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Editor’s Preface

An extrasolar planet or exoplanet is a planet orbiting a star (or remnant of a
star) beyond our Solar System. As of autumn 2007, about 250 exoplanets had been
discovered around 220 different stars, including nearly two dozen multiple planet
systems. No less than five exoplanets have been discovered orbiting the star 55
Cancri; one of the planets has nearly four times the mass of Jupiter, another is
comparable with Jupiter in mass, two are slightly less massive than Saturn, while
the innermost planet has a mass similar to that of Uranus.

Around 2300 years ago, the Greek philosopher Epicurius reflected on the exis-
tence of planets around other stars, and of life on those planets:

“There are infinite worlds both like and unlike this world of ours... We must
believe that in all worlds there are living creatures and plants and other
things we see in this world.”

And in the 16th Century, the medieval scholar Giordano Bruno, in his work De
l’infinito, universo e mondi, speculated:

“There are countless suns and countless Earths all rotating around their
suns in exactly the same way as the seven planets of our system. We see
only the suns because they are the largest bodies and are luminous, but their
planets remain invisible to us because they are smaller and non-luminous.
The countless worlds in the universe are no worse and no less inhabited than
our Earth.”

Extrasolar planets became a subject of scientific investigation in the mid-19th
Century, and although there were some unsubstantiated claims as to their discovery,
it was not known how common they were, how similar they were to the planets of
the Solar System, or indeed how typical the make up of our Solar System was in
comparison with planetary systems around other stars. There was also the question
of the habitability of such planets. Were there Earth-like planets orbiting other stars
and, if so, could they have the necessary surface conditions to support some form
of life?

What actually constitutes a planet? In February 2003, the Working Group on
Extrasolar Planets (WGESP) of the International Astronomical Union produced
a reasonable working definition of a “planet”, agreeing to revise the definition as
and when necessary, and as our knowledge improves. The WGESP considered that
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objects with true masses below the limiting mass for thermonuclear fusion of deu-
terium (currently calculated to be ∼13 Jupiter masses (∼13 MJ) for objects of solar
metallicity) that orbit stars or stellar remnants are “planets”, no matter how they
formed. As it happens, this deuterium-burning limit at ∼13 MJ resides near the
upper-end of the observed exoplanet mass distribution.

The WGESP also decided that the minimum mass/size required for an extrasolar
object to be considered a “planet” should be the same as that used in our Solar
System. Here, of course, there has been very considerable deliberation and debate
arising out of the resolutions passed at the IAU General Assembly in Prague in
August 2006, mainly in relation to the status of “dwarf” bodies such as Pluto,
Eris and Ceres within our own Solar System. As far as detected exoplanets are
concerned, the minimum mass object detected to date is the 0.00007 MJ object
(40 per cent the mass of Mercury) orbiting the pulsar PSR 1257+12, but the lowest
mass companions to ordinary stars which have been discovered to date are Gl 876 d,
which has a minimum mass of 0.0185 MJ (about 5.9 Earth masses), OGLE-05-390L
b, which has an estimated mass of 0.017 MJ (about 5.4 Earth masses) and Gl 581
c, which has a minimum mass of 0.0158 MJ (about 5 Earth masses).

The WGESP also decided that substellar objects with true masses above the
limiting mass for thermonuclear fusion of deuterium are “brown dwarfs”, no matter
how they formed nor where they are located. Furthermore, free-floating objects in
young star clusters with masses below the limiting mass for thermonuclear fusion
of deuterium are not “planets”, but are “sub-brown dwarfs” (or whatever name is
most appropriate).

The first confirmed detections of exoplanets were made in early 1992, by the
radio astronomers Aleksander Wolszczan and Dale Frail, but rather surprisingly
these were not found around an ordinary star, but a pulsar – the superdense remnant
of a massive star that has exploded as a supernova. The first definitive detection of
an exoplanet orbiting an ordinary main-sequence star came in October 1995 with
the announcement, by Michel Mayor and Didier Queloz of the University of Geneva,
of an exoplanet orbiting the star 51 Pegasi. This discovery ushered in the modern era
of exoplanet discovery, and since 2000 about 20–30 exoplanets have been discovered
every year, with the most detections, by far, during 2007.

New discoveries and significant developments in exoplanet research continue at
a frenetic pace, and it is difficult to keep up with progress in this exciting field. This
multi-author volume comprises a collection of eleven topical reviews, each presented
as a separate chapter, and covering an important aspect of exoplanet studies. The
contributions have been written by scientists at the forefront of research in the
selected areas, in a style which, we hope, will be accessible not only to advanced
undergraduate students and beginning graduate students, but also to professional
astronomers working in the field.

Although the direct imaging of exoplanets is extremely difficult at the present
time, a variety of indirect detection methods are available. In Chapter 1, Patrick
Irwin provides an overview of exoplanet detection techniques. The most successful
take advantage of the fact that a planet orbiting a distant star can make its presence
known through small, regular variations in the radial velocity or position of its
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parent star. However, exoplanets are increasingly being detected by observing the
minute decrease in the light of the host star if an exoplanet happens to pass in
front of it (in transit), or through techniques such as gravitational microlensing. So
many exoplanets have now been found that it is possible to consider the statistics of
the mass and orbital parameter distributions, and Chapter 1 includes a collection of
plots showing the exoplanet mass distribution, their orbital period and orbital radius
distribution, distributions of mass and radius and of eccentricity and radius for
known exoplanets, and the distribution of host star metallicity. Chapter 1 concludes
with a discussion of selection effects for different exoplanet detection programmes,
and a look ahead to planned transit surveys and the techniques being developed for
direct optical detection.

In Chapter 2, Jian Ge takes a detailed look at the most successful method
employed to date for exoplanet detection, that of Doppler planet surveys. Of the
roughly 250 exoplanets discovered to date, over 90 per cent have been detected
by single object Doppler techniques. This chapter outlines the theory of the two
principal Doppler methods: one using high resolution cross dispersed echelle spec-
trographs (the echelle method) and the other using dispersed fixed-delay interferom-
eters (the DFDI method). Both methods have been successfully used for detecting
new exoplanets. The main results of Doppler planet surveys over the past decade
are then summarised, together with early results in the development of new Doppler
techniques, especially multiple object techniques. Chapter 2 presents the scientific
motivation for the next generation large-scale multi-object Doppler planet surveys
and possible new science which will be addressed. Past experience has shown that
the ability to move from single-object to multi-object observations has facilitated
large-scale astronomical surveys (e.g. the Sloan Digital Sky Survey), and has con-
sistently led to dramatic new discoveries. It is anticipated that similar advances will
result from multi-object Doppler planet surveys in the next decade.

Another important exoplanet detection technique, that of gravitational mi-
crolensing, is reviewed by David Bennett in Chapter 3. This method relies upon
chance alignments between background source stars and foreground stars which
may host planetary systems. The background source stars serve as light sources
that are used to probe the gravitational field of the foreground stars and any plan-
ets that they might host. The author explains how the microlensing method is
unique among exoplanet detection methods in a number of respects, particularly in
its ability to find low-mass planets at separations of a few AU. The basic physics of
the microlensing method is reviewed together with typical planetary microlensing
events. The author shows how such microlensing events may be used to enable the
measurement of planetary orbital parameters, and he reviews early observational
results highlighting the exoplanets discovered by microlensing to date. Finally, the
author demonstrates that a low-cost, space-based microlensing survey can provide
a comprehensive statistical census of extrasolar planetary systems with sensitivity
down to 0.1 Earth-masses at separations ranging from 0.5 AU to infinity.

As George Rieke explains in Chapter 4, exoplanets move within tenuous disks
of dust (and early-on, gas) that are relatively easy to detect. The dust intercepts
energy from the parent star more efficiently than a planet can, and thus scatters
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and reradiates energy in far larger amounts than a planet could. In the process, it
imposes its own signatures on this output. We know of hundreds of planetary sys-
tems through observation of circumstellar disks of dust, and we can learn indirectly
about them if we can read these signatures. The author discusses the formation
and evolution of protoplanetary disks in the context of terrestrial planet formation.
He shows that although there is a well-defined overall pattern of protoplanetary
disk characteristics, there is a wide range of starting conditions, e.g. disk masses,
along with some variation in evolutionary timescales. Such differences presumably
translate into a wide range of properties for the planetary systems that develop
within these disks. The process of terrestrial planet formation continues well be-
yond the protoplanetary stage, and produces disks of debris from the planetesimal
collisions. The observed behaviour of these debris disks can test many hypotheses
regarding the evolution of the Solar System. Debris disks also enable astronomers
to probe many different examples of how planetary systems evolve, since there are
∼150 known examples within 50pc.

The interesting connection between brown dwarfs and exoplanets is explored by
I. Neill Reid and Stanimir Metchev in Chapter 5. Brown dwarfs form like ordinary
stars but, with masses below 0.075 solar masses, or 1.5 × 1029 kg, they fail to ig-
nite core hydrogen fusion. Lacking a central energy source, they cool and fade on
timescales that are rapid by astronomical standards. Consequently, the observed
characteristics of old, cold brown dwarfs provide insight into the expected proper-
ties of gas-giant exoplanets. The chapter focusses on brown dwarfs as companions
to main-sequence and evolved stars. Following a brief introduction to the intrinsic
properties of brown dwarfs, including their observed characteristics and classifi-
cation, the authors examine the different observational techniques used to identify
very low mass companions of stars and review the advantages and challenges associ-
ated with each method. The authors summarise the results of various observational
programs, particularly those regarding companion frequency as a function of mass
and separation, and discuss the so-called ‘brown dwarf desert’. The implications of
these results for brown dwarf and planetary formation mechanisms are considered.
The chapter concludes with a discussion of future surveys for low mass companions,
particularly direct imaging programs that will have sufficient sensitivity to detect
objects of planetary mass.

The detection of the first exoplanet around the G2V star 51 Pegasi in 1995 was a
landmark discovery. The presence of this Jupiter mass planet in a very close 4.2-day
orbit around the host star was quickly confirmed, and corroborated by Doppler ev-
idence for more of these close-orbiting Jupiter mass planets (dubbed ‘hot Jupiters’)
around a number of other nearby stars. Developments in experimental capabilities
have meant that so called ‘hot Saturns’ and ‘hot Neptunes’ have also been discov-
ered, and these close-orbiting planetary systems are discussed in detail by Hugh
Jones, James Jenkins and John Barnes in Chapter 6. As the authors explain, al-
though 51 Pegasi-like objects dominated early discoveries, other types of planets are
considerably more common. The 51 Pegasi class were found first because they were
the easiest to detect by the radial velocity method. In addition to being favoured
by radial velocity surveys, the bias is even stronger in transit surveys. All known
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transiting exoplanets have periods less than a week. Although our overall knowledge
of exoplanets has been fuelled by the growth in the sheer number and also by the
broad range of parameter space now populated, close-orbiting planets characterised
with a combination of precise radial velocity measurements and transit photometry
have played a key role. In these close-orbiting systems it is possible to determine
the mass and radius of the planet, which in turn yields constraints on its physical
structure and bulk composition. The transiting geometry also permits the study of
the planetary atmosphere without the need to spatially isolate the light from the
planet from that of the star. This technique (known as transit spectroscopy or oc-
cultation spectroscopy) has enabled photometric and spectroscopic measurements
of exoplanets to be made. As the authors of Chapter 6 make clear, the wide range
of properties of close-orbiting planets has stimulated a plethora of physical models
to explain their properties. They provide the sharpest test for theories of formation,
e.g., gravitational instability versus core-accretion, the role of stellar metallicity in
determining planetary core mass and how an irradiating star influences planetary
contraction and migration, e.g., type I, type II and delayed migration. With the
continuous development of experimental techniques, close-orbiting terrestrial-mass
exoplanets are the exciting new frontier in astrophysics and will test a wide range
of theoretical predictions.

The dynamical properties of multiple planet systems are reviewed by Rory
Barnes in Chapter 7. As the author explains, the study of exoplanet dynamics
is severely hampered by observational uncertainties. Although the detections them-
selves are robust, the orbital elements have significant uncertainties. The most prob-
lematic aspect of the Doppler technique is the mass-inclination degeneracy. If the
inclination, the angle between the plane of the orbit and a reference plane, can
be determined by a complementary method, such as astrometry or transits, this
degeneracy may be broken, and the planetary masses and full three dimensional or-
bits identified. The mass-inclination degeneracy therefore makes many simulations,
analyses, and hypotheses unreliable. Generally, in the dynamical studies discussed
in Chapter 6, the masses are assumed to be the “minimum mass” – the mass if the
orbit was exactly edge-on. Statistically, this choice is expected to be reasonably ac-
curate. The Doppler technique also limits the ranges of planetary masses and orbital
radii that may be observed, and so the observed planets may not be all the planets
in a system. Consequently, the conclusions presented in Chapter 6 are subject to
revision as additional planets may exist in each system that are either low-mass or
orbit at large distances, and these unseen companions may significantly alter the
best-fit orbits of the known planets. The author describes how the orbits of planets
evolve due to tidal, resonant, and/or secular (long-term) effects. Basic analytical
and numerical techniques can describe these interactions, and the author reviews
orbital theory and analytical methods (secular theory and resonant interactions),
and shows how N-body integrations are used to determine the evolution of a sys-
tem. Multiple planet systems may also evolve chaotically, and some principles of
chaos theory are described. Finally, the author discusses the current distributions
of dynamical properties of known multiple exoplanetary systems, possible origins of
these distributions, and compares exoplanetary systems with the Solar System.
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There is increasing evidence that planets are ubiquitous, and may form around
stars over a wide range in stellar masses. After a star dies, the planets may remain,
and in some circumstances there may be a new epoch of planet formation after the
main sequence. In Chapter 8, Steinn Sigurdsson discusses scenarios for the retention
and formation of planets after the death of the parent star, and the prospects
for detection, including current known post-main sequence systems. Planets in the
so-called ‘stellar graveyard’ are, in many cases, easier observational targets than
planets around main sequence stars, and different detection techniques may also be
brought to bear, in some cases with much higher sensitivity, allowing the detection
of low mass planets. This is particularly true in the case of the three exoplanets
detected around the millisecond pulsar PSR 1257+12, which at 0.00007, 0.13 and
0.12 Jupiter masses are the lowest mass exoplanets discovered to date. The author
discusses theories as to the origin of planets around pulsars, including the pulsar
planet in the globular cluster Messier 4, before turning his attention to the detection
of planets around white dwarfs. He also describes the recent exciting discovery of
a giant planet around the extreme horizontal branch star V391 Pegasi. This is a
well known pulsating subdwarf, a star that has terminated core hydrogen fusion
on the stellar main sequence and evolved through a red giant branch phase. The
planet must originally have been closer to the star, but moved outwards as the star
lost mass, avoiding being swallowed by the red giant envelope as the star expanded.
As the author explains, planets detected in the stellar graveyard reflect the ‘live’
population of planets, and in some cases provide potentially strong constraints on
planet formation processes, and the general planet population.

A survey of currently known planet-hosting stars indicates that approximately
25 per cent of extrasolar planetary systems are within dual-star environments. Sev-
eral of these systems contain stellar companions on moderately close orbits, and
the existence of exoplanets in such binary systems has confronted dynamicists with
many new challenges, as Nader Haghighipour explains in Chapter 9. Questions such
as how are these planets formed, whether binary-planetary systems host terrestrial
and/or habitable planets, how habitable planets form in such dynamically complex
environments, and how such planets acquire the ingredients necessary for life, are
among major topics of research in this area. Chapter 9 begins with a review of the
dynamics of a planet in a binary star system, and in particular whether the orbit
of a planet around its host star would be stable. The author then examines the for-
mation of planets in binary star systems. In spite of the observational evidence that
indicates the majority of main and pre-main sequence stars are formed in binaries
or clusters, and in spite of the detection of potentially planet-forming environments
in and around binary stars, planet formation theories are still unclear in explain-
ing how planets may form in multi-star environments. The author then discusses
the formation of giant and terrestrial planets in moderately close binary-planetary
systems, and reviews the current status of planet formation theories in this area.
The habitability of a binary system is then examined. Models of habitable planet
formation in and around binary systems are presented, and their connections to
models of terrestrial planet formation and water-delivery around single stars are
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discussed. Chapter 9 ends with a discussion of the future prospects for research in
the field of planets in binary star systems.

The theme of the habitability of planets and the search for life beyond the So-
lar System is explored in detail by Victoria Meadows in Chapter 10. In its most
conservative definition, a ‘habitable world’ is a solid-surfaced world, either a planet
or moon, which can maintain liquid water on its surface. This definition is based
on the fact that water is the one common constituent used by an enormous array
of life forms on the Earth. Life may also be present in the atmospheres of planets,
or in subsurface water tables or oceans, even in our own Solar System. However,
as the author explains, when searching for life beyond our Solar System, we adopt
the more conservative definition of the presence of surface water, because this def-
inition also has the advantage of describing worlds that would be more detectable
as habitable, even over enormous distances. After introducing the concept of habit-
able zones around stars which may harbour planets, the author explains how even
a conservative definition of habitability still encompasses a vast array of potential
worlds that could be considered habitable, without being similar to the present-day
Earth. The techniques and space missions which will enable the direct detection of
Earth-sized planets are then described, and aspects of the remote detection of plan-
etary characteristics are outlined. Although characterising a planet for the ability to
support life is an exciting first step, it is a precursor to the search for any indications
that the planet already harbours life. Such signs of life, either past or present, when
inferred from very distant measurements are called ‘remote-sensing biosignatures’.
As the author carefully explains, the search for these is based on the premise that
widespread life will modify the atmosphere and surface of its planet, and that such
modifications will be detectable on a global scale. The chapter concludes with a
look at how such biosignatures might be detected.

There is good reason to hypothesise that giant exoplanets will be attended by
significant moon systems. Moon systems exhibit diverse characteristics, and present
unique environments – possibly even suitable habitats for life. As Caleb Scharf out-
lines in the final chapter, Chapter 11, such exomoons may share many characteris-
tics with those in our own Solar System, as well as represent alternatives - possibly
including temperate Mars- or Earth-sized bodies. In our own Solar System the ma-
jority of giant planet moons harbour substantial water ice mantles. The inferred
internal structure and observed activity of many suggests the potential for exten-
sive subsurface liquid water, both currently and in the past. A well known example
of this is Jupiter’s icy moon, Europa. Liquid water is vital for all forms of terres-
trial life, through its integrated roles in biochemistry and geophysics. By contrast,
the thick atmosphere and rich, low-temperature, hydrocarbon chemistry of Saturn’s
largest moon, Titan, points towards a highly complex surface environment parallel-
ing some of the conditions on the early Earth, and conceivably offering alternative
pathways for complex phenomena such as life. As the author concludes, detecting
the presence of moons in exoplanetary systems is rapidly approaching feasibility,
and will open a new window on such objects and their potential habitability.

This book has benefited from the support and assistance of a large number of
people. I would like to offer my sincere thanks to all of the contributing authors
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for their considerable efforts, perseverance and enthusiasm for this project. I am
indebted to Frank Herweg of Springer, Heidelberg for his invaluable support and
advice in the preparation of the LaTeX files for this book, including his work on
a number of the illustrations prior to publication. I am also most grateful to my
wife Jane Mason for her assistance in the preparation of the Index, and to John and
Margaret Dowling for help with proof reading. Finally, I am indebted to Imogen Mil-
lard, Sue Peterkin and Romy Blott of Praxis Publishing for their very considerable
assistance at all stages in the organization and coordination of this project, and to
Clive Horwood, Publisher, for his encouragement, advice and patience throughout.

Barnham, November 2007 John W. Mason
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1 Detection Methods and Properties of Known
Exoplanets

Patrick G. J. Irwin

Summary. Following the historic discovery of the first extrasolar planet, 51 Pegasi b, in
1995 (Mayor and Queloz, 1995) more than 200 planets orbiting other stars have now been
catalogued. The vast majority of these planets have been detected with the radial velocity
technique, which is biased towards heavy, close-orbiting planets. However, the number of
lighter, more distantly orbiting known exoplanets is increasing steadily and, in addition,
a growing fraction of exoplanets have now been discovered using other detection methods
that may be more successful in detecting terrestrial-type planets. In this chapter we will
review the main physical properties of the exoplanets (and their parent stars) discovered
to date (28 February 2007) and will review the expectations of forthcoming observations.

1.1 Introduction

The question of just how unique our Solar System is has intrigued philosophers and
scientists for centuries. While it has generally been assumed that there are almost
certainly other planets orbiting other stars, it was not until the historic discovery of
51 Pegasi b in 1995 by Mayor and Queloz (1995) that the first conclusive proof of the
non-uniqueness of the Solar System was obtained. The planet that was discovered
though, and most of those discovered since with the same radial velocity technique
(Sect. 1.2.1), is very different from the planets of our Solar System. 51 Peg b (the
exoplanetary naming convention is to list the star name followed by ‘b’, ‘c’ ... in
order of the planet’s discovery) has a mass greater than or equal to 0.46 MJ , (where
MJ is the mass of Jupiter) and orbits at a distance of only 0.05 AU in a period of
just 4.2 days! The surface temperature of the planet, so close to its star, is calculated
to be enormous (∼ 1400 K) and the planet has been dubbed a ‘hot Jupiter’.

1.2 Detection of Extrasolar Planets

Directly observing extrasolar planets is extremely difficult given the large brightness
contrast between a star and its planets and also the small angular separation. For
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example, if our own Solar System were observed at a distance of, say, 5 parsecs, the
greatest angular separation of the Sun and Jupiter would be just 1 arcsecond with
the Sun appearing 109 times brighter at visible wavelengths. Under these conditions
it would be impossible to pick Jupiter out from the Sun’s glare (Lewis, 2004). One
possible solution to this problem is to search for planets around dimmer stars such
as white and brown dwarfs. Searches for extrasolar planets around white dwarfs
have so far been unsuccessful (e.g. Burleigh et al., 2003; Friedrich et al., 2006),
but four planets/brown dwarfs (Sect. 1.4.2) have now been directly imaged about
brown dwarfs, the first being imaged by the Very Large Telescope (VLT) orbiting
a brown dwarf, situated 200 light years away, at a distance of ∼ 60 AU (Chauvin
et al., 2005a). Another strategy is to attempt to detect the planet at wavelengths
near the peak of the planet’s Planck function. Observing at 50 μm rather than 0.6
μm reduces the flux ratio to 104 for the Sun-Jupiter system, but at these longer
wavelengths the diffraction-limited angular resolution of any achievable telescope
would be insufficient.

Although direct optical detection of extrasolar planets initially appeared very
difficult, it was realised that it might be possible to indirectly detect them through
their influence on the motion of the central star. There are two ways of doing this:
1) by observing the radial velocity of the star as the planetary system rotates about
its centre-of-mass and 2) by observing the actual reflex motion1 of the star against
the heavens (astrometry). In addition, it also came to be realised that there was a
chance that an extrasolar planet could be detected if it transited in front of its star,
while other detection methods, such as gravitational lensing, revealed themselves
serendipitously. There are now numerous methods of detecting extrasolar planets,
which will be briefly summarised.

1.2.1 Radial Velocity Detections

For a planet of mass Mp in a circular orbit of radius a about a star of mass M∗,
the star and planet will both orbit about their centre-of-mass, situated at a dis-
tance 2aMp/ (Mp + M∗) from the star. Equating the gravitational force with the
centripetal force acting on the star, and assuming that M∗ � Mp, the maximum
velocity of the star v in the line of sight of an observer may be shown to satisfy
v2 = G (Mp sin i)2 /2M∗a, where i is the inclination of the planet’s orbit with re-
spect to the observer, i.e. the angle between the normal to the orbital plane of the
planet and the line from the star to the observer on the Earth. The radial velocity
method can determine both Mp sin i and also, from the shape of the variation of v
with time, the eccentricity, e, of the planet’s orbit. It is worth noting that unless the
inclination can be determined from other methods such as astrometry (Sect. 1.2.2),
this method only provides a lower limit on the planet’s mass. The technique is most
effective for larger mass planets orbiting close to the lower mass stars (i.e. G and
K type) since this gives the largest line-of-sight stellar velocity and it is crucial to

1The reflex motion of the star is caused by both it and the planet orbiting their common
centre of mass.
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be able to distinguish the radial velocity of the star due to the orbit of a planet
from the naturally occurring turbulent velocities present in a stellar photosphere.
An example of a measured radial velocity curve for the star GJ 446 (Butler et al.,
2004) is given in Fig. 1.1.

Fig. 1.1. Measured velocities vs orbital phase for GJ 436 (Butler et al., 2004). The dotted
line is the radial velocity curve from the best-fit solution: P = 2.644 days, e = 0.12,
M sin i = 0.067MJ

Since the discovery of 51 Peg b there have been detections (almost all by the
radial velocity technique) of over 200 extrasolar planets. Indeed it is now esti-
mated that more than 6% of sun-like stars have a detectable ‘wobble’ due to the
orbit of at least one Jupiter-mass planet. At the time of writing (28 February
2007), the total number of planets listed in the Extrasolar Planets Encyclopedia
(http://www.obspm.fr/planets) was 215 in 185 planetary systems (including 21
multiple planet systems). Most of the recent radial velocity planet searches have
been able to detect velocity variations as small as 10 m/s (Marcy et al., 2003) and
so a Sun-Jupiter system (for which the Sun’s radial velocity is 13.2 m/s) should have
been just about detectable and, indeed, such planets are now regularly being found.
For example (Wittenmyer et al., 2007) report the discovery of 47 UMa c, a planet
with mass 1.34 MJ , low eccentricity and an orbital radius a = 7.73 AU. Recent
improvements have meant that current observations can now achieve even greater
accuracies of 3 m/s and thus the number of planets detectable by this technique is
steadily increasing. In addition, the current data sets only last for ∼ 10 years. As
measurements continue, and the sensitivity improves, the discovery of more Jupiter-
like planets orbiting far from their star with longer periods is expected. At the time
of writing 26 exoplanets have now been catalogued with an orbital distance greater
than 3 AU.
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1.2.2 Astrometry

Given a sequence of observations of a star’s position of sufficiently high accuracy
relative to the celestial sphere, the reflex motion of the star caused by the orbit of a
planet around it can be detected. This can be used to determine both the absolute
mass and orbital inclination of a planet. Considering the motion of the star and
planet about their common centre of mass we can see that the reflex amplitude of
the star is a∗ = apMp/M∗, where a∗ and ap are the distances from the centre-of-
mass to the star and planet respectively. Thus, this method is most effective for
large mass planets orbiting at some distance from their parent stars. In addition,
since what is actually measured is the angular position of the star, the method is
clearly best for planetary systems within a few parsecs of the Earth.

The accurate measurement of a star’s position over a number of years is a chal-
lenging task. Current optical systems have an absolute accuracy of a few milliarc-
seconds. However this precision can be improved through the use of long-baseline
interferometry. The VLT and Keck currently have programmes to do this and are
expected to achieve accuracies of 30 μas (microarcseconds), which should be suf-
ficient to observe the reflex motion of the stars of several extrasolar giant planets
already discovered. In addition, there are two space missions planned to exploit this
technique. The NASA SIM (Space Interferometry Mission) is due for launch some-
time betwee 2009 and 2015 and will be able to achieve 1 μas accuracy, while the
ESA GAIA spacecraft, which is a follow-up to ESA’s Hipparcos mission, is due to
launch in 2011. Although not an interferometric instrument, GAIA aims to observe
1 billion stars with magnitude brighter than 20, with an accuracy of 10–20 μas at
magnitude 15.

1.2.3 Transit Detections

For extrasolar planets, there is a small, but finite, chance that the orbital inclination
i will be very close to 90◦ and thus that a planet will periodically pass between the
planet’s star and the Earth. If the planet is sufficiently large, then the drop of
intensity of the starlight can be detected and used to determine both i and also the
radius of the planet.

The first published detection of a planetary transit (using the STARE transit
camera (Charbonneau et al., 2000)), was of the planet HD 209458 b, which orbits its
star at a distance of 0.046 AU in a period of 3.5 days (Henry et al., 2000). The transit
was observed the next year with the Hubble Space Telescope (HST) (Fig. 1.2) and
Brown et al. (2001) concluded, from the transit depth, that the planet had a radius
of 1.35 RJ (where RJ is the radius of Jupiter). This figure has recently been revised
to 1.32 RJ (Knutson et al., 2007).

Assuming HD 209458 b to be typical, and until more transits of this type are
observed there is no reason to think otherwise, these observations showed that the
massive, close-orbiting planets discovered by the radial velocity survey were not
just rocky cores, but large Jupiter-sized objects. The radius observed is consider-
ably larger than that expected from a planet cooling in isolation and Burrows et al.
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Fig. 1.2. HST observation of transit of HD 209458 b (Brown et al., 2001)

(2000) proposed that irradiation from the star inhibits convection and thus cool-
ing/contraction. This idea was developed by Bodenheimer et al. (2001) and Guillot
and Showman (2002).

A number of other extrasolar planetary transits have been observed since 1999,
using projects such as OGLE (Sect. 1.2.4). Most lead to a dip in intensity of the
order of 1%, and at these levels care must be taken to ensure that phenomena such as
sunspot variations or isolated or blended eclipsing binary systems are not mistaken
for planet detections (e.g. Mandushev et al., 2005; O’Donovan et al., 2006b, 2007).

Transit Spectroscopy

Soon after the first transit of HD 209458 b was observed, it was realised that obser-
vations at a number of different wavelengths might be used to infer the atmospheric
transmission of the planet’s atmosphere, since a planet’s effective cross-sectional
area will be larger at wavelengths where its atmosphere is more strongly absorbing
than at others. Just such a study is reported by Charbonneau et al. (2002) who
used HST observations near 600 nm to search for the atmospheric sodium absorp-
tion lines predicted for ‘hot Jupiters’ by radiative transfer models such as Sudarsky
et al. (2003). The absorption line was duly detected, the first ever detection of an
exoplanetary atmosphere, although the magnitude of the absorption was found to
be less than that predicted by cloud-free radiative transfer models suggesting that
clouds high in the atmosphere of this planet reduce the absorption band depth.
Brown et al. (2002), Richardson et al. (2003a) and Richardson et al. (2003b) ex-
tended this campaign to the infrared, searching for CO, H2O and CH4 absorption,
and recently Deming et al. (2005) detected a weak absorption due to CO at 4325
cm−1 and also suggested the presence of a high level cloud at, or above, 3.3 mbar.
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In addition to direct detection of atmospheric absorption during transits, a gas
giant orbiting as close to its star as HD 209458 b will get very hot in its upper
atmosphere leading possibly to exospheric loss. Vidal-Madjar et al. (2003) report
HST observations of atomic hydrogen absorption of starlight during several tran-
sits of HD 209458 b. They interpret this observation as being due to absorption
by hydrogen atoms that have exospherically escaped the planet’s atmosphere and
are now beyond the Hill radius2 of the planet. They further conclude that if the
timescale for this evaporation is comparable to the lifetime of the stellar system
then it may explain why so few ‘hot Jupiters’ are found orbiting with periods less
than ∼ 3 days. More recent HST observations by Vidal-Madjar et al. (2004) have
also detected exospherically escaping carbon and oxygen atoms. Such atoms should
be too heavy to escape by the Jean’s mechanism, responsible for the hydrogen es-
cape, and instead Vidal-Madjar et al. (2004) suggest that hydrodynamic escape
(or ‘blow-off’) is responsible, whereby the outward flow of exospherically escaping
hydrogen atoms carry with them heavier atoms such as carbon and oxygen.

1.2.4 Microlensing

For several years now there have been campaigns to observe galactic bulge mi-
crolensing events, with a view to searching for dark matter and extrasolar planets.
In this technique, light from a distant (source) star is observed as another star at
intermediate distance (the lens star) passes close to, or in front of it. Light from the
source star is gravitationally bent around the lens star and thus its apparent mag-
nitude changes during the event. Two such campaigns are OGLE (Udalski, 2003)
and MOA (Bond et al., 2001). In addition to lensing events, such programmes are
also sensitive to planetary transits and to date, OGLE has detected the transits of
five previously unknown extrasolar planets.

In 2003, both observatories observed a remarkable microlensing event shown in
Fig. 1.3 where, in addition to the central peak in source star brightness due to
the gravitational lensing of the lens star, two additional sharp peaks were observed
which are interpreted as being due to the microlensing of a planetary companion
to the lens star. Bond et al. (2004) conclude, assuming the lens star to be a main
sequence M dwarf, that the planet has a mass of 1.5 MJ , and orbits the lens star
at a distance of approximately 3 AU.

OGLE has now detected three further planets through gravitational microlens-
ing events. For future observations we will see later in Sect. 1.4 that gravitational
lensing is the only detection method that is capable of sensing terrestrial planets
orbiting some distance from their stars (dubbed ‘cool Earths’). In addition to the
continuation of the OGLE and MOA campaigns, other ground-based campaigns
include PLANET, which is a collaboration of telescopes in the southern hemisphere
observing since 1995. The sensitivity of microlensing campaigns to ‘cool Earths’
would be further advanced by placing the telescope in space and proposed mis-

2The Hill radius gives the limit of the gravitational sphere of influence of a body in
orbit about another heavier body, in this case the central star.
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Fig. 1.3. Observation of gravitational microlensing by a planet by OGLE (Bond et al.,
2004). Inset panel shows all OGLE data from 2001 to 2003, while the main figure shows a
close-up of the data for 2003 for both OGLE and MOA.

sions include GEST (Galactic Exoplanet Survey Telescope) and Microlensing Planet
Finder (MPF).

1.3 Properties of Observed Extrasolar Planets

So many planets have now been found that it is possible to consider the statistics of
the mass and orbital parameter distributions, as has been done by Collier Cameron
(2002), and Marcy et al. (2003). Radial velocity measurements can only provide
information on the distribution of Mp sin i. However, it can be shown (Jorissen et
al., 2001) that for a random distribution of planetary systems, the distribution of
Mp sin i is very close to the distribution of Mp and thus statistical conclusions on
the overall mass distribution can be inferred from the distribution of Mp sin i for
known exoplanets, shown in Fig. 1.4.

Considering the selection effects of radial velocity measurements, a predomi-
nance of heavy planets might be expected. However, most of the planets discovered
so far have Mp sin i < 10MJ , and the distribution of planets rises rapidly for smaller
masses. A power law fit to the distribution is also plotted in Fig. 1.4, where the num-
ber of planets N has been assumed to vary with planetary mass as N = α(Mp sin i)β .
Fitting only to the well sampled distribution where Mp sin i < 4MJ , values of
α = 44.98 and β = −0.95 are derived, which are found to reasonably well ap-
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Fig. 1.4. Distribution of Mp sin i of currently known exoplanets. Also plotted is the curve
N = α(Mp sin i)β , where α = 44.98 and β = −0.95, which is described in the text

proxinate the rest of the distribution. Hence, to first order it would appear that the
number of planets falls approximately linearly with the planetary mass.

The smallest exoplanets discovered to date are OGLE-05-390L b and GJ 876
d (Rivera et al., 2005) which have estimated masses of only ∼ 5.5MEarth and ∼
7.5MEarth, respectively. In contrast, there is an apparent absence of heavy extrasolar
planets with mass above the deuterium-burning limit for brown dwarfs of ∼ 13.6MJ

(Lewis, 2004). This apparent absence of very large mass planets has become known
as the ‘Brown Dwarf Desert’ and it has been suggested that brown dwarfs might be
formed by a different process from planets, leading to them orbiting at much greater
distances than is currently detectable with the radial velocity technique. However,
very recently a few heavy mass exoplanets have been discovered, the heaviest being
GQ Lup b and HD 41004 B b which have an estimated Mp sin i of 21.5MJ and
18.4MJ (Zucker et al., 2004) respectively. Hence, the ‘Brown Dwarf Desert’ may
prove not to be quite so barren as has been previously thought, supporting the
suggestion of Jorissen et al. (2001) that there is no reason to ascribe the transition
between giant planets and brown dwarfs to the threshold mass of deuterium ignition.

The distribution of exoplanet orbital periods is shown in Fig. 1.5, which appears
to have a slight bimodal distribution, with peaks at 3 days and 500 days.

The distribution of exoplanet orbit radii is shown in Fig. 1.6 and it is found
that a large fraction of known exoplanets orbit within 1 AU. However, given that
planets with larger orbital distances take longer to orbit and current observation
programmes have only been running for 10 years or so and are becoming more



1 Detection Methods and Properties of Known Exoplanets 9

Fig. 1.5. Orbital period distribution of known exoplanets.

Fig. 1.6. Orbital radius distribution of known exoplanets.
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Fig. 1.7. Distribution of mass and radius for known exoplanets. Solar System planets are
indicated by letter.

precise all the time, there is good reason to suspect that there is a large population
of planets orbiting beyond 3 AU (Marcy et al., 2003) which will soon be detected.

Fig. 1.7 shows Mp sin i for known exoplanets plotted against their orbital dis-
tance and there can be seen to be a general decrease in the number of massive
planets (Mp > 4MJ) orbiting within 0.3 AU. Such planets would be eminently
detectable using the radial velocity method so we can be confident that they are
really not there. A possible explanation for this is that the migration mechanism
of massive planets is either inefficient within 0.3 AU or too efficient and thus that
massive planets straying within 1 AU fall all the way into the star (Marcy et al.,
2003). Alternatively, as discussed in Sect. 1.2.3 it may be that planets closer than
this quickly evaporate (Vidal-Madjar et al., 2003).

There is a massive and uniform spread in the eccentricities of exoplanets be-
tween 0 and 0.9 (Fig. 1.8), which suggests that there is a common mechanism for
pumping the eccentricity of extrasolar planets. It can also be seen from Fig. 1.8 that
the eccentricity distribution for planets in multiple-planet systems is indistinguish-
able from that for single planet systems. For the multiple planet systems known,
eccentricity pumping may result from planets migrating in their circumstellar disc,
leading to occasional mutual capture and resonance. Subsequent close encounters
may lead to scattering and ejection of planets. This scenario explains the orbital
resonances commonly seen in multiple-planet systems and also the occurrence of
‘hierarchical’ systems (ones with only a few, widely separated planets), where some
of the planets have presumably been ejected. Single planet systems may be the end
result of such interactions, where all other giant planets have been lost through ejec-
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Fig. 1.8. Distribution of eccentricity and radius for known exoplanets. In this plot Solar
System planets are indicated by letter and planets in multi-planet systems are indicated
by diamonds.

tion. Alternatively it could just be that single planet systems actually have other
planets which have just not been detected yet.

An intriguing discovery is of a multiple planet system around the star HD 69830
which comprises three Neptune mass planets (Lovis et al., 2006) and possibly also
an asteroid belt (Beichman et al., 2005).

It has been pointed out by Charbonneau (2006) that the precision achieved by
Lovis et al. (2006) means that it is now more likely that terrestrial-type planets
may be detected by the radial-velocity method, since the Sun is unusually hot and
massive compared to other nearby stars. The ‘habitable zone’ of other stars is likely
to be closer to the star and coupled with their lower mass the ‘wobble’ introduced
by a terrestrial planet’s mass may now be just about detectable.

The analysis of the metallicity of stars which have planetary companions is very
revealing (Fig. 1.9). The [Fe/H] ratio is defined as the abundance of iron in a star to
that found in the Sun, expressed on a logarithmic scale. Thus a star with [Fe/H]=1
has 10 times the abundance of iron (and other metals) as the Sun. From Fig. 1.9 it
can be seen that, as found by Fischer and Valenti (2003) and Santos et al. (2004), the
distribution rises rapidly at the high metallicity end and thus the great majority of
known exoplanets orbit stars with a metallicity equal to, or greater than that of our
Sun (Sudarsky et al., 2003). These observations strongly suggest that the presence
of dust in proto-stellar nebulas is very important for the formation of planets and
thus favours the core-accretion model of planetary formation (Pollack et al., 1996).
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Fig. 1.9. Distribution of star metallicity for known exoplanetary systems.

1.4 Sensitivity and Future Methods for Detection of
Extrasolar Planets

We have seen that there are a number of ways of detecting the existence of extrasolar
planets, most indirect. All the techniques have their own advantages and disadvan-
tages and the different selection effects of these detection methods are summarised
in Fig. 1.10, on which are plotted the mass and orbital radii of known exoplanets,
together with characteristics of the Solar System planets.

Currently employed detection methods are biased towards close-orbiting heavy
planets and thus very few lighter terrestrial-like planets have so far been found, with
the lowest mass for planet orbiting an active star so far being estimated as 5.5MEarth

(Sect. 1.3). Three earth-mass extrasolar planets have actually been discovered, but
these do not orbit a main sequence star, but instead have been observed orbiting
the pulsar PSR 1257+12 (Wolszczan and Frail, 1992; Wolszczan, 1994). Although
no terrestrial planets have so far been discovered, there is no reason to think that
they are not present and as measurement techniques improve, it is widely hoped
that terrestrial planets may soon start being detected.

As can be seen, the radial velocity technique is best for detecting heavy, close or-
biting planets, and thus the planets found so far are clustered in the top left corner of
Fig. 1.10. The limit of detectability of existing measurements is shown, together with
the expected improvement due to ever increasing sensitivity and longer observation
runs. Radial velocity programmes currently under way include the Anglo-Australian
Planet Search (e.g. Carter et al., 2003), the California and Carnegie Planet Search,
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Fig. 1.10. Selection effects of different exoplanet detection programmes. Solar System
planets are indicated by letter.

ELODIE (Naef et al., 2004) and CORALIE (Mayor et al., 2004). Analysis methods
are rapidly becoming more sophisticated and Charbonneau (2006) note that the
radial velocity method may soon start turning up terrestial-like planets (Sect. 1.3).
Transit observations also favour shorter periods, but can also detect lighter plan-
ets, especially the planned space-based missions (Sect. 1.4.1). The selection limits
of astrometric observations (Sect. 1.2.2), both for ground-based programmes such
as at the Keck Observatory and the VLT, and for space-based missions such as
the forthcoming Space Interferometry Mission (SIM), are expected to start probing
into the terrestrial planet region of the diagram. This technique is complemented by
the microlensing technique (Sect. 1.2.4) which similarly is more sensitive for space-
based proposals (such as GEST), than terrestrial ones. We will now consider future
observations using these methods and what may reasonably be expected of them.

1.4.1 Transit Programmes

A number of transit surveys have been planned for the next few years – both
ground- and space-based. They may be conveniently split into two categories: 1)
Deep surveys, which have small pixel size, can see faint stars, but do not cover a
wide area of sky; and 2) Wide surveys, which cover a wide area of the sky with large
pixel size, but cannot see fainter stars. The a priori probability of transit detection
is the ratio of the diameter of a star to the diameter of a planet’s orbit (Lewis,
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2004). For the Sun-Jupiter system this is 1.4×1011/5.2×1013 = 1.8×10−3. Hence,
transit surveys need to observe lots of star systems to have sufficient probability
of planetary detection and so both survey methods attempt to view many stars
simultaneously, taking special care not to confuse real planetary transits with other
phenomena (e.g. Mandushev et al., 2005).

One ground-based wide survey is TrES (Transatlantic Exoplanet Survey), a net-
work of three 99-mm aperture field-flattened Schmidt telescopes based at Palomar
Observatory, Lowell Observatory and the STARE transit camera at the Observa-
torio del Teide, Canary islands. STARE made the first observation of a planetary
transit (HD 209458 b) (Sect. 1.2.3) and the TrES network has now discovered two
further planets, TrES-1 (Alonso et al., 2004) and TrES-2 (O’Donovan et al., 2006a).
The infrared radiation of TrES-1 has since been observed directly with the Spitzer
telescope by Charbonneau et al. (2005) who report a surface temperature of over
1000K. Another ground-based wide-survey is SuperWASP, which has two facilities:
one based in the Canary Islands and another soon to be operating in South Africa.
Both instruments are comprised of five 11-cm aperture wide-angle cameras and are
developments of the WASP0 prototype instrument (Kane et al., 2004; Pollacco et
al., 2006). Both SuperWASPs began operations in 2004 and are able to monitor
10,000 stars simultaneously over a 15◦ × 15◦ field of view. So far, two planets have
been discovered, WASP-1b and WASP-2b (Collier Cameron et al., 2007).

Space-based wide-survey observations are predicted to be both more sensitive
and less prone to false identifications of planetary transits. One such project was
the Sagittarius Window Eclipsing Extrasolar Planet Search (SWEEPS), which used
the Hubble Space Telescope in 2004 to search for transit events (Sahu et al., 2006).
A current mission is COROT, which is a French-led project to place a small 0.27-
m telescope into orbit to study astroseismology and also detect extrasolar planet
transits. COROT was launched on 27 December 2006 and started its first observing
run on 8 February 2007. It will observe an area of the sky of size 2.8◦ × 2.8◦ for 21

2
years. The US-led Kepler mission is a Schmidt telescope with 1.4-m primary mirror
and a 0.95-m aperture, due for launch in October 2008. Kepler will continuously and
simultaneously monitor the brightness of approximately 100,000 A–K dwarf (main-
sequence) stars brighter than 14th magnitude in the Cygnus-Lyra region along the
Orion arm, for a period of 4 years.

Deep transit surveys will also be conducted by microlensing programmes, which
are outlined in Sect. 1.2.4.

1.4.2 Direct Optical Detection

Almost all of the currently known exoplanets have been discovered through indirect
methods. However, four extrasolar planetary-mass objects have now been directly
imaged about brown dwarfs, although their masses are towards the top end and in
some cases exceed what might really be classified as planets and instead might be
better described as brown dwarfs (∼ 13MJ). The objects are: 2M1207 b (5 − 8MJ)
(Song et al., 2006; Chauvin et al., 2005a), GQ Lup b (10−40MJ) (McElwain et al.,
2007), AB Pic b (13 − 14MJ) (Chauvin et al., 2005b) and SCR 1845 b (9 − 65MJ)
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(Biller et al., 2006). All objects except SCR 1845 b orbit at great distance from
their parent stars. In addition, we have also seen that methods have successfully
been developed to study the spectra of exoplanets though differencing methods
(Sect. 1.2.3). In this section we will look at other methods of directly detecting the
reflected starlight or thermal emission of exoplanets about nearby stars.

Doppler Spectral Separation

As a planet orbits a star, part of the starlight will be reflected by the planet towards
the observer. This component will be Doppler-shifted by an amount depending
on the planet’s orbital velocity (∼ 100 km/s), rather than the star’s (∼ 10 m/s)
and can be extracted using very high-resolution ground-based spectroscopy and
correlation techniques. Collier Cameron and Leigh (2004) review the current status
of a number of direct planetary detections achieved by this technique. Assuming the
planetary radius is known, these observations may be used to estimate the visible
planetary albedo. For example, the albedo of τ Bootis b (Collier Cameron et al.,
1999; Charbonneau et al., 1999) is estimated by Leigh et al. (2003a) to be less
than 0.39. Similarly, the albedoes of ν Andromeda b and HD 75289 b are estimated
to be less than 0.3 (Collier Cameron et al., 2002) and 0.14 (Leigh et al., 2003b)
respectively. These albedoes are much less than Jupiter’s (0.5).

Differential Direct Detection

Models of the expected spectra of extrasolar giant planets (e.g. Sudarsky et al., 2003)
show that the reflected sunlight from such planets will be significantly affected by ab-
sorption of atmospheric constituents such as sodium and carbon monoxide, whereas
the stellar spectrum is expected to be smoothly varying. Hence, these absorption
features provide a possible means of discriminating between the light reflected by a
planet and the direct stellar light. Wiedemann et al. (2001) report just such a detec-
tion of the 3-μm methane absorption of τ Bootes b. There are other programmes in
development, such as TRIDENT (Marois et al., 2005) on the 3.6m Canada-France-
Hawaii-Telescope (CFHT), which observes the edge of a methane absorption band
between 1.5 and 1.8 μm.

Interferometric Imaging

Using two telescopes, separated by a long baseline of precisely controlled optical
length D, the beams may be combined with a phase difference of π to completely
eliminate the light from the central star. Constructive interference will then occur
at a number of angles θ where D sin θ = (2n + 1) λ/2 and n is an integer. By varying
the baseline D (assuming fixed wavelength λ), a range of constructive interference
angles can be examined to attempt to detect either the weak stellar reflection or
thermal emission of an extrasolar planet. Both the Keck Observatory and VLT have
long baseline interferometric observation programmes in development. Another in-
teresting project is the Large Binocular Telescope Interferometer (LBTI) in Arizona,
which achieved ‘First Light’ in October 2005. LBTI uses adaptive optics and a beam
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combiner including a dielectric material to correct for colour dependence of light
interference. LBTI will operate in the infrared (3-5 μm) and should be able to de-
tect planets further than 0.03” from their stars. Nulling interferometry is also the
planned mode of the proposed ESA Darwin space mission, and a possible mode of
the proposed NASA Terrestrial Planet Finder (TPF-IR). In these mission plans, a
fleet of large telescopes would fly in formation and the light combined in a central
hub using precisely controlled phase delays. Due to their very long baselines, low
temperatures and no atmospheric absorption, these missions will be able to not only
directly detect extrasolar planets in the infrared, but also measure their emission
spectra, allowing the composition of their atmospheres to be determined.

Coronagraphic Imaging

Finally, in this technique, which is only suitable for space missions, light from the
central star is eliminated using a mask in the focal plane. The method is used in
solar studies to study the corona and prominences of the Sun’s atmosphere, from
which its name is derived. The technique may be used by a version of the proposed
NASA Terrestrial Planet Finder (TPF-C). In addition, the new James Webb Space
Telescope (scheduled for launch in 2013) will house the NIRCam instrument, which
includes a coronagraphic module, operating from 2-5 μm. This system will be capa-
ble of 108–109 high contrast imaging for separations > 0.1 arcsecond. In addition,
tunable narrow-band filters will allow the measurement of spectra from 2.5–4.5 μm
at low resolution.

1.5 Conclusions

The discovery of extrasolar giant planets has been one of the most exciting as-
tronomical discoveries in the last twelve years. It has proved beyond doubt that
planetary formation is a common by-product of star formation, although some
of the systems discovered so far appear peculiarly exotic compared to our own.
Analysing the characteristics of these systems is already giving us a new insight
into how our own Solar System formed and has placed very important constraints
on planetary formation theories. With ∼ 215 giant extrasolar planets discov-
ered, attention is starting to switch to the detection of more Earth-like terrestial
planets.

A number of programmes proposed for the next 20–30 years will be able to
address these questions. Of particular interest are the NASA TPF-IR and ESA
Darwin missions, which through their infrared nulling interferometry approach will
be able to measure the thermal emission spectra of any planets discovered. The
Earth’s atmosphere has been substantially modified by the presence of life, which
produces high levels of oxygen, which is then photolysed to form ozone in the
upper atmosphere. Ozone has a very clear signature in the thermal infrared and
the detection of significant quantities of this gas in the atmosphere of an extrasolar
planet would give a strong indication of the occurence of life-like processes. Hence,
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it is hoped that within our lifetime, it may be possible to indirectly detect the
presence of life in another Solar System, which will have profound implications on
our view of ourselves and on our place in the universe.
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2 Doppler Exoplanet Surveys: From Single Object
to Multiple Objects

Jian Ge

Summary. Doppler planet surveys are the major tool for discovering new exoplanets.
Of 200-plus known exoplanets discovered to date, about 90% were discovered by single
object Doppler techniques. This chapter summarizes the results of Doppler planet surveys
in the past decade, and new progress and early results in the development of new Doppler
techniques, especially multiple object techniques. It also presents the scientific motivation
for the next generation large-scale multi-object Doppler planet surveys and possible new
science to be addressed. In the history of astronomy, the ability to move from single-object
to multi-object observations has enabled large-scale astronomical surveys (e.g., the Sloan
Digital Sky Survey) and consistently led to dramatic new discoveries. We anticipate similar
advances will also occur with multi-object Doppler planet surveys in the next decade.

2.1 Introduction

One of the most surprising astronomical developments of the last 15 years has
been the discovery of an abundant population of extra-solar planets. Surveys
to date have detected over 230 extrasolar planets (see the exoplanet website at
http://exoplanet.eu; Butler et al. 2006 and Udry et al. 2007), of which approxi-
mately 90% were found by detecting the reflex motion in the host star from precise
measurements of the star’s radial velocity (RV). In this chapter, we will describe the
Doppler technique, primary results to date using single object Doppler instruments,
and introduce future large-scale RV surveys using multi-object Doppler instruments.

2.2 Description of the Doppler Method

Currently, there are two major Doppler methods: one using high resolution cross-
dispersed echelle spectrographs (the echelle method) and the other using dispersed
fixed-delay interferometers (the DFDI method). Both methods have been success-
fully used for detecting new planets (e.g., Butler et al. 2006 for a summary of exo-
planets detected by the Doppler techniques). Here we briefly describe both methods.
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2.2.1 The High Resolution Cross-Dispersed Echelle Method

The RV method using high resolution optical spectrographs was proposed for de-
tecting extrasolar planets in the 1950’s by monitoring spectral line shifts of the
target star caused by the gravitational pull of the planets (Struve 1952). However,
it was difficult to obtain better than several tenths of a kilometer per second preci-
sion before the 1970’s due to the use of inadequate instrument calibration methods,
in which the reference beam does not follow the same optical path as the stellar
beam (Griffin 1967). In order to detect Jupiter like planets, a Doppler precision of
∼ 10 m/s is required (e.g., the velocity semi-amplitude of the Sun caused by the
gravitational pull of Jupiter is about 12.3 m/s over 11.86 years).

In 1973, Griffin and Griffin proposed to use telluric absorption lines as a ref-
erence for RV measurements to eliminate the differential motion between the ref-
erence and stellar beams in order to achieve high RV precision (Griffin & Griffin
1973). This method was further developed by Campbell & Walker in the late 1970’s
(Campbell & Walker 1979). Instead of using telluric absorption lines, which vary
and also shift slightly due to line saturation and atmospheric winds, they used a
toxic hydrogen fluoide (HF) gas cell which produces the R branch of the 3-0 vibra-
tion rotation band in the wavelength region of 8650-8800 Å (Campbell & Walker
1979). A Doppler precision of ∼15 m/s was achieved. Walker et al. monitored a
total of 21 bright solar-type stars using this method and a Coudé spectrograph on
the Canada-France-Hawaii 3.6-m telescope (CFHT) over 12 years. Although they
did not detect any exoplanets, their results indicate that less than 5% of solar-type
stars have planets larger than 2 Jupiter masses within 5 AU (Walker et al. 1995).
This result is consistent with the recent conclusion based on the California-Carnegie
planet survey (Marcy et al. 2005).

In the late 1980s, molecular iodine was chosen to use as a reference instead of HF.
Unlike HF, molecular iodine is non-toxic and has thousands of absorption lines in
the wavelength region of 5000-6200 Å, which can be used for tracking the instrument
velocity drifts and also instrument response changes. Another calibration method
using a stabilized Fabry-Perot etalon interferometer was also developed at the same
time and has reached a precision of ∼ 8 m/s over ∼ 5 years (McMillan et al. 1993).
The iodine absorption calibration method was used to achieve ∼3 m/s Doppler
precision with the Lick Hamilton echelle spectrograph in the 1990s (Butler et al.
1996). Several other groups have also achieved similar Doppler precision using the
iodine calibration method (Cochran & Hatzes 1993; Brown et al. 1994). The iodine
calibration method has become popular for high precision RV measurements since
then.

In the early 1990s, the ThAr separate beam calibration method reached a mile-
stone, delivering ∼ 10 m/s Doppler precision and long term stability using fibers
for feeding the star and calibration light to the spectrograph (Baranne et al. 1996).
The first extrasolar planet around a solar-type star, 51 Peg, was detected by this
method (Mayor & Queloz 1995). Fiber feeding has played a key role in allowing the
instrument to be installed in an isothermal environment to increase the instrument
thermal and mechanical stability.
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Fig. 2.1. Echelle working principle for Doppler RV measurements. δλi is the intrinsic line
width of the absorption line, Di is the absorption line depth.

In the cross-dispersed echelle method, the Doppler precision is fundamentally
limited by the total number of photons collected by the spectrograph. Figure 2.1
shows the principle for RV measurements using a high resolution echelle spectro-
graph. The photon-limited Doppler precision of an echelle instrument can be de-
scribed as

σRV =
1√

(Σi=1,N (1/σ2
e,i))

, (2.1)

σe,i =
εI

dI/dV
(2.2)

where N is the total number of pixels, εI is the uncertainty in the intensity at pixel
i, and dI/dV is the local slope of the absorption line (Butler et al. 1996).

For a fully resolved absorption line, the derived intrinsic Doppler measurement
error due to the photon noise is:

σe,i =
cδλi

λDi

√
Fi

, (2.3)

where the total photon number collected by each line is F = ηAδλiΔtS, η is the total
detection efficiency from the telescope to the detector, A is the telescope photon
collecting area, Δt is the total exposure time and S is the stellar flux in photons
cm−2 s−1 Å−1. For an echelle with a resolving power of R = λ/δλo, where δλo is
the spectral purity of the spectrograph, the total measured photon-noise limited
Doppler error for an absorption line can be approximately described as

σe,o ≈ (
δλo

δλi
)3/2σe,i, (2.4)
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when δλo > δλi. Therefore, the total Doppler error over a wave band of Δλ can be
approximated as

σRV ∝ δλiS
−0.5Δλ−0.5R−1.5D−1, (2.5)

(also see Hatzes & Cochran, 1992). This formula shows that the echelle Doppler
precision strongly depends on spectral resolution (−3/2 power of the spectral reso-
lution) and is also related to the wavelength coverage and stellar flux (−1/2 power
of the wavelength coverage and stellar flux). This is the main reason that most of
the planet hunting echelle spectrographs have a spectral resolution R >60,000 at
optical wavelengths since the typical width of stellar absorption lines for a solar-
type star is a few km/s. The Doppler precision also depends on stellar properties: a
star with deep and narrow lines (such as late type stars) tends to produce a higher
Doppler precision than a star with shallow and broad lines (such as early type stars)
using the same spectrograph with the same exposure time. This is one of the main
reasons that current optical Doppler planet surveys are mainly focused on late type
stars.

Currently, two major calibration methods are used in the cross-dispersed echelle
instruments for measuring the instrument velocity drifts: the iodine absorption cell
and the ThAr emission lamp. These two methods have their own advantages and
disadvantages. Some advantages of iodine cell calibration are that (1) thousands
of iodine absorption lines are superimposed on top of the stellar absorption lines;
(2) both the starlight and iodine absorption share a common optical path, so the
iodine absorption lines simultaneously track changes in the instrument point spread
function due to the same physical effects causing instrumental drifts affecting the
stellar absorption lines. Therefore, iodine cell calibration enables reaching photon-
noise limited Doppler precision. However, the major limitation for the iodine method
is that iodine has absorption line bands clustered in the visible (5000-6200 Å) and
also the absorption cell absorbs about 30% of the incoming photons. These limit the
application of the iodine method for mainly observing relatively bright solar-type
stars which have peak fluxes around the visible. The method becomes less efficient
for late type stars such as M dwarfs which have peak fluxes at wavelengths much
longer than the visible.

The main advantage of using the ThAr calibration method is that the ThAr
lamp has hundreds of strong emission lines over the entire optical and near-IR
wavelength range (Palmer & Engleman 1983; Hinkle et al. 2001) so it can be used
for RV measurements over a wavelength band much broader than the iodine calibra-
tion technique. For instance, the High-Accuracy Radial velocity Planetary Searcher
(HARPS) uses the entire 380-690 nm for RV measurements. In addition, since the
calibration beam is separated from the stellar beam, no stellar photons are absorbed
by the calibration optics, increasing the RV measurement throughput by ∼30%. No
overhead time is required to take the star and iodine templates during observation,
increasing the observation efficiency. However, the main drawback for the ThAr
method is that the entire instrument needs to be installed in an isothermal and me-
chanically stable environment, possibly even in a vacuum chamber such as HARPS,
in order to minimize the differential movement between the reference beam and
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stellar beam. Also, fibers must be used in order to minimize the differential motion
between the incoming stellar and ThAr beams. In HARPS, a fiber mode scrambler
is applied to further reduce the fiber illumination variation caused by the seeing and
the fiber guiding changes in order to reach sub m/s RV precision (Pepe et al. 2000;
Rupprecht et al. 2004). Therefore, the instrument design becomes more complicated
than that using the iodine calibration method.

2.2.2 The Dispersed Fixed-Delay Interferometer Method

The RV method using a Michelson type interferometer was proposed in the late
1970s (Gorskii & Lebedev 1977, and Beckers & Brown 1978). The Doppler shifts
of the incoming spectral lines are measured through monitoring the interference
fringe phase shifts. For a Michelson interferometer with an optical path difference
d between the two interferometer arms, the fringe order m is determined by

mλ = d. (2.6)

For a small wavelength shift, δλ, the Doppler shift, ΔV , can be derived as

ΔV =
cλ

2πd
Δφ, (2.7)

where φ = 2πm is the phase of the interferences (Ge et al. 2002).
This kind of interferometer with a narrow band pass has been successfully used

for very high precision Doppler measurements of the Sun (e.g., sub m/s precision
for the Global Oscillation Network Group (GONG) measurements, Harvey 2002
private communications; Harvey et al. 1996). This narrow-band Michelson type
interferometer with a fixed delay is suitable for observing bright sources such as the
Sun, but not for faint targets such as other stars.

In 1997, David Erskine of Lawrence Livermore National Lab proposed to use a
combination of a Michelson type interferometer with a moderate resolution spectro-
graph for stellar RV measurements. The addition of the spectrograph separates the
interference fringes at different wavelengths to increase the fringe visibility (or con-
trast) for each absorption line and the wavelength band in order to obtain high pre-
cision RV measurements for faint sources such as stars. Figure 2.2 shows a schematic
layout of this kind of instrument concept (Erskine & Ge 2000; Ge 2002; Ge et al.
2002). The fringe visibility is defined as

γ =
Imax − Imin

Imax + Imin
, (2.8)

where I is the fringe intensity. High-precision RV measurements can be achieved by
summing independent RV measurements over many different spectral lines within
the instrument wavelength coverage. This approach is called the dispersed fixed
delay inferferometer (DFDI) method. The initial lab experiments and telescope
observing with a prototype at the Lick 1 m telescope demonstrated its feasibility
for stellar RV measurements (Erskine & Ge 2000; Ge et al. 2002).
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Fig. 2.2. Principle of a dispersed fixed delay ineterferometer, a combination of a Michel-
son interferometer with a moderate dispersion spectrograph. The spectrograph separates
fringes from different wavelengths to allow high precision RV measurements using a broad-
band spectrum.

In this approach, the photon-limited Doppler precision is described as

σRV =
1√

Σi=1,N (1/σ2
f,i)

, (2.9)

σf,i =
cλ

πdγi

√
2Fi

, (2.10)

where γi is the fringe visibility, and Fi is the photon flux in each of the N wave-
length channels (Figure 2.3, Ge 2002; van Eyken et al. 2004). For a Gaussian-shaped
absorption line, the intrinsic Doppler precision can be derived as

σf,i ≈ cδλi

λDi

√
Fi

, (2.11)

which is the same as that for the echelle spectrograph (Ge 2002). This is not sur-
prising since the intrinsic Doppler precision is totally determined by the spectral
line intrinsic properties, irrelevant of measurement methods. However, when a spec-
trograph with a spectral resolution, δλo > δλi, is used to separate fringes from
different wavelengths, the measured Doppler error per fringe becomes

σf,o = (
δλo

δλi
)1/2σf,i. (2.12)

The total Doppler error over a wave band of Δλ can be approximately described as

σRV ∝ δλiS
−0.5Δλ−0.5R−0.5D−1. (2.13)
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Fig. 2.3. An example of a fringing spectrum. The dashed line is the raw fringe. The cross
points are the fringe after flat fielding and normalization, which can be fit with a sinusoidal
function (the solid line) to extract the fringe phase information. The Doppler shift, ΔV is
proportional to the phase shift, Δφ.

This formula resembles that for the echelle (Eq. 2.5); the main difference is the
dependence on the instrumental resolution (1/2 power for DFDI; 3/2 power for
echelle). This allows DFDI instruments to use a medium resolution, high efficiency,
first-order grating spectrometer for dispersing the fringes, producing a dramatically
reduced size (and cost) of the instrument, while maintaining high precision for RV
measurements. The fringing data for a single star requires only a small area in the
detector plane for recording. This latter property enables simultaneous RV mea-
surements of many objects using a reasonably sized detector (Ge 2002). The high
throughput and multi-object capability are the main advantages of DFDI com-
pared to the single-object echelle approach. The high throughput gain can offset
the Doppler sensitivity loss due to the use of a much lower dispersion grating for a
DFDI instrument than for an echelle instrument.

The simple instrument response, the sinusoidal function, created by the two-
beam interference allows the DFDI method to be easily adopted to other wave-
lengths for maximizing the Doppler detection sensitivity for different stellar spec-
tral types. The wavelengths other than the optical region include near UV and blue
wavelength region (380-500 nm), red region (700-1000 nm) and near IR region (1.0-
1.8 μm). Therefore, the DFDI survey instruments can be designed to target stars
from late F type in the near UV to optical to late M types in the near IR. On the
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other hand, although the multi-object DFDI instrument interferometer is usually
coupled with a first order grating spectrometer, it can also be designed to couple
with a high efficiency cross-dispersed high resolution echellette or echelle spectro-
graph to gain additional Doppler sensivity by increasing the operation wavelength
coverage and dispersion power. Since the Doppler sensitivity weakly depends on the
spectrograph resolution, the spectrograph can still be designed to have moderate to
high resolution (such as R∼ 20,000) to reach high Doppler sensitivity. This kind of
design can still leave sufficient detector resources to pack fringing spectra from tens
of objects on a large size CCD detector (such as 4kx4k CCD) to allow multi-object
high precision RV measurements.

2.3 Main Results from Single Object Doppler Planet Surveys

Since the first extrasolar planet was discovered around a main sequence (MS) solar-
type star, 51 Peg, in 1995 (Mayor & Queloz 1995), a total of ∼ 200 new planets have
been detected by the Doppler surveys using a dozen ground-based telescopes with
various sizes, from 0.6 meters to 10 meters, and different Doppler instruments (e.g.
Frink et al. 2002; Vogt et al. 2000; Butler et al. 2006; Mayor et al. 2003; Cochran et
al. 2007; Sato et al. 2007). Except the planet HD 102195b, which was detected by
the recently developed DFDI method (Ge et al. 2006), all of the RV planets were
detected with single object high resolution echelle spectrographs. Due to limited
telescope resources, the detection rate for RV surveys has reached a plateau of
about 30 new planets per year in very recent years (Fig. 2.4). Here we summarize
the main results from past RV planet surveys. Details for most of the conclusions
can be found in recent review articles (Marcy et al. 2005; Udry, Fischer & Queloz,
2007).

Fig. 2.4. Planets detected by the ground-based telescope in the last 15 years. The plot was
created using the program in the exoplanet.eu website kindly provided by Jean Schneider.



2 Doppler Exoplanet Surveys: From Single Object to Multiple Objects 29

2.3.1 Main Conclusions on Giant Planets

Despite the heterogeneity of the RV planet data sets obtained by many different
groups, using different target samples, instruments, telescopes, and data reduction
techniques, some basic conclusions based on the existing sample of giant planets
can be drawn. For instance,

– The planet mass distribution for giant planets with (Msini > 0.2 MJ) has shown
a clear power-law with dN/dM ≈ M−1.05 for the FGKM survey stars (Marcy
et al. 2005).

– About 1% of FGK stars in both the Lick+Keck+AAT and CORALIE survey
samples host hot Jupiters (orbital period, P≤10 d) (Marcy et al. 2005; Udry,
Fischer & Queloz, 2007). It appears that single giant planets have a 3 day period
pileup, while giant planets in multiple planet systems do not have the 3 day
pileup (Wright et al. 2007).

– There are a total of 179 planets detected so far within 200 pc with RV methods
and a total of 212 planets detected using Doppler techniques to date.

– About 5-7% (or higher percentage) of FGK stars in both the Lick+Keck+AAT
and CORALIE survey samples have giant planets within 5 AU.

– Extrasolar giant planets have much larger eccentricities than the planets in the
Solar System. The eccentricities range from 0 to 0.93. The median of the eccen-
tricities of the extrasolar giant planets with orbit radii > 0.1 AU is about 0.25
(Marcy et al. 2005). The eccentricities in multiple planet systems are not higher
than that in single planet systems (Wright et al. 2007).

– There appears to be a lack of giant planets with masses larger than ∼ 2MJup with
intermediate and short periods (of <100 d) around single stars (Udry, Fischer &
Queloz, 2007). Most of the massive planets with short and intermediate periods
are found in multiple star systems (Zucker & Mazeh 2002). It appears that the
maximum planet mass increases with the distance from the host star (Udry,
Fischer & Queloz, 2007).

– There is a strong correlation between the giant planet occurrence and the planet
host star metallicity. (e.g. Gonzalez 1997; Santos et al. 2001; Fischer & Valenti
2005). In the Lick-Keck-AAT survey sample, the occurrence of planets is con-
sistent with being proportional to the square of the metallicity of the host stars
(Fischer & Valenti 2005). However, the recent detection of giant planets around
metal poor stars (Cochran et al. 2007) suggests that the occurrence of planets
may be constant at low metallicity (e.g. [Fe/H]∼ −0.5; also see Santos et al.
2004).

– Among stars with planets, at least 14% of them have multiple planets. In-
cluding those with RV trends, the percentage may be as high as 34% in the
Lick+Keck+AAT sample (Wright et al. 2007). However, this high percentage
may be partially due to detection bias. A large fraction of multiple planets are
in resonant orbits.

– Evolved A type stars (subgiants with 1.1-2.0 M�) have a higher giant planet
percentage than solar-type stars (Johnson et al. 2007). G giants have more mas-
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sive planets than solar-type stars (e.g. about 2% of G giants have planets with
>5MJ versus about 1% for solar-type stars (Sato et al. 2007)).

– Fewer than 1.3% of M dwarfs host giant planets (Endl et al. 2007). The oc-
currence of low mass planets (super-Earth masses) is much higher than giant
planets around M dwarfs (Udry, Fischer & Queloz, 2007). Most of the planets
around M dwarfs are in multiple planet systems (Mayor et al. 2007).

2.3.2 New Super-Earth Mass Planet Results

In the last 3 years, a new population of low mass planets in the 5-21 Earth mass
range with a few day periods have been detected with high precision cross-dispersed
echelle spectrographs (Santos et al 2004; McArthur et al. 2004; Butler et al. 2004;
Rivera et al. 2005; Bonfils et al. 2005; Vogt et al. 2005; Udry et al. 2006; Lovis et al.
2006; Udry et al. 2007; Melo et al. 2007; Pepe et al. 2007). This becomes possible
due to the improvement in Doppler sensitivity of planet survey instruments from
3-10 m/s before 2003 to 1-3 m/s post-2003. So far a total of 13 such planet systems
orbiting nearby stars have been announced. Most of them are detected around M
dwarfs, which may be due to observational biases.

Although the sample of super Earth mass and Neptune-mass planets is still
relatively small, their properties show different trends than the known giant planets.
Unlike the giant planets, whose frequency scales as the square of the host-star
metallicity (Fischer & Valenti 2006), the Neptune-mass planet frequency seems to
weakly depend on the host-star metallicity (see Udry, Fischer & Queloz 2007; Mayor
et al. 2007). There also appears to be a lack of the 3-day orbital period pile up for
these low-mass planets, unlike the giant planets (Marcy et al. 2005). In addition, the
discovery of two low-mass planets with microlensing indicates that cool Neptune-
mass planets may be common (Beaulieu et al. 2006; Gould et al. 2006).

All of these early results indicate that they may belong to a distinct planet
population whose formation and evolution may be very different from that of the
giant planets. For instance, they may be formed without accumulating a substantial
amount of gaseous material, unlike the gas giant planets; i.e. they may be terrestrial
rocky planets. Their lower mass may make them less capable of opening up a gap
in the protoplanetary disk, so they may have undergone a very different migration
history than the gas giants, and some may have been formed in situ.

2.4 Science Needs for Multiple Object Doppler Planet
Surveys

Despite the fact that over 200 known exoplanets have provided important informa-
tion about planet masses and orbital parameters, many more exoplanets are needed
for statistical characterization of emerging classes of planets and tests of detailed
theoretical models for planet formation and evolution. A larger planet sample could
also be used for study of the diversity of exoplanets and correlations with stellar
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properties, measurement of planet mass and orbital functions and their correla-
tions, and also discovery of new planet populations. On the other hand, the planet
detection speed has substantially slowed down in recent years (Fig. 2.4) although
more and more ground-based telescopes have been heavily used in planet detection
using Doppler instruments. This slowdown is mainly caused by the limitation of the
single object capability with echelle spectrographs. Furthermore, most of the bright
suitable stars (e.g., FGKM dwarfs, subgiants, and G and K giants) with V < 8
have already been searched by previous RV surveys. In order to increase the survey
sample, stars fainter than V >8 will become the primary survey targets, which re-
quires more telescope time in order to obtain a similar RV precision and maintain
a similar planet detection speed to the previous surveys.

In an effort to significantly increase the sample of known extrasolar planets, sev-
eral new RV surveys have recently been initiated. In particular the N2K (Fischer
et al. 2005) and ELODIE metallicity-biased (Da Silva et al. 2006) surveys together
target ∼3000 stars, and deliberately bias their sample toward metal-rich old MS tar-
get stars since giant planet occurrence strongly depends on the host star metallicity
(Fischer & Valenti 2005). However, these single object RV surveys will have very
limited constraints on the planetary systems around metal-poor, late-type, giant,
or active stars.

In recent years, a strong need has emerged to have a large homogeneous sam-
ple of giant planets. This large homogeneous sample is critical for testing various
models of the planet formation, migration and dynamical evolution (e.g., Ida & Lin
2004a,b; Alibert 2005). These models can now provide quantitative predictions for
the planet mass function and orbital parameter distributions, and their correlations
with the properties of the host stars (i.e., metallicity, mass). Direct comparison be-
tween theory and observational data becomes a critical step to test the validity of
the physical mechanisms or assumptions used in the models. To have this kind of
comparison, it is essential to have a large sample of planetary systems discovered
in surveys with well-characterized selection effects. Unfortunately, no such sample
currently exists. Although the sample of currently known planets is relatively large,
the data come from different groups using different target selection, observation
techniques, cadence strategy, and candidate selection criteria. The planet data is
quite heterogeneous and it is difficult to use them to do quantitative comparisons.
A recent study by Armitage (2007) shows the size of statistically complete samples
for testing planet theories is strikingly small. Armitage (2007) was only able to use
a total of 22 planets from the the planet sample in the Fischer & Valenti (2005)
paper. Due to the small size of the sample, Armitage (2007) could not distinguish
different planet migration models. It is quite clear that there is a strong need for a
large homogeneous sample of planets extracted from a large-scale RV survey using
a clearly defined survey strategy and plan, and well characterized instruments. This
requirement can only be achieved with new generation RV instruments with multi-
object capabilities, which can substantially increase the survey sample size without
introducing strong selection biases.

The recently-developed multi-object DFDI technique is well suited to conduct
a large-scale next generation multi-object Doppler planet survey on wide field tele-



32 Jian Ge

scopes in the next decade. It is critical to have wide field telescopes for this applica-
tion since they can cover hundreds of bright survey stars within their field of view
(FOV) for simultaneous multi-object RV monitoring. There are quite a few existing
and planned wide-field telescopes which are potentially suitable for the next gener-
ation large-scale multi-object RV planet survey; e.g., the Sloan Digital Sky Survey
(SDSS) 2.5m telescope, with a 7 square degree FOV; the AAT 4m telescope, with
a 3 square degree FOV; the LAMOST 4m telescope, with a 20 square degree FOV;
the 4.2m Discovery Channel Telescope, with a 3 square degree FOV; and the 8m
LSST telescope, with a 3 square degree FOV. A multi-object RV instrument has
already demonstrated its feasibility at the SDSS telescope. The following sections
summarize the progress, the early results and a planned Multi-object APO Radial-
Velocity Exoplanet Large-area Survey (MARVELS, formerly ASEPS) at the SDSS
telescope in 2008-2014.

2.5 Early Results from a Multi-Object Doppler Planet
Survey

The first DFDI instrument used for planet searches was the Exoplanet Tracker
(ET) that was commissioned at the KPNO 0.9-m Coude Feed/2.1-m telescope in
late 2003. ET was used for a planet survey of ∼150 solar-type stars with V = 7.6–9
in 2004–2006, and since Fall 2006 the instrument has been available to the public.

The instrument Doppler precision over a few hours’ baseline was measured in
April 2007; the results are shown in Fig. 2.5. The measurement errors are consistent
with photon noise limits. The total measured detection efficiency, including the
telescope, seeing, fiber, instrument and detector losses, is 18% under typical seeing
conditions (1.5 arcsec) at the KPNO Coude Feed/2.1 m. This efficiency is about four
times higher than that reached with the state-of-the-art echelle Doppler instrument
HARPS on the ESO 3.6 meter telescope (Pepe et al 2002). One new planet, orbiting
the V = 8.05 G8V star HD 102195, has been discovered by ET (Ge et al. 2006; see
Fig. 2.6).

The first DFDI instrument designed for the MARVELS survey at the SDSS
telescope was constructed at the University of Florida in 2005-2006 with support
from the W.M. Keck Foundation and designated as the W.M. Keck Exoplanet
Tracker, or Keck ET. It was commissioned at the SDSS telescope in spring 2006.
Figure 2.7 shows ET fiber plugging in the SDSS fiber cartridge and the ET setup
on an optical bench in a thermally controlled instrument enclosure. The Keck ET
is based upon the design of the single-object KPNO ET. The Keck ET consists
of eight subsystems: the multi-object fiber feed, the iodine cell, the fixed-delay
interferometer system, the slit, the collimator, the grating, the camera, and the
4k× 4k CCD. The instrument contains four auxiliary subsystems for interferometer
control, instrument calibration, photon flux monitoring, and thermal control. The
instrument is fed with 60 fibers of 200 μm core diameters, which are coupled to
180 μm core diameter short fibers from the 2.5-m telescope; the latter measurement
corresponds to 3′′ on the sky at f/5. The spectral resolution for the spectrograph is
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Fig. 2.5. Doppler precision measurements with KPNO ET in April 2007. The dotted
and long dashed lines represent the photon noise limits for 36 UMa (V = 4.8, F8V) and
HIP 48455 (V = 3.9, K2III), respectively. The RMS RV measurement errors are consistent
with the photon noise limits. The best photon limiting precision is 1.4 m/s and 2.4 m/s
for HIP 48455 (V = 3.9, K2III) and 36 UMa, respectively.

Fig. 2.6. The first planet discovered with a prototype of the MARVELS spectrograph,
a single-fiber instrument operating on the Kitt Peak 2.1-m telescope (Ge et al. 2006a).
Points show the measured radial velocity of the star against the orbital phase, with one
repetition. The smooth curve shows the best-fit orbit, which is nearly circular with a period
of 4.11 days.
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Fig. 2.7. left: An SDSS fiber cartridge with ET fibers plugged ready for multi-object ET
observations. right: Part of the setup of the Keck ET multi-object Doppler instrument in
April 2006.

Fig. 2.8. left: 59 stellar fringes recorded by the 4kx4k CCD of Keck ET. The brightest
star is V = 8 and the fainest star is V = 12. right: Expanded fringing spectra of the central
region. Fringes can be clearly seen.

R=5,100 and the wavelength coverage is 900 Å, centered at ∼ 5400 Å. Details of the
instrument design can be found in Ge et al. (2006b), Wan et al. (2006), and Zhao
& Ge (2006). Figure 2.8 shows the spectral format on the 4kx4k CCD detector.

The current Keck ET has one spectrograph and one 4k× 4k CCD camera to cap-
ture only one of the two interferometer outputs, and has a 5.5% detection efficiency
from the telescope to the detector without the iodine cell under the typical seeing
condition at Apache Point Observatory (APO). (The instrument will be upgraded
to capture both interferometer outputs and have better throughput in Spring 2008
before the MARVELS survey starts in July 2008.) The instrument can record 59
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objects in a single exposure (a slight modification planned this fall will increase this
to 60 spectra). The instrument Doppler precision was measured with the day sky
scattered light, which offers a stable, homogeneous RV source for simultaneously
calibrating the instrument performance for all of the sky fibers. The sky spectra
had an average signal-to-noise ratio of ∼150 per pixel, or a total of 1.8×109 pho-
tons. The average RMS error over a few hours of RV measurements for the 59
fibers is 6.3±1.3 m/s in 2006 November; the corresponding average photon-limit
error is 5.5±0.5 m/s. Figure 2.9 shows the RV accuracy of the sky measurements
as a function of the recorded signal: the short term RMS errors are consistent with
the photon-noise limit errors. Figure 2.10 shows a comfirmation of the planet HD
209458b using the Keck ET in fall 2006.

The instrument’s long term precision has been measured using the sky scat-
tered light during two extended periods: 45 days in fall 2006, and 150 days in
winter/spring 2007. The RMS RV measurement errors for these periods, after pho-
ton noise errors are subtracted, are 11.7 ± 2.7 m/s and 11.3 ± 2.5 m/s, respectively.
Figure 2.11 shows the RV measurements with one of the fibers in 2007. These mea-
surement errors are mainly caused by inhomogeneous illumination of the slit, image
aberration, and the interferometer comb aliasing (sampling on the detector).

The instrument’s long term RV stability has been derived from sky observa-
tions between December 2006 to May 2007. The average RV offsets of later months
compared to the first month data are all within ±2.0 m/s.
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Fig. 2.9. Doppler precision measurements with Keck ET on 4 April 2007. The solid line
is the photon noise limit. The triangle dots represent the average RMS error of the day
sky RV measurements of the 59 fibers.
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Fig. 2.10. Keck ET observations of the previously known transiting planet system
HD 209458. Points show the measurements (with one repetition of the orbit), while the
smooth curve is the prediction based on earlier observations from other telescopes (Henry
et al. 2000).

Fig. 2.11. The long term RV monitoring of the sky using the Keck ET in 2007.

The Keck ET is currently being used in a pilot survey of ∼ 2000 V = 8–12
solar-type stars in 30 different fields and will be completed by June 2008 before
MARVELS starts in July 2008. The early results from the Keck ET pilot program
have demonstrated that the multi-object DFDI instrument is capable of conducting
a large-scale planet survey at the SDSS telescope.
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2.6 New Planet Science to be Addressed by Next Generation
Multi-Object RV Planet Surveys

The next generation multi-object RV planet survey is becoming the most efficient
way to detect and charcterize hundreds and even thousands of new giant planets in
the next decade. Within each of the SDSS telescope FOVs, there are over one hun-
dred candidate stars with V<12. A coupling of the multi-object DFDI instruments
with the SDSS telescope will allow simultaneous monitoring of over 100 stars for
planet detection and characterization with a moderate to high RV precision (about
10 m/s Doppler precision for a V∼ 11 solar-type star with a DFDI type instrument
in an hour integration at the SDSS telescope). This kind of accuracy is sufficient to
uncover most of the giant planets with a Jupiter mass and a year period since such
a planet produces RV variations with a semi-amplitude of ∼ 30 m/s on a solar-type
star.

Below we use the MARVELS survey as an example to illustrate important planet
science to be addressed by the next generation multi-object RV planet surveys.

The baseline MARVELS survey plan is to monitor a total of V∼ 8-12 10,000 MS
and subgiant stars and 1,000 giant stars in 2008-2014 using two Keck ET instru-
ments with 120 object capability with the precision and cadence needed to detect
giant planets with orbital periods of a few days to ∼2 years in 2008-2014. The sur-
vey can be extended well beyond 2014 to detect and characterize additional long
period planets.

The MARVELS survey has the capability to accommodate additional specialty
instruments for exploring new planet parameter space, such as the low-mass star
(mainly M dwarf) and super Earth mass planet regimes in 2008-2014. Figure 2.12
illustrates the parameter space that a full-scale MARVELS planet survey can cover
in the next decade.

2.6.1 Giant Planet Science

The MARVELS optical survey with Keck-ET type instruments will be able to pro-
vide the comprehensive data set needed to characterize the population of giant
planets with short and intermediate periods (e.g. P< 2 years), and to test theoret-
ical models of the formation, migration, and dynamical evolution of giant planet
systems. In detail:

– The MARVELS survey will explore a much larger range of the parameter space
of stellar properties than any of the previous and current RV surveys as a single
survey project. For instance, as shown in Fig. 2.12, stellar masses in the range
0.6-5 M� will be explored with the optical Keck ET type survey instruments
(the 0.2-0.6 M� range can be explored with a red-sensitive survey instrument),
while stars of a wide range of metallicity, activity level and age will be included
in the target sample.

– The broad selection of target stars will make MARVELS ideal for studying the
correlation of planet systems with stellar metallicity, mass, multiplicity, age,
evolutionary stage, activity level, and rotation velocity.
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Fig. 2.12. The planet mass (Y-axis) versus stellar mass (X-axis) showing the exploration
space for the MARVELS planet survey. The filled circles are the known planets detected by
the RV method, the open triangles are the known planets detected by the transit method.
The grey region is probed by the Keck ET instruments, while the striped regions marked
with RET and EXPERT, would be accessible to the red-sensitive and high-precision,
optical RV instruments, respectively.

– If planets around metal poor stars are detected by MARVELS, they will pro-
vide much stronger constraints on theoretical models of planet formation and
evolution in metal-poor environments. Any detection of giant planets around
stars with [Fe/H]<-0.5 would support the hybrid planet formation model for
giant planets (i.e., giant planets form through disk instability in the metal poor
disk environments (e.g., Boss 2002) vs. through core accretion in the metal-rich
disk environment). On the other hand, a possible null detection of any giant
planets around stars with [Fe/H]<-0.5 may place significant constraints on the
disk instability model (Durisen et al. 2007).

– The detection of planets around giant stars will provide an important sample for
a systematic study of planet formation and evolution around massive stars. The
detection of new planets around active stars will offer the first significant sample
of planets around these relatively young stars and allow direct comparison of
their properties with the well established planet populations around older stars.

– A combination of the large number of new planets from a homogeneous survey
sample with the survey efficiency calculations from the survey simulation models
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can be used to quantitatively test the planet distributions predicted by current
planet formation models (i.e., Ida & Lin 2004a,b; Alibert 2005)

– The large number of short and intermediate period planet systems probed by
MARVELS are the key to understanding the migration of giant planets after
their formation. The semi-major axis distribution of short and intermediate pe-
riod giant planets depends on the protoplanet disk conditions, the planet mi-
gration rate and the migration stopping mechanisms. Therefore, the measured
distribution can test competing models for giant planet migration (Mordasini,
private communication; Ida and Lin 2004a,b; Armitage 2007; Kornet et al. 2005;
Ford & Rasio 2006; Wu et al. 2007)

– The large sample of planets will enable us to confirm or reject the marginal
trends currently seen in the distributions of planet parameters with much higher
confidence levels, such as the shortage of massive planets with 10-100 day peri-
ods, the planet mass fucntion at the high mass end (the “brown dwarf desert”
region).

– The MARVELS optical survey will identify rare and interesting planetary sys-
tems for follow-up observations. These could include massive hot Jupiters,
rapidly interacting multiple planet systems, very-hot Jupiters, and/or planets
with extremely high eccentricities. Furthermore, stars with short period planets
are also promising targets for longer term high-precision radial velocity mon-
itoring to detect long period companions at large orbital separations and/or
multiple planet systems. Multiple planet systems are particularly valuable for
providing clues to the orbital evolution that shapes planetary systems.

– Transiting planets to be detected by the MARVELS survey will be important
for detailed studies of planet properties. RV detected transiting planets are not
biased toward the largest (radius) objects at fixed mass compared to those de-
tected by transit surveys which are biased toward bloated and short-period plan-
ets (e.g., Gaudi 2006). These selection effects can be very difficult to quantify,
particularly for ground-based transit surveys.

– MARVELS will be the best survey to date for exploring the “brown dwarf
desert,” the apparent paucity of ∼ 15 − 80MJ companions to solar-type stars.
MARVELS may discover new planetary systems with properties that have not
previously been seen and have not been anticipated by theory.

2.6.2 Comparison with Other Planet Surveys

Compared to other on-going and planned RV searches using single-object spectro-
graphs, MARVELS will monitor relatively faint stars, but many more of them. This
survey target selection makes MARVELS especially powerful for detecting relatively
short and intermediate period giant planets (P<2 years) with large velocity ampli-
tudes. The MARVELS survey is complementary to transiting planet surveys which
are sensitive to short period planets, but only those edge-on systems. The MAR-
VELS survey is also complementary to microlensing planet searches (Bennett et
al. 2007; Gould et al. 2007) and to space-based astrometric searches such as Space
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Interferometry Mission (SIM) PlanetQuest and GAIA, which are more sensitive to
longer period planet systems (several years or longer).

Ground-based transit surveys are primarily sensitive to Jupiter-sized planets
orbiting bright stars, and are strongly biased toward planets with periods less than
a few days. Space based transit surveys, such as Kepler, can detect relatively long
period planets. However, the total detection number is very small because the transit
probability declines as P−2/3. Based on the close-in giant planet frequencies derived
by Gould et al. (2006), Kepler should find ∼ 20 giant planets with periods between
5 days and two years, most of which will be detected around the V ∼ 14 Kepler
stars.

The proposed next-generation ground and spaced-based microlensing surveys
(Bennett et al. 2007; Gould et al. 2007) are primarily sensitive to planets with
separations of several AU and can only yield statistics for planets since the host
stars of detected planets will generally be too distant and faint for follow-up.

SIM will primarily focus on a small number of stars (∼ 100) to detect terrestrial
like planets. SIM has the best sensitivity in discovering planets at orbital distances
close to its 5 year mission lifetime, considerably greater than those found by MAR-
VELS.

GAIA will survey 100,000 V<12 MS stars comparable to MARVELS over its
five-year mission lifetime and can potentially detect ∼1,000 Jupiter-mass planets
around these stars (Lattanzi et al. 2000, Sozzetti et al. 2005). Like SIM, GAIA’s
sensitivity will peak near orbital periods close to the mission lifetime, and so most
of the detected planets will have several AU orbits.

Therfore, for the next decade, MARVELS will provide a unique large homo-
geneous sample of giant planets with orbital periods of a few days to over one
year for characterizing giant planets and studying planet formation and dynamical
evolution.

2.6.3 Super-Earth Mass Planets

One property of the MARVELS survey (common to all multi-object RV surveys)
is that most of the fibers are devoted to faint stars which require longer exposure
times and have limited Doppler precision. However, there will be a handful of bright
stars in each field for which there is the opportunity to carry out an RV survey at
much higher precision in both optical and red wavelengths. This simply requires
building an instrument with higher resolution, and thus higher precision, based on
the same multi-object DFDI technology. With additional high precision optical and
red sensitive multi-object RV instruments, MARVELS can become a powerful tool
for detecting a large number of super-Earth mass planets.

A large sample of super-Earth mass planets can help to address the frequency
of super-Earth mass planets around nearby stars, what fraction of them are in the
habitable zone, their mass and orbital parameter distribution such as semi-major
axis and eccentricity, and their correlations with stellar properties of their host stars.
Furthermore, a larger sample of these planets will lead to the detection of possible
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transiting planets, which will be used to determine the typical planet density and
mass-radius relation, to test the idea that these are indeed rocky planets.

2.7 Conclusions

The discovery of over 200 extrasolar giant planets in the last decade has led to
many unexpected results. Now we know that most of the giant planets have much
more eccentric orbits than the Solar System planets. Most of the known Jupiter-
mass exoplanets orbit their host stars much closer than Jupiter. The Solar System
is not typical compared to all of the known exoplanet systems. Various new the-
ories about planet formation and evolution have been proposed to explain these
new planet properties. These theories have also made many testable predictions. In
order to understand the detailed physical processes that lead to planet formation,
migration and evolution, a large sample of planets drawn from a well-characterized,
homogeneous survey of stars with known properties is required to make quanti-
tative comparisons to the theoretical predictions. However, this is an extremely
challenging task for single-object RV planet surveys due to the limited instrument
efficiency and worldwide telescope resources. New survey instruments with much
greater observational efficiency than the single object RV survey instruments are
urgently needed. This need is being met with the recently developed multi-object
DFDI instruments with ∼100 object capability.

The next generation multi-object RV planet surveys based on these multi-object
DFDI instruments will produce a large homogeneous and well characterized planet
sample for understanding planet formation and evolution mechanisms in the next
decade. Compared to the planned single object RV, transit, microlensing, and as-
trometric planet surveys in the next decade, the multi-object RV planet surveys will
not only provide complementary information about planet mass and orbital distri-
butions, but also play a unique and critical role in understanding planet populations
and formation and evolution mechanisms, by providing a large and statistically well-
defined sample of massive, short-to-intermediate period planets orbiting relatively
bright host stars with a range of intrinsic properties to test various predictive planet
formation, migration and dynamical evolution models.
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3 Detection of Extrasolar Planets by Gravitational
Microlensing

David P. Bennett

Summary. Gravitational microlensing provides a unique window on the properties and
prevalence of extrasolar planetary systems because of its ability to find low-mass planets
at separations of a few AU. The early evidence from microlensing indicates that the most
common types of exoplanet yet detected are the so-called super-Earth planets of 10 Earth-
masses at a separation of a few AU from their host stars. The detection of two such planets
indicates that roughly one third of stars have such planets in the separation range 1.5-4
AU, which is about an order of magnitude larger than the prevalence of gas-giant planets
at these separations. We review the basic physics of the microlensing method, and show
why this method allows the detection of Earth-mass planets at separations of 2-3 AU
with ground-based observations. We explore the conditions that allow the detection of
the planetary host stars and allow measurement of planetary orbital parameters. Finally,
we show that a low-cost, space-based microlensing survey can provide a comprehensive
statistical census of extrasolar planetary systems with sensitivity down to 0.1 Earth-masses
at separations ranging from 0.5 AU to infinity.

3.1 Introduction

The gravitational microlensing method relies upon chance alignments between back-
ground source stars and foreground stars, which may host planet systems. These
background source stars serve as sources of light that are used to probe the grav-
itational field of the foreground stars and any planets that they might host. The
relative motion of the source star and lens system allows the light rays from the
source to sample different paths through the gravitational field of the foreground
system, and it is changing total gravitational lens magnification of the source star
with time that provides the observable gravitational microlensing signal.

The microlensing method is unique among exoplanet detection methods in a
number of respects:

1. The amplitude of planetary microlensing signals is large (typically >∼ 10%) and
is approximately independent of the planetary mass. Instead, the source-lens
alignment necessary to give a detectable planetary signal depends on the planet-
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star mass ratio, q, and so the probability of a detectable planetary signal scales
as ∼ q.

2. This scaling of the probability of planet detection with the mass ratio, q, is
shallower than the sensitivity curves for other methods, so microlensing is more
sensitive to low-mass planets than other methods that are sensitive to planetary
mass. The sensitivity of the microlensing planet search method extends down to
0.1M⊕.

3. Microlensing is most sensitive to planets at orbital separations of 1.5-4 AU, which
corresponds to the vicinity of the Einstein ring radius. This range of separations
also corresponds to the “snow line” where planet formation is most efficient
according to the leading core accretion model of planet formation. Thus, mi-
crolensing complements the Doppler radial velocity and transit methods, which
are most sensitive to planets in very short period orbits.

4. Microlensing is the only planet detection method that is sensitive to old, free-
floating planets, which have been ejected from the gravitational potential well
of their parent stars through planet-planet scattering. Theory predicts that such
planets may be quite common, and ground-based microlensing can detect free-
floating gas giant planets, while a space-based survey is needed to detect free-
floating terrestrial planets.

5. Since the microlensing method doesn’t rely upon light from the host star in
order to detect its planets, it can detect planets orbiting unseen stars. This can
make it difficult to determine the properties of the host stars, but space-based
follow-up observations can detect the host stars for most planets discovered by
microlensing.

6. A space-based microlensing survey would provide a nearly complete statisti-
cal census of extrasolar planets with masses down to 0.1M⊕ at all separations
≥ 0.5 AU. This includes analogs of all the Solar System’s planets, except for
Mercury.

Gravitational microlensing differs from other extrasolar planet search techniques
in a number of aspects. It is a purely gravitational method that doesn’t rely upon
on detecting photons from either the planet or its host star.

While most of the known exoplanets have been discovered with the Doppler
radial velocity method, the early results from the microlensing method indicate that
cool, super-Earth or sub-Neptune mass planets are more representative of typical
extrasolar planets than any of the 200+ exoplanets discovered by radial velocities.

3.2 Gravitational Microlensing Theory

3.2.1 The Single Lens Case

The basic physics of gravitational lensing depends only a single input from General
Relativity, the deflection angle, α, for a light ray passing a mass, M , with an impact
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Fig. 3.1. The geometry of gravitational lens of mass, M , that is offset by a distance, b,
from the line of sight to the source. The observer sees two images that are offset by angles,
θ1 and θ2 from the line of sight to the source star.

parameter, r:

α =
4GM

c2r
. (3.1)

With the lens geometry shown in Fig. 3.1, we have

αi =
4GM

c2(ri − b)
=

riDS

DL(DS − DL)
, (3.2)

in the small angle approximation. If the lens and source are perfectly aligned, the
two images merge to form a ring of radius

RE ≡ θEDL ≡
√

4GMDL(DS − DL)
c2 DS

, (3.3)

known as the Einstein ring radius. (θE is the angular Einstein radius.) We can now
rewrite the single lens equation as

ri =
R2

E

ri − b
, (3.4)

and it has two solutions: r+,− = 0.5(b ± √
b2 + 4R2

E). The lensed images are also
magnified, and the magnification of a source of infinitesimal size can be computed
using area elements obtained by differentiating eq. 3.4. This yields

A+,− =
1
2

(
u2 + 2

u
√

u2 + 4
± 1

)
, (3.5)

where u ≡ b/RE is the dimensionless lens-source separation. The total magnification
of both images is given by

A = A+ + A− =
u2 + 2

u
√

u2 + 4
. (3.6)
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For a lens of M = 1M�, that is half-way to a source in the Galactic center (at
DS = 8 kpc), we find

RE = 4.04 AU

√
M

M�
DS

8 kpc
4x(1 − x) , (3.7)

where x = DL/DS , so RE is similar to the orbital radius of planets in our own
Solar System. This also implies that θE ∼ 1 mas. Since the image separation is of
order ∼ θE , this implies that images will not generally be resolved with virtually all
planned and future astronomical instruments (with a few exceptions (Delplancke
et al., 2001)). On the other hand, if we assume a typical Galactic velocity of v⊥ =
100 km/sec for the relative velocity between the lens star and the line-of-sight to
the source, then the typical Einstein radius crossing time for a lens in the Galactic
disk and a bulge source is tE = RE/v⊥ ∼ 2 months. Thus, the main observational
effect for lensing by stars within the Milky Way is the time varying magnification
instead of the image separation, and this is why it is referred to as microlensing
instead of lensing.

The microlensing light curve is generally described by eq. 3.6 with the lens-source
separation given by

u =

√(
t − t0

tE

)2

+ u2
0 , (3.8)

assuming that the relative motion between the lens and the observer-source line-of-
sight. Thus, a single-lens microlensing light curve is described by three parameters,
the time of peak magnification, t0, the Einstein radius crossing time or width, tE ,
and the minimum separation, u0, which determines the peak magnification. u0 is
the only parameter that affects the intrinsic light curve shape, as shown in Fig. 3.2,
but only tE constraints the physically interesting parameters of the event: the lens
mass, M , the lens distance, DL, and the relative velocity, v⊥.

The first microlensing events were discovered in 1993 towards the Large Magel-
lanic Cloud (LMC) by the MACHO Project (Alcock et al., 1993) and towards the
Galactic bulge by the OGLE Collaboration. (Udalski et al., 1993). The early empha-
sis of microlensing surveys was the search for dark matter in the Milky Way’s halo
(Paczyński, 1986), but this issue has been largely resolved with the demonstration
that the excess microlensing seen toward the LMC by the MACHO group (Alcock
et al., 2000b; Bennett, 2005) requires at most 20% of the Milky Way’s dark matter
in the form of stellar mass objects, while the results of the EROS group (Tisserand
et al., 2007) suggest that much of this microlensing excess may be caused by stars
associated with the LMC itself (Sahu, 1994), perhaps in the LMC halo (Wu, 1994).

With the dark matter microlensing question mostly resolved, the prime focus
of microlensing observations has shifted to the detection of extrasolar planets. Mi-
crolensing was first suggested as a method to find planets by Liebes (1964), but as
Mao & Paczyński (1991) pointed out, this requires a consideration of multiple lens
systems.
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Fig. 3.2. Example microlensing light curves for a point source and a single lens that moves
with a constant lens velocity with respect to the observer-source line-of-sight. Light curves
with u0 = 0.05, 0.1, 0.2, 0.4, and 0.8 are shown.

3.2.2 Multiple Lens Systems

The lens equation for a multiple lens system is a straight forward generalization of
the single lens equation, eq. 3.4, but with more than one lens mass, we can no longer
assume that the source, observer and lens system all lie in a single plane. However,
as long as the distances to the lens and source (DL and DS) are much larger than
the extent of the lens system, we can assume that the lens system resides a single
distance, and define the Einstein radius of the total lens system mass using eq. 3.3.
So, as before, we will rescale all the length variables with RE .

Because we can no longer define a source-lens-observer plane, we must now define
the lens and source positions in the 2-dimensional “lens-plane” perpendicular to the
line-of-sight and projected to the distance of the lens (or equivalently, we can just
use angular variables for the positions of the source and lenses on the sky). The
double-lens system was first solved using two real coordinates for the lens plane
(Schneider & Weiss, 1986), but the algebra is much simpler if we describe the lens
plane with complex coordinates following Bourassa et al. (1973) and Rhie (1997).
The generalization of eq. 3.4 is

w = z −
∑

i

εi

z̄ − x̄i
, (3.9)

where w and z are the complex positions of the source and image, respectively,
and xi are the complex positions of the lens masses. The individual lens masses are
represented by εi, which is the mass fraction of the ith lens mass, so that

∑
i εi = 1.

The appearance of the complex conjugates in the denominator in the sum on the
right side of eq. 3.9 is simply a reflection of the fact that the lens deflection is the
in the direction from the source to the lens with a magnitude of the inverse of that
distance. With real coordinates, we would express this as the vector difference of
the positions divided by this vector squared, but with complex coordinates, we can
divide through by this vector leaving only its complex conjugate in the denominator.
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If we knew the position of the images, z, in eq. 3.9, then it would be trivial to
solve for the position of the source. But this is the inverse of the problem that we
will usually want to solve, which is to find the positions of the images based on
a known position for the source. However, the solution of this “inverse” problem
is the basis of the brute-force, ray-shooting method (Schneider & Weiss, 1987) for
solving eq. 3.9. This method involves taking a large grid of points in the “image
plane” and propagating them back to the source plane using eq. 3.9. This method
has the advantage that it can handle very complicated lens mass distributions, but
it is usually not the method of choice for the analysis of microlensing events.

The most successful method for calculating multi-lens microlensing light curves
(Bennett & Rhie, 1996) involves solving eq. 3.9 for the positions of the point-source
images and invoking the ray-shooting method only in the vicinity of images that are
affected by finite-source size effects. For the majority of the light curve, the finite-
source calculations are not needed, and we can use the point source magnification
formula. This formula can be derived from the Jacobian determinant of the lens
equation (and its complex conjugate):

J =
∂w

∂z

∂w̄

∂z̄
− ∂w

∂z̄

∂w̄

∂z
= 1 −

∣∣∣∣∂w

∂z̄

∣∣∣∣
2

, (3.10)

where
∂w

∂z̄
=

∑
i

εi

(z̄ − x̄i)2
. (3.11)

Because eq. 3.10 gives the Jacobian determinant of the inverse mapping from the
image plane to the source plane, the magnification of each image is given by

A =
1

|J | , (3.12)

evaluated at the position of each image.
The solution of the lens equation, 3.9, is non-trivial. For the case of two lens

masses, this equation can be embedded into a fifth order polynomial equation in z,
which can be solved numerically. This equation has either 3 or 5 solutions (Rhie,
1997) that correspond to solutions of eq. 3.9, which means that a double lens system
must have either 3 or 5 images depending on the configuration of the lens system
and the location of the source. For the triple lens case (which is relevant for at least
one planetary microlensing event), the lens equation can be embedded in a rather
complicated tenth order polynomial that has 4, 6, 8, or 10 solutions that correspond
to physical images (Rhie, 2002). This tenth order polynomial equation can be solved
numerically, although it may require extended precision numerical calculations in
order to avoid serious round-off errors (Bennett et al., in preparation). The case of
4 lens masses, has also been investigated (Rhie, 2001), but the lens equation has
not been converted to a polynomial.

The most important feature of lensing by multiple masses occurs at the locations
where J = 0. From eq. 3.12, this implies infinite magnification for a point source.
(The magnification is always finite for the realistic case of a source of finite angular
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size.) For a single lens, J = 0 only occurs at a single point in the source plane,
the location of the lens mass, but for lens systems with more than one mass, there
are a set of one or more closed curves with J = 0, known as critical curves. The
source positions corresponding to the critical curves are obtained by applying the
lens equation, 3.9, and they are referred to as caustic curves. When the source
passes to the interior of a caustic curve, two new images are created, and it is these
new images that have infinite magnification for the (unphysical) case of a point
source. The shape of the light curve of a (point) source crossing a caustic has a
characteristic form:

A =
FcΘ(x − xc)√

x − xc
+ Anc , (3.13)

where Fc gives the amplitude of the caustic, Anc gives the magnification of the
images that are not associated with the caustic and Θ(x) = 1 for x ≥ 0 and
Θ(x) = 0 otherwise. x is the distance perpendicular to the direction of the caustic
curve, and xc is the location of the caustic curve. Eq. 3.13 is a good approximation
to the magnification for a point source when the curvature of the caustic curve
can be neglected. Note, that the singularity in eq. 3.13 is weak enough so that the
integral of this formula will yield a finite magnification for a finite size source star.

Caustic crossings that follow the form of eq. 3.13 are often referred to as fold
caustic crossings, and they have the feature that there is essentially no warning
that the caustic crossing is imminent when the caustic curve is approached from
the outside (i.e. x < xc). This is because the magnification pattern for a fold
caustic extends only to the interior of the caustic since it involves the magnification
of images that only exist inside the caustic curve. However, each caustic curve
also has at least three sharp pointy features, known as cusps, and the magnification
pattern extends outward from the cusps on a caustic curve. The magnification scales
as the inverse of the distance to the cusp, just as in the single lens case, eq. 3.6.

The path of the source with respect to the caustic curves provides the basic
characteristics of a multiple lens microlensing light curve. Multiple lens light curves
frequently have features which match the expected A ∼ Θ(x)x−1/2 shape of a
caustic crossing or the A ∼ r−1 shape of a cusp approach. But, there are additional
complications, as the strength of a caustic crossing (Fc in eq. 3.13) can vary and
the angular size of the source star can sometimes be larger than the entire caustic
curve for a planetary microlensing event.

3.3 Planetary Microlensing Events

Planetary microlensing events are a subset of multiple lens events where the mass
ratio is quite small. Planetary events have light curves that appear quite similar to
the single lens light curves shown in Fig. 3.2, but for a brief period of time they
deviate from the single lens form and display the characteristics of a binary lens
light curve. We will define a requirement on the mass ratio q ≡ ε2/ε1 < 0.03 to
separate planetary microlensing events from stellar binary events following Bond
et al. (2004), because q ≈ 0.03 is the approximate location of the “brown dwarf
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desert” that appears to separate stellar from planetary secondaries. We will also
initially only consider events with only one detectable planet, as these represent the
majority of planetary microlensing events and this will simplify the discussion.

The caustic structure of a binary lens system is determined by the mass ratio
and the separation of the lenses (Schneider & Weiss, 1986). For a separation d 
 1
(in units of RE), there are three caustics, two triangular caustics with 3 cusps each
and a caustic close to the center of mass which has 4 cusps. These merge into a
single caustic with 5 cusps at d ∼ 1, which splits into two caustic curves with 4
cusps each for d � 1. For small values of the mass ratio, q, the division between
these regimes occurs near d ≈ 1, so most events have multiple caustic curves. As
shown in Fig. 3.3.

OB05-071: d=0.759, q=0.006 caustic topology 

-0.6 -0.4 -0.2 0.0 0.2 0.4

OB05-071: d=1.299, q=0.006 caustic topology 

-0.2 0.0 0.2 0.4 0.6 0.8

Fig. 3.3. Grey-scale magnification patterns for two models of the planetary microlensing
event OGLE-2005-BLG-71. The darkness of the image is proportional to the logarithm of
the magnification. The nearly vertical lines in each panel indicate the path of the source
star for each model. The source passes close to the central, or stellar, caustic, and as
discussed in Sect. 3.4, the magnification pattern in the vicinity of the central caustic is
similar for planetary systems related by d ↔ 1/d, The magnification patterns for the
planetary caustics (on the outside of each panel) are clearly very different and easy to
distinguish. (These images are provide courtesy of Daniel Kubas.)

3.3.1 Planetary Caustic Perturbations

There are two classes of caustic curves in planetary microlensing events: planetary
caustics and the stellar or central caustic. The planetary caustics result when one
of the two light rays in Fig. 3.1 passes close to the planet and is deflected by the
planetary gravitational field of the planet. The locations of the caustics are given
by

sc = d − 1/d . (3.14)
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If we see a planetary deviation at a point where the best fit single lens light curve
predicts a magnification, A, we can find the corresponding u value by inverting
eq. 3.6 to get uc = sc, and then solve for d by inverting eq. 3.14 to give

d =
1
2

(
uc ±

√
u2

c + 4
)

. (3.15)

The two solutions to eq. 3.15 for a given uc value are referred to as major and minor
image perturbations. They were first studied in detail by Gould & Loeb (1992)
who showed that many features of the planetary caustics and their magnification
pattern could be explained by the simpler Chang-Refsdal lens system (Chang &
Refsdal, 1979, 1984). Several important features of the planetary caustic light curve
perturbations can be seen in Fig. 3.3. The left side of the left panel of this figure
shows the magnification pattern of the two roughly triangular minor image caustic,
which are generated by a planet with d < 1. As with all caustics, there is excess
magnification in the interior of the caustic curve, as well as extending outward from
the cusps. But there is also a very pronounced magnification deficit in between
the two minor image caustics, where the magnification is substantially below the
single lens magnification. In contrast, the magnification pattern for the major image
caustic (shown on the right side of the right panel in Fig. 3.3) is predominantly
positive, with only small magnification deficits very close to the caustic curve, away
from the 4 cusps.

3.3.2 Stellar Caustic Perturbations

It was originally suspected that the planetary caustic perturbations would be the
best way to detect planetary signals in microlensing events, but Griest & Safizadeh
(1998) argued that there were a number of advantages to searching for planetary
light curve perturbations due to the stellar caustic. They showed that the planet
detection efficiency for each high magnification event was substantially higher than
for events of more modest magnification. While the higher planet detection effi-
ciency for higher magnification events was seen in previous work (Bolatto & Falco,
1994; Bennett & Rhie, 1996), Griest & Safizadeh (1998) emphasized that this effect
is quite dramatic and that this fact could be used to increase the observational
planet detection efficiency. In the same year that the Griest & Safizadeh paper was
published, the MPS and MOA Collaborations demonstrated this method with ob-
servations of the MACHO-98-BLG-35 event. The subsequent analysis showed (Rhie
et al., 2000) that the lens star for this event did not have any Jupiter-mass planets
with a projected separation of 0.6-8 AU.

The high planet detection efficiency for high magnification events is particularly
useful when a large number of microlensing events are discovered by the microlensing
survey groups. This is the current situation, as the OGLE-3 and MOA-2 surveys
combine to detect > 700 microlensing events in progress toward the central regions
of the Milky Way between February and October of each year. Relatively sparse
monitoring of events (i.e. one or two observations per day) is required to predict
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most high magnification events in advance, and this allows observing resources to
be focused on events with a high planet detection efficiency.

One important consequence of the high planet detection efficiency for high mag-
nification events is that the chances of detecting multiple planets in such events are
greatly enhanced (Gaudi et al., 1998). Indeed, the first multi-planet system discov-
ered by microlensing is shown below in Sect. 3.5.2. There is, however, a potential
downside to this higher sensitivity to multiple lens masses. The signals for all the
detectable lens masses will be concentrated in the very high magnification part of
the light curve, and this could make it difficult to work out the details of multiple
planet systems that are detected in microlensing events. Thus, the development of
efficient light curve modeling methods for lens systems with three or more masses
is an important active area of current research.

A final advantage of high magnification events is that they allow planet de-
tection with relatively faint source stars. This makes it much easier to detect the
planetary host star with follow-up observations (Bennett et al., 2007a) as explained
in Sect. 3.4.1.

3.3.3 Finite Source Effects

Microlensing is arguably the exoplanet search technique that is most sensitive to
low-mass planets, and the lower limit in sensitivity of the microlensing method is set
by the finite angular size of the source stars. Roughly speaking, when the angular
radius of the planetary Einstein ring, √

εpθE , is much smaller than the source star
angular radius, θ∗, we expect that planetary signal to be washed out. But this is
only a crude, order-of-magnitude estimate, and a full finite source solution to the
lens equation, 3.9, is required to determine the precise limits on the microlensing
planet detection method set by the finite angular size of the sources.

Full finite source planetary microlensing light curves were first calculated by Ben-
nett & Rhie (1996) using the methods described in Sect. 3.2.2. Results of these cal-
culations are reproduced in Figs. 3.4 and 3.5. Figure 3.4 shows a series of planetary
light curves with planetary mass fractions of ε = 10−4 and 10−5. For a typical lens
star mass of ∼ 0.3M�, these correspond to 1M⊕ and 10M⊕, respectively. The finite
source light curves are characterized by the source star radius in Einstein ring units:
ρ ≡ θ∗/θE . The ρ values shown in Fig. 3.4 are 0.003, 0.006, 0.013, and 0.03, and
these span the expected range of ρ for a low mass planetary host star in the Galactic
bulge with a source star ranging in radius from 1R� to 10R�, which is a typical
radius for a “red clump” K-giant in the bulge. A number of the planet detections to
date actually have ρ values in the 0.4-1×10−3 range because the lens stars reside in
the bulge and have a larger than average mass. (Both of these imply a larger θE .)

Several general trends are apparent from Fig. 3.4. First, the planetary deviations
are easily detectable for ρ = 0.003, but the signals are much weaker for ρ = 0.03.
This implies that 1M⊕ planets are easily detected with main sequence source stars,
but planets of 10M⊕ are close to the lower limit of detectability for giant source
stars. Another notable feature of these light curves is that the planetary signals
with d = 0.8 are more easily washed out by the finite source effects than those with
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Fig. 3.4. Microlensing lightcurves which show planetary deviations are plotted for a mass
ratio of ε = 10−4 & 10−5 and separations of d = 1.3 & 0.8. The main plots are for a stellar
radius of ρ = 0.003 while the insets show light curves for radii of 0.006, 0.013, and 0.03
as well. The dashed curves are the unperturbed single lens lightcurves. For each of these
lightcurves, the source trajectory is at an angle of sin−1 0.6 with respect to the star-planet
axis. The impact parameter u0 = 0.27 for the d = 0.8 plots and u0 = 0.32 for the d = 1.3
plots.

d = 1.3. This is a consequence of the large magnification deficit seen between the two
planetary caustics for a minor image perturbation, as shown in the left hand panel of
Fig. 3.3. When a large finite source effectively averages over the vicinity of a minor
image planetary caustic, the positive and negative deviations effectively cancel each
other out (Bennett & Rhie, 1996; Gould & Gaucherel, 1997). In contrast, the major
image planetary caustic magnification deviation pattern is mostly positive, so the
finite source effect merely smoothes it out.

Figure 3.5 shows how the planet detection probability varies as a function of d
for the same ε and ρ values used for Fig. 3.4. The greater tolerance of deviations
with d > 1 to finite source effects is apparent for ε = 10−4, ρ = 0.03 and ε = 10−5,
ρ = 0.013. The behavior of Fig. 3.5 near d = 1 is even more interesting. For ε = 10−4

and ρ = 0.003 or 0.006, the detection probability reaches a maximum at d ≈ 1, but
for ρ = 0.013, the probability has a local minimum at d = 1, and for ρ = 0.03 or
any of the ρ values with ε = 10−5, the detection probability = 0 at d = 1. This
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Fig. 3.5. The planetary deviation detection probability is plotted for different values of
the planetary mass ratio, ε, and the stellar radii, ρ (in units of RE . A planet is considered
to be “detected” if the lightcurve deviates from the standard point lens lightcurve by more
than 4% for a duration of more than tE/200.

is due to the fact that for d ≈ 1 the planetary and stellar caustics merge for form
a relatively large single caustic that is extended along the lens axis. This caustic
is large, but relatively weak, and it has associated positive and negative deviation
regions that tend to cancel when averaged over by a moderately large finite source.

However, some features of Fig. 3.5 are dependent on the somewhat arbitrary
choice of the event detection threshold, and the sensitivity of a real observing
strategy can differ from this. In fact, the planetary deviation detected in event
OGLE-2005-BLG-169 (Gould et al., 2006) would not have passed the selection cri-
teria for Fig. 3.5, but the planet is nevertheless detected with a strong signal. The
reason for this is that it was identified as a very high magnification event with a
very high sensitivity to planets, and for this reason it was observed much more
frequently than most events with potential planetary signals. The additional ob-
servations provided enough additional signal to allow the definitive detection of a
relatively low-amplitude signal.

As a practical matter, finite source effects imply a lower planetary mass limit
of Mp

>∼ 5M⊕ for giant source stars in the bulge, and a limit of Mp
>∼ 0.05M⊕ for

bulge main sequence stars. Thus, searches for terrestrial exoplanets must focus on
main sequence source stars.

3.4 Planetary Parameters from Microlensing Events

The determination of the properties of the lens systems that are detected in mi-
crolensing events is often a serious challenge. The simple form of the microlensing
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light curves shown in Fig. 3.2 is an advantage when trying to identify microlensing
events, but as I mentioned in Sect. 3.2.1, in a single lens event it can also be a
drawback when trying to interpret observed microlensing events. For most single
lens events, it is only the tE parameter that constrains the physically interesting
parameters of the event: the lens mass, M , the lens distance, DL, and the rela-
tive velocity, v⊥. The single lens parameters u0 and t0 don’t constrain lens system
parameters that are of much interest.

In addition to the parameters needed to describe a single lens event, a planetary
microlensing event must have three additional binary lens parameters: the planetary
mass ratio, q = ε/(1−ε), the star-planet separation, d, (which is in units of RE), and
the angle between the star-planet axis and the trajectory of the source with respect
to the lens system, θ. So, two of these new parameters, q and d, directly constrain
planetary parameters of interest, although d is normalized to RE , which may not be
known. Most planetary light curves, at least those for low-mass planets, also have
caustic crossings or a close approach to a cusp that reveal light curve features due
to the finite size of the source star. This enables the source radius crossing time, t∗,
to be measured.

The determination of the star-planet separation and the planetary mass frac-
tion is usually quite straightforward from the microlensing light curve. For events
at moderate magnification, due to the planetary caustic, the separation can be de-
termined by the magnification predicted by the single lens model that describes
the event outside the region of the planetary deviation following eq. 3.15. This still
leaves an ambiguity between the d < 1 and d > 1 solutions, but this is easily re-
solved by the drastically different magnification patterns in the vicinity of major
image and minor image caustics, as shown in Fig. 3.3. The planetary mass fraction,
q, can generally be determined by the duration of the planetary perturbation. In
some cases, if the time scale of the deviation is similar to or smaller than t∗, both
q and t∗ determine the deviation time scale, but good light curve coverage with
moderately precise photometry allow both q and t∗ to be determined (Gaudi &
Gould, 1997).

The situation is somewhat different for high magnification, stellar caustic de-
viation events. Dominik (1999) pointed out an approximate degeneracy in the
properties of the stellar caustic under the transformation d → 1/d, which means
that there may be a d ↔ 1/d ambiguity in the modeling of stellar caustic planetary
events. This is apparent from the magnification patterns shown in Fig. 3.3. For a
source trajectory nearly parallel to the lens axis or for d ∼ 1, this degeneracy breaks
down, so the ambiguity disappears. With precise photometry it is usually possible
to distinguish between the d < 1 and d > 1 solutions, and this has been the case
for all events observed to date.

3.4.1 Angular Einstein Radius

A large fraction of planetary light curve deviations exhibit finite source effects that
allow the source radius crossing time, t∗, to be measured. This is the case for most
detectable events with a planetary mass, Mp

<∼ 10M⊕, but for gas giant planets



60 David P. Bennett

of Mp
>∼ 300M⊕, it is possible to detect a planetary deviation without the source

crossing a caustic or coming close enough to a cusp to display finite source effects.
So, t∗ is measurable for most, but not all, planetary microlensing events.

When t∗ is measured, it is possible to place an additional constraint, as long
as the angular radius of the source star, θ∗, can be estimated because the angular
Einstein radius is given by

θE =
θ∗tE
t∗

. (3.16)

The angular radius of the source star can be measured if the brightness and color
of the source are known with the use of empirical color-angular radius relations
(van Belle, 1999; Kervella et al., 2004). In the crowded fields where microlensing
events are observed, the most reliable measure of the source star brightness and
color comes from the light curve models, which include the source brightness as a
model parameter. So, although it is sufficient to measure the detailed light curve
shape in a single passband, it is important to obtain a few measurements during
the microlensing event in at least one additional passband so that the light curve
fit will also reveal the color of the source. It is also important to estimate the
extinction towards the source. With measurements in only two colors, such as V
and I, the extinction can be estimated by comparison to the red clump giant stars
within an arc minute or two of the target star (Yoo et al., 2004). While this does
not yield a precise measure of the extinction to the source, note that an error in
the extinction to the source will affect both the estimated intrinsic brightness and
color of the source. Fortunately, the extinction-induced brightness and color errors
have the opposite effect on the estimated source star radius. This partial cancelation
implies that the estimated θ∗ value is not very sensitive to to the uncertainty in the
extinction.

A more precise estimate of θ∗ can be obtained with observations during the
microlensing event in more than two passbands, particularly if one of the passbands
is in the infrared because the optical-IR color-radius relations are much more precise
than the optical ones (Kervella et al., 2004) and because extinction is much lower in
the IR than in the optical. Observations in 3 or more colors also allow an estimate of
extinction that doesn’t depend on the nearby clump giants, with the use of empirical
color-color relations (Bessell & Brett, 1998).

When the angular Einstein radius is measured, we have the following relation

ML =
c2

4G
θ2

E

DSDL

DS − DL
, (3.17)

which can be considered to be a mass-distance relation because DS is generally
known (approximately) from the brightness and color of the source. (The high den-
sity of stars in the Galactic bulge means that the source is almost always a bulge
star.) Eq. 3.17 provides a one-parameter family of solutions to the microlensing
event, and this can be converted to a measurement of the planetary host star prop-
erties with one additional piece of information. Since the brightness of the source
star can be determined by the light curve fit, the brightness of the lens star can be
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Fig. 3.6. The predicted fractional brightness, flens = FL/(FS + FL), of the OGLE-2003-
BLG-169 lens is plotted in the top panel as a function of mass in the BV IJH passbands.
The predicted offsets of the centroids of the blended source+lens images in different pass-
bands are shown in the bottom panel, assuming that the images are taken 2.4 years after
peak magnification.

determined with an image that has sufficient angular resolution to resolve the source
and lens stars from the unrelated stars in the field. This generally requires space-
based imaging with the Hubble Space Telescope (HST), or possibly ground-based
adaptive optics imaging because of the extreme crowding in the Galactic bulge fields
where microlensing events are most easily found. (The lens-source relative proper
motion has typical value μrel ∼ 5 mas/yr, so the lens and source are not typically
resolved from each other until a decade or more after the event.) If the combined
lens-plus-source image is significantly brighter than the brightness of the source
from the microlensing fit, then the difference determines the brightness of the lens.
This then allows the mass of the planetary host (lens) star to be determined using
a main sequence star mass-luminosity relation (Bennett et al., 2007a).

The top panel of Fig. 3.6 shows the predicted brightness of the lens for the
OGLE-2005-BLG-169 event in the BV IJH passbands. This indicates that the lens
star will easily be detected if it is a main sequence star, since even a 0.08M� lens
star will contribute >∼ 40% of the H-band flux and >∼ 10% of the I-band flux.
This case is more favorable than most because of a relatively large θE value, but in
most cases, the lens star will be detectable in the H-band unless it is a late M-dwarf
located in the bulge. However, for Galactic disk lenses at a certain range of distances
(corresponding to 0.2M� <∼ M <∼ 0.4 for OGLE-2005-BLG-169 in the IJH-bands)
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Fig. 3.7. The top-left panel shows the fraction of the source+lens flux for event OGLE-
2003-BLG-235/MOA-2003-BLG-53 that is predicted to come from the lens in the HST-I,
V , and B passbands as a function of lens mass. The bottom-left panel shows the predicted
color-dependent centroid shifts as a function of mass for 1.78 years of relative proper
motion at μrel = 3.3 mas/yr. The measured values of flens in the I-band and the color
dependent centroid shifts and error bars are indicated with their error bars. These are
plotted at an arbitrary value for the stellar mass (M∗). The centroids of the source+lens
star blended images in the individual HST/ACS/HRC images are shown in the right panel
as red circles (I), green squares (V ), and blue triangles (B). The crossed error bars are
the average centroid in each passband.

the mass-distance relation, eq. 3.17, combines with the mass-luminosity relation to
yield a nearly flat mass-brightness relation for the planetary host star. In these cases,
it is useful to have images in shorter wavelength bands, such as V and B because
this cancelation does generally not occur in the optical and infrared passbands for
the same range of lens star masses.

High resolution images in multiple colors also allow an independent method
for estimating the lens star brightness, as shown in the bottom panel of Fig. 3.6
and the bottom-left panel of Fig. 3.7. Because the lens and source stars usually
have different colors, the centroid of the blended source+lens image will usually
be color dependent. So, an additional constraint on the lens star is obtained by
measuring the centroid offset between the centroids of the blended source+lens in
different passbands. As indicated in Fig. 3.7, this effect was marginally detected for
the first planet detected by microlensing (Bennett et al., 2006) with HST images
taken only 1.8 years after peak magnification. Also, because this color dependent
centroid shift depends on the relative lens-source proper motion, μrel, it can be used
to help determine θE for planetary events with no finite source effects, and hence,
no measurement of t∗.
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ML= 0.08 M

ML= 0.35 M

ML= 0.63 M

raw image PSF subtracted binned

Simulated HST images:

Fig. 3.8. Simulated image stacks of multiple dithered exposures of the OGLE-2005-BLG-
169 source and lens star 2.4 years after peak magnification using the HST/ACS High
Resolution Camera (HRC) in the F814W filter band. The top row of images assumed
a host star mass of M∗ = 0.08M�, the middle row assumes M∗ = 0.35M�, and the
bottom row assumes M∗ = 0.63M�. In each row, the image on the left shows the raw
image stack sampled at one half the native HRC (28 mas) pixel size. The central column
shows the residuals after subtraction of the best fit PSF model, showing the blended image
elongation along the x-axis due to the lens-source separation. The right hand column shows
these residuals rebinned to the 28 mas native pixel scale.

The stable point-spread function (PSF) of space-based telescopes, such as HST,
allows the measurement of the image elongation due to the growing separation of
the lens and source stars after the microlensing event. Simulations of this effect
for the OGLE-2005-BLG-169 event are shown in Fig. 3.8 for three different cases:
ML = 0.08M�, ML = 0.35M�, and ML = 0.63M�. This event has a higher relative
proper motion than most events, but this simulation assumes images taken only 2.4
years after peak magnification, so for other events, it may be necessary to obtain
the follow-up space-based images ∼ 4 years after peak magnification.

When μrel can be measured from image elongation and/or the color dependent
centroid shift, then the angular Einstein radius can be determined via

θE = μreltE , (3.18)

so that mass-distance relation can be determined even when t∗ cannot be measured.
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3.4.2 Microlensing Parallax

Another method to “solve” a microlensing event involves the microlensing parallax
effect. This refers to measurements of r̃e = REDS/(DS − DL), the Einstein radius
projected to the position of the Solar System. r̃e can be measured with the help
of observations of microlensing events by observers at different locations. Because
the Einstein radius is typically of order RE ∼ 1 AU, the observers must generally
be separated by a distance of ∼ 1 AU. The conceptually simplest way to do this is
to observe an event simultaneously with a satellite in a heliocentric orbit, (Refsdal,
1966; Gould, 1992), as has recently been done with Spitzer (Dong et al., 2007).
However, it is much more common to use the orbital motion of the Earth to measure
the microlensing parallax effect (Alcock et al., 1995; Mao, 1999; Smith et al., 2002;
Bennett et al., 2002; Mao et al., 2002), but for events of very high magnification it
is possible to measure this effect with observations from different observatories on
Earth (Gould, 1997), as has recently been done by Gould et al.(2007, in preparation).

A potential complication with this method is that the orbital motion of the
source star can mimic the effect of the orbital motion of the Earth, but if the signal
is strong, it is generally possible to detect the characteristic features of the Earth’s
orbit (Poindexter et al., 2005). Another potential complication is that for events
with tE 
 1 yr, it is often possible to measure only a single component of the
two-dimensional r̃e vector (Smith et al., 2003). But, for events with detectable lens
stars, the two-dimensional relative proper motion, μrel, can be measured and it is
possible to determine the full r̃e vector because r̃e ‖ μrel.

When r̃e and θE are both measured, the lens system mass is given by

ML =
c2

4G
r̃eθE . (3.19)

This method has been used to determine the lens mass for a binary star lens sys-
tem towards the Galactic bulge (An et al., 2002) and a low-mass M-dwarf lens
towards the Large Magellanic Cloud (Gould, Bennett, & Alves, 2004). The first use
of this method in a planetary microlensing event is the case of the double planet
event OGLE-2006-BLG-109, to be published later this year (Gaudi et al. 2007, in
preparation; Bennett et al. 2007, in preparation).

3.4.3 Planetary Orbits

The final property of a planetary system that can be measured is the orbital motion
of the planet with respect to the star. This is a lower order effect than microlensing
parallax because we see the effects of both the planet and the star in the light curve.
So, we are sensitive to the relative velocity between the star and planet, whereas
the velocity of the Earth around the Sun cannot be separated from the lens-source
relative velocity. However, the time scale of the planetary deviation is generally
only a small fraction of the microlensing light curve, and this limits the amount of
time over which we can detect the orbital motion effects. Also, the typical orbital



3 Exoplanets via Microlensing 65

period of a planet detected by microlensing is ∼ 10 yrs, so the orbital velocities are
generally lower than that of the Earth around the Sun.

For a planetary deviation of duration Δt and an orbital period, P , the orbital
motion during the planetary deviation causes a shift in the planetary lens position
with respect to the source of order

Δu ≈ Δt
2π

P
≈ 0.002 − 0.02 , (3.20)

assuming a planetary deviation duration of 1 − 10 days. In order to determine
whether eq. 3.20 indicates that the effect of orbital motion is detectable, we need to
know what value of Δu is measurable. One thing that limits our resolution in Δu is
the finite angular size of the source star. The typical angular size for a bulge main
sequence source is θ∗ ∼ 0.5μas, and a typical angular Einstein radius for a bulge
event is θE ∼ 0.5 mas, so the source radius is typically of order ρ = θ∗/θE ∼ 0.001.
So, if we can detect Δu as small as 0.1ρ, then we could be sensitive to Δu ∼ 10−4.

In practice, it can be difficult to do this well in the measurement of orbital effects
because changes in other model parameters can often compensate for the change in
Δu due to orbital motion. In order to retain a constraint on the orbital motion, it is
generally necessary to have a relatively complicated planetary deviation with more
than a single caustic crossing or cusp passage that is well sampled by the data.
Finally, for events with relatively long planetary signals, the orbital acceleration
can be as large as Δu ≈ (Δt2π/P )2 ≈ 4 × 10−4. So, with a very well sampled
planetary deviation it is also possible to measure the orbital acceleration, as well as
the velocity.

3.5 Observational Programs

There are a variety of different observing programs that contribute to the detection
of planets via gravitational microlensing. The most basic requirement is to be able
to identify microlensing events, as was first done by the MACHO Collaboration
towards the LMC (Alcock et al., 1993) and OGLE group toward the Galactic bulge
(Udalski et al., 1993). Because microlensing observing programs do not yet have
the resources to observe >∼ 10 square degrees of the Galactic bulge several times
per hour, it has been necessary to follow a strategy first suggested by Gould &
Loeb (1992). Stellar microlensing events must be identified in progress, and then
followed with a global network of telescopes on an ∼hourly time scale. The MACHO
(Alcock et al., 1994, 1996) and OGLE (Udalski et al., 1994) groups developed real-
time microlensing detection systems within a year after the first microlensing events
were discovered, and this led to the first spectroscopic confirmation of a microlensing
event (Benetti et al., 1995). The MOA group began real time detections in 2000
(Bond et al., 2001) and was the first group to employ real time event detection with
the more advanced difference imaging photometry method (Bond et al., 2002a).

The first microlensing follow-up projects were the Probing Lensing Anomalies
NETwork or PLANET group (Albrow et al., 1998) and the Global Microlensing
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Alert Network, or GMAN, (Pratt et al., 1995), which both began taking data in
1995. The PLANET team followed the Gould & Loeb (1992) strategy, but the
GMAN group focused more on non-planetary microlensing. A second follow-up
group focused on exoplanets, the Microlensing Planet Search (MPS) collaboration
began in 1997 (Rhie et al., 1999), but MPS merged with PLANET in 2004. The
final microlensing follow-up group is the Microlensing Follow-up Network or Mi-
croFUN (Yoo et al., 2004), which began observations in 2003. MicroFUN does not
follow the Gould & Loeb (1992) strategy, but instead focuses on high magnification
microlensing events as suggested by Griest & Safizadeh (1998).

3.5.1 Early Observational Results

The most definitive of the early planetary microlensing observational results in-
volved limits on the presence of planets based on the lack of detection of planetary
signals. The MPS and MOA groups reported the first planetary limits from a high
magnification event (Rhie et al., 2000). This was the first demonstration of sensi-
tivity to Earth-mass planets by any method, except for pulsar timing (Wolszczan &
Frail, 1992). The PLANET group followed with limits from a lower magnification
event (Albrow et al., 2000b), and then a systematic analysis of five years worth
of null detections (Albrow et al., 2001; Gaudi et al., 2002). They found that less
than 33% of the lens stars in the inner Galactic disk and bulge have companions
of a Jupiter mass or greater between 1.5 and 4 AU. These papers claim that their
limits apply to Galactic bulge M-dwarfs, but this summary of the PLANET result
neglects an important bias in the events that have been searched for planets. The
microlensing teams are more efficient at finding long time scale microlensing events
(Alcock et al., 2000a; Sumi et al., 2003; Popowski et al., 2005; Sumi et al., 2006;
Hamadache et al., 2006). The long events are also more likely to be discovered prior
to peak magnification, so they can be more efficiently searched for planetary signals.
As a result, the median time scale of the events search for planets in Gaudi et al.
(2002) is 〈tE〉 = 37 days, while the actual efficiency corrected median time scale is
〈tE〉 = 16 days. This implies that the events that have been searched for planets
have more massive lens stars and are more likely to reside in the disk than the
typical Galactic bulge microlensing event. Thus, it is probably the case that most
of the events searched by Gaudi et al. (2002) have lens stars that are either more
massive than an M-dwarf, or reside in the Galactic disk, or both.

In addition to these upper limits on the planetary frequency, there were also a
number of less-than-certain planet detections. Bennett & Rhie (1996) showed that
the very first microlensing event discovered showed a light curve feature that could
be explained by a planet, but there was a near equal mass binary lens fit that could
also explain the data. The MACHO group (Bennett et al., 1997) pointed out that
there is a good chance that event MACHO-95-BLG-3 was caused by a free-floating
Jupiter-mass planet. The MPS group found that their data for MACHO-97-BLG-41
was best explained by a Jupiter-mass planet orbiting a binary star system (Bennett
et al., 1999), but the PLANET data for this event favored an orbiting binary star
interpretation (Albrow et al., 2000a). (Some of the MPS data are now known to
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be contaminated by moonlight reflecting off the telescope optics.) An analysis by
the MOA group (Bond et al., 2002b) showed that the combined MACHO, MOA,
MPS, and PLANET data for MACHO-98-BLG-35 was consistent with the low S/N
detection of a terrestrial planet. Finally, Jaroszynski & Paczyński (2002) showed
that the event OGLE-2002-BLG-55 had a signal consistent with a planet detection,
but Gaudi & Han (2004) pointed out that there were other possible explanations.

Table 3.1. Exoplanets Discovered by Microlensing

Event Name Star Mass Planet Mass Semi-Major Axis Lead Group

OGLE-2003-BLG-235Lb/ 0.63+0.07
−0.09M� 830+250

−190M⊕ 4.3+2.5
−0.8AU MOA

MOA-2003-BLG-53Lb
OGLE-2005-BLG-71Lb 0.5±?M� 1000+700

−500M⊕ 3.0 AU OGLE

OGLE-2005-BLG-390Lb 0.22+0.21
−0.11M� 5.5+5.5

−2.7M⊕ 2.6+1.5
−0.6AU PLANET

OGLE-2005-BLG-169Lb 0.49+0.14
0.18 M� 13+4

−5M⊕ 3.2+1.5
−1.0AU MicroFUN

OGLE-2006-BLG-109Lb 0.6±?M� 102±?M⊕ 5.2±?AU MicroFUN
OGLE-2006-BLG-109Lc 0.6±?M� 278±?M⊕ 2.5±?AU MicroFUN

3.5.2 Microlensing Planet Detections

Table 3.1 summarizes the properties of the planets discovered by microlensing to
date, including four published microlensing exoplanet discoveries (Bond et al., 2004;
Udalski et al., 2005; Beaulieu et al., 2006; Gould et al., 2006) plus a 2-planet system
that will soon be published (Gaudi et al. 2007, Bennett et al. 2007, both in prepa-
ration). The microlensing discoveries are compared to other known exoplanets in
Fig. 3.9.

The first planet discovered by microlensing is shown in Fig. 3.10. The light
curve is plotted in units of the source star flux, which is determined by the best
microlensing model to the event, because the star field is too crowded to determine
the unmagnified stellar flux directly. This event was first discovered by the OGLE
group and announced via their “early warning system” as event OGLE-2003-BLG-
235 on 2003 June 22. On 2003 July 21, the alert system of the MOA-I microlensing
survey detected this event and reported it as MOA-2003-BLG-53. The MOA de-
tection came later because the MOA-I telescope had only a 0.61 m aperture and
has worse seeing conditions than are typical at the 1.3 m OGLE telescope in Chile.
However, the MOA telescope had a larger field-of-view (FOV), and this enabled
them to image each of their survey fields ∼ 5 times per clear night. As a result,
MOA was able to detect the second caustic crossing for this event, and arrange for
the additional observations that caught the caustic crossing endpoint (thanks to
first author, Ian Bond, who was monitoring the photometry in real time).

The naming convention for planets discovered is that the name from the first
team to find the microlensing event is used for the event, so in this case OGLE-
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Fig. 3.9. The sensitivity of various exoplanet detection methods is plotted in the mass vs.
semi-major axis plane. Doppler radial velocity detections are shown in black, with 1-sided
error bars for the m sin i uncertainty. Planets first detected by transits are shown in blue,
and the microlensing planet discoveries are shown in red. The gold, cyan and green shaded
regions show the sensitivity of the radial velocity method and NASA’s Kepler and SIM
missions, respectively. The light red and red curves show the sensitivity of current and
future microlensing planet search programs, and the purple curve gives the sensitivity of
the proposed Microlensing Planet Finder (MPF) mission.

2003-BLG-235 takes precedence over MOA-2003-BLG-53. When referring to the
lens system, we add a suffix “L”, and when referring to the source, we add an “S”.
For a lens or source system that is multiple, we add an additional capital letter
suffix for a stellar mass object or a lower case letter for a planetary mass compan-
ion. So, OGLE-2006-BLG-109LA, OGLE-2006-BLG-109Lb, and OGLE-2006-BLG-
109Lc, refer to the star and two known planets of the OGLE-2006-BLG-109 lens
system. This convention provides names for multiple components of the source star
system. For example, OGLE-2022-BLG-876Sb would refer to a planetary compan-
ion to the source star which would be difficult, but not impossible (Graff & Gaudi,
2000; Lewis, 2001) to detect.

It is interesting to note that this event was discovered by a procedure that differs
from both the alert-plus-follow up strategy suggested by Gould & Loeb (1992) and
the high magnification strategy suggested by Griest & Safizadeh (1998). Instead,
the planetary deviation was detected in the observations of one of the survey teams,
and identified in time to obtain additional data to confirm the planetary nature of
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Fig. 3.10. The OGLE-2003-BLG-235/MOA-2003-BLG-53 light curve with OGLE data
in red and MOA data in blue. The top-left panel presents the complete data set during
2003 (main panel) and the 2001–2003 OGLE data (inset). The median errors in the OGLE
and MOA points are indicated in the legend. The bottom panel is the same as the top
panel, but with the MOA data grouped in 1 day bins, except for the caustic crossing
nights, and with the inset showing MOA photometry during 2000–2003. The binary- and
single-lens fits are indicated by the solid black and cyan dashed curves, respectively. The
right panel shows the light curve and models during caustic traverse. These models are the
single-lens case (cyan, long-dashed curve), the best binary lens with q >∼ 0.03 (magenta,
short-dashed line), the planetary lens with caustic entry before day 2835 (green, dotted
line), and the best overall fit with q = 0.0039(black, solid line). The insets show the second
caustic crossing and a region of the declining part of the light curve where the best-fit
nonplanetary binary-lens model fails to fit the data. MOA data on days other than the
caustic entry and exit (days 2835 ± 0.5 and 2842 ± 0.5) are placed in 1 day bins.

the light curve deviation. We will return to this strategy later in the discussion of
future microlensing projects given in Sect. 3.6.1.

Another notable feature of this event is that the lens star has been identified in
HST images (Bennett et al., 2006). As indicated in Fig. 3.7, there is an extra source
of light superimposed at the location of the source star. This is very likely to be the
lens star, and if so, the HST photometry implies that a fraction, flens = 0.18±0.05,
of the total source plus lens flux comes from the lens. During the microlensing
event, the lens and source were separated by < 0.1 mas, but by the time of the HST
images, Δt = 1.78 years after peak magnification, the lens-source separation should
have grown to Δtμrel = 5.9 ± 0.7 mas. (μrel = 3.3 ± 0.4 mas/yr was determined
from eq. 3.16 with input parameters from the light curve model.) This separation,
plus the mass-distance relation, eq. 3.17, enable to derivation of the curves shown
in the bottom left panel of Fig. 3.7. These show the amplitude for the offset of the
centroids of the blended lens plus source images in different color bands. The HST
data indicate a marginal detection of this color-dependent centroid shift at a level
consistent with the assumption that the excess flux is due to the lens.
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Fig. 3.11. Bayesian probability densities for the properties of the planet, OGLE-2003-
BLG-235Lb, and its host star if it is a main sequence star. (a) The masses of the lens star
and its planet (M∗ and Mp respectively); (b) the separation; (c) their distance from the
observer (DL); and (d) the I-band brightness of the host star. The dashed vertical lines
indicate the medians, and the shading indicates the central 68.3% and 95.4% confidence
intervals. All estimates follow from a Bayesian analysis assuming a standard model for the
disk and bulge population of the Milky Way, the stellar mass function of Bennett & Rhie
(2002).

With this marginal detection of the color-dependent centroid shift, we can’t be
absolutely sure that the lens star has been detected because it is possible that the
excess flux could be due to a companion to the source star. It is straight forward to
deal with this uncertainty with a Bayesian analysis (Bennett et al., 2006), and the re-
sults of such an analysis are shown in Fig. 3.11. The resulting most likely parameter
values for the event parameters are a host star mass of M∗ = 0.63+0.07

−0.09M�, a planet
mass of Mp = 2.6+0.8

−0.6MJup, and an orbital semi-major axis of a = 4.3+2.5
−0.8 AU. The

distance to the lens system is DL = 5.8+0.6
−0.7 kpc, and the lens star magnitude is

IL = 21.4+0.6
−0.3 .

The light curve of the second planet discovered by microlensing, OGLE-2005-
BLG-71Lb, is shown in Fig. 3.12 (Udalski et al., 2005). This was a moderately
high magnification event that would have reached a maximum magnification of
Amax ≈ 42 if the lens star had no planets. Because of the d ↔ 1/d ambiguity
discussed in Sect. 3.4, this event has two models that explain the major features of
the light curve quite well. Fig. 3.3 shows the magnification patterns for these models,
and for the trajectory of the lens, which is nearly perpendicular to the lens axis, the







































4 Formation and Evolution of Terrestrial Planets
in Protoplanetary and Debris Disks

George H. Rieke

Summary. This review discusses the properties of protoplanetary disks in the context
of terrestrial planet formation, emphasising the general pattern of planet formation and
evidence for similar patterns of evolution, and also for the diversity of starting points and
hence probable conclusions. In addition, the process of terrestrial planet formation extends
well beyond the protoplanetary stage, and produces disks of debris from the planetesimal
collisions. The observed behaviour of these debris disks can test many hypotheses regarding
the evolution of the Solar System. Debris disks also let us probe many different examples
of how planetary systems generally like ours evolve (there are nearly 150 examples known
within 50pc).

4.1 Overview

Current technology only allows us to study planets in significant numbers under
special circumstances, such as Doppler-shift determinations of the velocity recoil,
or when a planet orbit is aligned so we witness a transit. In comparison, planets
swim in tenuous disks of dust (and early-on, gas) that are relatively easy to detect.
The surface area of finely-divided material in these disks vastly exceeds that of any
planets – an analogy is that it is easier to see paint when it is spread on a wall than
when it is in the can. The dust intercepts energy from the star more efficiently than
a planet can, and thus scatters and reradiates energy in far larger amounts than a
planet could. In the process, it imposes its own signatures on this output. We know
of hundreds of planetary systems through observation of circumstellar disks of dust.
We can learn indirectly about them if we can read these signatures.

The infrared output of circumstellar dust plays a prominent role throughout the
life of a young star. Star formation begins with a dark cloud with a cold (∼ 10K) core
supported against gravitational collapse by some combination of internal pressure,
turbulence, and a magnetic field. If this stability is upset by an externally induced
perturbation, or the magnetic field leaks out of the cloud, collapse toward a star
proceeds quickly. These “Class 0” objects are very cold (a few tens of degrees K)
and dusty. They are optically thick in the visible through mid-infrared, but are
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bright in the far-infrared and submm. They are rare, which implies they persist for
only of order 104 years.

Accretion feeds the central object from the surrounding cloud, causing it to grow
and warm up as the cloud becomes thinner and more transparent. The resulting
“Class I” object consists of a core that will become a star surrounded by a disk
where most of the angular momentum of the system resides. Energy released by
the accretion powers strong emission from the combination of remaining cloud and
optically thick protoplanetary disk, causing the spectral energy distribution (SED)
to rise into the mid-infrared. Conventionally the SED is described in λFλ units1;
the resulting power law slope for a Class I object is > 0 (where, for comparison, a
purely stellar SED would fall roughly as the Rayleigh-Jeans law, λFλ ∼ λ−3). This
stage lasts of order 105 years.

The protoplanetary disk provides raw material for the continuing stellar accre-
tion and for outflows. Dust and gas are processed in the disk, leading to the growth
of planetesimals and gas giant planets. As accretion decreases and the other loss
mechanisms continue to consume the disk, the infrared emission falls. When this
emission has a power law slope (in λFλ) between 0 and -1.5, the object is termed
to be of ”Class II,” a phase that lasts a few million years. At the end of this phase,
the disk material has either been lost or has gathered into rocks, planetesimals, and
planets. As a result, the SED of the system becomes dominated by the star itself,
with Rayleigh-Jeans behaviour. The star is then described as being of ”Class III,”
with a SED that falls at least as fast as λ−1.5 into the mid-infrared. The SED classes
correlate well with more traditional spectral signatures (Padgett et al., 2006); thus,
Class II sources are usually associated with Classical T Tauri stars (CTTS) defined
by strong Hα emission lines indicative of accretion, while Class III properties gen-
erally accompany Weak Line T Tauri stars (WTTS). All of these steps occur well
before the star settles on the main sequence which, depending on mass, requires ∼
10–100 Myr for stars within a factor of two of 1 M�.

If planet formation has been successful through its initial stages in the protoplan-
etary disk, the Class III object will be accompanied by planets and planetesimals.
However, they will be essentially invisible, lost in the glare of the star and with
negligible effect on its SED. The formation and evolution of gas giant planets will
have run its course and nearly all the gas will have left the system. Growth of ter-
restrial planets, asteroids, and analogues to Kuiper Belt objects continues for a few
tens of millions of years. The planetesimals collide vigorously during this period
and continue to do so at a lower rate through the following very long settling-down
period. Cascades of collisions grind the planetesimals down, and the resulting large
numbers of small particles form a debris disk. These particles are warmed by the
star and produce a measurable excess in the mid- and far-infrared (by factors of ∼
1.2 to ∼ 10 or more relative to the stellar photosphere). Because the small particles
are lost relatively quickly, continued collisional activity is necessary to sustain a de-
bris disk. Nonetheless, debris disks can persist for many Gyr and provide evidence
for planetary systems around a broad variety of main sequence stars.

1A source with equal output per logarithmic wavelength interval has constant λFλ.
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4.2 Protoplanetary Disks

4.2.1 Disk Behaviour

A typical cloud core has a velocity gradient across its (nominally ∼ 0.1 pc) diameter
of about 1 km s−1 pc−1, although accurate determinations are difficult because of
turbulence. If this gradient is attributed to rotation, the angular momentum exceeds
that of the Sun by more than a factor of 100,000 (Armitage, 2007). To allow collapse,
the angular momentum is predicted to be deposited into a massive circumstellar disk
(e.g., Terebey et al. (1984); Hogerheijde (2001)).

Stars emerge from this phase surrounded by disks with sizes of 70 to 1000 AU
(e.g., Kitamura et al. (2002); Qi et al. (2003); Semenov et al. (2005); Andrews &
Williams (2007)). Hillenbrand (2002) reviews the evolution of these disks. Initially,
their inner regions (≤ 1AU) are heated by continuing accretion, while the heating in
the outer zones is dominated by absorption of stellar radiation. The energy deposited
by accretion can be estimated from the release of potential energy, showing that it
is dominant at accretion rates larger than about 3 × 10−8 M�/yr. Measured rates
range from well above this value to two orders of magnitude below (Gullbring et al.,
1998). Thus, as the star ages and accretion dies out, the entire disk begins to emit
passively, powered by radiative energy absorbed from the star. During this later
phase, the disks absorb and reradiate in the infrared about 1-10% of the stellar
output2. This ratio of infrared excess to total luminosity is termed the fractional
luminosity of the disk.

Initially, the inner zones of these disks out to a few stellar radii are cleared
by the effects of the magnetic field. Another fixed boundary is set by the radius
within which the dust is destroyed by the radiation field of the star. Because the
inner rim of the region where the dust can survive is directly exposed to the stellar
radiation, it is much hotter than the rest of the disk and may puff up. This effect
is proposed to be dramatic for luminous Herbig Ae stars (where the rim is near
0.5 AU) (Dullemond et al. (2001), but see also Muzerolle et al. (2004)). It is more
subdued for lower mass T Tauri stars (where the rim is within 0.1 AU: Muzerolle et
al. (2003)). Terrestrial planets cannot form in these inner cleared regions, and the
temperatures are too high for gaseous planets.

Outside this inner rim, the stellar energy is absorbed in the outer layers of the
optically thick disk; half is promptly radiated away into space and the other half is
radiated inward to heat the interior of the disk. Models combining both radiative
transfer and hydrostatic equilibrium in the disk interior show that the disk flares
at increasing distances from the star, such that it absorbs more energy than would
be the case for a flat disk (Kenyon & Hartmann, 1987; Chiang & Goldreich, 1997).
Scattered light images of young disks confirm that they have significant depth and,
in favourable cases, show the flaring (e.g., Burrows et al. (1996); Stapelfeldt et al.
(1998); Padgett et al. (1999)), see Fig. 4.1. Analysis of the scattered light images

2Although the role of protoplanetary disks in young stellar infrared excesses now seems
obvious, it took more than a decade after the first infrared detections for this explanation
to be proposed (Grasdalen et al., 1984; Beall, 1987)
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Fig. 4.1. Image of protoplanetary disk HH30 (Burrows et al., 1996). The edge-on disk
occults the star to act as a natural coronagraph and allow detailed structures to be seen
in both the disk and the jets.

can provide constraints on the disk inclination, the wavelength-dependent opacity
(and hence can search for evidence of grain growth), and the scale height of the disk.
Flaring can be measured directly by analysis of the dark, obscured lane. Further
discussion can be found in the reviews by Dullemond et al. (2007) and Armitage
(2007).

From this state, protoplanetary disks clear progressively to larger radii as the
system evolves. There are a variety of dispersal mechanisms, such as photoevapo-
ration, grain growth, accretion onto planetesimals, and ejection from the system.
Clearing times for the inner disks (order of 1 AU) in these systems are typically 3
Myr (Haisch et al., 2001). Spitzer observations provide good statistics to track this
behaviour out to its final stages. Lada et al. (2006) find 30 ± 4% optically thick
disks (indicated by excesses at 5.8 and 8μm) in the 2–3 Myr old IC 348 cluster.
Hernandez et al. (2007) report that about 35% of the roughly solar-mass members
of the 3 Myr old σ Ori cluster have excesses at 5.8 and 8μm (see also Oliveira et
al. (2006)). Dahm & Hillenbrand (2007) find 7 ± 2% optically thick disks left in
NGC 2362 at 5 Myr. Currie et al. (2007a) find in h and χ Per at 13 Myr that no
more than half this many stars still have excesses at both 5.8 and 8 μme. Gorlova
et al. (2007) find an upper limit of about 1% for disks emitting at 5.8 and 8μm
in NGC 2547 at 25 Myr. For additional examples, see Sicilia-Aguilar et al. (2006)
and Bonatto et al. (2006), but note Megeath et al. (2005) and Haisch et al. (2005);
Hillenbrand (2005) reviews observations of disk dispersal.

Snapshots of the evolution of young disks are provided by images in scattered
light, both with HST and from the ground. Because such observations are limited
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Fig. 4.2. Scattered light image of the disk around the 5 Myr old star HD 141569A
(Clampin et al., 2003). The left panel is the HST/ACS image; the star has been occulted
by the instrument coronagraph. In the right image, the disk is viewed as if face-on to
show the structure in more detail (the image has also been filtered to remove diffraction
artifacts). The structures in the disk may arise from planets, or from interactions with
passing stars, or a combination.

in surface brightness sensitivity, they have been successful primarily on the rela-
tively dense disks that are emerging from the protoplanetary stage. Among other
examples, images have been obtained for T Tauri stars such as GG Tau and UY
Aur (Krist et al., 2005; Close et al., 1998), pre-main-sequence stars such as TW
Hya (Roberge et al. (2005) and references therein), and very young more massive
stars such as HD 141569A (see Fig. 4.2) and AB Aur (Ardila et al. (2005); Mariñas
et al. (2006)). The number of imaged systems is now adequate to support a vigor-
ous field of comparative anatomy and physical analysis of the dynamics of young
disks. It is often found that they have marked asymmetries and complex structures
possibly associated with gravitational instabilities, either within the disk or due to
perturbations by passing stars. This subject is reviewed by Watson et al. (2007).

Despite the trend of clearing from the inner to the outer regions, the dense outer
disk zones also disperse rapidly: Andrews & Williams (2005) report that only 10%
of young stars have evidence for a cold and dense outer disk in submm emission
yet do not have near-infrared excesses indicative of material in the ∼ 1 AU zone.
They also tentatively conclude that the dense outer disks dissipate on a ∼ 6 Myr
time scale, as predicted by some models of disk photoevaporation (Alexander et al.,
2006a,b).These trends also depend on stellar mass, with disks disappearing more
rapidly around stars significantly more massive than the Sun (Carpenter et al.,
2006; Hernandez et al., 2007; Dahm & Hillenbrand, 2007; Currie et al., 2007a).

The amount of raw material in protoplanetary disks can be determined by mea-
surements in the submillimetre. There, the disks are generally optically thin and
the emission is in the Rayleigh-Jeans regime, so the flux density and disk mass
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Fig. 4.3. Cumulative distribution of disk masses, from Andrews & Williams (2005). The
best fitting log-normal distributions are shown as dashed lines. The best estimate of the
intrinsic distribution is the fit for the full sample, including upper limits in the fit.

are directly proportional (Hildebrand, 1983). Andrews & Williams (2005) report
submillimetre measurements of 153 young stellar objects. The data are fitted by a
lognormal distribution with a mean value of 3 × 10−3 M� and a variance of 1.31
dex, i.e. there is a very broad range of masses (see Fig. 4.3). This result is reinforced
by a study of 336 stars in the Orion Trapezium region (Eisner & Carpenter, 2006).
Although less than 10% of the systems were detected directly, stacking the data
yielded an estimate of 5 × 10−3 M� for the average disk mass. The wide range of
disk mass for a narrow range of stellar mass indicates that there must be important
variables in disk formation such as the residual angular momentum of the collaps-
ing cold cloud core. As a result, there is little reason to expect planetary system
formation to have a strong dependence on stellar type.

The conditions that might lead to a planetary system similar to ours make an
interesting benchmark. The minimum mass of the solar protoplanetary disk can be
derived by taking each planet and adding to its mass sufficient material to represent
the solar composition (Weidenschilling, 1977; Hayashi, 1981). Thus, a substantial
mass must be added for each terrestrial planet to account for the missing hydrogen
and helium, while for Jupiter and Saturn the correction is small. The resulting mass
surface density is roughly

Σ = 1000
( r

AU

)−1.5
g cm−2 (4.1)

from about 0.7 to 30 AU. From integrating this profile, the minimum mass required
to form the planets is about 0.01 M�. Based on the submm emission, Andrews &
Williams (2005) found that only 37% of the disks exceed the minimum mass required
for the planets in the Solar System; in agreement, Eisner & Carpenter (2006) found
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an average disk mass slightly below this minimum mass. These estimates are subject
to significant systematic errors (largely because of uncertainties in the grain optical
constants due to grain growth in the disk environment (Andrews & Williams, 2007)).
However, due to the inefficiencies in planet formation, it is also likely that the Solar
System started with a substantially more massive disk than the minimum possible.
It appears likely that a substantial fraction of stars do not have disks massive enough
to replicate our Solar System.

The evolution of the innermost parts of disks is generally correlated with the
accretion rates onto their stars. About 80% of binary pairs are either both CTTS
or both WTTS (e.g., Hartigan et al. (1994); Prato & Simon (1997); Duchêne et
al. (1999); Hartigan & Kenyon (2003)), showing that the inner disks of both stars
have evolved at similar rates. However, disk structures are seen to vary at a given
age due to variations in the clearing time of the ∼ 1 AU disk zones prominent in
the mid-infrared (Hernandez et al. (2007) and references therein). Variations in the
infrared characteristics of very young binary pairs are also common (Haisch et al.,
2006). Much of the variety may result from the range of initial disk properties, as
is apparent from the range of masses. Another contributor may be that the transi-
tion in disk properties occurs rapidly and therefore may not synchronise precisely
with emission line properties. In addition, a small number of systems appear to re-
tain warm, primordial dust for perhaps 10 Myr, significantly longer than is typical
(Silverstone et al., 2006).

In conclusion, there is a well-defined overall pattern of protoplanetary disk char-
acteristics. However, equally striking is the wide range of starting conditions, e.g.
disk masses, along with some variation in evolutionary time scales. These differences
presumably translate into a wide range of properties for the planetary systems that
develop within these disks.

4.2.2 Terrestrial Planet Formation

The steps that lead to the formation of planets in protoplanetary disks are poorly
accessed by observation and hence are largely the province of theory. They are
reviewed by Chambers (2004) and Nagasawa et al. (2007). Gas-rich giant planets
must form very early on, well before the 3Myr time scale for disk dissipation and the
accompanying escape of most of the gas from the system. These steps are described
in the chapter by Hugh Jones et al. elsewhere in this volume. However, it is believed
that terrestrial planets have a much longer incubation period, which we describe
here.

We start with a dense, gas-rich disk. The pressure of the warm gas inflates
and supports the disk in the vertical direction. The gas pressure decreases with
distance from the star, producing a net outward force that causes the gas to orbit
the star slightly more slowly than the Keplerian velocity appropriate for individual
solid objects. The dust grains are also slowed through interactions with the gas.
However, the dust grains are not well coupled to the gas pressure, and they migrate
toward the mid-plane of the disk by the effects of the vertical component of the
gravity of the star and viscous dissipation in the disk (for detailed modelling, see
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Garaud & Lin (2004)). As a result, the dust-to-gas ratio increases along the mid-
plane. Consequently, near the mid-plane the dust grains dominate the rotational
dynamics and the gas is pulled along with them close to the Keplerian velocity. The
result of the differing gas velocities within the disk is turbulence that supports and
thickens the dust-rich central layer.

A possible path to planets is for dust grains to stick together and gradually
aggregate into larger bodies. Numerical simulations indicate that colliding micron-
sized grains have a high probability of sticking (Dominik & Tielens, 1997), a con-
clusion that is confirmed by experiment (Poppe et al., 2000a). This tendency can be
further enhanced by electrostatic attraction, enabled by charge exchange between
grains and the production of electrical dipoles (Poppe et al., 2000b; Marshall et al.,
2005). The overall process of grain agglomeration can be quite complex, depending
on the relative masses and energies of collision of the two input grains. Dominik et
al. (2007) provide a review.

The next steps are poorly understood. Meter-sized boulders are large enough
such that their motions will be very close to Keplerian orbits, so they will move
through the gas and experience a headwind. Small particles in the gas will be
brought to the surfaces of the boulders continuously. If the collisional velocities are
too high, an erosion of the surfaces analogous to sand blasting will occur, but if
the velocities are low there is a high probability the grains will stick and cause the
boulders to grow. In addition, the boulders will lose orbital energy to the headwind
and spiral in toward the star, eventually evaporating. The smaller boulders may
have to grow rapidly to survive, since the gas headwind becomes more effective
with the decreasing volume to surface area ratio of smaller objects.

The difficulties in gradual growth while avoiding spiralling inward too close to
the star can be circumvented by another growth mode. The dust-rich layer may
become sufficiently dense that local gravitational instabilities cause rapid collapse
into solid bodies up to a few kilometres in size (e.g., Haghighipour & Boss (2003);
Rice et al. (2004); Tanga et al. (2004); Boss (2005)). However, full treatment of this
possibility is quite complex and therefore the conclusions are uncertain (Boley et
al., 2006).

By either route, eventually, objects are built up to a few kilometres in diameter.
Models indicate that most collisions between such bodies will lead to further accre-
tion (e.g., Benz & Asphaug (1999); Leinhardt et al. (2000)). The collisional rates
are enhanced by the tendency of gravitational interactions to reduce the relative
velocities of large bodies. At the same time, gas drag tends to make the orbits more
circular, decreasing the relative velocities and increasing the probability for accre-
tion in encounters. The growth process favours the emergence of a small number of
relatively large objects, termed planetary embryos. Eventually, these bodies grow to
two orders of magnitude more mass than a typical planetesimal, and their gravita-
tional effects rather than collective ones start to dominate the behaviour. The result
is a period of oligarchic growth (Leinhardt et al., 2000). Planet embryos continue to
grow, but at a rate regulated by feedback from gravitational effects: as an embryo
grows overly massive, it perturbs nearby planetesimals in ways that increase the
violence of any collisions and thus slow the growth. As a result, each embryo has a
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Fig. 4.4. Outcome of an N-body simulation of planet formation, from Chambers (2001).
In the first panel, the figure shows the orbital eccentricities and semi-major axes for 153
equal-mass embryo planets, and it then follows their merging and growth with time. The
size of the symbols is proportional to the size of the objects.

zone of influence, called a feeding zone, of width of order 0.01 AU (but proportional
to the embryo mass), and within which it consumes most planetesimals. Over a
period of about 1 Myr, the number of planetesimals dwindles to the point where
the feedback is no longer effective and the growth stalls (e.g., Weidenschilling et al.
(1997)). However, with the feedback turned off, gravitational interactions among
the embryos (Kenyon & Bromley, 2006) or larger-scale perturbations due to the
effects of residual gas in the system (Nagasawa et al., 2005) cause the embryos to
stray from their feeding zones and interact. They grow into a small number of truly
planet-sized objects (but not without setbacks due to inopportune collisions: Ag-
nor & Asphaug (2004)). The final stages have been modelled by Chambers (2001),
showing end points that are reasonably similar in overall characteristics to the Solar
System. Figure 4.4 shows an example.

4.3 Debris Disks

Even after the protoplanetary disk has faded away, terrestrial planet formation
continues to be marked by collisions, which produce debris particles. These particles
are heated by the star and can be detected as an excess of infrared output above
the level of the stellar photosphere. However, these particles are lost quickly due to
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non-gravitational forces, resulting either in their being ejected from the system or
spiralling into the star. As a result, maintaining debris disks requires that there be
continuing collisions among larger bodies to replenish the particles. Such collisions
continue for a long time after a planetary system has formed and stabilised. For
example, within the Solar System, collisional debris continues to be produced in the
asteroid and the Kuiper belts. The characteristics of the resulting debris systems
provide a measure of the evolution of planetary systems into the Gyr age range.
In fact, debris disks are at present virtually the only way to probe events in large
numbers of planetary systems outside the zones (within a few AU) that we can
study through Doppler recoil and planetary transit measurements.

4.3.1 Debris in the Solar System

The behaviour of debris in the Solar System gives us a foundation to compare
with other systems. From the crater record on the Moon and other arguments, we
know that giant impacts occurred frequently over the first 100Myr (Canup, 2004).
A catastrophic collision of this type led to the birth of the Moon. It must also have
produced a huge cloud of debris that escaped from the Earth-Moon system, to orbit
the Sun. Other collisions continued over the entire period when the terrestrial plan-
ets were forming and evolving toward their current form, as described by Chambers
(2004). This process was punctuated by the Late Heavy Bombardment about 700
Myr after the formation of the Sun (Gomes et al., 2005). Throughout, there would
have been a continuous production of debris, probably with large spikes in grain
production whenever a particularly large collision occurred.

Although – thank goodness – the violent era in the Solar System is largely
behind us, it has not stopped altogether. Gravitational stirring by Jupiter keeps
the asteroid belt in a mild state of turmoil, and major collisions occurred there 5
and 8 million years ago. Despite the passage of time, these events account for up to
30% of the dust currently orbiting in the inner Solar System (Nesvorný et al., 2002,
2003). Detailed modelling of the surface area of dust in the system (Grogan et al.,
2001) shows that such events are unexceptional. The inner edge of the Kuiper Belt
is maintained by the gravitational action of the giant planets, particularly Neptune
(Liou & Zook, 1999). Gravity also stirs the Kuiper Belt to produce collisions that
replenish the small-sized debris there (Brown et al., 2007).

By now, the level of debris generation in the Solar System has declined to very
low levels. The excess emission associated with the asteroid belt is no more than
10−7 of the solar luminosity (Backman et al., 1995). One of the biggest discoveries
with the IRAS mission was that a number of nearby stars have excess emission at
fractional luminosities of ∼ 10−4 (Aumann et al., 1984), that is, three orders of
magnitude greater than the estimates for the Solar System. Most of these systems
have radii of roughly 100 AU and therefore corresponded to the Kuiper Belt, which
had not yet been discovered at the time of IRAS.
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4.3.2 Theoretical Background

The general behaviour of debris disks is discussed by Backman & Paresce (1993)
and Dominik & Decin (2003). The motions of grains larger than 100μm (for an
A star) are dominated by gravity and follow nearly Keplerian orbits. When they
collide, the fragmentation products act as projectiles to shatter additional particles
and (for the large ones) planetesimals and create more debris. The products of the
resulting collisional cascades follow a size distribution proportional to a−3.5, where
a represents the object radii (Dohnanyi, 1969). Debris is removed when it has been
ground down to a fine level. Blowout occurs when the ratio of photon pressure to
gravitational force on a grain,

βa = 0.57Qa
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)−1 (
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exceeds 0.5 (Burns et al., 1979). In this equation, L and M are the stellar luminosity
and mass, δ is the density of the grain material, and Qa

pr is the radiation pressure
efficiency averaged over the stellar spectrum. Very small grains are blown away
in this way very quickly, on a time scale of thousands of years. In dilute disks,
collisions may not occur rapidly enough to grind the grains down very quickly to
the photon-pressure-loss size range. In that case, Poynting-Robertson drag – the
effect of photons being absorbed preferentially from the forward direction in the
frame of an orbiting particle – can cause loss of orbital energy, leading to spiralling
into the star. For a grain at distance r from a star, the timescale for this process is
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and can be thousands (e.g., for a 1μm particle 1 AU from the Sun) to millions of
years. However, in the dense disk zones that are bright in the infrared, the grains
are reduced in size by collisions sufficiently quickly that they are ultimately expelled
by photon pressure. If the particle loss mechanism depends on mutual particle in-
teractions such as collisional cascades, the number of grains and fractional excess
luminosity will decay as t−1 where t is time, while if the loss is independent of
mutual interactions such as P-R drag, the fractional luminosity will decay as t−2

(Dominik & Decin, 2003).
It is implicit in analytic treatments that the debris evolve in a smooth and con-

tinuous fashion. Numerical simulations can introduce other processes. Large plan-
ets can carve out broad gaps in a disk of debris, and in doing so may sling many
asteroid-sized objects as well as debris out of the plane of the system and possibly
into escape orbits (e.g., Moro-Mart́ın & Malhotra (2005) and references therein).
Also, collisions of large bodies can generate enhanced grain populations for a period
of time (e.g., Kenyon & Bromley (2004); Grigorieva et al. (2007)).

4.3.3 Evolution

IRAS and ISO were used to show that, even at the relatively high level of ∼ 10−4

fractional luminosity, debris disks occur frequently (a general summary of debris
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disk studies after the completion of these two missions can be found in Caroff et
al. (2004)). Initial efforts were made with these data to trace the time evolution
of debris production (e.g., Habing et al. (2001); Spangler et al. (2001)). A major
advance with Spitzer is that debris disks can be detected in sufficient numbers and
in complete samples, so the evolution of debris generation can be traced accurately.
Strong excesses, suggesting active terrestrial planet building (and destruction) are
common around young stars, less than 100 Myr in age (Rieke et al., 2005; Chen
et al., 2005). A-type stars are attractive targets to track disk evolution beyond
this initial stage both because of their high luminosity and because their main
sequence lifetimes span the key period of disk evolution (discovered after the fact,
of course). They have been studied most extensively at 24 μm, which tracks the
roughly terrestrial planet zone. At this wavelength, they show an envelope to the
infrared excess that decays roughly as t−1 (Rieke et al., 2005; Su et al., 2006; Rhee
et al., 2007), with a characteristic time of about 150 Myr: see Fig. 4.5. However,
as many as half of the sample have no detectable excess, even at the youngest age
range (5 to 20 Myr) (Rieke et al., 2005). The behaviour at 70μm appears to be
similar in both regards (Su et al., 2006), except that the decay of the excesses is
much slower (but still consistent with t−1).

The broad range of excesses around young stars can be explained consistently
as arising from the broad range of protoplanetary disk mass apparent from submm
observations (Wyatt et al., 2007a) (see Fig. 4.5). That is, to first order, the fate of a
planetary system as measured by its debris content is probably determined by the
mass of its protoplanetary disk. Given this conclusion, the upper envelope of the
excesses should be a true indication of the time dependence of their decay (since it
traces the most massive systems at each age). Thus, the inverse time dependence is a
confirmation of the theoretical prediction for collisional cascade generation of debris.
The difference in decay rates at 24 and 70 μm shows that planetary systems evolve
from the inside outward, that is, collisional activity dies down in the terrestrial
planet zone more quickly than in the Kuiper Belt one.

About 17% of the stars more than 1 Gyr in age have significant 70μm excesses
(Trilling et al., 2007a). The persistence of debris systems indicates that the t−1

decay must slow substantially beyond 1 Gyr. Kim et al. (2005) and Bryden et al.
(2006) make two different types of comparison of external debris systems with the
Solar System, and each concludes that the Kuiper Belt is likely to have a far infrared
output within the distribution of that from similar stars. COBE data have been used
to place an upper limit of 10−6 for the fractional luminosity of the Kuiper Belt in
the far infrared (Backman et al., 1995), so our system would fall slightly below the
current detection limits for exo-solar systems at ∼ 10−5 fractional luminosity. That
is, the detected systems represent the bright end of a distribution that includes the
behaviour of the Solar System.
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Fig. 4.5. Evolution of 24 μm excesses of A stars with time, after Wyatt et al. (2007a). The
figure shows the ratio of measured 24 μm flux density to the predicted level for the stellar
photosphere alone; therefore, a ratio of 1 indicates no excess. The large dots are measured
values, from Rieke et al. (2005). The small dots are from a model that assumes the vari-
ation in excess goes as the disk masses deduced from submm measurements (Andrews &
Williams, 2005; Wyatt et al., 2007a). Two milestones in the formation of the Solar System
are indicated to put the evolution into perspective.

4.3.4 Spectral Energy Distributions

The SEDs of the great majority of debris disks are remarkably similar, with shapes
indicating that the material is at a temperature of about 70K. The SEDs encode
the disk structure, since the equilibrium temperature of a grain is given by

R2
∗

r2

∫
Qa

ab (λ) B (T∗, λ) dλ = 4
∫

Qa
ab (λ) B (Tg, λ) dλ. (4.4)

Here, B(T, λ) is the blackbody function for temperature T and at wavelength λ,
Qa

ab (λ) is the grain absorption coefficient at λ, T∗ and Tg are the temperatures of
the star and grain, respectively, R∗ is the stellar radius, and r is the distance of the
grain from the star. The left side of this equation represents the energy absorbed
by the grain from the star, and the right side that emitted by the grain. Applying
this equation, the SEDs of the vast majority of debris disks indicate that the grain
population is at tens to a couple of hundred AU from the star (depending on type).
In fact, for stars of roughly solar type (late F to early K), Spitzer SEDs generally
indicate little detectable debris emission at wavelengths short of 25μm (Kim et
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al., 2005; Beichman et al., 2005), showing that these rings of debris are usually
terminated at their inner edges with little material inside. The limits on the mass
of interior material are very strong because at the higher equilibrium temperature
for such grains they would be easily detectable. The most likely explanation for
these inner clearings is the presence of massive planets (e.g., Liou & Zook (1999);
Moro-Mart́ın & Malhotra (2005)).

However, it is difficult to draw more specific conclusions from photometric-
resolution SEDs, since a variety of models can be made consistent with the sparsely
spaced measurements (Moro-Mart́ın et al. (2005); see also Su et al. (2006)). Typ-
ically, a power law disk density behaviour similar to eq. 4.1 is assumed (but with
alternative choices for the spectral index). This degeneracy of SED models is a sig-
nificant obstacle to making further progress in understanding debris disk structure
on a broad basis (Moro-Mart́ın et al., 2005).

In general, the spectra of debris disks are featureless (Beichman et al., 2005;
Chen et al., 2006), indicating that the particles are large enough to be optically
thick (i.e., of order 10μm or more). However, there are exceptions. The strong
crystalline features in the 10–35μm spectrum of HD 69830 show its excess is due
almost entirely to a large population of extremely tiny, crystalline grains with very
short lifetimes against loss or destruction (Beichman et al., 2006). Their presence in
such numbers requires that they have been generated recently as part of a transient
phenomenon such as a super-comet being deflected into an orbit approaching the
star, or a collision in an asteroid belt more than an order of magnitude more densely
populated than ours (Beichman et al., 2006). The discovery of a complex planetary
system around this star, with three Neptune-mass members (Lovis et al., 2006),
may help account for the peculiarities of its debris system. Song et al. (2005) have
found similar properties in the infrared excess of BD +20.307, and they conclude
that this star must also have its debris system dominated by a recent large collision.

A minority of systems also have very different SEDs, with strong excesses at
24 μm. The infrared outputs of many of these systems are likely to be dominated by
recent massive collisions or other transient events. The best-studied example, ζ Lep,
has its debris concentrated within 3AU of the star (Chen & Jura, 2001; Moerchen
et al., 2007). Wyatt et al. (2007a) conclude that its peculiar characteristics may
well stem from a recent planetesimal collision. Wyatt et al. (2007b) show that, in
addition to ζ Lep, HD 69830 and BD +20.307, the hot dust around η Corvi and
HD 72905 indicates the presence of planetesimals recently scattered inward from an
outer belt of such bodies.

Objects with extreme excesses are also found in young clusters: up to eight in
h and χ Per at 13 Myr (Currie et al., 2007b); one or two in NGC 2547 at 25 Myr
(Gorlova et al., 2007); and one in M47 at 100 Myr (Gorlova et al., 2004). A plausible
explanation is that they represent collisions of very large bodies, perhaps analogous
to the collision that formed our Moon.
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4.3.5 Imaging

Sample images of debris disks in the submillimetre can be found in Holland et al.
(1998, 2003): Vega, Fomalhaut, β Pic, Wilner et al. (2002): Vega, Greaves et al.
(2004): τ Ceti, Greaves et al. (2005): ε Eri, and Marsh et al. (2006): Vega. The
images uniformly show prominent rings of material about 100 AU from the stars.
These rings, analogous to the Kuiper Belt, are presumably where most of the mass
in the debris system lies. In some cases, structures in the submm rings have been
attributed to interactions with massive planets (e.g., Wilner et al. (2002); Marsh et
al. (2006)). In comparison, infrared images can show a variety of structures, some
of which represent smaller particles derived from those in the rings and that move
to different zones under nongravitational forces.

Four nearby stars of ages only about 10 Myr have spectacular debris disks. β Pic
is the best studied and, at ∼ 19pc, the closest (Telesco et al. (2005); Golimowski
et al. (2006) and references therein). HR 4796A and 49 Cet resemble β Pic but are
about four times more distant (Wahhaj et al. (2005) and Wahhaj et al. (2007) and
references therein). All three are characterised by huge excesses already at 24 μm,
clearly the products of intense terrestrial planet building (and destruction). AU Mic
((Metchev et al., 2005) and references therein) is at similar distance as β Pic, but has
a low mass central star (M1V as opposed to A-type stars for the other three). These
systems let us probe additional aspects of planet building such as the detection of
probable comets falling into β Pic (Karmann et al. (2003) and references therein),
and the large number of grains below the blowout size that are being lost from
the system (Krivov et al., 2000). There is substantial structure in the β Pic disk
(Okamoto et al., 2004; Telesco et al., 2005), as well as ring-like structures in other
young disks (see, e.g., Fig. 4.2), all of which are most logically explained as arising
in part from the influence of massive planets through orbital resonant interactions
with the disk particles (Ardila et al., 2005; Freistetter et al., 2007; Krivov et al.,
2007).

The best images of mature debris disks (older than 30 Myr) obtained with
Spitzer are of Fomalhaut (Fig. 4.6), Vega (Fig. 4.7), and ε Eridani. The variety of
behaviour is a warning against relying on general application of the SED models
described in the preceding section. Fomalhaut does indeed behave as expected, with
a circumstellar ring inclined to the line of sight and of radius ∼ 140 AU, prominent
at 70μm and through the submm. The ring is filled in at 24μm by dilute, warm dust
(Staplefeldt et al., 2004). ε Eridani shows a 65 AU ring in the submm (Greaves et al.,
2005), but the ring is already filled at 70μm (D. Backman, private communication).
However, the Vega image is astounding (Fig. 4.7). Debris in the nearly perfectly
face-on disk can be traced to a radius of nearly 1000AU at 70μm. Su et al. (2005)
fit the characteristics of the system by appealing to small grains (∼ 10 microns in
size) that are being ejected by photon pressure. As with HD 69830 and the other
systems bright at 24 μm, the loss rate for these grains is so high that it is implausible
that the Vega system has always had its current appearance. Su et al.’s fits to the
images indicate that the grains originate in a Keplerian ring of objects detected in
the submm at a radius of about 90 AU, where they suggest a large collision has
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Fig. 4.6. Images of the Fomalhaut disk at different wavelengths. Left, 450 μm, beam 7.5”,
from Holland et al. (2003). Center left, 70 μm, beam 18”; center right 24 μm, beam 6”,
from Staplefeldt et al. (2004). Right, 0.8 μm, beam 0.07”, from Kalas et al. (2005). The
figure is approximately 70” high.

Fig. 4.7. Images of the Vega disk at different wavelengths. Left, 450 μm image of Fomal-
haut to the same physical scale. Center left, 350 μm, beam 11”, from Marsh et al. (2006).
Center right 70 μm, beam 18”; right, 24 μm, beam 6”, from Su et al. (2005). The figure is
approximately 3′ in height.

taken place on the order of a million years ago, setting up the collisional cascade
that is responsible for the small grains.

Mature debris disks are difficult to image in scattered light because their surface
brightness is generally too low. Fomalhaut is a dramatic exception (Kalas et al.,
2005). The HST image reveals a ring that is about 25 AU wide and has a sharp
inner edge at a radius from the star of 133 AU (Fig. 4.6). The ring center is offset
by 15 AU from the position of the star, a configuration that probably can only
be maintained by interaction with a massive planet. The planet presumably also
is responsible for the sharp inner edge, either through gravitational resonances or
through ejection of material (Kalas et al., 2005). Comparison of the scattered light
image with the thermally radiated one from Spitzer (Staplefeldt et al., 2004) shows
two interesting effects. First, the asymmetry in the Spitzer images of the ring at 24
and 70μm is likely due to the greater heating closer to the star due to the 15 AU
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ring offset. Second, the grains responsible for the central peak in the 24μm image,
the asteroidal/zodiacal component of the system, are invisible in scattered light,
presumably because the grain population there is very tenuous.

4.3.6 Dependence on Stellar Mass, Metallicity, and Presence of
Companions

The detection rate for excesses around A stars is higher than that around solar-like
stars. However, much of the difference appears to result from the lower average age
of the A stars (with main sequence lifetimes of ∼ 800 Myr) than for solar-like ones
(lifetimes ∼ 10 Gyr). Gorlova et al. (2006) and Siegler et al. (2007) show that the
incidence of debris disks around young solar-like stars is remarkably similar to that
around A stars of similar age. Within the Gyr age range, the incidence of debris
disks also appears to be independent of stellar type and mass to first order, except
for the lower incidence around M type stars (Trilling et al., 2007a). There have
been suggestions that debris might be absent in the latter stellar type due to the
effects of winds in expelling particles (Plavchan et al., 2005). To date, no mature M
stars have been found to have excesses (Gautier et al., 2007), but the sample is not
yet large enough to prove the wind hypothesis definitively. Thus, with the possible
exception of the lowest mass range, there appears to be no strong dependence of
debris disk behaviour on stellar mass.

Bryden et al. (2006) find no correlation of debris disk incidence with stellar
metallicity, a surprising result given the strong correlation of metallicity with the
presence of Doppler-recoil-detected planets (Fischer & Valenti, 2005). Moro-Mart́ın
et al. (2007) find no correlation of excess incidence with the presence of such planets,
but Bryden et al. (2007) find some evidence for such a correlation after allowance
for observational selection effects. Trilling et al. (2007b) find tentative evidence that
the frequency of infrared excesses increases in close binary systems compared with
single stars, a result that is perhaps related to the behaviour with massive planets.
Thus, planetesimal formation is not inhibited in multiple systems, and collisional
activity may be enhanced when the system components are both of substantial
mass.

4.4 Conclusion

We have a general understanding of the initial collapse of cold cloud cores into young
stars with protoplanetary disks, and how these disks evolve, largely constrained by
observation. How planets form in these disks is the realm of theory. The timescales
have to be short to reach a system with giant gas planets already in place. Terrestrial
planets are thought to form through a series of stages, some of which are poorly
understood. However, after a few tens of millions of years, there is general agreement
between numerical simulations and observations that fully formed planetary systems
are in place and the gas-rich disks have been completely dispersed.
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The final stages of planet formation and evolution produce second-generation
disks of dusty debris from collisions. Observations of them show behaviour that is
generally analogous to our understanding of the evolution of the Solar System over
its first few hundred million years. These steps include the initial decay from a very
high level of collisional activity, a significant level of activity out to the time of
the Late Heavy Bombardment, and eventual separation of asteroidal and Kuiper
Belt zones. However, since we can study hundreds of debris disk systems, we are
also beginning to explore the large variations on this overall theme, such as large
collisional events at various times that dominate the dust production for a number
of millions of years.

We have only been aware of protoplanetary and debris disks for about 30 years.
They are very active areas of research that will provide unique insights to the overall
process of planet formation and evolution, which are recognised as major themes
both of research and broader human inquiry. Fortunately, a number of powerful new
capabilities will continue the rapid advance in these areas over the next decade.
Herschel will provide new observations of the cold outer regions of these disks and
will take spectra that should reveal the chemistry and how it changes from the stages
of cold cloud core through the final escape of gas from protoplanetary disks. Large
groundbased optical/infrared telescopes will provide diffraction-limited images of
protoplanetary disks, at resolutions on the order of 1 AU. Submillimetre arrays,
especially ALMA, will yield high resolution images of the cold disk components and
will also study gas features with sufficient spectral (and thus velocity) resolution to
place them within the disk structure. JWST will let us image the terrestrial planet
zones in many debris disks, as well as exploring gas chemistry in the mid-infrared
where there are strong transitions of many molecules that play essential roles in the
possible formation of life. Additional powerful observatories are under discussion
that would keep this area advancing dramatically for many more years.
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in debris disks, A&A, 462, 199

Lada, C. J. et al 2006, Spitzer observations of IC 348: The disk population at 2–3
Million years, AJ, 131, 1574



4 Protoplanetary and Debris Disks 111

Leinhardt, Z. M., D. C. Richardson, & T. Quinn 2000, Direct N-body simulations
of rubble pile collisions, Icarus, 146, 133

Liou, J.-C. & H. A. Zook 1999, Signatures of the giant planets imprinted on the
Edgeworth-Kuiper Belt dust disk, AJ, 118, 580, recommended for a discus-
sion of planetary disk clearing

Lovis, C. et al 2006, An extrasolar planetary system with three Neptune-mass plan-
ets, Nature, 441, 305
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5 The Brown Dwarf – Exoplanet Connection

I. Neill Reid and Stanimir A. Metchev

Summary. Brown dwarfs form like stars but, with masses below 0.075 solar masses, or
1.5 × 1029 kg, they fail to ignite core hydrogen fusion. Lacking a central energy source,
they cool and fade on timescales that are rapid by astronomical standards. Consequently,
the observed characteristics of old, cold brown dwarfs provide insight into the expected
properties of gas-giant exoplanets. This review focuses on brown dwarfs as companions
to main-sequence and evolved stars. Following a brief historical introduction, we consider
the different techniques used to identify very low mass companions of stars and discuss
the advantages and challenges associated with each method. We summarise results from
observational programs, particularly those regarding companion frequency as a function of
mass and separation, including discussion of the so-called ‘brown dwarf desert’. We consider
the implications of those results for brown dwarf and planetary formation mechanisms.
Finally, we outline future surveys for low mass companions, particularly direct imaging
programs that will have sufficient sensitivity to detect objects of planetary mass.

5.1 Introduction

The existence of brown dwarfs was first hypothesised 45 years ago, when Kumar
(1963) pointed out that hydrogen degeneracy halts the collapse of low-mass objects
before their cores reach the critical temperature (Tcrit ∼ 3×107 K) for self-sustaining
hydrogen fusion. Originally called ”black dwarfs”, the term ”brown dwarf” was
introduced by Tarter (1976), but it remained a definition looking for an example
for another two decades. Throughout the 1980s, a variety of survey programs were
initiated, probing to increasingly lower luminosities, lower masses and, since brown
dwarfs are cool, to longer wavelengths. Those programs turned up a number of
candidates: VB8B (McCarthy, Probst & Low, 1986), which proved to be an optical
artefact (Perrier & Marriotti, 1987); G29-38B (Zuckerman & Backlin, 1987), which
proved to be circumstellar dust (Greenstein, 1988); HD 114762B (Latham et al,
1989), a confirmed radial velocity companion, whose mass has oscillated depending
on the assumed orbital inclination; and GD 165B (Becklin & Zuckerman, 1988), a
resolved companion of a white dwarf with extremely red colours and an unusual
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spectrum. However, while the last two candidates were undoubtedly real, neither
could marshal irrefutable evidence that the mass is substellar.

The key turning point in brown dwarf astronomy came with the identification
of Gl 229B, a very low luminosity companion to an early-type M dwarf within 6
parsecs of the Sun (Nakajima et al, 1995). Not only is Gl 229B ten magnitudes
fainter than the primary star at 2.2μm, but its spectrum is radically different from
any previously known star-like object, with strong bands of methane absorption,
reminiscent of the Solar System gas giants (Oppenheimer et al, 1995). Those features
clearly demonstrated that Gl 229B has an effective temperature less than ∼ 1200K,
well below that of any hydrogen-burning star. Thus, the detection of Gl 229B was
the first unambiguous identification of a sub-stellar mass brown dwarf1.

The decade since the coronation of Gl 229B has seen an avalanche of discoveries,
most made through photometric searches using either the 2-Micron All-Sly Survey
(2MASS: Kirkpatrick et al, 1999; Burgasser et al, 2001; Cruz et al, 2006) or the
deep, optical/far-red Sloan Digitial Sky Survey (SDSS: Geballe et al, 2002). Those
discoveries have led to the definition of two new spectral classes, L dwarfs (like GD
165B) and T dwarfs (like Gl 229B), with temperatures from ∼ 2100K to ∼ 700K. The
lower extreme of this temperature range overlaps with the upper temperature range
of exoplanets, particularly hot Jupiters, like 51 Pegb. Consequently, observations of
brown dwarfs can provide insight into the expected photometric and spectroscopic
properties of exoplanets.

The overwhelming majority of known L and T dwarfs2 are isolated field ob-
jects, but some are in binary systems. The latter include the first three plausible
candidates: HD 114729B, GD 165B and Gl 229B. This is not entirely surprising,
since one of the most effective means of finding objects with intrinsically low lumi-
nosities is to use the ”street lamp” approach: search for companions to stars that
are already known to lie close to the Sun - vide the archetypical M8 dwarf, VB10
(van Biesbroeck, 1944). As in stellar binary systems, the overall frequency and sep-
aration distribution of these substellar companions are important factors that can
influence the extent and stability of circumstellar disks, and the potential for planet
formation.

Brown dwarf astronomy can therefore inform exoplanet studies in two ways: by
providing insight into their atmospheric characteristics; and by constraining forma-
tion scenarios. This article discusses insights gleaned from recent investigations in
these areas.

1Interestingly, the announcements of the discovery of Gl 229B, the first unequivocal
brown dwarf, and 51 Pegb, the first exoplanet discovered around a main sequence star,
were both made during a special session at the 1995 Cool Stars meeting in Florence. Even
more interestingly, neither discovery was mentioned in the conference summary - perhaps
reflecting the fact that some attendees chose to go shopping during the special session.

2Late-M, L and T dwarfs have also been dubbed ultracool dwarfs.
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5.2 Intrinsic Properties of Brown Dwarfs

5.2.1 Brown Dwarf Evolution

Stars and brown dwarfs form through the collapse of gaseous material (mainly hy-
drogen) in giant molecular clouds. As the gas collapses, energy is released leading to
increased temperatures in the protostellar core. At the same time, the core density,
ρC , rises and the material becomes partially degenerate. As the protostar collapses
further, degeneracy acts as an energy sink, slowing and eventually curtailing the
rise in core temperature, TC . Hydrostatic equilibrium is achieved, and the collapse
stops, when the sum of the normal gas pressure and degeneracy pressure is sufficient
to balance the gravitational potential. The significant role played by degeneracy in
low mass objects ensures that very low-mass stars, brown dwarfs and gas giant
exoplanets all have diameters similar to that of Jupiter, RJup.

The energy released during collapse, and hence TC(max), depends primarily
on the protostellar mass, M . Theoretical models predict that objects with solar
abundance and M > 0.078 solar masses (M�) become stars; their cores are partially
degenerate, but the energy released during collapse is sufficient to achieve central
temperatures TC(max) > Tcrit, leading to sustained hydrogen fusion. Objects with
solar abundance and total mass M < 0.074M� never reach core temperatures that
exceed Tcrit; these objects are brown dwarfs. Protostars with slightly higher masses,
in the range 0.074 < M

M�
< 0.078, achieve temporary core fusion (for ∼ 109 to > 1010

years) before degeneracy absorbs sufficient energy to push the temperature below
Tcrit. The latter objects are known as transition objects, spending their initial years
as stars, but ending their lives as brown dwarfs.

Chemical abundance has a secondary role in defining MBDcrit, the mass thresh-
old that separates brown dwarfs and stars (Burrows et al, 2001). Higher helium
abundance, Y, leads to a higher mean molecular weight, smaller radii and higher
TC and ρC for the same mass; consequently, MBDcrit decreases with increasing Y.
Lower metallicity leads to smaller atmospheric opacities, which in turn produces
shallower temperature gradients and higher luminosities (less efficient energy re-
tention), and correspondingly lower TC ; thus, decreasing [M/H] leads to increased
MBDcrit and higher luminosities and temperatures at the H-burning limit. As a spe-
cific example, at zero metallicity, MBDcrit ∼ 0.092M�, and the H-burning limit lies
at Teff ∼ 3600K or ∼ 1900K hotter than the brown dwarf limit at solar abundances
(Burrows et al, 2001).

Lacking a long-lived central energy source, brown dwarfs fade and cool on astro-
nomically rapid timescales. The weak dependence of radius on gravity (mass) and
temperature leads to all brown dwarfs following similar trajectories in the (L, Teff )
plane. The rate of evolution depends on mass, with higher mass brown dwarfs cool-
ing less rapidly than lower mass objects. Burrows et al (2001) give the approximate
relations
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L ∝ τ−1.3M2.64 (5.1)
Teff ∝ τ−0.32M0.83 (5.2)

R ∝ g−0.18T 0.11
eff ≈ RJup (5.3)

where g is gravity and τ , age.
Main-sequence stars obey a mass-luminosity relation: higher mass stars are more

luminous, with L ∝ M4.5 for M > 1M� and L ∝ M2.5 at lower masses. The
similarity in brown dwarf evolutionary tracks means that we cannot estimate the
mass of a brown dwarf unless we know its age: in essence, all brown dwarfs have
the same luminosity – just at different stages in their careers. However, the longer
cooling times for higher-mass brown dwarfs make it likely that most field dwarfs
have masses between 0.06M� and the hydrogen-burning limit.

Figures 5.1 and 5.2 illustrate the evolution of solar-abundance low-mass stars
and brown dwarfs; the predictions are based on theoretical models computed by the

Fig. 5.1. Luminosity evolution of brown dwarfs: the evolutionary tracks are from the model
calculations by Burrows et al (1993, 1997). The masses range from 0.10 M� (uppermost
solid line) to 0.009 M� (lowest solid line); the latter object is not capable of sustaining
deuterium burning, and therefore fades more rapidly over the initial 108 years. The higher
mass objects (stars) achieve equilibrium, and constant luminosity, after ∼ 300 Myrs; the
dotted cyan line and solid green line (0.075M� and 0.070 M�, respectively) are transition
objects that are only capable of sustaining hydrogen fusion for a few billion years.
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Fig. 5.2. Temperature evolution of brown dwarfs – the models are identical to those shown
in Fig. 5.1. The horizontal hatched lines mark the temperatures at the transitions between
spectral types M, L, T and (more speculatively) the yet-to-be discovered class Y.

Tucson group (Burrows et al., 1993; 1997). Figure 5.1 shows that a brown dwarf
with L ∼ 10−4L� could be a 1 Gyr-year old transition object, or a 107-year old
planetary-mass brown dwarf. There are spectral indicators that can be employed
as crude age/mass discriminators for isolated brown dwarfs, as discussed in the
following section.

Three features of the tracks plotted in Figs 5.1 and 5.2 deserve comment:
first, the slow decline in Teff and L for ages τ < 107 years and masses exceed-
ing ∼ 0.013M� is a consequence of fusion of primordial deuterium, which require
TC > 2 × 105K (Salpeter, 1954); second, the 0.075M� dwarf is a transition ob-
ject, and the shallower slope between ∼ 109 and 1010 years reflects the presence
of temporary hydrogen fusion; and, finally, the increasing separation between the
M > 0.08M� models and lower-mass models at τ > few × 109 years marks the
division between fusion-supported stars and passively cooling brown dwarfs.
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5.2.2 Observed Characteristics

As a brown dwarf ages and cools, the spectral energy distribution goes through
significant changes. The initial temperature (∼ 3, 000K) corresponds to a mid-type
M dwarf, with a spectrum dominated by TiO, VO and metal hydride (MgH, CaH)
absorption at optical wavelengths, and water bands in the near infrared. As the
surface temperature falls below 2,500K, silicate dust particles condense in the at-
mosphere, removing TiO and, eventually, VO as significant opacity sources. Metal
hydrides (MgH, CaH, FeH) and alkaline absorption lines (Na, K, Cs, Rb) become
the most prominent features in the optical and far red, replacing TiO and VO.
These objects are L dwarfs (Kirkpatrick et al, 1999), with temperatures cooler than
∼ 2, 000K. As the temperature cools below ∼ 1, 700K, methane forms in the outer
atmosphere, becoming a prominent source of near-IR absorption at temperatures
below ∼ 1, 300K; these are T dwarfs (Burgasser et al, 2002). At temperatures below
∼ 500K, ammonia (NH3) is predicted to make a significant contribution to the near-
and mid-IR spectrum (Kirkpatrick, 2005). While no brown dwarf this cool has yet
been identified, they have already been assigned a new spectral class, type Y. The
spectral changes are illustrated in Figs 5.3 and 5.4 using representative spectra.

The flux distribution of a 2000K black body peaks at ∼ 1.5μm. M, L and T
dwarfs are far from black bodies, but the bulk of the energy is emitted at near-
infrared wavelengths. The presence of strong absorption bands due to water and,

Fig. 5.3. Optical spectra of L and T-type brown dwarfs. The effective temperature ranges
from ∼ 2100K at L0 to ∼ 900K at T5; the most prominent spectral features are labelled.
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Fig. 5.4. Near-infrared spectra of L and T-type brown dwarfs. As in Fig. 5.3, the most
prominent spectral features are labelled. Note, in particular, the onset of methane absorp-
tion bands that define spectral type T.

at cooler temperatures, methane favours emission in low opacity windows in the
spectrum, notably the 1.2μm J band. As a guide, typical mid-type L dwarfs are
∼ 10 magnitudes (a factor of 104) brighter at MJ than at visual wavelengths; mid-
type T dwarfs, like Gl 229B, are at least ∼ 13 magnitudes brighter at MJ than
MV .

Figure 5.5 shows the empirical (MJ , spectral type) and (MJ , (J-K)) colour-
magnitude distributions outlined by low-mass stars and brown dwarfs with accurate
parallax measurements. Late-type L dwarfs are exceptionally red at near-infrared
wavelengths, rivaled only by carbon stars. The rapid blueward evolution in (J-K)
between spectral types L and T reflects the onset of methane absorption, and the
consequent suppression of flux in the 2.2μm K passband. The lowest luminosity
T dwarfs currently known have MJ ∼ 17, 14 magnitudes (or a factor of 400,000)
fainter than the Sun at that wavelength. At visual wavelengths, T dwarfs are even
fainter, with MV ∼ 30, or 1010 less luminous than the Sun.

The coolest T dwarfs known have Teff ∼ 700K, while the hottest ‘hot Jupiters’
are predicted to have temperatures Teff from 1200 to 1500K. Stellar irradiation is
likely to affect the temperature/density atmosphere profiles for the latter objects.
Nonetheless, there are likely to be substantial similarities in the spectral appearances
of late-L and T dwarfs, and gas giants in sub-Mercurian orbits around solar-type
stars.
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Fig. 5.5. The (MJ , (J-K)) and (MJ , spectral type) diagrams defined by low mass stars and
brown dwarfs. M dwarfs are plotted as crosses, L dwarfs as solid points and T dwarfs as
5-point stars. M and then L dwarfs become progressively redder in (J-K) as the luminosity
and temperature decrease. The onset of methane absorption at spectral type T reduces
the flux emitted in the 2.2μm K band and leads to blue colours, comparable with hot A
stars (the optical-IR colours for T dwarfs are much redder than A stars). The flux emitted
in the J band is enhanced in early-type T dwarfs, leading to significant overlap in MJ with
the later-type L dwarfs.

We can anticipate some spectral differences, however. Most known hot Jupiters
have masses less than ∼ 2 Jupiter masses3, MJup, while most field brown dwarfs
have masses between 60 to 75MJup. Since all of these dwarfs have the same radius,
∼ 1RJup, the surface gravities differ by factors of 30 to 60. Recent observations of
field brown dwarfs have identified a small number with systematically different spec-
tral features: specifically, the objects have unusually strong VO absorption, weaker
alkaline atomic lines and weaker hydride bands, and they tend to be redder than av-
erage in (J-K) (Kirkpatrick, 2008; Cruz et al, 2008). Spectroscopically, these dwarfs
show a greater resemblance to cool giants, strongly suggesting that the anomalous
features are indicative of lower gravities, lower masses and relatively young ages. To
date, most of these unusual objects are L dwarfs, lying at the upper temperature
limit for even hot Jupiters. However, these observations are starting to provide clues
about the likely appearance of gas giant exoplanets.

31MJup = 0.954 × 10−3M�.
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5.2.3 Classifying Brown Dwarfs and Exoplanets

Brown dwarfs have observational properties that overlap with low-mass stars at one
extreme and with exoplanets at the other. Brown dwarfs are formally distinguished
from stars on the basis that they cannot support long-term sustained core hydrogen
fusion. Recently, there have been suggestions that similar criteria should be used to
separate brown dwarfs and exoplanets; specifically, Basri (2000) and Oppenheimer
et al (2000) have proposed setting the break at the mass threshold for deuterium
burning, or ∼ 0.013M� for solar abundance objects (Grossman & Graboske, 1973;
Saumon et al, 1996).

In principle, the deuterium-burning divisor appears to offer the advantage of a
unified classification scheme. However, it is based on a property that is not directly
observable, save in systems with multiple objects in known orbits. On the other
hand, one might argue that the same arguments apply to hydrogen fusion: while
the presence of primordial lithium is a key test for low mass brown dwarfs (Rebolo
et al, 1992), in most cases the status of an object as a brown dwarf or a star is
based on its observed temperature and luminosity, and there can be ambiguities in
classification.

The Basri/Oppenheimer proposal, however, sets aside the traditional approach
of classifying objects based on how they form: stars and brown dwarfs through
core collapse in molecular clouds (Bodenheimer et al, 1980; Padoan & Nordlund,
2004); planets through core accretion (Lissauer & Stewart, 1993) or gravitational
instabilities (Boss, 2002) within circumstellar disks. This difference in origin is likely
to lead to significant differences in chemical composition, as can be seen in the Solar
System, where the non-solar composition of Jupiter and Saturn is radically different
from the ice giants, Uranus and Neptune. Corresponding changes in the emergent
spectral energy distribution may be subtle, but the higher mean molecular weights
lead to significant variations in the mean density and the mass-radius relation. The
latter effects are already evident in the range of intrinsic properties deduced for
transiting exoplanets (Fortney, Marley & Barnes, 2007).

Thus, formation within a disk does have observable consequences. Indeed, there
are likely to be fewer ambiguities under this classification system than relying on
an arbitrary, and essentially unmeasureable, mass limit that applies to all very low-
mass objects. Moreover, identifying isolated < 0.013M� objects as ”planets” or
even ”exoplanets” is likely to add further unnecessary post-Pluto confusion about
that term among the lay public. We prefer to preserve the traditional terminol-
ogy, and distinguish brown dwarfs and planets on the basis of their formation
mechanism. We therefore choose to classify objects such as the recently discovered
2MASSW J1207334–393254B (2M1207–39B), AB Pic B, GQ Lup B and SCRF
1845B as low mass brown dwarfs, not exoplanets.
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5.3 Observational Techniques for Identifying Low-mass
Companions

A wide variety of observational techniques have been employed to search for very
low-mass companions of main-sequence and evolved stars. Here, we place these
methods in an historical context, discuss recent results, and consider their relative
merits. We recognise that approximately 15% of multiple star systems in the field
have more than two components. In most cases, those systems are hierarchical in
structure; for example, α Centaui consists of a close pair of solar-type stars, coupled
with a third, low-mass component at much wider separation. From the perspective
of planet formation, this is effectively a binary combined with a single star. We
therefore focus our discussion on binary systems.

5.3.1 Direct Imaging Surveys

Giovanni Battista Riccioli is usually credited with the discovery of the first binary
star, resolving ζ Ursae Majoris into its two wide components, Mizar and Alcor.
However, the confirmation that close stellar pairs were physically-associated binary
systems was actually a later by-product of the quest to measure stellar parallax.
Absolute astrometry imposes severe observational requirements. A potential means
of circumventing some of these obstacles was originally proposed by Galileo (1630)
and restated, over a century later, by James Bradley (1747): target pairs of unequal-
magnitude stars that lie in close proximity; if the two stars have similar luminosities,
the fainter star lies at a larger distance, and the angular separation should exhibit an
annual variation due to larger parallax of the brighter (nearer) star. The program
had wait for large-scale implementation until the end of the eighteenth century,
when William Herschel instituted an extensive program of double star observations
with his 20-foot reflector. However, rather than resulting in the measurement of
stellar parallaxes, this program revealed that many close pairs exhibited secular
motions consistent with orbital motion (Herschel, 1803). Herschel was the first to
refer to these physically associated stars as ”binary systems”.

Herschel’s measurements were made by eye, and visual observations played a
major role in binary-star astrometry until the mid-twentieth century. The advent of
astronomical photography in the late-nineteenth century provided a means of prob-
ing to fainter magnitudes and lower flux ratio (F2

F1
) systems. Photographic proper

motions surveys, notably the Lowell survey (Giclas et al, 1958) and Luyten’s surveys
with the Palomar 48-inch Schmidt (Luyten, 1980; 1981), proved highly effective at
identifying wide binaries, although halation rings around bright stars limited the
sensitivity at moderate angular separations (Δ < 60 arcseconds).

The search for even lower mass, sub-stellar, companions to stars received new
impetus in the early 1990’s with the introduction of large-area digital detectors that
were sensitive in the near-infrared (1–2 μm) part of the spectrum. The late 1990’s
and early 2000’s saw the completion of the first deep, wide-field sky surveys: the
Deep Near-Infrared Southern Sky Survey (DENIS; Epchtein et al., 1997) and the
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2MASS (Skrutskie et al., 2006). Among the primary science goals for these surveys
was the discovery of brown dwarfs4.

DENIS and 2MASS, along with the optical/far-red Sloan Digital Sky Survey
(SDSS; Stoughton, 2002), account for the overwhelming majority of known brown
dwarfs. A subset of known brown dwarfs (∼5%; Gizis et al., 2002) are wide (Δ > 30
arcseconds) common proper motion companions of nearby main sequence stars.
Brown dwarf secondaries can lie over a thousand astronomical units (AU) from their
primaries, distances many times greater than the size of our own planetary system5.
Such large separations also occur in binaries with low mass stellar companions; for
example, the M5 dwarf, Proxima Centauri, lies more than 40,000 AU from α Cen
AB.

Imaging brown dwarf companions at smaller separations, comparable to the
≤ 30 AU planetary region in our own Solar System, is challenging. Even in the
near-infrared, where brown dwarfs are at their brightest, they are still ≥ 1000 times
fainter than Sun-like stars. For the nearest stars, within 10 parsecs of the Sun, 30 AU
spans 3 arcseconds, meaning that any sub-stellar companion within such an orbital
separation is embedded in the seeing halo of its host star. Detecting extra-solar
planets is even more challenging since their near-IR luminosity is another factor of
1000 fainter.

The existence of seeing haloes around stars is a direct consequence of Earth’s
turbulent atmosphere. As light from a star enters the atmosphere, it is refracted
along its path by multiple pockets of air at slightly different temperatures and
indices of refraction, leading to a smearing of the stellar image, typically ∼ 1 arcsec-
ond at good observing sites. However, recent developments in telescope technology
and fast-processing algorithms have given astronomers an edge. A novel technique,
aimed at real time correction of atmospheric turbulence has been implemented at
many observatories. “Adaptive optics,” or AO has been used in remote sensing ap-
plications by the U.S. Air Force since the 1970s, and found its way into astronomy
in the early 1990s. The technique dramatically sharpens images blurred by the tur-
bulent atmosphere, reducing the apparent angular size of a point source (i.e., stars,
brown dwarfs) to the diffraction limit λ/D of a telescope, where λ is the observation
wavelength and D is the telescope’s diameter (Fig. 5.6). Additional scattered light
suppression and contrast enhancement may be achieved with the use of a corona-
graph: a specially fabricated opaque or partially transmissive mask that blocks light
from the primary star to reveal fainter objects in its vicinity. The latter technique

4The interest in brown dwarfs transcended their importance as a link between the
realms of stars and planets. Because of their intrinsic faintness and virtually unknown
properties as a galactic population, brown dwarfs were prime candidates to solve the
problem of the “missing mass,” a.k.a. “dark matter,” in the Universe. However, it quickly
became clear that the rate at which brown dwarfs were being discovered in DENIS and
2MASS fell far short of what was needed to account for a significant fraction of the unseen
99% of the mass in the Universe.

5The radius of our planetary system, as set by the semi-major axis of the orbit of the
outermost planet, Neptune, is 30 AU.
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Fig. 5.6. Image of the binary star HD 18940 with the adaptive optics system on the
Palomar 5 meter telescope. (a) The adaptive optics system is turned off. The binary is
unresolved because of atmospheric turbulence. The scale bar indicates the approximate
width of the seeing. (b) The adaptive optics system is turned on. The binary is clearly
resolved with an angular separation of 0.167 arcseconds.

was invented by Bernard Lyot, who used a simple circular opaque spot to observe
the solar corona in 1930.

The use of adaptive optics and a coronagraph led to the discovery of the first
unambiguous brown dwarf Gl 229B (Nakajima et al, 1995) with the 1.5 meter
telescope at Palomar Observatory. At an angular separation of 7.8 arcseconds from
its stellar primary, Gl 229B is 13 magnitude fainter in the 0.8μm I-band and 10
magnitudess fainter at 2μm. Yet while the companion is easily discerned in the
AO-corrected image (Fig. 5.7), it is lost in the glare of the primary in 2MASS
seeing-limited images. Brown dwarf companions 10,000 times fainter than their
host star can now be detected at separations as small as 0.5 arcseconds using AO
on the largest (8 to 10 meters in diameter) ground-based telescopes. Comparable
contrast at 1 arcsecond can be achieved with the Hubble Space Telescope orbiting
above Earth’s atmosphere.

Direct imaging allows the most complete characterization of the photospheres of
sub-stellar companions, rendering the resolved secondary available for spectroscopic
observation. Current observations can resolve separations as small as 5 AU for stars
within 10 parsecs, reaching the outer boundaries of the range currently probed
by radial velocity surveys for exoplanets. For the moment, image contrast limits
potential detections to high mass (5–15 MJup) exoplanets; however, upgrades to
existing systems and progress in coronagraphic techniques will push deeper into the
planetary-mass realm, as discussed further in Sect. 5.5.
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Fig. 5.7. Discovery (left) and follow-up (right) images of the brown dwarf Gl 229B,
taken with an AO system on the Palomar 1.5 meter telescope, and with the Hubble Space
Telescope, respectively. Both images are taken at a wavelength of 0.8 microns.

5.3.2 Radial Velocity

The presence of an unseen companion to a star can be inferred from the doubling
of the lines in the stellar spectrum or from periodic shifts in the wavelength of
spectral lines. Mizar (ζ Ursae Majoris) is the first known spectroscopic binary6,
discovered by Henry Draper in 1889. Draper observed that the potassium line in
the optical spectrum of ζ UMa periodically appeared double, at intervals of 52 days.
He correctly hypothesized that the phenomenon was caused by the fact that ζ UMa
is an unresolved binary star with two nearly equal in brightness components. As the
stars orbit around the common centre of mass, the individual line-of-sight (radial)
velocities change. The potassium line is single when the two stars in the binary lie
along our line of sight (zero radial velocity). The spectral lines from the individual
components gradually separate due to the Doppler effect as the relative velocities
change, reaching the widest separation when there is maximum difference between
the blueshift of the approaching star and the redshift of the receding star.

Spectroscopic binaries that show line doubling, such as ζ UMa, are called double-
lined spectroscopic binaries, SB2. The individual components in these systems have
near-equal brightness and mass (mass ratios, q = M2/M1 ∼ 1). Double-lined spec-
troscopic binaries allow direct measurement of the orbits of both components, and
hence of the individual component masses. Binary systems with more disparate
component masses (q ≤ 0.5) and luminosities can still be detected as spectroscopic

6Indeed, the first known triple system, given the presence of its visual companion Alcor
(Sect. 5.3.1)
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binaries, although they lack the characteristic line doubling exhibited by the double-
lined systems. In single-lined spectroscopic binaries, SB1, only the more luminous
(usually more massive) component is visible, and binarity is deduced through its
Doppler motion. As discussed by Irwin (this volume), the reflex motion of the pri-
mary allows one to deduce the mass ratio, modulo the orbital inclination, i. If we
express the semi-amplitude of the velocity variation of the primary as K1, then

K1 = 28.41P−1/3 m2 sin i

M
2/3
1

√
1 − e2

ms−1 (5.4)

where P is the period in years, M1 is in solar masses and m2 in Jupiter masses.
Thus, as measured in the ecliptic plane, Jupiter (P = 11.86 years) produces a reflex
motion of semi-amplitude ∼ 12.5 ms−1 in the Sun’s velocity.

Since SB1 systems have low q (especially planetary systems), accurate measure-
ment of the primary reflex motions requires higher spectral resolution, R = λ

Δλ ,
with R ≥ 30, 000 for exoplanet systems. The first extensive campaigns searching
for very low-mass secondaries were initiated in the 1980s, and Latham et al (1989)
announced the discovery of the first potential brown dwarf, HD 114752B. With
M2 sin i = 0.011M� ≈ 11MJup, HD 114762B falls below the substellar boundary
unless i < 8o.4. However, the only means of estimating i is through comparing the
observed rotational velocity of HD 114762A, vrot = 0.8kms−1, with other F9 dwarfs,
vrot=2.3–3 kms−1, leading to ambiguous conclusions. At a distance of 28 parsecs,
HD 114762B is within 0.1 arcseconds of its primary, too close and too faint to be
resolved even by modern direct imaging techniques.

HD 114762B is most important in that it stood alone until the discovery, 6 years
later, of 51 Pegb, the first unequivocal extrasolar planet (Mayor & Queloz, 1995).
With M2 sin i ∼ 0.47MJup, 51 Pegb falls well below the hydrogen burning limit and
squarely in the planetary régime. To this day, nearly 20 years after the announce-
ment of HD 114762b, and with over 200 known exoplanets with masses in the range
0.01MJup ≤ M2 sin i ≤ 15MJup, radial velocity surveys have turned up barely two
dozen brown dwarfs. This is surprising, since, with their much higher masses, brown
dwarfs have a much larger velocity signature than exoplanets. The lack of brown
dwarfs in the orbital separation range probed by radial velocity surveys (currently,
0–5 AU) is not due to our inability to detect them. It is a real phenomenon that
must arise from the mechanisms of star, brown dwarf, and planet formation. The
dearth of close-in brown dwarf companions to stars has given rise to the term “brown
dwarf desert”.

The precision radial velocity technique (see chapter by Ge, this volume) has by
far been the most prolific approach for discovering extrasolar planets. It has given
astronomers an unprecedented glimpse into the architectures of other solar systems.
Because of the brown dwarf desert, however, most brown dwarf companions have
been discovered through direct imaging.
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5.3.3 Astrometric Surveys

Astrometric binaries manifest themselves through the presence of systematic irreg-
ularities in the tangential motion of the primary star. Sirius B was the first ”invis-
ible” companion discovered in this manner, revealed by Friedrich Bessel’s analysis
of proper motion data for the primary spanning a 6-year period from 1836 to 1842.
In this case, the system lies near the Sun, the two components have similar masses
and are separated by ∼ 7.5 AU. Consequently, Sirius A exhibits an astrometric
”wobble” of several arcseconds, an excursion readily detectable via accurate 19th-
century visual observations. Brown-dwarf and planetary mass companions produce
much smaller reflex motions, and require correspondingly more precise measuring
techniques.

The motion produced by a single companion in a circular orbit has a semi-
amplitude given by the following relation:

A1 =
mc

10.5r

(
P

M
2/3
∗

)
arcsec (5.5)

where mc is the mass of the companion in Jupiter masses, M∗ the mass of the
primary star in solar masses, r the distance in parsecs, and P the period in years
(Gatewood, 1976). Thus, as viewed from a distance of 1 parsec, the Sun has an
astrometric wobble of ∼ 0.5 milliarseconds due to Jupiter alone; Saturn contributes
an additional 0.27 milliarcsecond. As another example, a 50MJup brown dwarf com-
panion in a Jupiter-like orbit would produce a 2.5 milliarcsecond wobble in a sun-like
star as viewed from a distance of 10 parsecs.

Precision astrometry is therefore an alternative to radial velocity in searching
for sub-stellar companions to main sequence stars. However, astrometry is most
effective in a different régime of orbital parameter space. Astrometric surveys are
best suited to detecting sub-stellar secondaries in wide, face-on orbits, since those
systems induce larger amplitude (and longer period) reflex motion on the host star.
In contrast, radial velocity surveys are optimal for detecting close-in companions in
edge-on orbits.

Astrometric searches for sub-stellar companions have had a chequered career, at
least until recently. Reuyl & Holmberg (1943) were the first to enter the lists, with
the claimed detection of a ∼ 0.01M� companion of 70 Ophiuchi (which actually has
an unrelated ∼ 1.5MJup planetary companion). Subsequent investigations over the
succeeding four decades led to claims of planetary-mass companions around almost
a dozen other stars, notably Barnard’s star (van de Kamp, 1982). None has survived
detailed scrutiny. Recently, however, Pravdo et al (2005) announced the discovery of
the brown dwarf Gl 802B, the first and, so far, the only astrometrically discovered
sub-stellar companion. The longer orbital periods of the sub-stellar companions
sought through astrometric surveys mean that a decade may pass before a large
number of brown dwarfs and extrasolar planets are discovered through astrometry.

Although astrometric monitoring has yet to produce many new brown dwarf and
planet discoveries, it has proven effective in refining the dynamical masses of known
sub-stellar binaries and extrasolar planets. Astrometry allows accurate measurement
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of the total mass and orbital inclination of a binary. If both components are visible,
then measurement of the absolute motions allows one to deduce all the orbital
parameters directly from the astrometry alone. Alternatively, if only one component
is visible (as is the case with planetary companions), the relative astrometry of the
host star can be combined with radial velocity data for the same system to uniquely
resolve the sin i ambiguity inherent in measurements of single-lined spectroscopic
binaries (Sect. 5.3.2). This allows an exact determination of the mass of the radial
velocity planet.

The first sub-stellar objects to have astrometrically determined masses were
the components of the binary Gl 569Bab (Lane et al., 2001). Gl 569B is a distant
companion of Gl 569A, and its components were originally resolved through AO
observations (Mart́ın et al., 2000). It has recently been hypothesized (Simon et al.,
2006) that Gl 569Ba is itself a binary (i.e., composed of Gl 569Baa and Gl 569Bab),
based on high-resolution spectroscopic observations that suggest two distinct com-
ponents, as in a double-lined spectroscopic binary (Sect. 5.3.2). Gl 569, a candidate
quadruple system is thus an excellent example of how different approaches (direct
imaging, astrometric, and radial velocity monitoring) depict complementary pieces
of the same larger picture. Several other binary brown dwarfs have had their to-
tal masses measured astrometrically in recent years, and a number of astrometric
campaigns to measure more dynamical masses are currently underway.

Dynamical masses of brown dwarfs are crucial to understanding sub-stellar evo-
lution. Brown dwarf astrometric binaries with known ages and heliocentric distances
(e.g., through physical association with a star of a well-determined age and distance,
or membership of star clusters or associations) allow us to constrain sub-stellar prop-
erties by disentangling the degeneracies between the mass, age, and luminosity of a
sub-stellar object (see Sect. 5.2.1).

More recently, astrometric monitoring has been successfully applied to measure
the exact dynamical masses both of extrasolar planets (Benedict et al., 2002, 2006)
and of brown dwarfs (Reffert et al., 2006) known from radial velocity surveys. The
combination of astrometric and radial velocity data thus depict a unique picture of
systems with known radial velocity sub-stellar companions.

5.3.4 Photometric Methods: Eclipsing Binaries

Low-mass binary companions can be detected photometrically in three ways: first,
through the presence of excess radiation at infrared wavelengths; second, through
eclipses of the primary star; and third, through irregularities in the light profile
of a microlensing event. In the case of very low-mass/low-luminosity companions,
the first of these methods is effective only for white dwarf primaries, and even then
can be ambiguous (vide G29-38B). Microlensing is discussed extensively by Bennett
elsewhere in this volume. Analyses indicate that a handful of microlensing events
are likely to be associated with isolated brown dwarfs (e.g. Poindexter et al, 2005),
but, so far, no brown dwarf companions have been detected. The latter observation
reinforces the brown dwarf desert inferred for solar-type stars from radial velocity
measurements (Gaudi, 2005).
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Fig. 5.8. Visual photometry of the eclipsing binary brown dwarf system 2MASS
J05352184-0546085 (Stassun et al., 2006). The data are folded on the orbital period of
9.779621 ± 0.000042 days and phased relative to periastron passage. The ratio of eclipse
depths provides a direct measure of the ratio of surface temperatures, with the deeper
eclipse corresponding to the eclipse of the hotter component.

Eclipsing binaries are binary systems in which the two components orbit each
other in a plane that is aligned along the line of sight. The apparent brightness
of an eclipsing binary displays a characteristic double-dipped periodic modulation,
corresponding to the times when either of the components occults the other (see
Fig. 5.8). The dips are generally different in amplitude, their depth depending on
the ratio of luminosities of the two components and on the exact viewing geometry.

The first eclipsing binary to be discovered was Algol (β Persei), whose period-
icity was noted by Geminiano Montanari in 1667. It was not until more than a
century later that an eclipsing mechanism for the variability of Algol was proposed
by the British astronomer John Goodricke, for which he was awarded the Royal As-
tronomical Society’s Copley medal in 1783. Edward Pickering proposed a detailed
explanation involving two stellar components in 1881. His hypothesis was confirmed
in 1889 when the Potsdam astronomer Hermann Vogel discovered Doppler shifts in
the spectrum of Algol, confirming variations in the radial velocities of the compo-
nents. Thus, along with Mizar (Sect. 5.3.2), Algol was one of the first spectroscopic
binaries.

Eclipsing binaries are uniquely suited to studying individual binary components.
Since the orbital inclination of the binary is known (nearly edge-on), the masses of
the components are fully determined in SB2 systems. The ratio of the brightness
dips can be used to infer the luminosity ratio, and the duration of the eclipses to
estimate their radii. Eclipsing binaries in which at least one of the components is
sub-stellar could therefore provide strong constraints on the properties of sub-stellar
objects.
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Several candidate eclipsing binaries with brown dwarf secondaries have been
announced in recent years, though only one, 2MASS J05352184-0546085 (Stas-
sun et al., 2006), has been confirmed. 2MASS J05352184-0546085 is located in
the young (1–3 million years) Orion Nebula Cluster star-forming region (distance:
≈ 430 parsecs) and is composed of two brown dwarfs orbiting and eclipsing each
other (Fig. 5.8). Given its known age and distance, this eclipsing binary brown dwarf
provides the first thorough empirical test of evolutionary models of sub-stellar ob-
jects.

Planets crossing in front of their host stars, a.k.a. “transiting planets,” are also
components of eclipsing binaries, where the primary is the star and the secondary
is the planet. The characteristics of these systems are discussed in more detail by
Irwin (this volume).

5.3.5 Summary

As we have seen in Sects. 5.3.1–5.3.4, brown dwarf companions have provided an
early testing ground for the techniques that are now successfully employed to search
for extrasolar planets. Irwin (this volume) has compared the sensitivity of various
brown dwarf and planet detection techniques (his Fig. 1.10). Direct imaging is most
sensitive at separations beyond 10-100 AU, although the detection limits are lumi-
nosity, rather than mass, dependent. The techniques are broadly complementary,
with radial velocity, microlensing, and transit (eclipsing) techniques sensitive at
small separations, and astrometry and direct imaging sensitive to wider compan-
ions. Direct imaging is the only approach where current technology is not capable
of detecting Jovian planets around stars on Solar System scales. However, this tech-
nique has resulted in the discovery of more brown dwarf companions (more than 30
to date) than all other methods combined. The continued progress in high-contrast
imaging technology will undoubtedly result in the direct imaging of planets around
other stars. Such detections are expected to usher in a new era of study of exoplan-
ets, one in which we will able to investigate their atmospheres in detail, and address
questions about the possibility of the existence of life elsewhere in the Universe.
Future prospects for the detection of planets, using direct imaging in particular, are
discussed in Sect. 5.5.

5.4 Brown Dwarfs as Companions

In Sect. 5.3 we described the applicability of the various companion detection tech-
niques to finding brown dwarf companion to stars. With the exception of the mi-
crolensing technique, these methods have been successful in detecting sub-stellar
secondaries. Different techniques are sensitive to different types of systems, and a
single method cannot detect all binary systems across a wide span of separations.
However, combining several approaches can reveal the broader picture. Thus, radial
velocity monitoring probes the closest (< 1 − 10 AU) systems, astrometric moni-
toring is sensitive to wider (∼ 1− 100 AU) systems, and direct imaging resolves the
widest (> 10 − 100 AU) pairs.
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5.4.1 Stellar Binary Systems

Individual binary systems have been known for many years, but serious systematic
surveys have been possible only within the last 15 years or so. This was primarily
a sampling issue: reliable statistics demand a well-defined sample; the most reliable
sample for present purposes is a complete, volume-limited sample; and it is only
within the last two decades that such samples have become available. Low luminosity
stars have received less observational attention than solar-type stars, but these
stars are also more common: approximately 80% of the stars in the Galactic Disk
are spectral type K or M dwarfs, while only ∼ 15% are spectral types F or G.
Consequently, there are sufficient numbers of late-type dwarfs in the immediate
solar neighborhood to allow the derivation of reliable multiplicity statistics.

Most multiplicity investigations are limited to stars within 20-50 parsecs of the
Sun, so we are sampling only a tiny fraction of the total volume of the Galactic disk.
This might raise concerns about whether the derived properties are truly represen-
tative of the broader stellar populations. The saving grace is that stars (and brown
dwarfs) acquire random motions through dynamical interactions with massive ob-
jects, such as molecular clouds, as they orbit the Milky Way. The net result is that
objects currently near the Sun (Galactic radius ∼ 8kpc) originated at Galactic radii
from 4 to 12 kpc. A local sample can provide reliable global characteristics.

The most comprehensive analysis of multiplicity in solar-type stars remains that
by Duquennoy & Mayor (1991). They selected an unbiased sample of 164 nearby
G dwarfs, which they followed with direct imaging, radial velocity, and astrometry
for 13 years. The salient result from their study was that more than half of Sun-like
stars in the solar neighborhood are binaries, fbin > 57%. They also found that the
period distribution is log-normal with a peak near 150 years, and tails extending
from under 1 day to ∼10 million years (Fig. 5.9). This corresponds to a distribution
of orbital semi-major axes extending from 0.01 AU to 50,000 AU, and peaking near
30 AU, comparable to the size of the Solar System. Finally, Duquennoy & Mayor
(1991) found that the distribution of the mass ratio q = M2/M1 in binary systems
rises toward lower mass ratios and attains a broad peak near q = 0.2 although
their data are largely insensitive to lower mass ratio binaries. That is, most Sun-
like primaries have companions that are a fifth of their mass, or approximately 200
times the mass of Jupiter.

The nearest late-type dwarfs have been subjected to extensive scrutiny for spec-
troscopic and resolved companions. Most have high proper motion, μ > 0.2 arcsec
yr−1, allowing ready identification of wide stellar companions from photographic
surveys. Those photographic data have been supplemented by deep optical and in-
frared imaging using both conventional CCD cameras (e.g. Simons et al, 1996) and
AO techniques (e.g. Close et al, 2003). Fischer & Marcy (1992) were the first to ap-
ply the comprehensive approach of Duquennoy & Mayor (1991) to M dwarfs. They
derived a binary fraction fbin ∼ 42%, with a period distribution broadly consistent
with G dwarf binaries. Since these are lower mass binaries, this implies that the
semi-major axis distribution is more compressed; that is, less massive binaries tend
to be tighter. The mass ratio distribution for the M dwarf sample is approximately
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Fig. 5.9. Distribution of orbital periods for Sun-like binary stars from the study of Duquen-
noy & Mayor (1991).

flat between 0.4 and 1.0, indicating a higher proportion of equal-mass binaries than
in high-mass stars.

The Fischer & Marcy analysis centred on early- and mid-type M dwarfs. Reid
& Gizis (1997) extended the investigation to later type dwarfs, concentrating on
stars within 8 parsecs of the Sun. The main result from that analysis is that the
binary fraction decreases further, to fbin ∼ 30%, both due to the inclusion of cooler
M dwarfs and the formal restriction to a trigonometric-parallax defined, volume-
limited sample. There is also a stronger tendency towards equal mass-ratio systems
among the 8-parsec binaries than in the Fischer & Marcy sample. In general, the
proportion of low mass ratio systems declines with decreasing mass. Thus, q =
M2/M1 < 0.2 systems are most common among B and A (2.5–20 M�) stars, where
they occur in 35–40% of all binaries (Tokovinin et al., 1999; Shatsky & Tokovinin,
2002; Kouwenhoven et al., 2005). G and K dwarfs (0.5–1.2 M� stars) have a smaller
fraction of q < 0.2 binaries (10–20%; Duquennoy & Mayor, 1991), and late-M stars
(< 0.2M�) essentially have none (Burgasser et al., 2007, and references therein).

None of these investigations was highly sensitive to brown dwarf companions,
since all were undertaken before the era of high-contrast imaging, precision radial
velocity and precision astrometry. However, the results suggest several important
trends. Namely, (1) binarity is more common among higher mass stars, (2) higher-
mass binaries extend to wider separations, and (3) low-mass ratio binaries are more
common among binaries with higher mass primaries. All of these trends are relevant
to studying brown dwarf companions to stars, since binaries in which one of the
components is sub-stellar are simply very low mass ratio (q < 0.1−0.2) binaries. In
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the following subsections we summarize the results from searches for brown dwarfs
around high-mass and low-mass stars.

5.4.2 Solar-Type Stars

Extending the work of Duquennoy & Mayor (1991) to detect brown dwarf compan-
ions has been challenging on two fronts. For one, detecting sub-stellar secondaries
required revolutionary changes in all of the popular techniques used for compan-
ion searches: radial velocity, direct imaging, and astrometry. Some technological
challenges were addressed by the mid-1990’s, and 1995 saw the announcement of
the first bona-fide brown dwarf and planetary companions (Sect. 5.1). However,
it was soon realized that brown dwarf companions to stars are extremely rare at
small separations (Sect. 5.3.2). At ≤ 3 AU orbital separations from Sun-like stars,
brown dwarfs are more than 10 times less common than extrasolar planets (Marcy
& Butler, 2000).

The dearth of close-in brown dwarfs did not deter attempts to image sub-stellar
objects at wider (>100 AU) separations. Following the imaging program that dis-
covered Gl 299B (Oppenheimer et al, 2001), a slew of other surveys followed, us-
ing the Hubble Space Telescope (Brandner et al., 2000; Lowrance et al., 2005) and
ground-based AO systems (Lloyd, 2002; McCarthy & Zuckerman, 2004; Carson et
al., 2005). These surveys targeted nearby (≤50 pc) and/or young (<300 million
years) stars, deemed optimal for the direct imaging of sub-stellar companions. The
emphasis on proximity and youth is central to direct imaging searches. Nearby stars
offer a double advantage: they allow the detection of companions that are fainter
and at smaller physical separations. In addition, young stars allow the detection
of lower-mass companions because brown dwarfs are more luminous at young ages
(Sect. 5.2.1).

In the late 1990s, high-contrast direct imaging emerged as the foremost technique
for searching for wide sub-stellar companions to stars. The most exciting aspect of
the technique was the opportunity to characterise sub-stellar companions through
direct spectroscopic analysis. Indeed, the holy grail of direct imaging is the detection
of an extrasolar planet, which will offer the unprecedented opportunity to study an
exoplanetary atmosphere in detail.

By the year 2003, every ≥3 meter telescope equipped with an AO system had
multiple on-going direct imaging searches. However, despite concentrated efforts, the
pace of discovery remained slow. Meanwhile, the rate of radial velocity planet discov-
eries grew exponentially. By the end of 2003, more than 100 exoplanets were known
from radial velocity, compared to less than 20 brown dwarfs discovered through di-
rect imaging, despite the fact that the first exoplanet and the first brown dwarf were
announced simultaneously eight years prior. The two largest direct imaging surveys
for sub-stellar companions (Oppenheimer et al., 2001; McCarthy, 2001) produced
only one brown dwarf, Gl 229B, in a combined sample of more than 340 stars and
a combined separation range of 10–1200 AU. This stands in stark contrast to the
frequency of RV extra-solar planets within 3 AU (5–15%; Marcy & Butler, 2000; Fis-
cher et al., 2002) and the frequency of stellar companions to stars at 10–1200 AU
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(9–13% for M–G-dwarf primaries; Fischer & Marcy, 1992; Duquennoy & Mayor,
1991). This led to suggestions that the brown dwarf desert extends to separations
of ∼1000 AU McCarthy & Zuckerman (2004)

A different picture has begun to emerge in the last few years. Novel, techno-
logically advanced AO systems installed on 5–10 meter class telescopes (Palomar,
the Monolithic Mirror Telescope [MMT], Gemini, the Very Large Telescope [VLT],
Keck), combined with ingenious differential imaging techniques (Marois et al., 2005,
2006; Biller et al., 2006), provide unprecedented sensitivity to sub-stellar compan-
ions at separations of tens of AU. Furthermore, better understanding of stellar ages
and the discovery of several co-moving groups of young stars in the solar neigh-
borhood (Zuckerman & Song, 2004, and references therein) have allowed improved
target star selection. The pace of sub-stellar companion discoveries has accordingly
picked up, and almost 30 new sub-stellar companions to stars have been imaged
over the past 3.5 years, doubling the catalogue.

We now possess sufficient observational evidence from high-contrast imaging
surveys to claim that brown dwarfs at 10–1000 AU orbital separations are a factor
of 5–8 more common (2–4%; Neuhäuser & Guenther, 2004; Metchev, 2006) than in
the 0–3 AU radial velocity brown dwarf desert (≤ 0.5%; Marcy & Butler, 2000).
At wider (> 1000 AU) separations, Gizis et al. (2001) found that the frequency of
sub-stellar companions to stars in 2MASS (a seeing-limited, shallow, all-sky survey)
is fully consistent (∼ 18%) with the frequency of stellar secondaries. That is, the
frequency of sub-stellar companions increases with semi-major axis (see Sect. 5.4.4).

Besides probing the low mass end of the companion mass function, the direct
imaging effort is also motivated by the desire to study sub-stellar properties at
low effective temperatures, 500–2000 K, in anticipation of future imaging of giant
extrasolar planets with similar effective temperatures. Because of their association
with stars of known ages and distances, fundamental properties of sub-stellar com-
panions can be constrained more closely than those of isolated free-floating brown
dwarfs. A first glimpse at the relevance of companion imaging surveys to exoplanet
studies emerged last year with the discovery of the coolest young sub-stellar ob-
jects, HD 203030B and HN PegB (Metchev & Hillenbrand, 2006; Luhman et al.,
2007). Both objects have effective temperatures between 1100–1300 K, and, because
of their relative youth (≈ 0.3 billion years), are still undergoing contraction. Their
radii are expected to be similar to those of the comparably hot short-period extra-
solar Jupiters that are puffed up because of proximity to their host stars. Although
the physical conditions in the hot Jupiter atmospheres are likely to be affected by
irradiation from their host stars, we expect to gain a rudimentary picture of the
chemistry in these hot planetary atmospheres by studying the much more easily
accessible young brown dwarf companions.

5.4.3 Low Mass Binaries

Brown dwarfs also exist as companions of late-type main sequence stars. Gl 229B,
the archetypical T dwarf, lies at a separation of ∼ 50 AU from an M0.5 primary.
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Since that discovery, the nearest stars have been subjected to intense scrutiny (Si-
mons et al, 1997; Oppenheimer et al, 2001), but only two have yielded brown
dwarf companions: Gl 570D is an extremely cool T8 dwarf, lying 1525 AU from
Gl 570ABC, a K5/M1/M2 triple (Burgasser et al, 2000); and ε Indi, a K5 dwarf, is
accompanied at a separation of 1459 AU by a T1/T5 binary, ε Indi Bab (Scholz et
al, 2003; McCaughrean et al, 2006). Other binaries within 10-20 parsecs are known,
including Gl 802B (Sect. 5.3.3); G196-3B, a resolved L-dwarf companion of a young
(∼ 107 year-old) M dwarf (Rebolo et al); and LP 216-75/2M0951+35, a Pleiades-age
M4.5 dwarf with a ∼ 0.02M� wide (Δ ∼450 AU) L6 companion (Reid & Walkowicz,
2006). The implication, however, is that luminous (L/T) brown dwarf companions
of late-type dwarfs (particularly M dwarfs) are rare.

The qualifier ”luminous” in the last sentence of the previous paragraph highlights
one of the key observational issues: brown dwarfs cool and fade with age (Figs. 5.1
and 5.2), making it difficult to confidently assess their presence among local field
stars, which have typical ages of several Gyrs. Radial velocity measurements can
set some limits on brown dwarfs at small separations. Approximately 100 field M
dwarfs (mainly early types, M0–M3) are included in the radial velocity planet-search
programs described by Irwin (this volume). So far, four systems (Gl 436, Gl 581, Gl
849 and Gl 876) are known to harbour planetary companions. Only Gl 849b has a
minimum mass close to that of Jupiter (M2 sin(i) = 0.82MJup, Butler et al, 2006);
the remaining planets have M2 sin i < 0.1MJup. While many nearby M dwarfs still
lack adequate observations, no brown dwarf companions have been discovered to
date.

An alternative means of circumventing the visibility issue is to survey a much
younger population. The nearest star forming regions, however, are several hundred
parsecs distant, setting strong constraints on our ability to detect faint companions.
Recently, a number of young (∼ 107 years) stellar associations have been identified,
with sparser membership but lying at distances of 40–60 parsecs from the Sun
(Zuckerman & Song, 2004). Principal among those is the TW Hydrae Association
(TWA), which has at least 28 stellar/brown dwarf systems as members. Nine are
binaries, three are triples and one is a quadruple system, giving an overall multiplic-
ity of 43%. The companions include two brown dwarfs (TWA 5B and 2M1207-39B),
both resolved systems.

The 2M1207-39AB system deserves particular comment. The primary is itself
a brown dwarf, whose spectral type of M8 (Gizis, 2002) implies a mass of 25–
45MJup for an age of ∼ 107 years. The companion, discovered by Chauvin et al
(2004), is ∼ 8 magnitudes fainter with an inferred mass of 4–6MJup, corresponding
to a mass ratio of q ∼ 0.2. At a separation of ≥ 40 AU, the companion lies well
beyond the plausible extent of 2M1207-39A’s protoplanetary disk. This indicates
that both components probably formed like stars, from the gravitational collapse
of molecular gas, rather than like planets, from the accretion of rocks and gas in a
circumstellar protoplanetary disk. 2M1207-39B is therefore the lowest mass brown
dwarf yet identified.

2M1207-39AB also stands apart from most other very low-mass binaries. Follow-
up observations of 2MASS, DENIS and SDSS sources have provided extensive cat-
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alogues of nearby L and T dwarfs (Cruz et al, 2006; Burgasser et al, 2006). Those
datasets have been surveyed for binary companions, although current observations
are largely limited to high resolution imaging with either the Hubble Space Tele-
scope (e.g. Reid et al, 2006; Burgasser et al, 2006) or ground-based AO systems
(e.g. Close et al, 2003). With angular resolutions better than 0.1 arcseconds, those
observations can resolve binaries with separations of a few AU, corresponding to
periods of 10-50 years for massive brown dwarfs. More than 90 L dwarfs, including
72 within 20 parsecs, and ∼ 25 T dwarfs have been observed to date. Spectroscopic
observations are sparser (e.g. Reid et al, 2002), and are complicated by the broad
absorption features of L dwarfs that limit the accuracy of the measured velocities.

The results from recent investigations have been summarised by Burgasser et
al (2007). In brief, there are three main conclusions: first, the multiplicity fraction
for ultracool dwarfs is probably less than 20%, with ∼ 12% in resolved systems and
no more than ∼ 6% in spectroscopic binaries. Second, there is a clear preference for
equal-mass systems. Fig. 5.10 (from Reid et al, 2006) illustrates this point, where
we compare the point-spread function distribution for HST near-infrared images

Fig. 5.10. The HST NICMOS J-band (F110W) point-spread function, plotted in relative
magnitudes, matched against the peak brightness of known companions of ultracool dwarfs.
The dotted lines mark the effective detection limits. It is clear that there is a substantial
area of discovery space that is accessible, but unoccupied.
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against the peak brightness of known L dwarf binaries. All of the systems have
nearly equal luminosities, which, for brown dwarfs, implies nearly equal masses, yet
there is a vast expanse of discovery space for lower luminosity companions. Finally,
the component separation distribution for brown dwarf binaries peaks at 3-10 AU,
with few binaries having separations exceeding 15 AU. All of the wide binaries,
including 2M1207-39AB, GG TauBab and DENIS 0551-4434AB, are younger than
108 years, raising the possibility that an evolutionary effect, perhaps dynamical
stripping, might play a role in modifying the population.

5.4.4 Summary

In summarising these results, we must emphasise that brown dwarf binaries should
be considered as part of a continuum, stretching from O-type systems through
solar-type stars to ultracool brown-dwarf/brown-dwarf binaries, rather than as a
distinct category unto themselves. Taking that perspective, there are three broad
characteristics of binary systems:

– The overall multiplicity fraction decreases from early to late spectral types
(where we use the spectral type of the primary to characterise the system);

– The proportion of equal-mass systems increases at later spectral types; and
– The distribution of component separations becomes more compressed at later

spectral types.

The data underpinning the last conclusion are shown in Fig. 5.11 (adapted from
Reid & Walkowicz, 2006), which plots the total system mass, Mt = M1 + M2, and
the mass ratio, q, as a function of component separation, Δ. Reid et al (2001) orig-
inally pointed out that the maximum separation of low-mass binaries appeared to
scale logarithmically with Mt (i.e. log(Δmax) ∝ Mt). Burgasser et al (2003) subse-
quently demonstrated that the outer envelope is better matched by Δmax ∝ M2

t at
Mt ≥ 0.3M�. As noted in Sect. 5.4.3, the handful of low-mass binaries that violate
these limits are generally younger than ∼ 108 years.

Fig. 5.12 offers some clues as to how we might understand these results. Here, we
plot the mass/separation diagram for stellar, brown dwarf and planetary compan-
ions to a volume-complete sample of nearby solar-type stars. This clearly illustrates
the high frequency of planetary companions and dearth of brown dwarf companions
at small separations (≤ 10AU). More importantly, it shows that the brown dwarf
desert extends well into the stellar mass régime, with only a handful of companions
with M2 sin i < 0.7M�. This is in stark contrast to the mass distribution of wide
companions (>100 AU), which extends to brown dwarf masses and, indeed, closely
matches the mass distribution of single stars.

Rephrasing these results, Fig. 5.12 shows that there is a clear preference for
near-equal mass systems at small separations among solar-type stars. The inner
region presumably reflects the effects of competitive accretion: big stars don’t let
small stars form close to them. Wide (Δ > 100AU) systems form through the
gravitational association of independent protostellar cores, and therefore span a
greater range of mass ratios.
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Fig. 5.11. Total system masses and mass ratios as a function of separation (adapted
from Reid & Walkowicz, 2006): crosses mark stellar binaries; solid points are systems with
ultracool companions; the dashed line and solid line in the mass/separation diagram are
from Burgasser et al (2003).

Suppose that this dichotomy holds over the full mass range of primary stars.
It seems likely that the boundary between the inner and outer regions will scale
with the gravitational potential, i.e. the mass of the primary. Subsequent dynami-
cal interactions are likely to be more effective at disrupting wide low-mass binaries.
Removing those systems decreases the total binary fraction, and preferentially elim-
inates low-q systems, leading to a higher proportion of equal-mass systems and the
mass/separation diagram shown in Fig. 5.11.

Close binaries are clearly a “bad thing” (to quote Sellars & Yateman) for the for-
mation and survival of planetary systems, since gravitational interactions are liable
to truncate and even disrupt the protostellar disk. Taken at face value, the decrease
in the fraction of stellar or brown dwarf companions with decreasing primary mass
suggests that the environment around low-mass stars and brown dwarfs may be
more suitable for planet formation. However, if post-formation disruption plays a
significant role in constricting the separation distribution plotted in Fig. 5.11, then
the present-day multiplicity fraction may lead to an overestimate of the number of
low-mass dwarfs with undisturbed planetary systems. From the brown dwarf per-
spective, Figs. 5.11 and 5.12 suggest that higher mass (M > 0.7M�) AFGK stars
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Fig. 5.12. The mass/separation diagram for known stellar, brown dwarf and planetary
companions of the volume-complete sample of 479 solar-type stars (4 < Mv < 7) within
25 parsecs of the Sun. Notice that there are only a handful of companions with 0.01 <
M

M� < 0.5 and δ < 10AU – the brown dwarf desert extends through the M dwarf régime.

are the best targets for direct imaging surveys, since they offer the best prospects
for harbouring sub-stellar companions at wide separations.

5.5 Future Work

A major portion of the brown dwarf effort in the future will aimed at discovering sub-
stellar objects that are cooler and fainter than the ones known to date. As discussed
in Sect. 5.2.1, these dwarfs are likely to bear close similarities to giant planets
found in our own Solar System and around other stars. In particular, the effective
temperatures of extremely cool brown dwarfs may be sufficiently low (<500 K) to
allow the formation of ammonia and water molecules in their atmospheres, as in
the atmospheres of the solar system giant planets. Direct imaging and spectroscopy
of brown dwarfs will thus remain at the forefront of exoplanet research. Planned
future studies will follow several main approaches: (1) direct detection of extra-
solar planets during secondary eclipses in transiting systems; (2) direct imaging
of planetary-mass companions to stars through enhanced high-contrast imaging
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capabilities; (3) wide-field infrared imaging surveys in search for very cool and low-
mass nearby brown dwarfs; (4) precise astrometric and spectroscopic monitoring
of binary brown dwarfs and exoplanets to determine dynamical sub-stellar masses;
and (5) characterization of the atmospheres and of the evolutionary states of known
brown dwarfs through detailed spectroscopy and theoretical modeling.

5.5.1 Direct Detection of Transiting Planets

Direct detection of planetary atmospheres in secondary eclipses became feasible with
the launch of the mid-infrared Spitzer Space Telescope in 2003. The high precision
of the Spitzer measurements and the high brightness of extrasolar planets in the
mid-infared recently allowed Richardson et al. (2007) to record the first spectrum
of an extrasolar planet: the mid-infrared spectrum during secondary eclipse, when
the planet is hidden, is subtracted from the spectrum outside eclipse (star plus
planet); the difference is the planetary spectrum. The Spitzer mission is nearing
the end of its fully operational lifetime (the cryogens are expected to run out in
2008), but larger mid-infrared-optimized space telescopes are planned for the future,
notably the James Webb Space Telescope (JWST; expected launch date: 2013).
JWST (diameter 6.5 m) will continue and enhance the exoplanet science done with
Spitzer (0.85 m).

In the meantime, the recently (2006) launched COnvection, ROtation, and plan-
etary Transits (COROT; 0.2 m) space mission and the upcoming Kepler space mis-
sion (0.95 m; to be launched in 2008) are expected to find many more transiting
planet systems. Both satellites work at optical wavelengths. COROT will survey a
few thousand bright stars (Bordé, Rouan & Léger, 2003), and has already detected a
Jupiter mass transiting planet (CoRoT-Exo-1 b; M ∼ 1.3MJup, P ∼ 1.5 days). Ke-
pler is designed with the specific goal of discovering Earth-sized exoplanets (Borucki
et al, 2003). The future of the planet transit technique is thus wide open, as we have
just scratched the surface of the immense scientific potential of this method.

5.5.2 High Contrast Imaging

High-contrast direct imaging efforts are aimed at spatially resolving planets from
their host stars. The future of the high-contrast imaging approach is promising and
exciting, as the AO technology developed in the early 1990’s is starting to mature.
Multiple efforts are underway to improve and enhance the available instrumentation
to allow the direct imaging of photons from exoplanets. Both ground- and space-
based telescopes in the future will rely on AO to achieve optimum imaging contrast
and stability.

In the near term, upcoming next-generation high-contrast imaging instruments
include the PALM-3000 AO system for the Palomar 5 meter telescope, the Near-
Infrared Coronagraphic Imager (NICI) on the Gemini South 8 meter telescope, the
Gemini Planet Imager (GPI) on the 8 meter Gemini North telescope, the Spectro-
Polarimetric High-contrast Exoplanet Research (SPHERE) instrument on the 8-
meter Very Large Telescope (VLT), and the Next Generation Adaptive Optics Sys-
tem on the Keck 10 meter telescope. All of these instruments are expected to be
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able to detect 5–10 Jupiter-mass planets within 30 AU of stars within 30 parsecs
from the Sun. NICI is already undergoing integration at the telescope, while the
remaining systems are expected to see “first light” by 2012.

A separate approach to high-contrast imaging involves the detection of polarized
emission from the day side of an extrasolar planet. Light reflected from the day
side of a planet in an inclined (0◦ < i < 90◦) orbit with respect to the line of
sight is expected to be polarized through Thomson scattering in the planetary
atmosphere. Phase variations in the degree of system polarization can be used to
infer the reflected luminosity of the planet. This concept is already integrated in
the design for SPHERE on the VLT. In the more distant future (beyond 2020),
ground-based high-contrast imaging will take advantage of the unprecedented 20–
60 meter apertures of the next generation of extremely large telescopes, such as
the Giant Segmented Mirror Telescope (GSMT; > 20 meters), the Thirty-Meter
Telescope (TMT; 30 meters), and the European Extremely Large Telescope (E-ELT;
30–60 meters). The factor of 2–6 larger apertures of these future telescopes may
allow detection of planets at 2–6 times smaller angular separations from their stars,
potentially probing the Jovian region (∼ 5 AU) for Jupiter-mass planets around
stars within 30 parsecs from the Sun.

In parallel with the ground-based effort, there is a wide range of space-based
programs at various stages of development. At present, JWST is the only mission
slated for launch before 2015, and will be capable of detecting super-Jupiters at
> 5 AU separations from stars within 30 pc. Plans are also underway for more
ambitious programs, including the Terrestrial Planet Finder Coronagraph (TPF-C;
8× 4 meter, visible light) and Interferometer (TPF-I; four 4-meter formation-flying
mirrors; mid-infrared), and the European Space Agency’s (ESA) Darwin interferom-
eter (three ≥3-meter formation-flying mirrors; mid-infrared). TPF-C, TPF-I, and
Darwin will all aim for the direct imaging of Earth-like planets in the habitable
zone (∼ 300 K; ∼ 1 AU) of nearby Sun-like stars.

5.5.3 Wide Field Imaging Surveys

Sensitive wide-field imaging surveys in the future will detect the largest numbers of
new sub-stellar objects. Indeed, the vast majority of known brown dwarfs were dis-
covered using the present generation of wide-area imaging surveys: DENIS, 2MASS,
and SDSS (Sect. 5.3.1), where they are seen as isolated free-floating objects. How-
ever, those surveys have revealed only a small fraction of the expected sub-stellar
objects in the solar neighborhood, and barely hinted at their diversity. The cen-
sus of sub-stellar objects in the solar neighborhood remains woefully incomplete,
especially at the cool end of the brown dwarf sequence (spectral type T8).

A second generation of sensitive wide-field surveys is now under way, with the
UK Infrared Digital Sky Survey (UKIDSS) in operation on the 3.8 meter UK In-
frared Telescope (UKIRT) since 2005, and the Panoramic Survey Telescope & Rapid
Response System (Pan-STARRS) survey expected to commence on the first of three
1.8 meter telescopes in 2007. UKIDSS is 3 magnitudes more sensitive than 2MASS,
and will therefore be correspondingly more effective at detecting very cool brown
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Fig. 5.13. The expected spectroscopic characteristics of cool brown dwarfs in the wave-
length range covered by JWST’s Near InfraRed Spectrograph (NIRSPEC) (from the model
calculations by Burrows, Sudarsky & Lunine, 2003). The spectra are labeled by temper-
ature and the main features identified. Note the appearance of ammonia at ∼ 600K and
the weakening of the alkaline lines (e.g. Na I) at Teff < 450K.

dwarfs, with effective temperatures 500–700 K. Kendall et al (2007) recently an-
nounced the first T dwarf discoveries from UKIDSS data.

Even cooler brown dwarfs should be detectable with the planned 8.4 meter Large
Synoptic Survey Telescope (LSST; commissioning expected circa 2012), which will
scan the entire sky every 3 days. LSST will be able to detect very faint, fast-
moving, nearby brown dwarfs, which may have evaded previous shallower surveys
performed on smaller telescopes. The search for cool brown dwarfs is also a primary
scientific goal of the upcoming Wide-Field Infrared Survey Explorer (WISE; mid-
infrared; 0.4 m) space mission, an all-sky 3μm survey due for launch in 2009. All
of these programs aim to push detections to temperatures below 600K, where, as
discussed in Sect. 5.2.1, the presence of significant absorption by ammonia will lead
to sufficient changes in the spectroscopic appearance to warrant their classification
in a new spectral type, Y. Figure 5.13 shows the expected appearance of late-T
and Y dwarfs at near- and mid-infrared wavelengths.
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5.5.4 Radial Velocity and Astrometric Surveys

Tried and true classical techniques such as radial velocity and astrometric moni-
toring also continue to improve in sensitivity. The High Accuracy Radial velocity
Planet Searcher (HARPS) spectrograph on the European Southern Observatory
(ESO) 3.6 m telescope has demonstrated precision levels well below 1 m sec−1, and
was recently used to identify the lowest mass radial velocity planet discovered to
date, Gl 581c with M sin i = 5MEarth (Udry et al., 2007). With the use of larger
telescopes in the future, the precision of the radial velocity technique is expected to
further improve.

Precision astrometry is also leaving its footprints, having provided the first dy-
namical mass measurements of extrasolar planets (Sect. 5.3.3). Ongoing ground-
based projects include the twin 10 m Keck interferometer and the four 8 m (+
three 1.8 m auxiliary) telescopes of the VLT Interferometer (VLTI), which offer
the potential of both sub-milliarcsecond astrometry and direct detection of close
companions, through on-axis nulling of the light from the primary star (Hinz et
al, 1999). Space-based systems are also planned, with technical work continuing
on NASA’s Space Interferometry Mission SIM-PlanetQuest (Unwin et al, 2008),
which will achieve microarcsecond precision, permitting the potential detection of
terrestrial planets around nearby stars.

Besides detecting new extrasolar planets, astrometric and radial velocity moni-
toring of known brown dwarfs is also expected to produce many important results in
the near future. A fundamental parameter of any self-gravitating object is its mass.
For brown dwarfs, mass is an elusive quantity that is degenerately linked to its other
parameters: effective temperature, luminosity, composition, and age(Sect. 5.2.1). To
date, barely a handful of sub-stellar objects have had their masses measured dy-
namically, through monitoring of their orbital motions (Sects. 5.3.3, 5.3.4). Several
astrometric, radial velocity, and photometric monitoring campaigns are currently
under way (e.g., Stassun et al., 2006; Konopacky et al., 2007; Burgasser et al.,
2007, and references therein) that promise to radically increase the number of such
systems in the near future. These measurements are urgently needed to calibrate
present and future editions of sub-stellar evolutionary models (e.g., Burrows et al.,
1997; Chabrier et al., 2000; Baraffe et al., 2003).

5.5.5 Brown Dwarf Atmospheres

Several hundred brown dwarfs are currently known (see J. D. Kirkpatrick’s Dwarf
Archive, http://www.dwarfarchives.org), and their detailed characterization has
now begun in earnest. An important step in that direction has been the Brown Dwarf
Spectroscopic Survey (McLean et al., 2003, 2007), which has compiled medium- and
high-resolution spectroscopic data on brown dwarfs covering the full L and T dwarf
sequences. These near-infrared data complement the extensive optical data obtained
in the course of the 2MASS follow-up program.

As discussed in Sect. 5.2.2, nearby brown dwarfs are now known to span a
range of surface gravities and metallicities that lead to significant variations in their
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spectroscopic appearance even within the same spectral type (e.g. Kirkpatrick, 2005,
2008, and referenences therein). Both surface gravity and metallicity are linked to
age. For example, low-surface gravity indicates that the object either has a low mass
or an unusually large radius. In either case, this implies youth: if the object is a
low-mass brown dwarf, then it has been caught during its relatively brief luminous
phase; if higher mass, then the large radius implies that it is still contracting onto
the main sequence.

Conversely, metal deficiency in any object is usually an indication of old age,
as the object likely formed when the inter-stellar medium was not enriched to its
present level of heavy-element content. Hence, brown dwarfs with peculiar surface
gravities and metallicities can be used as tracers for the history of sub-stellar object
formation in our galaxy. Peculiar brown dwarfs will also provide important bench-
marks for extrasolar giant planets that orbit stars of various ages and metallicities.
The availability of a larger brown dwarf sample and more powerful spectroscopic
instruments on future ground- and space-based telescopes will undoubtedly reveal
more surprises and provide more insight into the characteristics of these very low
mass objects.

5.6 Summary and Conclusions

Brown dwarfs and exoplanets originate through different formation mechanisms.
However, they have similar atmospheric characteristics, and the distribution of
brown dwarfs as secondary components in binary systems affects the prevalence of
planetary systems. We have briefly discussed the basic properties of brown dwarfs,
and summarised the techniques employed to search for them as companions of main
sequence stars. After a slow start, astronomers are piecing together a consistent pic-
ture of the formation and evolution of stellar/brown dwarf binaries, and the conse-
quent implications for the survival of exoplanetary systems. With the development
of new instrumentation and new techniques, the next decade is likely to see the
detection of planetary-mass brown dwarfs at planetary temperatures, and perhaps
even the direct detection of exoplanets around the nearest stars.
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6 Close-Orbiting Exoplanets: Formation,
Migration Mechanisms and Properties

Hugh R.A. Jones, James S. Jenkins & John R. Barnes

Summary. The discovery of a signal from a putative extra-solar planet around the nearby
Sun-like star 51 Peg by Mayor & Queloz and the rapid confirmation by Marcy & Butler was
the main starting point for the field of extrasolar planets. More than a decade later, ‘51 Peg
- type planets’ or ‘hot Jupiters’ are frequently discovered and characterised by a variety of
methods. Developments in experimental capabilities means that so called hot Saturn’s and
hot Neptune’s have also been discovered. The wide range of properties of close-orbiting
planets has stimulated a plethora of physical models to explain their properties. They
provide the sharpest test for theories of formation, e.g., gravitational instability versus
core-accretion, the role of stellar metallicity in determining planetary core mass and how
an irradiating star influences planetary contraction and migration, e.g., type I, type II and
delayed. With the continuous development of experiments close-orbiting terrestrial-mass
extra-solar planets are the exciting new frontier in astrophysics and will test a wide range
of theoretical predictions.

6.1 Introduction

It was the renaissance philosopher Giordano Bruno who first suggested there might
be other worlds orbiting the stars of the night sky. Bruno’s heretical philosophising
came to a fiery end, when in 1600 he is believed to have been burned at the stake.
However, his musings set the stage for one of astronomy’s ‘Holy Grails’ - the search
for planets around other stars. Bruno’s death at the hands of the Holy Inquistion
was followed by fruitless searches over the following 395 years. In 1991 the first
extrasolar planet (exoplanet) based on its low-mass was discovered in close-orbit
around a pulsar using timing measurements (Wolzcan & Frail 1992). A further
three planets have now been discovered around PSR 1257+12 and even a possible
comet, as well as a planet around PSR B1620-26 (Backer, Foster & Sallmen 1993;
Sigurdsson et al. 2003). While these are landmark discoveries, the planets’ location,
next to a stellar remnant and perhaps forming after its collapse, probably helps little
in understanding our own Solar System. Nonetheless it gives the impression that
planet formation is robust and fuels our idea that planets are common throughout
the universe.
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In 1995 Mayor & Queloz (1995) announced the detection of the first exoplanet
around a Sun-like star. The radial velocity of the G2V star 51 Pegasi was used
to infer the presence of a Jupiter mass planet in a 4.2 day orbit. The discovery
was quickly confirmed independently (Marcy & Butler 1996) and also corroborated
by Doppler evidence for Jupiter mass planets in close-orbit around a number of
other nearby stars. Our knowledge of exoplanets has been fuelled by the growth in
the sheer number and also by the broad range of parameter space now populated.
However, close-orbiting planets characterised with a combination of precise radial
velocity measurements and transit photometry have played a key role. In these
systems we can determine the mass and radius of the planet, which in turn yields
constraints on its physical structure and bulk composition. The transiting geometry
also permits the study of the planetary atmosphere without the need to spatially
isolate the light from the planet from that of the star. This technique is known
as transit spectroscopy or sometimes occultation spectroscopy and has allowed for
photometric and spectroscopic measurements of exoplanets to be made.

Fig. 6.1. In an artist’s impression, a ”hot Jupiter” in tight orbit about its parent star,
is seen to puff up under the intense heat and its outer gases boil off into space. Image
courtesy NASA, ESA, and G. Bacon (STScI).
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Fig. 6.2. Light curve from Brown et al. (2001) obtained by observing four transits of the
planet of HD209458 using the STIS spectrograph on the Hubble Space Telescope. The
folded light curve can be fitted within observational errors using a model consisting of an
opaque circular planet transiting a limb-darkened stellar disk. In this way the planetary
radius is estimated as 1.347 ± 0.060 RJUP, the orbital inclination 86.6 ± 0.14, the stellar
radius 1.146 ± 0.050 R�. Satellites or rings orbiting the planet would, if large enough, be
apparent from distortions of the light curve or from irregularities in the transit timings.
No evidence is found for either satellites or rings, with upper limits on satellite radius and
mass of 1.2 RJUP and 3 MJUP, respectively. Opaque rings, if present, must be smaller than
1.8 planetary radii in radial extent.

6.2 51 Pegasi as a Prototypical Close-Orbiting Exoplanet

While the discovery of 51 Pegasi was a landmark, as with the earlier discovery of
planets around pulsars, it was met with scepticism in part because of the difficulties
of the measurement but as much because 51 Pegasi b seemed to have nothing in com-
mon with our Jupiter (except mass). Interpretation of its orbit required rediscovery
of the robust concept of inward planetary migration driven by tidal interactions
with the protoplanetary disk (Goldreich & Tremaine 1980; Lin & Papaloizou 1986;
Ward & Hourigan 1989). Thus, while such a large mass planet could not form in
the glare of radiation from its sun, it was entirely plausible that it had migrated
into position through the disk of material around 51 Pegasi (Lin, Bodenheimer
& Richardson 1996). Although 51 Pegasi-like objects dominated early discoveries,
other types of planets are considerably more common. Marcy et al. (2005) find that
the occurrence of “hot Jupiters” within 0.1 au of FGK stars is 1.2 %. The 51 Pegasi
class were found first because they are easiest to find. Relatively heavy and close to
their stars they exert the largest force on their hosts and are thus by far the easiest
to detect by the radial velocity method. In addition to being favoured by radial
velocity surveys, the bias is even stronger in transit surveys. All known transiting
exoplanets have periods less than a week.
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Although the exoplanets discussed in this review were found using a range of
techniques discussed in Chapter 1, it is important to emphasize that they are not
discovered from a single well documented and quantified methodology. The com-
pilation relies on a number of different ongoing surveys operating with different
samples, sensitivities, instruments, scheduling, strategies and referencing techniques
(e.g., Schneider et al. 2007).

6.3 Transit Discovery of Close-Orbiting Planets

Around 1 in 3000 stars (e.g. Horne 2003) are expected to have a planet in orbit
around them which moves into the line of sight between the star and the Earth.
The drop in brightness of a star can be detected as a cool planet transits across it and
blocks some of the light. The first discovery of a transiting exoplanet was made by
monitoring the known radial velocity discovered exoplanet HD209458 (Brown et al.
2001; Charbonneau et al. 2001). This validation of the radial velocity technique put
the field of exoplanets on an indisputable empirical footing. The transit technique
is now well-established as a primary discovery technique and has provided more
than 20 exoplanets. The nearby examples of these are particularly valuable quarry.
When a planet transits, its orbital inclination can be accurately measured which
enables the mass of the planet to be determined from the M sin i measurement
provided by a complementary radial velocity measurements. The planetary radius
can be directly obtained by scaling the depth of the transit event to the radius of
the star. With the mass and radius, quantities such as average density and surface
gravity can be determined.

6.4 Orbital Characteristics of Close-Orbiting Planets

The term close-orbiting planets is not well-defined. Indeed this is perhaps not sur-
prising given that the term planet, whilst having an ancient definition of ‘wandering
star’ is itself somewhat controversial (e.g., Gingerich 2006). It is illuminating to ex-
amine what the current census of exoplanets reveals. All inferences and plots will
be made by reference to the exoplanets catalogue (Butler et al. 2006, updated 2007
May 3 and further augumented by parameters for H43691b, HD132406b, GJ317b,
TrES-3, HD147506b and GJ436b taken from Schneider et al. 2007). This catalogue
provides the best available parameters for exoplanets though it is a compilation
from many surveys and is drawn from an inhomogeneous sample.

Since exoplanets are found at a wide range of semi-major axes it is instructive to
examine the overall distribution. Figure 6.3 (and a version for close orbiting planets
Fig. 6.4) suggests that exoplanets show key differences with semimajor axis. Two
separate features are apparent in the exoplanet period distribution. A peak of short-
period exoplanets is seen in the 51 Pegasi-type objects, then a dearth, followed by a
sharp rise and plateau in the number of exoplanets toward longer semimajor axes.
It can be seen that when a crude attempt to remove the selection effect due to mass
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Fig. 6.3. The semimajor axis distribution for exoplanets. The solid line represents the en-
tire exoplanet sample. The dashed line represents all planets above 1 MJUP sin i. This was
chosen as the limiting mass which is relatively unbiased throughout most of the range of
semimajor axes over which exoplanets have been detected. For example, HD 154345b with
1.01 MJUP sin i is found at 4.36 au around a V = 6.8, [Fe/H]=-0.1 dex star. It is thus not
so bright or metal-rich that its detection is not expected to have resulted from extra data
points and thus to have its exoplanetary detectability substantially enhanced (e.g. Cum-
ming 2004). The error bars are from

√
(number) statistics and are only indicative. While

a peak at small values of semi-major axes may arise from incompleteness there is evidence
for a sharp change in the distribution, presumably due to migration, between 0.5 and 1 au.

Fig. 6.4. The semimajor axis distribution for close-orbiting exoplanets. The solid line
represents the entire exoplanet sample. The thick solid line shows the sample of transit
planets. The small semimajor axis side of the plot is dominated by transit discoveries and
the right-hand side by radial velocity discoveries. The dashed line represents all planets
above 1 MJUP sin i. The error bars are from

√
(number) statistics and are only indicative.

There is evidence for a significant peak in the distribution for the 1 MJUP sin i and
above sample at around 0.07 au which maybe symptomatic of mass dependent migration,
however, in order to have confidence it is necessary to better understand the relatively sharp
selection biases for transit and radial velocity surveys which exist within this plot range.
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is made that the short-period peak largely disappears. The distribution we are then
left with is clearly distinguished into short- and long-period at around 0.5 au.

6.4.1 Exoplanetary Mass Function

Figure 6.5 shows a mass histogram representing all exoplanets as well as solid
lines showing sub-samples of short, intermediate and long period exoplanets. All
indicate a rise in the number of exoplanets per unit mass towards lower masses
despite the selection bias toward finding heavier exoplanets. This overall distribu-
tion is similar to the mass function based on subsamples of the long-period and
intermediate-period exoplanets. Also over-plotted on this graph for comparison is
a dotted line for dN/dM ∝ M−1.1 (following Butler et al. 2006). The sensitivity
of the radial velocity planets below 1 MJUP sin i is limited (see Fig. 6.3 cap-
tion) and so the turnover that both mass functions exhibit below 1 MJUP sin i
is expected. Authors making corrections for incompleteness find steeper relation-
ships, e.g., dN/dM ∝ M−1.6 Lineweaver, Grether & Hidas (2003). Cumming et al.
(quoted in Butler et al. 2006) finds dN/dM ∝ M−1.1 for M <0.6 MJUP sin i and
dN/dM ∝ M−1.9 for M>0.6 MJUP sin i. However, until an approach such as that
in Cumming et al. (2003), including a full treatment of eccentricity which incorpo-
rates a knowledge of detection sensitivities for a single sample, is made such results

Fig. 6.5. The plot shows various representations for the number of exoplanets per unit
mass. By the dotted lines it may depicit the apparently different mass functions prevalant
for close-orbiting planets and others. The two solid lines which approximately follow the
shape of the histogram are smoothed sub-samples of exoplanets with intermediate (0.24-
1.52) and large (1.6-11.4) values of au. The dashed line among them is the power law for
the number of exoplanets scaling as dN/dM ∝ M−1.1. To the left of the plot is a steeper
solid line which is a smoothed version of the small (0.0177-0.238) au sample as well as
a dotted line showing dN/dM ∝ M−3.1 a tantalising indication that the close-orbiting
exoplanet mass function may be steeper.
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are problematic. Nonetheless, it is noteworthy that the short-period mass function
appears to have a somewhat different form. In Fig. 6.5 it is plotted with a thicker
line and is overplotted with a normalised curve for dN/dM ∝ M−3.

6.4.2 Exoplanetary Eccentricities

The upper plot in Fig. 6.6 shows that exoplanets can have a wide range of eccen-
tricities at all semi-major axes. This is contrary to our Solar System where planets
have orbits close to circular (<0.21). The binned plot in the lower plot of Fig. 6.6
indicates the expected trend that planets with small semi-major axes should have
small eccentricities due to tidal circularisation of close-in planets (e.g. Halbwachs,
Mayor & Udry 2005). However the clear turning point at periastron distances of less
than 0.1 au (e.g., Rasio & Ford 1996) is not seen. For periastron distances of 0.1 au

Fig. 6.6. The upper plot shows a scatter plot for eccentricities against semimajor axis
for exoplanets. The lower plot shows mean eccentricities plotted against semimajor axis
for exoplanets. Mean eccentricities are shown binned in the solid line (and median in
dotted since there are cases where exoplanet eccentricity fits are set to zero when there is
relatively little radial velocity data). The error bars are from

√
(number) statistics and

are only indicative. While a wide range of eccentricity values can be found across the range
of measured semi-major axes it is evident that circularisation processes are evident below
1 au.
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the tidal circularisation timescale is already likely to be many Gyr, for inferred Q
values (based on planets having semi-major axes with less than 0.1 au, where Q is
the specific dissipation function). The circularisation timescale, tcirc, is a sensitive
function of the radius of the planet, Rplanet (tcirc ∝ R−5

planet, Goldreich & Soter 1966)
and supposedly occurs due to dissipation in the planet, not the star (e.g., Gu et al.
2004). Perhaps, the larger planet radii during contraction, in the first 10 Myr or so,
helps to shorten the circularisation time. Thus the rising mean eccentricities versus
semi-major axis apparent in Fig. 6.6 from 0.1 to around 0.5 au may be explained
by the decreasing effectiveness of the tidal circularisation mechanism.

One might expect that the orbital eccentricities of smaller planets would respond
more to eccentricity boosting mechanisms, however, the lower plot in Fig. 6.7 sug-
gests the opposite. While an attempt has been made to correct for the bias against
finding high eccentricity planets (by only looking at the more ‘complete’ sample
of higher mass planet) this is a crude correction (e.g. Cumming 2004). Ribas &
Miralda-Escude (2007) hypothesize that there are two populations of gaseous plan-
ets: the low-mass population which form by gas accretion onto a rock-ice core in
a circumstellar disk and is more abundant at high metallicities, and a high-mass
population which forms directly by fragmentation of a pre-stellar cloud. Planets

Fig. 6.7. The upper plot shows a scatter plot for MplanetJup/Mstar� against eccentricities
for exoplanets. The lower plot shows median MplanetJup/Mstar� values and suggests that
for a given mass host star a larger planet will have a higher eccentricity. The dashed line
represents all planets above 1 MJUP sin i. The error bars are from

√
(number) statistics

and are only indicative.
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of the first population form in initially circular orbits and grow their eccentricities
later, and may have a mass upper limit from the total mass of the disk that can be
accreted by the core. The second population may have a mass lower limit resulting
from opacity-limited fragmentation. This would roughly divide the two populations
in mass, although they would likely overlap over some mass range. If most objects
in the second population form before the pre-stellar cloud becomes highly opaque,
they would have to be initially located in orbits larger than ∼30 AU, and would
need to migrate to the much smaller orbits in which they are observed. The higher
mean orbital eccentricity of the second population might be caused by the larger
required intervals of radial migration, and the brown dwarf desert might be due to
the inability of high-mass brown dwarfs to migrate inwards sufficiently in radius.

6.4.3 The Parent Stars of Close-Orbiting Exoplanets are Metal-Rich

An important characteristic of a star is the fraction of ‘metals’ (elements heavier
than helium) it contains – the metallicity (usually measured as [Fe/H]). Gonza-
lez (1997) found exoplanet host stars to be metal-rich. This conclusion has been
confirmed by many authors with different samples, methodologies and spectral syn-
thesis codes. Fig. 6.8 shows just how metal-rich all exoplanet primaries are. Al-
though close-orbiting exoplanets show the highest [Fe/H], there is no strong trend
with semi-major axis. All points are 0.15 dex above the solar; whereas the Sun and
other solar type dwarf stars in the solar neighbourhood have an average metallicity
of 0 or even slightly less (Reid 2002). This result, representing the only link be-
tween the presence of planets and a stellar photospheric feature, has been given two
main explanations. The first, is based on the classical view that giant planets are
formed by runaway accretion of gas on to a ‘planetesimal’ having up to 10 Earth
masses. In such a case, we can expect that the higher the proportion of dust to
gas in the primordial cloud (i.e. the proportion of metals), and consequently in the
resulting protoplanetary disc, the more rapidly and easily may planetesimals, and
subsequently the observed giant planets be built.

Opposing this view, it had been proposed that the observed metallicity ‘excess’
may be related to ‘pollution’ of the convective envelope of the star by the infall of
planets and/or planetesimals (e.g., Hole et al. 2001). So far evidence for this has only
been found in one of the many systems investigated. While such pollution may play
a small role, giant stars with planets all have high metallicities and show no evidence
for pollution (e.g., Santos et al. 2003). These are crucial systems because they are
well mixed and not subject to the mixing and surface uncertainties that limit our
confidence in measuring ‘pollution’ in Sun-like stars. Besides the [Fe/H] differences,
there is currently some debate about possible anomalies concerning other elements.
But the relatively low number of exoplanets known, and possible systematics with
respect to the samples, do not permit firm conclusions to be reached (Santos et al.
2003). So far, it seems that the higher metallicity of most planet-harbouring stars
arises because high metallicity environments have a higher probability of planet
formation (e.g., Livio & Pringle 2003). Thus it appears that like the early detections
of 51 Pegasi-type exoplanets we are finding a surfeit of exoplanets around metal-
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Fig. 6.8. Median spectroscopic [Fe/H] values for the primaries of exoplanets plotted as
a function of semimajor axis. The metal-rich Nature of exoplanets is evident from this
plot, with no binned data approaching solar metallicity. The dashed line represents all
planets above 1 MJUP sin i. The error bars are from

√
(number) statistics and are only

indicative. No relationship between semi-major axis and metallicity is apparent and thus
any metallicity dependence of migration can be expected to be relatively modest.

rich stars because they are easier to detect. The observed lack of [Fe/H] correlation
with semi-major axis or any theoretical expectation of a link (e.g., Pringle et al.
2003) indicates metallicity does not play a key role in exoplanet migration. Note
that global trends are difficult to quantify due the addition of metal-rich stars to
most major planet search campaigns.

6.5 Migration and Formation of Exoplanets

The distribution of exoplanets with semimajor axes in Figs. 6.4 and 6.5 suggest
that exoplanets show key differences with period. The short-period peak has been
an important motivation in the development of migration theories for exoplanets
(Lin et al. 1996; Murray et al. 1998; Trilling et al. 1998; Ward 1997; Armitage et
al. 2002; Trilling, Lunine & Benz 2003). This peak can be explained by a stopping
mechanism such as Lindblad resonances between the planet and disk (Kuchner &
Lecar 2002) and photoevaporation (Matsuyama, Johnstone & Murray 2003) limit-
ing exoplanet migration to periods of less than 3 days. Once there exists a sample
of short-period exoplanets derived from a wider range of primary masses it should
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Fig. 6.9. The plot shows median Mstar� values for exoplanet host stars against semimajor
axis for their exoplanets. The upper plot indicates a relative lack of stars with masses
between 0.4 and 0.7 M� around which planets have been found. This is not unexpected
since surveys target a greater fraction of ‘Solar mass’ stars and more recently have also
focussed telescope time on the lowest-mass stars observable with current experiments. The
lower plot indicates median Mstar� values, the dashed line represents the sub sample of
all planet hosts with above 1 MJUP sin i. No strong relationship between host mass and
semi-major axis, which might be a proxy for mass-dependent migration, is indicated. The
error bars are from

√
(number) statistics and are only indicative.

be possible to distinguish between different stopping mechanisms by comparing the
orbital characteristics of the exoplanet with those of the primary. For example,
Kuchner & Lecar predict that planets around early A-type main sequence stars will
collect at a radius much further from the star (0.3 au) than the radius where solar-
type stars collect. Further data is required in order to robustly test this hypothesis,
e.g., Fig. 6.9. The rise in the number of exoplanets towards longer periods is be-
coming more apparent as more planets are discovered and is very well reproduced
by exoplanet migration scenarios which envisage planets migrating inwards (e.g.,
Armitage et al. 2002; Trilling et al. 2003) as well as outwards (Masset & Papaloizou
2003).

6.5.1 Planet Formation

The favoured model of forming the cohort of currently discovered planets is by
core accretion (Laughlin, Bodenheimer & Adams 2004) this is backed up by both
observations (Fischer & Valenti 2005) and theory (Rafikov 2005). Core accretion
forms planets by the build-up of particles in the stellar disk; the disk being leftover
from the formation of the parent star. Initially the small dust grains in the disk
begin to coagulate until they form larger structures whose gravity can affect their
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Fig. 6.10. The plot shows median MJUP versus Mstar� . The solid line of binned data
suggests a relationship between host mass and planet mass, however, the dashed line of all
planets above 1 MJUP sin i does not support this conclusion for a more ‘complete’ sample.
The error bars are from

√
(number) statistics and are only indicative.

surroundings. The simplest method of planet formation occurs when a core grows
by the accretion of a number of planetesimals at a fixed orbital radius from the star
(Safranov 1969). Initially this core will be surrounded by a near-hydrostatic gaseous
envelope, with the majority of the luminosity being generated by the continuous
planetesimal accretion. The growth of the core will continue until a critical core mass
is reached, at which point there is no stable core-envelope solution and the planetary
envelope will collapse onto the protoplanetary core (Mizuno 1980; Pollack et al.
1996). The mass of the accreted planetesimals and accreted gas is almost equally
distributed and as the envelope contracts the gas accretion rate increases, which
increases the energy losses through radiation giving rise to a runaway accretion
process. This formation scenario describes the types of planets discovered thus far
but the picture is slightly different for terrestrial planets, where the core does not
grow large enough for the surrounding gas to collapse onto it, and hence a significant
planetary atmosphere must be generated by different processes like volcanism.

One of the long standing problems with the core accretion model relates to the
timescale of formation of the planetary embryos. To generate a core massive enough
for the surrounding disk gas to collapse onto requires timescales on the order of 107

years (Hayashi, Nakazawa & Adachi 1977), however the observational upper limits
for the lifetimes of disks forming planets is in the range 105 -107 years. Thus the
planetesimals will have had insufficient time to accrete enough gas to create the
gas giant planets we observe today. More recently models of formation and the
environment of the disk can somewhat account for this discrepancy. Alibert et al.
(2005a) has shown that by including disk evolution, migration and gap formation
into their models, the formation timescales for planetesimal cores become more
compatible with typical disk lifetimes. This speed-up is mostly due to migration,
which ensures there is no depletion of the feeding zones of forming planets, a problem
for in situ models. They have also shown that these models are consistent with the
wealth of information garnered on Jupiter and Saturn on their core masses and
total amount of heavy elements in their envelopes (Alibert et al. 2005). However,
another problem arises due to the fast migration timescales of small planetesimal
cores.
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An alternative model for planetary formation is the disk instability mechanism
which is based on the formation and survival of self-gravitating clumps of gas and
dust in a marginally gravitationally unstable protoplanetary disk (Boss 1997; re-
viewed by Durisen et al. 2007). In order for a disk instability to succeed, the disk
must be able to cool its midplane as the clumps form allowing them to continue
to contract to higher densities. The clumps must be able to survive indefinitely in
the face of Keplerian shear, tidal forces and internal thermal pressure. Different
resolution and sized calculations together with different boundary conditions and
treatments of inner disk heating lead different authors (e.g. Boss 2007, Boley et
al. 2007, Mayer et al. 2007) to almost rule out or even promote the disk instabil-
ity mechanism. Thus further work is required before the importance of the disk
instability formation mechanism can be established.

6.5.2 Migration and Evolution

When planetary migration and formation were first modelled together (e.g., Trilling
et al. 1998, Rafikov 2002, Lufkin et al. 2004) it was discovered that beyond a critical
core mass for the forming planet, a gap in the protoplanetary disk is created. The
critical mass is dependent on the mass and metallicity of the disk and hence it
doesn’t have a singular value, but has been shown to reside in a region between
around 10 - 30 MEarth. Planets below the critical mass undergo Type I migration
with no gap created, whereas planets that accrete enough disk material to cross the
critical mass undergo migration in a gap (Type II migration).

The two types of migration both have different characteristics and hence both
need to be fully understood to explain the distribution of planetary systems discov-
ered thus far. However, both types are caused by the same processes, those being
tidal interactions between the planet and the protoplanetary disk. Other processes
are involved with migration, such as star-planet interactions and planetary mass-
loss, however Trilling et al. (1998) has shown that it is the disk-planet torques that
dominate. The interactions that induce the planetary migration are located at reso-
nant sites throughout the disk. Linblad and co-rotation resonances cause the planets
to migrate through the disk, with Linblad resonances being the most important.
The planetesimals migrate by the emission of spiral density waves that travel away
from the planet and interact at these Linblad sites. Over a large range of density
gradients and disk pressures the outer-Linblad resonances dominate in planetary
systems, causing inward migration to occur more frequently than outward migration
(Ward 1997). Ward (1986) has also shown that Type I migration is extremely fast,
as fast as 103 years for Jupiter-type planets. Trilling, Lunine & Benz (2002) have
shown that disk lifetimes can reach up to 107 years, which poses a problem for
planets undergoing Type I migration as at this speed a lot of planetesimals would
migrate onto their host stars and be destroyed. When the critical mass has been
breached, the planetesimal will open a gap in the disk and the orbital migration
will change completely. Type II migration will occur, and even though the processes
inducing the migration are similar, their characteristics are different. When a gap
has been opened in the disk the resonance sites are located within the gap. This
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leads to higher-order resonances and therefore the planet undergoes a much slower
migration rate. Also Lin & Papaloizou (1986) found that tidal locking can occur in
the gap, slowing the migration further as the planets migration follows the disk’s
viscous flow. The migration timescale is now on the order of 106 - 107 years, which is
comparable to the longest disk lifetimes and helps alleviate the problem of planets
spiralling into their host stars. However, for typical planetesimal parameters the
timescale of the Type I migration is still considerably shorter than the accretion
timescale. Thommes & Murray (2006) and Thommes, Nilsson & Murray (2007)
have shown that by using a model with a viscously evolving disk the accretion and
migration timescales become comparable and can help to halt the destruction of
the forming planetesimals.

Planetary migration not only has implications for the planet that is migrating
through the disk, but it also puts limits on the probability of other planets existing
in the disk. Smaller planets that have formed in the same disk could be ejected
from the system due to the tidal forces induced by a migrating gas giant (Juric
& Tremaine 2007). On the other hand, Edgar & Artymowicz (2004) have found
that a migrating protoplanet may not inhibit the formation of more planetesimals
after migration, and the migrating planet will only pump-up the eccentricities of
planetesimals, with more massive planets inducing larger pumping. Recent work
from Fogg & Nelson (2007) on the other hand have shown that migrating gas giants
can help to replenish the habitable zones of stars with water by the mixing of
material from beyond the “snow-line” to the inner regions of the systems. This,
coupled with the scattering of planetesimals outwards to create a solid disk where
dynamical frictions are strong and terrestrial planet formation can resume, gives
rise to water abundant terrestrial planets.

Once the disk of material that formed the planets has cleared (>107 years) the
planets remain relatively fixed in their orbits unless perturbed by an outside influ-
ence such as a binary star or another planets gravitational field. The relatively high
number of planets in some form of commensurability shows that planet-planet inter-
actions exist long after the initial migration phase. Planets that are not eventually
scattered from their orbits will evolve in a radiative fashion. Evolutionary models
from Burrows et al. (1997) and Baraffe et al. (2003) have shown that the effective
temperatures and luminosities decay rapidly as a function of time as the internal
en- ergy leftover from the formation of the planet is lost. A 12 MJ planet orbiting a
Sun-like star, after 5 Gyrs of evolution, will be ∼10−6 times fainter than the host.
This has repercussions for imaging such objects as the brightness difference between
the host star and the planet is so large even after the inclusion of reflected light.

Winn et al. (2007) suggest how orbital migration mechanisms may be empiri-
cally constrained. Simulations of inward planet migration via tidal interactions with
the protoplanetary disk predict low values of eccentricities, not as large as 0.5 (see,
e.g., D’Angelo, Lubow & Bate 2006). While most of the close-orbiting exoplanets
have low values of eccentricity there are several with semi-major axes of 0.1 au
and eccentricities around 0.5. They presumably acquired their high eccentricities
by mechanisms naturally giving rise to large eccentricities: planet-planet scattering
(e.g., Chatterjee et al. 2007) or due to the tide of a third body (the Kozai mecha-
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nism whereby an orbit undergoes eccentricity/inclination oscillations and ultimately
shrinks in semimajor axis due to tidal dissipation, e.g., Fabrycky & Tremaine 2007,
Wu et al. 2007). A corollary of either scattering or Kozai migration is that the orbit
can be tilted considerably with respect to its initial orbital plane, which was presum-
ably close to the stellar equatorial plane. One can search for such a misalignment by
exploiting the spectral distortion observed during a transit due to stellar rotation
(the Rossiter-McLaughlin effect), whereby the planet hides part of the rotational
velocity field of the stellar photosphere, resulting in an ‘anomalous Doppler shift’
(see, e.g., Snellen 2004, Ohta et al. 2005). The time sequence of anomalous Doppler
shifts depends on the angle between the stellar spin axis and the orbital axis, as
projected on the sky. This angle has been measured to be small or consistent with
zero in several systems (e.g., Winn et al. 2007). Nonetheless, further refinements to
theoretical predictions and measurements for eccentric close-orbiting planets which
transit have the potential to empirically distinguish between different migration
mechanisms.

6.6 Close-Orbiting Planet Atmospheres

The first spectroscopic probe of exoplanet atmospheres was provided by Charbon-
neau et al.’s (2002) detection of the additional dimming of sodium absorption during
transit due to absorption from sodium in the atmosphere of HD209458b. The ob-
served dimming is reasonably well modelled by planetary atmosphere models that
incorporate irradiation and allow for sodium to be out of thermal equilibrium (Bar-
man et al. 2002). Vidal-Madjar et al. (2003, 2004) have also detected atomic hydro-
gen, carbon and oxygen during transits of HD209458b. The large implied physical
radii exceeds the Roche limit, leading them to conclude that material is escaping
from the planet. However, the minimum escape rate based on the data is low enough
to reduce the planetary mass by only 0.1% over the age of the system (confirmed
’empirically’ by Melo et al. 2006). Combining this with models for HD209458b,
which put the upper atmosphere at a temperature of 10,000 K, this gives strong
evidence for atmospheric evaporation. This evaporation confirms the conclusions by
Hebrard et al. (2003) and may lead to new types of planets being discovered with
hydrogen poor atmospheres or even with no atmospheres at all (Trilling et al. 1998).

Spitzer has detected radiation from several hot Jupiters, over six bandpasses
from 3.6 to 24 μm and has detected phase-dependent flux implying significant day-
night temperature contrasts on two hot Jupiters (Harrington et al. 2006, Knutson
et al. 2007). Further announcements are expected. Such observations are now fu-
elling new research into the meterology of exoplanets (Cooper & Showman 2005,
2006; Fortney et al. 2006). Spectroscopic observations of stars during primary and
secondary eclipse of close-orbiting planets have been particularly revealing. The de-
tection of sodium in the atmosphere of HD209458b (Charbonneau et al. 2002) and
detections of water in the far red optical regime have been made on HD209458b by
Barman (2007) and on HD189733b by Tinetti et al. (2007). These detections can
now be well modelled by a near isothermal vertical profile for the planet’s atmo-
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sphere. Furthermore, the lack of water vapour and possible silicate features observed
by Richardson et al. (2007) and Grillmair et al. (2007) during secondary eclipse is
consistent with the expected strong circulation on close-orbiting planets which can
flatten the day side temperature gradient. Mid-infrared measurements have been
made possible by the exquisite precision made possible by transit spectroscopy and
space-borne instrumentation. Ground-based near-infrared spectroscopy has proved
more difficult (Richardson et al. 2003) though is expected to soon enable access
to near-infrared flux measurements (e.g. Barnes et al. 2007a and Fig. 6.11 from
Barnes et al. 2007b), which will allow the resolution to resolve different atomic and
molecular species.

Reflected light studies carried out by (Collier Cameron et al. 1999; Charbonneau
et al. 1999; Collier Cameron et al. 2002; Leigh et al. 2003a,b) (as well as results
from MOST photometry, e.g., Rowe et al. 2006) place albedo upper limits on the
atmospheres of CEGPs. These upper limits to the planet/star contrast ratio have
established the low reflectivity when compared with the solar system gas giants.
High precision polarimeters (e.g. Hough et al. 2006) are now able to measure the
polarisation of reflected light from extra-solar planets. Combining this with M sin i
measurements from radial velocity data will provide the orbital inclination of the
planet and hence the planet’s mass. Detailed modelling will determine the nature
of the scattering particles and the geometric albedo as a function of wavelength.

Fig. 6.11. Model planet/star flux ratio for the HD189733 system. Spitzer eclipse depth
measurements are plotted for 8 μm (Knutson et al. 2007), 11.1 μm (Grillmair et al. 2007)
and 16 μm (Deming et al. 2006). A horizontal bar with vertical down-pointing arrow
indicates Barnes et al. (2007) 1 σ limit; the width of the horizontal bar represents the
wavelength range of the data. The single point plotted in the inset at log10ε0 = -3.16
represents the model mean flux over the range of the non-detection. The upper limit is at
a level of log10ε0 = 0.24 lower than the model (i.e. ε0(model)/ε0(observed)=1.7).
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6.7 Composition

Transiting planets are key because they provide accurate estimates of mass, radius,
and, by inference, composition. The position of a planet in the mass-radius diagram
is a direct indication of its overall composition, while other factors such as temper-
ature play only a minor role (see e.g. Fortney et al. 2007). Some such trends include
trends between planet mass (Mazeh, Zucker & Pont 2005) or gravity (Southworth,
Wheatley & Sams 2007) and orbital period for the known transiting planets. The
existence of such correlations indicates something about the composition and their
physical nature. Hansen & Barman (2007) identify a bimodality in the distribution
of transiting planet properties, based on the Safronov number, which essentially
measures the efficiency with which a planet scatters other bodies. They expect that
this reflects the influence of planet or planetesimal scattering in determining when
planetary migration stops. Another possibility is that some planets lose more mass
to evaporation than others. If this evaporation process preferentially removes he-
lium from the planet, the consequent reduction in the mean molecular weight may
explain why some planets have anomalously large radii.

Fig. 6.12 from Gillon et al. (2007a,b) puts the known transiting planets in the
context of the Solar System planets and the range of mass-radius relationships
expected for different compositions. Some exoplanet systems appear to have con-
siderably higher radii than expected. In the current paradigm, intermediate-mass
planets are composed of an iron/nickel core, a silicate layer, an ice layer (H2O, CH4,
NH3), and an H/He envelope. The mass and radius that is measured for the lowest-
mass example GJ436b indicate that it is not a low-mass gas giant or a very heavy
“super-Earth”. The presence of a significant amount of methane and ammonia in
addition to water within a pure ice planet could slightly increase the radius above
the theoretical value for a pure water ice planet. Nevertheless, a planet composed
only of ice (and thus without any rock) is improbable in the current paradigm: all
the icy objects in the Solar System have a considerable fraction of rock and have
their ice composition dominated by water. GJ436b likely has an H/He envelope and
thus appears to be very similar to our Neptune.

6.8 Future

Future space missions such as Darwin and TPF will enable direct imaging and
spectroscopy for exoplanet spectra. To gain the full benefit of these missions, com-
mensurate investments in basic atomic and molecular data as well as appropriately
irradiated 3D circulation models will need to be made in order that synthetic spec-
tra for exoplanet atmospheres will provide a worthy match. In the meantime very
substantial advances are expected. A glimpse of the high quality of the space-based
transit missions COROT and Kepler is provided by the first COROT press release
announcing its first exoplanet whilst still undergoing system calibration.
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Fig. 6.12. Planetary mass-radius diagram (from Gillon et al. 2007a) comparing the posi-
tion of Solar System planets, transiting hot Jupiters (diamonds), and GJ 436 b. The lines
indicate the position of the Fortney et al. (2007) models for different compositions: pure
iron, pure silicate, pure water ice (with thermal profiles from Solar System planets), and
models for irradiated planets at 0.1 au from a Solar-type star with a fraction of 10%, 50%
and 100% of Hydrogen/Helium. The dotted lines show the models for a cold (a = 10 au)
and very hot (a = 0.02 au) pure H/He gas giant.

6.8.1 The Hunt for Terrestrial Planets

Radial velocity surveys have announced 5 MEarth planets in the solar neighbour-
hood. However, the radial velocity detection method is extremely mass dependent
as its signal is proportional to the ratio of the planet and stellar mass. In order to
detect terrestrial planets around stars via the Doppler technique, it is necessary to
increase the sensitivity of the detection method and/or decrease the mass of the
target primary stars. Both strategies are being pursued. Existing surveys teams ex-
pand their allocation of time and construct new dedicated or larger telescopes (e.g.
HARPS-N, Automated Planet Finder). Alternatively, a number of groups are con-
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Mean intrinsic RV jitter ~ 4 m/s
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G2V
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Fig. 6.13. The plot (from John Rayner) indicates how the power of radial velocities maybe
further extended by carrying out surveys in the infrared and around lower mass stars. Such
surveys have the potential to detect close-orbiting planets down to terrestrial masses.

structing promising high precision infrared spectrographs (e.g., Fig. 6.13, Precision
Radial Velocity Spectometer, www.roe.ac.uk/ukatc/prvs)

The impetus of discovery and characterisation means that exoplanet discovery
should continue to increase as objects are found from a wide range of techniques.
The power of characterisation using several techniques has already been proven for
GJ436 and HD209458. A much deeper understanding of exoplanets and our Solar
System should become apparent once such data exists for a large sample. In the near
term the continuing powerful combination of radial velocity together with transit
photometry and timing is very pomising. Astrometric (e.g., CTIO) and interfero-
metric (e.g. Magellan Ridge) imaging measurements should also provide important
constraints. Notwithstanding an increasing rate of discovery and characterisation
of an even broader spectrum of exoplanets, the next few years should continue to
bring dramatic improvements in the realism of exoplanet formation and evolution
simulations.

The revolution in exoplanet science is just beginning. At the moment we are close
to being sensitive to Earth-mass exoplanets. While we need a better idea of planets
in general terms as a function of host star properties, planet mass, composition (gas,
ice, rock, metal) and orbit parameters and the intercorrelation of these parameters
the recent launch of COROT and impending launch of Kepler means that progress
should continue to accelerate. It will be fascinating to see the importance of envi-
ronment on exoplanets, not only on the major planets that we detect over the next
few years but also the minor constituents such as comets and asteroids which are
already been constrained with improved transit timings. Substantial research into
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chemical differentiation will be necessary and allow the serious investigation into
the extent to which terrestrial-like planets have non-equilibrium atmospheres.
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7 Dynamics of Multiple Planet Systems

Rory Barnes

Summary. This chapter discusses the dynamical properties of multiple planet systems.
The orbits of these planets evolve due to tidal, resonant, and/or secular (long-term) ef-
fects. Basic analytical and numerical techniques can describe these interactions. Multiple
planet systems may also evolve chaotically, and some principles of chaos theory are de-
scribed. Finally, this chapter discusses the current distributions of dynamical properties of
exoplanetary systems, possible origins of these distributions, and compares exoplanetary
systems to the Solar System.

7.1 Introduction

Dynamics is a general term that encompasses all methods of describing and predict-
ing the motion of systems of fluids and particles. Systems of planets (which, for the
purpose of understanding their motion, can be considered particles) can therefore
be described, understood, and characterized by equations that have been developed
for centuries. These equations predict the positions and velocities of planets as a
function of time, their “evolution”. The evolution may be periodic (the motion re-
peats on a given timescale), or chaotic (the motion is non-repeating). The discovery
of exoplanets has provided new examples of dynamical behavior not seen among
planets in our Solar System. These new systems reveal how our Solar System is
similar to, and different from, the general population of planetary systems. By com-
piling statistics of planetary system properties, we can validate planet formation
scenarios. For most planetary systems, the classical dynamics of point particles is
a reliable approximation for the motions of planets, although the orbits of a few
planets on very short period orbits are affected by general relativity and/or tides.
A comprehensive review of planetary dynamics would be too long to present here,
so we focus on recent advances in analytical and numerical techniques to analyze,
interpret and compare multiple-planet systems.

In this chapter we ignore single planet systems, in which the planets’ orbits are
simply ellipses. However, the orbits of these planets may provide important evidence
about their origin. For example, some have large eccentricities (e > 0.3) that may
reflect interactions with now-ejected, or currently undetectable, companions (Rasio
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& Ford, 1996; Marzari & Weidneschilling, 2002; Bodenheimer, Laughlin & Lin,
2003; Wu & Murray, 2003). Additionally, planets on small orbits (with periods
≤ 11 days), the so-called “hot Jupiters”, most likely underwent tidal circularization
(Rasio et al., 1996). For a review of the dynamics of planet formation see Papaloizou
& Terquem (2006).

7.1.1 Planetary Orbits

Johannes Kepler showed in the 1600s that the path of a planet about a star, the
orbit, is an ellipse with the star located at one focus. This ellipse lies in the planet’s
orbital plane. The shape of this orbit is described by 5 parameters called orbital
elements (a sixth parameter defines the position of the planet on the orbit).

The orbital elements that can be identified by radial velocity surveys are the
orbital period P , which is related to the semi-major axis a (the average distance
of a planet from its star) by Kepler’s Third Law, eccentricity e (a measure of the
deviation from a perfectly circular orbit), the longitude of periastron � (the angle,
measured from the star, between a reference direction and the direction of the
planet’s point of closest approach). The reference direction is the line between the
Earth and the host star. The planet’s closest approach distance to the primary,
periastron, is a(1 − e), and the furthest distance, apoastron, is a(1 + e). The true
longitude, ν, is the angle between the reference direction and the direction from the
sun to the planet. This geometry is shown in Fig. 7.1.

7.1.2 Observational Constraints

The study of exoplanet dynamics is severely hampered by observational uncertain-
ties. Although the detections themselves are robust, the orbital elements have sig-
nificant uncertainties. The most problematic aspect of the Doppler technique is the
mass-inclination degeneracy. If the inclination, the angle between the plane of the
orbit and a reference plane, could be determined by a complementary method, such
as astrometry or transits, this degeneracy may be broken, and the planetary masses
and full three dimensional orbits could be identified. The mass-inclination degen-
eracy therefore makes many simulations, analyses, and hypotheses unreliable. Gen-
erally, in dynamical studies and throughout this chapter, the masses are assumed
to be the “minimum mass”, the mass if the orbit was exactly edge-on. Statistically,
we expect this choice to be reasonably accurate.

The Doppler technique also limits the ranges of planetary masses and orbital
radii that may be observed. A planet must be massive enough and close enough
to the star for its orbit (about the planet) to be observable. Furthermore, the or-
bital period must be short enough that at least one complete orbit can be detected.
Therefore the observed planets may not be all the planets in a system. The con-
clusions presented here are subject to revision as additional planets may exist in
each system that are either low-mass or orbit at large distances, and these unseen
companions may significantly alter the best-fit orbits of the known planets.
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Fig. 7.1. Schematic of an exoplanet orbit, as detected by radial velocity surveys. The
planet is denoted by the open circle. The reference direction, positive x, points toward
the Earth. The host star is located at the origin, which is also one focus of the elliptical
orbit. The major axis of the orbit is denoted by the dashed line, and the relationship
between semi-major axis, a, and eccentricity, e, is shown. The true longitude, ν is is the
angle between the reference direction and the direction of the planet, as measured from
the origin.

Beyond the mass-inclination degeneracy and incompleteness, orbital parameters
also suffer from random errors. Stellar jitter (a result of the turbulent surface of
stars), the photometric condition of the observations, spectral resolution, etc., all
contribute an uncertainty to each individual observation, which in turn produces
errors in the orbital parameters. These uncertainties in orbital elements are often
large enough to include regions of instability, in which numerical simulations predict
at least one planet is ejected from the system (see Sect. 7.4.4) (Barnes & Quinn,
2004). Therefore dynamical studies of individual systems must be interpreted cau-
tiously. The dynamics described here are based on the recent catalog of exoplanets
(Butler et al., 2006), unless otherwise cited.

7.2 Review of Orbital Theory

Dynamical analyses may be divided into three categories: analytical, semi-analytical,
and N -body. Analytical investigations must make major assumptions, but the re-
sulting equations can be solved with just pencil and paper. Semi-analytical research
makes some assumptions to produce analytical equations, but the equations often
can only be solved by numerical methods (with computers). N -body methods use
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computers to calculate the gravitational forces among all the bodies involved and
determine their motions, i.e. how the positions and velocities change with time.

Analytical and semi-analytical methods generally ignore short-period changes,
which are assumed to average to zero over long timescales. These methods model
the long-term orbital evolutions, not the actual positions of planets, and provide
insight into how certain systems will behave. Since these methods have individual
terms whose numerical values can be calculated, the relative importance of each
effect can be quantified. The disadvantage of these methods is they are often only
accurate in certain regimes, like low eccentricity. More terms can be added to a semi-
analytic description to improve accuracy, but eventually the complexity outweighs
the advantage of averaging short-period effects. In these situations it is best to
turn to numerical simulations. These N -body integrations are grounded in first
principles as they solve the fundamental laws of gravity and motion, i.e. they are
“self-consistent”. N -body simulations are often used to test the validity of analytical
and semi-analytical results. Modern computing power limits the simulation time
and/or the number of bodies that can be considered, but for many systems the
changes in the shapes of the orbits are periodic, and the equations that describe the
motion need only be integrated for 1 period ( <∼105 years) to reveal the dynamics. In
summary, analytic methods approximate the long-term motion ( >∼1 Gyr) and N -
body simulations show the true motion. When used appropriately, these approaches
provide powerful insight into the dynamics of planetary systems.

7.2.1 Analytical Methods

The basis for analytical methods lies in consideration of the “disturbing function”,
the difference between the gravitational potential of a planet due to a star, and that
due to a star and one or more additional planets. We will focus on the Fourier series
expansion of the disturbing function. Analytic methods can describe two phenom-
ena often seen in planetary systems: resonant and secular evolution. Resonant and
secular theory assume certain terms in the series will average to zero, and can there-
fore be ignored when modeling orbits. Secular theory ignores all terms that depend
on the mean motion, n (the orbital frequency if the planet were on a circular orbit),
and, in many cases, all terms that are of order 3 or higher, i.e. e3 ≈ 0. Resonant
theory adds terms that do depend on mean motions, but only those related to the
resonance in question. For a detailed description of the disturbing function, secular
theory and resonance theory, consult Murray & Dermott (1999).

Secular Theory

To visualize secular theory, imagine the distribution of the planets’ masses over a
long timescale. The distribution would be that of a ring of matter. Secular theory
predicts how the shapes of these rings will change with time, and hence how the
orbit changes with time. In this second order approximation, motion out of the
plane is decoupled from motion in the plane.
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Fig. 7.2. The secular oscillations of the planets in orbit about HIP 14810 (Wright et al.,
2007). Note that the oscillations of both e’s (inner is black, outer red) and Δ have the
same period. Also note that when the e’s are at their extrema, Δ is at its equilibrium
value, 180o in this case.

In nearly all planetary system cases, secular theory predicts the e’s and Δ�’s
(the difference between two �’s) oscillate. The movement of � is often called pre-
cession. An example of a secular interaction is shown in Fig. 7.2. Secular theory
assumes a is constant, and therefore conservation of angular momentum requires
that as one planet’s eccentricity drops, the other rises (orbital angular momentum
is proportional to e). If Δ� oscillates about 0, the system is experiencing aligned
libration. If Δ� librates about π, then the system is undergoing anti-aligned li-
bration. If Δ� oscillates through 2π then the “apsides” (the points of closest and
furthest approach to the origin of an orbit) are circulating. The type of oscillation
depends on initial conditions. Exoplanet examples of these types of behavior are
shown in Fig. 7.3. The motion of Δ� is analogous to that of a swinging pendulum.
When the pendulum swings back and forth, the oscillation is libration. If the pen-
dulum swings all the way around, the oscillation is circulation. Note there is a clear
boundary between these types of motion: the swing that brings the pendulum up
to a perfectly vertical position. This boundary between qualitatively different types
of oscillation is known as a “separatrix”.

Recently it has been noted that many systems lie near an “apsidal separatrix”
(Ford et al., 2005; Barnes & Greenberg, 2006a,c) (the point on the orbit that is
closest to the origin is known as the “apse”). The simplest apsidal separatrix is
the boundary between libration (either aligned or anti-aligned) and circulation. For
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Fig. 7.3. Examples of apsidal oscillations in exoplanetary systems The y-axis is the differ-
ence between the longitudes of periastron, Δ. Top: HD 12661 undergoes apsidal libration
in an anti-aligned mode. When exactly anti-aligned (Δ = π) the direction of periastron
of one planet is the same as apoastron of the other. Middle: HD 37124 c-d undergoes ap-
sidal libration in an aligned mode. When aligned (Δ = 0) the ellipses are oriented such
that the two periastra point in the same direction. Bottom: The planets in HD 168443
undergo apsidal circulation since Δ rotates through 360o.

systems of just two planets, the apsidal separatrix can only separate circulation and
libration. This type of separatrix is a “libration-circulation separatrix”. An example
of the libration-circulation separatrix is shown in the left panels of Fig. 7.4.

In systems of more than two planets, things get more complicated. In addition to
the libration-circulation separatrix, the system may interact with different numbers
of rotations of Δ� through 360o during one eccentricity oscillation. The boundary
between interactions with different numbers of circulations in one eccentricity cycle
is called a “circulation-mode separatrix”, and an example is shown in the right
panels of Fig. 7.4.

For an interaction to lie near a separatrix, the amplitude of eccentricity oscil-
lations are generally two orders of magnitude or more. Since 0 ≤ e < 1 for bound
planets, this means that at least one planet in near-separatrix interactions (both
libration-circulation and circulation-mode) periodically is on a nearly circular orbit.
The proximity to the separatrix can be parameterized by ε, which is approximately
equal to the minimum e divided by the average e over a secular cycle (Barnes
& Greenberg, 2006c). When ε = 0 the pair is on an apsidal separatrix, and one
eccentricity periodically reaches zero.
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Fig. 7.4. Examples of near-separatrix motion in planetary systems. Left Panels: A
libration-circulation separatrix. Two possible evolutions of υ And c and d (the middle
and outer planet of the system) assuming different estimates of the current orbits. The
black points are the system from (Butler et al., 2006), the red from (Ford et al., 2005).
Although the best-fit orbits in these two cases are very similar, they result in qualitatively
different types of evolution of Δ. The older data predict aligned libration, whereas the
updated data predict circulation (top). Note that the evolution of ec is similar in both
cases, and periodically reach near-zero values (bottom). Right Panels: A circulation-mode
separatrix. HD 69830 c and d evolve near the circulation-mode separatrix. The black data
are from (Lovis et al., 2006), and the red data are for a fictitious system in which the
inner planet’s, b’s, eccentricity was changed from 0.1 to 0.15. In the first 104 years, the
actual Δ undergoes 1 complete rotation through 360o, but in the fictitious system, Δ
undergoes 2 complete circulations (top). We again see that the middle planet’s eccentricity
periodically drops to near-zero values in both cases (bottom).

Although secular theory provides a method for identifying components of the
dynamics of planetary systems, it must be used with caution on extra-solar plane-
tary systems. Their proximity to the apsidal separatrix, can obscure the true motion
of the system (Barnes & Greenberg, 2006a). The inclusion of additional terms may
be more useful in these cases (Lee & Peale, 2003; Michtchenko & Malhotra, 2004;
Libert & Henrard, 2005; Veras & Armitage, 2007), however N -body methods may
be the most practical method for determining the secular behavior of exoplanets.

Finally, it is necessary to digress and discuss the term “secular resonance”.
Currently two definitions exist in the literature for this term, which often leads to
confusion. One definition states that Δ� is librating. The other definition is that the
ratio of two (or more) precessional frequencies is close to a ratio of two small integers.
The latter definition is preferable as it is closer to the true meaning of a resonance, a
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Fig. 7.5. Example of a secular resonance in the υ And system without general relativity.
General relativity suppresses the resonance by inducing a high frequency apsidal precession
in υ And b. Top: The eccentricity evolution of υ And b from just planet c. Middle: b’s
evolution from just planet d. Bottom: b’s evolution from both c and d. The amplitude of
eccentricity oscillation is nearly an order of magnitude larger than from either perturber
alone, a direct result of the secular resonance.

commensurability of frequencies, so we will use this definition. The former should be
referred to as apsidal libration. The difference is illustrated in Figs. 7.3 and 7.5 with
exoplanet examples. In Fig. 7.3 the librational behavior of HD 12661 (anti-aligned)
and HD 37124 c-d (aligned) are shown (top and middle panels). Fig. 7.5 shows a
secular resonance in the υ And system, with orbital elements from (Ford et al.,
2005). The top two panels show the eccentricity evolution of υ And b due to only
planet c (top) and only d (middle), while the bottom panel is b’s evolution affected
by both planets. The secular resonance pushes b’s eccentricity to values much larger
than that of either planet alone. Note that for this example we have neglected the
effects of general relativity, which overwhelms the secular resonance in this system.
For more on libration and secular resonances consult (Barnes & Greenberg, 2006a),
who also show that a secular resonance is impossible in a two-planet system.

Resonant Interactions

Two bodies may be in a mean motion resonance (MMR) when the ratio of their
periods is close to a ratio of small integers. When this occurs, the planets periodically
line up at the same points in their orbits, which introduces a repetitive force that
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cannot be assumed to average to zero over long timescales. Resonant effects can be
comparable to secular effects, depending on masses and orbits. Eight systems have
two planets that are in a resonance.

Resonances can stabilize a system by preventing close approaches that might
eject a planet. Stable resonances tend to prevent conjunction from occurring near
the minimum distance between two orbits. Consider the 3:2 case of Neptune and
Pluto: Although the orbits cross, the resonance is such that conjunction can never
occur at this danger zone.

Resonances are often described in terms of the planets’ mean longitudes λ. The
mean longitude is similar to the true longitude, but it measures the position of
a planet assuming its angular velocity is constant (only true for a circular orbit).
When resonances occur, the mean longitudes and angles of periastron evolve in cer-
tain, regular ways. Resonances also force circular orbits to become non-circular. If
conjunction occurs at periastron of the inner planet, then at the following conjunc-
tion the apsides will not be perfectly aligned because the change in e will change the
apsidal frequency. This non-alignment will introduce a net torque on the orbit that
tends to pull the orbits back toward alignment. In this way, resonances maintain
themselves, but the alignment will oscillate about an equilibrium position.

From the qualitative description above, it is clear that a resonance occurs if
certain combinations of angles librate about fixed values. If we denote the outer
planet with a prime, then the resonant dynamics are important if the “resonant
argument”,

φ = j1λ
′ + j2λ + j3�

′ + j4�, (7.1)

varies slowly relative to the orbital motion. Note the integers jk obey

j1 + j2 + j3 + j4 = 0 (7.2)

in all terms of the disturbing function. For any pair of planets, integers can be iden-
tified that solve Eqs. (7.1 – 7.2), but the resonance will only be effective if its order
is low enough. The order of a resonance is defined as the difference between |j1| and
|j2|. If the order is ∼ 4 or less and the larger number (j1) is small (<∼5) then the
resonance is at least as important as secular effects in an exoplanet systems. High
order resonances are present and important in the Solar System, including reso-
nances between three planets (Murray & Holman, 1999), but their role is unknown
in exoplanets because the observational errors are too large for the effects of these
interactions to be unambiguously determined.

In exoplanet systems, some resonances show simple behavior: 1 or more reso-
nant arguments are always librating, see top panel of Fig. 7.6. But some peculiar
examples of resonances have been uncovered. The planets around HD 108874, for
example, evolve with one resonant argument always librating, but the other argu-
ments alternate between libration and circulation (Barnes & Greenberg, 2006c), as
shown in the bottom panel of Fig. 7.6. Note that this system has an ε value of 0.2,
suggesting it lies far from the apsidal separatrix. However, the resonance alters the
apsidal motion, and therefore ε is not always a valid description of near-separatrix
motion in the case of mean motion resonances.
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Fig. 7.6. Examples of librating resonance arguments in exoplanet systems. The y-axis, φ,
represents the resonant arguments.Top: The planets GJ 876 c and b are in a 2:1 resonance,
and both possible combinations of resonant angles librate. The short period means the
oscillation should be observable. Bottom: The planets in HD 108874 are in a 4:1 resonance
and 4 possible resonant angles exist. In this system one angle, φ = 4λ′ − λ −  − 2′,
(black curve) is always librating, but φ = 4λ′ − λ − 3′ (red curve) alternates between
libration and circulation on 105 year timescales.

If φ librates for multiple combinations of j’s, then the system is in an “apsidal
corotation resonance” (Ferraz-Mello et al., 2005; Michtchenko, Beaugé & Ferraz-
Mello, 2006), and Δ� will also librate. For more on the physics of resonances,
consult (Peale, 1976; Greenberg, 1977; Beaugé et al., 2003), or (Murray & Dermott,
1999, Chap. 8).

7.2.2 N-body Integrations

The most accurate method to determine the evolution of a system is through an
N -body calculation. Although more accurate than analytic methods, it does not
provide the researcher with terms that may be interpreted, and may require sub-
stantial computational resources.

In general an N -body code solves the second order differential equations of
acceleration due to gravity. The accuracy is contingent on two factors: the size of
the timestep, Δt, and the order of the integration, which is a measure of the accuracy
of the method itself. N -body codes update a coordinate, r(t), to r0 + vrΔt, where
r0 is the position at the start of the timestep, and vr is the velocity at the start of
the timestep, which is determined in an analogous manner with the acceleration.
This example is of a first order scheme. Higher order schemes involve calculating
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positions, velocities and accelerations more frequently through the timestep. They
have higher accuracy, but also have more terms and more calculations. As the order
increases, the fractional gain in accuracy decreases, which creates an optimal order
for algorithms: the order that maximizes speed, but minimizes truncation errors.
Most modern codes use second to fourth order schemes.

Modern integration methods are “symplectic”, which means that truncation er-
rors grow linearly with time, and are therefore the preferred method for N -body
integrations (errors in non-symplectic methods, such as Runge-Kutta, grow faster).
For exoplanet systems, symplectic codes need only conserve energy to 1 part in
104 to produce reliable results (Barnes & Quinn, 2004). For more on symplectic
integrators refer to (Gladman, Duncan & Candy, 1991) or (Yoshida, 1993). Several
symplectic N -body codes are publicly available and widely used throughout the
planetary dynamics community. These codes are well-tested and reliable. The three
most prevalent are SWIFT (Levison & Duncan, 1994)1, HNBODY2, and MER-
CURY (Chambers, 1999)3.

A code like MERCURY can integrate a few bodies for upwards of 1 Gyr in
about 1 month on a 3 GHz processor and therefore permits integrations of plane-
tary systems for the lifetime of the system. Alternatively, these codes may be used
to run numerous shorter simulations to explore parameter space of known plane-
tary systems (Barnes & Quinn, 2001, 2004) or model late stage planet formation
(Chambers, 1999; Raymond, Quinn & Lunine, 2004; Lissauer, 2007). These codes
therefore provide tools to understand both long-term behavior as well as general
characteristics of planetary systems.

7.2.3 Dynamical Stability and Chaos

Chaos is a general term that describes a system whose motion is non-repeating
over a given timescale, that is, the motion appears random. Stability describes
the “boundedness” of a system; a system is stable if changes in its evolution are
confined to a certain range. Therefore, one of the most fundamental features of
a chaotic system is stability (for a more complete review of chaos theory, consult
(Chirikov, 1979)). For example, the Solar System is a chaotic system, but it is stable
in the sense that the orbits of the planets do not interchange or become unbounded,
and the oscillations of orbital elements, like eccentricity, occur over a finite range.
Alternatively the Solar System is unstable in the sense that the minor planets’ orbits
can evolve in a non-repeating manner, as was spectacularly displayed when comet
Shoemaker-Levy 9 impacted Jupiter. So is the Solar System stable? It depends on
the bodies in question and the timescale. The orbits of many comets are not stable
on timescales comparable to the age of the Solar System, but the orbits of the
planets clearly are (they’re still here undergoing periodic evolution). But on longer
timescales, the planets’ orbits are not stable; the most unstable planet in the Solar

1http://www.boulder.swri.edu/∼hal/swift.html
2http://janus.astro.umd.edu/HNBody
3http://star.arm.ac.uk/∼jec/mercury/mercury6.tar
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System, Mercury, may be lost to the Solar System in another 1012 years (Lecar et
al., 2001). The example of our Solar System elucidates an important dichotomy in
chaotic systems: a system may be formally unstable, but, for all practical purposes,
is stable. It is irrelevant that Mercury could collide with Venus or the Sun in 1012

years because it will be engulfed by the Sun when it enters its red giant phase
in 5 × 109 years. So, practically speaking, the planets in the Solar System are on
stable orbits. But from a rigorous definition from chaos theory, the planets cannot
be said to be stable; the Solar System’s lifetime is just less than the timescale for
instabilities to arise.

For a system to be chaotic, its motion must be 1) governed by nonlinear equa-
tions, and 2) sensitive to initial conditions. These requirements are met for systems
with 2 or more planets that are close enough to each other. How close is “close
enough” is a subject of intense research. In linear, non-chaotic motion, two nearby
trajectories diverge at a constant rate, like two balls thrown together; their random
motions increase their separation at a constant rate (their relative velocity times
the time). In chaotic systems two nearby trajectories diverge at an exponential rate.
Take, for example, two water molecules in a stream that begin right next to each
other. Although in general the water flows downhill, the paths of the molecules
will eventually become divergent due to rocks, vortices, tributaries, etc. Once one
molecule reaches the ocean, the other may be stuck kilometers upstream. A plane-
tary example of chaotic motion is represented in the Kirkwood gaps in the asteroid
belt (Kirkwood, 1888; Moons, 1997; Tsiganis, Varvoglis & Hadjidemetriou, 2002).
These gaps result from the ejection of asteroids in resonances with Jupiter. Aster-
oids next to the gaps have evolved regularly (the motion is repeating) for billions
of years, but those in the gap were ejected in just millions of years (Lecar et al.,
2001).

Most exoplanet systems of 2 or more planets are chaotic, and we would like to
know if they are dynamically stable. Several meanings of stability with regard to
planetary systems have arisen that complicate discussions. A system in which no
planet is ejected and the semi-major axes remain bounded for all time is known
as “Lagrange stable”. This definition is the preferable definition of stability, as it
implies a system will behave the way it does now for all time. Unfortunately, there
is no known way to prove Lagrange stability at this time (although numerical simu-
lations may disprove it). A more subtle form of stability exists when the ordering of
the planets remain constant. This type is known as “Hill stability” or “hierarchical
stability” and it can be proven analytically for non-resonant, two-planet systems
(Marchal & Bozis, 1982; Milani & Nobili, 1983; Gladman, 1993; Chambers et al.,
1996; Barnes & Greenberg, 2006b). In this type of stability the outermost planet
may escape, but not the inner; the ordering of the bodies remains constant for all
time.

Unfortunately the term hierarchical has two meanings that must be explained
here. In stability analyses, a system is hierarchical if it satisfies a simple equation.
However the term “hierarchical” is now also employed to describe exoplanet systems
for which the ratio of the semi-major axes (a/a′) is low (≤ 0.3) (Lee & Peale, 2002;
Goździewski & Konacki, 2004). These conflicting definitions naturally lead to the
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problem that a “hierarchical planetary system” may not be “hierarchically stable”,
if the eccentricities are large enough.

Recently it has been shown that the Hill and Lagrange boundaries may be quite
close to each other (see 7.2.3 or (Barnes & Greenberg, 2006b, 2007b)). The proximity
of a system to the Hill boundary may be parameterized by β. If β = 1, the system is
on the Hill boundary, and if β > 1, the system is Hill stable. (Barnes & Greenberg,
2006b) found that for two systems (47 UMa and HD 12661), the Lagrange stability
boundary corresponded to β values of about 1.02 and 1.1, respectively. Although
the expression for Hill stability is only valid for systems of 2 planets outside of
resonance, many observed systems have only two known companions. Therefore β
can be calculated for the majority of observed multiple planet systems to determine
their proximity to instability (Barnes & Greenberg, 2007b).

A system’s sensitivity to initial conditions is often measured by the Lyapunov
time. This time is a measure of the divergence between two initially nearby tra-
jectories. The Lyapunov time does not necessarily predict the onset of irregular
(non-repeating) motion. The Earth has a Lyapunov time of about 5 million years
(Laskar, 1989; Sussman & Wisdom, 1988, 1992). This value does not mean that in
5 million years the Earth’s orbit will begin to change wildly, it just means that 5
million years from now the Earth’s position cannot be known with arbitrarily high
precision. Furthermore one must not think of the Lyapunov time as a measure of
the “degree” or “amount” of chaos. A system is either chaotic or it is not. For more
on chaos in planetary systems see (Lecar et al., 2001).

The Lyapunov exponent has been exploited in one code in common use in dy-
namical analyses of exoplanets: MEGNO (Cincotta & Simó, 2000). This code de-
termines the Lyapunov time in a grid of parameter space, and stability is inferred
from this time. Although evolution from a given set of initial conditions was not
proven to be stable, if the Lyapunov time is long enough, the configuration is as-
sumed stable (again, “long enough” is not rigorously defined); the Lyapunov time
is assumed to be a proxy for stability.

7.3 Dynamics of Individual Systems

As multiple-planet systems are discovered, dynamicists rush to predict and inter-
pret their dynamical properties. In this section we review the dynamics of individual
systems in light of the general dynamical properties described above. Not surpris-
ingly researchers have studied the first systems discovered the most extensively.
Note that the naming convention for planets is based on the discovery sequence:
the first planet detected is “b”, the second “c”, etc. In the descriptions below, the
planets are listed in order of increasing semi-major axis.

47 UMa. Two planets orbit the star 47 UMa, known as b and c (Fischer et
al., 2002), however the existence of the second planet remains controversial (Naef et
al., 2004). Investigations of this system using the best determination of orbits have
shown that its apsidal oscillation is on the boundary between libration and circula-
tion (ε = 0) (Laughlin, Chambers & Fischer, 2002; Barnes & Greenberg, 2006a,c)
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because the uncertainty in planet c’s eccentricity is so large that observers have set
it to 0 (Butler et al., 2006). For the system to be stable, the eccentricity of planet
c must be less than about 0.2 (Goździewski, 2002; Barnes & Quinn, 2004; Barnes
& Greenberg, 2006b). Considerable attention has been paid to this system as the
companions orbit at relatively large semi-major axes (2.1 and 3.8 AU, respectively)
and relatively low eccentricities (0.06 and 0, respectively), making this system a
prime candidate for stable Earth mass planets (Thébault, Marzari & Scholl, 2002;
Jones, Sleep & Chambers, 2001; Jones & Sleep, 2002; Goździewski, 2002; Noble,
Musielak & Cuntz, 2002; Cuntz et al., 2003; Menou & Tabachnik, 2003; Asghari et
al., 2004; Ji et al., 2005; Laakso, Rantala & Kaasalainen, 2006; Rivera & Haghigh-
ipour, 2007). This system is stable for billions of years (Barnes & Quinn, 2004), and
has a β value of 1.025 (Barnes & Greenberg, 2007b).

55 Cnc. Four planets orbit this star, e, b, c, and d (Marcy et al., 2002; McArthur
et al., 2004). The inner planet has been tidally circularized and planets b and c are
in a 3:1 resonance. The existence of planet c remains controversial (Naef et al.,
2004). Planets b and c are the only pair thought to be in a 3:1 resonance leading to
considerable research into the interaction’s properties and origin (Ji et al., 2003b;
Voyatzis & Hadjidemetriou, 2006). The first-determined orbits placed this system
in “asymmetric” apsidal libration, in which Δ� oscillated about 250o instead of
0 or 180o (Ji et al., 2003c; Zhou et al., 2004; Voyatzis & Hadjidemetriou, 2006).
The subsequent revision in orbital elements (Butler et al., 2006) has changed that
assessment, and the pair now appears to circulate (Barnes & Greenberg, 2006c). All
three pairs are undergoing apsidal circulation with ε values of 0.067, 0.11 and 0.158
for the inner, middle and outer pairs, respectively. Studies of dynamical stability
(Ji et al., 2003c; Marzari, Scholl & Tricarico, 2005) have shown that the resonance
stabilizes the system. The gap between planets c and d is quite large, and includes
the habitable zone, (a terrestrial planet with an Earth-like atmosphere could support
liquid water on the surface (Kasting, Whitmire & Reynolds, 1993), see Ch. 10),
leading to several investigations into the possibility of Earth-mass planets in this
region (von Bloh et al., 2003; Menou & Tabachnik, 2003; Barnes & Raymond, 2004;
Raymond & Barnes, 2005; Raymond, Barnes & Kaib, 2006; Rivera & Haghighipour,
2007). These studies have revealed that, should an hypothetical Earth-mass planet
form shortly after the gas giants reach their final masses and orbits, it may form
with enough water to be habitable (Raymond, Barnes & Kaib, 2006).

GJ 876. The three planets in this system are d, c, and b. Planets c and b
were the first discovered to show evidence for an MMR (Marcy et al., 2001), 2:1
in this case. The innermost planet is tidally evolved, and one of the smallest mass
exoplanets known (Rivera et al., 2005). The orbits of all three planets are short
enough for the secular effects to be directly observed (Laughlin & Chambers, 2001;
Laughlin et al., 2005). Other studies have shown that the system is stabilized by
the 2:1 MMR (Kinoshita & Nakai, 2001; Rivera & Lissauer, 2001; Ji, Liu & Li,
2002; Hadjidemetriou, 2002; Goździewski, 2002; Psychoyos & Hadjidemtriou, 2005b;
Marzari, Scholl, & Tricarico, 2006; Hadjidemetriou, 2006) and that the resonant pair
is in an apsidal corotation resonance with libration about Δ� = 0 (ε = 0.34) (Lee
& Peale, 2002; Ji et al., 2003c; Beaugé et al., 2003; Lee, 2004; Laughlin et al., 2005;
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Barnes & Greenberg, 2006c). The inner pair is on the apsidal separatrix because the
inner planet’s eccentricity has been set to zero by observers (Butler et al., 2006).

Gliese 581 Three planets orbit this star, b, c, and d (Udry et al., 2007). The
masses of the planets in this system are some of the smallest known (5−15M⊕). The
inner planet has probably been tidally evolved, and if the middle, 5M⊕ planet is
terrestrial (rocky), then it has probably tidally evolved as well. Both pairs of planets
circulate with ε values of 0.15 and 0.2 for the inner and outer pair, respectively,

HD 12661. Planets b and c orbit this star at 0.83 and 2.86 AU, respectively
(Fischer et al., 2003), orbital distances similar to υ And c and d. Dynamical stud-
ies of this system have shown that it lies close to the border between circulation
and anti-aligned libration (ε = 0.003) (Goździewski & Maciejewski, 2003; Ji et al.,
2003c; Lee & Peale, 2003; Zhou & Sun, 2003; Rodŕıguez & Gallardo, 2005; Lib-
ert & Henrard, 2006; Barnes & Greenberg, 2006c), making this interaction one
of the few that could be undergoing anti-aligned libration. Stability in this sys-
tem requires the eccentricities to be less than 0.3 (Kiseleva-Eggleton et al., 2002;
Goździewski, 2003; Goździewski & Maciejewski, 2003; Barnes & Greenberg, 2006b),
and β = 1.2 (Barnes & Greenberg, 2007b). These planets may lie in the the 6:1,
11:2, (Goździewski, 2003; Lee & Peale, 2003; Goździewski & Maciejewski, 2003) or
5:1 resonance (Libert & Henrard, 2007).

HD 37124. Three planets, b, c, and d, orbit this star, but the orbits are poorly
constrained as two multiplanet fits are nearly equally likely (Vogt et al., 2005). For
the fit that is slightly better, the inner pair circulates near the circulation-mode
separatrix (ε = 0.009), and the outer pair librates in an aligned state (ε = 0.096),
see Fig. 7.3 (Barnes & Greenberg, 2006c). Both fits appear to be stable (Vogt et
al., 2005).

HD 38529. Two planets are known to orbit this star (Fischer et al., 2003), b
and c, in well separated orbits. This system is dynamically stable (Kiseleva-Eggleton
et al., 2002) (β = 2.07) (Barnes & Greenberg, 2007b), and can support additional
planets in between those that are known (Menou & Tabachnik, 2003; Érdi et al.,
2004; Barnes & Raymond, 2004; Raymond & Barnes, 2005; Raymond, Barnes &
Kaib, 2006). Although such a planet is unlikely to have a significant water content
(Raymond, Barnes & Kaib, 2006). The apsides of this system circulate (ε = 0.44)
(Libert & Henrard, 2006; Barnes & Greenberg, 2006c).

HD 69830. Three Neptune-mass planets orbit this star (Lovis et al., 2006),
including an inner tidally circularized planet. The apsidal motion for these two
pairs of planets both circulate (Barnes & Greenberg, 2006c) with ε values of 0.095
and 0.04 for the inner and outer pair, respectively. The system could also support
asteroid belts between the planets, but terrestrial planets are unlikely (Ji et al.,
2007).

HD 73526. The two planets in this system, b and c, are in a 2:1 MMR (Tinney
et al., 2006). This system’s best-fit is probably unstable, but a slight change in
orbital elements will result in regular motion (Sándor, Kley & Klagyivik, 2007).
The best-fit (Tinney et al., 2006) librates in an anti-aligned state near the apsidal
separatrix (ε = 0.006) (Barnes & Greenberg, 2006c), and has a β value of 0.982
(Barnes & Greenberg, 2007b).
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HD 74156. Two planets, b and c, orbit this star (Naef et al., 2004). This sys-
tem is dynamically stable (β = 1.542) (Dvorak et al., 2003; Barnes & Greenberg,
2007b) and Δ� circulates (ε = 0.36) (Libert & Henrard, 2006; Barnes & Green-
berg, 2006c). The semi-major axis of the outer planet was initially thought to be
significantly closer to the parent star, leading to some confusion over the possibility
of a stable zone between the planets (Dvorak et al., 2003; Barnes & Raymond, 2004;
Raymond & Barnes, 2005; Raymond, Barnes & Kaib, 2006). As this book was go-
ing to press, a third planet, d, was discovered in between the two that were known
(Bean, 2007).

HD 82943. This system contains two planets, b and c, in a 2:1 resonance, with
semi-major axes near 1 AU (Mayor et al., 2004). An alternative interpretation of
the data posits that the planets in the 2:1 resonance are actually in a 1:1 resonance
(Beaugé et al., 2007) (co-orbital “trojans” (Laughlin & Chambers, 2002; Dvorak et
al., 2004; Schwarz et al., 2005; Érdi & Sándor, 2005)), and that a third companion
is present in the system (Goździewski & Konacki, 2006). For the former system,
investigations have shown that the 2:1 resonance stabilizes the system (β = 0.946)
(Goździewski et al., 2001; Ji et al., 2002; Barnes & Quinn, 2004; Ferraz-Mello et al.,
2005; Psychoyos & Hadjidemtriou, 2005b; Marzari, Scholl, & Tricarico, 2006; Ji &
Liu, 2006; Hadjidemetriou, 2006; Lee et al., 2006; Barnes & Greenberg, 2007b). The
best-fit orbits for this system underwent a major revision (Butler et al., 2006) that
changed the previously determined apsidal motion of the system (Ji et al., 2002;
Hadjidemetriou, 2002; Ji et al., 2003a,b; Ferraz-Mello et al., 2005; Ji & Liu, 2006;
Lee et al., 2006). The apsidal motion is now best described as being close to the
boundary between aligned libration and circulation (ε = 0.004) (Lee et al., 2006;
Barnes & Greenberg, 2006c).

HD 83443. This system was announced as a press release by the Geneva planet
search group. The outermost planet was thought to be in a 10:1 resonance with the
innermost, tidally circularized planet. The outer planet’s existence was never con-
firmed (Butler et al., 2002), but the inner planet’s orbit has been well established
(Mayor et al., 2004; Butler et al., 2006). Although no additional planets have been
detected in this system, the dynamics of a tidally circularizing planet with pertur-
bations due to an external planet were developed in the context of this system (Wu
& Goldreich, 2002).

HD 108874. Two planets, b and c, orbit this star in a stable 4:1 MMR (Vogt
et al., 2005; Goździewski, Konacki & Maciejewski, 2006). The apsidal motion of
this system is peculiar due to the resonance, see Fig. 7.6. The oscillation of Δ�
actually switches between anti-aligned libration and circulation on a ∼ 105 year
timescale (Barnes & Greenberg, 2006c), even though ε = 0.2. The inner planet in
this system is located in the habitable zone, and could support a trojan terrestrial
planet (Schwarz et al., 2007). The β value for this system is 1.11, the largest value
for any two-planet, resonant system (Barnes & Greenberg, 2007b).

HD 128311. Two planets, b and c, orbit HD 128311 in a 2:1 MMR (Vogt
et al., 2005), although the two planets may actually be trojans in a 1:1 MMR
(Goździewski & Konacki, 2006). The apsidal mode of these planets is circulation
(Barnes & Greenberg, 2006c), which may be problematic for models of the formation
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of resonant planets (Beaugé, Michtchenko & Ferraz-Mello, 2005; Sándor & Kley,
2006). The configuration for this system is such that ε = 0.091 (Barnes & Greenberg,
2006c) and β = 0.968 (Barnes & Greenberg, 2007b).

HD 155358. Two planets, b and c, orbit this star (Cochran et al., 2007). The
current best-fit to this system is stable for at least 108 years (Cochran et al., 2007)
with a β value of 1.04 (Barnes & Greenberg, 2007b). The apsides oscillate in anti-
aligned libration with an ε value of 0.21.

HD 168443. Two of the most massive known planets orbit HD 168443 (Marcy
et al., 2001), labeled b and c. This system is dynamically stable (β = 1.94) (Barnes
& Quinn, 2004; Barnes & Greenberg, 2007b), but cannot support planets between
the two that are known (Érdi et al., 2004; Barnes & Raymond, 2004). The lines
of periastron of this system circulate (ε = 0.22), see Fig. 7.3 (Lee & Peale, 2003;
Libert & Henrard, 2006; Barnes & Greenberg, 2006c).

HD 169830. The two planets in this system, b and c, (Naef et al., 2004) undergo
apsidal circulation (ε = 0.33) (Libert & Henrard, 2006; Barnes & Greenberg, 2006c).
This system is stable, β = 1.28 (Barnes & Greenberg, 2007b), for at least 1 Gyr
(Goździewski & Konacki, 2004), but probably cannot support additional planets in
between the two known planets (Érdi et al., 2004).

HD 190360. Two planets, c and b, orbit this star (Vogt et al., 2005). The inner
planet in this system, c, has probably been tidally circularized. This system is stable
(β = 1.7) (Barnes & Greenberg, 2007b), and Δ� circulates (ε = 0.38) (Barnes &
Greenberg, 2006c).

HD 202206. The two planets in this system, b and c, are dynamically stable
only if they are in a 5:1 MMR, the highest order yet discovered (Correia et al.,
2005; Goździewski, Konacki & Maciejewski, 2006; Libert & Henrard, 2007). This
system has the lowest β value known at 0.88 (Barnes & Greenberg, 2007b). The
pair undergoes apsidal circulation, although aligned libration is possible (ε = 0.096)
(Barnes & Greenberg, 2006c).

HD 217107. Two planets, c and b, orbit this star (Vogt et al., 2005). The inner
planet in this system has been tidally circularized (Vogt et al., 2005; Butler et al.,
2006). The relative longitudes of periastron circulate with the largest known value
of ε (0.46) (Barnes & Greenberg, 2006c) and the separation between the two planets
gives this system the largest β value, 7.19, by far (Barnes & Greenberg, 2007b).

HIP 14810. Two planets, c and b, orbit this star (Wright et al., 2007). The
inner planet in this system has been tidally circularized, and the apsides oscillate in
a state of anti-aligned libration (ε = 0.05) (Barnes & Greenberg, 2007a). The system
is stable, but with the lowest β value for any tidally evolved pair, 1.2 (Barnes &
Greenberg, 2007b)

μ Arae. Four planets, c, d, b, and e, orbit this star, sometimes called HD 160691
(Pepe et al., 2007; Goździewski, Maciejewski & Migaszewski, 2007). The orbits and
number of planets in this system have changed over time, but two groups have
now independently confirmed the existence of four planets on relatively circular
orbits. Planets d and b (the middle pair) are probably in a 2:1 MMR (Goździewski,
Maciejewski & Migaszewski, 2007). The apsides of c and d and d and b circulate



194 Rory Barnes

near a circulation mode separatrix (ε = 0.002 and 0.003, respectively), while the
outer pair circulates (ε = 0.13) (Barnes & Greenberg, 2007a).

υ Andromedae. This system was the first multiple planet discovered (Butler
et al., 1999). It contains three planets, b, c and d, at semi-major axes 0.06, 0.83 and
2.54, respectively. The inner planet’s orbital evolution is dominated by tides and
general relativity. Dynamical analyses of this system have revealed: 1) the limits
of stability of the system (the orbits are stable for the age of the system if the
eccentricities of c and d are low enough, and the system is not too inclined to
the line of sight) (Laughlin & Adams, 1999; Laskar, 2000; Stepinski, Malhotra &
Black, 2000; Rivera & Lissauer, 2000; Jiang & Ip, 2001; Barnes & Quinn, 2001;
Ito & Miyama, 2001; Lissauer & Rivera, 2001; Goździewski et al., 2001; Barnes &
Quinn, 2004) , 2) the apsidal motion of the outer two companions has been revised
from aligned libration (Laughlin & Adams, 1999; Rivera & Lissauer, 2000; Chiang,
Tabachnik & Tremaine, 2001; Malhotra, 2002; Zhou & Sun, 2003; Michtchenko &
Malhotra, 2004; Michtchenko, Ferraz-Mello & Beaugé, 2006) to being very close
to the boundary between libration and circulation (ε = 2.8 × 10−4, the smallest
known value) (Ford et al., 2005; Barnes & Greenberg, 2006a,c, 2007a), 3) the region
between b and c can support and additional planet (Rivera & Lissauer, 2000; Barnes
& Raymond, 2004; Rivera & Haghighipour, 2007) 4) the likelihood that c and d are
in a MMR (it is close to the 5:1 and 11:2) (Libert & Henrard, 2007), 5) that the
current apsidal motion of the system may have resulted from an impulsive event,
such as the ejection of an original member of the system (Malhotra, 2002; Ford
et al., 2005; Barnes & Greenberg, 2007a), and 6) that general relativistic effects
may have played a role in shaping the final architecture of this system (Adams &
Laughlin, 2006).

7.4 Distributions of Dynamical Properties

In this section some emerging trends in multiple planet system interactions are
highlighted. Since only 23 multiple-planet systems are known, these distributions
may not represent the actual population of multiple-planet systems. Nonetheless,
the distribution of planetary orbits can validate, as well as inspire, models of planet
formation. A naive distribution would be a tabulation of the frequency of individual
orbital elements, i.e. the number of planets within a certain range of a or e, etc. This
approach leads to the problem that a 2-planet system is described by 12 param-
eters (5 orbital elements and 1 mass, per planet). Therefore research has focused
instead on describing the dynamical interactions. Often these interactions can be
characterized by a single parameter, which describe the system as a whole. More-
over, multiple-planet systems are dynamical systems, and research should focus on
their dynamical properties, not on the orbital elements the planets happen to have
today.
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7.4.1 Types of Interactions

Three types of dynamical effects can dominate the interactions between adjacent
pairs of planets: secular, resonant and tidal. All three can affect the interaction, but
so far, it appears in multiple-planet systems that only one tends to be dominant.
A pair is tidally dominated if the inner planet’s a is less than 0.1 AU (Rasio et
al., 1996), resonantly dominated if one or more resonant argument librates, and is
secularly dominated if the former two are not important. These “classes” provide a
quick description of the motion (Barnes & Greenberg, 2006c). However, as orbital
elements are revised, a system’s classification may also change.

Currently the secular class appears to be the most common with 16 of 34 pairs
in this type of interaction, including the gas giants in our Solar System. Tidal pairs
account for 10 interactions and resonant interactions dominate the remaining 8
pairs. The observational uncertainties associated with the radial velocity surveys
are such that resonant interactions are difficult to identify, but identifying tidal
pairs is relatively easy. Therefore, we might expect the actual frequency of resonant
interactions to be higher, and tidal interactions to be lower.

7.4.2 Frequency of Mean Motion Resonances

The most dramatic (dynamically speaking) aspect of a planetary systems is the
presence of MMRs. Of the 31 known pairs of exoplanets, eight appear to be in
an MMR: GJ 876 b-c (2:1), HD 82943 (2:1), HD 128311 (2:1), HD 73526 (2:1), μ
Ara d-b (2:1), 55 Cnc b-c (3:1), HD 108874 (4:1), and HD 202206 (5:1). Several
researchers have suggested that other systems may be in higher order resonances,
i.e. HD 12661 in 11:2 or 6:1 (Goździewski, 2003; Lee & Peale, 2003), and 47 UMa
in 5:2 (Psychoyos & Hadjidemetriou, 2005a) or 7:3 (Laughlin, Chambers & Fischer,
2002). From the eight systems known to be in resonance, it appears that the 2:1
resonance is most likely. If this trend is real, it may be because this resonance is the
strongest, and therefore the most efficient at trapping planets (Kley et al., 2004,
2005; Sándor & Kley, 2006).

Also of interest is a system’s proximity to an MMR. Even if a system is not
in resonance, the resonance can still affect the secular motion. The classic example
of this perturbation is the “Great Inequality”; the orbits of Jupiter and Saturn
are close to, but not in, a 5:2 MMR (Varadi, Ghil & Kaula, 1999; Michtchenko &
Ferraz-Mello, 2001). Similar phenomena may be present in HD 12661 and υ And
(Libert & Henrard, 2007). The HD 38529, HD 168443, HD 74156 and HD 169830
systems are not affected by MMRs, despite the latter’s proximity to the 9:1 MMR
(Libert & Henrard, 2007).

7.4.3 Apsidal Motion

Considerable attention has been directed toward identifying the apsidal motions,
which should only be determined by N -body calculations, see Sect. 7.2.1 (Barnes
& Greenberg, 2006a). Nearly half of all planetary interactions, including the gas
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Fig. 7.7. The distribution of proximities to an apsidal separatrix (defined as ε = 0). For
systems with ε < 0.01 eccentricity oscillations of two orders of magnitude are present
in the system. Nearly half of all adjacent pairs are on orbits such that they are near a
separatrix. If the distribution of eccentricities were uniform and random, only a few per
cent of systems should interact such that ε < 0.01 (Barnes & Greenberg, 2006a).

giants of the Solar System, interact with ε < 0.01, and their apsidal motion is best
characterized as near-separatrix, see Fig. 7.7. When this type of interaction was
identified (Ford et al., 2005), it was suggested that the ejection of an original Jupiter-
mass planet may have produced this near-separatrix behavior. However subsequent
analysis has demonstrated that that mechanism is unlikely to result in motion near
an apsidal separatrix (Barnes & Greenberg, 2007a), leaving the origin of this type
of interaction unclear.

From the best fits, an overwhelming majority of adjacent pairs appear to undergo
apsidal circulation (Barnes & Greenberg, 2006c), contrary to initial beliefs that
libration was the typical state (Zhou & Sun, 2003). Of librating systems, three
undergo anti-aligned libration (HD 73526, HD 155358 and HIP 14810), and two
are aligned (GJ 876 and HD 37124 c-d). The statistics of these five systems is
too small to draw any reliable conclusions, but at this point it appears that, among
librating systems, alignment and anti-alignment occur with approximately the same
frequency.

7.4.4 Proximity to Dynamical Instability

The most critical aspect of dynamical systems is their stability, and, therefore, a
substantial amount of research has investigated the dynamical stability of planetary
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systems, e.g. (Goździewski & Maciejewski, 2001; Goździewski et al., 2001; Kiseleva-
Eggleton et al., 2002; Barnes & Quinn, 2004; Barnes & Greenberg, 2006b, 2007b).
Many known systems appear to lie near Lagrange instability (the type of stability
in which at least one planet is ejected from the system within several million years,
see Sect. 7.2.3).

Investigations into stability have found that Lagrange unstable regions exist
within the 1 standard deviation error ellipses for systems with MMRs, such as 55
Cnc and HD 82943, as well as those without, such as HD 12661 and 47 UMa as
shown in Fig. 7.8. This figure shows the results of numerical simulations within
observationally permitted parameter space for these four systems (see (Barnes &
Quinn, 2004) for more details). The parameter space was sampled as a Gaussian
with a peak at the best fit values (at the time of the simulations) with a standard
deviation equal to the published error. Therefore the centers of each panel are
more highly sampled than the edges. The shading indicates the fraction of initial
conditions, in a certain range of orbital element space, that give Lagrange stable
behavior (no ejections or exchanges) after ∼ 106 years: White regions contained only
stable configurations, black only unstable, and darkening shades of gray correspond
to decreasing fractions of simulations which predict stability. In this figure Pc/Pb is
the ratio of the orbital periods.

The contours represent values of β, the proximity to the Hill stability bound-
ary (Barnes & Greenberg, 2006b, 2007b). For non-resonant systems, the limit of
Lagrange stability corresponds to values of β slightly greater than 1. But in the
presence of a resonance, Lagrange stable orbits can be found at β values as small as
0.75. Lagrange stability boundaries are qualitatively different for resonant and non-
resonant pairs. The former have a “stability peninsula” located at the resonance,
while the latter have a large contiguous “stability plateau”.

The apparent correspondence between Lagrange stability and values of β is
evidence that the expression for β (Eq. [1] in (Barnes & Greenberg, 2006b)), is a
valid representation of the limits of dynamical stability in systems of two planets.
In Fig. 7.9, we plot the current distribution of β values for two planet systems. Most
systems lie near β = 1, and resonant systems tend to have β < 1 (the resonance
protects the system from instability) (Barnes & Greenberg, 2007b).

Figs. 7.8 – 7.9 suggest that many planetary systems are dynamically full (no ad-
ditional companions can survive in between the observed planets), and leads to the
Packed Planetary Systems (PPS) hypothesis (Barnes & Quinn, 2004; Barnes & Ray-
mond, 2004; Raymond & Barnes, 2005; Raymond, Barnes & Kaib, 2006): All pairs
of planets lie close to dynamical instability. The observation that so many systems
(using minimum masses) lie near Lagrange instability, despite incompleteness issues
(see Sect. 7.1.2), has led to investigations to identify regions of Lagrange stability
between the few pairs that are more separated (Menou & Tabachnik, 2003; Barnes
& Raymond, 2004; Dvorak et al., 2003; Funk et al., 2004; Raymond & Barnes, 2005;
Raymond, Barnes & Kaib, 2006; Rivera & Haghighipour, 2007). This research has
shown that the gaps between HD 74156 b-c, HD 38529 b-c, and 55 Cnc c-d are
large enough to support additional Saturn-mass planets. The detection of planets
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Fig. 7.8. Lagrange stability boundary in relation to the Hill stability boundary for some
exoplanetary systems (see text for a discussion of the simulations summarized in these
figures). In these plots white regions represent bins in which all configurations were stable,
black bins contained no stable configurations, darker shades of gray correspond to regions
in which the fraction of stable simulations were smaller (see Barnes & Quinn 2004 for
more details). The curves represent contour lines of β. Contour lines follow the shape of
the Lagrange stability boundary, except in resonance, where there the Lagrange stability
region is larger. Top left : Stability of the 55 Cnc system depends on the parameters of
the 3:1 resonant pair; the eccentricity of the larger planet, and the ratio of the periods.
When Pc/Pe �= 3, the Lagrange stability boundary is located at β ≈ 1.03. Top right:
HD 82943’s stability depends on the eccentricity of the larger planet and the ratio of
the planets’ periods. The Lagrange stable region shown exists wholly in a region that
would be considered unstable from Hill stability theory. Bottom left: The stability of 47
UMa depends on the eccentricities of the two planets. The Lagrange stability boundary
corresponds to β ≈ 1.015. Bottom right: The stability of the HD 12661 system depends on
the eccentricities of the two outer planets. The Lagrange stability boundary lies near the
β = 1.1 contour.
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Fig. 7.9. The distribution of proximities to the Hill stability boundary, β = 1. All systems
with β < 1 are in mean motion resonance, implying that the resonance is protecting
the system from instability. Most non-resonant systems have configuration with β < 2,
suggesting these planetary systems are packed (Barnes & Greenberg, 2007b); companions
between those that are known would disrupt the system.

in these locations would support the packed nature of planetary systems, and would
be an exciting achievement for the nascent field of exoplanet dynamics.

In order to verify or disprove the PPS hypothesis, a quantitative definition of
“close” is required. As stated in Sect. 2.3 there exists no quantitative definition of
Lagrange stability for any number of planets, and no definition for Hill stability
for systems with more than 2 planets. With limited data available, it appears that
when β <∼ 1.5 – 2 a system is packed (Barnes & Greenberg, 2007b). Future work
should reveal how robust this limit is, as well as identify packing limit for systems
of more than 2 planets.

The PPS hypothesis received a major boost with the discovery of a Saturn-mass
planet in the HD 74156 system between planets b and c (Bean et al., 2007). The
revised system is unstable, but the new planet lies close (less than one standard
deviation) to the most stable orbit identified by numerical simulations (Raymond
& Barnes, 2005). This detection offers strong support for the PPS hypothesis, as
it verifies a prediction. At this point, one such detection does not confirm the PPS
hypothesis, but it is worth noting that the first 6 multiple planet systems detected
now show evidence of dynamical packing.
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Table 7.1. Summary of Dynamical Properties of Multiple Planet Systems

System Pair MMR AM ε β Class

47 UMa b-c - Ca 0 1.025 S
55 Cnc e-b - C 0.067 - T

b-c 3:1 C 0.11 - R
c-d - C 0.158 - S

GJ 876 d-c - Ca 0 - T
c-b 2:1 A 0.34 - R

Gl 581 b-c - C 0.15 - T
c-d - C 0.20 - T

HD 12661 b-c - C 0.003 1.199 S
HD 37124 b-c - C 0.009 - S

c-d - A 0.096 - S
HD 38529 b-c - C 0.44 2.070 S
HD 69830 b-c - C 0.095 - T

c-d - C 0.04 - S
HD 74156b b-c - C 0.36 1.542 S
HD 73526 b-c 2:1 AA 0.006 0.982 R
HD 82943 b-c 2:1 C 0.004 0.946 R
HD 128311 b-c 2:1 C 0.091 0.968 R
HD 108874 b-c 4:1 C/AAc 0.2 1.107 R
HD 155358 b-c - AA 0.21 1.043 S
HD 168443 b-c - C 0.22 1.939 S
HD 169830 b-c - C 0.33 1.280 S
HD 190360 c-b - C 0.38 1.701 T
HD 202206 b-c 5:1 C 0.096 0.883 R
HD 217107 b-c - C 0.46 7.191 T
HIP 14810 b-c - AA 0.05 1.202 T

SS J-S - C 0.19 - S
S-U - C 0.006 - S
U-N - C 0.004 - S

μ Ara c-d - C 0.002 - T
d-b 2:1 C 0.003 - R
b-e - C 0.13 - S

υ And b-c - C 1.8 × 10−4 - T
c-d - C 2.8 × 10−4 - S

a The current eccentricity of one planet is 0, placing the pair on an apsidal separatrix.
b These values do not incorporate the new planet (Bean et al., 2007)
c This pair alternates between circulation and anti-aligned libration.
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7.5 Conclusions

This chapter has laid out analytical methods and preliminary trends in exoplanetary
dynamics, using best-determined orbits. These results are summarized in Table 7.14.
In this table AM stands for “apsidal motion” and the possibilities are circulation
(C), aligned libration (A), or anti-aligned libration (AA). The MMR column lists
the resonance, if applicable. The proximities to the apsidal separatrix, ε, are the
values from the literature (Barnes & Greenberg, 2006c), as are proximities to the
Hill stability boundary, β (Barnes & Greenberg, 2007b). The “Class” distinguishes
orbits whose evolution are dominated by tidal (T), resonant (R) or secular (S)
interactions. Table 1 includes the dynamical properties of the giant planets in our
Solar System for comparison.

About half of planetary systems are multiple (Wright et al., 2007), predictions
of additional companions are being bourne out (Raymond & Barnes, 2005; Bean et
al., 2007), and the current distribuion of planet masses suggest there will be many
planets with a mass equal to that of Saturn or less (Marcy et al., 2005). These three
observations imply many multiple planet systems will be detected in the future.
Hence characterizing planet-planet interactions is becoming a more critical aspect
of the study of exoplanets.

The orbits of planets are often a clue to their formation. However the observed
orbital elements oscillate due to gravitational interactions. Eccentricities of planets
in multiple systems often oscillate by two orders of magnitude (Barnes & Green-
berg, 2006c), but proximities to an apsidal separatrix or the Hill stability boundary
are fixed quantities. Therefore the consideration of the dynamics of multiple planet
system may provide better constraints on models of planet formation than currently
observed orbital elements (Barnes & Greenberg, 2007a,b). As the number of mul-
tiple systems grows, the distributions of proximities to an apsidal separatrix and
instability will be revised, and theorists will need to determine the origins of these
distributions.

Although the observations of exoplanetary systems are in general poor, theorists
are a fearless lot and have examined these systems both individually and as a whole.
With the existence of planets disputed, the behavior of apsidal orientations uncer-
tain, and even the stability of some systems unproven, planetary dynamicists have
a considerable amount of research ahead of them. But the field is growing quickly,
and motivated by the possibility of detecting life in the universe, observations will
improve, models will be refined, and our Solar System’s place in the cosmos will be
revealed.
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Goździewski, K., Konacki, M. & Maciejewski, A. 2006. Orbital Configurations and
Dynamical Stability of Multiplanet Systems around Sun-like Stars HD 202206,
14 Herculis, HD 37124, and HD 108874. ApJ 645, 688-703.
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Michtchenko, T.A., Beaugé, C. & Ferraz-Mello, S. 2006. Stationary Orbits in Res-
onant Extrasolar Planetary Systems. CeMDA 94, 411-432.

Michtchenko, T.A., Ferraz-Mello, S. & Beaugé, S. 2006. Modeling the 3-D secular
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8 Searching for Exoplanets in the Stellar
Graveyard

Steinn Sigurdsson

Summary. There is increasing evidence that planets are ubiquitous, and may form around
stars over a wide range of stellar masses. After a star dies, the planets may remain, and in
some circumstances there may be a new epoch of planet formation after the main sequence.
In this chapter, scenarios for the retention and formation of planets after star death,
and the prospects for detection, including current known post-main sequence systems are
discussed. Planets in the graveyard are, in many cases, easier observational targets than
planets around main sequence stars. Different detection techniques may also be brought
to bear, in some cases with much higher sensitivity, allowing the detection of low mass
planets. Planets detected in the graveyard reflect the ‘live’ population of planets, and in
some cases provide potentially strong constraints on planet formation processes, and the
general planet population.

8.1 The Discovery of Extrasolar Planets

The first extrasolar planets were discovered by Alex Wolszczan and Dale Frail,
orbiting a millisecond pulsar, PSR B1257+12; two planets were discovered, initially,
with masses of 2.8/ sin(i) and 3.4/ sin(i) Earth masses, where i is the inclination
(unknown at the time) to the line of sight of the planets’ orbits, and orbital periods
of 98.2 and 66.6 days respectively (Wolszczan & Frail, 1992). A third, lower mass
planet was discovered subsequently, orbiting interior to the first two discovered, and
the additional data also allowed the inclination of the orbital plane of the planets to
be determined to be i = 53◦, implying actual masses of 4.3±0.2 and 3.9±0.2 Earth
masses. The third planet has a mass of 0.02 Earth masses, and an orbital period
of 25.3 days (Wolszczan, 1994; Konacki & Wolszczan, 2003). All three planets have
low orbital eccentricity. These planets are still the lowest mass extrasolar planets
known.
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8.2 Planets Around Pulsars

Planets were first found around a pulsar, because the observations that can be made
of pulsars are the most precise we can make in astronomy, and because they were
there to be found.

The essential difficulty in finding planets orbiting around stars is that stars are
relatively big and bright, and planets, in comparison, are small and very faint. A
number of techniques are available for detecting planets, including direct imaging,
but most observations of extrasolar planets to date have relied on indirect detection,
observing the effects the planets have on the stars they orbit (or in the case of
microlensing, the planets’ effect on other intervening stars). To detect the planets,
very precise measurements must be made, and pulsars are intrinsically amenable to
precision measurements.

8.2.1 Pulsars

Pulsars are the compact remnants of massive stars. High mass stars burn up the
hydrogen in their cores, fusing it to higher mass elements. For high enough mass
stars, the chain of fusion reactions in the core eventually reaches iron, which is
an endpoint for fusion reactions; converting iron to higher mass elements absorbs
energy instead of releasing it; the source of power maintaining the core of the star
hot and at high pressure is removed, and the star collapses. The core is compressed
to a radius of 10-15 km, with the matter compressed to nuclear densities, forming
a “neutron star”, typically with a mass of about 1.25 − 1.4 times the mass of the
Sun. The gravitational binding energy released in this collapse drives a shock into
the outer layers of the star which disassembles explosively, an event we see as a
supernova explosion. The details of the explosion depend on the mass, composition
and evolutionary history of the star, but generally we think that stars with masses
ranging from about 8 times the mass of the Sun, to somewhere between 20 − 40
times the mass of the Sun will form neutron stars (Heger et al., 2003). The neutron
stars formed are hot, rapidly rotating and with high magnetic fields. They are
observed to spin after formation with spin periods of less than a second or so. As
they spin, narrow beams or fans of coherent radio emission are broadcast from the
magnetic field poles that rotate rigidly with the neutron star. We observe this as
regular pulses of radio emission, if the beam of radiation intersects the Earth as
the neutron star rotates. These neutron stars we observe as radio pulsars. Pulsars
are very stable, regular rotators; the arrival of the radio pulses at Earth can be
timed, typically to millisecond precision; the energy radiated by the pulsar (only a
very small fraction of that which is emitted at radio frequencies) is drawn from the
rotational kinetic energy of the neutron star, which “spins-down”. The spin down
takes place over timescales of thousands to millions of years, and is observed to be
very predictable, ramping down the spin of the neutron star almost linearly. For
a bright, stable pulsar, the time of arrival of the radio pulses can be measured,
and the chain of pulses counted over periods of years. Even with interruptions in
observations, the timing of the pulse arrival can be measured “phase coherently”,
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which means that the interval between pulses far apart in time can be consistently
linked together, and we know to within a millisecond when to expect a pulse from a
given pulsar, years after the initial observation. There are about 100 million seconds
in an interval of three years, which means we can measure the arrival of the radio
pulses over periods of many years, with a precision of a few parts in a trillion! In
particular, if something disturbs the time of arrival of a pulse, by even a little bit,
we can observe and measure this.

8.2.2 Searches for Planets

In 1991, a group at the Jodrell Bank Radio Observatory published a letter in Na-
ture, claiming that a 10 Earth mass planet was orbiting radio pulsar PSR B1829-10,
in a six month orbit (Bailes et al., 1991). The detection relied on the periodic delay
and advance of the arrival of the radio pulses from the pulsar at Earth. As the
conjectured planet orbited the pulsar, its small but finite mass caused the pulsar
to undergo a tiny reflex orbit about the center of mass of the pulsar-planet system.
Since the planet orbited at a radius of about a hundred million km, the pulsar or-
bited the system’s center of mass with an orbital radius smaller by a factor equal
to the ratio of the mass of the planet to that of the pulsar – a factor of about ten
thousand. But the pulsar’s motion, over about 10,000 km in radial distance, trans-
lated to a periodic delay, and then advance, in radio pulse arrival times, by the time
it took for the radio beam to travel the extra distance – a few tens of milliseconds.
Since the pulse arrival time was measurable to a precision of a millisecond or so, the
periodic change in arrival time was easily measured. Unfortunately, the discovery
claim had to be retracted a few months later, in January 1992, at a meeting of the
American Astronomical Society. The observed planet was an artefact, caused by an
erroneous model for the motion of the Earth within the Solar System. To measure
the relative arrival time of the pulses, observers usually subtract the motion of the
Earth about the center of mass of the Solar System, but the orbital parameters used
in analysing the data on PSR B1829-10 were not precise, and the observations were
showing a second harmonic of the Earth’s orbit, due to the fact that the Earth’s
orbit is slightly eccentric. This was not the first claimed discovery of a planet or-
biting a pulsar; (Demianski & Proszynski, 1979) had previously found variations in
the arrival times of the well-known, bright, 0.714 s pulsar PSR B0329+54, which
they suggested were consistent with a planet having a mass less than that of the
Earth, but subsequent observations failed to confirm the claim. It seems like that
the observed variations in the pulse arrival times for PSR B0329+54 are caused by
spin irregularities inherent in this relatively young (∼5×106 year old) neutron star.

Immediately after the retraction on the candidate planet around PSR B1829-10,
came the announcment of the planets around PSR B1257+12, with strong confir-
mation by further observations following within a couple of years (Wolszczan, 1994).

There are three planets in the PSR B1275+12 system: A is only about twice
as massive as Earth’s Moon and has an orbital period of 25.26 days; B is about
four times as massive as the Earth, with an orbital period of 66.54 days; and C
is nearly four times as massive as the Earth, with an orbital period of 98.21 days
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Fig. 8.1. Artist’s impression of the PSR B1257+12 planet system. (adapted from
NASA/Caltech-JPL/R. Hurt (Spitzer Science Center), by permission.)

(Konacki & Wolsczcan, 2003). PSR B1257+12 is different from PSR B1829-10 and
PSR B0329+54, because it is a millisecond pulsar, with a spin period of only 6.2
milliseconds. Millisecond pulsars constitute a few percent of the observed pulsar
population. As the name indicates, they have spin periods, and hence pulse intervals,
measured in milliseconds, rather than seconds. They typically have weaker magnetic
fields than regular pulsars (hundreds of millions of gauss fields, compared with
trillions of gauss for regular pulsars and a gauss for the Earth). Because of their
weaker magnetic fields, and very high rotational kinetic energy, the millisecond
pulsars spin-down over periods of billions of years, and therefore can be observed
as pulsars for a correspondingly longer time; most of the millisecond pulsars we
observe are hundreds of millions to several billion years old. Because of their very
high rotational kinetic energy, millisecond pulsars are very stable rotators, and the
interval between the arrival of the pulses is stable and measurable to an accuracy
of less than a microsecond for a bright millisecond pulsar. The measurements of the
pulse arrival times can be done phase coherently over intervals of many years, or
even decades, leading to a measurement precision of one part in a thousand trillion
or so for the best measured pulsars. This compares with the very best laboratory
measurement possible for any physical system, and for some time the limiting factor
on pulse timing was the long term precision of clocks in the observatories. The clocks
have now got better, although over long periods, an ensemble of millisecond pulsars
still provides a more stable clock than laboratory clocks.

Such precision permits measurements of the delay in pulse arrival time of a
microsecond or less. Since the speed of light is 300,000 km/sec, this corresponds to
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a displacement in the pulsar of just 300 meters. The pulsar displacement can be
measured even if it occurs over a time interval of many years (corresponding to the
orbital motion of a planet). This is equivalent to measuring an orbital speed for the
pulsar of less than a millimeter per second. This precision enables the detection of
planets of much lower masses or longer orbital periods, than can be measured by
any other technique.

8.2.3 Origin of the Pulsar Planets

How did PSR B1257+12 come to have planets? The neutron star most likely formed
originally in a supernova. Any planets orbiting the star when it exploded as a
supernova are highly unlikely to have survived the explosion, so most likely the
pulsar acquired the planets after it became a neutron star. A number of scenarios
for planet formation around a neutron star have been proposed (Phinney & Hansen,
1993). One scenario is that the supernova explosion had some residual material
that was blown back or stalled in the explosion and fell back onto the neutron
star, leading to a disk forming around the young neutron star. Intriguingly, infrared
radiation has recently been observed around a young neutron star, 4U 0142+61,
consistent with just such a “fallback disk” (Wang et al., 2006), and searches for
planets around young pulsars continue (Posselt et al., 2006). But, PSR B1257+12
is an old millisecond pulsar, not a young slow spin pulsar. We think millisecond
pulsars form when neutron stars accrete gas in compact binary systems, probably
so-called “low mass X-ray binaries”. In these systems, a low mass star (of solar
mass or less) orbits close to a neutron star, transferring mass onto the neutron star,
and slowly spinning the neutron star up to millisecond periods over tens of millions
years. They are referred to as X-ray binaries, because the energy released during
the accretion causes the system to glow brightly in X-rays. We think that only a
very small fraction of neutron stars in the Galaxy go through such an accretion
phase; maybe one in ten thousand or so of the neutron stars formed. It is difficult
to arrange for a close low mass companion to be retained in an orbit around a
neutron star when the progenitor star explodes as a supernova.

The process of spin-up affords opportunities for planet formation. It is pos-
sible that during accretion some material flows outwards from the star, forming
an “excretion disk”, which moves outwards and cools, rather than accreting onto
the neutron star. Such an excretion disk can provide an environment suitable for
the formation of low mass planets in relatively close orbits, such as those which
are observed around PSR B1257+12. This scenario requires that when the pulsar
“turns on” after it is spun up, that it will then ablate the core of its companion
star, destroying it completely, and leaving only the planets, at least in the case of
PSR B1257+12. We do see so-called “Black Widow” pulsars, that are in the process
of ablating away the last little bit of their stellar companions, although it is not
clear that the ablation process will proceed to complete destruction of the star. An
alternative version of this scenario short-cuts the accretion disk phase, by postulat-
ing that a small fraction of neutron stars physically impact their stellar companions,
like old fashioned cannonballs. Supernova explosions can be asymmetric, and the
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neutron stars when they form could be ejected in some random direction at high
speeds. This is observed, but the mechanisms by which the explosion becomes asym-
metric are not fully understood. If the neutron star is kicked out in just the right
direction and impacts its companion, it may promptly shatter the star, and some of
the debris may settle into a disk around the neutron star, serving both to spin up
the neutron star to millisecond periods, and to provide a remnant disk from which
planets may form in orbit around the newly formed millisecond pulsar (Phinney &
Hansen, 1993; Greaves & Holland, 2000; Miller & Hamilton, 2001; Lazio & Fischer,
2004; Bryden et al., 2006; Currie & Hansen, 2007).

The set of three planets orbiting PSR B1257+12 bears an interesting resem-
blance to a scaled down version of the inner Solar System, and understanding the
process of planet formation around pulsars is likely to enhance substantially our
understanding of planet formation in general, particularly for terrestrial planets.
Currently the pulsar planets are the only example of terrestrial mass planets we
have found orbiting stars outside the Solar System.

8.2.4 Planet in Messier 4

Shortly after the original announcement in 1992 of the discovery of the planets
around PSR B1257+12, a workshop, “Planets Around Pulsars”, was held at the
campus of the California Institute of Technology. At that meeting, I proposed that
globular cluster pulsars might be a promising target for further planet searches
(Sigurdsson, 1992).

There are a little over 150 globular clusters in the Milky Way galaxy, consisting
typically of 100,000-1,000,000 stars gravitationally bound in a dense, spherical ag-
gregation. The spatial density of stars in the centers of the denser globular clusters
can be a million times higher than in the solar neighbourhood. Globular clusters
are generally old, with ages of 11-13 billion years, and the stars within any given
cluster are coeval and homogenous in composition. For most globular clusters, the
stellar population is metal poor compared with the Sun, by factors of typically 10-
100. Globular clusters have long been known to be overabundant in low mass X-ray
binaries, and shortly before the discovery in 1990 of PSR B1257+12, the first of
many millisecond pulsars had been discovered in the globular cluster Messier 28.

Clearly, the sort of mechanisms by which the planets formed around PSR
B1257+12 might also operate for the pulsars formed in globular clusters. How-
ever, due to the very high density of stars, there was a potential problem of survival
for any planets; the occasional close passage of another star might disrupt the orbits
of any planets. But, such passages could also serve to increase the odds of detecting
planets around pulsars. If stars in globular clusters had planets around them, then
during close passages planets might occasionally be exchanged, from their orbits
around their parent star, to an orbit around a pulsar. A planet orbiting a typical
solar-type star in a globular cluster would be very hard to detect, although attempts
have been made to do so (Gilliland et al., 2000), but a planet orbiting a millisec-
ond pulsar in a globular cluster would be comparatively easy to detect. The orbits
of exchanged planets would in general be qualitatively different from the orbits of
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Fig. 8.2. A conceptual schematic of one of the proposed exchange forma-
tion mechanisms for the planet around PSR B1620-26 in the globular cluster
Messier 4. (Adopted from a Space Telescope Science Institute/NASA press image,
http://hubblesite.org/newscenter/archive/releases/2003/2003/19/)

planets formed around the pulsar, such as for PSR B1257+12. The latter are in close
circular orbits, and the planets are of relatively low mass; by contrast exchanges
tend to slightly favour the most massive planets, and will lead to large, eccentric
orbits.

Coincidentally, at the Caltech workshop in 1992, Backer reported anomalous
timing residuals for PSR B1620-26 in the metal poor globular cluster Messier 4, the
second millisecond pulsar discovered in a globular cluster. Unlike PSR B1257+12,
PSR B1620-26 is a binary pulsar, orbited by a low mass white dwarf, the remnant
of the star which spun the pulsar up to its current millisecond period. The timing
residuals were consistent with a Jovian mass planet in a distant orbit around the
pulsar, but did not preclude other explanations (Thorsett et al., 1993). A number
of contending models were proposed to explain the system, (e.g., Sigurdsson, 1993;
Joshi & Rasio, 1997), and in 1999 additional data strongly constrained the system,
requiring the presence of a low mass companion (Thorsett et al., 1999), while new
modeling explaind the detailed kinematics of the system more adequately (Ford et
al., 2000).

Then, in 2003, at a workshop at the Kavli Institute in Santa Barbara, it was
realised that the Hubble Space Telescope had serendipitously imaged the location
of the pulsar, and its stellar companion, a low mass white dwarf, was observed. This
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provided two new pieces of information, a “cooling age” for the system, showing that
the white dwarf had formed from its parent star about 500 million years earlier, and
an independent constraint on the inclination of the pulsar-white dwarf orbital plane,
which in turn allowed independent constraints on the other mystery companion.
This is, in fact, a roughly 2 Jupiter mass planet, in a moderately eccentric orbit with
an orbital period of about 100 years. Since then, the planet orbit has been observed
to cross the periastron point, reversing the sign of its gravitational perturbation
on the star, confirming the orbital parameters (Stairs, private communication).
The planet is generally thought to have been exchanged into the current system,
having originally formed around a ∼ 0.85 solar mass star in a fairly wide orbit,
some 12.7 billion years ago. Currently there are two competing exchange models,
one in which the planet was exchanged into the system when the binary formed
(Sigurdsson, 1993), the other conjecturing that the binary pulsar formed first, with
the planet exchanged in an independent encounter sometime later (Fregeau et al.,
2006). Alternative formation scenarios have been proposed, (e.g. Beer et al., 2004),
but they have a hard time accounting for the detailed orbital parameters of the
system, in particular the high orbital inclination of the planet relative to the plane
of the inner white dwarf orbit.

If the PSR B1620-26 system formed through exchange with a main sequence
star, then planet formation started very early in the history of the universe. It is
difficult to explain how a giant planet could form in such a metal poor system,
and it is possible that the system provides evidence for a second planet formation
process.

8.3 Planets Around White Dwarfs

Stars of mass lower than about eight solar masses do not become neutron stars.
Rather the fusion in their cores fizzles out before the chain of fusion reactions
terminates with formation of an iron care, and the outer envelope of the bloated
red giant star is shed, the core contracts and cools passively, forming a so-called
white dwarf. White dwarfs do not generate energy internally and are purely pressure
supported. Consequently they have high densities, though not as high as neutron
stars, and radii comparable with that of the Earth. White dwarfs emerge very hot,
and luminous, but cool rapidly and after a hundred million years or so, depending
on their exact mass and composition, the luminosity of the white dwarf is much less
than its progenitor star.

In the process of shedding its envelope, any inner planets orbiting the red giant
star are swallowed up and destroyed. Calculations show that when the Sun ends
its life, Mercury and Venus will certainly be destroyed, Mars will probably survive,
and the prospects for the survival of the Earth are so marginal that the outcome is
dominated by the uncertainties in the modeling. The outer giant planets all survive.

The giant planets are moderately warm, and radiate in the infrared from their
intrinsic thermal emission rather than by reflecting the light of their parent star.
Since the white dwarf is much fainter than the original star, the contrast between
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Fig. 8.3. Hubble Space Telescope Near Infrared Camera image of the immediate surround-
ings of a nearby DAZ white dwarf. The irregular spread out structure in the upper left
is the residual light from the white dwarf after it was masked out by a coronograph, and
the image self-subtracted. Two images were taken at different camera roll angles, and then
digitally rotated into alignment and subtracted from each other. The light from the white
dwarf is suppressed by a factor of several hundred, permitting high contrast searches for
close low luminosity objects. The small dot to the left is about ten thousand times fainter
than the star and about one arcsecond away, and was consistent in luminousity and colour
with a few jupiter mass companion, but subsequent imaging revealed it to be a background
object (Debes, private communication).

any outer giant planets and the white dwarf is much lower, typically by a factor
of 1,000-10,000, than the contrast between the progenitor star and any planets.
Consequently, giant planets that survive the death of their parent star and are still
orbiting the remnant white dwarf are comparatively easy targets for direct imaging
by high resolution infrared telescopes. A number of projects are currently underway
to attempt such imaging of nearby white dwarfs, (e.g. Burleigh et al., 2002; Debes
et al., 2005). See Hansen (2004) section 8.5 for a review.

One particularly intriguing aspect of white dwarf astronomy is so-called “DAZ”
white dwarfs. These are moderately cool white dwarfs with hydrogen atmospheres,
which show evidence for metal absorption lines, In a few instances, there is evidence
for warm dust disks around the white dwarfs, containing the equivalent of a few cubic
kilometers of metals. Theoretical models suggest the metal absorption lines, and the
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associated debris disks, came from tidal disruption of a planetesimal, an asteroidal or
cometary body (Debes & Sigurdsson, 2002; Jura, 2003). Any surviving planetesimal
must come from the outer system, and to get it into a radial orbit which will lead to
tidal disruption of the object and a warm disk or dust contamination of the white
dwarf atmosphere, requires a planet to perturb the orbit of the planetesimal. It is
therefore conjectured that the DAZ white dwarfs are particularly promising targets
for imaging any planets which might be in orbit around them. Current telescopes
can marginally detect several Jupiter mass planets, if any such are present, and
searches to date have not found any. The next generation of telescopes, in particular,
the James Webb Space Telescope, will be able to easily image any giant planet
around nearby white dwarfs, and in fact map out the orbit of the planet directly
from its motion relative to the star over several years. With some additional effort,
spectroscopy of giant planet atmospheres would also be possible, testing theories
of giant planet atmospheres and carrying out pathfinding science for observation of
planets around main sequence stars.

Fig. 8.4. Conceptual image showing the dynamical evolution of some outer planetary
systems after the end of the stellar main sequence, as the star becomes a white dwarf.
The outer planets spiral outwards in their orbits as the star loses mass during the giant
phase. For some orbital configurations, secular evolution drives the orbits of the planets
to become chaotic, on time scales of hundred million years or more. The planets’ orbits
cross and there is a strong dynamical rearrangement, including possible collisions and
ejections. The planets settle down into a new orbital configuration, typically this will
include an outer planet on a wide eccentric orbit, penetrating the region where Kuiper
belt-like objects might be founds, while any surviving inner planets might be scattered
into closer orbits, repopulating the orbital region where planets were swallowed during the
giant phase (Debes & Sigurdsson, 2002).
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Fig. 8.5. Hubble Space Telescope Near Infrared Camera image of the immediate sur-
roundings of a nearby DAZ white dwarf. This white dwarf is close to the galactic plane
where there are a lot of infrared sources, six sources were found which were close in angular
separation and had colours and magnitudes consistent with giant planets, none have been
confirmed to date as physically associated companions (Debes, private communication).

An additional channel for detecting planets around white dwarfs comes from the
possibility of planet formation in excretion disks formed by merging white dwarfs
(Livio et al., 1992). Some binary stars evolve to form binary white dwarfs in very
tight orbits, which may eventually merge. The process would lead to a very massive
white dwarf, or possibly a pulsar, if the combined mass of the white dwarfs is high
enough and they can merge without exploding, then in the process an “excretion
disk” may form, analogous to the pulsar case. As in the pulsar case, planets may
conceivably form in close orbits about the new massive white dwarf, where they may
be detected, in an orbital region that would otherwise be scoured clean of planets
during the formation of the white dwarfs themselves.

8.3.1 Timing of Pulsating White Dwarfs

During their cooling, white dwarfs may pass through periods of pulsational insta-
bility, where the whole star oscillates coherently with a period of minutes. While
not as stable or rapid as pulsars, these white dwarfs allow very precise long term
observations, including precise measurements of any deviation from stable, steadily
slowing oscillations. That is, in the same way as for pulsars, the timing of the white
dwarf pulsations allows for high precision detection of any planets orbiting the
white dwarfs. Since this requires many years of very high precision measurements,
the number of stars which have been observed sufficiently well is still small, but
increasing rapidly. Recently, a preliminary detection of a few Jupiter mass candi-
date planet in a roughly four-year orbit was reported (Mullally et al., 2007). Follow
up observations are in progress to confirm the detection and to try to get infrared
data on the planet’s thermal emission. The white dwarf pulsation timing provides
additional prospects for indirect detection of planets in a parameter space of planet
mass and orbital period that is otherwise hard to measure.
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In addition to white dwarfs, a class of stars known as sdB stars can also undergo
stable pulsation, and timing searches are underway to find planets around nearby
sdB stars. Preliminary results show that the observations have adequate precision
to detect any planets, and there are indications in the data of trends consistent with
the presence of massive planets.

At the “Extreme Solar Systems” meeting in Santorini, Greece, in June 2007,
Silvotti et al. (2007) announced the possible detection of a giant planet around
the extreme horizontal branch star V391 Pegasi. This is a well known pulsating
subdwarf, a star that has terminated core hydrogen fusion on the stellar main
sequence and evolved through a red giant branch phase. Such stars may spend some
time undergoing helium fusion, with only a very thin hydrogen atmosphere, before
evolving to the asymptotic giant branch, after which they become white dwarfs.
During the subdwarf phase, the star can become unstable and pulse regularly, and
the timing of such pulsations provides a good clock that can be used to detect
low mass companions in orbit around the star. Silvotti et al. found a few Jupiter
mass (3.2 MJupsin i) companion in an orbit with a radius of about 1.7 astronomical
units. The planet must originally have been closer to the star, but moved outwards
as the star lost mass, avoiding being swallowed by the red giant envelope as the
star expanded. There are only a few pulsating subdwarfs whose pulsations can be
timed sufficiently precisely to detect the presence of a planet, but the fact that a
planet has already been found around one of these tells us both that planets are
indeed ubiquitous, and that they can survive the red giant phase even as close in
as an astronomical unit, and may therefore also be seen around white dwarfs.

8.4 Future Prospects

The future for the stellar graveyard looks very promising. As the number of pulsars
discovered increases, the odds of discovering additional pulsar planets improves, al-
though high precision observations over long periods are required to confirm any
new candidated. The current set of newly discovered pulsars contains one or two
pulsars which are suspected to have planetary companions, but additional data are
required to confirm their presence. Pulsar planets can provide an extreme perspec-
tive on the processes of planet formation, constraining planet formation theories,
and in the case of exchanged planets, direct probing of planet formation around
normal stars, albeit in extreme environments.

Searches for planets around white dwarfs are intensifying, both with direct imag-
ing of spatially resolved planetary companions, searches for blended infrared excess
from unresolved companions, and for indirect signatures such as infrared emission
from asteroidal debris disks. Long term observations of white dwarf and sdB star
pulsations will continue, with good prospects for planet detection. White dwarf
searches are generally restricted to nearby white dwarfs, due to the faintness of
the targets, but this permits a broad range of follow up observations to charac-
terise in detail any planets discovered. Future space based missions will increase the
prospects for planet detection, and open up new opportunites, such as astromet-
ric detection of giant planets by observing the transverse motion in the position of
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nearby white dwarfs as they orbit the center of mass of any planetary system around
them. Detection of planets around white dwarfs provides perspective on planet for-
mation around stars of different masses, and probes formation of the outer planets
with orbital period of decades, which are inaccessible from ground based radial
velocity searches for planets.
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9 Formation, Dynamical Evolution, and
Habitability of Planets in Binary Star Systems

Nader Haghighipour

Summary. A survey of currently known planet-hosting stars indicates that approximately
25% of extrasolar planetary systems are within dual-star environments. Several of these
systems contain stellar companions on moderately close orbits, implying that studies of
the formation and dynamical evolution of giant and terrestrial planets, in and around
binary star systems have now found realistic grounds. With the recent launch of the space
telescope COROT, and the launch of NASA’s Kepler satellite in 2009, the number of
such dynamically complex systems will soon increase and many more of their diverse and
interesting dynamical characteristics will soon be discovered. It is therefore, both timely
and necessary, to obtain a deep understanding of the history and current status of research
on planets in binary star systems. This chapter will serve this purpose by reviewing the
models of the formation of giant and terrestrial planets in dual-star environments, and by
presenting results of the studies of their dynamical evolution and habitability, as well as
the mechanisms of delivery of water and other volatiles to their terrestrial-class objects.
In this chapter, the reader is presented with a comprehensive, yet relatively less technical
approach to the study of planets in and around binary stars, and with discussions on
the differences between dynamical characteristics of these systems and planetary systems
around single stars.

9.1 Introduction

The concept of a “world with two suns” has been of interest to astronomers for
many years. Many scientists tried to understand whether planets could form in
binary star systems, and whether the notion of habitability, as we know it, could
be extended to such environments. Although as a result of their respective works,
many dynamical features of binary-planetary systems1 have been discovered, until
recently, the subjects of their studies were, in large part, hypothetical. There was
no detection of a planet in and/or around a binary system, and planet detection
techniques had not advanced enough to successfully detect planets in dual-star
environments.

1A binary-planetary system is a dual-star system that also hosts planetary bodies.
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Fig. 9.1. Velocity residuals to γ Cephei after subtracting a second order fit to its original
radial velocity data (Campbell, Walker & Yang, 1988). The residuals show periodicity
implying the possible existence of a planetary companion.

The discovery of extrasolar planets during the past decade has, however, changed
this trend. Although the candidate planet-hosting stars have been routinely chosen
to be single, or within wide (>100 AU) binaries 2, the precision radial velocity
technique has been successful in detecting planets around the primaries of three
moderately close (<40 AU) dual-star systems. As a result, during the past few years,
the topic of planets in binaries, once again, found its way to the mainstream research
and has now become a real scientific issue that demands theoretical explanations.

The first detection of a planet in a binary system was reported by Campbell,
Walker & Yang in 1988. In an attempt to identify planetary objects outside our
solar system, these authors measured the variations in the radial velocities of a
number of stars, and reported the possibility of the presence of a Jovian-type body
around the star γ Cephei (Fig. 9.1, Campbell, Walker & Yang, 1988). This star,
that is a K1 IV sub-giant with a mass of 1.59 solar-masses (Fuhrmann, 2004), is the
primary of a binary system with a semimajor axis of 18.5 AU and an eccentricity
of 0.36 (Griffin, Carquillat, & Ginestet, 2002; Hatzes et al., 2003). The secondary
of this system is an M dwarf with a mass of 0.44 solar-masses (Neuhäuser et al.,
2007; Torres, 2007). Initial radial velocity measurements of γ Cephei implied that
this star may be host to a giant planet with a probable mass of 1.7 Jupiter-masses,
in an orbit with a semimajor axis of 1.94 AU (Campbell, Walker & Yang, 1988).

Unfortunately, the discovery of the first binary-planetary system, which could
have also marked the detection of the first planet outside our solar system, did not
withstand skepticism. In an article in 1992, Walker and his colleagues attributed

2As shown by Norwood & Haghighipour (2002), the perturbative effect of the stellar
companion on the dynamics of a planetary system around a star becomes important when
the binary separation is smaller than 100 AU. At the present, approximately 25% of
extrasolar planetary systems detected by radial velocity technique are in binary systems
with separations ranging from 250 to 6000 AU.
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their measured variations of the radial velocity of γ Cephei to the chromospheric
activities of this star, and announced that the possibility of the existence of a giant
planet around γ Cephei may be none (Walker et al., 1992). It took observers an
additional 12 years to monitor γ Cephei and measure its radial velocity to arrive
at the conclusion that the previously observed variations were not due to stellar
activities and were in fact representative of a planetary companion (Fig. 9.2). It was
the discovery of a giant planet in the binary system of Gl 86 (Queloz et al., 2000),
and the (re-)announcement of the detection of a giant planet in γ Cephei system
(Hatzes et al., 2003) that opened a new chapter in the theoretical and observational
studies of extrasolar planetary systems.

The fact that giant planets exist in moderately close (< 40 AU) binary sys-
tems has confronted dynamicists with many new challenges. Questions such as,
how are these planets formed, can binary-planetary systems host terrestrial and/or
habitable planets, how are habitable planets formed in such dynamically complex
environments, and how do such planets acquire the ingredients necessary for life,
are among major topics of research in this area. This chapter is devoted to review
these issues and present the current status of research on the formation of planets in
dual-star systems and habitability of terrestrial bodies in and around binary stars.

The chapter begins with a review of the dynamics of a planet in a binary star
system. In general, prior to constructing a theory for the formation of planets, it
proves useful to study whether the orbit of a planet around its host star would
be stable. In a binary system, such studies are quite important since in these sys-
tems the perturbation of the stellar companion may dictate the possibility of the
formation of planetary bodies by affecting the stability and dynamics of smaller
objects.

The formation of planets in binary star systems is reviewed in the third section.
Although the study of the dynamics of planets in and around binary stars dates
back to approximately forty year ago, the formation of planets in these systems is
an issue that is still unresolved. In spite of the observational evidence that indicates
a majority of main and pre-main sequence stars are formed in binaries or clusters
(Abt, 1979; Duquennoy & Mayor, 1991; Mathieu, 1994; Mathieu et al., 2000; White
& Ghez, 2001), and the detection of potentially planet-forming environments in and
around binary stars (Fig. 9.3, also see Mathieu, 1994; Akeson, Koerner & Jensen,
1998; Rodriguez et al., 1998; White et al., 1999; Silbert et al., 2000; Mathieu et
al., 2000), planet formation theories are still unclear in explaining how planets may
form in multi-star environments. The focus of Sect. 9.3 is on discussing the formation
of giant and terrestrial planets in moderately close binary-planetary systems, and
reviewing the current status of planet formation theories in this area.

The habitability of a binary system is presented in Sect. 9.4. The notion of
habitability is defined based on the habitability of Earth and life as we know it.
Such a definition requires a habitable planet to have the capability of retaining
liquid water in its atmosphere and on its surface. The latter is determined by the
luminosity of the central star, the size of the planet, and also the distribution of
water in the protoplanetary disk from which terrestrial-class objects are formed. In
Sect. 9.4, a review of the current status of the models of habitable planet formation
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Fig. 9.2. Radial velocity measurements of the primary of γ Cephei binary system. The
graph on the top shows the orbital solution for the planet (solid line) and the residual
velocity measurements after subtracting the contribution due to the binary companion
(data points). The graph on the bottom depicts the phased residual radial velocity mea-
surements (data points) compared to the planet orbital solution (solid line) (Hatzes et al.,
2003).
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Fig. 9.3. Image of the circumbinary disk of GG Tau (Krist et al., 2005) taken by Ad-
vanced Camera for Surveys (ACS) on board of Hubble Space Telescope (HST). The binary
separation is 35 AU. The locations of the binary components are marked with crosses.

in and around binary systems are presented, and their connections to models of
terrestrial planet formation and water-delivery around single stars are discussed.
Finally the chapter ends by discussing the future prospects of research in the field
of planets in binaries.

9.2 Dynamical Evolution and Stability

In general, one can consider orbital stability synonymous with the capability of an
object in maintaining its orbital parameters (i.e., semimajor axis, eccentricity, and
inclination) at all times. In other words, an object is stable if small variations in
its orbital parameters do not progress exponentially, but instead vary sinusoidally.
Instability occurs when the perturbative forces create drastic changes in the time
variations of these parameters and result in either the ejection of the object from
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the system (i.e., leaving the system’s gravitational field), or its collision with other
bodies.

The concept of stability, as explained above, although simple, has been defined
differently by different authors. A review by Szebehely in 1984 lists 50 different
definitions for the stability of an object in a multi-body system (Szebehely, 1984).
For instance, Harrington (1977) considered the orbit of an object stable if, while
numerically integrating the object’s orbit, its semimajor axis and orbital eccentricity
would not undergo secular changes. Szebehely (1980), and Szebehely & McKenzie
(1981), on the other hand, considered integrals of motion and curves of zero velocity
to determine the stability of a planet in and around binary stars. In this chapter,
the values of the orbital eccentricity of an object and its semimajor axis are used
to evaluate its stability. An object is considered stable if, for the duration of the
integration of its orbit, the value of its orbital eccentricity stays below unity, it does
not collide with other bodies, and does not leave the gravitational field of its host
star.

The study of the stability of a planetary orbit in dual stars requires a detailed
analysis of the dynamical evolution of a three-body system. Such an analysis itself
is dependent upon the type of the planetary orbit. In general, a planetary-class
object may have three types of orbit in and around a binary star system. Szebehely
(1980) and Dvorak (1982) have divided these orbits into three different categories.
As indicated by Szebehely (1980), a planet may be in an inner orbit, where it
revolves around the primary star, or it may be in a satellite orbit, where it revolves
around the secondary star. A planet may also be revolving the entire binary system
in which case its orbit is called an outer orbit. As classified by Dvorak (1982), on
the other hand, a study of the stability of resonant periodic orbits in a restricted,
circular, three-body system indicates that a planet may have an S-type orbit, where
it revolves around only one of the stars of the binary, or may be in a P-type orbit,
where it revolves the entire binary system (Fig. 9.4). A planet may also be in an
L-type orbit where it librates in a stable orbit around the L4 or L5 Lagrangian
points.

Fig. 9.4. S-type and P-type binary-planetary systems. A and B represent the stars of the
binary, and P depicts the planet.
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The rest of this section is devoted to a review of the studies of the stability of
planets in S-type and P-type orbits. Given that in a binary star system, a planet is
subject to the gravitational attraction of two massive bodies (i.e., the stars), it would
be important to understand how the process of the formation of planetary objects,
and the orbital dynamics of small bodies would be affected by the orbital charac-
teristics of the binary’s stellar components. In general, except for some special cases
for which analytical solutions may exist, such studies require numerical integrations
of the orbits of all the bodies in the system. In the past, prior to the invention of
symplectic integrators (Wisdom & Holman, 1991), which enabled dynamicists to
extend the studies of the stability of planetary systems to several hundred million
years, and before the development of fast computers, the majority of such studies
were either limited to those special cases, or were carried out numerically for only
a few orbital periods of a binary. Examples of such studies can be found in articles
by Graziani & Black (1981), Black (1982), and Pendleton & Black (1983), in which
the authors studied the orbital stability of a planet in and around a binary star.
By numerically integrating the equations of the motion of the planet, these authors
showed that, when the stars of the binary have equal masses, the orbital stability of
the planet is independent of its orbital inclination (also see Harrington, 1977). Their
integrations also indicated that, when the mass of one of the stellar components is
comparable to the mass of Jupiter, planetary orbits with inclinations higher than
50◦ tend to become unstable.

The invention of symplectic integrators, in particular routines that have been
designed specifically for the purpose of integrating orbits of small bodies in dual-
star systems3 (Chambers et al., 2002), have now enabled dynamicists to extend
studies of planet formation and stability in dual-star environments to much larger
timescales. In the following, the results of such studies are discussed in more detail.

9.2.1 Stability of S-type Orbits

As mentioned above, instability occurs when the perturbative effects cause the semi-
major axis and orbital eccentricity of a planet change in such a way that either the
object leaves the gravitational field of the system, or it collides with another body.
For a planet in an S-type orbit, the gravitational force of the secondary star is
the source of these perturbations. That implies, a planet at a large distance from
the secondary, i.e., in an orbit closer to its host star, may receive less perturbation
from the binary companion and may be able to sustain its dynamical state for a
longer time (Harrington, 1977). Since the perturbative effect of the stellar com-
panion varies with its mass, and the eccentricity and semimajor axis of the binary

3Symplectic integrators, as they were originally developed by Wisdom & Holman
(1991), are not suitable for numerically integrating the orbits of small bodies in the gravi-
tational fields of two massive objects. These integrators have been designed to integrate the
orbits of planetary or smaller objects when they revolve around only one massive central
body. Recently Chambers et al. (2002) have developed a version of a symplectic integrator
that is capable of integrating the motion of a small object in the gravitational fields of two
stellar bodies.
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Fig. 9.5. Graphs of the critical semimajor axis (ac) of an S-type binary-planetary system,
in units of the binary semimajor axis (Holman & Wiegert, 1999). The graph on the left
shows ac as a function of the binary eccentricity for an equal-mass binary. The graph on
the right corresponds to the variations of the critical semimajor axis of a binary with an
eccentricity of 0.5 in term of the binary’s mass-ratio. The solid and dashed line on the left
panel depict the empirical formulae as reported by Holman & Wiegert (1999) and Rabl &
Dvorak (1988), respectively.

(which together determine the closest approach of the secondary to the planet), it
is possible to estimate an upper limit for the planet’s distance to the star beyond
which the orbit of the planet would be unstable. As shown by Rabl & Dvorak (1988)
and Holman & Wiegert (1999), the maximum value that the semimajor axis of a
planet in an S-type orbit can attain and still maintain its orbital stability is a func-
tion of the mass-ratio and orbital elements of the binary, and is given by (Rabl &
Dvorak, 1988; Holman & Wiegert, 1999)

ac/ab = (0.464 ± 0.006) + (−0.380 ± 0.010)μ + (−0.631 ± 0.034)eb

+(0.586 ± 0.061)μeb + (0.150 ± 0.041)e2
b + (−0.198 ± 0.047)μe2

b . (9.1)

In this equation, ac is critical semimajor axis, μ = M1/(M1 + M2), ab and eb are the
semimajor axis and eccentricity of the binary, and M1 and M2 are the masses of the
primary and secondary stars, respectively. The ± signs in Eq. (9.1) define a lower
and an upper value for the critical semimajor axis ac, and set a transitional region
that consists of a mix of stable and unstable systems. Such a dynamically gray area,
in which the state of a system changes from stability to instability, is known to exist
in multi-body environments, and is a characteristic of any dynamical system.

Equation (9.1) is an empirical formula that has been obtained by numerically
integrating the orbit of a test particle (i.e., a massless object) at different distances
from the primary of a binary star (Rabl & Dvorak, 1988; Holman & Wiegert, 1999).
Figure 9.5 shows this in more detail. Similar studies have been done by Moriwaki &
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Fig. 9.6. Graphs of the semimajor axes (left) and eccentricities (right) of the giant planet
(black) and binary (green) of γ Cephei for different values of the eccentricities of the binary
(Haghighipour, 2003). The mass-ratio of the binary is 0.2.

Nakagawa (2004), and Fatuzzo et al. (2006) who obtained critical semimajor axes
slightly larger than given by Eq. (9.1).

Since the mass of a Jovian-type planet is approximately three orders of mag-
nitude smaller than the mass of a star, such a test particle approximation yields
results that are not only applicable to the stability of giant planets, but can also
be used in identifying regions where smaller bodies, such as terrestrial-class objects
(Quintana et al., 2002; Quintana & Lissauer, 2006; Quintana et al., 2007) and dust
particles (Trilling et al., 2007), can have long term stable orbits4. In a recent arti-
cle, Trilling et al. (2007) utilized Eq. (9.1) and its stability criteria to explain the
dynamics of debris disks, and the possibility of the formation and existence of plan-
etesimals in and around 22 binary star systems. By detecting an infrared excess of
dust particles, these authors confirmed the presence of stable dust bands, possibly
resulting from collision of planetesimals, in S-type orbits in several wide binaries.

The stability of S-type systems has been studied by many authors (Benest, 1988,
1989, 1993, 1996; Wiegert & Holman, 1997; Pilat-Lohinger & Dvorak, 2002; Dvorak
et al., 2003, 2004; Pilat-Lohinger et al., 2004; Musielak et al., 2005). In a recent ar-
ticle, Haghighipour (2006) extended such studies to the dynamical stability of the
Jupiter-like planet of the γ Cephei planetary system. By numerically integrating
the orbit of this object for different values of ab, eb and ip (the orbital inclination
of the giant planet relative to the plane of the binary), Haghighipour (2006) has
shown that the orbit of this planet is stable for the values of the binary eccentricity
within the range 0.2 ≤ eb ≤ 0.45. Figure 9.6 shows the results of such integra-
tions for a coplanar system with μ = 0.2 and for different values of the binary
eccentricity. The initial value of the semimajor axis of the binary was chosen to be

4In applying Eq. (9.1) to the stability of dust particles, one has to note that this
equation does not take into account the effects of non-gravitational forces such as gas-drag
or radiation pressure. The motion of a dust particle can be strongly altered by the effects
of these forces.
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Fig. 9.7. Graphs of the semimajor axes (top) and eccentricities (bottom) of the giant
planet (black) and binary (red) of γ Cephei. The initial eccentricity of the binary at
the beginning of numerical integration and the value of its mass-ratio were equal to 0.20
(Haghighipour, 2006).

21.5 AU. Integrations also indicated that the binary-planetary system of γ Cephei
becomes unstable in less than a few thousand years when the initial value of the
binary eccentricity exceeds 0.5.

Interesting results were obtained when the γ Cephei system was integrated for
different values of ip. The results indicated that for the above-mentioned range of
orbital eccentricity, the planet maintains its orbit for all values of inclination less
than 40◦. Figure 9.7 shows the semimajor axes and orbital eccentricities of the
system for eb = 0.2 and for ip=5◦, 10◦, and 20◦. For orbital inclinations larger than
40◦, the system becomes unstable in a few thousand years.

Kozai Resonance

An interesting dynamical phenomenon that may occur in an S-type binary, and
has also been observed in the numerical simulations of a few of these systems, is
the Kozai resonance (Haghighipour, 2003, 2005; Verrier & Evans, 2006; Takeda
& Rasio, 2006; Malmberg, Davies & Chambers, 2007). As demonstrated by Kozai
(1962), in a three-body system with two massive objects and a small body (e.g., a
binary-planetary system), the exchange of angular momentum between the planet
and the secondary star, can cause the orbital eccentricity of the planet to reach high
values at large inclinations. Averaging the equations of motion of the system over
mean anomalies, one can show that in this case, the averaged system is integrable
when the ratio of distances are large (the Hill’s approximation, Kozai, 1962). The
Lagrange equations of motion in this case, indicate that, to the first order of planet’s
eccentricity, the longitude of the periastron of this object, ωp, librates around a fixed
value. Figure 9.8 shows this for the giant planet of γ Cephei. As shown here, ωp

librates around 90◦ (Haghighipour, 2003, 2005).
In a Kozai resonance, the longitude of periastron and the orbital eccentricity of

the small body (ep) are related to its orbital inclination as (Innanen et al., 1997)
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sin2ωp = 0.4 csc2ip, (9.2)

and
(e2

p)max =
1
6

[
1 − 5 cos(2ip)

]
. (9.3)

From Eq. (9.3), one can show that the Kozai resonance may occur if the orbital in-
clination of the small body is larger than 39.23◦. For instance, as shown by Haghigh-
ipour (2003, 2005), in the system of γ Cephei, Kozai resonance occurs at ip = 60◦.
For the minimum value of ip, the maximum value of the planet’s orbital eccentricity,
as given by Eq. (9.3), is equal to 0.764. Figure 9.8 also shows that ep stays below
this limiting value at all times.

As shown by Kozai (1962) and Innanen et al. (1997), in a Kozai resonance, the
disturbing function of the system, averaged over the mean anomalies, is indepen-
dent of the longitudes of ascending nodes of the small object (the planet) and the
perturbing body (the stellar companion). As a result, the quantity

√
a(1 − e2) cos i

(shown as the “Reduced Delaunay Momentum” in Fig. 9.8) becomes a constant of
motion. Since the eccentricity and inclination of the planet vary with time, the
fact that the quantity above is a constant of motion implies that the time-variations
of these two quantities have similar periods and, at the same time, they vary in such
a way that when ip reaches its maximum, ep reaches its minimum and vice versa.
Figure 9.9 shows this clearly.
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Fig. 9.9. Graphs of the eccentricity and inclination of the giant planet of γ Cephei in a
Kozai Resonance (Haghighipour, 2003, 2005). As expected, these quantities have similar
periodicity and are 180◦ out of phase.

9.2.2 Stability of P-type Orbits

Numerical simulations have also been carried out for the stability of P-type orbits
in binary-planetary systems (Ziglin, 1975; Szebehely & McKenzie, 1981; Dvorak,
1984, 1986; Dvorak, Froeschlé, & Froeschlé, 1989; Kubala, Black & Szebehely, 1993;
Holman & Wiegert, 1999; Broucke, 2001; Pilat-Lohinger, Funk & Dvorak, 2003;
Musielak et al., 2005). Similar to S-type orbits, in order for a P-type planet to be
stable, it has to be at a safe distance from the two stars so that it would be immune
from their perturbative effects. That is, planets at large distances from the center of
mass of a binary will have a better chance of being stable. This distance, however,
cannot be too large because at very large distances, other astronomical effects, such
as galactic perturbation, and perturbations due to passing stars, can render the
orbit of a planet unstable.

To determine the critical value of the semimajor axis of a P-type planet in a
stable orbit, preliminary attempts were made by Dvorak (1984), who numerically
integrated the orbit of a circumbinary planet in a circular orbit around an eccentric
binary system and showed that planets at distances 2-3 times the separation of the
binary have stable orbits. Subsequent studies by Dvorak (1986), Dvorak, Froeschlé,
& Froeschlé (1989), and Holman & Wiegert (1999) complemented Dvorak’s results
of 1984 and showed that the orbit of a P-type planet will be stable as long as the
semimajor axis of the planet stays larger than the critical value given by (Fig. 9.10)

ac/ab = (1.60 ± 0.04) + (5.10 ± 0.05)eb + (4.12 ± 0.09)μ
+(−2.22 ± 0.11)e2

b + (−4.27 ± 0.17)ebμ + (−5.09 ± 0.11)μ2

+(4.61 ± 0.36)e2
bμ

2 . (9.4)

Similar to Eq. (9.1), Eq. (9.4) represents a transitional region with a lower boundary
below which the orbit of a P-type planet will be certainly unstable, and an upper
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Fig. 9.10. Critical semimajor axis as a function of the binary eccentricity in a P-type
system (Holman & Wiegert, 1999). The squares correspond to the result of stability simu-
lations by Holman & Wiegert (1999) and the triangles represent those of Dvorak, Froeschlé,
& Froeschlé (1989). The solid line corresponds to Eq. (9.4). As indicated by Holman &
Wiegert (1999), the figure shows that at outer regions, the stability of the system fades
away.

boundary beyond which the orbit of the planet will be stable. The mixed zone
between these two boundaries represents a region where a planet, depending on its
orbital parameters, and the orbital parameters and the mass-ratio of the binary,
may or may not be stable. Recently, by applying the stability criteria of Eq. (9.4)
to their observational results, Trilling et al. (2007) have confirmed the presence of
stable dust bands, possibly resulting from collision of planetesimals, around close
binary star systems.

A dynamically interesting feature of the stable region around the stars of a
binary is the appearance of islands of instability. As shown by Holman & Wiegert
(1999) islands of instability may develop beyond the inner boundary of the mixed
zone, which correspond to the locations of (n : 1) mean-motion resonances. The
appearance of these unstable regions have been reported by several authors under
various circumstances (Hénon & Guyot, 1970; Dvorak, 1984; Rabl & Dvorak, 1988;
Dvorak, Froeschlé, & Froeschlé, 1989). Extensive numerical simulations would be
necessary to determine whether the overlapping of these resonances would result in
stable P-type binary-planetary orbits.
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9.3 Planet Formation in Binaries

Despite a wealth of articles on planets in binary star systems, the process of the
formation of these objects is still poorly understood. The current theories of planet
formation focus only on the formation of planets in a circumstellar disk around a
single star, and their extensions to binary environments are limited to either the
Sun-Jupiter system, where the focus is on the effect of Jupiter on the formation of
inner planets of our solar system (Heppenheimer, 1974, 1978; Drobyshevski, 1978;
Diakov & Reznikov, 1980; Whitmire et al., 1998; Kortenkamp, Wetherill & Inaba,
2001), or binaries resembling some of extrasolar planets, in which the secondary star
has a mass in the brown dwarf regime (Whitmire et al., 1998). Although attempts
have been made to extend such studies to binaries with comparable-mass stellar
components (Marzari & Scholl, 2000; Nelson, 2000; Barbieri, Marzari & Scholl,
2002; Quintana et al., 2002; Lissauer et al., 2004), the extent of the applicability of
the results of these studies has been only to hypothetical cases since, until recently,
there had been no observational evidence on the existence of such binary-planetary
systems.

In general, it is believed that planet formation proceeds through the following
four stages (Fig. 9.11):

1) coagulation of dust particles and their growth to centimeter-sized objects,
2) collisional growth of centimeter-sized particles to kilometer-sized bodies (plan-

etesimals),
3) formation of Moon- to Mars-sized protoplanets (also known as planetary

embryos) through the collision and coalescence of planetesimals, and
4) collisional growth of planetary embryos to terrestrial-sized objects.

The latter is a slow process that may take a few hundred million years. During the
first few million years of this process, at larger distances from the star, planetesimals
and planetary embryos may form planetary cores several times more massive than
Earth, and may proceed to form giant planets.

In a binary star system with a moderate to small separation, the secondary star
will have significant effects on the efficiency of each of these processes. As shown
by Boss (2006), a binary companion can alter the structure of a planet-forming
nebula, and create regions where the densities of the gas and dust are locally en-
hanced (Fig. 9.12). Also, as shown by Artymowicz & Lubow (1994), and Pichardo,
Sparke & Aguilar (2005), a stellar component on an eccentric orbit can truncate
the circumprimary disk of embryos to smaller radii and remove material that may
be used in the formation of terrestrial planets (Fig. 9.13). As a result, it used
to be believed that circumstellar disks around the stars of a binary may not be
massive enough to form planets. However, observations by Mathieu (1994), Ake-
son, Koerner & Jensen (1998), Rodriguez et al. (1998), and Mathieu et al. (2000)
have indicated that potentially planet-forming circumstellar disks can indeed exist
around the stars of a binary system, implying that planet formation in binaries may
be as common as around single stars (Fig. 9.14). Among these circumstaller disks,
the two well-separated disks of the system L1551 retain the equivalent of approxi-
mately 0.03 to 0.06 solar-masses of their original circumstellar materials in a region
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Fig. 9.11. The four stages of planet formation.

Fig. 9.12. Structure of a circumprimary disk in a double star system. The masses of the
primary and secondary stars are 1 and 0.09 solar-masses, respectively. The secondary star
is at 50 AU at the top of the figure, and has an eccentricity of 0.5. The figure shows an
area of 20 AU around the primary. The structures inside the disk have appeared after 239
years from the beginning of the simulations. The orange structure on the right edge of the
graph is an artifact of numerical simulations (Boss, 2006).
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Fig. 9.13. Disk truncation in and around binary systems (Artymowicz & Lubow, 1994).
The top graphs show circumstellar disks in a binary with a mass-ratio of 0.3. Note the
disk truncation when the eccentricity of the binary is increased from 0 to 0.3. The bottom
graphs show a similar effect in a circumbinary disk. The mass-ratio is 0.3 and the binary
eccentricity is 0.1. The numbers inside each graph represent the time in units of the binary
period. The axes are in units of the binary semimajor axis.

with an outer radius of ∼10 AU (Fig. 9.14, Rodriguez et al., 1998). The masses
of these disks are comparable to the minimum solar-mass model of the primordial
nebula of our Solar System (Weidenschilling, 1977; Hayashi, 1981), implying that,
planet formation in dual-star systems can begin and continue in the same fashion
as around our Sun.
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Fig. 9.14. Interferometric observation of the binary system L1551 (Rodriguez et al., 1998).
Two compact sources are evident in the map. The separation of the binary is 45 AU and
the disk around each core extends to approximately 10 AU.

Despite the observational evidence in support of the existence of planet-forming
environments in moderately close binary star systems, the perturbative effect of the
binary companion may not always favor planet formation. For instance, as shown by
Nelson (2000), giant planet formation cannot proceed through the disk instability
mechanism (Boss, 2000) around the primary of a binary star system with separation
of ∼ 50 AU. Also, when forming planetary embryos, as shown by Heppenheimer
(1978), Whitmire et al. (1998), and Thébault et al. (2004), the perturbation of the
secondary star may increase the relative velocities of planetesimals and cause their
collisions to result in breakage and fragmentation (Fig. 9.15). Results of the studies
by these authors suggest that planetesimal accretion will be efficient only in binaries
with large separation [50 AU as indicated by Heppenheimer (1978), 26 AU as shown
by Whitmire et al. (1998), and 100 AU as reported by Mayer et al. (2005)]. Finally,
in a binary star system, the stellar companion may create unstable regions where
the building blocks of planets will not maintain their orbits and, as a result, planet
formation will be inhibited (Whitmire et al., 1998).

Interestingly, despite all these difficulties, numerical simulations have shown that
it may indeed be possible to form giant and/or terrestrial planets in and around
a dual-star system. Recent simulations by Boss (2006), and Mayer, Boss & Nelson
(2007) indicate that Jupiter-like planets can form around the primary of a binary
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Fig. 9.15. Graphs of the evolution of eccentricity (top) and encounter velocities (bottom)
for planetesimals at the region between 0.3 and 5 AU from the primary of γ Cephei
(Thébault et al., 2004). The planetesimals disk in the bottom simulation was initially at
its truncated radius of 4 AU. As shown here, the perturbative effect of the secondary star
increases the eccentricities and relative velocities of these objects.
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Fig. 9.16. Giant planet formation via disk instability mechanism in a binary system. The
separation of the binary is 120 AU and it was initially on a circular orbit. The mass of
each disk is 0.1 solar-masses. The snap shot was taken 160 years after the start of the
simulations. Figure courtesy of L. Mayer, A. Boss and A. Nelson.

star system via gravitational instability in a marginally unstable circumprimary
disk (Fig. 9.16). On the other hand, as shown by Thébault et al. (2004), the core
accretion mechanism may also be able to form giant planets around the primary of
a binary star. However, as the results of their simulations for planet formation in
the γ Cephei system indicate, the semimajor axis of the final gas-giant planet may
be smaller than its observed value.

In regard to the formation of terrestrial planets in binary systems, in a series of
articles, Quintana and her colleagues integrated the orbits of a few hundred Moon- to
Mars-sized objects and showed that terrestrial-class objects can form in and around
binaries (Quintana et al., 2002; Lissauer et al., 2004; Quintana & Lissauer, 2006;
Quintana et al., 2007). Figure 9.17 shows the results of some of their simulations.
As shown here, depending on the mass-ratio of the binary and the initial values of
its orbital parameters, in a few hundred million years, terrestrial planets can form
around a close (0.01 to 0.1 AU) binary star system.

Quintana and colleagues also studied terrestrial planet formation in binaries
with larger separations (Quintana et al., 2007). Figure 9.18 shows the results of
their simulations for a binary with a separation of 20 AU. Similar to Fig. 9.17,
terrestrial-type objects are formed around the primary of the binary in a few hun-
dred million years. Statistical analysis of their results, as shown in Fig. 9.19, 9.20,
and 9.21 indicate that, as expected in binaries with larger perihelia, where disk trun-
cation has been smaller and more planet-forming material is available, terrestrial
planet formation is efficient and the number of final terrestrial planets is large. The



242 Nader Haghighipour

Fig. 9.17. Terrestrial planet formation around a close binary system (Quintana & Lis-
sauer, 2006). The binary is circular and its separation is 0.05 AU. Each star of the binary
has a mass of 0.5 solar-masses. A Jupiter-like planet has also been included in the sim-
ulation. The circles represent planetary embryos and planetesimals with radii that are
proportional to their physical sizes. As shown here, the perturbative effect of the outer
giant planet excites the orbits of the bodies at the outer edge of the disk and causes radial
mixing as well as truncation. Within the first 100 Myr, several terrestrial-class objects are
formed around the binary system.

results of simulations by Quintana et al. (2007) also indicate that in a binary with
a periastron distance larger than 10 AU, terrestrial planet formation can proceed
efficiently in a region within 2 AU of the primary star. In binaries with periastra
smaller than 5 AU, this region may be limited to inside 1 AU (Fig. 9.20).

Despite the destructive role of the binary companion in increasing the relative
velocities of planetesimals, which causes their collisions to result in erosion, this
efficiency of terrestrial planet formation in binary systems may be attributed to the
fact that the effect of the binary companion on increasing the relative velocities
of planetesimals can be counterbalanced by dissipative forces such as gas-drag and
dynamical friction (Marzari et al., 1997; Marzari & Scholl, 2000). The combination
of the drag force of the gas and the gravitational force of the secondary star may
result in the alignment of the periastra of planetesimals and increases the efficiency
of their accretion by reducing their relative velocities. This is a process that is more
effective when the sizes of the two colliding planetesimals are comparable and small.
For colliding bodies with different sizes, depending on the size distribution of small
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Fig. 9.18. Terrestrial planet formation around the primary of a binary star system (Quin-
tana et al., 2007). The stars of the binary are 0.5 solar-masses with semimajor axis of 20
AU. The eccentricity of the binary is 0.75 (left column), 0.625 (middle column), and 0.5
(right column). As shown here, in each simulation, two terrestrial-type objects are formed
after 100 Myr. The last row shows the results of additional simulations of the same sys-
tems, with final results showing in black, gray and white, corresponding to different runs.
The differences in the final assembly of the planetary system of each simulation are results
of the stochasticity of this type of numerical integrations.

objects, and the radius of each individual planetesimal, the process of the alignment
of periastra may instead increase the relative velocities of the two objects, and cause
their collisions to become eroding (Fig. 9.22, also see Thébault et al., 2006).

Simulations of terrestrial planet formation have also been extended to binaries
with larger separations (20-40 AU) that also host a giant planet (Haghighipour &
Raymond, 2007). As discussed in the next section, by numerically integrating the
orbits of the binary, its giant planet, and a few hundred planetary embryos, these
authors have shown that it is possible to form Earth-like objects, with considerable
amount of water, in the habitable zone of the primary of a moderately close binary-
planetary system.
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Fig. 9.19. Graphs of the final masses of the terrestrial planets formed in systems of
Fig. 9.18. The simulations have been run for three different masses of the binary stars. The
red corresponds to simulations in a binary with 0.5 solar-masses stars, the blue represents
results in a binary with 1 solar-mass stars, yellow is for a binary with a 1 solar-mass
primary and a 0.5 solar-masses secondary, and black represents a binary with a 0.5 solar-
masses primary and a 1 solar-mass secondary. These results show that despite the disk
truncation in binaries with smaller perihelia, the average masses of the final planets are
not significantly altered. (Quintana et al., 2007).

Fig. 9.20. Graphs of the semimajor axis of the outermost planet of the simulations of
Fig. 9.18. As shown here, while the outer edge of the disk is affected by the presence of
the binary companion, the inner portion of the disk, where terrestrial planets are formed,
stays unaffected by this object (Quintana et al., 2007).
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Fig. 9.21. The number of final terrestrial-type planets formed in the binaries of Fig. 9.18.
As expected, for a given binary mass-ratio, the number of terrestrial planets increases in
systems with larger perihelia. This number also increases when the mass of the binary
companion is smaller. (Quintana et al., 2007).

Fig. 9.22. Encounter velocities of planetesimals with different sizes in a binary system with
semimajor axis of 10 AU, eccentricity of 0.3, and mass-ratio of 0.5 (Thébault et al., 2006).
The simulations include gas-drag. The vertical line shows the time of orbital crossing. As
shown here, gas-drag lowers the encounter velocities of smaller equal-size planetesimals
through the periastron alignment process.
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9.4 Habitability

It is widely accepted that a planet capable of developing life (as we know it), has to
be able to continuously maintain liquid water on its surface and in its atmosphere.
The capability of a planet in retaining water depends on its size and the processes
involving its interior dynamics and atmospheric circulation. It also depends on its
orbital parameters (i.e., its semimajor axis and orbital eccentricity) and the bright-
ness of the central star at the location of the planet. While a dynamic interior and
atmospheric circulation are necessary for a habitable planet to develop a CO2 cycle
and generate greenhouse effect (which helps the planet to maintain a uniform tem-
perature), a long-term stable orbit, at a right distance from the star, is essential
to ensure that the planet will receive the amount of radiation that enables it to
maintain liquid water on its surface. These seemingly unrelated characteristics of
a potential habitable planet, have strong intrinsic correlations, and combined with
the luminosity of the star, determine the system’s habitable zone.

The inner and outer boundaries of a habitable zone vary with the star’s lumi-
nosity and the planet’s atmospheric circulation models [see Menou & Tabachnik
(2003), Jones, Underwood, & Sleep (2005), and Jones, Sleep, & Underwood (2006)
for a table of distances of the inner and outer boundaries of the habitable zones
of exoplanetary systems]. A conservative estimate of the habitable zone of a star
can be made by assuming that its inner edge is located at a distance closer than
which water on the surface of the planet evaporates due to a runaway greenhouse
effect, and its outer edge is at a distance where, in the absence of CO2 clouds, run-
away glaciation will freeze the water and create permanent ice on the surface of the
planet. As shown by Kasting, Whitmire, & Reynolds (1993), such a definition of a
habitable zone results in a habitable region between 0.95 AU and 1.15 AU for the
Sun (Fig. 9.23). This is a somewhat conservative estimate of the Sun’s habitable
zone and as noted by Jones, Underwood, & Sleep (2005), the outer edge of this
region may, in fact, be farther away (Forget & Pierrehumbert, 1997; Williams &
Kasting, 1997; Mischna et al., 2000).

Since the notion of habitability is based on life on Earth, it is possible to calculate
the location of the boundaries of the habitable zone of a star by comparing its
luminosity with that of the Sun. For a star with the surface temperature T and
radius R, the luminosity L is given by

L(R, T ) = 4πσT 4R2, (9.5)

where σ is Boltzmann constant. Using Eq. (9.5) and the fact that Earth is in the
habitable zone of the Sun, the radial distances of the inner and outer edges of the
habitable zone of a star can be obtained from (Haghighipour 2006)

r =
( T

T�

)2 ( R

R�

)
r�. (9.6)

The quantities T� and R� in Eq. (9.6) are the surface temperature and radius of
the Sun, respectively, and r� represent the radial distance of Earth from the Sun.
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Fig. 9.23. Habitable zone (Kasting, Whitmire, & Reynolds, 1993).

Fig. 9.24. Graph of the lifetime of an Earth-size object in a circular orbit around the
primary of γ Cephei. The habitable zone of the primary has been indicated by HZ. No
planet was placed in the region between the apastron and periastron distances of the giant
planet of the system. As shown here, only Earth-size planets close to the primary star
maintain their orbits for long times (Haghighipour, 2006).
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Equation (9.6) implies that a habitable zone can be defined as a region around
a star where an Earth-like planet can receive the same amount of radiation as
Earth receives from the Sun, so that it can develop and maintain similar habitable
conditions as those on Earth.

As mentioned above, the orbit of a potential habitable planet in the habitable
zone of a star has to be stable over long durations of time. As shown in Sect. 9.2,
the stability of the orbit of a planet in a binary system is strongly affected by the
orbital motion of the binary companion. In binary systems where the primary hosts
other planetary bodies (e.g., giant planets), the dynamics of a habitable planet will
also be affected by the gravitational perturbations of these objects. It is therefore
important to determine under what conditions a terrestrial-class object will have a
long-term stable orbit in the habitable zone of a binary system, prior to constructing
a theory for the formation of Earth-like planets in such environments.

Since a terrestrial-class planet is approximately two orders of magnitude less
massive than a Jovian-type object, it will not have a significant effect on the motion
of the stars and the giant planets of a binary system. Therefore, as explained in
Sects. 9.2.1 and 9.2.2, if a binary system does not contain a Jupiter-like planet,
any dynamical criterion that is obtained for the stability or instability of a general
planetary body, can also be applied to the dynamics of a terrestrial planet. Equation
(9.1) and the stability conditions presented by Fig. 9.5 can be used to determine
the long-term stability of an Earth-like object in a binary system.

If a binary contains giant planets, however, the situation is different. The grav-
itational perturbations of the latter objects will have significant effects on the mo-
tion and dynamics of terrestrial planets in the system. As shown by Haghighipour
(2006), an Earth-size object, in a region between the giant planet and the primary of
γ Cephei binary system, can maintain its stability only in orbits close to the primary
star and outside the influence zone5 of the giant body. Integrating the equations of
motion of a full four-body system, this author has shown that an Earth-like planet
will not be able to sustain a stable orbit in the habitable zone of γ Cephei’s primary
star (Fig. 9.24). However, it is possible for such an object to have a stable orbit
when 0.3 ≤ aT ≤ 0.8 AU, 0◦ ≤ iT = ip ≤ 10◦, and eb ≤ 0.4. Here aT represents the
semimajor axis of the terrestrial planet and iT is its orbital inclination with respect
to the plane of the binary.

As mentioned above, the instability of an Earth-like planet in the habitable
zone of γ Cephei can be attributed to the interaction between this object and
the giant planet of the system. When the Earth-like planet is outside the giant
planet’s influence zone (e.g., at closer distances to the primary star) it can maintain
its orbit for several hundred million years. Figure 9.24 suggests that, in order for
a binary-planetary system to be habitable, its habitable zone has to be outside
the influence region of its giant planet. In an S-type binary-planetary system, this
implies a primary with a close-in habitable region. In a recent article, Haghighipour

5The influence zone of a planetary object with a mass mp around a star with a mass
M is defined as the region between 3RH − ap(1 − ep) and 3RH + ap(1 + ep), where ap is
the semimajor axis of the planet, and RH = ap(mp/3M)1/3 is its Hill radius
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Fig. 9.25. Formation of Earth-like planets in a binary-planetary system. The top panel
shows simulations in a binary with a separation of 30 AU, eccentricity of 0.2, and stellar
components of 1 solar-mass. As shown here, an Earth-like planet (1.17 Earth-masses) with
a water to mass ratio of 0.00164, is formed in the habitable zone of the primary at 1.16 AU,
with an eccentricity of 0.02. The bottom panel shows the formation of an Earth-like object
in a binary with a solar-mass primary and a 1.5 solar-masses secondary. The separation
of the binary in this case is 30 AU, the mass of the Earth-like planet is 0.95 Earth-masses
and its water to mass ratio is 0.00226. The semimajor axis of this planet and its orbital
eccentricity are equal to 0.99 AU and 0.07, respectively. For the sake of comparison, the
Sun’s habitable zone is approximately at 0.95-1.15 AU, Earth’s orbital eccentricity is 0.017,
and Earth’s water to mass ratio is ∼ 0.001 (Haghighipour & Raymond, 2007).
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Fig. 9.26. Formation of Earth-like planets in different binary-planetary systems. As shown
here, for a given binary mass-ratio, the delivery of water to terrestrial regions becomes
less efficient as the periastron distance of the binary becomes smaller (Haghighipour &
Raymond, 2007).

& Raymond (2007) have studied the habitability of such a system. By considering
a binary with a Sun-like primary star and a Jupiter-sized planet in a circular orbit
at 5 AU, and by adopting the model of Morbidelli et al. (2000), which is based
on the assumption that water-carrying objects, in the Sun’s asteroid belt, were
the primary source of the delivery of water to Earth, these authors integrated the
orbits of a few hundred protoplanetary (Moon- to Mars-sized) objects, and showed
that it is indeed possible to form Earth-sized planets, with substantial amounts of
water, in the habitable zone of the primary star (Fig. 9.25). As shown by these
authors, the mass and orbital parameters of the secondary star play important
roles in the radial mixing of protoplanetary objects and the delivery of water to the
habitable zone of the primary star. The giant planet of the system also plays the
important role of transferring angular momentum from the secondary star to the
disk of protoplanets, and enhancing the radial mixing of these objects. As shown
in Fig. 9.26, water delivery is less efficient in binaries with smaller perihelia since
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Fig. 9.27. The (eb, ab) parameter-space of an equal-mass binary-planetary system. Circles
correspond to binaries with initial parameters chosen from Fig. 9.25, in which habitable
planets were formed. Triangles represent systems in which the giant planet became unsta-
ble. The numbers associated with each circle represent the mean eccentricity of the giant
planet of the system at the end of the simulation. As shown here, moderately close binaries
with lower eccentricities (larger periastra) are more suitable places for the formation of
habitable planets (Haghighipour & Raymond, 2007).

in such systems, the close approach of the binary companion to the giant planet
increases its eccentricity, which in turn results in stronger interaction between this
object and the disk of protoplanets, causing them to become unstable in a very short
time. The results of the simulations by Haghighipour & Raymond (2007) indicate
that binary-planetary systems with giant planets at 5-10 AU, and binary perihelion
distances of approximately 20 AU to 25 AU, will be more efficient in forming and
hosting habitable planets (Fig. 9.27).

9.5 Future Prospects

The discovery of planets in binary star systems is one the interesting surprises of
modern astronomy. Despite the long history of the study of planets in such environ-
ments, the recent detection of planets in moderately close binaries has confronted
astronomers with many new challenges. Many aspects of the formation process of
these planets are still unresolved, and questions regarding their frequency and de-
tection techniques demand more detailed investigation.

The habitability of binary systems is also an open question. Although recent
simulations of the late stage of terrestrial planet formation in binary systems have



252 Nader Haghighipour

Fig. 9.28. Artistic rendition of the view from the moon of a giant planet in a triple star
system. Figure from JPL-Caltech/NASA.

indicated that water-carrying planets can form in the habitable zone of a binary-
planetary system, more studies are necessary to understand how protoplanetary
objects can develop and evolve in such an environment. Such studies have impli-
cations for investigating the habitability of extrasolar planets, and tie directly to
several of near-future NASA missions, in particular, the space mission Kepler.
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Thébault, P., Marzari, F., Scholl, H., Turrini, D. & Barbieri, M. Planetary Forma-
tion in the γ Cephei System, Astron. Astrophys., 427, 1097
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10 Planetary Environmental Signatures for
Habitability and Life

Victoria S. Meadows

Summary. In the vast blackness of space, our home planet is a single sparkling oasis
of life. Whether the Universe harbors other worlds that can support even simple life is a
question that has been pondered, yet remained unanswered, for over two thousand years.
Motivated by the discoveries over the past decade of hundreds of extrasolar planets, NASA
and ESA have initiated a series of mission concept studies for space-based astronomical
observatories that will find and study extrasolar terrestrial planets, searching for signs of
life. This chapter reviews our current understanding of how we will identify planets that
might support life around other stars, and incorporates results from the new science of
astrobiology that support these searches

10.1 Introduction: Astrobiology and Habitability

The search for life outside our Solar System is just one facet of the field called astro-
biology. Astrobiology is the study of life in the Universe, its origins, evolution, dis-
tribution and future. Because the research questions addressed by astrobiology are
necessarily very broad in scope, astrobiology itself is primarily an interdisciplinary
science, where progress on a particular research topic can only be achieved by com-
bining expertise from many different scientific fields. Research topics in astrobiology
include but are not limited to: the astronomical and planetary processes and condi-
tions that are conducive to life, the origin of life, the probability of life elsewhere in
the Universe, the nature and location of environments beyond the Earth that could
harbor life, and the search for life in our own Solar System and beyond. NASA’s
Astrobiology Roadmap outlines and prioritizes several important goals and tasks for
astrobiology (DesMarais et al. (2003); http://astrobiology.arc.nasa.gov/roadmap/)

In searching for life beyond the Solar System we must first find an environment
that could harbor life, a so-called habitable world. In its most conservative definition,
a habitable world is a solid-surfaced world, either a planet or moon, which can
maintain liquid water on its surface. This definition is based on the fact that water
is the one common constituent used by an enormous array of life forms on the
Earth. It is also possible that life may be present in the atmospheres of planets, or
in subsurface water tables or oceans, even in our own Solar System. However, when
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searching for life beyond our Solar System, we adopt the more conservative definition
of the presence of surface water, because this definition also has the advantage of
describing worlds that would be more detectable as habitable, even over enormous
distances.

The habitability of a planet is in part determined by its formation heritage
and early history, which will set its mass, orbit, spin and chemical composition.
Habitability will subsequently depend upon the evolution of the planet’s interior
and its crust, and the evolution of planetary volatiles after they reach the surface
of the planet. This is because the temperature and pressure required to maintain
liquid water at a planet’s surface depends on many factors, including the nature
and brightness of the parent star, the planet’s orbit (i.e. its distance from the star
as a function of time), the planet mass, the reflectivity (or albedo) of the planet’s
surface, the density and composition of its atmosphere, the presence and nature of
clouds, and the availability of internal (geothermal) energy.

10.1.1 Habitable Zones

The Earth has likely been habitable for an extremely long time, and could have
become habitable as early as 10-20 Myr after the Moon-forming impact (Zahnle et
al., 2007; Martin et al., 2006a). After the late heavy bombardment 3.7 Gya, the
Earth was probably habitable continuously, at least in some environments (Catling
and Kasting, 2007). Today, our Earth still maintains moderate temperatures and a
liquid ocean, in stark contrast to the desert worlds that flank it, Mars and Venus.
Earth’s habitability, although governed by many factors, is dominated by its dis-
tance from the Sun and its near-circular orbit. The regions around a star in which a
planet is habitable at a given time, and can be kept habitable over a continuous pe-
riod of time are known as the ‘instantaneous habitable zone’ and the ‘continuously
habitable zone’ respectively (Kasting et al., 1993; Kasting & Catling, 2003).

Within this distance range from its parent star, a planet is able to maintain
liquid water on its surface. The boundaries of this zone are determined using climate
models to calculate the inner star-planet distance at which the Earth’s oceans would
start to be lost in a process that would lead to a ‘runaway greenhouse’, and the outer
distance at which it would suffer ‘runaway glaciation’, mediated by the formation
of CO2 ice clouds. For our own Solar System the habitable zone (Fig. 10.1) is
conservatively estimated to be between 0.95 and 1.37 AU (Kasting et al., 1993).
Venus and Mars, both outside the classical habitable zone limits, have a mean solar
distance of 0.7 AU and 1.52 AU respectively. The ellipticity of the planet’s orbit
can also affect its habitability, as highly eccentric orbits could take the planet in
and out of its star’s habitable zone. However, the presence of an atmosphere could
help to buffer this effect (Williams and Pollard, 2002)

In addition to the instantaneous habitable zone, we are also interested in how
long the planet may have been able to maintain habitability, so that life had an
opportunity to originate and develop. While this does depend on many planetary
environmental factors, a crude estimate can be obtained by estimating the evolution
in luminosity of the parent star, and the migration of the habitable zone outward
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Fig. 10.1. The Habitable Zone. This diagram, based on Fig 16. in (Kasting et al., 1993)
shows the calculated habitable zone (diagonal strip) as a function of the distance from the
parent star (x-axis) for parent stars of different mass and spectral type (the y-axis). Our
Solar System, which orbits a G2V star, is shown for comparision. Note that the Earth
sits squarely within the Habitable Zone, and Venus and Mars border it. Also shown is the
“tidal lock radius”. This is the distance from the parent star at which a planet is likely to
become tidally locked to the star. For stars in the K and M classes, the habitable zone is
within the tidal lock radius.

over time to calculate a continuously habitable zone (CHZ) over a given time span.
It is estimated that our Solar System has had a CHZ spanning 0.95-1.15AU in the
past 4.6 Gy. However, in the next 1.1 Gy, the Sun is likely to become 10% brighter
and the the Earth’s surface temperature may increase to the point where we leave
the CHZ in another 500-900 million years (Caldeira and Kasting, 1992).

10.1.2 A Diversity of Habitability

The modern Earth is our only known example of a habitable planet. However, even
the conservative definition of habitability still encompasses a vast array of potential
worlds that could be considered habitable, without being similar to the modern
Earth. For example, the ancient Earth evolved through many different global en-
vironments, with different land-mass configurations and atmospheric compositions.
Many of these global environments were believed to have still been habitable, and
the effects of life on these environments may have been detectable even from space
(Meadows, 2006; Kaltenegger et al., 2007). Although abundant oxygen was not
found in our atmosphere until after 2.3 Gya (Farquhar et al., 2000), prior to that
time there is still ample evidence for early life on our planet, even with an atmo-
sphere that would have had relatively large concentrations of carbon dioxide and
methane, rather than oxygen (Martin et al., 2006b; Catling and Kasting, 2007).
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It’s is also possible to conceive of very different environments to the early or
modern Earth. As has been shown by planet formation modeling, there are a wide
range of potential planetary system architectures which could contain terrestrial
planets whose mass, internal composition, volatile abundance, stellar distance and
orbital parameters are completely unlike those in our own Solar System (Raymond
et al., 2005, 2006). In particular, the presence of an eccentric Jovian has been shown
to reduce the water content of any terrestrial planets formed inward of it, with an ex-
tent that is proportional to the Jovian’s eccentricity (Raymond et al., 2007). These
dessicated planets may in fact never become habitable, even if they form within the
habitable zone. At the other end of the spectrum, planetary modelers predict the
presence of very water-rich planets formed in the wake of a migrating Jovian (Man-
dell et al., 2007; Raymond et al., 2006). These waterworlds may well be habitable,
but unlike anything seen in our Solar System. The dominance of different life forms
with different metabolisms and resultant metabolic products (Pilcher, 2003) could
also change the planet’s surface and atmosphere to something that is still habitable,
but unlike the Earth. Recent discoveries in extrasolar planet detection are also re-
vealing more ‘super Earths’, planets more massive then our Earth, but below the
10M⊕ limit (Beaulieu et al., 2006; Gould et al., 2006; Bonfils et al., 2007). More
massive planets may also retain denser atmospheres with different compositions.
Depending on subsequent cloud formation, these planets could potentially remain
habitable at greater distances from their parent star, or remain habitable even if
in slightly non-circular orbits. None of the planet types discussed above would be
truly ‘Earth-like’, but could still potentially be able to support life.

The enormous distances to even the nearest stars preclude sending either robotic
probes or human crews to neighboring stellar systems to search for habitable planets
and life. Instead, the search will be conducted using powerful astronomical telescopes
and remote-sensing characterization techniques that originated in planetary astron-
omy and the Earth sciences. Using only remotely-sensed information obtained via
photometry and spectroscopy we must learn how to recognize worlds that might
have habitable conditions, and to discriminate between planets with and without
life. The success of these instruments and techniques will depend crucially on the
degree to which we can directly detect extrasolar planets, that is, to separate pho-
tons from an extrasolar planet from those of the star it orbits, and our ability to
recognize the global footprint that life leaves on its home planet.

The new field of extrasolar terrestrial planet characterization is currently theory-
based, because existing observing techniques are not yet sensitive enough to directly
detect and gather information on Earth-sized planets around other stars. This new
field seeks to improve our understanding of the potential range of characteristics for
terrestrial planets in our galaxy, and the observational signatures that we are likely
to encounter.
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10.2 Techniques and Space Missions for Direct Detection of
Earth-Sized Worlds

Direct detection of Earth-sized planets is currently believed to be infeasible
from the ground. Development in this area has concentrated on space-based
means to detect terrestrial, Earth-sized worlds (see, for example,
http://planetquest.jpl.nasa.gov/TPF/STDT Report Final Ex2FF86A.pdf;
http://www.mpia.de/Darwin/CV2007.pdf). These techniques use different means
to block the light from a parent star in order to see a companion planet. Currently
there are at several candidate mission architectures under consideration, including
an infrared nulling interferometer, a visible light coronograph, and more recently, a
free-flying occulter.

10.2.1 Infrared Nulling Interferometer

Using the technique of interferometry allows multiple small telescopes on a fixed
structure, or on separated spacecraft flying in precision formation, to simulate the
angular resolution of a much larger, very powerful telescope (Kaltenegger & Fried-
lund, 2006). The interferometer would use a ‘nulling’ technique which relies on the
principle of destructive interference to reduce the light from the parent star by more
than a factor of a million, thus enabling the detection of the very dim infrared emis-
sion from any surrounding planets. To build images, the interferometer must rotate
around its line of sight to different relative positions and repeat the exposures. The
interferometer could also build up spectra of interesting targets.

10.2.2 Visible Light Coronograph

For this proposed architecture, an optical telescope larger and more precise than
the Hubble Space Telescope would collect starlight and the very dim reflected light
from the planets, which are up to 1010 times fainter than their parent star in the
visible. The large telescope would improve angular resolution, allowing the planet
to be separated from its parent star, and use the technique of coronography to
reduce the starlight by a factor of 1011, thus enabling astronomers to detect and
characterize the planets. Coronographic design for planet detection must also have
excellent wavefront control. This is best achieved in the space environment, and
with a telescope that can actively correct for imperfections in the optics, which can
scatter light and degrade the image contrast.

In its simplest form, a coronagraph blocks the light from a bright object so
that faint nearby objects and structures can be seen. Coronagraphs have already
been used to search for faint, small companions of nearby stars. To study the area
around a nearby star, the coronograph must not only minimize the direct light
from the nearby bright object, but must also minimize the telescope diffraction,
which would otherwise reduce the angular resolution of the image. For a technical
review of different coronograph designs and their performance, see (Guyon et al.,
2006). A simple round telescope, for example, will produce a diffraction pattern
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that is dominated by a bright central spot, and a series of concentric Airy rings of
decreasing brightness. To see a planet, the first several Airy rings must be suppressed
without suppressing the planet. Some coronograph designs use masks to simulate a
telescope with a different effective shape, thereby controlling the diffraction pattern
so that the starlight is much dimmer closer to the center in some areas, and brighter
in others (see, for example (Kasdin et al., 2003)). To enhance detection of a planet,
the telescope can also be rotated about its line-of-sight so that the planet image
passes in an out of the regions where the starlight is dim. Recent laboratory testbed
experiments have come very close to the starlight suppression goal, suppressing
scattered and diffracted light near a star-like source to a level of 6×10−10 times the
peak intensity in a single coronograph image, and down to 1 × 10−11 when a series
of images are combined using image processing software (Trauger and Traub, 2007).
Coronographs operating at visible wavelengths have the advantage of requiring a
smaller telescope to obtain the required angular resolution. Their detectors can also
operate at room temperature, and require less thermal control than would be needed
for a telescope operating in the thermal infrared.

10.3 Remote Detection of Planetary Characteristics

To understand whether a planet is habitable, or might even already support life,
we must learn as much as possible about the planetary environment. However,
even with the advanced telescopes planned, it will not be possible to resolve the
planet as anything larger than a dimensionless point of light. There will therefore
be no explicit constraints on planetary size, nor will we have the ability to image
oceans, continents or cloud cover. Instead, all the information available to us will
be averaged over the visible disk of the planet, and any signs of life on the planet
must be a global phenomenon. Yet even with disk-averaging, a great deal can be
learned about the environment of the planet using remote-sensing techniques. Some
of these techniques include (i) determining the brightness and color of the planet,
and whether there are any changes with time, (ii) analysis of spectra to determine
atmospheric and surface composition and physical parameters, and (iii) monitoring
spectral features to look for diurnal or seasonal variations in surface reflectivity or
atmospheric composition. In all cases however, because we are using remote-sensing
techniques, our interpretation of the planetary environment or the presence of life
will only be as good as the level of the planet’s atmosphere to which we are able
to sense. In the case of cloud-covered, or dense or water-rich atmospheres, our view
of the surface and lower atmosphere may be significantly obscured, hampering our
ability to estimate the planet’s surface temperature and likely habitability (Segura
et al., 2007).

10.3.1 Planetary System Environmental Characteristics

When an extrasolar terrestrial planet is first detected via direct astronomical ob-
servation, the initial characterization will be based on its planetary system environ-
ment. The spectral type, luminosity and UV activity of its parent star will ideally
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have been determined prior to its selection as a target for a planet search. The UV
characteristics of the star are particularly important from a habitability point of
view, as the star’s UV activity affects the surface habitability (Scalo et al., 2007;
Kiang et al., 2007), and drives the photochemistry of the planet’s atmosphere, in-
cluding the lifetime and detectability of any atmospheric by-products of life (e.g.
Segura et al., 2003, 2005).

Other initial factors in the planetary system that need to be known, and that
may be determined in advance, are the type and orbits of other planets in the system,
as these too, can affect an inner terrestrial planet’s habitability, by depriving it of
volatiles during formation (c.f. (Raymond et al., 2007)) or producing dynamical
instabilities in the system.

Ultimately though, the most important planetary system environmental charac-
teristic will be the planet’s mass and orbital characteristics, specifically its orbital
eccentricity and its distance from its parent star. These parameters will allow us
to make an initial estimate of the potential habitability of the planet by determin-
ing if it is terrestrial and in the habitable zone of its parent star. Planetary mass
and orbital characteristics for Earth-mass planets will be best determined using
astrometric techniques, such as those to be employed by the planned NASA Space
Interferometry Mission (SIM). Otherwise, missions such as TPF and Darwin, which
image the planet directly, may also be able to constrain the orbit, although with
limited accuracy. In particular, the eccentricity error for TPF/Darwin orbit deter-
mination is currently believed to be no better than +/- 0.1 (Traub et al., 2006),
which will compromise our ability to determine whether or not the planet is located
within, or remains in, the habitable zone.

10.3.2 Photometry and Photometric Variability

Once the Solar System environment is understood, additional information about an
extrasolar planet can be extracted by looking at the planet’s photometric bright-
ness and variability. Photometric observations have provided a wealth of informa-
tion about planets in our Solar System, and similar techniques could be applied to
extrasolar planets. The planet’s apparent brightness in one or more mid-infrared
wavelength ranges can be used to estimate its effective temperature, and its vis-
ible photometric color could provide clues to the composition of its surface and
atmosphere (Traub, 2003), although the potential diversity of extrasolar planet
atmospheres and surfaces will make a definitive determination of planetary char-
acteristics from color alone extremely problematic. Instead, color, when combined
with additional subsequent data from spectroscopy, may serve as a useful initial
characterization once more is known about extrasolar terrestrial planet character-
istics and classes. Time-resolved photometric observations acquired as the planet
rotates may reveal variability in brightness or color that could indicate the presence
of clouds or surface variations (Ford et al., 2001). Photometric observations acquired
as the planet moves around its parent star may also provide a way to discriminate
between daily and seasonal variations in its environment (Tinetti et al., 2006a,b).
If the plane of the planetary system and the planet’s rotation axis are fortuitously
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aligned, it may also be possible to detect the presence of planetary rings or moons
(c. f. (Barnes and Fortney, 2004)).

10.3.3 Remote Sensing Spectroscopy

Photometric measurements could yield valuable information about an extrasolar
terrestrial planet, and may be the only practical characterization technique for
faint planets near the detection limit of a particular mission. However, for brighter
planets, by far the most powerful technique available for retrieving the characteris-
tics of planetary surfaces and atmospheres is spectroscopy, which samples radiation
reflected, scattered or emitted by the planet at different wavelengths. Ultraviolet,
visible and near-infrared radiation from the parent star interacts with the planetary
surface and atmosphere as it is scattered and reflected from the planet. Similarly, at
typical planetary temperatures, significant thermal infrared (typically wavelengths
between 5-50μm) is emitted by the planet and interacts with the planetary atmo-
sphere as it escapes to space.

These interactions produce characteristic absorption and emission bands (Fig-
10.2 that can reveal the composition and physical properties of the atmosphere

and surface (c.f. Hanel et al., 2003). In some cases, the wavelengths at which
spectral features are observed can be used to straightforwardly reveal the pres-
ence of different types of molecules in the atmosphere via comparison with the
known spectral features for gases taken from a spectral line list (Rothman et al.,
2005, http://vpl.ipac.caltech.edu/spectra/frontpage.htm). However, most planetary
atmospheres contain more than just one or two gases, and if the spectral resolution of
the instrument is also low, then the presence of a particular trace gas species may
have to be disentangled from overlapping spectral features from another species.
This may require either higher performance instrumentation, or the use of an atmo-
spheric radiative transfer model to simulate the observed spectrum for a multi-gas
atmosphere.

Additionally, with sufficient instrumental precision, the temperature and pres-
sure environment of the molecule can be gleaned from the shape and width of
the spectral band. This shape can be affected by thermal Doppler broadening of
the constituent molecular lines (an effect that dominates at lower pressures, typi-
cally higher in an atmosphere), pressure-induced Lorentz broadening (a function of
the frequency of collisions, and so dominant at the higher pressures closer to the
planetary surface), and the temperature distribution with altitude in the planet’s
atmosphere. Clues to the atmospheric temperature distribution are most readily
obtained in the MIR, where band shape, i.e. whether a feature is in absorption,
emission, or a combination of the two, is a function of the temperature structure
and constituent distribution along the line of sight.

For the Earth, water vapour, confined predominantly between the warm surface
and cold tropopause, absorbs thermal radiation from the surface, producing absorp-
tion features in a thermal spectrum recorded from space. Ozone in the cold lower
stratosphere also mainly absorbs thermal radiation from the warm surface and lower
atmosphere. However, ozone in the warm upper stratosphere emits enough thermal
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Fig. 10.2. Solar System spectra. Synthetic disk-averaged spectra of Venus, Earth and
Mars showing an array of spectral shapes and both atmospheric and surface absorption
features. Spectra from the VPL, graphics by Tim Pyle, Spitzer Science Center.

radiation to create an emission feature in the center of the band, and reduce the
depth of the observed absorption feature. Consequently, to disentangle the two ef-
fects of temperature structure and the vertical distribution of a gas in a planetary
atmosphere, temperature structure determinations from line shapes are best done
with a gas that is likely to be evenly mixed in the atmosphere, such as CO2, and
not with a vertically inhomogeneously mixed gas such as ozone, water, or methane.

The mid-IR and the optical/near-IR spectral regions provide strongly comple-
mentary information on planetary characteristics. Observations in both spectral
regions can help to reduce confusion due to overlapping spectral features from dif-
ferent planetary constituents, and provide more robust observations of a single con-
stituent by observing multiple spectral bands. It is highly desirable to remotely
explore extrasolar planets over as broad a wavelength range as possible.

Habitability and the Search for an Atmosphere

Once disk-averaged spectra are obtained for an extrasolar terrestrial planet by mis-
sions such as TPF and Darwin, we will initially search those spectra for the signs of a
planetary atmosphere, including the bulk (principal) and trace (smaller component)
gases. The detection of these gases may indicate several environmental characteris-
tics for habitability, the presence of an atmosphere, abundant liquid water, a shield
against surface UV radiation, and the presence and amount of greenhouse gases.
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Earth’s main atmospheric gas, nitrogen (N2), has no strong spectral signatures
at wavelengths other than the far UV, although its presence might be inferred from
its scattering properties in the UV to the visible, or its pressure broadening effect
on the spectral features of other atmospheric gases. Oxygen (O2), which constitutes
21% of the Earth’s atmosphere is more readily detectable in the spectrum, with a
triplet of features in the 0.6-0.76μm region. However, in our Solar System, it is only
present in large quantities on the Earth, and so is not a good universal indicator of
the presence of an atmosphere.

In contrast, carbon dioxide, which is a trace gas in the Earth’s atmosphere and
a bulk gas on Venus and Mars, produces strong spectral features in the MIR in all
three cases (Fig. 10.3). For Venus, and for Earth-like planets with at least 0.2 bars
of CO2, it also produces strong features in the near-IR between 1.0 and 1.7μm
(DesMarais et al., 2002; Segura et al., 2007). This gas is likely to be rare in strongly
reducing atmospheres such as those seen on the giant planets. Consequently CO2
is currently considered to be the most detectable indicator of a terrestrial planet
atmosphere.

Another extremely high priority search target will be the presence of water vapor.
This gas absorbs readily throughout the visible, near-IR and MIR, and its presence
in the spectrum may indicate the existence of a surface ocean. Other indicators of
a surface ocean are also being explored, including observations of the glint spot,
rainbows and polarization signatures (Ford et al., 2001; Bailey, 2007; Schmid et al.,
2006; Stam et al., 2006)

The spectrum of an extrasolar planet may also reveal the presence of an atmo-
spheric shield against surface UV. This UV shield could be a UV-absorbing gas, such

Fig. 10.3. Solar System spectra. Synthetic disk-averaged spectra of Venus, Earth and
Mars in the MIR. CO2 at 15μm can be seen prominently in all three planetary spectra.
Spectra from the VPL, graphics by Tim Pyle, Spitzer Science Center.
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as ozone, or an aerosol. The presence of a UV shield could be inferred from either a
direct detection of the shield material itself, such as the abundant ozone observed
at 9.6μm in the Earth’s spectrum, or an indirect measurement via the tempera-
ture profile inferred from the band shape of an unrelated, but evenly-mixed gas. In
the case of the Earth, carbon dioxide is evenly mixed throughout the atmosphere,
and can be used to infer the atmospheric temperature structure. In particular, the
carbon dioxide feature at 15μm exhibits a central emission peak that indicates a
hot stratosphere. The stratosphere is hot in this case due to strong absorption of
incoming solar UV radiation by ozone. Consequently, the shape of the CO2 band
serves as a secondary indicator of a UV shield, and could be used to corroborate an
otherwise marginal detection of ozone in an extrasolar planetary atmosphere.

Finally, the spectrum of an extrasolar planet atmosphere may reveal the presence
of other gases, including those that can enhance a planetary greenhouse effect. The
nature, and ideally the abundance, of these gases should be determined to provide
the best possible estimate of the planet’s surface temperature. Typical terrestrial
planet gases, such as O3, N2O, NO2, NO, CO, CH4, O2, SO2 and OCS etc., can
produce distinctive spectral signatures at UV, visible, and/or infrared wavelengths,
which could potentially be directly detected. Quantification of these gases however,
is more problematic. In the visible, an estimate of the atmospheric mass would
be required for accurate abundance retrieval, and in the MIR, knowledge of the
atmospheric temperature structure would also be required.

Atmospheric Mass

Modeling the effects of broadening seen in infrared bands of absorbing gases can be
used to infer the atmospheric pressure at the emitting level in an atmosphere. For
relatively transparent atmospheres (e.g. Mars, Earth) radiation from the surface or
near-surface atmosphere escapes upward through the atmosphere, allowing the total
or near-total mass of the atmosphere to be derived from the planet’s spectrum. For
opaque atmospheres, (e.g. Venus or the Jovian planets), only the atmospheric mass
above a cloud deck or other opaque surface can be determined, because that is the
limiting depth from which we can see atmospheric radiation escape. Observations
at different wavelengths probe different levels of an atmosphere, and can indicate
different effective pressures, thereby providing additional constraints on the vertical
variation of pressure in an atmosphere. This information is important both for
studies of the planet’s climate (which can be used to infer surface temperature) and
for quantifying the trace gas mixing ratios for studies of the atmospheric chemistry.

Surface and Atmospheric Temperature

The ‘holy grail’ of habitability is the ability to determine if a planet has a surface
pressure and temperature that is conducive to the existence of water in its liquid
phase. Thermal infrared or microwave spectra may return atmospheric, and possi-
bly surface temperatures, but this will depend on whether the wavelength chosen
to make the temperature measurement is relatively free of atmospheric absorption,
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and capable of sensing radiation from the planetary surface. For an Earth-like ter-
restrial planet whose atmospheric absorption is dominated by H2O, CO2, and O3
(e.g. Earth, Mars), surface temperature data is best sought in the spectral window
at wavelengths between 8 and 12μm. At these wavelengths, the ubiquitous water
vapor continuum absorption and strong, narrow O3 band near 9.6μm are the only
significant sources of atmospheric absorption. At shorter and longer thermal wave-
lengths, strong absorption by H2O and CO2 largely preclude surface observations.
However water vapor does still produce weak continuum absorption throughout the
8-12μm window regions, and in high water vapor atmospheres (as seen in the Earth’s
tropics) can return a cooler brightness temperature for the atmosphere a kilome-
ter or so above the surface, rather than the surface temperature itself. In addition,
planets with atmospheres of different composition may produce an atmospheric
window over a different wavelength range, as is seen in the case of an atmosphere
that contains 2-bars of CO2, where the atmospheric window is an extremely narrow
region between 8.5 and 9.0μm (Segura et al., 2007). In this case, absorption from
the far wings of CO2 also preclude detection of the surface temperature within the
atmospheric window. The accuracy of the surface temperatures derived from these
measurements also relies on correctly estimating the planet’s emissivity, which is in
turn a function of the planet’s surface composition, and could be anything from ice
to molten rock. If the surface emissivity is not known, then it is very difficult to
retrieve an accurate surface temperature.

Because infrared spectral features depend both on the amount of constituent
in the atmosphere and the temperature structure, atmospheric temperatures are
required to quantify trace gas amounts from thermal radiances. For example, on
Earth, accurate estimates of the atmospheric temperature distribution are essential
for quantifying the atmospheric concentrations of gases such as water vapour and
ozone. Global scale constraints on the atmospheric thermal structure are also valu-
able for studies of the planet’s climate and chemical equilibrium, and to determine
whether or not liquid water is stable on the surface. The atmospheric tempera-
ture structure can be retrieved from the spectrum of a well-mixed gas with well-
characterized absorption features that is free of absorption from other atmospheric
gases or particulates. For the terrestrial planets with atmospheres in our Solar Sys-
tem (Venus, Earth, and Mars), observations of the CO2 15μm band provide the
best available constraints on the atmospheric thermal structure. For planets with
H2 dominated atmospheres (Jupiter, Saturn, Uranus, Neptune), the atmospheric
temperature structure can be retrieved from the hydrogen continuum absorption at
wavelengths longer than 20μm.

Surface Composition

One advantage the optical wavelength regime has over the mid-IR is that although
the mid-IR region is sensitive to both surface and atmospheric temperatures and
trace gas abundances, it is generally insensitive to underlying surface composi-
tion. This is due in part to the relatively small “atmospheric windows” to the
surface in the MIR range, from 8-12μm for the Earth, and even smaller in a wa-
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ter vapor- or CO2-rich atmosphere. This problem is compounded by the typical
lack of spectral features, and the uniformly high emissivity of most Earth surface
types (ocean/land/vegetation) at these wavelengths. Exceptions exist, however, and
quartz sand displays low emissivity between 8-9μm, revealing its presence in MIR
spectra taken over the Sahara (Hanel et al., 2003). Another exception is carbon
dioxide ice, which has an abrupt change in emissivity across the 10-12μm wave-
length range, and might be identified in a disk-average spectrum at mid-infrared
wavelengths if present on a planet with a relatively thin atmosphere, as is the case
for Mars (Tinetti et al., 2005).

The optical and near-infrared spectral regions contain a rich array of features
associated with surface composition, and optical observations may be able to distin-
guish between a world dominated by oceans, sand, rock, ice, or clouds. In addition
to searching for habitable environments, searching for ice is also important. An ice
covered planet may be a clear indication that the planet is not habitable, and if
the composition of the ice can be determined, provides a further constraint on the
surface temperature.

Fig. 10.4. Surface Spectra. This diagram shows simulated spectra of radiance along lines of
sight through the Earth’s atmosphere over surfaces of different types (vegetation, ocean,
desert and clouds). In all cases, the incoming spectrum of sunlight was the same, but
the radiation reflected back to the observer is quite diverse. This behavior allows us to
understand surface composition in remotely-sensed data.
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Phase and Seasonal Variations in Spectral Features

As with time-variable photometry, understanding how different spectral features
change with time may help us infer spatial information in disk-averaged observa-
tions (e.g the presence of continents or oceans), and may also reveal variations
in surface and atmospheric composition that are linked to day-night or seasonal
variations e.g seasonal ice caps or dust storms (Tinetti et al., 2005). Variations in
the retrieved atmospheric temperature or pressure variations could also yield in-
formation about global scale weather systems, or seasonal variations in the total
atmospheric mass, like those that characterize the Martian atmosphere. Informa-
tion on the surface type, temperature variations and climate over the course of an
orbit are all important for understanding the potential habitability of a planet.

10.4 Biosignatures: The Global Footprints of Life

Although characterizing a planet for the ability to support life is an exciting first
step, it is the precursor to the arguably more exciting search for any indications
that the planet already harbors life. In astrobiology parlance, signs of life, either
past or present, are called ‘biosignatures’ or ‘biomarkers’. Signs of life that can
be inferred from very distant measurements are called “astronomical”, or “remote-
sensing’ biosignatures.

The search for remote-sensing biosignatures is based on the premise that
widespread life will modify the atmosphere and surface of its planet, and that
these modifications will be detectable on a global scale (DesMarais et al., 2002).
On the one planet we know to support life, our Earth, we know this to be true. The
Earth exhibits global life-induced changes to our planet’s surface and atmospheric
spectral properties that are detectable from space, many in a disk-averaged obser-
vation (e.g. (Sagan et al., 1993; Arnold et al., 2002; Woolf et al., 2002; Turnbull
et al., 2006)). Remote-sensing biosignatures can be divided into three main classes:
changes to a planet’s atmosphere, changes to a planet’s surface, and changes in
planetary characteristics over time. These changes due to the presence of life are
most robustly identified in the context of the planetary environment. It is therefore
extremely important to first characterize the planet’s atmosphere and surface and
the way these change over time. This will allow us to better identify anomalous
changes that may be life-induced, and to guard against the possibility of ‘false pos-
itives’, abiotic planetary phenomena that may mimic a biosignature. For example,
an ice-covered planet may be more prone to the buildup of atmospheric oxygen from
photolysis, rather than photosynthesis, because the normal sink for oxygen into the
planet’s rocky surface has been blocked (Schindler et al., 2000). The presence of
widespread surface ice on a planet under study would serve as a warning that any
oxygen detected may not be of biological origin, and suggest a more thorough study
of the planet to determine the most likely source.
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10.4.1 Atmospheric Biosignatures

An atmospheric signature of life could either be the detection of a single atmospheric
constituent in a sufficiently large quantity that it cannot be explained as a product
of a non-biological process, or a combination of atmospheric constituents whose
simultaneous presence, or inferred abundance ratio, are again unlikely via non-
biological processes. For example, in our own atmosphere, the abundant oxygen
(20.95% of the total atmosphere) is largely produced by photosynthetic organisms
such as bacteria and vegetation and so is considered to be a global biosignature
(Leger et al., 1994). On a planet with liquid water on its surface, this amount would
be very difficult to produce via geological or photochemical processes, even in the
presence of high stellar UV and a lack of volcanic activity (Segura et al., 2007).

Oxygen can be detected most readily in the Earth’s spectrum at visible wave-
lengths near 0.76 μm, the so-called oxygen ‘A-band’. This spectral feature is rou-
tinely seen from space, and via disk-averaged observations of the Earth obtained
from Earthlight scattered from the Moon (e.g. (Montañés-Rodriguez, 2006)). In the
mid-infrared, molecular oxygen has no prominent spectral features, and the pres-
ence of O2 must be inferred from detection of ozone at 9.6μm (Fig. 10.5). Significant
concentrations of ozone can be formed even at relatively low oxygen levels (Kasting
& Donahue, 1980) making ozone a more sensitive indicator of oxygen then oxygen
itself. Once O3 is detected, O2 concentration can, in principle, be inferred from
atmospheric chemistry models that combine information on the parent star’s spec-
trum and the amount of O3 observed. However, inferring O2 abundance this way
may not be straightforward in atmospheres with different chemical composition and
incoming solar flux to our own. Like O2, O3 is considered a stronger biosignature
when seen in the presence of water (Leger et al., 1999; Selsis et al., 2002).

It is also important to remember that oxygen as a large fraction of the total
atmosphere has only been characteristic of the Earth’s spectrum since the Pro-
terozoic, i.e. for about half the time that the Earth has supported life (Holland,
1994; Farquhar et al., 2000). Prior to that time, the dominant microbial life-forms
may have produced different gas products, such as methane, or sulfur compounds,
such as methanethiol (Pilcher, 2003). Remote-sensing biosignatures detectable be-
fore oxygen became a major constituent of our atmosphere are currently not well
understood, and it should not be assumed that all planets with life have evolved
down the same path taken by our Earth.

Another type of atmospheric biosignature is the simultaneous presence of
strongly oxidized and reduced gases that are not in chemical equilibrium e.g. O2
and CH4 in the Earth’s atmosphere (Margulis and Lovelock, 1974). This type of
biosignature is thought to be robust for many different kinds of planetary atmo-
spheres. However, to be interpreted correctly, some understanding of the planetary
environment is required to set the different components in context. This is espe-
cially important because on another planet, or on Earth earlier in its history, the
biosignature pair may not necessarily be O2 and CH4, but other combinations of
gases that must be assessed relative to the rest of the atmosphere to determine
the equilibrium state. Also, these robust two-component indicators are generally



274 Victoria S. Meadows

Fig. 10.5. Atmospheric Biosignatures. Synthetic spectrum of a the Earth’s atmosphere
taken in the mid-infrared. The biosignatures, O3, CH4 and N2O are indicated. CO2 and
H2O are not biosignatures, but instead serve as “habitability markers” indicating the pres-
ence of an atmosphere, the possibility of liquid water on the surface, and in the temperature
inversion seen in the CO2 band profile (the central emission seen in the absorption band),
the likelihood that there is a UV absorber present high in the atmosphere that shields
surface life.

much harder to detect via remote-sensing techniques. In the case of the Earth, the
oxygen is relatively readily detectable, at least in the visible, but the methane is at
much lower concentration and is spectrally most active at near-infrared wavelengths
near 2.2μm (a wavelength region that is not currently being considered for the first
generation planet finding instruments) and at thermal wavelengths near 7-8μm, a
spectral range that includes strong water vapor bands. Consequently the methane
is much harder to detect, and requires higher sensitivity and spectral resolution to
disentangle its contribution to the spectrum from that of water vapor.

Other potential biosignatures, especially when seen in the presence of oxygen,
include the products of biomass burning, such as CH3Cl, and N2O, which have
low abundances and are difficult to detect in the Earth’s spectrum, but which may
build up to detectable levels on Earth-like planets around cooler stars (Segura et
al., 2005) or on planets near the outer edges of the habitable zone (Grenfell et al.,
2007) Even ammonia, when seen on a terrestrial planet in the presence of oxygen,
may be considered a biosignature.
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10.4.2 Surface Signatures

In addition to the rich array of spectral features associated with surface composition,
such as the optical and near-infrared signatures of rock, ice or water, the Earth also
displays spectral signatures due to the plant life that covers much of its surface.
Chlorophyll absorbs strongly in the UV and blue (< 0.5μm) and in the red (0.6-
0.7μm), and has slightly less absorption in the green (0.55μm). This characteristic
absorption in the red end of the visible spectrum was seen by the Galileo spacecraft
when it took spectra of Earth on its way to Jupiter (Sagan et al., 1993). However, the
most detectable plant spectral feature is a large increase in reflectivity just beyond
the visible range (> 0.7μm) due to the change in refractive index between air and
the internal leaf structure. This feature, combined with the chlorophyll absorption
just shortward of 0.7μm, results in a strong discontinuity in plant reflectance at
∼ 0.7μm, which is known as “the red edge” (c.f. Seager et al., 2005) (Fig. 10.6).
This property of plants is widely used for remote-sensing studies of the Earth via
satellite, and can be used to monitor vegetation coverage over particular portions
of the Earth. However, it has also been shown that it is only weakly visible in the
Earth’s global spectrum, by observing spectra of Earth light reflected from the dark
side of the Moon (e.g. Montañés-Rodriguez, 2006; Hamdani et al., 2006). For the

Fig. 10.6. The Red Edge. Synthetic spectrum of a line of sight through the Earth’s
atmosphere over a conifer forest, with chlorophyll absorption and the red-edge reflectivity
marked. Chlorophyll, a potentially important biosignature, has strong absorption in the
UV and blue (< 0.5μm) and in the red (0.6–0.7μm marked in green), and slightly less
absorption in the green (0.55μm). Due to changes in the refractive index between air and
the internal leaf structure, plants are also highly reflective just beyond the visible range
(> 0.7μm), resulting in a prominent discontinuity (marked in red) known as “the red
edge”.
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Fig. 10.7. Photosynthetic Pigments. Since photosynthesis evolves under the influence of
both the parent star’s available spectrum and the planet’s atmospheric composition, the
pigments developed to harvest incoming radiation may be quite different on other worlds
(Kiang et al., 2007). This whimsical artist’s impression of an alien Earth shows what it
might be like to live on a planet where alternative photosynthetic pigments dominate and
plants aren’t green.

Earth, this signature is potentially much more difficult to detect than the abundant
oxygen, but it may be stronger on an extrasolar terrestrial planet with a larger
fraction of visible vegetation. Indeed, the photosynthetic pigments evolved, and the
spectral position of the red edge itself may be quite different for vegetation on a
planet around a star of different spectral type (Kiang et al., 2007; Tinetti et al.,
2006b). The important feature to look for will be a sharp, otherwise unexplained,
rise in the planet’s reflectivity at longer wavelengths.

10.4.3 Temporal Signatures

The Earth’s biomass is largely supported either directly or indirectly by photo-
synthesis, and cycles in the life processes on our planet are tied to the diurnal or
seasonal cycles of sunlight. Consequently, a third type of biosignature is a tem-
poral signature, the time-varying behavior in photometric brightness or spectral
features. For example, a ‘snapshot’ spectrum of the Earth would show the presence
of CO2 and CH4. If not seen in the presence of oxygen or ozone, it would be hard
to conclude that these gases are biologically produced, since photochemistry and
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geological processes also generate them. However, sensitive spectroscopic observa-
tions of the Earth taken over a period of time would reveal periodic variations in
the atmospheric CO2 and CH4 abundance. This behavior could be shown to be
correlated with season, which would be unlikely for a geological process. However a
photochemical model, and an understanding of the planet’s environment, including
the parent star’s spectrum and the atmospheric composition, would be required
to preclude the possibility that these variations were simply photochemically pro-
duced. On Earth the observed seasonal cycling of CO2 and CH4 (Fig. 10.8) is known
to be linked to seasonal variations in the amount and photosynthesis of land plants
(Tucker et al., 1986), and can be traced to a surface source, rather than a pho-
tochemical product. However, these seasonal variations are very small, and would
require a very sensitive instrument to detect them, making temporal variability of
atmospheric constituents potentially the hardest type of biosignature to detect for
a truly Earth-like planet. This is perhaps beyond the ability of the first genera-
tion of planet detection and characterization missions. Another time-variable sign
of life might be vegetation coverage as a function of season, which might be detected
spectrally or photometrically. One must be cautious, however. Not all time-variable
surface signatures are due to life. Numerous astronomers from the late 19th and
early 20th century attributed seasonal albedo variations on Mars to variations in
vegetation, when the true cause was the seasonal cycle of dust storm activity.

Fig. 10.8. Temporal Biosignatures. This 3-D plot generated by the NOAA-CMDL, rep-
resents the measured temporal and spatial variability in the concentration of methane in
the Earth’s atmosphere over a span of almost 10 yrs. The periodic ripples in the con-
centration are due to seasonal cycles in the methane, and the sharp step function in the
plot from northern to southern latitudes shows the disparity in CH4 concentration in the
land-dominated Northern Hemisphere, and the ocean-dominated Southern Hemisphere.
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10.4.4 Sensitivity to Cloud Cover

Another factor that must be considered when attempting to characterize a planet
is the potential loss of information due to persistent cloud cover. Typically, clouds
are associated with convection and condensation of a volatile species, like the water
ice clouds seen in the atmosphere of the Earth, or the CO2 clouds seen on Mars.
Hazes can also be formed via photochemistry, with the planetwide haze layers that
dominate the atmospheres of Venus and Titan being two examples in our own
Solar System. Cirrus clouds high in the Earth’s atmosphere can obliterate even a
strong signal due to ozone at mid-IR wavelengths, although clouds at lower levels
still allow the detection of O3 (DesMarais et al., 2002) On the other hand, in the
visible, the strong A-band of O2 is visible in oxygen rich atmospheres, even in the
presence of high cloud, although its contrast is somewhat reduced (Tinetti et al.,
2006b). Theoretical models also predict that since the optical behavior of clouds
is phase dependent, there may in fact be optimal phases at which to observe an
extrasolar terrestrial planet to minimize the effect of cloud scattering and detect
surface biosignatures (Tinetti et al., 2006b).

Although the photochemical hazes that shroud Venus and Titan are opaque
at visible wavelengths, they display “atmospheric windows” at near-IR wavelengths
(Meadows and Crisp, 1996; Smith et al., 2006), which allow penetration and remote-
sensing of the underlying planetary surface. For Venus, thermal radiation from the
hot surface and lower atmosphere escapes through the clouds and can be detected
only on the night side of the planet. In the case of Titan, the haze is sufficiently
transparent at near-IR wavelengths the surface can be detected even when the
satellite is fully illuminated.

10.5 Biosignature Detection

Determining if an extrasolar planet exhibits signs of life will ultimately be extremely
challenging. Given the known diversity of extrasolar giant planets and the even
higher diversity anticipated for extrasolar terrestrial planets, it is likely that we will
see planetary environments quite unlike those in our Solar System. Each search for
biosignatures will be best done on a case-by-case basis, without preconceived biases
as to what biosignatures will be found. It will be prudent to first assume that all
observed characteristics are planetary processes, rather than signs of life, and so the
method by which a biosignature is discovered will be one of systematically elimi-
nating all other abiotic planetary processes as its source, within the constraints of
existing observations and models. Unless an exact replica of the modern Earth is
found, biosignatures will probably not be definitive detections, but rather proba-
bilistic ones.

The first spectra of extrasolar terrestrial planets are likely to have relatively
low spectral resolution and signal to noise, and it will be important to study the
trade-offs in these two parameters, as lowered spectral resolution could result in a
higher S/N required to observe a given molecular band. It will also be important
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Fig. 10.9. Low Resolution Planetary Spectra. Synthetic and observed spectra for planets
in our own Solar System at low spectral resolution. Note that the spectral feature seen
near 0.725μm is variously due to CO2, H2O or CH4, depending on the planetary environ-
ment. When trying to characterize a planetary atmosphere of unknown composition, it is
important to have as large a wavelength range as possible to search for other features that
will help distinguish between multiple possible species.

to think of a biosignature as not a single molecular band, for example, but as a
suite of observations that corroborate and strengthen each other. In the simplest
form, providing a sufficiently large spectral wavelength coverage that two or more
bands of the same molecule can be observed, will improve our ability to confirm
a detection, or discriminate between multiple candidate molecules for a single fea-
ture (see Fig. 10.9). A more advanced example would be not considering O2 alone
to be a biosignature detection, but instead searching for O2 in the visible, O3 in
the MIR, coupled with observations of water vapour, a planetary albedo that pre-
cludes widespread surface ice, and an orbital semi-major access and eccentricity
that maintains the planet within the habitable zone of its parent star.

The search for life beyond the Earth is indeed a challenge, and yet the ques-
tions we hope to answer are profound. It is truly exciting to know that in the
coming decades, humanity will finally gain the technical and scientific capability to
undertake that search. We can look forward to being the generation that through
interdisciplinary research, and the development of advanced technology and theo-
retical frameworks, was able to make an enormous advance in our understanding of
our place in the Universe.
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11 Moons of Exoplanets: Habitats for Life?

Caleb A. Scharf

Summary. Moon systems exhibit diverse characteristics, and present unique environ-
ments. In our own Solar System the majority of giant planet moons harbor substantial
water ice mantles. The inferred internal structure, and observed activity, of many suggests
the potential for extensive subsurface liquid water, both currently and in the past. Liquid
water is vital for all forms of terrestrial life, through its integrated roles in biochemistry
and geophysics. By contrast, the thick atmosphere and rich, low-temperature, hydrocar-
bon chemistry of Titan points towards a highly complex surface environment paralleling
some of the conditions on the early Earth, and conceivably offering alternative pathways
for complex phenomena such as life.

There is good reason to hypothesize that giant exoplanets will harbor significant moon
systems. These may share many characteristics with those in our own Solar System, as
well as represent alternatives - possibly including temperate Mars or Earth sized bodies.
Detecting the presence of moons in exoplanetary systems is rapidly approaching feasibility,
and will open a new window on such objects and their potential habitability.

11.1 Introduction

“What a wonderful and amazing Scheme have we here of the magnificent Vastness of
the Universe! So many Suns, so many Earths, and every one of them stock’d with so
many Herbs, Trees and Animals, and adorn’d with so many Seas and Mountains!”
“... even the little Gentlemen round Jupiter and Saturn...”

Christiaan Huygens (1695, Cosmotheoros)

Huygens clearly felt strongly that life exists on any suitable body, including the
“little Gentlemen”. These are, of course, the major satellites of Jupiter and Saturn,
and it would seem that he had no difficulty in placing them in a category whereby
they too would be well “stock’d” with organisms. It was also true, however, that
Huygens was aware that at this distance from the Sun, conditions on these bodies
would be cold. A simple blackbody thermodynamic model for an illuminated spher-
ical body yields an equilibrium effective temperature at its surface (Sect. 11.3). For
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the Galilean moons this implies surface temperatures of some ∼ 100 K. At Saturn
this drops to ∼ 85 K. Over the three hundred years following Huygens’ statements
there was relatively little thought given to the possibility of the Galilean (or Satur-
nian) moons being at all suitable for life. A notable exception to this was Proctor
(1870), who speculated that Jupiter might be capable of heating its moons to tem-
perate levels. However, the physics behind this assertion was incomplete, and he was
motivated by a belief in the plurality of worlds. Interest in the moons of the giant
planets began to increase again when Gerard Kuiper and others (e.g. Kuiper, 1957)
were able to show, using infrared spectroscopy, that Europa’s surface was composed
primarily of water ice. Then, during the 1970’s, flyby data from the Pioneer – and
to a much greater extent the Voyager missions (Smith et al., 1979a,b) – not only
confirmed Kuiper’s observations but discovered some extraordinary properties for
the icy crusts on many moons. In Fig. 11.1 Voyager data partially covering Europa
is shown, together with an inset at higher resolution from the later Galileo mission.

Fig. 11.1. The Jovian moon Europa as observed by Voyager 2 in 1979 (Smith et al.,
1979b). Very few impact features are seen on the water-ice surface. Extensive streaks and
blushes indicate that an outer crust has been fractured, filled in from the interior, and
re-frozen many times. Inset: Detailed image of the surface of Europa taken by the Galileo
spacecraft in 1997. The area shown is approximately 34 by 42 kilometers in size, with a
resolution of 54 meters. Crustal plates of ice are seen, which have broken and then “rafted”
together into positions resembling those of terrestrial pack-ice. The size and shape of these
plates has suggested a fluid or slush-like environment close to the surface during its breakup
(Greeley et al., 1998b).
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The surface of this moon is not only almost devoid of impact craters (indicat-
ing a young age), but is criss-crossed by a remarkable network of shallow ripples,
crack-like features, plate-like features, and distinct blemishes of the surface water ice
(e.g. Greeley et al., 1998a). Galileo’s Near-Infrared Mapping Spectrometer (NIMS)
detected evidence for hydrated salts at various surface locations – suggesting evap-
oration from a globally mixed water layer (McCord et al., 1999). Detailed imaging
also indicates regions consistent with low viscosity surface flows (now frozen), and
anomalously shallow impact craters (i.e. filled in from the interior, Moore et al.,
1998). While all of this evidence points towards the presence of extensive subsurface
liquid, the most compelling result comes from the detection of an induced magnetic
field (Kivelson et al., 2000; Zimmer et al., 2000). The magnitude and response of
this field (to Europa’s position relative to the powerful Jovian magnetosphere) in-
dicates the presence of a near-surface, global, conducting layer – consistent with a
salty water ocean of at least 10 km thickness. Figure 11.2 illustrates the possible
internal structure of Europa in this case.

Cassen et al. (1979) predicted that Europa could be experiencing tidal heating
sufficient to maintain a subsurface ocean. The tides arise from its eccentric orbit
(e � 0.01) produced by the mean-motion 4 : 2 : 1 Laplacian resonance between
Io, Europa, and Ganymede. Heating results from flexure between periapsis and
apoapsis around Jupiter (Sect. 11.3.1). Following the Voyager data there were sig-
nificant investigations of the implications of tidal heating for Europa (e.g. Squyres
et al., 1983; Melosh et al., 2004), and the implications for habitability within sub-
surface oceans and episodic fracture zones enabling photosynthetic (Greenberg et

Fig. 11.2. Cutaway illustration of the possible internal structure of Europa (NASA/JPL).
The presence of a metallic core and rocky interior is inferred from Europa’s mean density,
radius, and measurement of its gravitational field during spacecraft flybys. The presence
of a liquid water ocean is strongly suggested but not yet confirmed.
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al., 2000) or non-photosynthetic biospheres to exist (Chyba, 2000). These investi-
gations demonstrated that moons could represent an entirely new class of habitable
environment – potentially less dependent on stellar insolation and driven largely by
dynamical energy dissipation – which could furthermore influence climate in cases
where atmospheres exist (Reynolds et al., 1987). The dynamically dense nature of
moon systems, and their evolution due to moon-planet tides, appears to lend itself
to situations of moon-moon orbital resonances. External perturbations could also
be significant (see below). Furthermore, if the core-accretion model for planet for-
mation is correct (e.g. Lissauer, 1993), then giant planets will form preferentially
beyond the so-called “snow line” in a system Hayashi (1981). This may lead to
moons naturally accumulating significant icy mantles, thereby circumventing many
of the present uncertainties in “dry” versus “wet” formation for terrestrial planets
(e.g. Raymond et al., 2006)).

Other moons in our Solar System, which would otherwise be inert, also show evi-
dence for what may be (at least partially) dynamically driven heating. For example,
the recent detection by Cassini of water “geysers” on Enceladus in the Saturnian
system (e.g. Porco et al., 2006) points towards a remarkably active geology, even
on such a small moon, only 500 km in diameter (Fig. 11.3). The precise origin of
this activity is currently unresolved (see however Nimmo et al., 2007; Hurford et al.,
2007), but is of enormous interest since it may indicate that there are reservoirs of
subsurface liquid water. Even the small Uranian moon Ariel shows some evidence
for tidally induced heating and cryovolcanism (Melosh et al., 1989).

Fig. 11.3. The Saturnian moon Enceladus back-lit by the Sun as imaged by the Cassini
orbiter. A series of discrete, fountain-like sprays (or “geysers”) are seen above the south-
ern polar region of the moon. It is likely that these are erupting from subsurface,
pressurized pockets or reservoirs of water at temperatures above 273 K (Image credit:
NASA/JPL/Space Science Institute, 2005).
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Some moons are large enough to exhibit characteristics that are generally con-
sidered to be the province of planets. For example, Titan harbors a thick atmosphere
dominated by nitrogen (98.4%) and methane (1.6%) (with a 1.5 atmosphere pres-
sure at its surface), and a rich and complex low-temperature (90-95 K) hydrocarbon
surface chemistry. Such an environment may represent conditions that not only were
at one time present on the early Earth (although Titan is far colder), but also those
which could conceivably allow for alternative forms of life (Lunine et al., 1998). Fi-
nally, Ganymede evidently has an extensive icy mantle (although it is slightly larger
than Mercury it is only half the mass) and has an internally generated magnetic
field (Kivelson et al., 1998), indicating that it may have a molten iron or iron-sulfur
core.

11.1.1 Habitable Zones and Exoplanets

Given the intriguing nature of the population of moons in our Solar System it is a
logical extension to ask whether moons elsewhere could represent potential habitats
for life in the Universe. There are several specific motivations for this: (1) The
formation of moons around giant planets seems likely to be a generic phenomenon
(see Sect. 11.2) and the remarkable diversity seen in exoplanet systems (e.g. Marcy
et al., 2006) could be matched by the diversity of moons. (2) The propensity of
ice-mantled moons to be heated by tidal effects and thereby sustain surface or
subsurface liquid water environments, and even volcanic/tectonic activity in their
silicate interiors. (3) The possibility that the host planets of moons orbit within
the classical circumstellar habitable zone, or have a habitable surface environment
maintained by a combination of stellar and tidal input (Reynolds et al., 1987; Scharf,
2006). (4) Cold, but chemically rich and active moons, such as Titan, could represent
the best current example of an environment for entirely alternative life mechanisms.

In the broader context, such potential habitats are of enormous interest in seek-
ing both the origins of life, and the capacity for life to survive through unfavorable
circumstances. For example, not only could moons like Europa offer potential “in-
cubators” for life, they might – through forward contamination (e.g. Gladman et
al., 2006) – offer relatively safe haven for microbial life set adrift due to cataclysmic
events on inner, terrestrial-type, worlds.

However, there are a number of possible difficulties with the idea of giant planet
moons as habitats: (1) Large bodies of liquid water have not been conclusively
proven on any moon in our Solar System (e.g. the water “geysers” from Enceladus
could originate in a variety of scenarios, not all of which indicate persistent or
extensive liquid water reservoirs (Porco et al., 2006)). (2) Radiation environments
within gas giant magnetospheres can be highly active and potentially detrimental
to surface life through both biochemical damage and atmospheric modification and
sputtering (Chyba, 2000; Williams et al., 1997). (3) Although tidal heating can
originate from a variety of dynamical situations it may not always be sufficiently
long-lived to enable the development of a biosphere (e.g. Scharf, 2006).
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11.2 Moon Formation

The precise nature of the formation history of moon systems is still highly uncertain.
Most modern theories assume that following the initial formation of the giant planet
(via core-accretion or dynamical instability), and the collapse of its gaseous envelope
into a denser, cooling atmosphere, a circumplanetary nebula, or sub-disk, forms
around it. This hypothesis appears to be supported by hydrodynamical models
(Lubow et al., 1999; Lubow & D’Angelo, 2006). This sub-disk of gas and solids then
forms moons in an analogous fashion to the coagulation of the proto-planetary disk
itself (in contrast to a system such as the Earth-Moon, Canup, 2004). The sub-disk
is an actively changing environment, which continues to both receive material from,
and return it to, the surrounding environment. This differs from earlier models
which assumed a minimum mass sub-solar nebula (e.g. Peale, 1999). Consequently,
the moons that form will reflect the environmental circumstances of their host planet
(e.g. Alibert et al., 2005; Canup & Ward, 2006).

Once at this stage, further growth of the planet is primarily through the accre-
tion of material via the sub-disk (e.g. Alibert et al., 2005). This appears to be a
reasonable consequence of the core-accretion model of planet formation, and prob-
ably also of the gas instability model (Boss, 2005). It also qualitatively agrees with
modern efforts to accelerate core-accretion through turbulence driven ‘vortices’,
which concentrate material (Klahr & Bodenheimer, 2006). Most models then make
a further distinction between a young sub-disk, which is actively fed at its edges by
the circumstellar/proto-planetary disk and via vertical infall, and a ‘late’ sub-disk
(Canup & Ward, 2002; Alibert et al., 2005; Canup & Ward, 2006). Other models
argue for an entirely gas-poor ‘late-late’ formation of moons (Estrada & Mosqueira,
2006).

In the late sub-disk, the circumstellar disk has largely dissipated, and the sub-
disk is on its way to dissipating. During the young sub-disk stage, any moons that
form may migrate inwards (in an analogous way to fast Type-I planet migration,
possibly sometimes to slower Type-II – disk gap migration). Thus, these early moons
are likely accreted by the planet, and do not survive. The consequence is that the
surviving moons are typically those which are the last generation to form, during the
late sub-disk stage. As the sub-disk itself dissipates, these objects cease migration
and remain as the final moon population. Such models suggest that there may be
a “universal” scaling law between the host planet mass and the total mass of its
moons. Canup & Ward (2006) find that their models consistently produce moons
totalling a few 10−4 of the host planet mass. This agrees well with the observed
relation for Jupiter and Saturn, and even Neptune, where they make the argument
that as a captured body, Triton’s mass is necessarily similar to whatever objects
it usurped during its initial encounter. This scaling clearly does not hold for the
Earth’s Moon, which formed through a late-time impact event (Canup, 2004).

It remains to be seen whether this is universally correct. No models attempt to
include magneto-hydrodynamics in the planet-moon-disk interactions. For planet
formation this may be a critical ingredient (e.g. Oishi et al., 2007) and can funda-
mentally alter the characteristics and rates of migration. For moon formation it may
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also play a role given the powerful magnetosphere of giant planets. Nonetheless, it
does seem reasonable to assume that large moons (i.e. Mars or Earth sized) will be
more likely around planets more massive than Jupiter.

Further issues must come into play in considering both the moons in our own
Solar System, and particularly those in exoplanetary systems. These include the
effects of host planet migration and orbital configuration (e.g. does planet orbital
eccentricity drive eccentricity in moon orbits?), and circumstellar disk thermal and
chemical structure. These are complex questions which relate directly to the poten-
tial habitability of moons. The accumulated volatile (water) component of moons
is particularly important, as is the potential for tidal heating. The host planet or-
bit also determines the stellar insolation of the moons, its time variability, and the
long-term stability of a moon system. This latter point is a crucial one, sometimes
overlooked. While the simple Hill-Sphere radius indicates the outermost stable satel-
lite orbit, it is insufficient to correctly predict the planetary orbital radius within
which moon systems lack long-term stability. More detailed analyses (Ward & Reid,
1973; Barnes & O’Brien, 2002) have shown that around stars of mass > 0.15 M�,
moon systems are only truly long-term stable for planetary orbits > 0.6 AU. Within
this radius stellar tides may act to remove moons over timescales less than some
5 Gyr. Although this is a conservative evaluation (in the sense that some planets
within 0.6 AU may still have quite long lived moon systems), it does eliminate the
so-called hot Jupiters (within some 0.1 AU of their parent stars, Marcy et al., 2006)
as candidate hosts for significant moons.

Thus, while it seems reasonable to assume that familiar moon systems will exist
around many giant exoplanets there is still much work to be done.

11.3 Environmental Conditions of Moons

Much as with planets, the amount of stellar radiation received by a moon will
help dictate some of its fundamental characteristics and potential habitability. The
additional complication with moons lies in their range of masses, from tiny (e.g.
Enceladus) to large (e.g. Ganymede or Titan) and how this relates to the retention
of volatiles – which we discuss below.

In order to make an initial estimate of the orbital radius at which stellar insola-
tion produces a given surface temperature, the classical prescription for estimating
the equilibrium surface temperature of a fast-rotating body can be applied, namely:

Teq =
(

(1 − AB)L∗
16πεσd2

)1/4

(11.1)

where AB is the Bond albedo, L∗ the parent stellar luminosity, and d the distance
from the parent star. The factor ε is a crude, first-order, correction in the case
where an atmosphere is assumed (for zero-atmosphere ε = 1). It incorporates the
infrared optical depth, and for a present-day Earth-type atmosphere ε � 0.62. In
Fig. 11.4 this expression is used to estimate the time-averaged surface temperature
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Fig. 11.4. Time averaged surface temperatures for hypothetical icy-moons (albedo 0.68
commensurate with Europa, no atmospheres) around a subset of 74 known exoplanets
with orbital semi-major axes greater than 0.6 AU. Vertical dashed lines correspond to the
water-ice sublimation temperature in a vacuum (170 K), and the water ice/liquid transition
above the triple-point pressure (273 K).

for atmosphere-free water-ice mantled moons around a subset of known exoplanets
– excluding those within 0.6 AU of their parent stars (Sect. 11.4). A significant
fraction occupy the temperature range above 170 K – the sublimation temperature
for pure water ice in a vacuum.

The rate of water sublimation for an ice mantled body can be estimated by
considering the water vapor pressure over ice (e.g. Spencer, 1987). This is plotted
in Fig. 11.5 as a function of temperature.

This plot assumes only sublimation, and does not account for re-deposition of
material, which at ∼ 170 K may be at rates approximately equal to those of sublima-
tion – depending on local surface temperature variations (e.g. latitudinal variation
on Galilean satellites, Spencer, 1987). For Teq > 170 K sublimation rates are ex-
tremely fast – with 100km depth of water ice sublimating in only a few 106 years
at 170 K – if there is no re-deposition.

The escape velocity from the surface of a Europa mass moon (∼ 0.0082M⊕) is
∼ 2 km s−1, compared to a mean velocity of a water molecule in a gas at 170 K of
∼ 0.4 km s−1. Applying the thermal (Jeans) escape methodology (e.g. Lammer et
al., 2004) then the typical flux of escaping gas particles at these temperatures is at
least a factor 108 lower than that for gas in the exosphere of a large moon with 1000
K temps (e.g. similar to the Martian exosphere). Thus, pure thermal escape appears
unlikely to be a dominant mechanism for material loss in cold moons beyond the
sublimation line, and even up to the ice-line at 273 K. However, for moons harboring
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Fig. 11.5. Water ice sublimation surface lowering rates (km per Myr) as a function of
temperature, following (Spencer, 1987).

atmospheres, dissociation of molecular species can promote thermal loss for moons
of mass < 0.12M⊕ (Williams et al., 1997).

Sputtering by charged particles trapped within the magnetosphere of the giant
planet host is likely to be a highly efficient atmospheric/volatile loss mechanism for
moons of all masses (Williams et al., 1997). This is true unless a moon possesses
an intrinsic magnetic field. A field such as that measured for Ganymede (0.03M⊕)
(Kivelson et al., 1998) could prevent rapid particle loss. Finally, to represent a clas-
sical habitable environment a moon probably requires a climate stabilizing system
such as the geophysical carbon-cycle on Earth (Kasting et al., 1993). In the absence
of tidal heating (Sect. 11.3.1) Williams et al. (1997) estimate that a moon must
exceed some 0.23M⊕ in order to sustain plate tectonics.

Small (< 0.12M⊕) icy moons with mean surface temperatures in the 170-273
K range may therefore be likely to lose sublimated material and eventually all sur-
face volatiles over relatively short timescales. By extension (based on Fig. 11.4) it
appears that 15-27% (albedo ranging from 0.3 to 0.68) of all currently known exo-
planets (i.e. including those within 0.6 AU of their parent star) might be capable of
harboring small, ice-mantled moons with the potential for tidally heated subsurface
oceans. The implications of volatile retention are also compared schematically to
the theoretical population of exoplanets in Fig. 11.6. The criteria applied to produce
the shaded zone described in Fig. 11.6 are likely overly conservative, but nonetheless
there are 4 currently known exoplanet systems that fall within this zone – all with
G-type parent stars (GJ 3021b, HD 80606b, HD 104985b, and 70 Vir b).
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Fig. 11.6. The results of 3000 planet formation models are shown (adapted from Ida &
Lin, 2004). Planet mass is plotted versus semi-major axis. The major planetary families are
labeled. Vertical dashed lines correspond to (left to right): The vapor line – the distance
from a 1 L� star at which a planetary body of albedo 0.68 (commensurate with a reflective,
icy, moon) and a terrestrial-type atmosphere and greenhouse effect could attain a surface
equilibrium temperature of 273 K. The ice line corresponds to the same physical model, but
for a surface temperature of 373 K. The sublimation line corresponds to an atmosphere-
free body which attains a surface temperature of 170 K – corresponding to mean water ice
sublimation in a vacuum. The horizontal solid line at 1000 M⊕ corresponds to the giant
planet mass that could yield a Mars sized (0.1 M⊕) moon according to the scaling suggested
by Canup & Ward (2006) (Sect. 11.2). The shaded zone above this line between the vapor
and ice lines therefore corresponds to the most probable region where an atmosphere
retaining, “habitable”, moon could be found (e.g. Williams et al., 1997)
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Fig. 11.7. Possible classes of moons as a function of mass and distance from the parent
star (see Sect. 11.3)

In Fig. 11.7 a schematic is used to summarize some of the variations in moon
characteristics that might be expected. The initial volatile composition of moons
is assumed to increase with distance from the parent star (therefore host planet
migration and sub-disk temperature structure is ignored). Low mass moons will have
difficulty in retaining their initial complement of volatiles unless they are beyond
at least the water ice sublimation line in a system. If they do retain volatiles then
they are good candidates for tidally heated environments containing liquid water.
More massive moons (i.e. those of at least 0.12-0.23 M⊕) may both retain volatiles
and an atmosphere, as well as exhibit active tectonics (potentially boosted by tidal
heating) which can provide climate stabilizing feedback (e.g. Kasting et al., 1993).
Large moons that experience stellar irradiation commensurate with the classical
circumstellar habitable zone may range from relatively “dry” to “wet”. With tidal
heating the potential for very wet, “ocean” moons is increased since these may form
further from the star and therefore have a larger intrinsic volatile content. The most
massive moons at large radii may resemble a class of objects akin to Titan, but with
a potentially wide range in actual surface conditions.
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11.3.1 Tidal Heating and Boosted Temperatures

If tidal heating plays a role on moons it can provide both benefits and obstacles to
life beyond the simple maintenance of mean temperatures or liquid water oceans.
Smaller bodies cool down more rapidly and, as likely in the case of Mars, geological
activity also ceases more rapidly (this may also be due to the loss of water as a
geophysical lubricant and driver of tectonic plate subduction). In this case, tidal
effects may act to maintain geological activity (as seen in an extreme case on Io,
Smith et al., 1979b), and therefore mechanisms of climate stabilization, such as the
carbon-silicate cycle (Kasting et al., 1993). The negative result may be that tidal
effects overdo it (again, Io is the obvious example), and on smaller moons can cause
the loss of volatiles, and on larger moons may render the surface environment too
unstable.

There are numerous routes to tidal heating in moon systems. These include;
mean motion resonances between moons (e.g. the Laplacian resonance of Io, Europa,
Ganymede, or the Enceladus-Dione 1:2 resonance), spin-orbit librational resonances
(e.g. Enceladus, Wisdom, 2004), and moon eccentricity “pumping” through tidal
effects due to the host planet orbital eccentricity (akin to planets in binary star
systems). In order to gauge the relative magnitude of tidal heating, a surface heat
flow has generally been used (e.g. Reynolds et al., 1987; Scharf, 2006).

For a satellite or moon in a non-zero eccentricity orbit the rate of tidal dissipation
(Ė), assuming Keplerian motion, synchronous rotation, and zero obliquity, may be
written in terms of the surface heat flow (HT ) for a moon of mass Ms:

HT =
21
38
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μQ

(
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4π
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e2
s

ρ
1/3
s
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15/2
s

M5/3
s M5/2
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where μ is the satellite elastic rigidity (assumed uniform), 1/Q is the satellite specific
dissipation function, Rs the satellite radius and es the satellite orbital eccentricity,
which is assumed to be small (see e.g., Peale et al., 1980).

To examine the combination of stellar insolation and tidal heating (first pos-
tulated by Reynolds et al., 1987) a very naive assumption can be made that the
equilibrium temperature of an object’s surface – defined as some ad hoc layer of
outer material – is that of a pure black body receiving both an input radiation flux
and an input flux from tidal heating. This condition can be written as a form of
zero-order energy-balance equation;

εσT 4
eq =

(1 − AB)
4

frad + HT (11.3)

where frad and HT are the stellar flux and tidal surface heat flow respectively. An
implicit assumption is that the tidal surface heat flow acts exactly like a radiation
field. In other words the energy flux is assumed to be entirely thermalized by the
object’s surface, and does not allow for non-thermal energy dissipation (e.g. the
tidal surface energy flow could equally power the bulk rearrangement of an object’s
surface).

Applying this produces encouraging results. A Mars-sized (0.1 M⊕) moon re-
taining a terrestrial-like atmosphere with an orbital radius and eccentricity similar
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to that of Europa around any of the known exoplanets capable of retaining moons
(Fig. 11.4), could readily attain a habitable surface temperature (i.e. 273 K< T <
373 K). The tidal energy flow required at such a moon’s surface would range from
0.1 to 100 Wm−2, compared to the actual 0.1 Wm−2 for Europa and 1.5 Wm−2 for
Io. The total spin energy of Jupiter is some 1033 J, and hence such a hypothetical
moon could, in principle, sustain this level of tidal dissipation for several Gyr – if
the driving conditions (e.g. orbital resonance) are maintained.

11.4 Moon Detection

Moons can both perturb the orbital phase of their host planet and add to the optical
blocking during stellar transits. Both effects are of course small. Nonetheless, current
studies suggest that they are in a regime that will become accessible with future
(and possibly existing) instruments. Doyle & Deeg (2004) (see also Sartoretti &
Schneider, 1999) have shown that the transit timing (i.e. the ingress or egress time)
of a Titan-Saturn like system has a characteristic variation due to Titan on the order
of 30 seconds. A Jupiter-Europa like system has a variation at the 6 second level.
Szabó et al. (2006) have discussed the effect of moons on transit lightcurve shapes
and depths, and find the effect to be at the level of a few 0.01 milli-magnitudes.
The transit timing method may therefore be the most tractable. Indeed, Doyle &
Deeg (2004) argue that both the COROT (CNES) and Kepler (NASA) space-based
transit missions are sensitive to Titan-Saturn systems (for COROT a 9th magnitude
star is required, for Kepler the star can be as faint as 12th magnitude). Kepler may
even be sensitive to Jupiter-Europa systems.

Ehrenreich et al. (2006) have further suggested that future large-aperture in-
struments (such as GMT, TMT, and OWL) may have sufficient sensitivity to de-
tect the ensemble signature of spectroscopic absorption during transit due to moon
atmospheres. This may sound extraordinarily unlikely. Only Titan in our Solar
System retains a substantial atmosphere. However, this is unlikely to be truly rep-
resentative. For masses around 0.12-0.23 M⊕ at habitable temperatures, a body is
likely to not only retain an atmosphere (even within the magnetosphere of a gi-
ant planet), but also sustain tectonic activity vital for atmospheric re-cycling and
resupply (Sect. 11.3). Furthermore, giant planets appear to exist within zones of
stellar irradiation well suited to ‘temperate’ surface conditions for any moons they
harbor (Fig. 11.4). Thus, a wide range of atmospheric types may be possible.

Rather remarkably, the net projected disk area of the Galilean moons and the
other regular Jovian satellites amounts to approximately 1% of the area of Jupiter’s
disk. This is roughly equivalent to the ratio of an Earth-sized planet’s disk com-
pared to that of Jupiter. If moon populations do indeed scale with the host planet
size (as postulated by Canup & Ward (2006)) then this disk area scaling will also
continue to hold to first order. Although this presents a very small perturbation
to the net reflected light of a giant planet (and an equally small perturbation to
infrared emission, via moon-planet transit in particular) phase curve photometry
could potentially offer a route to seek the modulation effects of moon systems – due
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to both direct contributions to the net luminosity of a planet, and the shadowing of
the planetary surface by moons (and ring structures) (Cabrera & Schneider, 2007).

It appears likely that in the near future the existence (or absence) of exomoon
systems will be established – first through transit-timing experiments and secondly
through ultra-high precision photometric studies. Assuming moons are indeed found
around some giant exoplanets we will be able to begin to evaluate their potential
habitability. In the longer term, very large-aperture instruments will open up excit-
ing avenues for transit spectroscopy capable of detecting moon atmospheres.

11.5 Life on Exomoons

Although entirely in the realm of speculation it is nonetheless interesting to consider
what life might have to deal with on exomoons. For example, tidal heating may
be episodic on geological timescales if driven by moons wandering in and out of
resonance conditions. If a moon has a sufficiently massive silicate/metal core then
in certain situations radiogenic heating, combined with the insulating properties of
the outer ice crust, could maintain a partial sub-surface liquid water environment,
close to the core. Upon re-entering a period of tidal heating this liquid zone would
expand until a new equilibrium is reached. Biota might be capable of dealing with
these extended “deep-freezes”.

If a combination of tidal and radiogenic heating maintain a heat flow between a
silicate/metal core and a body of liquid water then the opportunity for hydrothermal
systems akin to those on Earth arises (Lowell & DuBose (2005), and see Fig. 11.8).
Biota associated with such systems do not rely on photosynthetic chemical path-
ways (such as considered for the upper ocean environment on Europa, Sect. 11.1) –
although there is intriguing evidence that some terrestrial species can indeed har-
vest the infrared photon flux from deep ocean vents (Beatty et al., 2005). Given
the possibility that even on Earth these systems could play a key role in the origin
of life (e.g. Gold, 1992) it is reasonable to speculate that they could be of central
importance to life on moons.

It is also important to remember that moons inhabit a rather unique orbital
architecture. Based on our own Solar System it appears that they will often share
their environment with other nearby satellites. This raises some interesting pos-
sibilities for systems containing multiple habitable objects. There is likely to be
(especially during early epochs) significant transfer of material between moons due
to spallation-like impacts (Melosh, 1984). The short dynamical timescale of the sys-
tem can result in quite rapid transfer, and the possibility of extensive exchange of
both organic chemistry and even active biological material.

Moons will in general also be subject to diurnal total shadowing, or eclipse,
events by their host planet. Although such periods would often be short (depending
on orbital geometry), they could act to constantly perturb any surface climate. This
is particularly relevant for high mass moons that could best represent a terrestrial-
like habitable environment. While some limited studies have been made on the
climatic effect of strong annual variations in stellar flux (i.e. for planets on eccentric
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Fig. 11.8. A terrestrial hydrothermal vent system located at an ocean depth of approxi-
mately 2km on the Endeavor Ridge in the Pacific Ocean. Superheated (300◦) water, rich
in minerals, is being forced up from the ocean floor. On cooling, mineral deposition forms
the “chimney” structures seen in the center of this picture. Surrounding these is an oasis
of life, from extremophilic microbial species to the remarkable tube-worm colony on the
left (Photo: V. J. Tunnicliffe, University of Victoria).

orbits, Williams & Pollard, 2002), little is known about the impact of rapid “on/off”
insolation.

The magnetosphere of a giant planet may represent a difficult radiation environ-
ment for life on moons. However, it may also serve to alter the internal dynamics of
a moon with consequences for life. The case of Ganymede’s intrinsic magnetic field
is intriguing in this respect, and it has been suggested that the moon’s liquid core
dynamo could in fact have been “spun up” by Jupiter’s magnetosphere (Kivelson
et al., 1998). Here then is another route to maintaining, or encouraging, a molten
interior and all that follows in terms of potential habitability. It is also true that a
giant planet’s magnetic field may vary considerably. Saturn’s field strength is some
30 times weaker than that of Jupiter (although still 580 times that of the Earth).
The degree to which charged particles are trapped and accelerated may therefore
vary significantly from planet to planet.

11.6 Summary

Are moons of exoplanets likely habitats for life? Certainly within our own Solar
System there are at least two moons (Europa and Enceladus) that appear to meet
some minimum criteria to encourage our interest in searching for evidence of life,
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and there may be more (Ganymede and Titan). Our expanding view of the diversity
of life on Earth has created a plethora of variations on the classical ideas of hab-
itability – from hot to cold, and chemically reactive to inert environments. On the
basis of these facts alone it would seem reasonable to consider that moons elsewhere
could be equally as interesting as terrestrial-type planets. The added temptation is
that moons are likely to exist in a multitude of different physical, chemical, and
thermodynamical configurations, including those resembling that of the Earth –
potentially all within a single planetary system. It would be prudent to allow for
the possibility that our terrestrial-centric view of life needs yet another revision.

Acknowledgments
Support from a NASA Astrobiology: Exobiology and Evolutionary Biology, Plane-
tary Protection research grant (number NNG05GO79G) is acknowledged. Support
was also provided by Columbia University through its Initiatives in Science and
Engineering program and the Columbia Astrobiology Center.

References

Alibert, Y., Mousis, O., & Benz, W. : Modeling the Jovian subnebula. I. Thermody-
namic conditions and migration of proto-satellites,Astronomy & Astrophysics,
439, 1205 (2005)

Barnes, J. W., & O’Brien, D. P. : Stability of Satellites around Close-in Extrasolar
Giant Planets, Astrophysical Journal, 575, 1087 (2002)

Beatty, J. T. et al. : An obligately photosynthetic bacterial anaerobe from a deep sea
hydrothermal vent,Proceedings of Natl. Acad. of Sci. 102, 9306 (2005)

Boss, A. P. : Evolution of the Solar Nebula. VII. Formation and Survival of Proto-
planets Formed by Disk Instability,Astrophysical Journal, 629, 535 (2005)

Cabrera, J., & Schneider, J. : Detecting companions to extrasolar planets using
mutual events, Astron. & Astrophys., 464, 1133 (2007)

Canup, R. M. : Dynamics of Lunar Formation,Ann. Rev. Astron. & Astrophys.,
42, 441 (2004)

Canup, R. M., & Ward, W. R. :Formation of the Galilean Satellites: Conditions of
Accretion, Astronomical Journal, 124, 3404 (2002)

Canup, R. M., & Ward, W. R. : A common mass scaling for satellite systems of
gaseous planets, Nature, 441, 834 (2006)

Cassen, P., Reynolds, R. T., & Peale, S. J. : Is there liquid water on Europa?,
Geophys. Res. Lett., 6, 731 (1979)

Chyba, C. F. : Energy for microbial life on Europa, Nature, 403, 381 (2000)
Doyle, L. R., & Deeg, H.-J. : Timing Detection of Eclipsing Binary Planets and

Transiting Extrasolar Moons, IAU Symposium, 213, 80 (2004)
Ehrenreich, D., Tinetti, G., Lecavelier Des Etangs, A., Vidal-Madjar, A., & Sel-

sis, F. : The transmission spectrum of Earth-size transiting planets, Astron. &
Astrophys. 448, 379 (2006)



11 Moons of Exoplanets: Habitats for Life? 301

Estrada, P. R., & Mosqueira, I. : A gas-poor planetesimal capture model for the
formation of giant planet satellite systems, Icarus, 181, 486 (2006)

Gladman, B., Dones, L., Levison, H., Burns, J., & Gallant, J. : Meteoroid Transfer
to Europa and Titan, 37th Annual Lunar and Planetary Science Conference, 37,
2165 (2006)

Gold, T. : The Deep, Hot Biosphere, Proceedings of Natl. Acad. of Sci. 89, 6045
(1992)

Greeley, R., et al. : Europa: Initial Galileo Geological Observations, Icarus, 135, 4
(1998a)

Greeley, R., et al. : Terrestrial Sea Ice Morphology: Considerations for Europa,
Icarus, 135, 25 (1998b)

Greenberg, R., Geissler, P., Tufts, B. R., & Hoppa, G. V. : Habitability of Europa’s
crust: The role of tidal-tectonic processes, Journal of Geophysical Research, 105,
17551 (2000)

Hayashi, C. : Structure of the Solar Nebula, Growth and Decay of Magnetic Fields
and Effects of Magnetic and Turbulent Viscosities on the Nebula, Progress of
Theoretical Physics Supplement, 70, 35 (1981)

Hurford, T. A., Helfenstein, P., Hoppa, G. V., Greenberg, R., Bills, B. G. : Eruptions
arising from tidally controlled periodic openings of rifts on Enceladus, Nature,
447, 292, (2007)

C. Huygens: Cosmotheoros, (1695)
online translation http://www.phys.uu.nl/∼huygens/cosmotheoros en.htm

Ida, S., & Lin, D. N. C. : Toward a Deterministic Model of Planetary Formation. I.
A Desert in the Mass and Semimajor Axis Distributions of Extrasolar Planets,
Astrophysical Journal, 604, 388 (2004)

Kasting, J. F., Whitmire, D. P., & Reynolds, R. T. : Habitable Zones around Main
Sequence Stars, Icarus, 101, 108 (1993)

Klahr, H., & Bodenheimer, P. : Formation of Giant Planets by Concurrent Accretion
of Solids and Gas inside an Anticyclonic Vortex, Astrophysical Journal, 639, 432
(2006)

Kivelson, M. G., et al. : Ganymede’s magnetosphere: Magnetometer overview, Jour-
nal of Geophysical Research, 103, 19963 (1998)

Kivelson, M. G., et al. : Galileo Magnetometer Measurements: A Stronger Case for
a Subsurface Ocean at Europa, Science, 289, 1340 (2000)

G. P. Kuiper: Infrared observations of planets and satellites, AJ, 62, 295 (1957)
Lammer, H., Selsis, F., Ribas, I., Guinan, E. F., Bauer, S. J., & Weiss, W. W. : Hy-

drodynamic escape of exo-planetary atmospheres, In: Second Eddington Work-
shop: Stellar structure and habitable planet finding. Edited by F. Favata, S.
Aigrain and A. Wilson, ESA SP-538, 339 (2004)

Lissauer, J. J. : Planet formation, Ann. Rev. Astron. & Astrophys., 31, 129 (1993)
Lowell, R. P., & DuBose, M. : Hydrothermal systems on Europa, Geophysical Re-

search Letters, 32, 5202 (2005)
Lubow, S. H., Seibert, M., & Artymowicz, P. : Disk Accretion onto High-Mass

Planets, Astrophysical Journal, 526, 1001 (1999)



302 Caleb A. Scharf

Lubow, S. H., & D’Angelo, G. : Gas Flow across Gaps in Protoplanetary Disks,
Astrophysical Journal, 641, 526 (2006)

Lunine, J. I., Lorenz, R. D., & Hartmann, W. K. : Some speculations on Titans
past, present and future, Planetary and Space Science, 46, 1099 (1998)

Marcy, G., Fischer, D. A., Butler, R. P., & Vogt, S. S. : Properties of exoplanets:
a Doppler study of 1330 stars, Planet Formation, 179, Edited by Hubert Klahr
and Wolfgang Brandner. Cambridge, UK (2006)

McCord, T. B., et al. : Hydrated salt minerals on Europa’s surface from the Galileo
near-infrared mapping spectrometer (NIMS) investigation, Journal of Geophys-
ical Research, 104, 11827 (1999)

Melosh, H. J. : Impact ejection, spallation, and the origin of meteorites, Icarus, 59,
234 (1984)

Melosh, H. J., Janes, D. M., Jankowski, D. G., & Squyres, S. W. : Ice Volcanism
on Ariel, Science, 245, 194 (1989)

Melosh, H. J., Ekholm, A. G., Showman, A. P., & Lorenz, R. D. : The temperature
of Europa’s subsurface water ocean, Icarus, 168, 498 (2004)

Moore, J. M., et al. : Large Impact Features on Europa: Results of the Galileo
Nominal Mission, Icarus, 135, 127 (1998)

Nimmo, F., Spencer, J. R., Pappalardo, R. T., Mullen, M. E.: Shear heating as the
origin of the plumes and heat flux on Enceladus, Nature, 447, 289 (2007)

Oishi, J. S., Mac Low, M.-M., & Menou, K. : Turbulent Torques on Protoplanets in
a Dead Zone, ArXiv Astrophysics e-prints, arXiv:astro-ph/0702549 (2007)

Peale, S. J., Cassen, P., & Reynolds, R. T. : Tidal dissipation, orbital evolution, and
the nature of Saturn’s inner satellites, Icarus, 43, 65 (1980)

Peale, S. J. : Origin and Evolution of the Natural Satellites, Ann. Rev. Astron &
Astrophys., 37, 533 (1999)

Porco, C. C., et al. : Cassini Observes the Active South Pole of Enceladus, Science,
311, 1393 (2006)

Proctor, R. A. : Other worlds than ours : The plurality of Worlds studied under the
light of recent scientific researches, London : Longman Green (1870).

Raymond, S. N., Mandell, A. M., & Sigurdsson, S. : Exotic Earths: Forming Hab-
itable Worlds with Giant Planet Migration, Science, 313, 1413 (2006)

Reynolds, R. T., Squyres, S. W., Colburn, D. S., & McKay, C. P. : On the habitability
of Europa, Icarus, 56, 246 (1983)

Reynolds, R. T., McKay, C. P., & Kasting, J. F. : Europa, tidally heated oceans,
and habitable zones around giant planets, Advances in Space Research, 7, 125
(1987)

Sartoretti, P., & Schneider, J. : On the detection of satellites of extrasolar planets
with the method of transits, Astron. & Astrophys. Suppl., 134, 553 (1999)

Scharf, C. A. : The Potential for Tidally Heated Icy and Temperate Moons around
Exoplanets, Astrophysical Journal, 648, 1196 (2006)

Smith, B. A., et al.: The Jupiter system through the eyes of Voyager 1, Science,
204, 951 (1979a)

Smith, B. A., et al.: The Galilean satellites and Jupiter – Voyager 2 imaging science
results, Science, 206, 927 (1979b)



11 Moons of Exoplanets: Habitats for Life? 303

Spencer, J. R. : Thermal segregation of water ice on the Galilean satellites, Icarus,
69, 297 (1987)

Squyres, S. W., Reynolds, R. T., & Cassen, P. M. : Liquid water and active resur-
facing on Europa, Nature, 301, 225 (1983)
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chemical abundance 117
cooling 117, 120
core temperatures 117
deuterium-burning limit 8, 123
diameters 117
evolution 117–119
formation 8, 117
intrinsic properties 117–123
luminosity evolution 117–118
mass threshold 117
observed characteristics 120–122
spectral energy distribution 120
surface gravity 146
temperature evolution 118–119

Bruno, Giordano 153

Canada-France-Hawaii Telescope 15, 22
carbon dioxide 267, 268, 269, 271, 276–277,

278
carbon dioxide, in Earth’s atmosphere 267,

268, 269, 271, 276–277
seasonal cycling 277

Cassini spacecraft 288
caustic crossings 53, 59
caustic curve 53, 59
caustic perturbations, stellar 55–56

planetary 54–55
CFHT, see Canada-France-Hawaii

Telescope
Chang-Refsdal lens system 55
chaos 187–189
chlorophyll absorption 275
CHZ, see continuously habitable zone
cicumprimary disk, in binary star system

236, 237
circularisation time scale 160
circulation-mode separatrix 183
circumstellar disks 10, 89, 236, 290
circumstellar dust 89
Class 0 objects 89
Class I objects 90
Class II objects 90

Class III objects 90
close binary system, terrestrial planet

formation 241, 242
close-orbiting planets 153–175

atmospheres 167–168
composition 169
orbital characteristics 156–162
parent stars 161–162
semi-major axis distribution 157
transit discovery 156

cloud cover, effect 278
COBE, see Cosmic Background Explorer
comet Shoemaker-Levy 9 187
continuously habitable zone 260, 261

of Sun 261
cool Earths 6
cooling age 216
CORALIE survey 13, 29
core accretion 163, 164
core accretion model 11, 288, 290
core fusion, temporary 117
coronagraph, for planet detection 263–264
coronagraphic imaging 16
COROT mission 14, 142, 169, 171, 297
co-rotation resonances 165
Cosmic Background Explorer 100
critical mass 165
critical semi-major axis 230, 234, 235
cryovolcanism 288

dark matter microlensing 50
Darwin mission 16, 143, 169, 263, 265, 267
DAZ white dwarfs 217–219
debris disks 97–105, 106

behaviour 99
collisions 98
dependency on stellar type 105
evolution 99–100
imaging 103–105
spectral energy distributions 101–102
formation 90, 97

debris, in Solar System 98
Deep Near-Infrared Southern Sky Survey

124–125, 137, 143
DENIS, see Deep Near-Infrared Southern

Sky Survey
detection, astrometric 4

microlensing method 47–48
microlensing method, sensitivity 48
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microlensing 6–7, 47–88
near peak of Planck function 2
optical 1–2, 14–16
optical, coronagraphic imaging 16
optical, differential direct detection 15
optical, Doppler spectral separation 15
optical, interferometric imaging 15–16
radial velocity 1–3, 12–13
selection effects 12–13
transit 4–6, 13–14

deuterium burning 8, 123
differential direct detection 15
direct imaging, high contrast 135, 136
disk instability mechanism 164, 241
disk lifetimes 165
disk truncation, in binary star system 238,

241, 244
disk-averaged spectra, of terrestrial planets

267
disk-averaging 264
dispersed fixed-delay interferometer 25–28

advantages 27
Doppler measurement error 26
Doppler precision 26
spectral resolution 28

disturbing function 180, 185, 233
Doppler broadening 266

DFDI method 25–28
echelle method 22–25

Doppler Planet Surveys 21–45
multiple object 30–36
multiple object, early results 32–36
multiple object, science needs 30–32
single object 28–30
single object, main results 28–30

Doppler recoil 98, 105
Doppler spectral separation 15
Draper, Henry 127
dynamical effects, types 195
dynamical interactions 140
dynamical properties, distributions

194–200
dynamical stability 187–189, 196–200
dynamics, observational constraints

178–179

ε Eri 103
η Crv 102
Earth, orbital motion 64, 65, 79, 211

Earth-like planets 16, 143, 262, 270
with water 243, 249, 250

Earth-mass planets 47, 66, 73, 80, 81, 82,
83, 171, 265

Earth-sized exoplanets 142
Earth-sized planets, direct detection

263–264
eccentric Jovian planet, effect 262
eccentricity boosting 160
eccentricity of orbit, distribution 10–11
eccentricity oscillations 182, 201
eccentricity pumping 10, 166, 296
eccentricity, as function of semi-major axis

159
eccentricity/inclination oscillations 167
eclipsing binaries 130–132
EELT, see European Extremely Large

Telescope
Einstein radius crossing time 50, 59–60, 76
Einstein ring radius 49, 56, 59–60, 63, 64,

80, 81
ELODIE metallicity-biased radial velocity

survey 13, 31
Enceladus 288, 291, 296, 299
energy-balance equation 296
environmental characteristics, of planetary

system 264–265
equilibrium surface temperature 291–292
EROS, see Expérience pour la Recherche

d’Objets Sombres
Europa 286–288, 289, 296, 297, 298, 299

internal structure 287
surface 287
tidal heating 287

European Extremely Large Telescope 143
excretion disk 213, 219
exomoons, life on 298–300
exoplanet, orbit schematic 179
exoplanetary mass function 158–159
exoplanets, around pulsars 210–216

first 209
habitability 246–251
in binary star systems, orbital stability

227–235
in stellar graveyard 209–222
lowest mass known 209
meteorology 167
semi-major axis distribution 157
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Expérience pour la Recherche d’Objets
Sombres 50

Extrasolar Planets Encyclopedia 3

Fabry-Perot etalon interferometer 22
fallback disk 213
feeding zone 97, 164
fiber feed 22, 32, 34
finite source effects 56–58
first exoplanet, discovery 1
Fomalhaut 103, 104
formation models 11, 16
formation of planets 163–165
formation times scales 164
fringing spectrum 27
fusion reactions 210

γ Cep 224–225, 226, 231, 232, 233, 240,
247, 248, 250

habitable zone 247, 248, 250
Kozai resonance 232–233
planet 224–225, 226, 231, 232, 233
planetesimals 240

GAIA spacecraft 4, 40
Galactic bulge 60, 61, 64, 66, 83
Galactic Exoplanet Survey Telescope 7
Galilean moons, see moons, of Jupiter
Galileo spacecraft 287
Ganymede 287, 289, 291, 293, 296, 299,

300
gas giants, composition 123

high mass population 160
low mass population 160

GD 165 116
Gemini observatory 136
GEST, see Galactic Exoplanet Survey

Telescope
geysers, on Enceladus 288, 289
GG Tau 227

circumbinary disk 227
giant planet migration 39
giant planet science 37–39
giant planet-brown dwarf transition 8
giant planets 4, 5, 8, 10, 15, 16, 31, 37–39,

40, 224, 225, 231, 297
atmospheres 141
atmospheric spectroscopy 219
formation 80–81, 90, 105

Giant Segmented Mirror Telescope 143

GJ 317 156
GJ 436 156, 169
GJ 446, radial velocity 3
GJ 876 8, 190–191, 195, 196, 200
GJ 3021 293
Gl 86 225
Gl 229B 116, 126, 127, 135, 136
Gl 436 137
Gl 569B 130
Gl 570D 137
Gl 581 137, 145, 191, 200
Gl 802B 129, 137
Gl 849 137
Gl 876 137
Global Microlensing Alert Network 65–66
globular clusters 214–215
GMAN, see Global Microlensing Alert

Network
Goodricke, John 131
GQ Lup 8, 14, 123
gravitational lensing 2, 6, 7
gravitational microlensing 47–88

by multiple masses 51–53
discovered exoplanets 67
first planet 62, 67, 69
future programs 79–83
future programs, expected planet

detections 81
lens geometry 49
light curve 50, 53, 56–57
observational programs 65–79
parallax 64
physics 48–50
planet detection efficiency 56, 57, 58
planetary mass ratio 59
star-planet separation 59
theory 48–53
theory, multiple lens equation 51–52
theory, multiple lens 51–53
theory, single lens 48–51

gravitational stirring 98
greenhouse effect 269
GSMT, see Giant Segmented Mirror

Telescope

H 43691 156
habitability, markers 274

definition 225
diversity 261–262
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effect of eccentricity 260
of planet 260

habitable planets search 262
habitable world, definition 259
habitable zone of Sun 260–261
habitable zone 11, 40, 166, 243, 246–251,

252, 260–261
inner and outer limits 246–248
of Sun 246, 249

HARPS see, High Accuracy Radial velocity
Planet Searcher

H-burning limit 117, 118
HD 12661 182, 184, 191, 197, 198, 200
HD 18940 126
HD 37124 182, 184, 191, 196, 200
HD 38529 191, 197, 200
HD 41004 8
HD 69830 11, 102, 103, 183, 191, 200
HD 72905 102
HD 73526 191, 195, 196, 200
HD 74156 192, 197, 199, 200
HD 80606 293
HD 82943 192, 195, 197, 198, 200
HD 83443 192
HD 102195 28
HD 104985 293
HD 108874 185, 192, 195, 200
HD 114729 116, 128
HD 128311 192–193, 195, 200
HD 132406 156
HD 141569 93
HD 147506 156
HD 155358 193, 196, 200
HD 168443 193, 200
HD 169830 193, 200
HD 189733 168
HD 190360 193, 200
HD 202206 193, 195, 200
HD 203030 136
HD 209458 4–5, 6, 35, 155, 156, 167
HD 217107 193
Herbig Ae stars 91
Herschel spacecraft 106
Herschel, William 124
HH30 92
hierarchical stability 188–189, 197, 198,

199, 201
High Accuracy Radial velocity Planet

Searcher 145, 170

high resolution cross-dispersed echelle
spectrograph 22–25

calibration methods 24
Doppler measurement error 23
Doppler precision 23
spectral resolution 24

High-Accuracy Radial velocity Planetary
Searcher 24, 25

Hill radius, of planet 6
Hill stability, see hierarchical stability
Hill-sphere radius 291
HIP 14810 181, 193, 196, 200
Hipparcos mission 4
HN Peg 136
host stars, properties 31
hot Jupiters 1, 5, 6, 116, 121, 122, 136,

154, 155, 167, 170, 178, 291
atmospheres 5

HR 4796 103
HST, see Hubble Space Telescope
Hubble Space Telescope 4, 61, 62, 63, 69,

82, 92, 93, 104, 126, 135, 138, 155,
215, 217, 227, 263

Huygens, Christiaan 285
hydrogen degeneracy 115, 117
hydrogen fluoride gas cell 22
hydrostatic equilibrium 117
hydrothermal vents, see ocean vents

inclination of orbit 2, 4
Infra-Red Astronomical Satellite 98
infrared excess 90, 91, 100, 101, 102
infrared nulling interferometer 263
Infrared Space Observatory 99
infrared spectra 267–268
inner orbit, planet 228
instantaneous habitable zone 260
interferometric imaging 15–16
intermediate mass planets 169
Io 287, 296
iodine cell calibration method 22, 24
IRAS, see Infra-Red Astronomical Satellite
islands of instability 235
ISO, see Infrared Space Observatory

James Webb Space Telescope 16, 106, 142,
143, 144, 218

Jodrell Bank Radio Observatory 211
Jupiter 286, 287, 291, 297, 299
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Jupiter-mass planets 55, 66, 76, 77, 78, 80,
81, 143, 154, 218, 220

JWST, see James Webb Space Telescope

Keck Exoplanet Tracker 32, 34, 35, 36, 37,
38

Keck telescopes 4, 13, 78, 136, 142, 145
Kepler mission 14, 40, 68, 81, 83, 142, 169,

171, 252, 297
Kepler, Johannes 178
Kepler’s Third Law 178
Kirkwood gaps 188
Kozai mechanism 166, 167
Kozai resonance 232–234
Kuiper Belt 98, 100, 103, 106
Kuiper, Gerard 286

L dwarf binaries 139
L dwarfs 116, 119, 120, 121, 138, 145

near-infrared spectra 121
optical spectra 120

L1551, interferometric observation 239
Lagrange stability 188, 197, 198, 199
Lagrange unstable regions 197
Laplacian resonance 287
Large Binocular Telescope Interferometer

15–16
Large Magellanic Cloud 50, 64, 65
Large Synoptic Survey Telescope 144
Late Heavy Bombardment 98, 101, 106
LBTI, see Large Binocular Telescope

Interferometer
librating resonance 185, 186
libration-ciculation separatrix 182, 183
life, on Earth 259, 261
Linblad resonances 165
LMC, see Large Magellanic Cloud
Lorentz broadening 266
Lowell survey 124
low-mass binaries 136–139
low-mass companions, astrometric surveys

129–130
direct imaging surveys 124–127
photometric methods 130–132
radial velocity surveys 127–128
searches 124–132

low-mass stars
LSST, see Large Synoptic Survey Telescope
Luyten’s surveys 124

Lyapunov time 189
Lyot, Bernard 126

μ Arae, dynamics 193, 195, 200
M dwarfs 116, 120, 133, 134, 137, 141
M8 dwarf 116
MACHO Project 50, 65
MACHO-95-BLG-3 66
MACHO-97-BLG-41 66
MACHO-98-BLG-35 55
magnetosphere, of giant planet 299
Mars 260, 261, 267, 268, 269, 270, 278, 296
MARVELS, see Multi-object APO

Radial-Velocity Exoplanet Large-area
Survey

mass distribution, power law 7–8, 29
mass function 158
mass loss, by evaporation 169
mass/separation diagram 140–141
mass-inclination degeneracy 178, 179
mass-radius diagram 170
mean motion resonance 184–185, 195, 201
mean motion resonances 235, 296
Messier 28, millisecond pulsars 214
Messier 4, planet 214–216
metallicity excess 161
methane, in Earth’s atmosphere 273, 274,

276–277
seasonal cycling 277

Michelson type interferometer 25, 26
MicroFUN, see Microlensing Follow-up

Network
microlensing events, planetary orbits

64–65
planetary 53–58
planetary, parameters 58–65

Microlensing Follow-up Network 66
Microlensing Observations in Astrophysics

6, 7, 55, 65, 66, 67, 69, 72, 79
Microlensing Planet Finder 7, 68, 81, 82,

83
Microlensing Planet Search 55, 66
microlensing 6–7, 13–14
migrating Jovian planet effect 262
migration stopping mechanisms 39
migration 10, 30, 31, 37, 39, 41, 163, 164,

165–167
speed 165–166
timescale 166
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type I 165–166, 290
type II 165–166, 290

millisecond pulsar 209, 212, 213, 214
minimum mass 178
minimum mass, for planet formation 94
MOA, see Microlensing Observations in

Astrophysics
MOA-2 survey 55, 79, 80
MOA-2003-BLG-53 62, 67, 68, 69
molecular iodine absorption cell 22, 24
Monolithic Mirror Telescope 136
Montanari, Geminiano 131
moon populations, scaling with host planet

size 290, 297
moon systems, stability 291
Moon, formation 98, 101

of Earth 290
Moon-forming impact 260
moons, as habitats for life 285–303

classes, as function of mass and distance
295

detection 297–298
environmental conditions 291–297
formation 290–291
of exoplanets 285–303
of Jupiter 285, 286, 297
of Saturn 285
water content 295

MPF, see Microlensing Planet Finder
MPS, see Microlensing Planet Search
Mpsini 2, 7–8, 10, 156, 158

as function of orbit radius 10
distribution 7–8

Multi-object APO Radial-Velocity Exo-
planet Large-area Survey 32, 33, 34,
36, 37–40

multiple planet systems, dynamical
properties 200

dynamics 177–208
interactions 194–200

multiple systems 3, 10, 11, 39
orbital resonances 10

N2K radial velocity survey 31
naming convention 1, 67–68
N-body calculations 179, 180, 183, 186,

195
Near Infra-Red Spectrograph 144
Near-Infrared Coronagraphic Imager 142,

143

Neptune-mass planets 30, 48, 102
neutron star 210, 213, 214, 216

planet formation 213–214
remnant disk 214

NICI, see Near-Infrared Coronagraphic
Imager

NIRSPEC, see Near Infra-Red Spectro-
graph

ocean moons 295, 298
ocean vents 298, 299
OGLE, see Optical Gravitational Lensing

Experiment
OGLE-05–390L 8
OGLE-2005-BLG-71 54, 67, 70–72, 73
OGLE-2006-BLG-109 64, 67, 68, 77–79
OGLE-2005-BLG-169 58, 61, 63, 67,

74–77, 81
OGLE-2005-BLG-235 62, 67, 68, 69, 70,

73
OGLE-2005-BLG-390 67, 72–74, 76, 77, 81
OGLE-3 survey 55
OGLE-4 camera 79, 80
optical detection 1–2, 14–16

coronagraphic imaging 16
differential direct detection 15
Doppler spectral separation 15
interferometric imaging 15–16

Optical Gravitational Lensing Experiment
5, 6, 7, 50, 65, 67, 69, 72, 78, 79

orbital eccentricities 159–161, 166
orbital eccentricity, distribution 10–11

pumping 10
orbital elements, uncertainties 179
orbital inclination 2, 4
orbital period, distribution 8, 9
orbital radius, distribution 8, 9, 10–11
orbital theory 179–189

analytical methods 180–186
oscillation, circulation 181

libration 181
separatrix 181

oscillations, apsidal 182
eccentricity 182

outer orbit, planet 228
oxygen, in Earth’s atmosphere 261, 273,

274, 278
ozone, in Earth’s atmosphere 266, 267,

268, 269, 273, 274, 278
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Packed Planetary Systems hypothesis 197,
199

Panoramic Survey Telescope & Rapid
Response System 143

Pan-STARRS, see Panoramic Survey
Telescope & Rapid Response System

parent stars mass, as function of semi-major
axis 163

parent stars, metallicity 11–12, 161–162
photochemical hazes 278
photometric observations, of planets

265–266
photometric variability, of planets 265–266
photosynthesis 276–277
photosynthetic pigments 276
Pickering, Edward 131
Pioneer mission 286
Planck function, of planet 2
planet exchange 216
planet formation, models 294

N-body simulation 97
stages of 236, 237

planet migration rate 39
PLANET, see Probing Lensing Anomalies

NETwork
planetary characteristics, remote detection

264–272
planetary embryos 96, 97, 164, 242
planetary environment 264
planetary spectra, in Solar System 279
planetesimals 90, 96, 164, 166, 231, 236,

239, 240, 242, 245
encounter velocities 245

planet-planet scattering 48
PlanetQuest 40, 145
point particles, classical dynamics 177
point-spread function 63
power law 158–159
Poynting-Robertson drag 99
precession 181, 183
Probing Lensing Anomalies NETwork 6,

65, 66, 72
properties of observed exoplanets 7–12
protoplanetary disks 90, 91–97, 105, 165

accretion 91
angular momentum 91
clearing 92, 93
dispersal mechanisms 92
evolution 95

flaring 91, 92
magnetic field 91
masses 94
planet formation 95–97
velocity gradient 91

protostar collapse 117
Proxima Centauri 125
PSR B0329+54 211, 212
PSR B1257+12 12, 153, 209, 211–212,

213–214
PSR B1620–26 153, 215–216
PSR B1829–10 211, 212
P-type orbit 228, 234–235, 229

stability 234–235
pulsar planets 12

origin 213–214
searches 211–213

pulsar, millisecond 209, 212, 213, 214
pulsars 210–211, 212–213

magnetic fields 212
planet detection 210–211
planets 210–216
radio 210
spin down 210
spin up 213–214

radial velocity curve 3
radial velocity detection 1–3, 12–13
radial velocity method, precision 3, 22
radial velocity surveys 145, 155, 170, 178,

179
detection rate 28, 31
main results 28–30
major methods 21–28
next generation 37–41

radiation environments 289
radio pulsars 210
radio pulses, timing 210–211, 212–213
red edge, refectivity 275
reduced Delaunay momentum 233
remote sensing spectroscopy 266–272
remote-sensing biosignatures, classes 272
resonances, co-rotation 165
resonant argument 185
resonant interactions 184–186, 195
Riccioli, G. B. 124
runaway glaciation 246, 260
runaway greenhouse effect 246, 260
Runge-Kutta methods 187
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Sagittarius Window Eclipsing Extrasolar
Planet Search 14

satellite orbit, planet 228
Saturn-mass planets 76, 78, 80, 197,199,

201
SCR 1845 b 14, 15, 123
SDSS, see Sloan Digital Sky Survey
searches, around dim stars 2

around white dwarfs 2
around pulsars 211–213

seasonal variations 272
secular interaction 181, 195
secular resonance 183, 184
secular theory 180–184
separatrix, apsidal 181–182, 196, 201

circulation-mode 182, 183
libration-circulation 182, 183

SIM, see Space Interferometry Mission
Sirius 129
Sloan Digital Sky Survey 32, 37, 116, 125,

137, 143
snow-line 48, 80, 82, 166, 288
Solar System, dynamical properties 200

formation 94, 95
how typical 1, 177

solar type stars 135–136
space based microlensing 81–83
Space Interferometry Mission 4, 13, 39–40,

68, 145, 265
spectral energy distribution 90
spectral features, variations 272
Spectro-Polarimetric High-contrast

Exoplanet Research 142, 143
spectroscopic binaries 127–128

single lined 128
double-lined 127, 131

SPHERE, see Spectro-Polarimetric
High-contrast Exoplanet Research

Spitzer Space Telescope 64, 92, 100, 101,
103, 104, 142, 166

sputtering 292
star formation 89
STARE transit camera 4, 14
starlight suppression goal 264
stellar binary systems 133–135
S-type orbit 228, 229–234

stability 229–234
sub-disk 290
subdwarf, pulsating 220

super-Earths 30, 37, 40–41, 47, 48, 76, 77,
81, 169, 262

supernova explosions, asymmetric 213–214
supernova 210, 213- 214
SuperWASP wide survey 14
surface composition 270–271
surface ocean, indicators 268
surface pressure 269
surface signatures 275
surface spectra 271
surface temperature 269–270

for icy moons 292
SWEEPS, see Sagittarius Window

Eclipsing Extrasolar Planet Search
symplectic integrators 229

τ Ceti 103
T dwarfs 116, 119, 120, 121, 138, 144, 145

near-infrared spectra 121
optical spectra 120

T Tauri stars 90, 91, 93
classical 90
weak line 90

telluric absorption lines 22
temperature structure determination 267
temporal signatures 276–277
temporal variability 277
terrestrial mass planets 210, 214
terrestrial planet characterisation 262
Terrestrial Planet Finder 16, 143, 169, 265,

267
terrestrial planet formation, in binary star

system 241–245, 251
in close binary system 241, 242, 251
in larger separation binaries 241–245

terrestrial planets, disk-averaged spectra
267

extrasolar, first spectra 278–279
formation 91, 95–97, 98
hunt for 170–172
number formed in binary star systems

245
ThAr calibration method 22, 24
thermal escape 292
Thirty-Meter Telescope 143
three-body system, dynamical evolution

228–229
tidal heating 288, 289, 296–297, 298

and boosted temperatures 296–297
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tidal pairs 195
Titan 278, 289, 291, 295, 297, 300
TMT, see Thirty-Meter Telescope
TPF-C, see Terrestrial Planet Finder
TPF-IR, see Terrestrial Planet Finder
Transatlantic Exoplanet Survey 14
transit detection 4–6, 13–14

of exoplanet, first 4
of exoplanets 4–6

transit spectroscopy 5–6, 168, 298
transit surveys 39, 155
transiting planets, direct detection 142
TrES, see Transatlantic Exoplanet Survey
TrES-1 14
TrES-3 156
TRIDENT imaging camera 15
Triton 290

υ And 194, 200
UK Infrared Digital Sky Survey 143, 144
UKIDSS, see UK Infrared Digital Sky

Survey
UV radiation, shield 267, 268, 269

V391 Pegasi, planet 220
VB10 116
Vega 103, 104
velocity gradient 91

Venus 260, 261, 267, 268, 269, 270, 278
Very Large Telescope 2, 4, 13, 136, 142,

143, 145
visible light coronagraph 263–264
VLT, see Very Large Telescope
Vogel, Hermann 131
Voyager missions 286, 287

water sublimation rate 292, 293
water vapour, on Earth 266
water, retention 246
water-rich planets 262
white dwarfs 216–220

planetary evolution 218
planet detection 220, 221
planets 216–220
pulsating 219–220

wide field imaging surveys 143–144
Wide-field Infrared Survey Explorer 144
WISE, see Wide-field Infrared Survey

Explorer

X-ray binaries 213, 214

Y dwarfs 119, 120, 144

ζ Lep 102
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