the higher frequency of such stars. A strong focus on Sun-like stars is therefore not 
an ideal strategy to pursue, and one should be careful to be as open-minded as 
possible when considering life beyond the solar system. 
 

Figure 6 Same as Figure 5, for planet M. θ is angle from the substellar point. In 
the warmer state, ice exists only at θ>105º. The cooler state reduces this to 64º. 
Infinitesimally less CO2 would cause a runaway planetary glaciation. 
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Observations 

 
Planets do indeed exist around other stars4. Their discovery and characterisation pose 
extreme technical challenges. The earliest successful technique measured orbital 
motions of the star. It moves back and forth along our line of sight due to the 
gravitational pull of orbiting planets, creating a slight change in the wavelengths of 
absorption lines (the Doppler Effect). The technique requires a very high resolution 
spectrum of the host star. This is usually compared with a spectrum of a calibration 
target, to determine Δλ. 
 
 

 
  

 

 [ ]3
22

( )2 sin * cos( w) cos     (stellar motion)
41 *

PP
r

G m mmi e w
m Pe

v π θ
π

+
= + +

−
 (4) 

 

   (for )r
r

v v c
c

λ
λ
∆

= <<  (5) 

  

Figure 7 Diagram illustrating the geometry of a planetary orbit around another star. 
The star also traces out an orbit (not shown) as a result of the gravitational pull of 
the planet. The time periods of the orbits are equal. The longitude of periastron is w, 
the true anomaly is θ, the semi-major axis is a, the eccentricity is e and the 
inclination of the orbital plane to the plane of the sky is i. 
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A starspot on the approaching side of a rotating star will make it appear to recede 
from us, because we get more light from the receding side. The rotation of the star is 
often much faster than the speed at which the planet pulls the star towards us, so 
starspots can limit the precision of RV measurements. The starspot would move in a 
predictable way across the visible disk of the star, causing a change in the measured 
radial velocity on a timescale equal to the rotation period of the star. This is usually 
different to the orbital period of any potential planets. Also, the observing program 
will usually outlast the starspot (but not a planet)! 
 
Thermal oscillations of the star make its radius oscillate. They can also affect 
convective motions (usually faster than vr), so the upwards velocity of gas parcels can 
oscillate, possibly with an unknown periodicity. However, in the long run, it is 
difficult to imagine any process as regular as a Keplerian orbit. Thus, with enough 
patience, it should be possible to prove the presence of a companion. But even if vr is 
measured accurately, only a minimum planetary mass can be determined. If i is low 
enough, it might actually be a star! RV can still be valuable for providing statistics.  
 
Some orbits have i close to 90º, in which case the planet transits its parent star once 
per orbit, temporarily making it appear dimmer. Although starspots can mimic this, 
the clockwork-like nature of a Keplerian orbit means that the presence of a 
companion can be confirmed by observing enough transits. However, having i very 
close to 90º is not that likely. 
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Figure 8 The celestial sphere as viewed from the exoplanet. For a transit to occur, 
Earth must be within the shaded region. The distance to Earth is irrelevant. 
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P(Transit) is only 0.5% for an Earth-Sun analogue, so large numbers of stars must be 
observed in order to discover exoplanets this way. Such a transit would only dim the 
star by 0.008%, so an accurate detector is required! But the simplicity of the technique 
allows much more distant stars to be targeted for observation. The downside is that 
the targets become too far away to follow up with other techniques, and detailed 
observations become impossible in the foreseeable future. Valuable statistics (like the 
frequency of terrestrial planets) can still be collected. 
 
Suppose we collect 10% of all the photons from a star 1000 light years away (the high 
collection efficiency resulting from using a space-based telescope). The integration 
time available is set by the transit duration, which is 13 hours for the Earth-Sun 
system. Integrating for just 30 minutes with a 1m telescope, 2.5×108 photons are 
collected, giving a photometric precision of one part in 16000, good enough to detect 
a transiting Earth analogue. Evidently, longer integrations are possible. 
  
The Kepler space telescope is observing transits, with excellent results36. A handful of 
planets comparable to Earth in size and incident stellar radiation have so far been 
discovered, with more surely on the way. Early indications are that 13

615+
− % of cool 

stars have an Earth-size planet in the habitable zone37. Detailed planet statistics are 
also being collected, which should lead to valuable insights on planet formation. 
 
Transit photometry only determines the ratio of stellar and planetary radii, making the 
stellar radius critical. Presently, it is hard to measure. Gaia should determine how far 
the stars are using parallax, telling us their actual sizes. Following up with RV also 
allows the planetary mass to be determined, telling us the density of the planet. 
 
In a planetary system there may be multiple components, with only some actually 
transiting. In this case, it is possible to use gravitational interactions between planets, 
which cause the time between transits to oscillate by a few minutes. Kepler 19-c has 
been discovered using this method38. The same effect would result from an exomoon.  
 
Most planets will not transit, leaving i (and thus M) undetermined if we use RV alone. 
Precise position measurements of the star should be able to trace out the orbit in 2D. 
Combining this with the time required to traverse each section, we can use Kepler’s 
Second Law to deduce how inclined the orbital plane is to our line of sight. This way, 
given the stellar mass – which can be estimated from stellar models – we would know 
the actual planetary mass and orbital parameters. 
 
Astrometry has been used to determine i for some exoplanets already discovered, but 
not yet to discover new ones. The Gaia mission should change this. Astrometry can 
discover more distant planets, which have larger orbits but are less likely to transit 
and orbit their parent star slower (making RV work less well). However, very wide 
orbits will take a long time to complete and thus to discover in this way. 
 
For planets on very wide orbits and especially for free-floating planets, gravitational 
microlensing works best. The planet deflects light from a background star and 
temporarily changes its brightness, if the two are very closely aligned. Although the 
chance of this is very small, observing large numbers of (background) stars with 
automated technology is feasible nowadays, making the idea workable. 
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Gravitational microlensing has been used to discover several free-floating planets, 
placing important constraints on how likely it is for giant planets to be ejected in a 
forming planetary system8. This appears to be very common. In these cases, the planet 
acts as the lens. If instead the planet orbits a star, it may cause a temporary deviation 
to the brightness that would occur with just the star, leading to a pattern like that 
shown in Figure 9. The planet must be located near where light rays from the source 
star are going, in order to be able to affect them with its low mass. This is most likely 
to occur for planets orbiting just beyond the snow line, although in principle planets 
orbiting anywhere could be detected using microlensing. 
 
Because the change in brightness is large, the source star can be much further away 
and still provide us with enough photons (the example shown is 20,000 light years 
away39)! One day, planet populations in different parts of the galaxy will be compared 
using this technique. However, it is almost impossible to gain detailed information on 
any planets so discovered – they are just too far away. 
 
 

 
 
 
 
 
 
 
 

Figure 9 Photometry of a background star showing a classic microlensing curve, 
almost certainly due to a foreground stellar-mass object. There is an additional 
increase in the magnification due to a planetary mass companion – this region is 
shown in more detail. The source star did not brighten in this way in the 1000 days 
prior to the microlensing event. 
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Detecting life on an exoplanet will require detailed characterisation, not just 
discovery. Assuming an Earth-Sun analogue 10 light years away emitting/reflecting 
photons with an average energy of 1000nm, a 10m telescope observing the planet for 
a whole night would receive ~108 photons, with perhaps only 1% of them detected. 
Subdividing them into 100 wavelength bins for spectroscopic analysis, we get 
~10,000 photons per bin, allowing the intensity in each bin to be measured to within 
1%. Gases like oxygen and ozone could then be detected in the atmosphere of the 
planet, as a real spectrum of Earth shows. 
 

 
 
 
 
 
 
 
Assuming a Sun-like star unresolved from the planet, we would get 1012 photons per 
bin, making it extremely challenging to separate starlight from planetary light. Due to 
diffraction in a finite size telescope, some starlight always reaches the location in the 
detector assembly where light from the planet goes. Even if only a tiny fraction of the 
starlight reaches this location, it could easily swamp light from the planet. Thus, a 
mask or very high angular resolution (e.g. by interferometry) is required, but not 
necessarily on a telescope larger than those now available.  
 
One proposal, the New Worlds Mission40, would create an artificial eclipse of the host 
star using a starshade. It has been developed by Dr Webster Cash at the University of 
Colorado. By placing the starshade at least 50,000 miles from the telescope and 
having a petal-shaped design to avoid Arago’s spot, nearly all the starlight that 
diffracts around the device gets lost in space. A very deep shadow of the star is cast 
over the telescope, but orbiting exoplanets will often be possible to image. Although 
there will only be 1 pixel in the image, a spectrum and time-variation thereof could 
reveal crucial information about the planet.  
 

Figure 10 A spectrum of Earth in the UV/visible region, taken by LCROSS.  If 
it was an exoplanet, we might not understand features due to vegetation, but 
those due to oxygen and ozone would be unmistakable. Credit: NASA 
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Fitting a polarimeter would provide additional data. Light which is Rayleigh scattered 
by an atmosphere is partially polarised. The signal is strongest when the star-planet-
Earth phase angle is 90º, also making observations easiest. The strength of the signal 
could give information about how thick the atmosphere is. Combined with data on its 
chemical composition (especially how much greenhouse gases are present), this could 
constrain the climate. Surface oceans also polarise reflected light, especially when the 
phase angle is 106.2 º (twice the Brewster angle).  
 
Oceans create a glint spot from direct reflection of starlight. The smoothness of the 
ocean can not easily be mimicked. It would lead to an anomalously bright planet 
when it is in a crescent phase. Ice cover can have a similar effect, though, so other 
checks (like polarisation) would be required. But if we were sure that there was 
indeed a glint spot, its motion across the planet could be used to trace out exposed 
continents, if any, as these make the glint spot vanish. 
 
Some features may require biological activity to explain. Abundant oxygen is one of 
them, if we could rule out a scenario like early Venus. Here, dissociation of water 
vapour produces oxygen. This might react very slowly with surface rocks, creating a 
temporary situation with abundant oxygen and little water vapour. It should be 
possible to notice how hot and dry the planet is, raising alarm bells. 
 
Oxygen is quite reactive and on Earth would disappear from the atmosphere within a 
few million years if not replenished. Ozone is derived from oxygen but easier to 
measure if oxygen levels are very low. Methane reacts with oxygen very quickly, so 
detecting both would be quite strong evidence for life. Methane alone would require 
caution, though very large amounts can not easily be produced abiotically.  
 
Also possible may be the detection of pigments used in photosynthesis41. One day, we 
will be checking for lights from any cities that an advanced civilisation may have 
built. Some of these observations will be possible within the next 10-20 years, so we 
may be very close to finding out that life arose outside the Earth. Many people already 
believe this, but that does not prove it. 
 

The End 

Figure 11 The New Worlds Mission would operate as shown, using an external 
occulter. Precise formation flying would be required to achieve this. 
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