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Figure 4. Left: plot of the achievable contrast with a 4QC on MIRI (JWST), to detect at 20 um a
planet of Jupiter’s size, versus the angular orbital radius to its star (M2V); the symbols correspond
to different cases of distance of the star and temperature of the planet, according to its age (models
from Burrows et al. have been used). At this wavelength, despite the loss in angular resolution due
to the long wavelength, the detection of analog of our Jupiter appears feasible, thanks to the much
better contrast in flux. Right: same as previously, but at 6 m: it is rather the detection of young hot
(young) Jupiters which is optimum at this wavelength thanks to the angular resolution

4. The Second Avenue: Nulling Interferometry

Clearly, the solutions based on interferometry from space are more complex with
more critical technological issues, but they are directed towards a more challeng-
ing goal: detecting and characterizing earth analogs (TPF, Darwin). The need for
canceling out most of the stellar light is even more critical when an Earth has to
be found, and the idea of a nulling interferometer, first proposed by Bracewell
(1978), has been explored in a thorough way by various groups e.g. (Léger et al.,
1996; Angel and Woolf, 1997; Guyon and Roddier, 2002; Riaud et al., 2002). The
principle of the nulling interferometer is that it is possible to produce a dark central
fringe when combining the light from two telescopes, by simply introducing a &
phase shift on one of the optical path. Note that the recombination is done at a
pupil level, in such a way that the fringe pattern is projected onto the plane of
the sky than rather modulating the PSF as in a Fizeau interferometer. If now the
star image corresponds to this dark fringe, while the planet location is rather on
a bright fringe, then the contrast between the two objects can be improved by
a huge factor. In fact, using only two telescopes is not sufficient because of the
finite diameter of the star: there are leaks of stellar light for the external points of
the disk which are not perfectly cancelled out because they are no longer at the
center of the dark fringe. Using more telescopes in the recombination, placed on
a well chosen pattern, allows to have a deeper nulling function that varies rather
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as 0* than as the 6% law of the Bracewell original 2-telescopes concept: this is
then sufficient to remove practically all stellar light. The rejection factor required
to detect an earth around a solar type star in the thermal infrared is only 10°, so
that one other important source of noise is the speckle noise introduced by phase
defect in the optics. A solution proposed by Mariotti et al. (1996) is to apply some
spatial filtering using either a hole or fiber optics at the focal plane of each telescope
before recombination: the high frequencies introduced by the phase corrugation at
a small scale are efficiently filtered. Finally, introducing some temporal modulation
is required in order to distinguish a putative planet from the exo-zodiacal light that
must be likely present, as it is the case in our solar system. Continuous rotation
of the whole interferometer is one solution: modulation of the signal by a planet
passing through the fringe pattern projected onto the sky would be at a different
frequency and significantly different shape from the modulation of the extended
zodiacal light. Another solution, adopted for the present Darwin concept, is to
have an internal modulation of the optical path difference. As a guideline, let’s
briefly examine the Darwin project, to have an idea of the technological issues
and of the capabilities, as they are estimated today, after several years of studies in
research institutes and in industry. The concept for the telescopes pattern is now the
Laurance interferometer made of 6 elementary free-flier telescopes at the summits
of an hexagon, with a central station for recombination. One important point that
precursor missions will have to assess is the demonstration that precision formation
flying is indeed possible. The background noise, which includes photon noise of the
solar zodiacal light as well as fluctuations of the mean value, should be defeated by
mean of an internal modulation of the OPD at a frequency vy, significantly higher
than the characteristic break in the 1/f noise spectrum. One common problem to
any system that intends to use a phase shift for the nulling of the stellar light is the
achromaticity: indeed, producing an optical path difference which is proportional
to the wavelength is not an easy task. Several solutions have been proposed, the
most efficient appearing the use of the property of a w phase shift at a reflection
on a surface or at the crossing of a focus, however polarization properties must be
taken into account and rather sophisticated optical schemes have to be used, for
instance with roof-top mirrors (Wallace et al., 2000). In the case of Darwin, as well
of TPF, where the spectrum between 6 and 18 pm has to be measured, this question
of achromaticity put severe constraints that require a vigorous R&D program. If all
those specifications are satisfied, which apparently is not out of reach, then the
expected number of detections can be evaluated assuming a mission duration of
few years and a typical integration time — for detection only — of one day per target
star. Fig. 5 summarizes those numbers in two cases: when the frequency of finding
an earth is as high as 40% or when it is as low a 10 %; the strategy of sharing
the time of the mission between detection and spectroscopy of detected planets is
obviously different depending on which case will be found. The predicted number
of earth-like planets that will be detected and spectroscopically studied is between
8 and 24 in this simulation.
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Figure 5. plot of the predicted number of detections that Darwin could achieve with 6 telescopes of
1.5 m diameter. Solid (red) and dotted (blue) curves are for the case where respectively 10 % and 40
% of stars have an earth-like planets. The lower curves correspond to the actual detection of a planet
and the upper curves to the number of stars actually monitored (if the success of detection is larger
than 40 %, then fewer stars will be looked at, so that the time devoted to spectroscopy on detected
ones will be optimized).

5. Conclusion

The first direct detection of an extrasolar planet will certainly be a major mediatic
event, but more important a breakthrough in the field because it will be the first step
allowing further spectral analysis and thus detailed physics of planets, including
the search for biomarkers. It will also open another window in the discovery space
of exoplanets, essentially populated today by the massive planets discovered by
the powerful radial velocity technique. The problem of the very strong contrast
between the star and the planet is of course a difficult one from the observational
point of view, but a point which is essential to realize is that there is an immense
range of circumstances, differing by orders of magnitude in the difficulty to reach
a direct detection: from the case of an Earth in the habitable zone detected in the
visible from ground — an outstandingly challenging situation —, to the case of a
young Jupiter on a wide orbits around an M star, detected from space in the ther-
mal infrared — within reach of existing technology. The two instrumental concepts
that are today the most seriously considered for direct detection, are an optical
telescope with a high performance coronagraphic device on one side, and a nulling
interferometer in the thermal infrared on the other. Several clever solutions have
been proposed for the first family. The simulations we present on one of them,
do show that from the ground a coronagraph associated to a top-level adaptive
optics provide a high gain in dynamic (typically Am = 15 magnitudes), but cannot
be sufficient for planet detection because of the speckle noise which is largely
dominant: it must be associated to another technique. A very promising one is
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differential imaging between two wavelengths where the star and the planet differ
largely (absorption features or polarization for instance): residual speckles should
substract efficiently between two wavelengths. From space, it is not possible today
to predict which solution will be the most successful (interferometry or corona-
graph), however, realistic simulations prove that the JWST (ex-NGST) equipped
with a four-quadrant coronagraph will likely achieve the detection of Jupiter-like
planets in the 10-20 um domain at the end of this decade. For having the chance
to see an earth-type planet discovered and may be the proof that it hosts life, we
will have to wait that all technical issues raised by the nulling interferometers in
space be solved, i.e. probably not before the end of the next decade. However today
there are no obvious technical stoppers as shown by the studies conducted for TPF
or Darwin. We can thus be reasonably confident that the goal will be reached,
especially if, for a major mission of this kind, a coordinated and/or joint efforts by
NASA, ESA and other agencies can be put in place, keeping in mind that expensive
and challenging programs in R&D, as well as precursors are mandatory.
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Planets With Detectable Life

Tobias Owen
Institute for Astronomy, University of Hawaii, 2680 Woodlawn Drive, Honolulu, HI 96822, USA

1. Introduction

This workshop honors Michel Mayor for his watershed detection of the first extra-
solar planetary system in 1995. It is worth remembering that prior to this discovery,
there was an intense debate among well-qualified scientists as to whether or not
other planetary systems existed. Now we have come to know over 100 planets
circling other stars, with more discoveries announced almost every month.

The search for life outside the solar system is currently stuck in the same debate
that once surrounded the quest for other planetary systems. Excellent scientists sup-
port a spectrum of views ranging from a strong belief that life is such an improbable
state of matter that life on Earth is probably all the life there is, through grudging
admission that there may be other planets inhabited by colonies of bacteria, to
a sense that millions of technically advanced civilizations are contemplating this
same question throughout the galaxy (Goldsmith and Owen, 2002).

Unfortunately, theories for the origin of life are in much worse shape than theo-
ries for the origin of planets. Thus the predictive abilities of science are even more
severely limited in this case. We need to “do the experiment”, we have to go out
and look for signs of life.

2. Life As We Know It

What are those signs? Life on Earth may not be the only life in the universe, but it is
the only life we know. Hence we must start with a consideration of life as we know
it, attempting to generalize from its most basic characteristics to find constraints
that environments must satisfy to be habitable and to identify the observable effects
of living systems on those environments. As we are in no position to travel to extra-
solar planets, the effects we seek are essentially confined to changes in atmospheric
composition that we can detect spectroscopically from our remote vantage point.
For example, the fact that our atmosphere is 21 percent oxygen would be a sure
indication of life on Earth to an alien spectroscopist on the other side of the galaxy.
Without the green plants to keep producing it, our present supply of oxygen would
disappear in several million years, just 0.1% of geological time.

The first thing to keep in mind is that despite its dizzying diversity to the naked
eye, at the molecular level all life on Earth is fundamentally the same. It all uses
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Figure 1. The infrared spectrum of the Earth, recorded by the TES instrument on the Mars Global
Surveyor spacecraft (Christensen and Pearl, 1997; Selsis, 2000). Note the strong bands of CO,, O3
and CHy4 at concentrations of 345, 0.05 and 2 ppm, respectively. Blackbody curves for 270 K and
215 K are shown for comparison. The projected spectral coverage of the Darwin interferometer is
shown above the x-axis.

the same 20 amino acids to build proteins and it all uses the same genetic code,
carried by DNA and RNA. At the elemental level, it is even simpler. Just four
elements, carbon, nitrogen, oxygen and hydrogen make up more than 95% (by
mass) of living matter. This is certainly a positive sign for those who believe in the
prevalence of life on other worlds, as these are the four most abundant chemically
active elements in the universe. If life depended on holmium and hafnium, one
would not be optimistic about its cosmic abundance.

Looking into the fundamental chemistry of life, we are struck by its depen-
dence on carbon as the main compound-forming element and water as the essential
solvent. Everywhere on Earth we find water there is life, the only places that are
sterile are marked by the absence of this essential substance. A quick examination
of the properties of carbon and water suggests that life’s dependence on them is no
coincidence.

In addition to its cosmic abundance, carbon has the essential ability of being
able to form the complex molecules needed for information storage and transfer,
as well as others that become structural elements and catalysts, and still others that
store and transfer energy. These molecules are easily formed, they are stable but
not too stable - the downfall of silicon which is often proposed in science fiction
as an alternative to carbon. To illustrate carbon’s gregariousness, it is enough to
compare the two stable compounds that nitrogen can form with hydrogen ( NH3
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and N, Hy ) with the enormous number (not rigorously known) that carbon can
achieve: CH, C2 H2 . ... Cyy Hys4 (enneaphyllin) ... . etc. And this is just C and H!

Water is also replete with vital virtues. After H, , it must be the most abundant
molecule in the universe. Its unusually high dielectric constant makes it an excel-
lent solvent, it is liquid over a large range of temperature and it’s the right range
for the reactions that drive the complex chemistry of living systems. Water vapor
is an excellent greenhouse gas, its high latent heat of vaporization helps moderate
the climate and regulate the internal temperatures of the organisms that use it. Ice
floats, so life in water can survive cold weather and planetary ice ages.

We conclude that life on other worlds is highly likely to use carbon and water,
while nitrogen’s cosmic abundance suggests it will also be a component of other
living systems just as it is on Earth. We are not being overly restrictive with this
conclusion because we don’t expect life elsewhere to use the same compounds of
C, H, N, O as we find on Earth. We don’t expect the same amino acids, proteins,
DNA, RNA, etc. It’s not going to look like us and could well be inedible and
smell terrible, but life elsewhere will probably rely on carbon as its main structural
element, and water as its solvent, and incorporate nitrogen in its compounds. So
where will we find it?

3. “Had We But World Enough And Time...”

Andrew Marvell was talking about love when he wrote that line, but it applies as
well to life. We need a planet to provide the habitat for life and we need the global
climate on that planet to be reasonably stable for at least 4.5 billion years if we hope
for intelligent life. We also need a long-lasting source of energy-thermal, chemical,
or best of all, star light.

These requirements and desiderata translate to the need for an Earth-like planet
in a nearly circular orbit at the appropriate distance from a sun-like star. We need
a star like the sun because we want it to have a main sequence lifetime of at least
4.5 billion years, which requires stars of spectral type later than F5. M dwarfs have
immensely long life times but their habitable zones are tiny and close to the stars.
Hence we prefer stars of types F5 — K5, which still leaves us with some 10’s of
billions of stars in our galaxy alone. The distance from the star has some latitude.
The deeper requirement in this case is to allow liquid water to exist on the planet’s
surface, which translates to a range of distances that define an annulus around
the star (actually the space between two concentric spheres ) known as the star’s
habitable zone. Stars slowly get hotter with time, so the habitable zone gradually
moves outward. Furthermore, the temperature of a planet will also depend on the
composition of its atmosphere: how much of a greenhouse effect it can produce.
Thus the outer boundary of the habitable zone is not sharply defined.

In our own solar system, Venus (at 0.72 AU) is outside the habitable zone. It
is too close to the sun for water to be stable on its surface. Instead, a runaway
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greenhouse effect caused any original oceans to boil, and the resulting overheated
atmosphere allowed water vapor to reach altitudes where it was easily dissociated
by ultraviolet photons from the sun. The hydrogen escaped, leading to a 150 times
enrichment of D/H on the planet, which has been observed (Donahue et al., 1982;
de Bergh et al., 1991).

On the other hand Mars (at 1.5 AU) is still within the zone. The problem for
Mars is not that it’s too far from the sun, it is too small to sustain the thick at-
mosphere that would provide the necessary greenhouse effect to keep it warm. An
Earth-size planet in the orbit of Mars could be habitable.

Even the present Mars may have harbored the origin of life early in its history
during an episode when the atmosphere was thicker and liquid water ran across the
surface and pooled in its impact craters (Owen, 1997). Just how warm and wet Mars
was in that early time and how long the periods of temperate climate lasted are still
hotly debated ( Squyres and Kasting, 1994; Forget and Pierrehumbert, 1997; Owen
and Bar-Nun, 2000). As this stage in our ignorance we can even hold out the hope
that life evolved to forms that survived in warm, wet regions underground, just as
life has done on Earth (Onstott et al., 1999). The discovery that liquid water may
still erupt from time to time onto the Martian surface (Malin and Edgett, 2000 )
adds to this hope. With such heady prospects, Mars remains an exciting target in
the search for life in the solar system.

A less likely but still intriguing target is offered by Jupiter’s icy satellite Eu-
ropa. This moon is warmed from the inside by the dissipation of tidal energy from
Jupiter, the same engine that drives the astonishing volcanic activity on the inner
satellite Io. Here the thought is that beneath the icy crust of Europa there may be a
warm ocean of water, and in that ocean there could be life (Gaidos et al., 1999).

This idea is driven by an analogy with the submarine vents on Earth, where a
profusion of life is found at depths that are well beyond the reach of the sun. There
are two problems with this idea, however. The first is that our submarine vents have
lifetimes of only a hundred years or so. It seems doubtful that life could originate
in such a timescale, particularly when the chemicals required would be so diluted
by the surrounding surfeit of water. The second point is that evidence suggesting
that the most ancient ancestor of life on Earth originated under high temperature
conditions such as those at a submarine vent has been severely challenged by
studies of the cross linking bases in RNA. Using computer models, Galtier el a.
(1999) found that cytosine and guanine linkages were less prevalent in ancient life
forms than they are in heat loving organisms today . Those C-G links are more
heat-resistant than adenine-uracil links. Finally, it is worth noting that Ganymede
and Callisto, the outer two of the giant Galilean moons do not have atmospheres of
nitrogen and methane, unlike Titan, Saturn’s largest satellite. So it may well be that
the moons in Jupiter’s retinue are deficient in the carbon and nitrogen life seems to
need.
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Nevertheless, the recognition that tidal energy from a giant planet could make
one of its satellites habitable is a new idea, and broadens our definition of the
habitable zone.

4. Finding Life On Brave New Worlds

So now we have convinced ourselves that the stuff of life is plentiful in the galaxy
and we have defined the constraints that a life-bearing planet must satisfy. In our
solar system, we have found only one planet that has life on it, Earth, and another
that is at least in the habitable zone of our star, but may (or may not!) be too small
to sustain a viable ecosystem. What about all those other worlds out there whose
existence we now know?

The sad fact is that all of these super-giant planets are themselves totally un-
suited to be adobes of life. Not only that, most of them have migrated through
the habitable zones of their systems to their present positions, thereby wiping out
any Earth-like planets that might have existed. The other giants occupy eccentric
orbits that will again cause them to wreak havoc on the types of planets we seek,
or prevent them from forming in the first place. As of 1 January 2003, we are still
lacking a system with a giant planet in a nearly circular orbit at a distance of about
5 AU from its star, with no other giants between it and the star. The good news
is that we could only hope to detect such a system the last year or so, when the
accumulated observations would have covered enough of the giant planet’s orbit to
make identification certain. Thus we may hope for the first discoveries of systems
whose basic architecture is like our own in the very near future.

This will be reassuring, but we will still not have the certainty that these systems
have Earth-size planets in their habitable zones. This information will come from
the Kepler (see Borucki, this volume) and Eddington missions, which will start
returning data on transits of terrestrial planets in 2007. At that point, we will be
able to make sound, statistical arguments for the number of Earth-like planets in
the galaxy. The next step will be the use of interferometers in space to separate
these planets form the glare of their stars, allowing us to do spectroscopy to see
what gases their atmospheres contain.

What gases do we seek? Once again we revert to the single example of life
that we know. We have seen that plentiful oxygen is a sure sign of life. Trees
and grass are not required to produce it. The blue-green bacteria produced the
first global abundance of oxygen on Earth some 2.5 billion years ago, and their
descendants are still releasing oxygen today. Similar organisms could be thriving
on Earth-like planets throughout the galaxy. Other bacteria on our own planet also
give themselves away by the gases they produce, as the 2 ppm of methane in our
atmosphere testifies. This methane is produced by a certain type of bacteria known
(obviously) as methanogens, that live primarily in swamps and in the guts of grass
eating animals. Other bacteria generate hydrogen sulfide, while still others produce
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other gases that would not survive in the atmosphere of a planet in a habitable zone
unless they had a continuous source.

This perspective defines our task: we are looking for gases that would not exist
in planetary atmospheres if living organisms were not present to produce them.

The current protocol for the two space-born interferometers under consider-
ation, the Terrestrial Planet Finder (TPF) and Darwin , is to focus on ozone as
a surrogate for O, (Leger, 2000). The great advantage of this approach is that the
strongest Oz absorption falls at 9.6 um, a region of the spectrum where the contrast
between the brightness of the planet (from its thermally emitted IR radiation) and
the brightness of the star is at a minimum. Methane has its strongest band nearby at
7.6 um , so both gases can be searched for along with the prominent CO, band at 15
pm (Fig. 1). Other potentially interesting disequilibrium gases such as N,O , NH;
, and SO, can also be detected in this same spectral region (Selsis, 2000). Should
it prove possible to obtain spectra of candidate planets at 0.76 nanometers, direct
detection of O, would become feasible at rather low spectral resolution (Owen,
1980).

5. False Positives

How can we be absolutely certain that the discovery of a disequilibrium gas in a
planetary atomsphere is really a sign of life? In fact, there are other ways these
gases could be generated, but we can eliminate these false positives with proper
care.

Consider oxygen. Huge amounts of this gas will be produced by the runaway
greehouse phenomenon we discussed when considering the habitability of Venus.
This will be a temporary effect, however, as the oxygen liberated by the photolytic
destruction of water vapor in a planet’s upper atmosphere will soon combine with
crustal rocks. There are several ways to eliminate the potential confusion. The first
step might be to use the planet’s distance from its star and the spectral energy
distribution and surface temperature of the star to calculate the planet’s surface
temperature. This would tell us if a runaway were possible. We could look for
the presence of large amounts of CO, together with the oxygen in the planet’s
atmosphere, which would signal that a runaway was indeed underway. Most con-
vincingly, if we could measure the planet’s surface temperature, there would be no
doubt about the source of its atmospheric oxygen.

In the case of methane and other reduced gases, the key parameters will be
the size of the planet, its distance from its star, and the age of the star. We are still
uncertain about the composition of the Earth’s earliest atmosphere, but if it ever was
in a reducing state, it would have been during the first billion years of the planet’s
history. In this early epoch, bombardment by volatile-rich planetesimals might have
been able to generate reducing conditions if the planet were sufficiently cold to
minimize the amount of water vapor in its atmosphere. Once the planet warms up,
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water vapor gets into the atmosphere in sufficient amounts to generate OH though
photolysis and this molecular fragment will oxidize any reduced compounds such
as CHy, .

Thus any inner planet in any system throughout the galaxy will ineluctably
convert to a CO, -dominated atmosphere if life fails to develop. We see this clearly
with Mars and Venus in our own system. So if we find a significant amount of
methane in the atmosphere of a distant Earth-sized planet that is in the habitable
zone of a star over one billion years old, we can be quite certain that we are looking
at an inhabited world. The inhabitants may simply be bacteria, but they would
nevertheless demonstrate that the transformation of non-living to living matter was
not a unique event in the galaxy.

6. The Future

All of these possibilities and surely others as well, will receive detailed scrutiny
and elaboration before we actually undertake the first direct searches for evidence
of life on other worlds like ours. We can identify some of the steps along the way
to this goal, with an approximate time table as follows:

2003-2011 Continuing investigations of Mars by orbiters, landers and rovers,
leading ultimately to the return of samples from Mars.

2007 Launch of the Kepler and Eddington missions. First specific searches for
Earth-like planets around sun-like stars.

2015 Launch of a Space-borne interferometer, modeled on TPF + Darwin: We
begin a systematic search for life on other worlds.

This is the formal outline of what the agencies are planning. But if past history
is any kind of guide, individual astronomers using ever more sophisticated and
capable ground-based instruments may actually “jump the queue” and give us an
answer much sooner. And of course if that long-awaited message from a techno-
logically advanced civilization somewhere else in the galaxy finally makes its way
to our anxiously searching radio telescopes, we could have our answer tomorrow!

The point of all this is that we have indeed reached the stage in the development
of our own civilization where experiment is taking the place of speculation in our
deeply rooted quest for life elsewhere in the universe. Is living matter a miracle or
a commonplace phenomenon? By the year 2020 we should surely know.
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Abstract. The discovery of the first planetary companion to a solar-type star by Mayor and Queloz
(1995) launched the extrasolar planetary systems era. Observational and theoretical progress in this
area has been made at a breathtaking pace since 1995, as evidenced by this workshop. We now
have a large and growing sample of extrasolar gas giant planets with which to test our theories of
their formation and evolution. The two competing theories for the formation of gas giant planets,
core accretion and disk instability, appear to have testable predictions: (i) Core accretion seems to
require exceptionally long-lived disks, implying that gas giants should be somewhat rare, while disk
instability can occur in even the shortest-lived disk, implying that gas giants should be abundant. The
ongoing census of gas giants by the spectroscopic search programs will determine the frequency of
gas giants on Jupiter-like orbits within the next decade. (ii) Core accretion takes millions of years to
form gas giants, while disk instability forms gaseous protoplanets in thousands of years. Determining
the epoch of gas giant planet formation by searching for astrometric wobbles indicative of gas giant
companions around young stars with a range of ages (~ 0.1 Myr to ~ 10 Myr) should be possible
with the Space Interferometry Mission (SIM). (iii) Core accretion would seem to be bolstered by a
higher ratio of dust to gas, whereas disk instability occurs equally well for a range of dust opacities.
Determining whether a high primordial metallicity is necessary for gas giant planet formation can
be accomplished by spectroscopic and astrometric searches for gas giants around metal-poor stars.
Eventually, ice giant planets will be detectable as well. If ice giants are found to be much more
frequent that gas giants, this may imply that core accretion occurs, but usually fails to form a gas
giant. Terrestrial planets will be detected through photometry by Kepler and Eddington, astrometry
by SIM, and imaging by Terrestrial Planet Finder and Darwin. Ultimately these detections will clarify
the process of Earth formation by collisional accumulation, the only contending theory.

1. Introduction

Given the wealth of knowledge about our own Solar System, nearly all work on the
theory of planetary system formation has been focused on our own system. Little
attention was paid to how the planet formation process might operate under other
circumstances, with the noteworthy exception of Wetherill (1996), who studied the
formation of terrestrial planets in the case of central stars and protoplanetary disks
with varied masses, and with widely varying assumptions about the location of any
gas giant planets in the system. This single-mindedness has led to a fairly mature,
widely-accepted theory of terrestrial planet formation by the collisional accumu-
lation of progressively larger solid bodies (Wetherill, 1990). Even after decades of
research, however, there are two very different hypotheses about how the gas giant
(Jupiter and Saturn) and ice giant (Uranus and Neptune) planets formed.
Beginning with the first discovery of an uncontested extrasolar gas giant planet
by Mayor and Queloz (1995), the attention of many planetary formation theorists
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have shifted toward trying to understand the origin of the often unexpected prop-
erties of extrasolar planetary systems. As a direct result of entering this new era,
theories of planetary system formation and evolution are beginning to evolve in
order to encompass these new planetary systems. The desire to create a unified
theory of planetary system formation, applicable both to extrasolar systems and to
our Solar System, will undoubtedly lead to creative tensions that will test our most
basic ideas of how these processes occurred.

In this workshop summary, we will review the current status of theoretical work
on gas and ice giant planet formation by core accretion and disk instability, the
two competing mechanisms. Given the difficulty of deciding between these two
competing mechanisms purely on the basis of theoretical arguments, we note that
observations of extrasolar planets and star-forming regions must play the central
role in deciding between these two mechanisms. We thus conclude by pointing out
a number of observational tests that should be applied to help settle the issue of
planetary origins. This summary is based in part on a recent review paper (Boss,
2002b).

2. First Census of Neighboring Planetary Systems

The first confirmed discovery of an extrasolar planet orbiting a solar-type star
was that of 51 Pegasi’s ~ 0.5M; (M, = Jupiter’s mass) companion (Mayor and
Queloz, 1995). Subsequent discoveries have come so rapidly that review articles
are quickly outdated — Marcy and Butler’s (1998) review listed only 8 extrasolar
planet candidates, whereas roughly 100 planet candidates exist as of September,
2002 (Figure 1). Most of the latest discoveries are either comparable to or greater
than Jupiter in mass, or have semi-major axes greater than several AU, implying
that most of the higher mass, shorter period planets have already been found, at
least for those stars which have been studied for several years or more.

Prior to 1995, the only example of a planetary system was our own, and so it
was natural for theorists to concentrate on forming the Solar System’s planets. As
is evident from Figure 1, there exist a number of planetary systems which do not
even remotely resemble our own. The very first Jupiter-mass planet discovered,
51 Pegasi’s planet (Mayor and Queloz, 1995), has a semimajor axis of ~ 0.05 AU,
100 times smaller than that of Jupiter, and a surface temperature ~ 10 times higher,
because of its proximity to its star. Several more such “hot Jupiters”, and even “hot
Saturns”, have now been found. Extrasolar planets seem to be more or less evenly
distributed throughout the range of semimajor axes from about 0.04 AU to 3 AU
(at least when viewed in terms of the log of the separation), with many of those
orbiting outside 0.1 AU having orbits which are significantly more eccentric than
that of Jupiter. Assuming a random distribution of planetary orbital inclinations,
the median true masses of these objects are likely to be about 30% greater than the
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Figure 1. Discovery space for extrasolar planets and brown dwarfs as of September, 2002. The
oblique dashed line illustrates the current sensitivity limit for spectroscopic detections, showing
that current limits are sufficient to detect true Jupiter-analogues. Filled circles represent roughly
circular orbits, while open circles represent eccentric orbits. All of these objects were found by the
spectroscopic method (Mayor and Queloz, 1995; Marcy and Butler, 1998) which yields only a lower
limit on the companion’s mass. Objects with masses above ~ 13M; can burn deuterium and hence
may be best classified as brown dwarf stars, rather than as gas giant planets. Nearly all of these
objects are in orbit around solar-mass main sequence stars.

minimum masses found by Doppler spectroscopy (Figure 1), so that many of these
planets are considerably more massive than Jupiter, by up to a factor of 10 or so.
However, the discoveries to date have also been reassuring in several ways. Evi-
dence for a dozen or so systems containing two or more very low mass companions
have been found so far, implying a planetary-like configuration of several smaller
bodies orbiting a central star, which is totally unlike the hierarchical configuration
of multiple star systems. The discovery of the first (and so far only) transiting
planet, around the star HD 209458 (Charbonneau et al., 2000; Henry et al., 2000),
has provided the best evidence yet that many if not most of these objects are indeed
gas giant planets: the planet’s mass is =~ 0.7M, with a radius and a density (Mazeh
et al., 2000) roughly equal to that expected for a hot Jupiter. In addition, sodium
has been detected in the atmosphere of HD 209458’s planet (Charbonneau et al.,
2002), exactly as predicted for a hot Jupiter (Seager and Sasselov, 2000). These
ongoing discoveries have conclusively shown us that the Solar System is not the
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only outcome of the planet formation process. The bulk of these new objects are
likely to be gas giant planets, and their formation process and characteristics should
be explainable by any general theory of planetary system formation.

3. Gas Giant Planet Formation

There are two logical extremes for forming gas giant planets, namely from the
“bottom up” (core accretion), or from the “top down” (disk instability). Historically
speaking, by far most of the efforts to understand giant planet formation have been
performed in the context of the core accretion mechanism. As a result, the strengths
and weaknesses of the core accretion mechanism are much better known than those
of the competing disk instability mechanism, the latter of which has only recently
been revived and subjected to serious theoretical investigation.

3.1. CORE ACCRETION

The terrestrial planets are nearly universally believed to have formed in the in-
ner solar nebula through the collisional accumulation of successively larger, solid
bodies — sub-micron-sized dust grains, kilometer-sized planetesimals, lunar-sized
planetary embryos, and finally Earth-size planets (Wetherill, 1990). The core accre-
tion mechanism envisions the same basic process as having occurred in the outer
solar nebula as well, leading to the formation of ~ 10 Mg solid cores, on roughly
circular orbits initially, which then accrete massive gaseous envelopes from the
disk gas (Mizuno, 1980). The ~ 10 Mg solid cores are expected to form through
runaway accretion (e.g., Lissauer, 1987), where the largest bodies grow the fastest
because their self-gravity increases their collisional cross-sections. An atmosphere
forms at an early phase, by accretion of solar nebula gas, and as the protoplanet
continues to grow by accreting both gas and planetesimals, this atmosphere even-
tually can no longer be supported in hydrostatic equilibrium and contracts. This
contraction leads to a short period of atmospheric collapse, during which the pro-
toplanet quickly gains the bulk of its final mass (Pollack et al., 1996). At that point,
the accretion of solar nebula gas is assumed to be terminated.

The time scale for core accretion to proceed depends strongly on the initial
surface density of solids. The surface density in the giant planet region is often
assumed to be 5 to 10 times that of the “minimum mass solar nebula” in models of
core accretion (Lissauer, 1987). Models which calculate both the accretion of gas
as well as of planetesimals (Pollack et al., 1996) show that with a surface density
of solids o, = 10 g cm™2 at 5.2 AU, core accretion requires ~ 8 x 10° years to
form Jupiter. When o; is decreased by just 25%, the time required increases by
a factor of 6. Time scales of 8 million years or more exceed current estimates of
disk life times for typical solar-type young stars of a few million years in regions
of low mass star formation (Bricefio et al., 2001), and of less than a million years
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in regions of high mass star formation (Bally et al., 1998). Speeding up the core
accretion process by increasing the assumed surface density at 5.2 AU does not
appear to work for Jupiter: when o, is increased to 15 g cm~2, the formation time
drops to ~ 2 x 10 years (Pollack et al., 1996), but produces a central core with a
mass exceeding the possible range for Jupiter (Guillot et al., 1997), even given the
great uncertainties in models of the Jovian interior. Models of the structure of HD
209458’s hot Jupiter seem to require that this extrasolar planet have no core at all,
in order to match its observed radius (Hubbard et al., 2002; Guillot, this volume).

Things get even worse out at Saturn’s orbital radius, as core accretion proceeds
more slowly as the orbital radius increases and orbital periods increase. All of
these calculations (Pollack et al., 1996) already assume optimum conditions for
the growth of cores: infinite reservoirs of accretable solids and gas, maximum
possible gravitational cross-sections for collisions, no collisional fragmentation,
and the absence of competition from other nearby, runaway protoplanets. Some
recent core accretion models have shown that the time scale for envelope growth
depends strongly on the assumed core mass and somewhat on the assumed dust
grain opacity (Ikoma et al., 2000). Ikoma et al. (2000) claim that a nebula lifetime
of more than 100 million years is needed to form Jupiter and Saturn, or else mi-
gration of protoplanets may have to be considered. The recent paper by Kokubo
and Ida (2002) assumes that disks last for 100 million years, sufficiently long for
several Jovian planets to form from massive disks by core accretion. However,
the core accretion models by Kornet et al. (2002) have found that the two giant
planets in the 47 UMa system might have formed in about 3 million years, as-
suming that the protoplanetary disk had a mass of 0.164 M, a local enhancement
of the dust-to-gas ratio between 1 AU and 4 AU, no competing protoplanets, no
loss of planetesimals by gas drag, and no migration of the protoplanet. While work
continues on resolving the time scale problem, core accretion would seem to be
competitive only in relatively long-lived protoplanetary disks (Lissauer and Lin,
2000).

Core accretion models of the in sifu formation of hot Jupiters have also been
attempted. The critical core mass needed for gaseous envelope collapse onto the
core could be as low as 2-3 Mg at 0.1 AU, according to Ikoma et al. (2001).
However, other calculations found that core accretion could only proceed very
close to the star if solids were transported inward at a high rate in order to feed
the growing core (Bodenheimer et al., 2000). The latter models suffer from the
same time scale problem that occurs at more traditional distances.

The results of Bodenheimer et al. (2000) suggest that hot Jupiters formed farther
out than their current distances, and then experienced inward orbital migration
to their present parking orbits (Lin et al., 1996; Bodenheimer et al., 2000). The
necessary orbital migration is likely to have resulted from gravitational interactions
between the planet and the gas disk, though planet-planet gravitational interactions
have also been studied (Ford, this volume). However, prior to the planet becoming
large enough to open a gap in the disk, the time scale for inward migration (Type

PlanetarySystems.tex; 28/12/2006; 12:00; p.299



290 A. P. Boss

I migration) is only about 10* years for a 10 Mg body. Hence it may be difficult
for a growing core to survive long enough to accrete a gaseous envelope and then
open a disk gap before the core is lost by inward migration onto the star (Ward,
1997; Papaloizou and Larwood, 2000; Miyoshi et al., 1999). Once a protoplanet
grows large enough to remove the gas from its immediate vicinity by opening a
disk gap, the protoplanet thereafter migrates (inward, or outward, depending on
location in the disk) along with the disk (Type II migration). Opening a disk gap
may slow but not stop subsequent growth by accretion of gas (Bryden et al., 1999).
The observational fact that extrasolar planets found so far have a wide range of
orbital distances from their stars may imply that their Type II orbital migration
times were comparable to the life times of their inner disks (~ 10° years), a life
time that is roughly consistent with estimated disk viscosities based on theoretical
estimates of likely sources of turbulent viscosity.

A number of arguments for and against core accretion may be noted. Forming
Jupiter by core accretion is consistent with the absence of planets in the asteroid
belt (Wetherill, 1996). Core accretion also is consistent with large core masses and
non-solar bulk compositions. However, estimated core masses for the gas giant
planets have dropped dramatically since 1995, and are now thought to be in the
range from 0 to 10 Mg for Jupiter, and from 6 to 17 Mg for Saturn (Guillot et
al., 1997; Guillot, 1999a). Obviously a core mass which is too small to initiate gas
accretion would seem to rule out core accretion, unless the core somehow dissolved
after the planet formed. HD 209458’s planet appears to be hydrogen-rich (Hubbard
et al., 2002) and need not even have a core. The non-solar atmospheric composi-
tions of Jupiter and Saturn (Guillot, 1999b) are likely to be at least in part the
result of several billion years of cometary impacts (e.g., Comet Shoemaker-Levy
9’s spectacular demise in Jupiter’s atmosphere). In the core accretion scenario,
it is unclear what process could have limited Saturn’s mass to its present value,
roughly 1/3 that of Jupiter, given its apparently larger core mass. Considering these
concerns about core accretion, it seems worthwhile to examine the prospects of the
other possibility for gas giant planet formation.

3.2. DISK INSTABILITY

The only known alternative to core accretion is disk instability, where gas giant
protoplanets form rapidly through a gravitational instability of the gaseous portion
of the disk (Cameron, 1978; Boss, 1997). The disk instability mechanism had been
neglected for years largely because it could not easily account for the initial es-
timates of the core masses of Jupiter and Saturn (in the range of 20 to 30 Earth
masses), or for their non-solar bulk abundances. However, it seems likely that a
significant solid core could form in a giant gaseous protoplanet by the process of
sedimentation of dust grains to the center of the protoplanet, prior to contraction
of the protoplanet to planetary densities and temperatures high enough to dissolve
or melt the solids (Boss, 1997, 1998a). This is the same process that is thought to
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lead to the formation of solid planetesimals in the core accretion mechanism, as
dust grains sediment downward toward the midplane of the disk, only now in the
spherical geometry of a gaseous protoplanet. A disk instability leading to gaseous
protoplanet formation and the process of core formation by sedimentation of dust
grains would occur essentially simultaneously, within ~ 103 years. Contraction of
the protoplanet to planetary densities requires another ~ 10° years or so. For a
Jupiter-mass protoplanet with a solar abundance of metals, sedimentation of all of
the metals could lead to the formation of at most a ~ 6 Mg, core, a core mass more
or less in the middle of the currently estimated range (Guillot, 1999a). The impacts
of the fragments of Comet Shoemaker-Levy 9 with Jupiter, combined with recent
gas giant interior models (Guillot, 1999b), suggest that the present atmospheres
of the gas giant planets reflect their accretion history more than their primordial
compositions. A Jupiter formed by disk instability may then have experienced
much the same accretion history as a Jupiter formed by core accretion, leading
to similar envelope enrichments.

The standard core accretion model (Pollack et al., 1996) seems to requires a sur-
face density at 5.2 AU which implies at least a marginally gravitationally unstable
nebula, because midplane temperatures in the solar nebula drop quickly beyond
the asteroid belt (Boss, 1998c) and are constrained to values below about 50 K
in the outer nebula by the presence of low temperature molecular species seen
in comets. Detailed three dimensional hydrodynamical models have shown that
such a marginally unstable disk will become strongly non-axisymmetric and form
trailing spiral arms within just a few rotation periods (Boss, 1998a). When followed
with a sufficiently high spatial resolution calculation, these spiral arms break-up
into high-density clumps containing enough mass to be self-gravitating and tidally
stable (Boss, 2000). Hydrodynamical models with a full thermodynamical treat-
ment, including three dimensional radiative transfer in the diffusion approximation
(Boss, 2001), have shown that a disk instability proceeds in a similar manner as in
the previous calculations (Boss, 2000), which employed thermodynamical assump-
tions which were more favorable for the growth of self-gravitating clumps. This
similarity results because the time scale for cooling from the disk surface is com-
parable to the dynamical (orbital) time scale, so that clump formation is slowed, but
not prevented, by compressional heating. The energy produced by compressional
heating at the disk midplane is transported to the disk surface by convective cells,
with convective velocities at 10 AU being large enough to transport heat to the disk
surface on the orbital time scale (Boss, 2002c¢).

Disk instability can produce self-gravitating protoplanets with cores in ~ 10°
years, so there is no problem with forming gas giant planets in even the shortest-
lived protoplanetary disks. Even if core accretion can form gas giant planets in
about 3 million years (Kornet et al., 2002), disk instability evidently will outrace
core accretion, if it can occur in the first place. Disk instability is enhanced in
increasingly massive disks, and so it should be able to form planets at least as
massive as Jupiter, given that Jupiter-mass clumps form even in disks with masses
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of ~ 0.1 M. Disk instability sidesteps any problem with Type I orbital migration,
and with gap-limited mass accretion, because the clumps form directly from the gas
without requiring the prior existence of a solid core subject to Type I drift that can
disappear before opening a gap. Once they are formed, the clumps quickly open
a disk gap, preventing Type I motion with respect to the gas, but only after most
of the protoplanet’s mass has already been captured. Thereafter the protoplanet
migrates with the disk; in the case of the Solar System, little orbital migration
appears to be necessary, implying a short life time for the solar nebula (see below).
Rapid Jupiter formation by disk instability appears to be compatible with terrestrial
planet formation by collisional accumulation and may help limit the growth of
bodies in the asteroid belt (Kortenkamp and Wetherill, 2000; Kortenkamp et al.,
2001; Thébault and Brahic, 1999). In fact, disk instability could even help to speed
the growth of the Earth and other terrestrial planets (Kortenkamp et al., 2001). As
in the core accretion mechanism, the ongoing accretion of comets is needed to
explain the non-solar compositions of the envelopes of the gas giant planets.

Disk instability is not without its own problems, however, though potential
solutions may exist in some cases. It is unclear how massive a core formed by sed-
imentation of dust grains would be, particularly if the interior temperature should
become too high for water ice to remain solid. Whether or not a marginally grav-
itationally-unstable disk will evolve in such a way as to produce self-gravitating
clumps is also unclear, as gravitational torques may simply redistribute mass and
angular momentum instead. The pioneering work on this question had insuffi-
cient numerical resolution (25,000 particles, versus over 1 million grid cells in
current disk instability models, e.g., Boss, 2003) to allow self-gravitating clumps
to form (Laughlin and Bodenheimer, 1994). As a result, disk instabilities may re-
quire some sort of trigger to produce clumps, such as the accumulation of gas in a
magnetically-dead zone of the disk, episodic accretion of infalling gas onto the disk
(Boss, 1997), or perhaps a close encounter with another star. The conditions under
which newly-formed clumps survive to become gas giant planets also remain to be
understood, though calculations by Mayer et al. (2002) suggest that the clumps can
survive as they orbit in the disk. Disk instability would also have trouble forming
sub-Jupiter-mass planets, unless one invokes tidal stripping of the protoplanet’s
envelope during a phase of rapid inward orbital migration, or photoevaporation of
the protoplanet’s envelope (see below).

4. Ice Giant Planet Formation

The same two mechanisms that have been advanced for explaining the formation
of the gas giant planets are also possibilities for explaining the formation of the ice
giant planets.
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4.1. CORE ACCRETION

Because of their relatively modest gaseous envelopes, the ice giant planets are
somewhat less constrained than the gas giant planets by the observed life times of
protoplanetary disks; e.g., it has been suggested that they formed as recently as 3.9
billion years ago (Levison et al., 2001). Nevertheless, there remains a severe time
scale problem for forming ice giants by core accretion. Time scales for collisions
to occur increase with increasing orbital period. As a result, collisional accumu-
lation is even slower in the outer solar nebula than in the gas giant planet region.
Furthermore, lower surface densities of solids at greater heliocentric distances slow
collisional growth even more. Perhaps most importantly, because the escape veloc-
ity from the Solar System at 20 AU to 30 AU is ~ 8 km s~!, comparable to orbital
velocities and to the relative velocities between growing planetary embryos, the ef-
fect of mutual encounters of embryos is to excite orbital eccentricities so much that
the embryos soon cross the orbits of Saturn or Jupiter. As a direct result, embryos
can be ejected on hyperbolic orbits, lost by impact with the gas giant planets, or
perturbed onto comet-like orbits (Lissauer et al., 1995). In fact, it has been asserted
that ice giant planets cannot form in the standard core accretion model (Levison
and Stewart, 2001). Theorists have artificially increased collisional cross sections
of the growing planetary embryos by several orders of magnitude in order to try to
gain some understanding of what might have happened in the outer Solar System
(Levison et al., 1998). Even in this unphysical case, the bodies that do grow have
eccentric orbits that inhibit further growth and do not resemble the more nearly
circular orbits of the outer planets.

One approach to solving the problem of the ice giant planets has been to invoke
a hypothetical drag force that would damp orbital eccentricities in the outer Solar
System (Levison and Stewart, 2001), due perhaps to extended planetary envelopes,
or to interactions with the remaining gas and planetesimals in the nebula. One could
also imagine the runaway accretion of a single embryo all the way to Uranus-size
(Bryden et al., 2000), instead of assuming the oligarchic growth of multiple em-
bryos (Kokubo and Ida, 1998). Perhaps the leading suggestion for forming the ice
giant planets by core accretion is the idea (Thommes et al., 1999) that the ice giants
were formed between Jupiter and Saturn (i.e., that core accretion was able to form
four cores between 5 and 10 AU), and then were gravitationally scattered outward
to their current orbits, following the rapid growth of the gaseous envelopes (and
masses) of one or two of the other cores that were destined to become Jupiter or
Saturn. This scenario might then be only a little more difficult than that of forming
just the gas giant planets by core accretion.

4.2. DISK INSTABILITY

Recently it has been proposed that disk instability might be capable of forming
the ice giant planets, provided that the Solar System formed in a region of high
mass star formation, similar to the Orion nebula cluster (Boss et al., 2002). The
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Figure 2. Equatorial density contours for a three-dimensional radiative hydrodynamics calculation
of a disk instability possibly leading to the formation of the giant planets. The region shown is 30
AU in radius, with an inner region of radius 10 AU excised. Four well-defined clumps (cross-hatched
regions) with masses about twice that of Jupiter have formed after 340 years of evolution.

conventional view of Solar System formation is that the presolar cloud collapsed in
a region of low-mass star formation, similar to Taurus-Auriga. In such a quiescent
setting, the background UV flux is likely to be low and limited largely to the flux
from the protosun, once it forms.

However, in regions similar to the Orion Trapezium environment, extreme ul-
traviolet radiation (EUV) from the massive stars would photoevaporate the disk gas
outside a radius of about 10 AU in about ~ 10° years (Bally et al., 1998). Recent
observations of young stars in the Eta Carina nebula have revealed the presence of
protoplanetary disks being exposed to a level of EUV radiation roughly 100 times
higher than that in Orion (Smith et al., 2002), leading to proportionately shorter
outer disk life times. Once the disk gas is removed, the outermost protoplanets
would then be exposed to EUV radiation, and provided that they do not contract
to planetary densities in a time much less than ~ 10* to ~ 10° years (DeCampli
and Cameron, 1979), their gaseous envelopes will also be photoevaporated by the
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incoming EUV flux, leaving behind the cores previously formed by sedimentation
and coagulation of their dust grains. Given the formation by disk instability of four
gas giant protoplanets with masses of order 1 to 2 M}, close to the orbits of Jupiter,
Saturn, Uranus, and Neptune (Boss, 2003; Figure 2), EUV photoevaporation of the
gaseous envelopes of the outermost three protoplanets would leave behind cores
with partial gaseous envelopes, producing planets similar in composition to Sat-
urn, Uranus, and Neptune (Boss et al., 2002). The innermost gas giant, destined to
become Jupiter, is inside the critical radius where the disk gas cannot be removed
by EUV radiation because of the protosun’s gravitational attraction, and so does
not lose any envelope gas.

Much remains to be studied in this unconventional mechanism for ice giant
planet formation, but this mechanism does have the major advantage of being ap-
plicable in general, as most stars are believed to form in regions similar to Orion. If
correct, this would mean that the Solar System need not have formed under some-
what special circumstances, and so need not be the exception, but could instead
be the rule among planetary systems. While roughly 5% of nearby sun-like stars
are circled by planetary systems quite unlike our own (Figure 1), the remaining
sun-like stars might still shelter planetary systems similar to the Solar System.

5. Conclusions

Thanks to the pathbreaking work of Michel Mayor, Didier Queloz, and their col-
leagues, we are now embarked on a grand journey to explore the possibilities for
other habitable planets in our corner of the Milky Way galaxy. As we proceed
on this journey, we are likely to learn enough about the characteristics of planetary
systems to be able to differentiate between the two competing theories of the origin
of gas and ice giant planets. We conclude by highlighting a few key observational
tests that should aid in this process.

5.1. OBSERVATIONAL TESTS FOR GAS GIANT PLANET FORMATION

If core accretion requires an exceptionally long-lived disk in order to have sufficient
time for the accretion of a massive gaseous envelope, then gas giant planets might
be no more frequent than long-lived disks. If disk instability is able to occur, on the
other hand, it should lead to the formation of gas giants in even the shortest-lived
protoplanetary disk. Hence, one basic test is to determine the frequency of gas giant
planets: are they rare or commonplace? The results to date (Figure 1) would suggest
that gas giants are abundant, but only continued efforts by the ground-based radial
velocity surveys will reveal the true gas giant planetary census, particularly for the
longer period planets more closely resembling Jupiter.

Because core accretion is slow with respect to disk instability, if core accretion
dominates, young stars should not show evidence of gas giant companions until
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they reach ages of several million years or more. If disk instability dominates,
however, even the youngest stellar objects may have gas giant planets. Dating the
epoch of gas giant planet formation is thus another means to differentiate between
the two contenders (Boss, 1998b). Several techniques could be employed. NASA’s
Space Interferometry Mission (SIM) will search for the astrometric wobbles of
young stars caused by gas giant companions, beginning perhaps as early as 2009.
Nearby low-mass star-forming regions such as Taurus and Ophiuchus will be the
primary hunting grounds. The Atacama Large Millimeter Array (ALMA) will be
able to form mm-wave images of protoplanetary disks with ~ 1 AU resolution and
search for disk gaps created by massive protoplanets. The radial velocity technique
is hampered in dating the epoch of gas giant planet formation because of the
rapid rotation rates (and hence broad spectral lines), chromospheric activity, and
variability of young stars.

Disk instability appears to be relatively insensitive to the opacity of the disk,
which is dominated by dust grains, and thus to the metallicity of the host star
and disk (Boss, 2002a). It is unclear if core accretion is helped or hindered by
higher metallicity, but the overall effect should be to raise the surface density of
solids and thus to speed the growth of cores. Another test is thus to see if a high
primordial metallicity is necessary for gas giant planet formation. This will require
either spectroscopic or astrometric ground-based searches for gas giants around
metal-poor stars, the latter using the Keck Interferometer (KI) or the Very Large
Telescope Interferometer (VLTI).

Finally, the mass of Jupiter’s core remains as an important clue to its origin. If
Jupiter’s core is much more massive than ~ 6 Mg, then it probably could not have
formed by disk instability, unless it had lost part of its gaseous envelope by EUV
stripping and then migrated inward to 5.2 AU. A large Jupiter core would seem to
support formation by core accretion. A Jupiter polar orbiter mission to probe the
planet’s gravitational field might be needed to better constrain the Jovian interior.

5.2. OBSERVATIONAL TESTS FOR ICE GIANT PLANET FORMATION

If core accretion can occur, but seldom occurs in a disk long-lived enough for a
gas giant planet to form, then the typical result may be a system of failed cores,
i.e., a system of ice giant planets, unaccompanied by gas giants. If disk instability
dominates, inner gas giants should be the rule, accompanied by outer ice giant
planets in systems which formed in Orion-like regions and experienced EUV en-
velope stripping. In Taurus-like regions, disk instability should produce only gas
giants, unaccompanied by outer ice giants. Ground-based radial velocity surveys
for “hot Neptunes” will shed light on the frequency of short period ice giants. The
Corot, Kepler, and Eddington space missions will use photometry to detect “hot”
and “warm Neptunes” by the transit method. “Cold Neptunes” could be detected
astrometrically by the KI, VLTI, or SIM.
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The question of planetary system architectures is another potential factor: where
are the ice giants orbiting with respect to the gas giants? If extrasolar planetary
systems are typically as well-ordered as the Solar System (inner terrestrial planets,
intermediate gas giants, outer ice giants), such an architecture would imply for-
mation in situ, or else an orderly, disk-driven inward orbital migration from more
distant regions. However, if extrasolar planetary systems are more often disordered,
this would imply that gravitational interactions between the protoplanets led to a
phase of chaotic evolution where information about the primordial planetary orbits
has been lost. In the latter case, it may be hard to place constraints on the formation
mechanisms involved.

5.3. DETECTION OF EXTRASOLAR EARTHS

The ultimate goal of the search for extrasolar planetary systems is to find terrestrial-
like planets orbiting in the habitable zones of their stars, planets that might well
be analogous to the Earth, though perhaps at a much different phase of planetary
evolution. While this goal still seems distant, it is much closer than it was in 1995,
before Mayor and Queloz (1995) made their epochal discovery. Both NASA and
ESA are planning to fly space missions that will first estimate the frequency of
Earth-like planets by transit photometry (Kepler and Eddington, respectively), and
then detect and characterize Earth-like planets by direct imaging, either with an
optical coronagraph or with an infrared interferometer (Terrestrial Planet Finder
and Darwin, respectively). The detection of extrasolar Earths will tell us much
about the outcome of the collisional accumulation process in different stellar envi-
ronments, and will begin to answer the question of the existence of life elsewhere
in the universe. History will record that this journey began in 1995 with the work
of two Swiss astronomers.
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