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Authors’ preface

Exoplanet, extrasolar planet, exoFarth, exoJupiter: neologisms still absent from
many dictionaries. These terms are, however, current among astronomers, and
are heard in their answers to a question already two millennia old: are there
planets like ours elsewhere in the Universe?

Greek atomists such as Epicurus were convinced of the existence of an infinite
number of solar systems like our own, but it was only in 1995 that a real answer
began to emerge. An extrasolar planet had been detected... a planet orbiting
another star. .. a star like the Sun. So, the solar system was not unique! By mid-
2006 more than 200 giant exoplanets had been discovered. At this rate of
discovery it seems that Earth-like planets may be found within a decade.

The discovery of exoplanets held some surprises, in that they exhibited very
different characteristics from what might have been expected. Although most of
them are gas giants of masses comparable to Jupiter’s mass, as a result of the
rather insensitive nature of current detection methods, why are they from ten to
fifty times closer to their stars than is Jupiter? How were these ‘hot Jupiters’
formed?

Another surprise about exoplanets is that many of them have very elliptical
orbits, while the planets of the solar system have much more circular orbits.
Could the solar system therefore be an exceptional case? Will we have to revise
our ideas about its formation?

The most exciting aspect of these discoveries of exoplanets is the search for
exoFarths - planets similar in mass to ours, orbiting not far from the parent star:
indeed, planets upon which life might well develop. The challenge for the next
twenty years will be to identify these exoEarths and seek signs there of some form
of life. Worldwide, more than forty research programmes now exist in this field,
and as many more are planned. Searching for other worlds is now a beacon
activity among the scheduled tasks for European and American large Earth-based
telescopes and space missions.

The methods used to detect exoplanets and to analyse the results are very
varied, and push modern instruments to their limits. The study of exoEarths will
require extraordinary telescopes, using innovative techniques, most of which
have only recently been introduced. As far as space missions are concerned, the
COROT satellite for searching extrasolar planets was launched in December
2006, there are several missions which are dedicated to the search for water on
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The French COROT mission, launched by the CNES (National Centre for Space Studies)
in 2006.
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Mars, and later missions will be searching for traces of any life which may once
have emerged on that planet.

The detection and study of these extrasolar worlds has become a very dynamic
and fast-moving aspect of astronomy - a situation which presents a certain
challenge to the authors of any up-to-the-minute book on the subject! There are,
at the moment, no hard and fast conclusions to be drawn. In the summer of 2004
it seemed reasonable to state that direct imaging of an extrasolar planet would
not be possible for at least a decade - yet the first probable image of such a planet
was published in September 2004 and confirmed in April 2005! The number of
exoplanets detected increases all the time, and the record for ‘the least massive
planet yvet discovered’ is regularly broken. In 2006 the first cold exoEarth, with a
mass almost six times that of Earth, was detected in orbit around a small M-type
star.

Nevertheless, we decided to accept the challenge of exploring this subject. The
major results obtainable with current instrumentation are understood, and the
main questions are tabled. The next step forward will be taken by spaceborne
instruments onboard the Franco-European COROT mission and the American
Kepler mission (2008). What surprises might extrasolar planets yet hold in store
for us?
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- Extrasolar planets:
. the Holy Grail of
-~ astronomers

As early as the third century BC the Greek
philosopher Epicurus (341-270 BC) affirmed the
existence of an infinite number of worlds. In a
letter to Herodotus he wrote: ‘Epicurus to
Herodotus, greetings... The Universe is infinite.
Moreover, there is an infinite number of worlds,
some like this world, others unlike it. Also, atoms
are infinite in number, as has just been proved,
and they are carried ever further in their courses.
Now, the atoms from which a world might be
made, or from which a world is already
made, have not all been expended on

only ape world, or on a finite number

of worlds, whether they be like or unlike

each other. Hence there is nothing to

oppose the idea of an infinity of worlds.”

The Orion Nebula — a site of star
formation — imaged by the Hubble
Space Telescope in 1991.



2 Extrasolar planets: the Holy Grail of astronomers

1.1 TWELVE YEARS OF DISCOVERIES AND SURPRISES

Astronomers find planets in unexpected places

Are we alone in the Universe? This is a question which divided philosophers as
long ago as the age of the ancient Greeks. Epicurus thought that the number of
worlds was infinite, while Aristotle believed that the Earth was unique and at the
centre of the Universe. Twenty-four centuries of debate and discussion went by
before astronomers were able to prove Aristotle wrong! The Earth is not unique,
and since 1995 we have known that there also exist planets orbiting stars like the
Sun: the extrasolar planets (exoplanets). More than 200 of these worlds are now
known, and the number increases monthly. None of these planets really
resembles the Earth, but astronomers are sure that exoEarths will be found as
soon as appropriate instruments become available.

So, there are other solar systems. Their exploration by astronauts cannot be
accomplished for centuries to come, but by 2010, due to space missions still at
the planning stage, we should know if there are rocky, Earth-like planets out
there. They may orbit their parent stars at distances not too near, and not too far,
for life to have gained a foothold.

Twenty years from now we could have the necessary instrumentation to be
able to search these exoEarths for signs of life: an atmosphere containing oxygen,
or the signature of chlorophyll.

So many discoveries - and surprises - have come in quick succession since
1992, when the only solar system we knew of was our own! This was the year in

Aristotle (348-322 BC) believed the Earth, at the  Epicurus (341-270 BC) envisaged the
centre of the Universe, to be unique. existence of multiple worlds.
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The Earth — a life-bearing planet with oceans,
land masses, clouds and polar caps (seen
here from Apollo 12) — bears all the hallmarks
of a planet where life has developed. We are a
long way from being able to say the same of
exoplanets.

Another Earth, 10 light-years away? A
synthetic image of an exoEarth 10 light-years
away, as it might be seen by an armada of
150 3-metre space telescopes travelling 150
km apart — a project still in the files of the
space agencies!

which radio astronomers sprang the first surprise: Earth-sized planets orbiting a
pulsar - a star at the end of its life cycle. This was absolutely the last place where
one might have expected planets to be, since surely no planet could have
survived the supernova explosion which results in a pulsar.

In 1995 there was another surprise when a Swiss team announced the
discovery of an exoplanet comparable in mass to Jupiter. This planet orbits a
fairly ordinary Sun-like star called 51 Pegasi (in the constellation of Pegasus - the
number referring to John Flamsteed’s eighteenth-century catalogue of naked-eye
stars in order of right ascension, from west to east).

A third surprise awaited astronomers: 51 Pegasi b (as this planet is sometimes
designated) orbits its star in little more than 4 days, compared with the 12 years
it takes Jupiter to complete one orbit of the Sun. This means that 51 Pegasi b lies
at a distance twenty times less than that of the Earth from the Sun, or an eighth
of the distance of Mercury from the Sun. It is easy to imagine that it must be
quite a hot world!

Since 1995 the rate at which discoveries have been made has been remarkable,
and the number of known exoplanets increases month by month. By July 2006
more than 200 such planets, orbiting more than 170 stars, were listed. With the
exception of the three planets associated with the pulsar PSR 1257+12, they are
nearly all heavyweights, with masses between 0.02 and 14 times that of Jupiter.
Thus we talk of exoJupiters, exoSaturns and exoNeptunes; but exoFarths still
elude us, as current techniques cannot detect them near ordinary stars.
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The quest for the first Earth-like planet capable of harbouring some kind of life
is driving some very ambitious and difficult programmes of research. Early
observations depended on instruments such as the 2-metre telescope at the
Haute-Provence Observatory, used to discover 51 Pegasi b; but in future
programmes, much larger instruments will have to be utilised. There is talk of
Earth-based telescopes with apertures of 30-50 metres; and in space, flotillas
comprising perhaps dozens of telescopes. There are many ideas for programmes
of which the feasibility remains to be proved... but the difficulty of the task
reflects the value of the prize.

1.2 FIRST CLUES

1992 and 1995: the first extrasolar planets

On 5 October 1995, two Swiss astronomers - Michel Mayor and Didier Queloz -
announced their discovery of an extrasolar planet in orbit around a Sun-like star,
51 Pegasi.

Another false alarm? Since the mid-twentieth century, reports of such
sightings had, like stories of sea serpents, been bandied about, only to be
discounted by other research teams. Results could not be reproduced, and each
‘new planet’ vanished in a puff of smoke...

Undaunted in the face of controversy, a few teams of researchers ploughed on
doggedly. They were confident that their equipment was up to the task of
detecting the presence of large planets of the size of Jupiter. Of course, there was
no question of actually ‘seeing’ such a body: imaging an exceedingly faint planet
orbiting a star billions of times brighter than itself is truly impossible. One might
just as well try to detect a candle placed alongside a lighthouse, and, for fair
comparison, the lighthouse would have to be observed from hundreds of
kilometres away!

Detection programmes have therefore to rely on methods involving the
minute perturbations induced in a star’s motion by the presence of a nearby
planet, involving the displacement of a star’s apparent position compared with
the positions of other stars, or modifications in a star’s velocity within our
galaxy. These perturbations are regular, with a period reflecting that of the
revolution of the planet around the star.

In the case of Jupiter, its presence causes the velocity of the Sun through our
galaxy to vary by 13 m/s over a 12-year period - a variation detectable with the
best spectrometers since the 1990s.

Moreover, far from having detected planets around ordinary stars, astron-
omers have detected two around a late-stage star: a pulsar. A pulsar is a star which
emits radio ‘bursts’ at very regular intervals. They are neutron stars - the remnant
of the explosion of a star which is much more massive than the Sun: a supernova.
In 1992 astronomers detected two planets a little larger than the Earth orbiting
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The Crab Nebula — the remnant of a supernova explosion observed in 1054 and
reported by Chinese astronomers. At its centre lies a pulsar — a very dense neutron star
in rapid rotation (30 times per second). The nebula is all that remains of the rest of the
progenitor star. Matter ejected during the explosion forms reddish filaments, and the
cloud is expanding at around 1,500 km/s. The first two exoplanets to be found were
detected near a pulsar created by a supernova explosion. These planets certainly formed
after the explosion; but it is difficult to imagine how a planetary system could survive the
enormous burst of energy of such an event. It is not known whether the Crab pulsar
possesses any planetary companions. (Photograph courtesy CFHT, |.-C. Cuillandre.)
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the pulsar PSR 1257+12. The explosion of a supernova is an event of
unimaginable violence, releasing vast tides of energy into space. A shock wave
would pass through its planetary system at velocities of several thousand
kilometres per second. It is impossible to conceive how planets could survive a
hurricane of this nature. However, the data were irrefutable: the pulsar PSR
1257+12 really did possess two planets, or perhaps three (the presence of the
third planet being confirmed later). This most unexpected discovery led
optimistic researchers to conclude that if planets can be found in such an
inhospitable environment, how much more probable would it be that they could
be found near ordinary stars?

So, the situation in 1995 was that, apart from the nine planets orbiting the
Sun, two planets had been found near a pulsar, and a few teams were searching
intently for other planetary bodies. At that time, few people would have bet on
the likelihood of such a plethora of discoveries during the following years...
which demonstrates that the course of scientific discovery is not always easy to
predict.

1.3 THE SOLAR SYSTEM: AN ATYPICAL PLANETARY SYSTEM?

The astronomers sought — but did not find

In order to find exoplanets it is useful to know at least something of their
characteristics. Because direct imaging of them is impossible with current
instruments, the method employed relies on precise observations of the motion
of a star and the detection of the regular perturbations induced in its motion
caused by an orbiting planet. The nature of these perturbations depends on the
mass of the planet compared with that of the star, on the planet’s orbital
distance, and on the shape of its orbit. These criteria are estimated in order to
determine observational strategies. For example: if we are searching for a planet
at the same distance from the star as Jupiter is from the Sun, we know that the
period of revolution will be about 12 years. Daily observations will therefore be
of little use, but a schedule will need to last for several years.

Naturally enough, all the researchers took the solar system as their model:
larger planets on the outside, and smaller planets nearer to the star. The Sun’s
family of planets can be divided into two classes. The first group comprises rocky
planets with an obvious surface, such as Mercury, Venus, the Earth and Mars: the
‘terrestrial’ planets. The second group comprises the four giants, Jupiter, Saturn,
Uranus and Neptune, which are much more massive than the terrestrials, and
consist mostly of hydrogen and helium. Until August 2006 Pluto was the ninth
planet of the solar system, but with the decision of the General Assembly of the
International Astronomical Union it is now classed as a ‘dwarf planet’. It is one of
the ‘trans-Neptunian objects’ - small bodies of rock and ice moving far from the
Sun beyond the orbit of Neptune.
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A terrestrial planet: Mars. The fourth A gas giant: Jupiter — the king of the eight planets
planet from the Sun is half the size of the  of the solar system. The diameter of Jupiter is only

Earth. It has a rocky surface and a thin ten times less than that of the Sun, and its thick
atmosphere, 95% of which is carbon hydrogen—helium atmosphere surrounds an icy
dioxide. Mars is accompanied by two core about ten times the mass of the Earth. Jupiter
tiny satellites: Phobos and Deimos. now has more than sixty recorded satellites — the

most famous being the four Galileans — lo,
Europa, Ganymede and Callisto — named after the
Italian astronomer Galileo Galilei, who was the
first to observe them with a telescope.

The two classes of planets differ not only in their natures, but also in their
distances from the Sun. Terrestrials circle near the Sun, and giants further away.
The more distant they are, the longer it takes them to revolve around it. Of the
inner, terrestrial planets, the orbit of Mercury, nearest the Sun, lasts 88 days,
while that of Mars lasts 687 days. The orbital periods of the giant, outer planets
range from 12 years (Jupiter) to 165 years (Neptune). All these orbits are more or
less circular, except that of Mercury, which is a little more elliptical.

Armed with this knowledge to guide them into the unknown, the planet
hunters of the 1990s thought they knew what they were looking for: exoJupiters
and exoSaturns with circular orbits and periods of more than 10 years. Their
instruments were incapable of detecting less massive planets. The observational
strategies they evolved reflected these expectations. However, although the first
exoplanet to be detected near a Sun-like star had a mass 0.47 times that of
Jupiter, it orbited its star in only 4.2 days! This was such an unexpected discovery
that one of the two teams then investigating exoplanets, led by American
astronomer Geoff Marcy, missed the object. They thought they would have to
wait for several years for a positive detection, and had not begun to examine
their data just weeks into the project.
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Orbits in the solar system

The eight planets move in ellipses around the Sun, which lies not at the centre
C, but at one of the foci F. Most of the planets of the solar system have only
slightly elliptical orbits, and are near-circular (a circle being a particular case
where C and F are the same).

The two characteristics of an ellipse are its eccentricity — with values
between 1 and 0, where 0 denotes a circle and values approaching 1 denote a
very flattened ellipse — and the semimajor axis (a), which is the longest
distance between the centre and a point on the ellipse.

The further a planet from the Sun, the longer it takes to perform a complete
revolution. The period of revolution T of a planet depends on the semimajor
axis a, according to Kepler’s third law. If T is expressed in years and a in
Astronomical Units
(AU, the mean Sun-—
Earth distance -
149,600,000 km),
then @*/T> = 1. In
any planetary system,
a®/T? is proportional
to the mass of the
central star.

Definition of the
semimajor axis of an
ellipse with centre C and
focus F.

1.4 THE BIG QUESTION

Discoveries bringing more questions than answers

Ten years on, researchers have still not quite come to terms with their surprise of
1995. Although discoveries of exoplanets provide fresh perspectives on the
search for life in the Universe, it cannot be denied that these planets are very
different from those in the solar system. Some of these differences can be
explained by reference to the limitations of observing techniques, while others
are quite incomprehensible. Overall, it would require admission that the solar
system is something very special, and that the theories put forward to explain its
formation do not apply universally.
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system of v Andromedae

C

0,06 UA. 0.83AU
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period period 1 year 1.9 years

89 days 228 days mass: 1 M, mass: 0.11 M_
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On the same scale, a comparison of distances within the solar system and the system of
the star v Andromedae (the scale of masses differs). The planetary system of v And, discovered
in 1999, contains at least three planets, but there the resemblance ends. The planet (B) closest
to the star is six times nearer to it than Mercury is to the Sun, but is a giant bigger than Saturn.
The other two are even more massive, and have quite elliptical orbits.

Leaving aside the question of planets around pulsars, where do matters stand
at present? Let us begin our answer by examining the least surprising findings.
Among the two hundred exoplanets discovered by mid-2006, there are twenty-
one multiple systems, and probably more if we take into account the difficulty of
detecting planets smaller than Saturn. So, multi-planet systems like the Sun’s are
fairly common. The masses of these planets range from six Earth masses to about
six Jupiters - which is not surprising, as anything smaller is undetectable. What is
a surprise is that a good number of these exoJupiters are very close to their stars,
and the orbital distance of many of them is less than that of Mercury around the
Sun. Indeed, more than forty of them are less than 0.1 AU (Astronomical Units)
from their stars, giving them, according to Kepler’s third law, periods of the order
of just a few days. Temperatures on these planets must be typically about
1,000° C - thus their common appellation: ‘hot Jupiters’. They can have little in
common, though, with the original Jupiter, 5.2 AU distant from the Sun!

Yet more bizarre are the orbits of hot Jupiters. They are almost circular, while
some exoplanets at greater distances, with periods measured in years, follow
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markedly elliptical paths. These are far more elliptical than the orbit of any
planet of the solar system.

This poses a real challenge for researchers accustomed to working with a
theory of the solar system that explains why orbits there are near-circular, and
why gas giants are far from the Sun while terrestrial planets orbit are close in. The
real difficulty lies in understanding how giants can form close to stars. An
obvious solution is to imagine that they could form far out within their systems,
and then migrate inwards. Theoretically this is indeed possible, but two
questions then arise. What causes the migration to cease, preventing the hot
Jupiters from falling into their stars? And why, in our solar system, have Jupiter
and Saturn remained where they are?

The solar system does seem to be quite an exceptional place. Will we one day
find an exoEarth? Just finding a planet of terrestrial mass is not enough: it must
not be too near (like Mercury or Venus) or too far (like Mars) from its star. If other
planetary systems are so different from our own, we may not find it easy to
discover a twin of the Earth!

0,5
1]

-0,5

-1 The system of the star HD 74156,
_15 discovered in 2004, comprises two
planets comparable to Jupiter in
mass. Their orbits (shown in yellow)
are very elliptical, compared with
orbits in the solar system (in red).

-2
-2-15-1-050 05 1 15 2
x (A.U.)

Solar system Mass (Mg) Semimajor axis (AU) e*
Mercury 0.055 0.387 0.206
Venus 0.949 0.723 0.007
Earth 1 1 0.017
Mars 0.107 1.52 0.093
HD 74156 Mass (Mg) Semimajor axis (AU) e*

b 0.88 0.73 0.54
C 1.63 1.16 0.41

*e — orbital eccentricity; for a circular orbit, e = 0
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I

Measuring exoplanets

The solar system is unlike any other known planetary system, but nevertheless
is used as a standard, with Jupiter and the Earth as reference planets. Masses of
exoplanets are measured in Jupiter masses (M), although those of some
smaller bodies are expressed in Earth masses (Mg). Orbital radii are logically
given in Jupiter radii (R)), and distances from the central star in Astronomical
Units. The orbital periods of exoplanets are given in days or years.

Mass of Jupiter: 1 M; =19 x 1,027 kg = 317.8 M;

Mass of Saturn: 95.1 Mg

Mass of Earth: T Mg = 5.98 x 1,024 kg

1 Astronomical Unit (AU) = 149,600,000 km

Radius of Jupiter: 1 R;= 142,800 km — 11.2 times the Earth’s equatorial radius
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The search for exoplanets extends baclgover
several decades. Methods of detection are many
and vagied, including velocimetry, transits,
gravitational microlensing and pulsar timing. 'Igey
push the instruments involved to their limits.’
Actual images L exoplanets are as yet unfeasible,*
except in the case of some very special systems.

The American project Terrestrial Planet
Finder (TPF) will consist of two & a
complementary observatories. A visible-light
coronagraph (seen here) is due to be
launched after 2015, and an infrared
interferometer will be launched after 2020.
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2.1 THE PLURALITY OF INHABITED WORLDS

A question as old as astronomy itself

From Democritus and Epicurus to Aristotle and Seneca, Greek and then Roman
philosophers often aired the question of the plurality of worlds. For Lucretius,
‘there are, in other regions of space, Earths other than ours, different races of
men, and different wild creatures.” Diogenes Laertius wrote: ‘The Universe is
infinite. .. of it, one part is a plenum, and the other a vacuum. He [Leucippus]
also says that the elements, and the worlds which are derived from them, are
infinite, and are dissolved again into them.’

More than a millennium later the debate took on a new dimension with the
rise of the Copernican system, which taught that the planets revolve around the
Sun. No longer was the Farth at the centre of everything. The question of the
plurality of worlds was restated: if the Sun is but one star among all those strewn
across the night sky, could not they also possess their retinues of planets? And
might some of those distant worlds harbour life? At the beginning of the
seventeenth century, Giordano Bruno was among the first to put forward the
hypothesis: ‘If the Universe be infinite, it must be that there exists a plurality of
Suns. .. Around those Suns there may revolve worlds greater or smaller than our
own.” This idea - considered heretical at the time - cost Bruno his life (although
some of his other opinions and beliefs contributed to his demise). More than a
century later, Christiaan Huygens was the first person to attempt direct
observations of exoplanets; but he soon
realised that this was impossible with
the instruments then available. In the
seventeenth century, philosophers and
writers wondered about the possibility
of inhabited worlds nearer to ours:
might there be life elsewhere within
the solar system? In the works of
Fontenelle and Cyrano de Bergerac,
the likelihood of living things upon
Venus and the Moon was explored.
These may have been rather vain spec-
ulations, but two centuries later the
debate came once more to the fore with
Giovanni Schiaparelli’s announcement
of the existence of canali on Mars -
taken by some to be proof of an
Cyrano de Bergerac on the Moon. intelligent civilisation. Astronomical
lllustration from Les Aventures Prodigieuses ~ oOpinion remained divided on this ques-
de Cyrano de Bergerac, text and illustrations  tion for a long time, until space probes
by Henriot (Epinal, ¢.1905). settled it once and for all in the 1960s.
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‘They leapt onto the rings of Saturn.’ lllustration from Micromegas, by Voltaire.
(Photogravure from 1867.)

However, spaceborne exploration of the Red Planet has, during the last two
decades, firmly established that water once flowed there. The search for fossil life
on Mars is still very much on the minds of astronomers.

The twentieth century saw further important steps in this field, with new
observational methods allowing a dedicated search for the companions of nearby
stars. Piet van de Kamp announced his discovery of a planet orbiting Barnard’s
Star, but methods available in the 1950s were not precise enough to allow
confirmation of this.

Meanwhile, Stanley Miller’s historic experiment in 1953 was a springboard for
studies in prebiotic chemistry - the chemistry of the development of molecules
necessary for the emergence of life. Echoing the work of the biochemist Oparin -
who in 1924 had stated that life is the product of a long evolutionary process
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involving ever more complex organic chemistry - Miller was the first to
synthesise amino acids from a gaseous mixture of water, methane and ammonia,
into which electrical discharges were introduced. Many later experiments carried
out under similar conditions have given rise to amino acids and nucleotides: the
‘building blocks of life’ involved in the synthesis of DNA.

Another surprise awaited researchers. Certain meteorites were found to
contain traces of various prebiotic molecules and amino acids. Could life have
been delivered to Earth on the asteroidal and cometary (meteoritic) material
which bombarded it? And if this happened, might it not also have occurred on
other distant planets? We now know that prebiotic molecules are abundant in
comets and in the atmosphere of Saturn’s satellite Titan, and are also found in
the interstellar medium and in the environs of stars. Exobiology - the study of
extraterrestrial life - is now undergoing a veritable revolution, driven by the
discovery of exoplanets and by planetary exploration.

2.2 PROBLEMS WITH DIRECT IMAGING

2005: first images of exoplanets

In order to investigate the possibility of observing a planet orbiting a nearby star,
let us construct an example. Imagine a ‘pseudo-solar-system’ in which a jupiter-
sized planet orbits a Sun-like star at a distance of 5§ AU. The star is § parsecs (16
light-years) away from us. In the sky, the angle separating the planet from the

The first image of an
extrasolar planet, taken in
2004 with one of the 8.2-
metre VLT telescopes (ESO)
using the NACO adaptive
optics system, which
partially corrects for

778 mas atmospheric distortion. The
55 A.U. at 70pc planet here appears in red,
and at centre is the brown
dwarf 2M 1207 (see
opposite).
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The system of the brown dwarf star 2M 1207 and its planetary companion. A team of
French and American observers, studying the region around the very low-mass star 2M 1207,
discovered a very faint object, apparently a companion to the star. This turned out to be a
planet of about 5 Jupiter masses, orbiting at 55 AU from it (twice the distance of Neptune from
the Sun). Later observations confirmed that the ‘companion’ was not a more distant star in the
same direction, as the two objects moved together against the sky background. This, then, was
the first time that a planet had been observed directly. Several favourable elements came into
play in this case: the brown dwarf star is not very bright, and the planet is very big, with a
contrast in brightness of only 100:1. The planet is a very long way from its star. Certainly, this
is no exoEarth — not an environment where life is likely to flourish!

star would be 1 arcsecond (second of arc): 1/3,600 of a degree, equivalent to 1/
1,800 the diameter of the full Moon. In theory, a sufficiently large telescope will
separate and reveal two stars 1 arcsecond apart; but in the case of a star and its
planet the contrast in brightness is far too great. Because the star is larger and
hotter than the planet, it appears much brighter. The star’s temperature would be
of the order of 5,600 K, while that of our imaginary Jupiter would be 130 K. In
visible light the star would seem about a billion times brighter than the planet!
With a normal CCD camera it would not be possible to observe the planet,
drowned in the light of its star. In the infrared, at a wavelength of 5-10 um, the
contrast is less unfavourable, but it would still be of the order of one million.
Direct imaging of planets with Earth-based instruments is therefore very
difficult. However, in the case of giant exoplanets it will become possible during
the years to come. There are two techniques which offer some hope. First, there is
coronography, whereby the light from the central star is masked, just as the Sun
can be masked during studies of its corona. Then there is nulling (‘black fringe’)
interferometry in the infrared. This technique combines the signal from the star-
planet system using a number of different telescopes working as an inter-
ferometer, in such a way that the light from the centre of the image (the star) is
cancelled out. It seems likely, though, that the imaging of exoEarths will remain
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beyond the capacity of telescopes, and space missions are therefore being
planned in order to achieve this ambitious goal. The American TPF (Terrestrial
Planet Finder) and European Darwin projects are in process of development.

Other techniques have been studied for the indirect detection of planets
orbiting nearby stars. The astrometric method is based on the principle of
measuring the displacement of the central star in relation to the centre of gravity
of the star-planet system. In the case of our imaginary solar system, this
displacement would be only 0.001 arcsecond. The Doppler-velocimetric method
involves measuring variations in the velocity of the star induced by the ‘swaying’
of the star around the centre of gravity. It is this second method which has led to
the discovery of the majority of known exoplanets. Yet another technique is
beginning to bear fruit: the observation of fransits of exoplanets across the face of
their stars. Pulsar timing and gravitational microlensing have also registered
remarkable successes. In the following pages we shall examine some of the
many detection methods in detail.

2.3 BARNARD’S STAR: A DISAPPOINTMENT

First attempts at detection, and first disappointments

In the nineteenth century, astronomers began to find evidence of the presence of
smaller companions to stars when they detected slight periodic motions of those

Edward Emerson Barnard (1857-1923) Piet van de Kamp (1901-1995). In 1964
was one of the greatest observers of his day. van de Kamp announced his discovery of a
He discovered the fifth moon of jupiter, planet orbiting Barnard’s Star, but in 1973 it
Amalthea, in 1892, and is also remembered was demonstrated that the star has no

for the red dwarf star which bears his name.  companion.
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The Sproul Observatory at Swarthmore College, near Philadelphia. Here the Dutch
astronomer Piet van de Kamp carried out studies of the motion and oscillations of
Barnard’s Star.

stars in relation to other nearby stars. The German astronomer-mathematician
Friedrich Bessel was the first to detect such a body in this way - in this case the
companion of Sirius. Sirius’s partner, an extremely dense white dwarf star, was
massive enough to affect the motion of its primary (Sirius A) without necessarily
being detected visually.

A century later, improved techniques allowed astronomers to search for even
smaller companions: for example, ‘brown dwart’ stars or giant planets. By the
1940s the search for giant exoplanets was beginning. Patience was the key.
Remember that within our solar system the periods of revolution of the giant
planets around the Sun vary from 12 years in the case of Jupiter to 164 years in
the case of Neptune. After several reports (later unconfirmed) of companions
detected in the vicinities of the stars 61 Cygni and 70 Ophiuchi, a serious
candidate took the stage when the Dutch astronomer Piet van de Kamp
announced the discovery of a planet orbiting Barnard’s Star. This star is a
probable target for exoplanetary research, as it is the fourth closest star to the
Sun. In 1964, on the basis of photographs taken over a twenty-year period, van
de Kamp described the characteristics of the planet: its mass was 1.6 times that of
Jupiter, and the period of its elliptical orbit was 24 years. As more data were
produced, van de Kamp was able to refine his description, and in 1982 he
concluded that there were two companions of Barnard’s Star, with masses less
than Jupiter’s, and with periods of 12 and 20 years.

However, this spectacular result did not withstand the test of time. In 1973 a
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study revealed systematic errors in the performance of van de Kamp’s Sproul
Observatory telescope, which might have been responsible for the observed
oscillations. In the same year the American astronomer George Gatewood
published an independent study on the motion of Barnard’s Star, and concluded
that it had no companion. ‘Barnard’s Planet’ may have had its day, but van de
Kamp certainly counts as a pioneer in the field of research which is in outburst.
The current avalanche of discoveries since planets were detected around a pulsar
in 1992, has seen the first successes of the velocimetric method in 1995 and, in
1999, the first detection of an exoplanet by transit observations.

2.4 PLANETS AROUND PULSARS

Planets are found near dying stars

In recent times, astrometrists have sought exoplanets orbiting Sun-like stars, in
the hope that they might one day find a world capable of supporting life. In the
1970s, however, another kind of star exercised their minds: pulsars (pulsating
stars) had recently been discovered by radio astronomers. These objects represent
the final stage in the evolution of some massive stars that have exhausted their
supplies of hydrogen and helium. Heavier elements are later synthesised, and
they become supergiant stars, and explode as supernovae, ejecting most of their
material into space. The central remnant collapses upon itself to form an
extremely dense neutron star - its mass comparable to that of the Sun, but
packed into a volume about 20 km in diameter! Neutron stars rotate very rapidly,
with periods of the order of 1 second. Pulsars exhibit very strong (synchrotron)
radio emissions, keeping time with their rotation. Radio astronomers detect
these highly regular pulses: the signature of pulsars.

Detecting exoplanets around pulsars

Pulsar timing is the most sensitive method for detecting pulsar planets. It
involves the study of variations in the pulsar’s period, expressed in
milliseconds. These variations are of the order of 1.2 [M,] [P]*®, where P is
the period of revolution of the planet in years and M,, is the mass of the planet
in Earth masses, assuming a circular orbit. Since this method is extremely
precise, tiny variations in the period can be detected: for example, near PSR
1257+12 a companion of 0.020 Earth masses (1.6 times the mass of the Moon)
has been found. By this method, even ‘exoMoons’ are detectable. Note that
the sensitivity of this method does not explicitly depend upon the distance of
the pulsar. However, difficulties remain, as the signals from more distant
pulsars are weak, and timings of them are less accurate.
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orientation of the PSR 1257 + 12 system

M (Mg) Semi-major axis (A.U.) Period of revolution (days)

0.020 0.19 25,3
4.3 0.36 66.5
3.9 0.46 98.2

PSR 1257 12 b PSR 1257 12 d

¢

M (Mg) Semi-major axis (A.U.) Period (days)

0.55 (Mercury) 0.387 87.97
0.949 (Venus 0.723 224.7
1 (Earth) 1 365.26

PSR 1257 12 ¢

The planetary system of PSR 1257+12. Above left: at least three planets orbit PSR
1257+12. The masses of the two largest (b and ¢) are 4.3 and 3.9 times that of Earth,
while the smallest (a) is a little more massive than the Moon. Above right, and below:
planets a, b and ¢ have near-circular orbits very close to the star, at distances smaller
than that of Mercury from the Sun. If the central star were not a pulsar, this would be the
exoplanetary system which most resembles the solar system! Another pulsar with
planets is PSR 1620-26. Its system — with one planet of 2.5 Jupiter masses orbiting at 40
AU - is quite unlike that of PSR 1257+12.

Very accurate measurements of radio signals from pulsars provided a new
method in the search for possible exoplanets, the presence of which might be
revealed by variations in the periods of these stars. Several ‘detections’ were
announced, but it later transpired that they were caused by the pulsars’ internal
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instabilities. Then, in 1991, British astronomer Andrew Lyne published his
discovery of a Uranus-sized companion to PSR 1829-10 - a pulsar 30,000 light-
years away. The orbital period of the planet was calculated to be 6 months. But
disappointment continued to stalk the astronomers. The observed effect was not
due to the presence of a planet, but to an inaccurate ‘too circular’ correction for
the elliptical motion of the Earth around the Sun. Once this was corrected, the
irregular periodicity, and the planet, disappeared.

Finally, as Lyne came to terms with the disappointment of a negative result,
the long search for a ‘pulsar planet’ came to an end. In 1992, Polish astronomer
Aleksander Wolszczan announced the discovery of two planets orbiting pulsar
PSR 1257+12. This is a very different pulsar from that previously mentioned