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PROLOGUE

A New Space Race

The occurrence of Earth-like planets may be a
common feature of planetary systems.

—GEORGE W. WETHERILL
(SCIENCE, AUGUST 2, 1991)

A new space race is under way. It is not between the United States
and Russia, or between the United States and the newly space-faring
nations China and Japan, but between the United States and Europe.
And the Europeans have a head start of more than 2 years. Whoever
wins, we are on the verge of discovering how frequently Earth-like
planets occur in our neighborhood of the Milky Way Galaxy.

In early 2009, the National Aeronautics and Space Administration
(NASA) will launch the Kepler Mission, the first space telescope de-
signed specifically to detect and count the number of habitable
worlds orbiting stars like our Sun. In late 2006, European scientists
launched a similar but smaller space telescope, CoRoT (Convection,
Rotation, and Planetary Transits), designed primarily to study the
physical structure of stars. However, CoRoT turns out to be quite ca-
pable of detecting Earth-like planets, giving European astronomers
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the chance to beat Kepler to the grand prize. Because a rocky planet
with liquid water near the surface seems to be required for organisms
to originate and evolve, the frequency of such Earth-like planets is
perhaps the most important unknown—yet knowable—factor in any
estimate of the extent to which life has proliferated in the universe.

Will Kepler and CoRoT find that such worlds are rare or com-
monplace? The Crowded Universe argues that CoRoT and Kepler
will discover abundant Earths. This opinion is based on what we al-
ready know about the hundreds of planetary systems discovered to
date outside our Solar System, on observations of planet-forming
disks of gas and dust around young stars, and on our theoretical un-
derstanding of how planetary systems form. If this bold assertion is
proved correct by Kepler and CoRoT, the implications will be stag-
gering indeed: it will suggest that life on other worlds is not only in-
evitable but widespread. We will know that we cannot be alone in
the universe.



The Struggle to
Find New Worlds

Do there exist many worlds, or is there but a single
world? This is one of the most noble and exalted
questions in the study of Nature.

—SAINT ALBERT THE GREAT (CIRCA 1200-1280)

February 6, 1995—Gordon Walker had had enough. After 12 years
of painstaking observations, he and his team had found nothing. Ab-
solutely nothing. Nada. Zip. Zilch. Now that the revised version of
their final paper on the subject had been accepted for publication in
the planetary science journal /carus, it was time to move on to some-
thing more likely to be productive. Null results can be important to
science, but they generally do not win you fame, much less a steady
job, new graduate students, or the next research grant.

Walker and Bruce Campbell, his close colleague at the University
of British Columbia, were true pioneers in the field of searching for
planets around other stars. In the late 1970s, they had developed an
ingenious technique that would enable them to discover Jupiter-mass
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planets in orbit around other stars similar
to the Sun. They had put their idea to
good use, spending 12 years of their lives
and many nights of precious telescope
time on the 114-inch (3.6-meter) Canada-
France-Hawaii Telescope (CFHT) on
Mauna Kea, Hawaii. From 1980 to 1992,
Walker, Campbell, or a member of their
group at UBC had traveled to Hawaii to

spend between six and twelve nights
each year looking for the first hints of a

FIGURE 1. Gordon A. H. Walker of
the University of British planet outside the Solar System.
Columbia, pioneer of the

Doppler technique for seeking ) . ]
extrasolar planets. [Courtesy of  JUPiter, with 318 times the mass of Earth

Even a “gas giant” planet such as

Gordon Walker.] and 11 times its diameter, is nearly impos-
sible to find when it is in orbit around a
star. The problem is not so much the faintness of the planet itself—
Jupiter is no fainter than the distant galaxies that have been imaged
by the Hubble Space Telescope in the Deep and Ultra Deep Field sur-
veys. The problem is that when a planet is orbiting a far brighter ob-
ject, it is exceedingly difficult to see the planet in the glare of the
star’s light. Stars such as the Sun give out most of their light at visible
wavelengths, where our eyes are best suited to seeing. At visible
wavelengths, Jupiter is about a billion times fainter than the star it
circles. Even with its incredibly powerful cameras, NASA’s Hubble is
incapable of snapping a photograph of a planet orbiting a star—the
star’s light would drown out the planet’s light many times over.
Campbell and Walker developed a completely different technique
for detecting the presence of a seemingly invisible planet lurking in
the glare of its star. Rather than trying to see the planet directly, they
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would infer its presence by the effects that it must have on its own
star. Their scheme relied on the fact that something we are all taught
in elementary school is not quite right—the planets of the Solar Sys-
tem do not orbit the Sun. Rather, all the planets and the Sun itself or-
bit a single point in space, the center of mass of the Solar System. This
center of mass is the place where the entire Solar System could be bal-
anced on a fulcrum if there were a teeter-totter large enough for all to
join in. To balance a teeter-tottet, an adult must sit much closer to the
central fulcrum than a small child sitting on the other end of the
teeter-totter. Similarly, because Jupiter is 1000 times less massive than
the Sun, the balance point for the Jupiter—Sun system is 1000 times
closer to the Sun than to Jupiter. As Jupiter orbits the Sun over a
period of 12 years, the Sun orbits the center of mass, or barycenter, of
the Solar System in a circle that is 1000 times smaller than Jupiter’s or-
bit. If astronomers living on a planet around a nearby star were willing
to spend 12 years watching the Sun, they might be able to detect this
periodic motion of the Sun. If they did, the only explanation possible
would be that the Sun must be orbited by a planet 1000 times less
massive. There is no other physical explanation for a star appearing to
wobble back and forth across the sky this way.

Because of the presence of Jupitet, the Sun moves around the cen-
ter of mass of the Jupiter—Sun system on a circle whose diameter is
roughly equal to the diameter of the Sun itself. Detecting such a
miniscule wobble of the Sun from the great distance of another star is
not easy, but compared to trying to take a direct photograph of an ex-
trasolar Jupiter, it is simple. Walker and Campbell decided to hunt for
Jupiters by clocking the speed of stars as they move around the
barycenters of their planetary systems. The Sun moves with an or-
bital speed of about 30 miles per hout, or 13 meters per second,
around the Sun—Jupiter barycenter. A speed of 30 mph sounds like it
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should not be hard to detect; if you are traveling
30 mph over the speed limit, you can be sure
that a police officer will have no trouble point-
ing a radar gun at you and writing you a speed-
ing ticket that will stand up in court. The
problem for stars is that the relevant standard of
comparison is the speed of light, which is about
HGURE 2. Christian 186,000 miles per second, or 670,000,000

Johann Doppler [1803— mph. Thus 30 mph is practically stationary by
1853], the Austrian comparison.

physicist who showed
that sound waves shift in

The star’s speed is compared this way be-

wavelength by an cause Walker and Campbell planned to find
amount that depends on . :
the velocity of their planets by measuring it through the Doppler ef
source. [Courtesy of fect. Christian Johann Doppler, an Austrian
Wikimedia Commons.] physicist, hypothesized in 1842 that light waves

emitted by a moving star behave exactly the
same way as sound waves emitted by a moving train. When a train
blows its whistle as it is moving toward you, you hear the whistle at a
higher pitch, or frequency, than when the whistle is sounded while
the train is stopped. When the train is traveling away from you, the
whistle sounds lower in pitch than when it is at rest. The distinctive
change in pitch of the sound of an automobile engine as it passes by
is familiar to NASCAR fans, who are dazed by the roar of the Doppler
effects created by dozens of stock cars racing by at speeds of 180
mph or more.

The change in frequency of the sound produced by the Doppler ef-
fect depends on the ratio of the speed of the NASCAR race car to the
speed of sound. The sound speed in air is about 750 mph, or 340 me-
ters per second, so a race car can move at about one-quarter of the
speed of sound. That means that the sounds heard during a NASCAR
race can be shifted to higher or lower pitches by a similar fraction—
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a distinctive change equivalent to the difference in pitch between the
musical notes A and D.

Doppler postulated that this frequency shift would occur for light
in the same way it works for sound, because light and sound are both
wave phenomena. He hoped the effect would explain the red and
blue colors of different binary stars, systems where two stars are in
orbit about their own center of mass, with red stars moving away
from the observer, and hence emitting lower-frequency and longer-
wavelength light, and blue stars moving toward the observer, produc-
ing light of higher frequency and shorter wavelength. Sadly, he was
mistaken, because the frequency shift associated with the Doppler
shift of light is small indeed compared to the intrinsic variations in
the colors of stars, whether they are in binary systems or all on their
own. Even binary stars moving with speeds of several miles per sec-
ond exhibit a frequency shift of their light of only one part in
100,000. The French physicist Armand Hippolyte Louis Fizeau
(1819-1896) independently predicted the Doppler effect for light in
1848, leading the French to describe it as the Doppler-Fizeau effect.

The zenith of Doppler’s career came in 1850, when he was ap-
pointed founding director of the Institute of Physics at Vienna’s Impe-
rial University. As director, he was responsible for deciding which
candidates would be admitted for study at the university. (One candi-
date he turned down was Johann Gregor Mendel, who later gained
admission to the university through a different department and be-
came a pioneer of genetics research. Mendel’s mathematical skills
were not considered on a par with what Doppler required of a physi-
cist, to the everlasting benefit of modern genetics.)

The Doppler effect that Walker and Campbell sought to measure
was quite small. If the motion of the Sun induced by the presence of
Jupiter is 30 mph, dividing that speed by the speed of light—
670,000,000 mph—yields a Doppler shift of about one part in
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longer wavelength
red—shifted light

::nml'l" (light to Earth)
blue—shifted light

shorter wavelength

FIGURE 3. The presence of a planet can be inferred from the Doppler shift
of light emitted by the star as it orbits the center of mass of the star—
planet system.

20,000,000. Campbell and Walker devised a means of measuring
such a small shift by including a glass-ended container filled with hy-
drogen fluoride gas in their telescopic instrumentation. The hydrogen
fluoride was introduced to serve as a stable set of reference lines for
measuring the expected tiny Doppler shift. The light from the target
star would pass through the telescope, bounce off the telescope’s mir-
rors along the way, and then pass through the hydrogen fluoride cell
before it could enter the telescope’s spectrograph. There, the star’s
light would be split into different colors, just as a prism splits white
light into the colors of the rainbow. The hydrogen fluoride gas ab-
sorbs some of the star’s light only for very specific, narrow bands of
color (wavelengths), thereby superimposing a set of absorption lines
for comparison with the emission and absorption lines in the star’s
spectrum. The stat’s spectral lines are produced by the ions of ele-
ments, such as calcium, sodium, and iron, and by molecules, such as
titanium oxide, in the star’s outer atmosphere.

As the target star moves in orbit around the barycenter, alternating
between moving toward Earth and moving away from Earth, the
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star’s spectral lines will vary in frequency (equivalently, in wave-
length or color) according to the Doppler effect. Meanwhile, the hy-
drogen fluoride lines do not change in frequency at all, so they
provide a stable reference for making precise measurements of the
changes in frequency of the star’s spectral lines. Given that it would
take 12 years of observations to follow the stellar wobble induced by
a planet similar to Jupiter, the hydrogen fluoride cell provided the
stable reference source that is crucial to carrying out such a long-term
search. Hydrogen fluoride had the particular advantage of providing a
number of widely spaced lines with just the right colors to optimize
the search, but it also had the disadvantage of being poisonous. Acci-
dentally breaking the cell that contained the hydrogen fluoride would
halt the observing program—and possibly an astronomer or two.
With the hydrogen fluoride cell in place, Walker was able to make
Doppler measurements accurate to about 35 mph, or 15 meters per
second, close enough to the expected wobble of 30 mph induced by
a Jupiterlike planet to begin the search.

Walker’s planet search was granted a special status on the Mauna
Kea telescope as the only long-term program during the years 1980-
1992. This meant that Walker and his group did not have to worry
about producing new discoveries every year in order to be awarded
their allotment of telescope time for the following yeat, as is usually
the case for astronomers. (Most telescopes are oversubscribed, so the
committees charged with assigning telescope time often have to be
brutal and reject nonproductive ongoing projects.) Walker had the
luxury of being able to search for hidden beasts that could be de-
tected only by taking Doppler measurements for a decade or longer:
gas giant planets similar in mass to Jupiter. With their hydrogen fluo-
ride cell accuracy of 35 mph, in fact, Walker could hope to find plan-
ets only of Jupiter mass and above; there was no hope of searching
for the much smaller Doppler shift that would be produced by an
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Earth-like planet. Still, judging on the basis of the only planetary sys-
tem known at the time, our own, Jupiters appeared to be natural
products of the planet formation process, so they should be out there,
waiting to be discovered. A Jupiter-mass planet on a Jupiter-like (12-
year) orbit around a Sun-like star would be expected to be a signpost
for Earth-like planets in the same planetary system.

Bruce Campbell thought that they had found something earlier. In
1088 he and Walker published a paper in the Astrophysical Journal
reporting their results to date. Of the 16 stars on their target list at
that time, 7 showed long-term trends that were consistent with the
wobbles induced by planets with masses in the range of 1 to 9
Jupiter-masses. They suggested that they had found “the tip of the
planetary mass spectrum.” There seemed to be good evidence for a
1.7-Jupiter-mass planet on an orbit with a period of 2.7 years around
one of the stars in a binary star system called Gamma Cephei, the
third brightest star in the constellation Cepheus.

In 1992, however, Walker published a paper in the Astrophysical
Journal that retracted the 1988 claim for a planet in the Gamma
Cephei system. By then, Bruce Campbell had quit the planet search
program and left astronomy. Four more years of data had changed
the orbital period of the suspected planet from 2.7 years to 2.5 years,
the same period at which they found that the star’s calcium emission
line varied. The variation was thought to be caused by the rotation of
a giant star in the Gamma Cephei system with a rotational period of
2.5 years. A rotating star can also produce a Doppler shift if the sur-
face of the star is covered with spots and other irregularities that af-
fect the amount of light coming from different regions, some of
which are moving away from Earth, and some toward it. Gamma
Cephei’s “planet” seemed to be nothing more than grumblings from
a cantankerous old star.
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The paper that Gordon Walker and his remaining colleagues pub-
lished in 1995 stated that they had looked for Doppler wobbles in 21
stars over a period of 12 years and had found no firm evidence for
any planets with masses greater than Jupiter on Jupiter-like orbits.
Considering this outcome along with the results of other planet
searches, they furthermore claimed that 45 nearby stars showed no
evidence of Jupiterlike planets and stated that their results presented
a “challenge to theories of planet formation.”

July 27, 1995—George Wetherill was pleased to have his own re-
vised paper accepted for publication in /carus. Even for a distin-
guished, prize-winning senior scientist like Wetherill, former director
of the Carnegie Institution of Washington’s Department of Terrestrial
Magnetism, it was a relief. The review process for a scientific paper
can be a long and painful one, wherein the often anonymous review-
ers lob grenades in the general direction of
the author, while the journal’s editor plays
the role of a neutral bystander, trying to
avoid the shrapnel. Wetherill got off rela-
tively easily; he had to suffer only five
months of anxiety before his revisions were
considered acceptable to the reviewers and
hence to the editor.

Wetherill had studied what would hap-
pen to the formation process of habitable  rGURE 4. George W.

planets if he varied some of the basic param- ~ Wetherill [1925-2000], the

pioneer of modern
theoretical work on the

the mass of the planet-forming disk of gas formation of habitable

eters, such as the mass of the central star,

and dust, and the effects of the giant planets. Dunlap (Carnegie

Institution).]

planets. [Courtesy of Janice
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The calculations he ran were based on the Monte Carlo technique,
an apt name for what was going on. The route through which rocky
planets such as Earth are built up from a large population of smaller
bodies is a random one.

This lengthy process entails the banging together of progressively
larger and larger solid bodies as they orbit their central star. It is
thought to begin with tiny dust grains too small to be seen by the hu-
man eye. Wetherill had taken a shortcut and was studying the final
phase of the collisional accumulation process, when a swarm of sev-
eral hundred lunar-mass bodies are in orbit, having taken about
100,000 years to grow that large. This final phase takes tens of mil-
lions of years to play out, because the lunar-sized bodies have to wait
longer and longer to smack into each other and grow even larger.
The Moon’s mass is 81 times smaller than that of Earth, so hundreds
of fierce collisions between sizable bodies are needed to form a
planet as large as Earth.

The lunar-sized bodies are spread out over an immense area, and
the chances of random collisions occurring are small. The situation is
like a Dodge-Em car ride at a State Fair, but one in which dozens of
cars are allowed to roam over the entire state of Kansas, instead of
being confined to an area the size of a basketball court. In the planet
formation ride, when two bodies of equal mass collide, they are likely
to stick together and form a new body with twice the mass, instead
of just bouncing off each other. Also, lunar-mass bodies are large
enough that their gravitational attractions for each other, though
small, are strong enough to determine the ultimate outcome of the
ride. Mutual gravitational interactions pull the careening bodies to-
ward each other, resulting in near misses, sideswipes, head-on colli-
sions, and rear-end impacts without the benefit of airbags.

The entire process is an unplanned, chaotic one, and changing the
initial position of just one of the Dodge-Em cars at the start of the ride
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can result in planets too close or too far from the Sun to be habitable.
As a result, Wetherill had to run many different versions of the same
basic simulation of the rocky planet formation process in order to get
a good statistical picture of what the most likely outcomes would be
when he played with the various free parameters in the modeling ef-
fort. For the /carus paper, Wetherill ran about 500 Monte Carlo mod-
els in order to study 20 different assumptions about the mass of the
star, the mass of the planet-forming disk of gas and dust, and the ef-
fects of the giant planets.

What he found was tremendously reassuring for those who imag-
ined that planetary systems like our own might be common. Essen-
tially all of the variations he tried resulted at times in one or two
habitable worlds—that is, roughly Earth-mass bodies orbiting at dis-
tances from their stars where it would be warm enough to have lig-
uid water on their surfaces, but not so hot as to turn the water into
steam. Stars with masses half as large as the Sun or half again as large
as the Sun appeared to be likely to have Earth-like planets. And for
stars with the same mass as the Sun, the formation of at least one
habitable planet seemed inevitable. When the amount of mass in the
disk was doubled or halved, habitable worlds still formed, but with
twice the mass each or half the mass each, respectively.

Wetherill noted that the presence and location of the gas giant
planets that were assumed already to have formed in these systems
by the time he turned on the electricity for the Dodge-Em cars were
crucial for determining the final outcome of the ride. The gravita-
tional forces exerted by the gas giants determined how far out from
the central star rocky planets could grow, just as they did in our Solar
System. Were it not for the gravitational yanks from Jupiter and Sat-
urn, Mars would probably be a larger planet than it is today, with
about one-tenth the mass of Earth, and there would be another rocky
planet beyond Mars, instead of the horde of frustrated “wannabe
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planets” in the asteroid belt. When Wetherill ran models without any
gas giant planets at all, he found that the planets that formed were
likely to be twice as massive as when Jupiter and Saturn were up to
their dirty tricks, and that the planets extended all the way out to
Jupiter’s orbital distance, five times Earth’s distance from the Sun
(93,000,000 miles, or 150,000,000 kilometers, a distance that is
called the astronomical unit, or AU).

Wetherill concluded that “abundant populations of habitable plan-
ets” could be produced for stars of any of the masses he considered.
On purely theoretical grounds, Wetherill had shown that one could
expect that habitable planets were abundant in the universe.

August 21, 1995—The August issue of /carus arrived on schedule
in the Department of Terrestrial Magnetism library, carrying with it
the news of the failed planet search of Gordon Walker and his col-
leagues. Walker’s paper, with the null results of their 12-year search
for “Jupiters,” was unnerving. Where were the Jupiters we were all
expecting to find in great abundance?

Earlier in the year, the January 20 issue of Science had included a
paper in which [ discussed the chances for detecting the first Jupiter-
mass planets around nearby stars. [ had argued that, on the basis of
computer models I had calculated of how planet-forming disks would
heat and cool, it was to be expected that gas giant planets would
form at Jupiter-like distances even around stars with lower masses
than the Sun. Such “red dwarf” stars are much more common in the
Sun’s neighborhood of the Galaxy than are stars like the Sun or more
massive than the Sun. Because of their relative closeness and abun-
dance, red dwarf stars seemed like the first place to look for another
planetary system similar to our own. My calculations implied that if
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red dwarfs had gas giant planets, they would be orbiting far enough
away from their stars for there to be rocky terrestrial planets orbiting
comfortably in the habitable zone of the star. Red dwarf stars, the
most common type of star, could thus be home to the majority of the
habitable planets in the Galaxy.

Gordon Walker’s search had concentrated primarily on stars like
the Sun, rather than on the more numerous and nearby red dwarfs.
We had all assumed that Sun-like stars would have Jupiter-like plan-
ets, based on the undeniable evidence of the one obvious example
we had—our own Solar System. But maybe the Solar System was not
the proper example to consider after all. George Wetherill had sug-
gested as much several years before, during a talk on finding new
planetary systems that he had delivered at a conference held at Cal-
tech, in Pasadena, California, on December 7-10, 1992. Wetherill
had shocked the audience of several hundred astronomers and plane-
tary scientists by pointing out that the mere fact that the one known
planetary system contained a Jupiter did not necessarily mean that
Jupiters were common. Jupiter protects us from the comets that re-
volve in the Kuiper Belt beyond Neptune’s orbit. When a malevolent
comet decides to break out of the Kuiper Belt and make a suicidal
dash toward Earth, Jupiter plays the role of the batsman protecting
the wicket in a cricket match. It swats the comet out of the Solar
System, or forces it to smash harmlessly into the Sun, or takes it
right in the face, as Jupiter did with the startling collision of Comet
Shoemaker-Levy 9 just 2 years later, in 1994,

Without Jupiter, Wetherill noted, Earth would be whacked by
comets roughly 1000 times more often than is the case with Jupiter
at bat. Dinosaur-killing events such as the collision that marked the
Cretaceous—Tertiary extinction event 65 million years ago would be
occurring every 100,000 years, instead of every 100 million years or
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so. It is hard to imagine intelligent life evolving if the evolutionary
clock were reset by that kind of catastrophe every 100,000 years.
Wetherill made the point that we therefore did not have a single un-
biased example of a planetary system to use to predict what would be
found elsewhere in the Galaxy. The problem of interpreting the sta-
tistics of a sample composed of only a single solar system was elimi-
nated, because even that sample was biased and had to be rejected.
We really had not a single planetary system to use to predict how
common Jupiters would be.

Wetherill’s 1992 warning combined with Walker’s null results to
yield the depressing realization that we might have been misled—
Jupiters might be the exception rather than the rule. How were we
going to find the first extrasolar planet if Jupiters were that rare?
Would we be faced with searching for “failed Jupiters”—planets,
such as the ice giants Uranus and Neptune, that failed to gather as
much gas from the planet-forming disk as Jupiter and Saturn did and,
accordingly, ended up with masses 10 times smaller than the gas gi-
ants? The task of finding an extrasolar planet by the indirect Doppler
search method would be 10 times harder, because the star would be
sitting 10 times closer to the fulcrum on the teeter-totter, making its
Doppler wobble 10 times smaller.

Alexander Wolszczan of the Arecibo Observatory in Puerto Rico
had used the observatory’s giant radio telescope in 1992 to find a
couple of several-Earth-mass bodies in orbit around a dead star, a pul-
sar, through a variation of the Doppler timing method. However,
there is no beach-front property on a pulsar planet—no reason to
point an antenna in its direction in the hope of picking up radio trans-
missions playing the songs on an extraterrestrial Top Ten list. The
pulsar planets are likely to be parched cinders immersed in a deadly
rain of radiation from the pulsar, a rain that would make the fallout
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from a nuclear bomb look harmless by comparison. The universe was
looking to be devoid of life.

October 6, 1995—A surprising discovery was announced at a con-
ference being held in Florence, Italy. Michel Mayor, a Swiss as-
tronomer from the Geneva Observatory, had decided to join the
search for planets after spending several decades looking for unseen
binary star companions by the Doppler technique. The year before,
he had installed a hew spectrograph on the 77-inch (1.93-meter) tel-
escope of the Haute Provence Observatory, near Marseille, France,
and this spectrograph was capable of making Doppler measurements
accurate to about 30 mph (13 meters per second), similar to what
Gordon Walker had achieved in Hawaii. Mayor did not adopt the
potentially dangerous hydrogen fluoride gas cell that Walker had de-
veloped; he relied instead on the light emitted by a lamp containing
thorium and argon, two relatively nonpoisonous gases, for his wave-
length standard.

Mayor had a list of 142 stars similar to the Sun that did not seem
to be members of binary star systems, and he intended to see
whether he could find any very-low-mass companions to these stars,
and perhaps a gas giant planet or two. Mayor began the search in
April 1994 on the 77-inch telescope. In September 1994, Mayor and
his junior colleague, Didier Queloz, began observing a solar-type star
called 51 Pegasi in the constellation Pegasus. By January 1995, they
had taken enough data on 51 Pegasi to realize that something was
making the star bounce around, but by then Earth’s orbital motion
around the Sun had put the constellation in the direction of the Sun,
making it difficult to observe. Mayor and Queloz had to wait for Pe-
gasus to return to the night sky in July 2005, and once it did, they
banged away at 51 Pegasi for eight nights in a row. Once they fin-
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ished that marathon observing run and analyzed their data one more
time, they realized that they had bagged a planet. But just to be sure,
they waited two more months until September and took even more
data on 51 Pegasi. Then Mayor and Queloz quickly wrote a short pa-
per and submitted it to the journal Nature.

While their 51 Pegasi discovery paper was still in the process of
being scrutinized for publication, Mayor decided to break the press
embargo imposed by Nature and announce their finding at the Flo-
rence meeting. Mayor showed their data for 51 Pegasi, which
showed the Doppler wobble of the star varying by more than 120
mph, or 55 meters per second, a variation significantly larger than
their errors. With numerous repeated observations taken over two
observing seasons, it was clear that they had something. The data
could be fit by the wobble predicted if 51 Pegasi had a planet with a
mass of at least half the mass of Jupiter moving on a circular orbit.

That all sounded good. The only odd thing was that 51 Pegasi’s
planet had an orbital period not of 12 years, like Jupiter, but of just
4.2 days. This meant that according to Kepler’s Third Law of plane-
tary motion, 51 Pegasi’s planet orbited its star at a distance that was
100 times closer than Jupiter—that is, at a distance 0.05 times the
distance between Earth and the Sun. Such a planet would be in dan-
ger of being boiled away so close to its star. Indeed, 51 Pegasi’s planet
would have to be nearly as hot as some stars, with an atmosphere
heated to thousands of degrees Fahrenheit, hot enough to be slowly
losing mass as the gas molecules escaped into space. This hew world
was a “hot Jupiter” very unlike the frosty conditions in the atmos-
phere of our Jupiter, where the temperature is hundreds of degrees
Fahrenheit below zero.

Two days later, the Washington Post reported this claim for the
discovery of an extrasolar planet on page 36, mistakenly attributing it
to Italian rather than Swiss astronomers.
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Figure 6. Discovery of the first extrasolar planet orbiting a Sun-like star,
showing periodic changes in the radial velocity of the star 51 Pegasi
measured through its Doppler shift. [Reprinted, by permission, from M.
Mayor and D. Queloz, 1995, Nature, volume 378, page 356. Copyright
1995 by Macmillan Magazines Limited.|

The word was out about 51 Pegasi’s planet. Given the amazingly

short orbital period, it would not be hard for another group to try to

replicate the Swiss results. Pegasus was still up in the night sky, and

anybody with a good spectrometer and four nights of telescope time
could see whether the Swiss were right or not. San Francisco State
University astronomer Geoffrey Marcy and R. Paul Butler of the Uni-

versity of California, Berkeley, had their own planet search under
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way at the Lick Observatory’s 120-inch telescope on Mount Hamil-
ton, just east of San Jose, California. Marcy and Butler spent parts of
four nights of 120-inch time to follow 51 Pegasi’s every wobble, us-
ing a cell filled with iodine gas as their reference standard. They
found that Mayor and Queloz had been right on the money: 51 Pe-
gasi had a half-Jupiter-mass planet on an outrageously short-period or-
bit. They reported their confirmation of the Swiss breakthrough, and
this time the Washington Post carried the story on the front page of
the October 19 issue, less than two weeks after the Florence an-
nouncement. We finally had a real extrasolar planet around a Sun-
like star, and it was a Jupiter to boot, albeit a hot Jupiter.

November 23, 1995—Mayor and Queloz’s epochal paper detailing
the discovery of 51 Pegasi’s planet appeared in Nature. In an accom-
panying commentary, Gordon Walker summarized the woeful history
of the field to date, including his own efforts. He concluded by noting
that the short orbital period would be a challenge to theorists and
wondering, “How did it get there in the first place?” Yet the reasons
why Walker did not find such a hot Jupiter were clear in retrospect.
Mayor and Queloz had searched 142 stars to find a single hot Jupiter,
whereas Walker and his group had followed only 21 stars, a sample
too small for there to have been a good chance of detecting a phe-
nomenon that may occur only about 1% of the time. Furthermore,
51 Pegasi’s planet had the entirely unexpected orbital period of 4.2
days, and Walker did not search his data for such a short-period orbit.
The shortest orbital period he considered was 40 days, which must
have seemed ridiculously short at the time.

51 Pegasi b, the astronomical name for the first planet orbiting a
Sun-like star (it is nicknamed 51 Peg b, which does not really
help), was real. The Swiss astronomers had proved that the Doppler
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technique worked, in spite of the inability of the Canadian team to
find a planet after they invented the basic calibration technique. The
world’s other Doppler planet search teams decided it was high time
to stop looking only for 12-year periodicities in their data and to start
looking for some more hot, or at least warm, Jupiters, with shorter-
period orbits.

The hunt was on. There were planets to be found in the hills and
mountains, where small groups of telescopes waited patiently for
sunset.



CHAPTER 2

Eccentric Planets

The Sun does not move.
—LEONARDO DA VINCI (1452-1519)

And yet it does move.
—GALILEO GALILEI (1564-1642)

January 16, 1996—Geoff Marcy and Paul Butler had some hot new
stuff to present at the American Astronomical Society meeting being
held in San Antonio, Texas. A press conference was scheduled as the
first event of the following day at the San Antonio Hilton Hotel.
Marcy’s talk was entitled simply “New Planets.”

Marcy and Butler had been running their own Doppler planet
search for almost a decade and had been monitoring the movements
of 120 stars similar to the Sun. Following their confirmation of 51
Peg’s planet in October, they had spent the months of November
and December cranking through the Doppler data that they had
been assiduously gathering for 8 years. A shortage of the necessary
computer power had hampered their ability to analyze the data.
Marcy and Butler had been running their planet search program on

23
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a shoestring budget the entire time. After the discovery of 51 Pegasi
b, they were able to secure the use of six new Sun workstations.
Butler spent most of his time before the San Antonio meeting put-
ting the workstations to good use analyzing their data, searching for
hidden periodicities in the Doppler wobbles that would sighal the
possibility that another giant planet stallion was galloping around
one of the stars.

By the time January rolled around, Butler had been able to analyze
the data for only half of their 120 targets. But his efforts were not in
vain. By early December, they already knew that they had won the
race for second and third place in the Doppler Sweepstakes, when
two of Butler’s targets crossed the finish line. Marcy and Butler de-
cided to keep their discoveries a secret until they had the chance to
make their announcement in San Antonio.

January 17, 1996—Marcy was scheduled as the last speaker in the
American Astronomical Society meeting press conference, so the as-
tronomers, reporters, and television crews with their bright lights on
and cameras running would all have to sit and wait until the very
end to find out what had been found. Even though the press confer-
ence had been moved to a larger room than originally planned, the
new room had filled up fast and stayed filled, with late-arrivers forced
to stand up next to the walls.

Marcy did not disappoint. He led off with the confirmation of the
reality of 51 Pegasi b and then announced the surprise of the day: he
and Butler had tripled the number of known extrasolar planets by
discovering two new planets around the stars 47 Ursa Majoris and
70 Virginis. Both of these discoveries were around solar-like stars, lo-
cated in the constellations of the Big Dipper and Virgo, respectively,
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no more than 80 light-years away (a light-year is the distance that
light travels in 1 year; it is equal to about 6 trillion miles, or about 10
trillion kilometers). 47 Ursa Majoris’s planet had a mass no less than
2.4 Jupiter masses, and it completed a circular orbit of the star every
3 years. This implied an orbital distance about twice that of Earth
from the Sun—Iless than half that of Jupiter, but 40 times farther out
than 51 Pegasi’s hot Jupiter. Evidently 47 Ursa Majoris had a cool
Jupiter like the Sun, a planet that was presumably a gas giant, just as
we had all been expecting and hoping to find.

Marcy could offer only lower limits on the mass of 47 Ursa Ma-
joris b, because the Doppler effect is sensitive only to motions di-
rectly along the line of sight between the telescope and the target
star. If the star is wobbling like mad back and forth across the sky,
rather than to and fro along the line of sight, the Doppler shift will be
zero. Thus if a star happens to be orbited by a planet whose orbital
plane is perpendicular to the line of sight, the planet cannot be de-
tected by the Doppler effect. If the planet’s orbit were tilted such that
there was just a little to-and-fro motion, Doppler spectroscopy could
detect that motion but would assign a mass to the planet much lower
than the true mass, because it would be sensing only a small fraction
of the entire range of changes in speed of the star around the system’s
center of mass. Hence 47 Ursa Majoris’s planet could be considerably
more massive than 2.4 Jupiter masses.

The chances are small that a planet’s orbital plane will be aligned
in such a way as to be perpendicular to the line of sight, so the mini-
mum mass found by the Doppler technique generally is not a bad es-
timate. For a random distribution of planetary orbital planes in the
sky, the average correction is only a factor of 1.3, meaning that the
chances were that the true mass of 47 Ursa Majoris’s planet was not
2.4 Jupiter masses, but about 3.1 Jupiter masses.
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Marcy next announced 70 Virginis’s planet, with a mass of at least
6.6 Jupiter masses, orbiting every 117 days at a distance just greater
than Mercury’s orbit. At that distance, this behemoth was a warm
Jupiter. Mercury is strongly heated by the radiation from the Sun,
which is seven times stronger at Mercury’s distance than at that of
Earth’s orbit. We now had a family of planets reminiscent of the
Three Bears, with a hot Jupiter, a warm Jupiter, and a cool Jupiter.
The cool Jupiter was far enough out from its star, 47 Ursa Majoris,
that there might be room between the two for an Earth-like world to
orbit.

Perhaps more surprising than its large mass was the fact that 70
Virginis b was on an eccentric orbit, an elliptical orbit unlike the
more nearly circular orbits of Earth and Jupiter. On the eccentricity
scale of O to 1, where a circular orbit has an eccentricity of 0, Earth
has an orbital eccentricity of 0.02, Jupiter of 0.05, and 70 Virginis b
of 0.4.We knew that binary stars typically have eccentric orbits,
whereas the major planets in the Solar System do not. Binary stars
form from the collapse of dense clouds of gas and dust, which can
break up into two or more fragments during the free-fall collapse
phase. This process is rapid and somewhat unpredictable, like remov-
ing an unwanted tall building by exploding dynamite charges around
its foundations. Collapsing gas clouds tend to form young protostars
that are on highly noncircular, elliptical orbits as a result.

Planets, though subject to their own highly chaotic formation
processes, were expected to end up on nearly circular orbits, because
the net result of all of the wild collisions needed to form a rocky
planet such as Earth, whacking Earth first one way and then the
other, was thought to average out to a roughly circular orbit. This
was the result suggested by planet formation calculations like those
of George Wetherill and others, and it was what characterized the
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FIGURE 7. Circular orbits have zero eccentricity,
whereas eccentric orbits with eccentricities between
0 and 1 are elliptical in shape.

major planets of our Solar System, so no one had expected to find a
highly eccentric planet like that around 70 Virginis. Maybe 70 Virgi-
nis b was just an oddball, and eccentric planets were indeed rare. Or
maybe these massive planets were not really “planets” at all, but
merely low-mass objects that had formed in the same way that binary
stars form, and so had ended up on eccentric orbits.

Marcy and Butler still had 60 more stars to analyze.

June 12, 1996—Robert Brown of the Space Telescope Science Insti-
tute in Baltimore asked me to join a new NASA committee that would
help develop the science justification for the Space Interferometry
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Mission (SIM). The SIM Science Working Group would have a sub-
committee that would examine the ability of SIM to find planets.
Given that | had been advising NASA about its plans to find planets
around other stars since 1988, it was an offer I could not resist.

SIM was a brand new acronym for an idea that had been around
for over a decade: a plan for a major space telescope. SIM was in-
tended to be the first interferometer in space working at visible wave-
lengths. The resolving power of a telescope is limited by two things,
the diameter of the telescope and the wavelengths of the light it sees.
Sharper images require higher resolving power. Although the Hubble
Space Telescope has a primary mirror with a diameter of 94 inches
(2.4 meters), affording the sharpest views to date of the heavens from
its perch well above the blurring produced by Earth’s churning at-
mosphere, astronomers would love to have a space telescope 10
times larger that can see things 10 times smaller yet. Given that Hub-
ble cost several billion dollars, though, and that the cost of anything
in space tends to scale directly with its mass, a telescope 10 times
larger might well cost 100 to 1000 times as much, if it were designed
to operate in the same way as the Hubble telescope. Clearly, such a
telescope was not going to be built.

The interferometer, however, would get the resolving power of a
much larger telescope by combining the light from a number of
smaller telescopes separated by a distance equal to the diameter of
the desired larger telescope. SIM would string together seven small
telescopes along a boom 33 feet (10 meters) long and combine the
light of the seven telescopes into a single interferometer with the un-
precedented resolving power of a space telescope effectively 33 feet
in diameter.

Not only would SIM be able to take photos four times sharper
than the Hubble telescope, but it would also be able to detect planets
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by measuring the sideways wobbles of their stars around the centers
of mass. Instead of measuring the Doppler change in speed of the star
as it orbited the barycenter, SIM would watch as the star moved
across the sky on a tiny orbit no larger that its own diameter. By com-
paring a star to distant background stars, which have no perceptible
motion on the sky, SIM would then be able to see which nearby stars
were wobbling back and forth, thus indicating unseen planets.

SIM would use the indirect planet detection technique called as-
trometry, which had been pioneered with a ground-based telescope
at Swarthmore College’s Sproul Observatory by Peter van de Kamp.
Van de Kamp had become director of Sproul in 1937, and the follow-
ing year he began an astrometric planet search effort that concen-
trated on Barnard’s star, a red dwarf star with one-seventh the mass
of the Sun. Low-mass stars make good targets for astrometric planet
detections, because such stars are easier for their planets to move
around the center of mass. Barnard’s star must sit farther out on the
teeter-totter to balance a given planet, making its wobble seven times
larger than that of the Sun. Barnard’s star had been discovered in
1916 by Edward Emerson Barnard, then at Chicago’s Yerkes Obser-
vatory, who found that it was one of the closest stars to Earth, only 6
light-years away (only the Alpha Centauri triple star system, at a dis-
tance of about 4 light-years, is closer). Close is good for astrometry,
because the astrometric wobble becomes 10 times smallet, and so 10
times harder to see, when the star is 10 times farther away. In spite
of its being so close, the fact that Barnard’s star is a faint red dwarf
means that it cannot be seen by eye, but it was a piece of cake to
photograph with van de Kamp’s 24-inch-diameter telescope at
Sproul.

Van de Kamp followed Barnard’s star religiously for 25 years be-
fore deciding that he had enough evidence for a planet. In 1963 he
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FIGURE 8. Motion of the Sun around the center of mass of
the Solar System from 1960 to 2025. The Sun wobbles
back and forth over a distance roughly twice its own radius
[black arrow]. [Courtesy of Robert A. Brown (Space
Telescope Institute) and Michael Shao (Jet Propulsion
Laboratory). Based on JPL's DE200 planetary ephemeris.]

published a paper in the Astronomical Journal showing the results:
Barnard’s star seemed to wobble in a manner suggestive of its having
a planet with a mass of 1.6 Jupiter masses, orbiting the red dwarf at a
distance of 4.4 AU, similar to Jupiter’s orbital distance of 5.2 AU. The
orbit was oddly eccentric and so was troubling, but otherwise it was
what astronomers had been expecting for the first extrasolar planet.
Barnard’s star was duly entered into the textbooks as the first exam-
ple of a star with a giant planet.

Some other astrometrists, however, were not convinced of the re-
ality of Barnard’s star’s planet. For one thing, several previous claims
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of astrometric planet detections had since been discarded or dis-
proved. George Gatewood, a graduate student at the University of
Pittsburgh, was strongly encouraged by one of his professors to reex-
amine the evidence for the planet. Gatewood at first refused, but af-
ter the professor repeated the suggestion several more times,
Gatewood relented and started work on Barnard’s star. He did not
use the 2400-odd photographic plates that van de Kamp had gath-
ered over the decades but, rather, examined a smaller collection of
241 glass plates that had been taken at Pittsburgh’s Allegheny Ob-
servatory and at Wesleyan University’s Van Vleck Observatory. In-
stead of making the measurements by hand with a mechanical
plate-measuring machine, as van de Kamp and his students had done
at Swarthmore, Gatewood analyzed the positions of Barnard’s star
with respect to the background stars with a new automatic plate-
measuring machine that had been devised by the astronomers at the
U.S. Naval Observatory, in Washington, D.C. Gatewood finished his
doctoral research on Barnard’s star in 1972 and published the results
in the Astronomical Journal the following year. His analysis found no
support for a planet around Barnard’s star. Van de Kamp had been
fooled by several subtle changes to the Sproul telescope, changes ac-
companying the installation of a new cell to hold a lens, by the use of
a different type of photographic emulsion for the glass plates, and by
a lens focus adjustment. In the succeeding years, van de Kamp’s
claim slowly disappeared from the textbooks. Van de Kamp passed
away in 1995, before the announcement of 51 Pegasi’s planet, but he
continued to believe that Barnard’s star had a planet, even if no one
else did.

Astrometric planet detection acquired a reputation as a dubious
enterprise, rather like the search for life on Mars, which was associ-
ated in astronomers’ minds with the claims for Martian “canals” that
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must be signs of an intelligent civilization on our neighboring planet.
Proper astronomers did not stoop to looking for planets or searching
for life in the Solar System.

Given this sordid history, it would take someone with guts to pro-
pose a major space telescope intended to, among other things, detect
planets by the discredited astrometric technique. Michael Shao was
such a man. Shao had been thinking about using an interferometer in
space to find planets ever since the 1970s. He had cut his teeth build-
ing and operating a sequence of progressively more capable ground-
based interferometers on top of Mount Wilson, overlooking
Pasadena, California. Shao came up with the idea of an Orbiting Stel-
lar Interferometer (OSI) in the 1970s. OSI evolved through different
designs and eventually became known as the Space Interferometry
Mission. Shao’s hope was that SIM would be able to perform an as-
trometric planet search with an accuracy that was at least 1000 times
better than the best that had been done by ground-based telescopes.
SIM would thus be able to look for planets as small as Earth.

NASA had formed the Planetary Systems Science Working Group
in 1988 to guide its plans for discovering new planetary systems, and
for the next 7 years the working group vigorously debated the merits
of the ideas that had been paraded before it. These ideas ranged from
the difficult to the seemingly impossible, including not only astromet-
ric detection telescopes like Shao’s, but also direct detection tele-
scopes that might be able to snap the first picture of a planet around a
nearby star. There was a third contender as well, dubbed FRESIP by
its originator, William Borucki of NASA's Ames Research Center in
the middle of Silicon Valley, California.

FRESIP, which stands for Frequency of Earth-Sized Inner Planets,
was intended to find Earth-size planets on Earth-like orbits by watch-
ing a large number of stars and waiting for one of them to blink for a
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FIGURE 9. Planetary transits occur when a planet’s orbit is
aligned in such a way that the planet passes in front of and
behind its star when viewed from Earth.

few hours as an Earth-like planet passed in front of, or transited, the
face of the star, thereby dimming the star’s light by a tiny amount,
about 0.01%. This transit detection technique had been soundly
thrashed in the Appendix of a 1990 National Academy of Sciences
(NAS) report on the basis that FRESIP would have to look at tens of
thousands of stars in order to have a chance of finding any planets at
all, because of the small chances that the orbital planes would be
aligned at precisely the right angles to yield transits—and there just
weren’t that many nearby stars.

Borucki was unperturbed by this published criticism, because he
did not intend to use FRESIP merely to study nearby stars. He could
point FRESIP at a rich field of stars somewhere in our Milky Way
Galaxy and find the planets transiting in front of those stars. But oth-
ers in the working group, including Robert Brown, lead author of the
NAS Appendix, continued to resist the idea of a transit detection mis-
sion. Brown favored finding planets with Hubble, once it was
equipped with a new camera specially designed to enable it to see
planets by blocking out the light from the star. This would be done by
an optical trick called coronagraphy, which is effectively the same as
holding up your hand to blot out the Sun while searching the skies
for flying birds. A coronagraph was basically a hand that was opti-
mally shaped to block out the star’s light, allowing the planets in orbit
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around it to be seen. Others in the working group argued for design-
ing a coronagraphic telescope “from the ground up” to detect extra-
solar planets, rather than trying to retrofit a space telescope like
Hubble that had not been designed with planet detection in mind.

The working group spent years meeting, discussing, and debating
the various ideas that were presented, and writing reports such as the
TOPS plan, where the ever-present NASA acronym TOPS stood for
Towards Other Planetary Systems. In terms of actually getting NASA
to spend some serious money on planet detection, though, the work-
ing group accomplished little beyond getting NASA to pay for the
countless boxes of donuts and gallons of coffee consumed at our
meetings.

Finally, early in 1995, NASA headquarters asked Charles Elachi of
Caltech’s Jet Propulsion Laboratory (JPL) in Pasadena, California, to
put together a plan—a road map—for systematically progressing
from ground-based searches for Jupiters to space telescopes that
might be able to find Earths. The lab had been given programmatic
responsibility for extrasolar planets by NASA headquarters a few
years earlier, and it wanted to get the planet detection program mov-
ing, not only for the payoff of finding new worlds, but also for the
federal funds that were necessary to keep the laboratory running.
Within just a few months, Elachi’s team was ready to report its find-
ings to the working group for review and approval. Elachi needed a
new acronym for his road map, and he came up with ExXNPS; stand-
ing for Exploration of Neighboring Planetary Systems. Elachi in-
cluded in the plan the ongoing ground-based planet searches, such as
Marcy and Butler’s Doppler search at the Lick Observatory, and an
astrometric search run by Gatewood at the Allegheny Observatory,
because these programs were already under way, cost NASA compar-
atively little money, and hence would not interfere with Elachi’s
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plans for a major effort. The EXNPS plan called for SIM to be built
first, to prove the concept of interferometry on a boom in space, and
to search the closest stars for Earths. But the real star of the ExXNPS
show was the plan to build an even larger space inteferometer than
SIM, one 10 times longet, a boom perhaps 333 feet (about 100 me-
ters) long with multiple mirrors strung out along its length. It would
be called the Planet Finder.

The Planet Finder would operate at longer wavelengths than SIM,
at so-called infrared wavelengths of light, similar to the light emitted
by heat lamps that keep the french fries warm in a fast-food joint.
Planet Finder would be an interferometer like SIM, but large enough
to image extrasolar planets directly. The reason why Planet Finder
would operate with infrared light, instead of visible light like SIM,
was that stars give off much less light in the infrared than in the visi-
ble wavelengths, where their emission peaks. At the same time, plan-
ets such as Earth and Jupiter not only reflect some of the visible light
they receive from the Sun but also emit their own infrared light.
These two effects mean that although planets are about a billion
times fainter than their stars at visible wavelengths, in the infrared
they are only about a million times fainter.

However, because the resolving power depends on both the diam-
eter of the telescope and the wavelength of light, an infrared tele-
scope that operates at wavelengths that are 10 times as long as a
visible-light telescope must be 10 times larger in order to have the
same resolving power. Planet Finder would have to be 10 times
larger than SIM. The payoff was that Planet Finder would be able to
take pictures of the planets it found right away, obviating the need to
wait years for the planets to show themselves through the astromet-
ric wobbles of their stars. Given its huge size, whatever SIM cost, the
Planet Finder could be expected to cost a lot more, in spite of their
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both being interferometers. That would mean steady work at JPL for
a decade or more.

NASA Administrator Dan Goldin appeared on the second morning
of the working group’s final meeting at NASA headquarters on July
18, 1995, and spoke enthusiastically about the prospects for traveling
the road laid out in Elachi’s ExXNPS road map. Compared to the TOPS
report, which did not seem to have a clear destination in mind, the
ExNPS road map led right to the ultimate goal of all of these efforts:
new Earths. SIM would find them, and then the Planet Finder would
take their pictures. What wasn’t to like? The EXNPS road map envi-
sioned that SIM would get under way immediately at the Jet Propul-
sion Lab in preparation for a launch in 2003. This meant that by
2004 or so, SIM would have determined the year-long orbits of the
first Earth-like planets among the nearby stars.

Borucki’s FRESIP did not make Elachi’s cut and was not a part of
the EXNPS road map. The road mappers were worried that random
fluctuations in the light given off by stars would swamp the tiny dim-
ming caused by transiting Earths, so they did not recommend devel-
oping a space mission like FRESIP. A few months later, NASA cut off
the funding for FRESIP, as well as for the other competing mission
concepts that did not make the final cut for the road map. Shao’s SIM
mission was already headed down the EXNPS highway, with FRESIP
disappearing in the rearview mirror.

August 7, 1996—An electrifying claim hit the news media around
the world: scientific evidence had been discovered for life on Mars.
Dan Goldin had personally briefed President Bill Clinton and Vice
President Al Gore about the discovery a week earlier in order to give
the White House a chance to prepare for this momentous event. It
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was as if an alien spacecraft had landed on the Ellipse next to the
White House and strange creatures had emerged asking to be taken
to meet President Clinton.

David McKay and Everett Gibson of NASA’s Johnson Space Center
in Houston, Texas, led the team that analyzed a 5-pound piece of
Martian rock. The rock had been blasted off the surface of Mars by a
meteorite impact, putting the Mars rock on a trajectory that led it
eventually to fall to Earth as a meteorite on the Antarctic ice sheet. A
1084 expedition to find Antarctic meteorites found the Martian rock
near the Allan Hills, earning it the name ALH84001. The meteorite
was carefully preserved and sent back to Johnson for curation, along
with the lunar samples returned by the Apollo astronauts. Upon ex-
amination, minute traces of gas that duplicate what we know about
the unique composition of the Martian atmosphere made it apparent
that ALH84001 was a Martian meteorite, one of only about a dozen
that have been found so far.

McKay and Everett found a number of hints that Mars had once
been alive with miniscule nano-bacteria: bacteria-shaped tubes, or-
ganic compounds, magnetite crystals like those found in bacteria,
and carbonate spheres produced by bacteria. Any one of the four
hints would have been debatable, because they could have been
formed abiotically by normal geological processes, but taken together
they seemed to present a strong argument for Martian bacteria. The
bacteria were clearly not up to the task of digging the putative Mar-
tian canals, but they would have been happy to live in one.

The discoveries of Mayor, Queloz, Butler, and Marcy had proved
that other planetary systems exist in the universe. They had not
found Earths, but the cool Jupiter in the 47 Ursa Majoris system
looked like the type of Solar System analogue we were hoping to
find, with room for inner habitable planets. If even chilly, frozen
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Mars now sported evidence of life, and in particular if it could be
proved that Mars life had arisen independently of Earth life, then
there would be no question that life was prevalent in the universe.
Plenty of planets seemed to be out there, and if life had arisen on at
least two planets in our Solar System, there would be no reason why
life could not be flourishing all over the Galaxy. The combination of
the extrasolar planet discoveries and the claims for Martian life made
for an intoxicating brew.

September 19, 1996—The Clinton White House released a new
National Space Policy to guide NASA’s future efforts in the context of
the miraculous discovery of life on Mars the previous month. The
plan called for NASA to send robotic spacecraft to Mars by 2000 to
look for further evidence of life, and to bring samples back to Earth
for more detailed analyses than could be done by a robotic Mars lan-
der. The plan also charged NASA with discovering and characterizing
planets in orbit around other stars. Suddenly the search for life in the
universe had been pole-vaulted to the top of NASA’s priorities by the
Clinton White House. Former President George H. W. Bush’s plan to
return humans to the Moon and then send them on to explore Mars,
announced with great fanfare in 1989, did not appear at all in the
new plan for NASA.

October 17, 1996—The Space Telescope Science Institute held a
workshop in Baltimore on extrasolar planets and how they could be
studied with the next generation of space telescopes. Given that the
jobs of the hundreds of astronomers at the Institute depended on the
existence of Hubble, and that the telescope was scheduled to cease
operations in 2005, the Institute astronomers were already looking
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around for a replacement space telescope to provide their daily
bread. Ever since its founding in 1981, the Institute had embodied
the “Full Employment Act” for astronomy, not only for those willing
to work there but also for astronomers around the country, whose
grants of valuable Hubble observing time were allocated in “orbits”
(the usable portion of the roughly 96 minutes that it takes Hubble to
circle Earth in an orbit low enough to be reached and serviced by the
Space Shuttle). These grants of Hubble orbits were accompanied by
sufficient research funds to make one question whether many as-
tronomers were applying more for the Hubble orbits than for the
Hubble dollars.

Bill Borucki had not given up on FRESIP. As is customary at
NASA, when a mission or program is canceled or meets some similar
fatal difficulty, one simply chooses a new name or acronym and gets
on with business. Borucki gave a talk at the Baltimore meeting about
the Kepler Mission, the new name for FRESIP. Rather than choose a
new acronym, Borucki went with the rage at the time of naming mis-
sions after famous scientists, as had been the case when NASA’s
Space Telescope was named after the Carnegie Institution as-
tronomer, Edwin P. Hubble, who had discovered the fact that the
universe is expanding.

Johannes Kepler (1571-1630) was a German astronomer who
built on the work of previous astronomers, such as the Polish as-
tronomer Nicolas Copernicus, who proposed in 1530 that the plan-
ets orbited the Sun, not the other way around, and the Danish
astronomer Tycho Brahe, who could not quite take the leap to be-
lieve in Copernicus’s heliocentric, or Sun-centered, universe but nev-
ertheless made sufficiently precise measurements of the locations of
the planets in the sky to allow his successor, Kepler, to take the next
logical steps. Kepler was able to solve many of the riddles of planetary
motions, starting with his assertion in 1609 that the orbit of Mars
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FIGURE 10. Johannes
Kepler [1571-1630], the
German astronomer
who first understood the
elliptical nature and
basic laws of planetary
orbits. [Courtesy of
NASA’s Kepler Mission
and the Sternwarte
Kremsmunster, Upper-
Austria.]
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was elliptical, with the Sun lying at one of the
foci of the ellipse. (In reality, the center of mass
of the planet-star system lies at one focus of the
ellipse, but Brahe’s observations were not pre-
cise enough for Kepler to make such a fine dis-
tinction.) Kepler’s Third Law of planetary
motion showed how the orbital periods of plan-
ets are related to their distances from the Sun, a
fact that is used routinely to determine the sizes
of the orbits of extrasolar planets where only the
orbital period is determined directly. Kepler also
founded the field of astrometry, which Peter van
de Kamp would use over three centuries later to
search for a planet around Barnard’s star. And
Kepler accomplished all of this during an era
when he had to spend time defending his

mother against charges of witchcraft.

Borucki estimated at the Baltimore meeting that if the Solar Sys-

tem was typical of planetary systems, the Kepler Mission would dis-

cover not just one or two but hundreds of Earth-like planets. If

Borucki was correct, the Kepler Mission would tell us just how com-

mon Earth-like planets were, unless it found none at all, in which

case all we would have would be an upper limit on their frequency.

But even an upper limit would be important to know in order to esti-

mate the overall probabilities for life in the universe.

February 6, 1997—President Clinton launched the Origins Initia-

tive, intended to study the origin of life in the context of the forma-

tion of planets, stars, and galaxies. This initiative included plans for

planet-finding space telescopes and a new emphasis for NASA on as-
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trobiology, an interdisciplinary science that would seek to understand
how life begins and evolves. A Mars Sample Return Mission was
planned, giving Earth-bound laboratories a chance to subject Martian
rocks to the same scrutiny as that to which the Apollo lunar rocks
had been subjected. This time the mission would be accomplished
much more inexpensively and safely by a robot, not by NASA astro-
nauts. With White House support, the scientific wish list began to
grow apace, with other agencies besides NASA, such as the National
Science Foundation, wanting a piece of the new pie. The Administra-
tion’s Office of Management and Budget, following the White House
directive, promised to give NASA an extra $1 billion over the next 5
years to spend on the Origins Initiative. The big-ticket items were the
Mars Sample Return Mission, SIM, and Elachi’s Planet Finder.

April 9, 1997—Deane Peterson of the State University of New York
at Stony Brook and chair of the SIM working group, e-mailed me to
say that SIM was now a line item in the president’s budget for the Ori-
gins Initiative. Thereafter the project would be more or less guaran-
teed a stable source of funds and hence would not be so vulnerable to
the day-to-day funding crises that can rob an infant project of its
lifeblood. The SIM project was cost-capped at a total cost of $450 mil-
lion, not including the cost of the launch vehicle. Serious work on
SIM would start at the Jet Propulsion Lab in October 1997, and SIM’s
launch was scheduled for August 2004. With any luck, we would
know whether there were Earths around the closest stars just a few
years after SIM’s launch, perhaps by 20006, less than 10 years away.

October 29, 1997—The SIM working group held a meeting at JPL,
where we learned that SIM was going to be the largest project at JPL
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for the next decade. The total cost to develop, build, and launch SIM
had now risen to about $600 million, up from the number in the
presidents’ budget for 1997-1998 of $450 million. SIM’s launch
date had also slipped from 2003 to 2005. The start of serious work
on SIM at JPL had been delayed by nine months because there
wasn’t enough money at NASA to get SIM started and also to begin
work on a competing space telescope, the Next Generation Space
Telescope that was intended to replace the Hubble Space Telescope.

The jump in SIM’s cost estimates, which delayed the launch date
by 2 years, was ominous, but given the euphoria over the fact that
SIM was now a line item in the president’s budget, a slip of a few
years did not seem too terrible a burden to bear. SIM was going to
find nearby Earths, and that was all that mattered.



CHAPTER 3

Kiss My Lips, Tootsie

It is a capital mistake to theorize before one has
data. Insensibly one begins to twist facts to suit
theories, instead of theories to suit facts.

—{SIR] ARTHUR CONAN DOYLE (1859-1930)

It is also a good rule not to put overmuch
confidence in the observational results that are put
forward until they are confirmed by theory.

—I[SIR] ARTHUR STANLEY EDDINGTON (1882-1944)

January 7, 1998—NASA administrator Dan Goldin addressed thou-
sands of astronomers at a meeting of the American Astronomical So-
ciety, this time in the International Ballroom of the Capital Hilton in
Washington, D.C. Elachi’s Planet Finder had been renamed the Ter-
restrial Planet Finder, or TPE, just to make it clear exactly what the
goal was: new Earths. Goldin was bursting with enthusiasm for what
the White House’s endorsement of the Origins Initiative could mean
for NASA’s future. TPF would be launched in 2008, Goldin said.
NASA was currently under an agency-wide hiring freeze, and its ef-
fort to recruit biologists who were willing to join NASA and become

43
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astrobiologists was the one exception. Goldin said that if TPF found
nearby Earths, then NASA would plan to build an even more ambi-
tious space telescope capable of imaging the surfaces of these new-
found worlds, with enough resolving power to search for signs of ice
caps, clouds, continents, oceans, maybe even interstate highways
and their ubiquitous signs for “South of the Border.”

Goldin envisioned that such a Planet Imager telescope would be a
gigantic version of TPF itself; another space infrared interferometer,
but its mirrors spaced 3800 miles (about 6000 km) apart, rather than
333 feet. The Planet Imager would fly in 2020, just over two decades
away. Goldin concluded his address by suggesting that NASA would
want to send robotic spacecraft to the closest habitable worlds by the
end of the twenty-first century in order to take really close-up photo-
graphs of the planets and beam the images back to us at the speed of
light. Goldin’s breathtaking proposals were enough to keep NASA’s
engineers gainfully employed for the next century, giving them some-
thing much nobler to do than run a shuttle service for a chosen few
from the east coast of Florida to low Earth orbit and back.

June 8, 1998—Maryland Senator Barbara Mikulski announced that
Baltimore’s Space Telescope Science Institute had been chosen to op-
erate the Next Generation Space Telescope, an infrared space tele-
scope with a diameter three times that of Hubble. Hubble itself had
been given a 5- year reprieve and was now scheduled to be de-orbited
by a Space Shuttle mission in 2010. Letting Hubble fall on its own to
Earth risked the public relations disaster of its massive 94-inch pri-
mary mirror crashing down in an inhabited area, as pieces of NASA’s
Skylab space laboratory had done in Western Australia in 1979. The
Australian chickens that were startled by the Skylab impacts refused
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to lay eggs for a week. Hubble’s primary mirror would make a more
impressive crater than the chunks of Skylab did, potentially inflicting
even more severe losses on local egg producers.

The Next Generation Space Telescope was planned for launch in
2007, providing a 3-year overlap during which Hubble and the Next
Generation Space Telescope could observe the same astronomical ob-
jects, allowing the Next Generation Space Telescope’s infrared sen-
sors to detect features that Hubble could not, given Hubble’s primary
emphasis on visible light. The Space Telescope Science Institute’s as-
tronomers cheered Senator Mikulski’s announcement. Mikulski also
announced that the Next Generation Space Telescope would be built
at NASA’s Goddard Space Flight Center in Greenbelt, Maryland, even
though NASA headquarters said that where the Next Generation
Space Telescope was to be built had not yet been decided. As the fre-
quent chair or ranking minority member of the U.S. Senate Appropri-
ations Subcommittee with jurisdiction over NASA’s budget, Senator
Mikulski was used to having her voice heard loud and clear. NASA
headquarters later announced that NASA Goddard had indeed won
the competition to build the Next Generation Space Telescope.

The appointment of Hubble’s successor was the direct result of a
study released in 1996 by an independent committee of astronomers
chaired by Carnegie Institution astronomer Alan Dressler. Dressler’s
report concluded that the two main goals of such a telescope should
be to study newly formed galaxies and to detect Earth-like planets
around other stars. However, when the Space Telescope Science In-
stitute and NASA Goddard astronomers had a chance to write their
own report in 1997, the newly named Next Generation Space Tele-
scope was focused only on finding primeval galaxies and had mis-
placed the planet-finding goal previously established for it by Dressler’s
group. The segmented design chosen for the Next Generation Space
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Telescope, a pattern of hexagonal mirrors like that of the Keck tele-
scopes, meant that the Next Generation Space Telescope could never
do the job of detecting Earths: there would be too much stray
starlight coming from the edges of the hexagonal mirrors for the
planet’s much fainter light to be seen.

[t was clear that many astronomers still did not think that extrasolar
planets were objects worthy of serious study, in spite of the excite-
ment initiated by the discovery of 51 Pegasi’s planet.

June 22, 1998—Geoff Marcy announced the first detection of a
planet around a red dwarf star, Gliese 876, at an International As-
tronomical Union (IAU) meeting at the University of Victoria, in
British Columbia, Canada. Marcy and Butler, now at University of
California—Berkeley and the Anglo-Australian Observatory in Aus-
tralia, respectively, had used the Doppler method to show that Gliese
876 was circled by a presumed gas giant planet with a minimum mass
of 2.1 Jupiter masses, orbiting with a period of 61 days at a distance of
0.21 AU on an eccentric orbit. Gliese 876 was located only 15 light-
years away from Earth, making its planet the closest one to Earth
found to date—by a factor of 3.

Two hours later, Marcy was handed an e-mail saying that Xavier
Delfosse of Michel Mayor’s Geneva Observatory team had independ-
ently found the same planet around Gliese 876. The next day, Mayor
sent out an e-mail through French astronomer Jean Schneider’s exo-
planet e-mail exploder list, stating that Delfosse had e-mailed news
of his probable discovery to Mayor on June 18. Delfosse was contin-
uing to take data on Gliese 876 during an observing run at the Euro-
pean Southern Observatory at La Silla in Chile. By June 22, the day
of Marcy’s announcement, Delfosse was convinced that Gliese 876
had a planet and e-mailed Mayor again with the good news. But
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Marcy had beaten the Swiss—French team to the podium at the Vic-
toria meeting. Butler and Marcy also beat the Geneva Observatory
team in the race to submit their Gliese 876 b discovery for publica-
tion in a refereed journal. The IAU’s Working Group on Extrasolar
Planets, which I was to chair during 6 of its 7 years of existence, de-
cided to award the discovery rights for extrasolar planets on the ba-
sis of the date on which the paper was received for consideration by
the journal. The paper that Marcy, Butler, and their colleagues sub-
mitted to the Astrophysical Journal was received on July 7, 1998,
whereas the paper sent to the European journal Astronomy & Astro-
physics by Delfosse, Mayor, and their colleagues was not received
until August 4, 1998. One month had become an eternity in the on-
going Dbattle between the American—Australian and Swiss—French
teams for planet discovery bragging rights. The box score now read
8 to 4, with the American—Australian team having a strong lead in
spite of the fast start by the Swiss—French team with 51 Pegasi b a
few years earlier.

Gliese 876 is a red dwarf star of the M spectral type. Astronomers
classify stars by the emission and absorption lines seen in their spectra,
and they use these lines, in concert with theoretical models, to deter-
mine the masses of the stars. Higher-mass stars have hotter atmos-
pheres than lower-mass stars and so have different spectral lines. For
historical reasons, astronomers use letters of the alphabet to designate
these spectral types, the ordering from high-mass to low-mass stars be-
ing O, B, A, E G, K, M. To remember that peculiar sequence of letters,
astronomers use as a mnemonic device the phrase “Oh, Be A Fine
Girl, Kiss Me.” The recent discovery of two more classes of even
lower-mass stars, with spectral types L and T, has led the mnemonic to
be changed to “Oh, Be A Fine Girl, Kiss My Lips, Tootsie.”

The fact that M dwarf stars have eccentric planets was a revelation
for the overall frequency of planetary systems. M dwarf stars like
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Figure 11. Census of the number of stars of different types
[0, B, A, E G, K, M, L, T] and white dwarfs [WD] within
25 light-years of Earth visible from the Northern
Hemisphere. M dwarfs dominate the stellar population.
[Adapted from data provided by J. Davy Kirkpatrick
(Caltech).]

Gliese 876 and Barnard’s star are by far the most numerous stars in
the Galaxy; 113 of the 161 stars known to lie within 26 light-years of
the Sun are M dwarf stars. The closest stars are mostly M dwarfs,
with masses between one-half and one-tenth that of the Sun. Gliese
876 has one-third the Sun’s mass. Mass-challenged stars like Gliese
876 would be attractive targets for searching for life on other nearby
worlds. Now we knew that they had gas giants, but what about
Earths?

February 11, 1999—The SIM Science Working Group held a meet-
ing at the University of Arizona’s Steward Observatory, in Tucson,
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Arizona. SIM was still planned for launch in 2005, and the debate
centered on whether SIM should be able to use its formidable diame-
ter of 33 feet to take images or just to measure astrometric wobbles.
To be of most use to the general community of astronomers, whose
support was highly desirable, SIM should be able to take pictures of
distant stars and galaxies four times sharper than those provided by
the Hubble telescope. Howevet, because SIM was an interferometer,
not, like Hubble, a so-called filled-aperture telescope with a single pri-
mary mirror, SIM would have to be able to move its mirrors along its
33-foot boom, or else have mirrors placed along the boom at irregular
intervals, in order to provide an image that would not look as if it had
been taken by a camera with gobs of Vaseline smeared all over its
lens. In order to find planets astrometrically, all SIM needed was the
two mirrors on either end of the boom—the other mirrors needed for
imaging added cost and complexity, and, worst of all, mass. Perhaps
the greatest danger in building robotic spacecraft is designing a beast
too heavy to be lifted into orbit. Cost overuns could always be paid
for by robbing other projects in the agency, but a telescope too heavy
to be lifted into space would be the ultimate show-stopper.

The SIM Science Working Group debate about whether to take im-
ages or just measure wobbles went on and on, and eventually it was
put to a straw vote. The balloting yielded 8 votes in favor of imaging
and 8 voted opposed: a tie. This meant that the Working Group’s ad-
vice to JPL and NASA headquarters was basically “Do whatever you
want.” The Working Group members joked among themselves by
drawing parallels between their vote and the ongoing debate in the
U.S. Senate about whether to impeach President Bill Clinton over the
Monica Lewinsky affair, which had been under way at the White
House around the time of the ALH84001 Martian rock sensation.
White House political advisor Dick Morris had told the secret about
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the possible discovery of life on Mars to his mistress, which she had
mistakenly recorded in her private diary as life on Pluto.

February 20, 1999—The SIM Project at JPL decided to retain the
option of astronomical imaging, if for no other reason than to provide
a convenient “descope” option when SIM inevitably ran into trouble
at some time in the future. NASA headquarters concurred. By plan-
ning for SIM to have this capability, the project could get the devel-
opment funds needed for imaging right away but later spend them
elsewhere if necessary. Space projects often hedge their bets against
future technological hitches and cost overruns by setting aside a fixed
unassigned percentage of the expected total costs as “reserves” and
by proposing enough capability up front for some of that capability to
be bargained away at a later date, if necessary.

September 16, 1999— Nature reported that a planned space tele-
scope named CoRoT was in danger of being dropped by the French
national space agency, the Centre National d’Etudes Spatiales, or
CNES, because of budget cuts imposed by the French science ministry.
CoRoT, which stands for Convection, Rotation, and Planetary Transits,
was conceived around 1994 by French astronomers who wished to
learn more about the interior structures of stars by monitoring their vi-
brations, in somewhat the same way that Earth’s core/mantle struc-
ture can be discerned by studying the planet’s vibrations—that is, the
seismic waves generated by earthquakes. CoRoT was planned as a
stellar seismograph, able to probe deep into stellar interiors. Because
CoRoT would be staring at fields of stars for as long as 150 days,
however, it might also be able to detect planetary transits, at least for
planets with orbital periods much less than 150 days. Multiple tran-



Kiss My Lips, Tootsie 51

sits could be observed and the transiting planet’s orbital period reli-
ably determined. Frederic Bonneau, CoRoT’s head at CNES, noted
that CoRoT would also be able to determine the physical size of tran-
siting planets by measuring how much of the target star’s light was
blocked by the area of the planet during a transit: a planet 10 times
smaller than its star would lead to a 1% diminution in the star’s light,
because the areas of the planet’s and star’s surface projections on the
plane of the sky depend on the squares of their respective diameters.
CoRoT aimed to produce as accurate a picture of transiting planets as
one might imagine could be created by the French realist painter
Jean-Baptiste-Camille Corot (1796-1875).

CoRoT was planned for launch in 2002 with a total cost of only
$55 million, including a Russian launch vehicle—a bargain com-
pared to the expected costs of a typical NASA space mission. How-
ever, even this low total cost put CoRoT in jeopardy, given the desire
of Claude Allegre, the French science minister, to cut major projects.
Allégre is a well-known and respected cosmochemist who had
helped fix the age of the Solar System at 4.566 billion years, give or
take a few million years. However, Michel Mayor had confided to me
at a 1998 exoplanets meeting in Lisbon, Portugal, that Allegre had
wanted to close the Haute Provence Observatory, where Mayor had
discovered 51 Pegasi b, and to cut the budget for the European
Southern Observatory by 25%. Now Allegre wanted to finish the job
on French astronomy by sending CoRoT to the guillotine. Apparently
Allegre was content with planet Earth and felt no need for France to
continue to discover new worlds.

October 22, 1999—The estimated cost of SIM rose to the range of
$650-$700 million, well above the NASA headquarters target of
$500 million. The SIM Project was told that it must cut costs or risk
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being canceled so that its funds could be used to help build the Next
Generation Space Telescope, which now had a total cost estimate of
$2 billion and a launch date of 2008. Clearly the Next Generation
Space Telescope was the favored child, in spite of SIM’s ability to per-
form brilliantly on a number of tough astronomical problems, such as
helping to refine the cosmic distance scale, and in spite of SIM being
NASA's first planet-hunting space telescope.

November 11, 1999—Paul Butler was excited, very excited. His
team had made a major discovery, arguably the most important dis-
covery in the field of extrasolar planets since 51 Pegasi’s planet ap-
peared in 1995. Butler, normally a phlegmatic person, decided to let
me in on his team’s bombshell. Butler had become a colleague a few
months earlier, having left Australia for a staff appointment at the De-
partment of Terrestrial Magnetism—and for the steady access to the
Carnegie telescopes at the Las Campanas Observatory in Chile that
this appointment entailed. A true astronomer lives for telescope time,
and Butler is a true astronomer, typically spending half of his time at
observatories in Australia, Chile, and Hawaii or in transit somewhere
in between one of those three locations and Washington, D.C.

The Doppler planet search teams had found nine hot Jupiters so
far, yet they had not found a single one that was a transiting planet,
which was unsettling. The closer a planet is to its star, the more likely
it is that a randomly inclined orbit will result in the planet periodi-
cally blocking some of the star’s light when it passes in front of the
star as seen from Earth. For hot Jupiters, there is a 10% chance that a
transit will occur. Because Jupiter has one-tenth the diameter of the
Sun, a hot Jupiter should produce a transit where the star’s light dims
by about 1%, a small dip but one that is readily measured by ground-
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based telescopes. The puzzle was, with nine hot Jupiters known,
why had none as yet been found to transit?

Could it be that the hot Jupiters were not really gas giants similar
to Jupiter? Perhaps they were more like the pulsar planets, made not
of hydrogen and helium gas but of something else, giving them such
a high density and small diameter that the dimming produced by
their transits could not be seen from Earth. Worse yet, maybe their
orbits were inclined in such a way that transits did not occur. But if
that were true, it would mean that their true masses could be much
higher than the minimum masses derived from the Doppler detec-
tions. In that case, they might not be planets at all but very low-mass
stars called brown dwarfs. Such L and T dwarfs are interesting ob-
jects in their own right, but they are certainly not planets.

The bombshell was that Butler’s team had found the tenth hot
Jupiter, and this tenth one transited. The estimated 10% chance for
transiting hot Jupiters had held true, but we had had to roll the dice
10 times to finally get the expected payoff.

Butler’s team had added a star called HD 209458 to its observing list
just a few months earlier, in May 1999. HD 209458 was the
209,458th entry on a list of over 225,000 stars compiled in the late
1800s by American astronomer Henry Draper. As of May, it was one of
a list of about 500 stars being carefully monitored by Butler’s team with
the HIRES (High Resolution Echelle Spectrometer) spectrograph on the
Keck I telescope in Hawaii. HIRES had been designed by team member
Steven Vogt, who was Marcy’s Ph.D. thesis advisor at UC Santa Cruz.
Vogt’s superior skill in building HIRES allowed their California-Carnegie
team to routinely measure Doppler shifts with errors of only 7 miles per
hour (3 meters/second) at the Keck Observatory on Mauna Kea.

A few days earlier, on November 5, Butlet’s analysis of the data for
HD 209458 revealed that it had a hot Jupiter with an orbital period



54 THE CROWDED UNIVERSE

) I . ) I ]
= 086 : -
] L ]

E e LR o -0-9 @ .
S [ ]
N o087 | .
= [ .
3 .
= oss | ®e i ]
) ! P L I
s ®

P U TR S VN [N SHN W W S [ S S S S —

0.6 0.65 0.7 0.75

Julian Date-2,451,490

FIGURE 12. First detection of a transiting planet, orbiting HD
209458, using the T8 automated telescope of Fairborn
Observatory, Arizona. Only the first portion of the transit was
observed, showing the star’s light dimming by about 1.6% as the
planet passes in front of the star. [Reprinted, by permission,
from G. Henry et al., 2000, Ap/, volume 529, page L42.
Copyright 2000 by the American Astronomical Society.]

of 3.5 days. Once every 3.5 days, there was a chance that a transit
could be seen as the hot Jupiter passed through the point on its orbit
closest to Earth, the point known as “inferior conjunction.” Butler’s
data analysis showed that the next such chance would occur on the
night of November 7, so team member Gregory Henry of Tennessee
State University was asked to monitor HD 209458 at the appropriate
time that night, using the automated 32-inch (0.8-meter) T8 tele-
scope at the Fairborn Observatory in Arizona. He did so, and he saw
clear evidence for the beginning of the transit, as HD 209458
dimmed by 1.6% at the predicted time. However, about 2 hours after
the transit began, Earth’s rotation had carried HD 209458 so low in
the sky that Henry’s ability to measure the stat’s brightness accurately
was degraded by the increasing amount of atmosphere the star’s light
had to pass through before reaching the T8 telescope. The next tran-
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sit, 3.5 days later, occurred during the day and so could not be ob-
served, and on the night of the third transit, 7 days after the first, the
skies were cloudy in Arizona. Even a small amount of clouds makes
precise measurements of stellar brightness impossible, because the
varying thickness of high cirrus clouds passing in front makes the star
seem to disappear and then reappear. The team would have to rely
on the data from the first half of the November 7 transit.

On November 11 the California-Carnegie team decided to alert
the rest of the world to the transiting planet in the hope that some-
one else would be able to observe the entire transit. Following stan-
dard astronomical procedure, Henry asked Brian Marsden of the
Smithsonian Astrophysical Observatory to send out an IAU Circular
announcing the discovery of the transit and predicting further transits
on November 15, 18, and 22. By the next day, the IAU Circular web
page still had not shown the discovery, so Marcy called a few as-
tronomers to give them the news directly, including Timothy Brown
of the High Altitude Observatory in Bouldet, Colorado. Brown was
not in his office, so Marcy left a message. Brown returned the call
later in the day, and it was then that Marcy learned Brown’s group
also had evidence for a transit.

Michel Mayor’s team had been observing a star called SAO
107623 at the Haute Provence Observatory, while David Latham of
the Harvard-Smithsonian Center for Astrophysics in Cambridge, Mas-
sachusetts, had been observing the star with HIRES on Keck I. Mayor
and Latham were old friends who had collaborated in 1988 in dis-
covering a possible planet around the star HD 114762 with a mini-
mum mass of 11 Jupiter masses, which had made them think it was
more likely to be a brown dwarf than a gas giant. Latham and Mayor
pooled their data, took more data with the 48-inch (1.2-meter) Swiss
telescope at the European Southern Observatory’s facility at La Silla
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in Chile, and then realized they definitely had a new hot Jupiter. It
was time to check it for a transit.

Looking for a transit fell to Tim Brown and Harvard graduate stu-
dent David Charbonneau. In July 1999 Brown had installed a home-
made 4-inch (10-cm) telescope in a shed near the parking lot of his
office building in Boulder, Colorado. Prompted by Latham, Charbon-
neau monitored the brightness of SAO 107623 on 10 nights between
August 28 and September 15. Charbonneau began checking the data
for evidence of a transit on October 27, and by November 10 he and
Latham had decided they had found the first transit.

On November 12, Brown stopped by his office and found the tele-
phone message Marcy had left earlier that day. He returned Marcy’s
call, suspecting that both teams had made the same discovery. Brown
and Marcy soon figured out that Marcy’s star HD 209458 was the
same as Brown’s star SAO 107623—bingo! Each group’s data pro-
vided independent confirmation of the reality of the transit of HD
209458 b. There was no way that they could both be wrong,

After Marcy hung up, he decided it was time to change the plan
for the press release his team had prepared. Anne Kinney, head of the
Origins Program at NASA headquarters, had wanted to trumpet the
discovery with a formal press conference on November 19, given
that the California-Carnegie team'’s discovery had been made possible
in part by telescope time awarded through NASA’s one-sixth share of
the Keck Observatory. Now that there was a danger that the
Geneva/Harvard-Smithsonian/Boulder team would scoop them,
Marcy decided to jump in first. For all he knew, there might be other
teams out there similarly poised to claim the discovery. After losing
out to Mayor and Queloz on the discovery of the first extrasolar
Jupiter, Marcy and Butler were not about to let this prize slip through
their fingers. The press release was sent out the night of November
12 to Stephen Maran, the American Astronomical Society Press Offi-
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cer, for distribution to the world’s media. That night Butler and
Marcy began feverishly writing the paper that would cement their
claim for discovery of the first transiting planet.

By November 14, the California-Carnegie team’s discovery was
being ballyhooed on television shows and on newspaper front pages
across the country, with no mention of the essentially simultaneous
discovery by the Geneva/Harvard-Smithsonian/Boulder team.

November 18, 1999—The Astrophysical Journal office received
the paper by Henry, Marcy, Butler, and Vogt describing the combined
Doppler and transit detection of HD 209458 b. The following day,
the Astrophysical Journal received the paper by Charbonneau,
Brown, Latham, and Mayor with their transit data. By the rules of
the TAU Working Group on Extrasolar Planets, the discovery rights
went to the Henry paper, although the Journal wisely published the
papers back to back, Henry’s first, in the January 20, 2000, issue of
its Letters section.

The discovery of this first transiting planet was a milestone for a
number of reasons. Notably, it was the first time that a planet found
via Doppler wobbles had also been found by a completely different
technique, transit photometry. Doppler had thus been confirmed to
work as advertised. Second, because the planet’s orbit had to be seen
nearly edge-on in order to produce a transit, the minimum mass
found by the Doppler detection had to be close to the true mass of
the planet. In the case of HD 209458 b, the planet’s mass was nailed
down at 0.69 Jupiter mass, less than Jupiter’s mass but above Saturn’s
mass of 0.30 Jupiter mass. Third, this first true mass strongly indi-
cated that HD 209458 b was indeed a gas giant, like Jupiter and Sat-
urn, and presumably so were most of the other planets found by the
Doppler surveys. Fourth, and perhaps most important for making the
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FIGURE 13. First detection of a transiting planet, orbiting HD
209458, using a 4-inch telescope in a parking lot in Boulder,
Colorado. The entire transit event was observed on two
different nights. [Reprinted, by permission, from D.
Charbonneau et al., 2000, Ap/, volume 529, page L45.
Copyright 2000 by the American Astronomical Society.]

case for giant planets, the transit depth of a few percent meant that
the radius of the planet could be determined to be about 30%
greater than that of Jupiter, implying an average density less than
that of either Jupiter or Saturn. And with that low a density, HD
209458 b had to be a gas giant planet, probably “fluffed up” because
it was a hot Jupiter.

November 22, 1999—Bill Borucki’s Kepler team was able to con-
firm the transit of HD 209458 b using their Vulcan camera at the
Lick Observatory, whose domes are visible on Mount Hamilton to
the south of NASA Ames. In order to test out Keplet’s transit pho-
tometry technique, Borucki and his NASA Ames colleagues had built
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a small camera able to monitor 6000 bright stars simultaneously,
searching for the periodic dimming that signals a planetary transit.
Vulcan had yet to find a new planet, but once HD 209458 b’s transit
was announced, Borucki knew where and when to point Vulcan, and
Vulcan did the rest. Transit photometry worked, and therefore so
should Kepler.

November 23, 1999—Dave Charbonneau’s paper on HD 209458
b’s transit was accepted for publication by the Astrophysical Journal.
Tim Brown used the exoplanet e-mail exploder to announce the team’s
results, following the standard scientific etiquette of waiting for an im-
portant paper to be accepted (or even published, depending on the
journal’s policy about embargoes) before making the hot news public.

May 18, 2000—The new NAS Decadal Survey on astronomy and
astrophysics was issued. Commissioned every 10 years by NASA and
the National Science Foundation, these reports help U.S. as-
tronomers decide among themselves what their priorities should be
for the expensive ground- and space-based telescopes that determine
the future of their science. SIM had previously been blessed by the
1991 Survey, and the 2000 Survey therefore assumed that SIM
would fly and simply reaffirmed its support for SIM. The real ques-
tion was what the 2000 Survey would say about the Terrestrial
Planet Finder.

The 2000 Survey recommended TPF but gave it a relatively low pri-
ority: TPF was sixth on a list of seven major initiatives, with the Next
Generation Space Telescope at the top. The Survey insisted that TPF
should not only be able to find planets but should also be capable of
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taking images in the infrared that were 100 times better than any ever
taken before. Evidently the demand for exquisite imaging was what
motivated the general astronomical community to rate TPF even at
number six on the list. Neverthless, Anne Kinney, who was responsible
for SIM and TPE optimistically said, “I'm delighted with this report—
it’s fantastic.” And NASA headquarters apparently took the fact that
TPF was in the 2000 Survey as sufficient support to proceed with the
$1.7 billion mission. TPF remained a favorite of administrator Dan
Goldin, and that fact could not be discounted in what NASA would do.

October 5, 2000—CoRoT was approved for launch in 2004 by
CNES. Claude Allegre had been fired as the French science minister in
March after a 3-year reign of terror for French scientists. CoRoT had
survived, and it had gained the support of ESA (European Space
Agency) as well, making it a more truly European Union space mission.

The transiting planet space race with Kepler was on, but only if
Kepler could win the support of NASA headquarters. One way to do
this was to get Kepler chosen as a Discovery-class mission, where
teams of scientists propose specific missions of their own design. Bill
Borucki had entered Kepler in the 1998 competition for a NASA Dis-
covery Mission slot but had failed to win anything except some
much-needed technology development funds. With a new Discovery
competition under way in 2000, Borucki was ready to try again.
CoRoT’s approval might mean that NASA would feel there was now
no need for Kepler, orit could stimulate a flow of competitive juices
that would help push Kepler forward.

The 2000 Decadal Survey had demanded that before TPF could
be “started,” astronomers had to “confirm the expectation that ter-
restrial planets are common around solar-type stars,” which is exactly
what Kepler would do.
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FIGURE 14. Confirmation of the first transiting planet, HD 209458
b, by the Hubble Space Telescope. This image illustrates the
great advantage of observing transits from above Earth’s
atmosphere, which results in there being much less noise in
measuring the brightness of the star. [Reprinted, by permission,
from T. Brown et al., 2001, Ap/, volume 552, page 702.
Copyright 2001 by the American Astronomical Society.]

October 25, 2001—David Charbonneau and Tim Brown submitted
a paper to the Astrophysical Journal about using Hubble to detect the
presence of sodium atoms in the atmosphere of HD 209458 b, by ob-
serving minute changes in the star’s light at the frequencies absorbed
by sodium atoms during the transit. As the planet passed in front of
the star, some of the star’s light had passed through the planet’s at-
mosphere on its way to Hubble, and this passage had left a faint but
discernible pattern on HD 209458’s light. Charbonneau and Brown
and their colleagues had accomplished the first characterization of
the composition of an extrasolar planet, without any question of their
priority for this major discovery. This feat proved that space tele-
scopes could reveal the chemical composition of exoplanets, buttress-
ing the case for TPF’s goal of not only detecting nearby Earths but
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also telling us enough about their atmospheres so that we could
guess whether they were habitable—or maybe even inhabited.

November 14, 2001—Following the 2000 presidential election de-
bacle, where Al Gore won the popular vote but George W. Bush was
effectively appointed president by the U.S. Supreme Court, Office of
Management and Budget Deputy Director Sean O’Keefe was nomi-
nated by President Bush to succeed Dan Goldin as head of NASA.
Bush felt that a change in NASA’s leadership was necessary “to en-
sure fiscal responsibility.” O’Keefe had been a bean counter for the
Navy and the Department of Defense, with close ties to Vice Presi-
dent Dick Cheney, so he got the nod from Bush, or Cheney, or who-
ever decided these things in the Bush White House. On November
16, 2001, Dan Goldin stepped down as head of NASA.

December 11, 2001—The TPF Final Advocate Review meeting
was held on Shelter Island in San Diego Bay, California. The Jet
Propulsion Lab had selected four teams of engineers and scientists to
start fresh and come up with new approaches for the design of a
space telescope capable of finding living planets. The goal was to con-
sider designs other than the two that had been studied to date.
Elachi’s Planet Finder, the 333-foot infrared interferometer on a
stick, had been succeeded in JPUs plans by the idea of putting four
140-inch (3.5-meter) telescopes on four separate spacecraft, so that
the four mirrors could be flown around to form an interferometer
that had the resolving power of a telescope with a diameter any-
where from 248 feet (75 meters) to 0.6 mile (1 kilometer). Such a

free-flying version of TPF was the same basic design as that being pur-
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sued by the Europeans, whose mission was named Darwin.
TPE/Darwin was going to be so expensive that it was clear that both
NASA and the European Space Agency should plan to collaborate
and share the enormous costs, as they had done with Hubble. ESA’s
budget is roughly 25% of NASA’s budget, so ESA was particularly mo-
tivated to collaborate on TPE/Darwin. NASA was willing to collabo-
rate but hoped to take the lead, as it had done with Hubble.

At the San Diego meeting, Origins Czarina Anne Kinney said that
“All roads lead to TPE” Noting the 2000 Decadal Survey language,
Kinney also pointed out that the Kepler Mission, currently under re-
view for a Discovery Mission slot, would be able to provide the esti-
mate of the frequency of Earth-like planets that the Survey
considered a prerequisite for “starting” TPE Knowing this frequency
would also be important for choosing the optimal design for TPF: if
Earths were commonplace, then TPF need search only the closest
stars to find some, whereas if Earths were relatively rare, TPF would
have to be able to search much deeper in space, and so might require
a different design. JPL planned to “start” TPF by 2007 with a launch
planned for 2014. Cost estimates varied widely, but using the total
mass as the most important parameter led to estimates in the range of
$1-$2.5 billion.

NASA headquarters and JPL decided that the Decadal Survey’s re-
quirement for exquisite astrophysical imaging could be safely ig-
nored. There was thus no need to insist on the free-flyer concept for
TPE which would be the only way to get that kind of resolving
power.

The major outcome of the San Diego review was the realization
that TPF could be built to work at visible wavelengths, not just at in-
frared wavelengths, as had been assumed previously. In spite of an
Earth being roughly 10 billion times fainter than the star at visible
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wavelengths, compared to 10 million times fainter at infrared wave-
lengths, the clever astronomers on several of the teams decided that
they could make TPF work with visible light. They would do this by
building a space telescope with a single primary mirror that had a di-
ameter of 320 inches (8 meters) and use a coronagraph to block out
the star’s light, allowing the planet to be seen. Building such a coron-
agraph would not be easy, but enough progress had been made in op-
tical science to make it seem not impossible. Coupled with this
revelation was the realization that visible light offered the same sort
of atmospheric biomarkers that infrared light offered for taking the
next step beyond detection: characterization of the molecules in the
atmospheres of the detected planets (such as oxygen, watet, and car-
bon dioxide) was necessary to determine whether the planets were
likely to be habitable. If methane were found as well as oxygen, there
would be a good chance that the planet was alive; the methane in
Earth’s atmosphere is largely a product of methanogenic bacteria and
bovine belching and flatulence. Any detection of methane on an ex-
trasolar Earth would therefore be of immense interest to microbiolo-
gists, as well as to the American Cattlemen’s Association.

As a result, TPF-C was born at the San Diego meeting. The free-
flying infrared interferometer version was still a serious option as well,
and it would now be known as TPF-1. If Earths were commonplace,
then either TPF-C or TPF-I could be successful, but if Earths were few
and far between, TPF-I would be necessary. JPL planned to decide be-
tween the two architectures for TPF by 2006 and to continue to de-
velop only a single design thereafter. The 2006 downselect would be
based primarily on the technological readiness of TPF-C versus TPF-],
because it was certain that the frequency of Earths was not going to
be established by 2006. Borucki’s 2000 Discovery Mission proposal
for Kepler planned a launch in late 2005, and it would take the next 5
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years to derive a good estimate of the frequency of Earths. If NASA de-
cided to fly TPF-C instead of TPF-I, what would that mean for the col-
laborative effort with ESA’s Darwin Mission? No problem. As ESA
astronomer Malcolm Fridlund put it, “Darwinians are willing to
evolve.” ESA’s astronomers wanted so badly to join NASA in the TPF
effort that they would be willing to proceed with the best possible de-
sign for TPF, even if it was not the Darwin free-flyer.

Thus TPF not only survived the transition to a new NASA admin-
istrator, but now there were two TPFs to consider. Things were look-
ing good for the search for living planets.

December 21, 2001—NASA headquarters announced that the Ke-
pler Mission had been selected for flight as a Discovery-class mission,
where missions are conceived and often led by non-NASA scientists
who are called the mission’s Principal Investigator. Twenty-six pro-
posals had been submitted for the competition, and Kepler was one
of the two winners. The other was the Dawn Mission to the two
largest asteroids, Vesta and Ceres. The two missions were cost-
capped at $299 million each, and both were scheduled for launch in
2006. Discovery Missions are used primarily to explore the Solar Sys-
tem, so NASA’s willingness to use a precious Discovery slot to search
for habitable worlds was encouraging. It was probably attributable in
no small part to the enthusiasm for exoplanet searching of Edward
Weiler, the head of NASA’s Office of Space Science. My Carnegie col-
league and Geophysical Laboratory director Wesley Huntress, a for-
mer head of the Office of Space Science himself, whose own
Discovery Mission proposal had just been rejected, told me that he
thought Kepler was a “shoo-in” in the Discovery Mission race be-
cause of Weilet’s strong support.
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Kepler was planned as a space telescope with a diameter of 38
inches (0.95 meter) designed to photograph a wide area of the sky in
order to simultaneously monitor 100,000 stars for transits caused by
their Earths. Kepler would stare at those 100,000 stars for 4 years,
long enough for an Earth-like planet to transit its star at least three
times. Three transits were needed to be certain of the planet’s exis-
tence, because the transits caused by an Earth-sized planet are 100
times dimmer than those caused by a Jupiter-sized planet. Although
hot Jupiters could be discovered with a 4-inch telescope in a parking
lot in Boulder, finding Earths meant a space telescope like Kepler was
needed to get above our Earth’s atmosphere. Even then, one still had
to contend with the turmoil and sunspots on the target star’s surface,
which could easily produce a dimming comparable to that of a tran-
siting Earth.

The first of the transits told you nothing; it might be merely an ar-
tifact of something weird on the star’s surface. The second transit
told you the orbital period of the planet, if there really was a planet
involved. This allowed you to predict when the third transit would
occut, one orbital period later. If this third transit occurred as pre-
dicted, voila! A new planet had been discovered, at least assuming
that the Kepler team could rule out all other sources of false posi-
tives, such as periodic eclipses of background binary stars that were
so faint they could not be seen next to the target star but whose light
would insidiously blend in with the target star’s light and mimic the
dimming caused by an Earth-like transit.

Kepler’s aperture of 38 inches was more than three times larger
than CoRoT’s 12-inch (0.3-meter) diameter, meaning that it had 10
times the area of CoRoT and so could monitor stars that were 10
times fainter. Kepler planned to follow about 100,000 stars in a region
of the sky 10 degrees on a side and centered on the constellation
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FIGURE 15. Transit of Venus in front of the Sun on June 8, 2004. Venus is
about to end the transit by moving off the right edge of the Sun’s disk.
Venus is nearly the same size as Earth. [Courtesy of Robert Traube
(Northern Virginia Astronomy Club). Image taken with a Celestron C-11
Schmidt telescope.]

Cygnus. For comparison, the Moon has a diameter of 2 degree, so
the Kepler field would be as wide as 20 Moons lined up across the
sky. CoRoT, on the other hand, images a square about 3 degrees on a
side, only half of which is used for transit searching, so CoRoT’s
search area is more than 20 times smaller than Kepler’s. Combined
with the fact that Kepler planned to stare at the same stars for 4 years
without ever blinking, and CoRoT planned to stare for no longer than
150 days, it was clear that Kepler should be able to outperform
CoRoT on every count. CoRoT might be able to find “hot Earths” on
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Mercury-like, short period orbits, but only Kepler would have the
time to find habitable Earths with 1-year orbital periods around stars
like the Sun.

If Kepler could jump through all the hoops of the NASA design
and development process, get built correctly, and launch into an
Earth-trailing orbit around the Sun rather than into the Atlantic
Ocean off Cape Canaveral, Kepler was likely to beat the pants off
CoRoT at finding true Earths.

January 30, 2003—Maciej Konacki of Caltech and his colleagues
published a paper in Nature reporting the first detection of a planet
by the transit method. HD 209458 b had been discovered by
Doppler spectroscopy and then confirmed by transit photometry.
Konacki managed to reverse this sequence for the first time.

A group of Polish astronomers from Warsaw University had built a
52-inch (1.3-meter) telescope at Carnegie’s Las Campanas Observa-
tory in Chile and were using it to study the myriad of stars toward
the center of our Galaxy, in the so-called Galactic bulge. They were
searching for microlensing events, where an unseen foreground star
would pass in front of a visible Galactic bulge star. As predicted by Al-
bert Einstein in 1936, the foreground star’s gravity could bend the
light coming from the visible star, causing the light rays to be concen-
trated in the direction of the Earth. The visible star would thus
brighten for a few weeks and then return to normal as if nothing had
happened. Einstein had predicted this gravitational lensing effect but
did not believe that it could ever be observed. The Polish as-
tronomers decided to prove him wrong. They named their search the
Optical Gravitational Lensing Experiment, or OGLE, an appropriate
acronym for a project that involves prolonged staring.
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FIGURE 16. During a gravitational microlensing event, light from a
background star is bent toward Earth by the gravitational pull
from an unseen foreground star and planet, resulting in an
apparent brightening of the background star for a period as long
as a few months. The event occurs only once, because the
foreground star continues on its orbit through the Galaxy and
leaves behind the favorable alignment that by chance led to the
event.

The OGLE team had been following 155,000 faint stars to look for
microlensing events. As a byproduct of that search, they stumbled on
a number of stars that periodically dimmed as if they had transiting
planets. In 2002, Andrzej Udalski of the Warsaw University Obsetrva-
tory had published a list of 137 stars that might have transiting plan-
ets. Given the likelihood that most of these candidates were false
positives caused by things like unseen eclipsing binary stars behind
the target star, Udalski left it to others to follow up on the list and see
whether any of them could be proved by Doppler spectroscopy to
have planets. Konacki did the dirty work and found the first one,
named OGLE-TR-56, the 56th star on Udalski’s list.

OGLE-TR-56 was orbited by a planet with a mass of 0.9 Jupiter
mass, which sounded reasonable, but it was orbiting with a period of
only 1.2 days, much less than 51 Pegasi b’s 4.2 days or HD 209458
b’s 3.5 days. The Doppler planet search folks had never seen such a
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short-period planet in their surveys, and they wondered why not.
Konacki had measured the Doppler wobble with a total of only three
data points, so few as to make the claimed detection laughable from
the point of view of the Doppler teams, who routinely take dozens of
measurements before daring to claim a detection. If it was real, one
thing was clear: because its 1.2-day period meant that it was closer to
its star than any other planet, OGLE-TR-56 b was likely to be the
hottest Jupiter of them all. Real estate agents would not want listings
for this hellish world.

April 30, 2003—Artie Hatzes of the Tautenberg Observatory in Ger-
many, Gordon Walker, and their colleagues submitted a paper to the
Astrophysical Journal providing good evidence that Gamma Cephei
had a giant planet after all, in accordance with the claim made by
Bruce Campbell in 1988 only to be withdrawn by Walker in 1992. A
total of 21 years of Doppler data on the Gamma Cephei binary star
system implied that it contained a planet with a mass of at least 1.7
Jupiter masses that orbited Gamma Cephei A (the brighter star) every
2.5 years. This planet was the same one that the Canadian group had
agonized over in 1988-1992. The new decade of data ruled out the
possibility that the 2.5-year variations were caused by changes in the
stellar atmosphere, the troubling worry that had caused the retraction
in 1992. The Canadians had been denied the glory of the discovery of
the first extrasolar planet in 1988, well before the pulsar planets ar-
rived in 1992 and 51 Pegasi b appeared in 1995—robbed of this
unique distinction by their own caution and uncertainty.

June 30, 2003—The Canadians beat the French in the race to get
the first stellar seismology telescope into space. The Microvariability
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and Oscillations of Stars Telescope (MOST) microsatellite was
launched on a former Soviet intercontinental ballistic missile (ICBM)
from Plesetsk, the primary launch site for Soviet and Russian military
satellites. MOST was dubbed Canada’s “Humble Space Telescope”
because of its small size, about that of a suitcase, and its small cost,
about $10 million Canadian. Now that transiting planets were begin-
ning to be discovered, though, it was clear that MOST could also
monitor stars like HD 209458 and learn more about their hot
Jupiters, all for a bargain basement price. Canada’s Gordon Walker
was back in the extrasolar planet game, this time looking for transits
instead of those vexing Doppler wobbles.
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CHAPTER 4

The Mars Gold Rush

There is life on Mars, and it is us.
—RAY BRADBURY (JULY 1976)

January 14, 2004—President George W. Bush addressed the nation
from the auditorium at NASA headquarters. Bush presented his new
Vision for Space Exploration, intended to provide NASA with de-
tailed guidance on exactly what it should be doing in the painful af-
termath of the Columbia disaster, when a Space Shuttle disintegrated
during its return from space on February 1, 2003. Shuttle flights had
been suspended since then, which halted work on the International
Space Station and delayed the plan to service and update Hubble one
last time. Columbia had been scheduled to visit Hubble early in
2005.

Bush took charge of NASA’s quandary and laid out a new game
plan. The prioritized list for NASA was clear-cut: first, return the
Shuttle to flight; second, finish building the Space Station; third, pre-
pare to retire the Shuttle by developing a new space transportation
system; and fourth, return human beings to the Moon while on the
way to Mars.

73
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Mars? Mars?? Bush’s plan was breathtaking in its scope even with-
out astronauts heading off to Mars. Evidently President Bush was at-
tempting to outdo his father, the first President Bush, with the Vision
for Space Exploration. The first President Bush had proposed around
1989 to send NASA astronauts to Mars for about $400 billion, a
price tag that outraged Congress and led to the demise of the first
Bush’s Mars initiative. The first President Bush had kicked Saddam
Hussein out of Kuwait after Hussein invaded it but had left Hussein
as the ruler of Irag. The second President Bush seemed to have de-
cided to address both of these paternal challenges, first with the U.S.
invasion of Iraq in 2003, and now with the Vision for Space Explo-
ration. The fact that deposing Saddam Hussein had turned into a dis-
aster of unprecedented proportions for the Iragi people did not bode
well for the success of the new Mars initiative: the Bush administra-
tion did not have a good track record for knowing what to do after
the missiles were launched.

The Jet Propulsion Laboratory (JPL) at Pasadena, California, had
landed the first Viking spacecraft on Mars on July 20, 1976 (exactly 7
years after Apollo astronaut Neil Armstrong set foot on the Moon),
thus beginning a search for life on Mars that went well beyond look-
ing for canals and interstates. In the 30-odd years since Viking, astro-
biologists had realized that, rather than searching directly for Martian
microbes, as Viking had done, it made more sense to look first for
habitable regions on Mars, just as astronomers were planning to do in
the search for habitable planets. In both cases, the key ingredient is
water, the essence of terrestrial life. NASA's mantra for looking for life
on Mars became “follow the water”—that is, find regions where wa-
ter was present now or had been present in the past on Mars. Once
evidence for liquid water was found, that would be the time to start
the search for Martian bugs.
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By 2004, the possibility that the ALH84001 meteorite had proved
that there was life on Mars had been discounted by nearly every
savvy astrobiologist except those who had made the initial claims,
David McKay and Everett Gibson. With the advent of President
Bush’s Vision, the exploration of Mars became a driving force behind
not only NASA’s science goals but also the future of human space
flight. The search for Martian water would begin with robotic mis-
sions, though, and perhaps the robots would find some good places
for astronauts to explore several decades later. If robots or astronauts
could discover life on Mars, life that arose independently of life on
Earth, the implications were enormous for life elsewhere in the
Galaxy and the universe. Widespread life would be inevitable, at
least if habitable planets were common.

Almost as an afterthought, and apparently thanks to the advice of
NASA administrator Sean O’Keefe, the Vision for Space Exploration
included a call, buried deep within the Executive Summary in a sec-
tion entitled “Mars and Other Destinations,” for “advanced tele-
scopic searches” for habitable worlds. Its presence was cause for
giddy celebration among the planet hunters, who knew the impor-
tance of this single phrase: the Bush administration was now com-
mitted to pushing NASA forward with its grand plans to image other
worlds outside our Solar System. The Vision seemed to be proof that
NASA now had a vision worthy of its past accomplishments and its
future potential. All NASA headquarters needed was the money to
carry out the Bush plan.

January 16, 2004—Steven Beckwith, director of the Space Tele-
scope Science Institute, sent out an e-mail to his staff telling them
that he had just had an unsettling meeting with Sean O’Keefe.
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O’Keefe told Beckwith that he had decided to cancel the upcoming
Shuttle mission to Hubble. This mission was known as Servicing Mis-
sion 4, or SM4, although it was really the fifth mission, because an
extra mission had had to be inserted in the queue to bring Hubble
back to life after the loss of the fourth of its six gyroscopes in 1999
(without three gyroscopes, Hubble could not point itself correctly in
space). The cancellation of SM4 meant that Hubble’s days were num-
bered; SM4 was to have installed six fresh new gyroscopes and re-
placed all six of the original batteries, which had been launched with
Hubble in 1990. Even the Energizer Bunny slows down after a cou-
ple of decades of constant use in the harsh environment of space.

O’Keefe said the decision to cancel SM4 was his decision and his
alone. The reason lay in the fact that Hubble was in a low-Earth orbit
unlike the low-Earth orbit of the International Space Station. Hub-
ble’s orbit is inclined about 20 degrees closer to Earth’s equator than
the Space Station’s orbit. Once it was launched toward Hubble, a
Shuttle could not change its orbit enough to make it to the Interna-
tional Space Station in case of trouble. NASA had determined that
the loss of Columbia was caused by falling foam insulation during
launch, which had impacted the leading edge of Columbia’s left
wing, punching an unseen hole that would prove deadly upon return
to Earth. NASA had been working hard to fix this problem, but for
safety’s sake O’Keefe decided that all future Shuttle flights must be to
the International Space Station, where the crew could find a safe
haven and wait for rescue in the event that their Shuttle sustained
potentially fatal damage during launch.

By 2004, Hubble was down to only three functioning gyroscopes.
The expectation was that another gyroscope might fail by 2005, and
yet another by 2007. At that point, Hubble would be as good as
dead. Without SM4, the Hubble Era was nearly over.
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Hubble would then have no overlap with the Next Generation
Space Telescope, which was now called the James Webb Space Tele-
scope in honor of the early NASA administrator who insisted that
NASA balance human space flight with a healthy program of scien-
tific investigation. The Webb Telescope was now planned for launch
in 2011, and its launch might slip further. The plan was that the
Space Telescope Science Institute would continue to be supported in
the interim before the launch of the Webb Telescope gave everybody
something to do again. Even astronomers outside of the Institute
could expect to survive the severe drought between Hubble and
Webb, by availing themselves of NASA grants to use Hubble’s exten-
sive archives of images and spectra in their continuing researches.
Sean O’Keefe thought his plan made good—though painful—sense,
given the pickle in which NASA found itself.

February 12, 2004—Ian Bond of the Institute for Astronomy in
Edinburgh, Scotland, Andrzej Udalski, and their colleagues submit-
ted a paper to the Astrophysical Journal Letters claiming the first ro-
bust detection of an extrasolar planet by the gravitational
microlensing method. Einstein would have been amazed that an
idea he had so easily dismissed as impractical could be put to such
good use. Bond and Udalski’s planet was given the unwieldy name
of OGLE 2003-BLG-235/MOA 2003-BLG-53 b, because it involved
observations taken by two different groups searching for microlens-
ing events: Udalski’s OGLE team and Bond’s Microlensing Observa-
tions in Astrophysics (MOA) team. A total of 32 astronomers had
their names on this historic paper. Compared to the Doppler or tran-
sit planet searches, which involved handfuls of people, microlensing
required large teams of astronomers akin to those on space-based
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telescopes or to the large groups of physicists working at high-energy
particle accelerators.

The need for large teams arose from the peculiar nature of a micro-
lensing event caused by a planet. When an unseen foreground star
passes in front of a visible star, the resulting brightening of the visible
star can last for a period of several months. If the foreground star hap-
pens to have a planet in orbit around it, and if the planet’s position is
aligned in the right way, the planet’s gravity can add to the foreground
star’s gravity to further deflect the light from the visible star in the di-
rection of Earth. The resulting signature of a planet around the fore-
ground star is then a spike of increased brightness of the visible star,
which may lead to considerably more brightening than that caused by
the foreground star alone. However, the spike due to the planet is of
short duration; it typically lasts only a few hours or less.

Detecting a planet by microlensing thus requires obsessive atten-
tion for several months: once an event starts, the star must be moni-
tored continuously in hopes of catching the brief spikes of
brightening caused by a planet. Given the vagaries of weathet, with
occasional cloudy nights affecting even the most cloud-free observa-
tory sites, random instrument problems, and the absolute certainty
that the Sun will rise at dawn each day, microlensing observations re-
quire a network of telescopes located all around the world, at three
or more different longitudes in both the Northern and Southern
Hemispheres. The MOA and OGLE international collaborations were
thus essential to making progress in this endeavor.

Bond and Udalski’s OGLE 2003-BLG-235/MOA 2003-BLG-53 b
planet appeared to be a gas giant with a mass of 1.5 Jupiter masses,
orbiting at three times the Earth—Sun distance, equivalent to the as-
teroid belt in our Solar System. The star it orbited could not be seen,
but given the statistics of stars in our Galaxy, the best bet was that
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FIGURE 17. First detection of a planet
by the gravitational microlensing
technique. The two spikes in
brightness of the background star
are caused by a planet orbiting the
foreground star, which results in
the overall rise and fall in
brightness over a time period of
several months. [Reprinted, by
permission, from 1. Bond et al.,
2004, Ap/, volume 606, page
L156. Copyright 2004 by the
American Astronomical Society.]

the planet orbited an M dwarf star. M dwarfs are faint stars even
when nearby, and at the distance of the Galactic bulge, roughly
20,000 light-years away, an M dwarf would be much harder to see.
There had been a prediction back in 1993 that microlensing
would reveal exoplanets faster than any other ground-based tech-
nique—an optimistic claim, given that the first such detection had
taken 10 years. But microlensing did have unique promise: because
of the pathological bending of light associated with Einstein’s effect,
even a planet as small in mass as Mars could produce a detectable
spike. Such events might be rare, but they would be detectable. In or-
der to guarantee the sort of round-the-clock observations that were
necessary to catch planets in the act, David Bennett of the University
of Notre Dame, Indiana, had proposed building a space telescope
dedicated to microlensing and named the Microlensing Planet
Finder, or MPE Like Kepler, MPF would stare at a field of stars, al-
though it would look toward the Galactic center instead of Cygnus.
Like Kepler, MPF had been proposed as a Discovery Mission. Unlike
Kepler, MPF had not been selected, but Bennett was a patient man,
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and the fact that microlensing finally had some points on the board
could only improve the chances for MPF’s selection some day.

Now there were four proven methods for discovering extrasolar
planets: pulsar timing, Doppler shifts, transits, and microlensing,
Fritz Benedict of the University of Texas and his colleagues had been
able to detect the first M dwarf planet found by Doppler spectroscopy
(Gliese 876 b) by using Hubble to measure the star’s astrometric
wobble. But Hubble time was too precious to allow anyone to use
Hubble to undertake a blind search for new planets by astrometry.
Hubble astrometry had to be reserved for following up rather than
searching. SIM would do the astrometric planet search that Hubble
could not do, and SIM would do it nearly a thousand times better. Al-
though Hubble could detect the relatively large wobble caused by a
gas giant around an M dwarf, only SIM could search for Earths
around Sun-like stars.

April 12, 2004—TPF Project Scientist Chas Beichman announced
that NASA and JPL had changed their plans. There would no longer
be a decision in 2006 to continue to develop only one option for TPE,
either the optical coronagraph or the infrared interferometer. Heart-
ened by the boost for extrasolar planet searches laid out for NASA in
President Bush’s Vision for Space Exploration, NASA and JPL now
planned to fly both versions of TPE TPF-C was planned for launch in
2014, followed by TPF-I in 2016. The case for life on a nearby world
would be much stronger if biomarkers could be seen at both visible
and infrared wavelengths. Malcolm Fridlund chimed in that the Eu-
ropean Space Agency was pleased by the decision and that ESA still
hoped to be able to combine its Darwin free-flyer concept with
NASA’s TPF-I in a joint mission.
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July 2, 2004—Science reported that Sean O’Keefe had undertaken
the most drastic organizational change in over a decade of NASA his-
tory. The new organization chart bore little resemblance to the one
from the day before. Ed Weiler had been plucked out of NASA head-
quarters to become the head of NASA’s Goddard Space Flight Center,
replacing Alphonso Diaz, who was given Weiler’s previous job.
Weiler would now be more directly responsible for Hubble and
Webb—and less involved with SIM and the TPFs. The loss of wily Ed
Weiler to Goddard did not auger well for planet hunting,.

The “three envelopes” school of management holds that when-
ever a new NASA administrator is appointed, he is handed three
numbered envelopes by the departing administrator and told to open
them one-by-one as the inevitable crises arise. The first envelope
holds a message saying, “Blame your predecessors.” O’Keefe had suf-
fered through the Columbia tragedy, which could plausibly be
blamed on the failures of previous administrators to correct a known
problem with the Shuttle’s foam insulation. The message in the sec-
ond envelope says simply, “Reorganize.” O’Keefe was doing that
now. The third envelope’s message reads, “Prepare three envelopes.”
O’Keefe had one more to open.

July 12, 2004—Paul Butler and his colleagues submitted to the As-
trophysical Journal a paper about the Doppler detection of the first
example of what was probably a new class of planets. Butler's new
planet orbited the the star Gliese 436, an M dwarf star with a mass
less than half that of the Sun. This was only the second M dwarf star
with a planet found by the Doppler method; the rest of the more
than 100 planets that had been found by Doppler searches orbited
Sun-like stars.
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FIGURE 18. First detection of a hot super-Earth by the Doppler
wobble technique. This planet is in orbit around the M dwarf
star GJ 436 and has a minimum mass about 21 times that of
Earth. [Reprinted, by permission, from R. P. Butler et al.,
2004, ApJ, volume 617, page 584. Copyright 2004 by the
American Astronomical Society.]

But the most amazing fact about the new planet was its extraordi-
narily low mass: it seemed to be only slightly more massive than
Neptune, with a minimum mass of 21 Earth masses. The lowest-
mass planet previously known had also been found by Butler and col-
leagues; it orbited the star HD 49674 and had a minimum mass
about two times higher than that of Gliese 436 b. Considering that
Saturn’s mass is 95 Earth masses, the HD 49674 planet might be
viewed as a pint-sized version of the gas giant Saturn, but Gliese 436
b apparently occupied a different territory: the land of ice giants, like
Neptune and Uranus.

What was Gliese 436 b made of? Was it really an ice giant, or
something else? One clue was that it completed its orbit in only 2.6
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days, implying an orbital separation from the M dwarf Gliese 436 of
0.028 AU. Although Gliese 436 was an M dwarf, not nearly as lumi-
nous a star as the Sun, Gliese 436 b nevertheless had to be toasty at
that distance. An icy world might not stay icy long on such an orbit,
so maybe Gliese 436 b was a water world, or maybe it was just a gi-
gantic rock—the first extrasolar terrestrial planet, a hot super-Earth.
Whatever it was, Gliese 436 b seemed to be the first member of a
new class of exoplanets: pulsar planets, gas giants, and now super-
Earths, whatever they were.

More were to follow shortly. Less than a month later, Barbara
McArthur of the University of Texas and her colleagues, including
Butler and Marcy, submitted a paper to the Astrophysical Journal re-
porting another super-Earth. The solar-type star 55 Cancri had al-
ready been known through Doppler spectroscopy to have three gas
giant planets, nicknamed 55 Cnc b, 55 Cnc ¢, and 55 Cnc d.
McArthur and her team added a fourth, setting two records at once.
55 Cancri had more known exoplanets than any other star, and it
had the honor of hosting the lowest-mass planet. The minimum mass
of 55 Cnc e was 14 Earth masses, well below the 21 Earth masses of
Gliese 436 b. The newcomer was also on a short, 2.8-day orbit, mak-
ing it the second hot super-Earth.

If hot super-Earths existed, then the ongoing, patient, deliberate
Doppler searches could be expected to find super-Earths on longer-
period orbits: warm super-Earths with liquid water on their surfaces.
Even so, the strong gravity on the surface of a warm super-Earth
might make taking an afternoon stroll a bit tiresome for beings visit-
ing from Earth.
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CHAPTER b

Instability: If [ Did It,
Here’s How It Happened

A few Christmases ago, a science writer asked me:
With regard to your research, if Santa Claus agreed
to bring you the answer to any question, what
would it be? I told her that [ would like to find

out how Jupiter formed.

—GEORGE W. WETHERILL (DECEMBER 16, 1997)

July 26, 2004—The Second TPF/Darwin International Conference
began at Mission Bay in San Diego, California, a year after the first
joint meeting was held in Heidelberg, Germany. One of the high-
lights of the Mission Bay meeting was to be a great debate on the first
day about the formation of giant planets, not only the four in our So-
lar System—Jupiter, Saturn, Uranus, and Neptune—but also those
found around other stars, which now numbered well over 100. With
that many examples of giant planets, it seemed timely to summarize
what was known about how giant planets formed, and what their for-
mation meant for the formation of Earth-like worlds.

85
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Giant planets such as Jupiter are second only to their stars in terms
of power and dominance in planetary systems. Jupiter has 318 times
the mass of Earth, and Saturn has 95 times Earth’s mass, making the
terrestrial planets—Mercury, Venus, Earth, and Mars—seem like in-
consequential also-rans in the planet formation race. In some ways,
that assessment is true; planet formation theorists believe that the ter-
restrial planets took tens of millions of years to grow close to their
present sizes, whereas the gas giants must have formed within a few
million years or so. Most of the mass contained in gas giant planets is
hydrogen and helium gas, with only a minor fraction coming from
the iron and silicate rocks that form the bulk of the terrestrial planets.
These rocks can take their time in forming a planet such as Earth, but
the gas needed for forming gas giant planets is known to disappear
from most young stars on time scales of a few million years or less.
Hence, if a gas giant planet is going to form at all, it must do so before
the planet-forming disk’s gas disappears through a combination of be-
ing eaten by the voracious young protostar and being blown back out
into space by winds and radiation from the protostar or other nearby
young stars. The fact that giant planets must have crossed the finish
line early, while the terrestrial planets were still trying to get out of
the starting gate, meant that any theorist who wanted to understand
how Earth formed needed to know how Jupiter formed. With such a
large mass, Jupiter’s periodic gravitational pulls and yanks would
have had a major effect on the planetary embryos that were trying to
find each other on the Dodge-Em car ride.

The quotation at the beginning of this chapter was uttered by
George Wetherill on the occasion of his receipt, from President Bill
Clinton in 1997, of the National Medal of Science, the nation’s high-
est scientific award. Wetherill had received this medal in large part
for his pioneering work on understanding how the Earth and other
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terrestrial planets formed from a rotating disk of gas and dust parti-
cles. But Wetherill knew that before he could understand how Earth
formed, he needed to understand Jupiter’s formation. In the absence
of that God-like knowledge, all Wetherill could do was guess and
then consider the consequences for the making of Earth if Jupiter had
formed this way, or if it had formed that way.

Terrestrial planets might be insignificant in terms of the domi-
nance of planetary systems, but they appear to be critical as abodes
for life, so without a good theoretical understanding of how they
form, it is impossible to predict how many living planets await us in
the Galaxy. The great debate at the Mission Bay conference was in-
tended to answer Wetherill’s question through dialogue between pro-
ponents of the two competing theories of giant planet formation.
There are only two basic ways in which a gas giant planet can be
made: from the bottom up, or from the top down.

The bottom-up method relies on the same basic process of planet
building that Wetherill and every other reasonable theorist believe
led to the formation of the terrestrial planets: banging together
enough solid bodies in the Dodge-Em car ride to make a planet. The
key difference for giant planet formation was that the Dodge-Em car
ride had to lead to the formation of bodies roughly ten times the
mass of Earth before the ride was over and the disk gas disappeared
from the fairgrounds, like a heavy fog lifting after sunrise. If a plane-
tary embryo of 10 Earth masses formed fast enough, this body might
be able to pull in hydrogen and helium gas from the planet-forming
disk, gathering a dense atmosphere around the solid core of the
growing protoplanet. The added gas mass would make the planet’s
gravity even stronger, enabling it to pull more and more gas onto the
core—a process called accretion. Once gas accretion started, it was
thought to be a runaway process, so that a 10-Earth-mass core could
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FIGURE 19. Sketch of Douglas Lin, one of the leading planet formation
theorists, at the time of the 1985 NASA Ames nebula workshop.
[Sketch by and courtesy of Patrick Cassen.]

quickly grow to become a 318-Earth-mass gas giant planet like
Jupiter.

This process of core accretion is the generally favored mechanism
for gas giant planet formation, in large part because it is a natural ex-
tension of the same planet-building process that all acknowledge
must occur when terrestrial planets form. The meeting organizers
asked Douglas Lin of UC Santa Cruz, a prolific planet formation theo-
rist well acquainted with core accretion, to present the case for the
bottom-up mechanism at the Mission Bay meeting.

Proponents of the top-down mechanism, by contrast, envision
clumps of gas and dust forming directly out of the planet-forming
disk as a result of the self-gravity of the disk gas. The clumps would
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FIGURE 20. Sketch of Alastair Cameron [1925-2005],
another leading planet formation theorist, at the
time of the 1985 NASA Ames nebula workshop.
[Sketch by and courtesy of Patrick Cassen.]

result from the intersections of random waves sloshing around the
disk, waves that look much like the arms in spiral galaxies such as
the Milky Way. When two spiral arms pass through each other, they
momentarily merge to form a wave with their combined heights, just
as waves do on the surface of an ocean. Such a rogue wave might
rapidly lead to the formation of a clump massive enough to be self-
gravitating and so hold itself together against the forces trying to pull
it apart. Once such a self-gravitating clump forms, the dust grains
within the clumps settle down to the center of the protoplanet and
form a core, leading to the same basic structure (solid core and
gaseous envelope) produced by the core accretion mechanism. This
top-down mechanism is termed disk instability. In comparison to
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core accretion, disk instability is consid-
ered the dark horse candidate because it
requires new physics. Rather than rely-
ing solely on collisions between rocks,
disk instability invokes gravitational in-
stabilities in planet-forming disks and re-
quires these instabilities to be able to
form self-gravitating clumps rapidly. Few
planet formation theorists are willing to

bet on disk instability; nearly all stick
with core accretion when it is time to lay

[1917-1999], the Soviet pioneer .
in developing the basic theory of their money down.

Earth’s formation from a Disk instability had been proposed as

population of smaller bodies.
[Courtesy of V. S. Safronov.]

a gas giant planet formation mechanism
in 1978 by Alastair Cameron of Harvard
University. Cameron had also proposed core accretion in 1972, al-
though both ideas had antecedents in the (independent) work of
Gerard Kuiper of the University of Chicago and Victor Safronov of
Moscow’s Schmidt Institute. Al Cameron was used to coming up
with new ideas and abandoning his older ones. By 1982 Cameron
had tired of his 1978 idea of “giant gaseous protoplanets” and dis-
carded it. I revived the idea in a Science paper in 1997 and pro-
vided detailed computer models showing how a gravitational
instability could lead to the formation of clumps. The Mission Bay
meeting organizers asked me to present the heretical case for disk
instability.

The great debate turned out to be two talks on the same subject,
rather than a true back-and-forth between the advocates of core ac-
cretion and those of disk instability. Doug Lin gave his talk, I gave
mine, and then there was a period for questions from the audience.
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My impression was that we both had good points to make about how
giant planets could form.

The celebrated UC Berkeley theorist Frank Shu, then president of
the National Tsinghua University in Taiwan, was asked to score the
debate in his concluding remarks at the conference. Shu scored it as
a toss-up. Maybe both processes were at work in our Solar System,
he said, with disk instability first forming Jupiter, and then core accre-
tion taking over to form Saturn, Uranus, and Neptune. Compared to
previous dour assessments of the chances for disk instability to pro-
duce gas giant planets, this was a seismic shift. Disk instability was
now at least a possibility, rather than an idea that could be dismissed
as impossible or implausible.

Core accretion is an intrinsically slow process, because the gas ac-
cretion phase must await the growth of a sizable solid core before
things really get going. One way to speed things up is to consider a
more massive planet-forming disk, with more dust particles to serve
as the building blocks for the growing planetary embryos. Satoshi In-
aba had worked with George Wetherill at the Department of Terres-
trial Magnetism on trying to grow the massive cores fast enough for
there still to be some disk gas around for the gas accretion phase.
They had reported, in a 2003 /carus paper, that Jupiter’s core could
have grown in less than 4 million years—barely fast enough, but only
if they assumed that the planet-forming disk had a mass on the order
of 10% of the mass of the young Sun.

A disk with as much mass as Inaba and Wetherill needed to form
Jupiter’s core was likely to be gravitationally unstable. Any small den-
sity enhancement would tend to pull more disk gas toward it, be-
cause its gravitational attraction would stand out from that of the
smoother portions of the disk. As the enhancement gained mass, its
gravitational attraction would further increase, leading to the inward
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flow of even more mass. This would be a runaway process like that
invoked in the gas accretion phase of core accretion, although both
processes would be limited by forces acting in the opposite direction,
such as the thermal pressure of the disk gas, and the rotation of the
disk gas as it tries to find a way to flow onto a core or a clump. The
big advantage of disk instability was that it could proceed directly to
this phase of runaway growth without having to wait for a massive
core to build up first via the banging together of increasingly larger
planetesimals. The first step of core accretion might be so slow that
the disk gas would be gone by the time most cores grew large
enough to accrete the gas, resulting not in gas giants but in “failed
cores.” Disk instability does not have this problem. If disk instability
worked, extrasolar Jupiters would be the rule rather than the excep-
tion, so most extrasolar Earths would have their Jupiters in place,
ready to protect their life forms from wayward comets, as Wetherill
had required in 1992. Models of terrestrial planet formation pub-
lished in Science in 2001 by the Department of Terrestrial Magnet-
ism’s Stephen Kortenkamp, Wetherill, and Inaba, had shown that
having Jupiter form quickly by disk instability could actually encour-
age the formation of habitable worlds. My colleague John Chamber’s
2003 models in particular had suggested that the number of habit-
able worlds might be increased by 50% if Jupiter were not a slow-
poke in forming. Disk instability seems to be not just compatible
with, but also highly supportive of, the formation of habitable worlds.

Disk instability operates on a time scale of a thousand years or less,
whereas core accretion requires a million years or more. If Inaba and
Wetherill needed a gravitationally unstable disk to get core accretion
started, even a disk that was just marginally gravitationally unstable,
it was likely that disk instability would be able to run laps around
core accretion on such a race track. Of course, if the disk’s mass was
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too small for it to be gravitationally unstable, disk instability could
never get out of the starting gate, and core accretion could take its
time getting around the track.

At the Mission Bay meeting [ made the point that disk instability
was so fast that it could form gas giant planets even in the shortest-
lived disks. Hubble had been used to image planet-forming disks,
known as protoplanetary disks or “proplyds,” in regions where most
stars form, namely regions of the Milky Way where thousands of
stars or more form together in massive clusters, with the stellar
masses ranging from lowly M dwarfs to the mightiest O stars. As-
tronomers had found that such disks in star-forming regions like the
Orion Nebula Cluster and the Eta Carina Nebula were bathed in ul-
traviolet light emanating from the massive stars in their vicinities.
The ultraviolet light was strong enough to heat the normally cold hy-
drogen gas in the disks to temperatures of many thousands of de-
grees—hot enough for the gas to flow away from the disks and
return to space. Astronomers estimated that the disk gas could be lost
in less than a million years. Because core accretion could not form a
gas giant planet that rapidly, there was an uneasy feeling arising that
maybe gas giants were rare beasts, and the Solar System an oddity,
because most stars could not be expected to have disks that would
last long enough for core accretion to do its job.

If disk instability could make gas giants in even the shortest-lived
proplyd, there would be no problem with making Jupiters practically
anywhere the disks were massive enough. I was writing an e-mail
about this reassuring thought to the Washington Post’s science re-
porter, Kathy Sawyer, in 2001 when a lightbulb went on over my
head. It dawned on me that if disk instability had made gas giant
protoplanets in a gaseous disk being evaporated by the ultraviolet
light from a nearby massive star, then once the outer disk gas was
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gone, the outer protoplanets would be the next to be subjected to
the harsh attentions of the O star. The protoplanets would lose their
hydrogen gas envelopes because of the O star’s ultraviolet light, just
as the disk had earlier, and they would be stripped down to their
central, solid cores of ice and rock, with only a minimal amount of
gas left trapped in their gravitational grip. The end result would be
conversion of the outer giant gaseous protoplanets into ice giants—
that is, planets like Uranus and Neptune, which are composed pri-
marily of rock and ice, with only a veneer of hydrogen, helium, and
other gases. The process would not affect the innermost gas giants,
because the star’s gravitational pull would be strong enough to keep
the hot gas from escaping inside some critical distance from the star.
This critical distance is roughly the same as Saturn’s distance for a
solar-mass star.

The implications were breathtaking. This new scenario implied
that there was a good chance that our own Solar System had formed
in a region where stars formed in huge clusters along with massive
stars. The ultraviolet light from the massive stars could have con-
verted the outermost planets from gas giants into Uranus and Nep-
tune, whereas Jupiter would complete its evolution into a gas giant,
unmolested by ultraviolet radiation. Saturn would be an intermediate
case, losing some of its gaseous envelope but not all of it, which
would explain why its mass was less than one-third that of Jupiter’s.
Earth and the other terrestrial planets would be oblivious to the ultra-
violet photoevaporation that was stripping the gas out of the outer
disk and planets.

If correct, this scenario meant that the Solar System might have
formed in the same type of Galactic locales where most stars formed.
By implication, most stars in the Milky Way might harbor planetary
systems similar to our own. The estimated number of habitable
worlds might increase by a factor of 10. Suddenly the universe was
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looking to be a considerably more crowded place than it was before [
answered Kathy Sawyer’s e-mail.

Wetherill and I and our Department of Terrestrial Magnetism col-
league Nader Haghighipour published this intoxicating idea in /carus
in 2003. The implications were important for the optimal design for
TPE/Darwin: if Earths really were 10 times more commonplace than
might be the case otherwise, TPF/Darwin could be designed to
search a much smaller number of closer stars and still detect and
characterize a goodly number of habitable worlds. This would make
TPE/Darwin a lot cheaper to build, and cost always looms as a po-
tential showstopper for any space mission.

August 9, 2004—Sean O’Keefe bowed to pressure to keep Hubble
running and said that NASA would ask Congress for the money to
launch a robotic servicing mission that would not place astronaut
lives in jeopardy. O’Keefe’s decision to drop SM4 had been met with
widespread dismay in the astronomical community that relies on
Hubble, and among a public that had come to rely on Hubble for
fresh new photos of the heavens. A robotic servicing mission was ex-
pected to cost at least $2 billion; just bringing Hubble back down to
Earth with a robot might cost $400 million. But where would the
money come from to save Hubble, given JPLs plans to build SIM,
TPE-C, and TPF-I? All three missions had been combined into the
“Navigator Program” at JPL, and Navigator evidently needed big
bucks to fulfill its promise of finding Earths.

August 25, 2004—Portuguese astronomer Nuno Santos and his
Swiss—French colleagues submitted a paper to Astronomy & Astro-
physics claiming discovery of a third planet in the Mu Ara system,
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with a minimum mass of 14 Earth masses and an orbital period of 9.5
days: a third hot super-Earth had been found by Doppler spectroscopy.

December 9, 2004—An ad hoc National Academy of Sciences
study group recommended that NASA plan on using a Shuttle flight
to perform SM4, not the robotic mission that had been proposed by
O’Keefe as a compromise.

December 13, 2004—Sean O’Keefe sent a letter to President Bush
resigning as NASA administrator, effective as soon as a replacement
was found. O’Keefe had been offered the position of chancellor of the
Louisiana State University in Baton Rouge at a salary of $425,000 per
year, several times his NASA salary. Evidently O’Keefe had opened
the third envelope and decided it was time to cash in his chips and go
home to Louisiana.

March 12, 2005—Michael Griffin was chosen to succeed Sean
O’Keefe as NASA administrator. Griffin was a physicist and engineer
at the Johns Hopkins Applied Physics Laboratory in Laurel, Mary-
land. A native of Aberdeen, Maryland, Griffin holds degrees from
Johns Hopkins University in Baltimore and the University of Mary-
land. Not surprisingly, Maryland Senator Barbara Mikulski welcomed
his nomination. Presumably O’Keefe prepared three new envelopes
for his successor.

March 22, 2005—A press conference was held in the Webb Audi-
torium at NASA headquarters announcing the first detection of light
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FIGURE 22. The spectrum of light at different wavelengths, ranging from
long-wavelength radio waves to short-wavelength gamma rays.
[Courtesy of NASA].

from an extrasolar planet. Two different teams, one headed by David
Charbonneau, now an assistant professor at Harvard, the other by
Drake Deming of NASA's Goddard Space Flight Centet, had accom-
plished this feat using NASA’s 34-inch (0.85-meter) Spitzer Space Tel-
escope, named after Princeton University astronomer Lyman Spitzer,
an early advocate of large space telescopes. Spitzer had been
launched in August 2003 as the last of the four “Great Observato-
ries” NASA built to cover four increasingly longer-wavelength bands
of light: the Compton Gamma-Ray Observatory, the Chandrasekhar
X-Ray Observatory, the Hubble Space Telescope, which covered ul-
traviolet to near-infrared wavelengths, and now Spitzer, a purely in-
frared space telescope.

The press conference had to be held one day early, when a British
magazine broke the embargo on the story: Deming’s paper on his
team’s Spitzer discovery was to be published in Nature on March 23.
The story drew worldwide attention, with front page stories in the
New York Times and other leading newspapers. The press realized
that this story was a big one.

Spitzer’s ability to capture infrared light with much longer wave-
lengths than what Hubble could see meant that Spitzer had a chance
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to detect light that was emitted by a hot Jupiter. Hot Jupiters could be
seen in visible light, most of which is reflected light that originated
on the star, but most of their own light is given off as infrared light at
wavelengths that are several times longer than visible light. Spitzer
was like Hubble on steroids, able to do things that Hubble could not,
in spite of having only one-third its diameter. At 34 inches, Spitzer is
the largest and most sensitive infrared astronomical telescope ever
flown in space.

Both teams had used Spitzer to make the first direct detection of
light from an extrasolar planet, but each team studied a different hot
Jupiter. Deming’s team worked on the first transiting planet, HD
209458 b, whereas Charbonneau’s team observed the first transiting
planet found by Tim Brown’s Trans-Atlantic Exoplanet Survey, called
TrES-1 b.

Transits occur when planets pass in front of their stars. Secondary
eclipse is the name for what happens when the planet passes behind
its star, such that the planet’s light is blocked by its star. That means
that the total amount of light from the star and the planet must de-
crease not only during a transit, or primary eclipse, but also during a
secondary eclipse, when the planet’s light cannot be seen. At infrared
wavelengths, the loss of a hot Jupiter’s light during the secondary
eclipse results in a decrease of about 0.25%, small but detectable
with Spitzer. At visible wavelengths, the dip during the secondary
eclipse is about 25 times smaller than the infrared dip and so is not
discernible, even by Hubble.

Spitzer was designed to be a general-purpose infrared telescope,
not a planet hunter, but it had nevertheless managed to make the first
direct detection of an extrasolar planet. Still, Spitzer’s feat only whet-
ted the appetite for what specially designed space telescopes such as
TPE-C and TPF-I could do in the direct detection business: the TPF
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telescopes would be able to take an image that showed the planet as a
separate object next to the star. Spitzer was much too small to be able
to accomplish that trick. All Spitzer could do was reveal that some of
the light from the hot Jupiters had disappeared during the eclipse;
when the planet was out of the eclipse, Spitzer had no way of telling
which light had come from the planet and which from the star. Re-
gardless, Spitzer had pushed us into a new age of direct detection of
light from exoplanets, a portent of more to come when the TPFs
would analyze the spectra of exoEarths in the search for biomarkers.

April 12, 2005—Michael Griffin testified at his Senate confirmation
hearing that he would reassess Sean O’Keefe’s decision not to send a
Shuttle mission to repair Hubble. Senator Mikulski was ecstatic, and
Griffin was confirmed as NASA administrator in record time that day.

May 11, 2005—Griffin sent Congress a revised budget plan for the
current fiscal year (FY) that deferred the launch of both SIM and
the TPFs to indefinite dates in the future and delayed the launch of
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agencies.

May 24, 2005—FEugenio Rivera of UC Santa Cruz and the California-
Carnegie Doppler search team submitted a paper to the Astrophysi-
cal Journal claiming the detection of a third planet in the Gliese 876
system. Rivera is a theorist who had worked on the Doppler data
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while a postdoctoral fellow at the Department of Terrestrial Magnet-
ism. He had discovered that the data held the signature of a third
planet with a minimum mass of 5.9 Earth masses, a new record for
the lowest-mass planet orbiting a normal stat, although Gliese 876 is
an M dwarf with a mass one-third that of the Sun.

Fritz Benedict and his Hubble team had been able to detect the as-
trometric wobble of the first of Gliese 876’s Doppler planets, Gliese
876 b, in 2002. Unlike Doppler spectroscopy, astrometry is able to
determine the orientation of the orbit of a planet. The stellar wobble
produced by Gliese 876 b appeared to be consistent with Gliese 876
b’s orbit being within about 6 degrees of an edge-on orbit. Assuming
that all three planets shared a common orbital plane, as is the case for
the major planets in the Solar System, this meant that the minimum
mass of Gliese 876 d was close to its true mass; the best estimate was
a mass 7.5 times that of Earth. With an orbital period of 1.9 days,
Gliese 876 d was the fourth hot super-Earth.

What were the hot super-Earths? Were they hot Jupiters that had
lost so much hydrogen gas from being overheated by their stars that
they had dropped in mass from the range of gas giants to the range of
ice giants? Were they ice giants like Uranus and Neptune that had
formed much farther out and then wandered inward toward their
stars? Or could they be the tip of the iceberg of a heretofore unseen
population of Earth-like planets? There was a strong hint about the
true nature of the hot super-Earths from their sibling planets. With
the single exception of the first hot super-Earth, Gliese 436 b, the hot
super-Earths were known to have gas giant siblings orbiting farther
out. Gliese 876 had two such gas giants, and 55 Cancri and Mu Ara
each had three, with minimum masses ranging from Saturn’s mass to
four times the mass of Jupiter. The outermost gas giants had orbital
distances comparable to Jupiter’s 5.2 times the Earth—Sun distance.
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This meant that the planetary systems in which three of the four hot
super-Earths found themselves looked a lot like our Solar System: in-
ner terrestrial planets surrounded by outer gas giants.

If the super-Earths had formed as ice giants in the outer regions of
their planetary systems, they would have had to find some way to mi-
grate inward past their gas giant siblings if they were to become hot
super-Earths. Even though such inward migration had been sus-
pected as the explanation for the hot Jupiters ever since the discovery
of 51 Pegasi b in 1995, the fact that the hot super-Earths had outer
gas giant planets argued otherwise. The Solar System appears to be a
planetary system where little orbital migration has taken place, with
the terrestrial planets forming inside the orbits of the gas giants,
which themselves form inside the orbits of the ice giants. We can
only expect the same basic outcome in other planetary systems, al-
though the outcome may then be reworked by orbital migration. If
planets migrate inward in an orderly fashion, keeping their places in
the queue, then the hot Jupiters would be expected to have ice giants
on longer-period, more distant orbits, and their terrestrial planets are
likely to have been swallowed whole by their stars or else to have
been tossed out of the way altogether. If the hot super-Earths had
formed as terrestrial planets and migrated inward, they would be ex-
pected to have gas giants on longer-period orbits, as is the case with
the hot super-Earths around Gliese 876, 55 Cancri, and Mu Ara.

Evidently the hot super-Earths formed inside their gas giants, just
like terrestrial planets, even though their masses seemed to be out of
the ballpark for Earths. In 1996 George Wetherill had published
Monte Carlo models of the formation of Earth that implied that the
maximum mass of a terrestrial planet was about 3 Earth-masses.
However, Wetherill had assumed that the planet-forming disk was
rather low in mass, an assumption that was customary at the time.
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Wetherill’s later work with Satoshi Inaba suggested that a disk mass a
factor of 7 times higher might be necessary to form Jupiter in 4 mil-
lion years. Because the final masses of terrestrial planets scale with
the amount of mass available to form rocky planets, this meant that if
Wetherill had run his 1996 models with an initial disk 7 times more
massive, he would have found rocky planets forming with masses as
high as 21 Earth-masses—high enough to explain the probable true
masses of the four hot super-Earths.

Doppler spectroscopy, the leader of the pack since 1995, appeared
to be in the process of detecting not just Jupiters, but now Earths,
however overweight and overheated they might be.

September 2, 2005—A panel led by Space Telescope Science Insti-
tute astronomers charged with figuring out how to cut down on the
burgeoning costs of the Webb Telescope insisted that neither reducing
the 260-inch (6.5-meter) mirror size nor eliminating a major instru-
ment was an acceptable option. The panel did agree that some testing
and polishing could be eliminated, the launch could be delayed from
2011 to 2013, and a French-built coronagraph could be dropped alto-
gether. The coronagraph would have allowed Webb to at least attempt
to image exoplanets, even if it had no real hope of seeing Earths.

September 28, 2005—]ean-Phillippe Beaulieu of the Institute of
Astrophysics in Paris, David Bennett, and a cast of thousands (71 co-
authors) submitted a paper to Nature announcing a new microlens-
ing planet discovery. This time the planet’s mass was estimated to be
only 5.5 Earth masses, the lowest estimate for any planet outside the
pulsar planet system.
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The OGLE 2005-BLG-390L microlensing event in July and August
2005 had yielded a small but distinct blip in the brightness of the
background star lasting less than 24 hours. Thanks to the around-the-
clock coverage provided by the worldwide resources of OGLE, MOA,
and two French groups (PLANET and RoboNet), the microlensing
network had obtained a good sampling of the entire short-lived plan-
etary blip, ruling out other interpretations of what caused the brief
brightening,

Assuming that OGLE 2005-BLG-390L b orbited an M dwarf star
with about one-fifth the mass of the Sun, then it orbited its star at a
distance of 2.6 AU, equivalent to the middle of the asteroid belt in
our Solar System. Considering the faintness of such an M dwarf,
OGLE 2005-BLG-390L b was probably a chilly world, the first “cold
super-Earth,” with a surface temperature similar to that of Neptune
or Pluto. OGLE 2005-BLG-390L b was not a world you would want
to visit without wearing some serious thermal underwear.

OGLE 2005-BLG-390L b was the third planet detection by mi-
crolensing. Andrzej Udalski and a mere 32 co-authors had detected
the second microlensing planet, OGLE 2005-BLG-071 b, in March
2005. It was the second gas giant with a mass estimated at 2.7
Jupiter masses orbiting about 3 AU from an M dwarf star. Years of
searching had yielded two gas giants and one cold super-Earth. Con-
sidering that the blips caused by Jupiter-mass planets lasted for sev-
eral days to a week, whereas the 5.5-Earth-mass planet bent the
background star’s light for less than a day, bigger planets were easier
to detect than smaller planets. The microlensing folks expected to
find a lot more Jupiters than Earths, if they were equally common in-
habitants at the distance from an M dwarf where they were most
likely to be detectable—namely, in the “Einstein ring” lying at aster-
oidal distances from M dwarfs.
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The fact that microlensing’s score card included only two gas giants
and one cold super-Earth implied that cold super-Earths were more
frequent than gas giants, or else the microlensing teams had been in-
credibly lucky to have found the 5.5-Earth-mass planet. Beaulieu and
his colleagues did not feel particularly lucky. So they decided that their
detection had shown that cold super-Earths were much more com-
mon around M dwarfs than were gas giants, and they interpreted this
as proof that core accretion was the dominant formation mechanism
for gas giant planets.

Greg Laughlin and Peter Bodenheimer of UC Santa Cruz, along
with Fred Adams of the University of Michigan, had published a pa-
per in the Astrophysical Journalin 2004 showing that core accretion
was unlikely to form gas giants around M dwarf stars, because core
accretion proceeded even more slowly around such stars than
around solar-type, G dwarf stars. Orbital periods are longer around M
dwarfs than around solar-type stars at the same distance. The Dodge-
Em cars did not run as fast in the M dwarf ride as they did in the G
dwarf ride, making it harder to effect a decent rear-end collision.
Laughlin and his colleagues decided that core accretion was more
likely to result in failed cores such as Neptune around M dwarfs,
rather than in Jupiters.

The microlensers evidently were not aware of a second paper on
core accretion submitted to Astronomy & Astrophysics on June 23,
2005, by Kacper Kornet of the Max Planck Institute for Astronomy in
Heidelberg and his colleagues. This paper made the opposite predic-
tion. Using a somewhat different approach and assumptions, Kornet
had shown that core accretion should lead to gas giant planets being
even more frequent around lower-mass stars than around higher-
mass stars. If this were true, then core accretion was effectively ruled
out by the microlensing detections. Which was it?
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Regardless of the implications for the ongoing debate, the discov-
ery of OGLE 2005-BLG-390L b meant that we now had evidence
for extrasolar analogues of all three major classes of planets in the
Solar System. The hot super-Earths, hot and warm Jupiters, and cold
super-Earths appeared to be alien versions of the terrestrial planets,
gas giants, and ice giants, respectively, in our Solar System. All of
this was achieved within the 10 years since Mayor and Queloz had
discovered 51 Pegasi b; we had gone from nothing to everything in
a decade.

October 21, 2005—Science reported that Michael Griffin was “fed
up” with receiving conflicting advice from scientists about how to
solve the problems afflicting NASA’s science budget. He was particu-
larly upset about scientists lobbying Congress in an effort to save
their projects, such as Hubble. Griffin did promise not to divert any
NASA science funding to solve the budget problems involving hu-
man space flight at NASA.

December 9, 2005—NASA headquarters further delayed the
launch of the Webb Telescope from 2014 to 2016. The extra costs
involved in adding two more years of work on Webb used up all the
cost savings gained as a result of the Webb descope exercise a few
months earlier. The total cost of Webb was thus still $4.5 billion.
Given the zero-sum game in NASA’s Science Mission Directorate, it
was clear that the funds needed for Webb would have to come
from other NASA science missions. Although Webb could not see
exoEarths, it would be able to see newly formed Jupiters orbiting
nearby young stars, if any existed.
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February 6, 2006—Fritz Benedict submitted a paper to the Astro-
physical Journal that combined Doppler data and astrometric meas-
urements, taken by the Hubble Space Telescope and by George
Gatewood’s Allegheny Observatory telescope, of the nearby star Ep-
silon Eridani. This star had a long history of claims for planet detec-
tions dating back to Peter van de Kamp in 1974. Bruce Campbell
and Gordon Walker had first thought that Epsilon Eridani might
have a giant planet, but they backed off this claim in their 1988 pa-
pet. Benedict’s new data implied that Epsilon Eridani had a planet
with a mass of 1.6 Jupiter masses, orbiting about 2 AU from its star
every 6.9 years. [t was similar to the planet inferred almost two
decades earlier by Campbell and Walker and their team. As in the
case of Gamma Cephei’s planet, it looked like the Canadians had
been there first but could not be certain what they had discovered.

March 2, 2006—Dennis Overbye of the New York Times reported
that NASA administrator Michael Griffin had raided the budget of
NASA’s Science Mission Directorate (SMD) to the tune of $3 billion
over the next 5 years in order to help pay for the highest-priority items
in President Bush’s Vision for NASA: returning the Space Shuttle to
flight, finishing construction of the International Space Station, and de-
veloping the new Crew Exploration Vehicle and the associated rockets
needed for the return to the Moon and the trip to Mars. This diversion
of science funds to human space flight was perpetrated in spite of Grif-
fin’s earlier promises to Congress that not “one thin dime” would be
taken from NASA’s space science programs to solve NASA’s looming
budget crisis. One dime may be thin, but $3 billion worth of dimes,
stacked together, would stretch a distance of about 30,000 miles,
more than enough to wrap around the entire Earth at its equator.
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Griffin had replaced veteran bureaucrat Al Diaz with Mary Cleave
as the head of NASA's SMD. Whereas Al Diaz received his bachelor’s
and master’s degrees in physics, and his predecessor Ed Weiler holds
a Ph.D. in astrophysics, Cleave’s credentials included a Ph.D. in civil
and environmental engineering and field experience with the flow of
water in desert basins—not exactly what one would expect for the
head of NASA’s science efforts. However, Cleave is also a former as-
tronaut who was rumored to have rallied the astronaut corps behind
Griffin’s candidacy for NASA administrator. Mary Cleave’s summary
of the loss of $3 billion from her SMD budget was simple and ele-
gant: “We took a hit.”

Indeed “we” did. As a direct result of the $3 billion cut, the Ter-
restrial Planet Finder missions were “deferred indefinitely,” as was
the Mars Sample Return mission. The estimated cost for the TPF pro-
gram had risen from $4.5 to $6.5 billion, and now that it was de-
ferred indefinitely, the funding dropped precipitously to zero. TPF
project scientist Chas Beichman said, “We’re getting ready to fire all
the people we have built up,” many of them young scientists eager to
begin a career in planet hunting. The estimated cost for SIM had by
now risen to $4 billion, into the realm of flagship NASA missions and
just shy of the estimated cost of $4.5 billion for the Webb Telescope.
As a result of the $3 billion cut, SIM’s funding was decreased by half
and the mission was delayed 3 more years to a 2015 or 2016 launch.

Cancellations and delays spread the intense budgetary pain
throughout NASA’s science portfolio, even down to the level of re-
search and analysis programs, the grants awarded to individual sci-
entists. The competition for a grant from a NASA Research &
Analysis (R&A) program is fierce, and typical success rates are on the
order of 10% for new starts. Having been awarded such a 3-year
grant, roughly a year after submitting a detailed proposal, the recipi-
ent has 2 years to get the work done before it is time to submit a
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new proposal for the next 3 years of work. The perpetual shortage of
research funds has often meant that the budgets for NASA’'s R&A
programs were held constant, without inflation adjustments, or hit
with one-time “taxes” of 5% to solve problems elsewhere in the sci-
ence portfolio. But the $3 billion cut led to the most drastic meas-
ures ever experienced: 15% cuts across the board. The R&A program
that had been intended to build the scientific foundation for TPF
was canceled outright, and the funds for the fledgling NASA astro-
biology program were cut in half. It looked like it was time to aban-
don ship.

March 10, 2006—Ohio State University’s Andrew Gould submit-
ted a paper to the Astrophysical Journal Letters reporting the fourth
detection of an exoplanet by the gravitational microlensing method.
Amazingly, Gould and his 35 colleagues had discovered a second
super-Earth during the OGLE 2005-BLG-169 microlensing event the
year before. The planet’s mass was roughly 13 Earth masses, if its
host star had a mass of about half a solar mass, as was expected for
an M dwarf host star. The OGLE 2005-BLG-169 b planet was orbit-
ing at an asteroid-like distance of about 3 AU, making it another
cold super-Earth.

The fact that half of the four microlensing events had netted cold
super-Earths, while half had yielded cold Jupiters, seemed to bear out
the suspicion Jean-Phillippe Beaulieu had expressed the previous year
that cold super-Earths were much more common at asteroidal dis-
tances around low-mass M dwarfs than were gas giant planets. Once
again, the jury decided to return a verdict of “guilty” for core accre-
tion as the dominant formation mechanism for Jupiters. Disk instabil-
ity was not even listed as an accomplice in the indictment handed
down by the 36-scientist microlensing jury.
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The two microlensing discoveries of failed cores seemed to prove
that core accretion was at work, at least around M dwarfs, the most
common stars. I learned about Gould’s discovery while attending a
conference in Houston, Texas, and was somewhat chagrined by the
negative implications for disk instability in this most recent trial.

The implications of the cold super-Earths were rumbling around
my brain as I surfed the Internet in the lobby of the Hilton Hotel in
Clear Lake, Texas, across the road from NASA’s Johnson Space Cen-
ter. [ had another “ah-ha!” moment, as [ had while writing an e-mail
to the Washington Post’s science reporter in 2001. It occurred to me
that the cold super-Earths could be explained just as well by disk in-
stability as by core accretion.

In 2001 I had imagined that Uranus and Neptune had started out
as giant gaseous protoplanets, formed by disk instability, which had
been whittled down to ice giants by the loss of most of their hydro-
gen and helium gas envelopes. The gaseous envelopes would be lost
once the ultraviolet light from nearby, newly formed massive stars
had stripped away the outer disk gas and then begun to denude the
outermost protoplanets. The key point was that this process occurs
only outside a critical radius that depends on the mass of the central
star. Inside this radius, the star’s gravity is too strong for the hot gas to
be stripped away. The critical radius depends directly on the mass of
the star, so for the M dwarf stars being probed by microlensing, the
critical radius was expected to be about 2 to 10 times smaller than
that for our Sun. Given that the critical radius was expected to be
roughly at Saturn’s distance in the solar nebula, this meant that for M
dwarfs the critical radius should be roughly at asteroidal distances: 2
or 3 AU from the M dwarfs. Checkmate. That was the estimated or-
bital distance of the cold super-Earths. These ice giants could have
started out as protoplanets formed by disk instability, only to be de-
constructed into cold super-Earths.
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The fact that the microlensing surveys had found strong evidence
for many more cold super-Earths than cold Jupiters at asteroidal dis-
tances around M dwarfs was consistent with the fact that most stars
form in regions of high-mass (O, B) star formation, where the outer
disks are subject to the ultraviolet strip-search process. The much
smaller fraction of M dwarfs that form away from such regions would
be expected to have their outer gas giant protoplanets survive to be-
come gas giant planets—that is, the cold Jupiters seen by microlens-
ing. It was a “Just So Story” worthy of Rudyard Kipling himself,
though, I fervently hoped, not quite so fanciful.

[ returned to Washington, D.C., and immediately wrote a paper on
cold super-Earths and submitted it to the Astrophysical Journal Let-
ters on March 31. If correct, this novel explanation further supported
the hope that planetary system formation could proceed in regions
where massive stars form. Such regions need not be inimical to the
planet formation process, it spite of earlier fears that planets could not
form in such hostile environments. Instead, this heretical scenario
supported the idea that planetary systems, even those similar to our
own, can form in just about any star-forming region, making the total
number of planetary systems in the Galaxy immensely higher than
would be the case if special circumstances were required for planets
to form. Earths would be nearly everywhere in this theoretically
crowded universe. The challenge was to find them, and for that we
needed NASA’s dream of dedicated planet-hunting space telescopes.

July 7, 2006—1In order to solve the latest short-term funding prob-
lem for NASA’s Science Mission Directorate, Griffin announced that
he had decided to “refocus” SIM and further delay its launch to well
beyond the hoped-for 2015 or 2016. In 2003, SIM’s planned launch
date was only 6 years off, at the end of 2009. Three years later, SIM’s
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launch date had slipped by at least another 7 years, more than the
traditional slip of about 1 year per year. SIM seemed to be receding
from Earth, with a large and accelerating Doppler redshift, an indica-
tion that it soon might never be seen again.

July 19, 2006—George Wetherill died, without knowing for certain
how Jupiter formed, how many Earth-like worlds exist, or how com-
mon life is in the universe.



CHAPTER 6

The Battle of Prague

Basic research is like shooting an arrow into
the air and, where it lands, painting a target.

—HOMER ADKINS (1984)

August 24, 2006—In an extraordinary final plenary session at the
International Astronomical Union’s triennial General Assembly in
Prague, Czech Republic, the [AU’s astronomers voted to pull Pluto
from the nine-member team of the Solar System’s planets. The 400-
odd astronomers present had voted overwhelmingly in favor of the
move by waving yellow cards that signified AU members, making
the plenary hall look as if it were full of demented soccer referees
cautioning an overly aggressive player. Given that they were in fact
ejecting Pluto from the game, they should have been waving red
cards.

Pluto was discovered on February 18, 1930, by Clyde Tombaugh
at the Lowell Observatory in Flagstaff, Arizona. Tombaugh had been
searching for the hypothesized “Planet X” that was thought to be
disturbing the motions of the outermost planets Uranus and Nep-
tune. He had been looking for only a year when he stumbled across

113
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Pluto. The founder of the Lowell Observatory, Percival Lowell, had
hypothesized the existence of Planet X and searched for it himself,
but he had died in 1916. Fourteen years later, Tombaugh struck pay
dirt in the arid northern Arizona hills.

Tombaugh had found Pluto by the same method that the Terres-
trial Planet Finders intended to use to discover new Earths: direct im-
aging. In the case of Pluto, the task was immensely simpler than it is
for extrasolar Earths, not only because Pluto is much brighter than a
distant Earth but also because Pluto’s light need not be blocked by
the light from the Sun, at least not during the portions of Earth’s orbit
when Earth is in between the Sun and Pluto. To look for Pluto, then,
Tombaugh simply pointed Lowell’s new 13-inch telescope in the op-
posite direction from the Sun, close to the same orbital plane where
the other eight planets orbit, and started taking pictures on glass pho-
tographic plates. By comparing two plates that he had taken six days
apart, Tombaugh could look for anything that jumped to a new loca-
tion on the plates during that time interval. The jump would be
caused not by Pluto’s own motion across the sky, which is painfully
slow given its 248-year orbital period around the Sun. Instead, the
apparent shift in Pluto’s position would be caused by Earth’s much
more rapid orbit around the Sun. Any nearby object will appear to
move with respect to distant background objects if the observer is
moving., A simple way to demonstrate this is to hold out your arm
and stare at your thumb as you blink first one eye and then the
other. When you do so, your thumb appears to jump back and forth,
just as Pluto did for Tombaugh in 1930. This parallax effect made it
possible to determine the distance of Pluto: its mean distance from
the Sun of 39 AU is 39 times greater than that of Earth. Pluto was by
far the most distant planet in the Solar System, easily beating Nep-
tune’s average distance of about 30 AU.
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Tombaugh continued his search for new planets in the outer Solar
System, but 13 more years of searching yielded nothing. Neverthe-
less, Pluto was the ninth planet for 76 years. Until the pulsar planets
were found in 1992, Tombaugh was the only living person to have
found a new planet anywhere in the universe. The exclusive club of
planet finders became increasingly crowded after 51 Pegasi b’s dis-
covery in 1995, and by 2006 its membership had swelled to hun-
dreds of astronomers worldwide.

Why was Pluto ceremoniously demoted from planethood? The
most immediate reason was the discovery, in mid-2005, of a new ob-
ject on the edge of the Solar System dubbed 2003 UB313 by Cal-
tech’s Michael Brown and his colleagues. Using the 48-inch
(1.2-meter) Oschin telescope at the Palomar Observatory in southern
California, Brown had employed the same basic approach as
Tombaugh, except for the replacement of photographic plates by the
electronic devices that make digital cameras possible. The fact that
Brown could store his images on a computer meant that the com-
puter could also be trained to “blink” the images taken on different
nights, searching for anything that jumped around. Tombaugh had
been forced to do his own blinking by eye, as well as to do his own
observing, but Brown had the luxury of a fully automated, robotic
telescope and data analysis system, which meant that any newly dis-
covered objects were waiting for him when he arrived at his Caltech
office each morning,.

2003 UB313 is currently the most distant known member of the
Solar System, with a mean distance from the Sun of about 65 AU and
an orbital period of 560 years, over twice that of Pluto. Astoundingly,
this distant object is relatively bright, which means that it must be
fairly large. When Brown and his team announced their discovery in
July 2005, they estimated that it might even be larger than Pluto.
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Subsequent detailed measure-
ments by Hubble proved their
initial estimate to be correct.
But if 2003 UB313 was
larger than Pluto, was it a
812005 P 2 planet too? If so, it would be up
b to the IAU to decide, because
the TAU has the ultimate re-
sponsibility for categorizing and

S/2005 P 1

naming celestial bodies. If the
[AU agreed, Michael Brown,

Chad Trujillo, and David Rabi-
FIGURE 25. Pluto and its satellites Charon,

$/2005 P1, and 5/2005 P2, as observed by 1OWiLZ had just found the tenth
the Hubble Space Telescope. [Courtesy of planet. Whereas Tombaugh’s

NASA, ESA, Harold Weaver (Johns Hopkins planet had been named Pluto,

University, Applied Physics Laboratory), .
Alan Stern (SwRI), and the HST Pluto after the mythological god of

companion search team.] the underworld, Brown had
playfully given 2003 UB313
the name Xena, after the warrior princess on a popular television se-

ries. Soon after the initial discovery, astronomers realized that Xena
had a satellite, and Brown named the satellite Gabrielle, for Xena’s tel-
evision sidekick.

The TAU had been wrestling with the issue of planethood well be-
fore Xena made her appearance on stage. A Working Group on the
Definition of a Planet had been created in June 2004 to deal with the
problem of Pluto’s planethood. It had become clear that Pluto was
the largest known member of the swarm of comets in the Kuiper
Belt, a region named after the same Gerard Kuiper who had first sug-
gested gravitational instability as a means for forming gas giant plan-
ets. Many Kuiper Belt objects have orbits similar to that of Pluto, and
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they had been found by the hundreds, making the situation similar to
that of Ceres in the asteroid belt. Ceres was discovered in 1801 by
the Sicilian astronomer Giuseppe Piazzi. At first it appeared that
Ceres was the long-sought “missing planet” between Mars and
Jupiter, but then another object with a similar orbit, Pallas, was found
in 1802; a third, Juno, in 1804; and a fourth, Vesta, in 1807. By this
time it was clear that Ceres was just one of a number of objects orbit-
ing between Mars and Jupiter, and these became known as the minor
planets in recognition of their diminutive stature compared to the
eight major planets. We now know that the asteroid belt is populated
by many hundreds of thousands of bodies large enough to be de-
tected from Earth.

The same fate had befallen Pluto. It was merely the first—and so
far the largest, until Xena—body detected in the Kuiper Belt. By the
same reasoning that had led to the demise of Ceres’s claims to plan-
ethood in the early 1800s, it seemed that Pluto deserved a similar
demotion.

The TAU Working Group on Extrasolar Planets had agreed in 2001
on a “working definition” of a planet that could be applied to extra-
solar planetary systems. However, we were focused on the upper-
mass end: How massive could an object in orbit around a star be and
still be called a planet? What if a Jupiter-mass object were not in orbit
around a star? Would it still be a planet? Our main debate had cen-
tered on whether planets should be defined by their formation mech-
anism or by their ability to undergo nuclear fusion.

Stars form from the gravitational collapse of clouds of gas and dust
that swirl around the Galaxy, after having been ejected from previous
generations of stars by their stellar winds or by supernova explosions.
Given a small initial amount of rotation, a collapsing cloud will flat-
ten into a disk, with a growing protostar at its center. If the rotation
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rate is high enough, the cloud will collapse and fragment into two or
more protostars, each surrounded by a rotating disk of gas and dust.
Planets form from the leftovers of the star formation process, in the
portions of the gas and dust disk that manage to escape being swal-
lowed by the omnivorous, voracious central protostar. Although
planet formation is thus intimately linked to star formation, the
physics of planet formation is intrinsically different from that of star
formation, even in the case of gas giant planet formation by disk in-
stability. Binary and multiple protostars can form from gravitational
instabilities in a newly formed, massive protostellar disk, but disk in-
stability entails the formation of gaseous protoplanets in a protoplane-
tary disk that contains only a small fraction of the mass of the already
formed, central protostar. Planets therefore begin their formation
only well after their stars have largely formed.

Stars are defined as objects large enough to sustain thermonuclear
reactions deep in their interiors, such as the fusion of hydrogen nu-
clei (protons) into helium nuclei. Hydrogen fusion is the source of
the energy that empowers stars like the Sun to shine brightly for bil-
lions of years. Stars with masses less than about 75 Jupiter masses,
however, do not become hot enough in their centers for hydrogen fu-
sion to take place. As long as they are more massive than about 13
Jupiter masses, though, they can burn deuterium, which is hydrogen
with the addition of a neutron to its nucleus. Deuterium is a rela-
tively rare isotope, so deuterium burning is able to sustain fusion re-
actions only for millions of years, instead of billions of years.

The Working Group on Extrasolar Planets therefore decided that
planets must be objects in orbit around stars (or stellar remnants,
such as pulsars) with masses less than about 13 Jupiter masses. Ob-
jects with masses in the range from 13 to 75 Jupiter masses would
be brown dwarfs, even if they managed to form by the same process
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(such as disk instabilty) that formed a sibling object with a mass of
12 Jupiter masses. Isolated objects not in orbit around a star but
moving on their own in interstellar space with masses less than 13
Jupiters were not planets but “sub-brown dwarfs.” This is because
they presumably formed by the same collapse and fragmentation
process that forms stars and brown dwarfs, even though they failed
to reach the critical mass needed to burn deuterium. Achieving
agreement on this working definition was difficult, but we accom-
plished the task in a few months of e-mail traffic. We had defined
the upper-mass end of planethood, but we avoided the lower mass
end, despite the fact that one of the pulsar planets has a mass only
slightly larger than that of the Moon, about 1/67 the mass of Earth.
We knew that the best context for debating the lower-mass end was
the Solar System, so the Working Group left that decision for the
[AU’s Solar System specialists.

The TAU proceeded to delve into the fate of Pluto in March 2005,
prior to the discovery of Xena but a few months after Alex Wolszczan
had presented evidence for a possible fourth pulsar planet with a
mass only one-fifth that of Pluto. It was time to get serious about the
low-mass end of the planet spectrum.

The Working Group consisted of 15 astronomers who headed var-
ious IAU planetary science committees, as well as 4 others, including
Brian Marsden, head of the Minor Planet Center at the Smithsonian
Astrophysical Observatory in Cambridge, Massachusetts, and Alan
Stern, director of the Southwest Research Institute’s Department of
Space Studies in Boulder, Colorado. Marsden’s Center is charged
with keeping track of the myriad minor planets, the denizens of the
Kuiper Belt, and anything else that is found wandering dazed around
the Solar System pushing a shopping cart. Stern was the leader of
NASA’s first robotic mission to Pluto, New Horizons, already
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launched and slated to shoot past Pluto in 2015 with its camera
madly clicking photos, like an eager tourist trapped on an express bus
that will not stop as it passes Mount Rushmore.

Stern had argued in a Sky & Telescope article in 2002 that any ob-
ject that was massive enough to be round should be called a planet.
Roundness is enforced by gravity, which tends to pull objects into
spherical shapes. Most asteroids and comets are not round but,
rather, have odd shapes that more often resemble potatoes than base-
balls. Their small sizes and masses mean that gravity is not able to
overcome the internal strengths of the rocks and ices of which they
are made. If roundness were the criterion for planethood, then the
Solar System would have a lot more than nine planets: the minor
planets Ceres, Vesta, and Pallas might be promoted to full planet-
hood, although Juno was likely to be left as a minor planet. Pluto also
fit comfortably within the roundness definition. Stern was not about
to propose that his New Horizons mission, billed as the first space-
craft to visit the most distant planet, was not really headed for a
planet after all.

Because Marsden was presented daily with evidence that Pluto
was the largest known member of a growing swarm of increasingly
large Kuiper Belt comets, he might have been expected to have a
somewhat different point of view than Stern on the issue of Pluto’s
planethood. It is often said that the outcome of a committee’s work is
decided by who is chosen to sit on the committee. The same could
be said of the [AU’s Working Group on the Definition of a Planet. The
membership was divided among those who wished to demote Pluto,
those who desired to preserve Pluto’s planethood, and those whose
opinions could not be divined ahead of time. Marsden found himself
supporting Stern’s roundness criterion, at least initially.

The Working Group debated the question of what should be a
planet ad nauseum through numerous e-mails sent during March and
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April 2005. Every possible argument, constraint, or consideration re-
garding what should be a planet was presented, seconded, discussed,
disregarded, or discarded, with no clear consensus emerging., The
members tended to have strong opinions on this subject, and they
were generally unwilling to change their opinions on the basis of ar-
guments presented by others. Achieving a consensus among them
was about as hard as trying to herd a group of 19 feral cats into a
room with several open doors and windows. Eventually the Working
Group tired of its hopeless task, and the e-mails stopped.

Then along came Michael Brown and Xena in July 2005, demand-
ing that the IAU decide just what Xena/2003 UB313 was. The e-mail
traffic picked up again. The chair of the Working Group, Iwan
Williams of Queen Mary University of London, insisted that we make
up our collective mind. The IAU Executive Committee had learned of
our group’s dithering and were threatening to take action themselves
to settle the issue.

In August, Williams declared that we would take a vote. The re-
sults came in with a split decision: 7 in favor of keeping Pluto as a
planet, as well as anything larger; 7 in favor of demoting Pluto; and 7
in favor of a compromise. Nineteen members could vote, yet a total
of 21 votes were tallied; it was looking like a Chicago Democratic
election. I had proposed as a compromise that we create several dif-
ferent categories: the eight major planets, the Kuiper Belt planets
(Pluto, Xena/2003 UB313, and others), and the historical planets
(the major planets plus Pluto). Given the vote, it was clear that the
Working Group was not particularly in favor of a compromise.

The stalemate persisted throughout the next several months, as
votes on three different compromises led to outcomes of 8 to 11, 11 to
8, and 6 to 12. Williams decided to declare an end to hostilities and to
abandon the field by summarizing the three compromises the Work-
ing Group had voted on and sending his report to the IAU Executive
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Committee in November 2005. Let them waste their time on this
Gordian knot.

The TAU Executive Committee mulled over the Working Group’s
final report for a few months and then, in April 2000, decided to ap-
point a new committee to waste its time in trying to seek a consensus
definition. This time the committee was small: just five astronomers,
popular science writer Dava Sobel, and the chair, astronomy historian
Owen Gingrich of the Harvard-Smithsonsian Center for Astrophysics.
[wan Williams agreed to work again on this impossible task. The new
Planet Definition Committee went to work, knowing that they had
to come up with something in time for the upcoming IAU General
Assembly in Prague.

After meeting at the Paris Observatory on June 30-31, the seven-
member group quickly decided on a definition they could all support:
Stern’s roundness definition. They introduced their proposed resolu-
tion at the [AU’s Prague meeting on August 16, accompanied by an
article by Dava Sobel published in the Washington Post that same
day, buttressing their case. Clearly they had planned the release of
their decision well ahead of time and had gathered supporters, such
as Neil deGrasse Tyson, director of the Hayden Planetarium in New
York City, who applauded their decision. Richard Binzel, an MIT
planetary scientist who was one of the Magnificent Seven on the
Planet Definition Committee, predicted that their proposal would be
approved by a wide margin in Prague. The question of Pluto would
be settled once and for all. Pluto was a planet.

The August 17 issue of Nature contained a story about the IAU
resolution with a differing opinion. Without knowing the details, [
had predicted that a roundness criterion would be met with “a long
line of people waiting for the microphone to denounce it.” Reading
all those endless e-mails from the Working Group had disillusioned
me about the likelihood of easily achieving consensus on Pluto.
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The Pluto proposal hit the IAU astronomers like a rotten melon.
They could not conceal their disappointment in the proposal to retain
Pluto as a planet—and to add dozens of other small, round bodies,
including Ceres, to the hallowed list of planets. Each time the resolu-
tion and its evolving variations were presented, long lines of as-
tronomers did indeed march to the microphone to register their
vigorous objections. Several straw votes were held in these open ses-
sions, and Pluto was shot down in flames each time. Owen Gingrich
and his committee realized that they were facing a rejection of their
Pluto proposal when it was brought up for a final vote on August 24.
Admirably, Gingrich and his committee changed their course and
tried to draft a proposal that stood a chance of being approved.

The next version they proposed on August 22 also failed. Time
was short. What would be presented on the last day, August 24?

The TAU Executive Committee decided to present not one but
two resolutions on planethood for the final assembly in Prague, each
with two parts, for a total of four votes. This was going to be interest-
ing. The fate of the four resolutions was to be decided by a simple
majority vote of the AU members present in the plenary hall.

Resolution 5A stated in essence that yes, planets had to be round,
but they also had to be massive enough to have cleared their sur-
roundings of any competing pretenders to planethood. Given that
Pluto had lots of similar-sized siblings in the Kuiper Belt, Pluto would
not be a planet if Resolution 5A passed, and it did in a landslide. Yel-
low cards were everywhere, and there was no need to try to count
the cards in favor and against. Resolution 5B would insert the word
classical in front of the word planet in Resolution 5A, effectively
leaving Pluto a planet, but not one of the eight planets discovered by
classical times (the last planet discovered before Pluto was Neptune
in 1847). Resolution 5B was voted down by a margin of about 3 to 1.
General applause arose once Resolution 5B was pronounced dead on
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arrival. Pluto was no longer a planet after that second vote. Now
there were only eight.

Resolution 6A proposed that Pluto should be called a “dwarf
planet,” and this resolution passed by a vote of 237 to 157. Resolu-
tion 6B said that dwarf planets in the Kuiper Belt should be called
“plutonian objects.” Plutonian objects? “Plutonian objects” was of-
fered as an improvement on the previous suggestion of “plutons,”
which, it turned out, had been claimed long ago by geologists as a
word meaning a large underground body of once-molten rock, to the
dismay of the astronomers who learned this bit of geological termi-
nology only after making their “pluton” suggestion known to the en-
tire world, thereby managing to enrage otherwise uninterested
geologists and enlist their support in the battle against Pluto and the
Plutons. Resolution 6B failed on the closest vote of the four: 183 for
to 186 against. Pluto was now a dwarf planet.

As soon as the final vote was cast in Prague, my office telephone
began to ring. I had been watching the vote through streaming live
video over the web, having returned from Prague a few days earlier.
The Pluto story had captured the attention of the media, and the out-
come was a shocker. [ spent the rest of August 24 being driven
around Washington, D.C., in the sleek black limousines normally re-
served for political figures and commentators, doing live television in-
terviews for CNN and other television networks, talking about the
demise of Pluto to the amusement of network anchors who are more
accustomed to dealing with the demise of large numbers of human
beings. The culmination of the day was a Red Top taxi ride (public
television does it on the cheap, just like astronomers) to the studios
of WETA in Northern Virginia to do “The NewsHour” with Jim
Lehrer. Ray Suarez enjoyed the chance to talk with me under circum-
stances where we could laugh together about human foibles, and
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about the foibles of astronomers in particular. We ended the segment
chuckling about what the new acronym should be that would help
school children memorize the names and heliocentric ordering of the
Solar System’s eight planets.

August 25, 2006—Not everyone was laughing after the Prague
votes. Alan Stern and Mark Sykes, director of the Planetary Science
Institute in Tucson, Arizona, and a co-investigator on NASA’'s Dawn
Mission to Ceres and Vesta, launched a petition drive protesting the
[AU’s decision. Within a few days, they had garnered the support of
400 irate planetary scientists, students, and engineers and were plan-
ning to bring up the question of Pluto again at the next AU General
Assembly, scheduled for 2009 in Rio de Janeiro, Brazil. Ceres had
been provisionally promoted to full planethood for a little over a week
in Prague, but now Ceres was merely a dwarf planet, along with Pluto
and several others, while Vesta remained a lowly minor planet. It was
an outrageous turn of events for the Dawn Mission team.

September 13, 2006—If Pluto was now a dwarf planet, so was
Xena. Michael Brown was thus free to suggest proper names for Xena
and Gabrielle. He suggested Eris and Dysnomia. Eris was the Greek
goddess of discord and strife, and Dysnomia was her daughter. An-
gered at not being invited to attend a wedding, Eris had started a
quarrel among the goddesses that led to the Trojan War. Brown had
cleverly chosen names that were entirely appropriate for the two
heavenly bodies that helped to launch the take-no-prisoners Battle of
Prague. The relevant IAU nomenclature committees, tired by now of
discord and strife, and pleased by Brown’s good-natured approach to
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FIGURE 26. Eris and its satellite Dysnomia, as observed by the Hubble Space
Telescope. [Courtesy of NASA, ESA, and Michael Brown (Caltech).]

the loss of planethood for Xena/2003 UB313, readily approved
Brown’s two suggested names.

Marsden assigned Eris the number 134340 on the Minor Planet
Center’s list of Solar System non-planets, and Pluto was assigned
136199—numbers that look like those held up by criminals in their
mug shots. Pluto had entered the dwarf planet penitentiary with a
life sentence, no doubt hoping to be sprung after the next IAU Gen-
eral Assembly in 2009.

September 22, 2006—Michael Griffin appointed nine new mem-
bers of the NASA Advisory Council, the group charged with offering
expert outside advice to the NASA administrator. The new appoint-
ments were necessary because several members had resigned a few
weeks earlier. Two of the resignations (those of Wes Huntress and Eu-
gene Levy, provost of Rice University) were tendered only after being
requested by Griffin. Levy had a long history of involvement in
NASA’s plans to fly planet-hunting space telescopes, and as a former
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head of NASA’s Office of Space Science, Huntress could not be happy
with what was happening to the science programs that he had
helped to create and nurture. Levy and Huntress had thought that
their job on the Council was to offer advice to Griffin, but Griffin ap-
parently wanted them to tell him which science programs should be
cut or dropped. They resigned instead.

In their places, Griffin appointed the nine new members of the Ad-
visory Council, charged with providing Griffin with “the best advice
possible,” which in practice meant the advice that Griffin wanted to
receive. One of the new members was Alan Stern, now executive di-
rector of the Space Science and Engineering Division at the South-
west Research Institute. One wondered if an appeal of Pluto’s life
sentence might appear on the agenda for the next Council meeting.

October 26, 2006—The Kepler Mission held a science team meet-
ing at the Lowell Observatory in Flagstaff, in a building just a short
distance away from the telescope that Clyde Tombaugh had used to
discover Pluto 76 years before. The Kepler science team had known
from the previous meeting in April that Kepler was in trouble. The
seemingly inevitable mission cost overruns had led JPL to replan the
entire mission to minimize the impact on Keplet’s science. Fabrica-
tion of the primary mirror was behind schedule, which was likely to
result in a further delay of the launch, which was originally planned
for 2006.

At Lowell we were relieved to learn that Kepler had passed its crit-
ical design review with excellent grades the previous month. The re-
view is exactly as critical as its name states; it is one of several distinct
hoops that any NASA mission must jump through or risk being sub-
jected to an also aptly named Cancellation Review. Few missions
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survive the latter, although Kepler’s Discovery Mission sibling, the
Dawn Mission, was one example. Dawn was a true NASA zombie,
having been terminated the previous March as a result of a Cancella-
tion Review. Cost overruns were to blame, along with technical prob-
lems. However, the JPL engineers managed to resurrect Dawn a few
weeks later by proposing solutions that NASA headquarters found
palatable for addressing the technical and cost problems. We were all
relieved to hear that Kepler would not have to undergo the near-
death experience through which our sibling mission had suffered.
There was more good news for the team at Lowell. Kepler’s pri-
mary mirror had been completed and delivered to the primary con-
tractor, Ball Aerospace & Technologies Corporation in Boulder. Ball
Aerospace, oddly enough, is a division of the same company that is
famous for making Ball glass jars, rubber seals, and metal screw-on
caps used for canning fruits and vegetables in home kitchens.
However, the JPL replan of Kepler had led to a slip in the launch
date to November 1, 2008, and it didn’t solve the cost overrun prob-
lems. Given the high grades on the critical design review, the Kepler
team decided to ask NASA headquarters for more funds, in spite of
the dire financial situation for NASA science. Under the replan, Kep-
ler would cost a total of $568 million, well above the original cost
cap for Discovery Missions of $299 million, although some of this
cost growth had been a result of NASA headquarters’ insistence that
JPL run the project, rather than NASA Ames, where Borucki and
most of the Kepler team worked. NASA headquarters was being
asked for an extra $67 million to support the replan, and Mary
Cleave had said to proceed with the new plan. Kepler seemed to be
surviving reasonably well in the shark-filled waters of NASA’s SMD.
We also learned that the competition, CoRoT, was nearly finished
and was scheduled for launch on December 21, just a few months
away. It was clear that CoRoT would have a head start of almost 2
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years on Kepler. Confederate cavalry leader Nathan Bedford Forrest’s
advice for winning battles was “to git thar fust with the most men.”
CoRoT would “git thar fust,” but Kepler’s plan was to outperform
CoRoT with a much larger space telescope and a mission designed to
do one thing only, and to do it well: find Earths.

October 31, 2006—Michael Griffin announced NASA’s plan to use
the Space Shuttle to perform Hubble SM4 and enable Hubble to
function for another decade. The repair mission would fly in May
2008 at a cost of $350 million. NASA felt that the risk of the shuttle
mission to Hubble was worth taking, especially now that the shuttles
had resumed space flights and returned safely three times since the
Columbia reentry disaster in 2003. Senator Mikulski predictably ex-
claimed, “It’s a great day for science.” Space Telescope Science Insti-
tute astronomers were ecstatic.

It was a great day for Maryland science, but the rest of NASA’s sci-
ence program would have to pay the cost of the decision to keep
Hubble alive. Nearly all of NASA’s astronomy budget would be
needed to support just three programs: Hubble, Webb, and a flying
infrared telescope, the Stratospheric Observatory for Infrared Astron-
omy (SOFIA). There was no room for anything else, at least until the
annual costs for Webb began to decline some time after 2008. Work
on SIM had been halted earlier in the year to cover cost overruns on
SOFIA. Planet hunting seemed to have disappeared from NASA’s
agenda, with the exception of the Kepler Mission. It was looking as
though NASA headquarters might decide to rename Kepler TPF-K
and forget about TPF-C and TPF-I altogether.

NASA was in the unsettling position of having to perform battle-
fleld triage, choosing those missions that might live and leaving be-
hind those that were expected to die.
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November 15, 2006—The CoRoT spacecraft arrived safely at the
Yubileiny airport, close to the Baikonour launch site in Kazakhstan,
the primary launch site for the Soviet Union’s and now Russia’s com-
mercial and cosmonaut rockets. On December 27, CoRoT was
launched successfully into a circular, polar orbit around Earth on a
Soyuz-2-1Db rocket with a Fregat upper stage. CoRoT was launched 6
days late as a result of minor delays in getting the Soyuz rocket ready.
With a total length of almost 14 feet (4.1 meters) and a launch
weight of 1400 pounds (630 kilograms), CoRoT is basically the size
of a Volkswagen bug,

The science team expected CoRoT to discover dozens of hot super-
Earths, as well as equal numbers of hot Jupiters. Now that CoRoT
was safely in orbit, it was time to see whether their high expectations
would be met. How many super-Earths would CoRoT find? Might
CoRoT find an Earth or two as well?



CHAPTER 7

The Gomedy Gentral Approach

“There is something fascinating about science. One
gets such wholesale returns of conjecture out of
such a trifling investment of fact.”

—MARK TWAIN (1835-1910)

January 2, 2007—At about 4:30 p.m. something smashed a hole in
the roof of a house in Freehold Township, New Jersey. The object
shattered some floor tiles in the upstairs bathroom, bounced back up
and careened off the wall, leaving a dent, and then came to rest be-
hind the toilet. An inhabitant of the house heard the sharp noise and
thought it was a firecracker set off by somebody who had one left
over from New Year’s Eve celebrations. It was not until later that
night that someone walked into the bathroom and discovered the
damage. During the clean-up of the mess of shredded fiberglass insu-
lation and dry wall fragments, the culprit was found hiding behind
the toilet: a crescent-shaped, silvery-brown object about 4 inches
long. The alignment of the broken floor tiles and the hole in the roof
showed that the object had struck the house at an angle very close to
the vertical: it had come almost straight down from the sky. But what
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was it? The Nageswaran family suspected it was a piece of either an
airplane or a satellite—or maybe a meteorite, because the object did
not look like anything they had seen on Earth.

The next morning the family called the Freehold Township police
to report the intrusion. The police arrived shortly thereafter and took
the suspect into custody. At the police station, the officers left the ob-
ject in their cruiser in case it was radioactive. A quick check with a
Geiger counter showed that it was not, and the object was taken in-
side and placed in an evidence container. Investigators from the Fed-
eral Aviation Administration (FAA) arrived a few hours later and,
after several hours of study, declared that the object showed no signs
of having been manufactured on Earth and hence had not been de-
rived from an airplane. The FAA investigators departed.

The story had got out that the Freehold police were onto some-
thing interesting, and television stations sent crews to film the
events at the police station for the evening news. The next day sev-
eral scientists arrived to investigate the object, including Jeremy
Delaney of Rutgers University, an expert on meteorites. The scien-
tists scrutinized the object as best they could, measuring its density
and magnetic properties, and comparing its surface to those of
known meteorites, and they finally determined that it was probably
an iron meteorite. The literal acid test would be to saw the object
in half and look for the characteristic “Widmanstatten patterns”
that appear on the sawed faces when some iron meteorites are
etched with acid. However, the Nageswaran family did not want to
have their meteorite sawed in half for fear that it’s value would be
decreased as a result.

A meteorite that had struck and passed through the trunk of a
Chevy Malibu in Peekskill, New York, on October 9, 1992, had
earned the owners a pretty penny when they sold both the meteorite



The Comedy Central Approach 133

and the Malibu. The meteorite had entered Earth’s atmosphere on a
Friday night during high school football season, with the result that
dozens of alert football fans, recording their sons’ immortal exploits
with portable video cameras, swung their cameras from the well-lit
playing fields to the skies to capture the vivid streaks of bright green
light that had suddenly appeared. The parent meteoroid had broken
into multiple fragments whose incandescent wakes in the upper at-
mosphere outshone the stadium lights as the fragments slammed
deeper and deeper into Earth’s thin veneer of oxygen gas, producing
the green light. George Wetherill and Peter Brown of the University
of Western Ontario, Canada, had spent the better part of a year gath-
ering these videotapes, going to the high school stadiums where the
games were played, and using a surveyor’s theodalite to plot the tra-
jectory of the meteoroid on the sky, based on the location of the light
poles and other stadium features seen on the videos. They were able
to determine the orbit of the meteroid that had produced the Peek-
skill meteorite, and it was only the fourth time that an orbit had been
determined for a found meteorite. They estimated that the parent
meteroid was about 3 feet in diameter, weighed several tons, had a
mean orbital distance from the Sun of 1.5 AU, and orbited every 1.8
years outward to the inner edge of the main asteroid belt from which
it had originated.

The owners of the Peekskill meterorite and the Chevy Malibu put
them both up for auction and sold them for $75,000 and $25,000,
respectively. Although the Nageswarans decided not to try to auction
off their slightly damaged house for the price of a Chevy Malibu with
a hole in the trunk, they did think that they had a potentially valu-
able meteorite. The Nageswarans’ meteorite was put on display for a
day at the Rutgers University Geology Museum, unblemished by fur-
ther scientific investigation.
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January 4, 2007—Around 6:45 a.m., traffic reporters flying in heli-
copters in the area of Denver, Colorado, trained their live video cam-
eras on a dozen bright streaks of light that had suddenly appeared in
the sky over the Rocky Mountains. The streaks came from the north
and were headed south, toward Colorado Springs, the home of Peter-
son Air Force Base and the U.S. North American Aerospace Defense
Command (NORAD). NORAD, the Cold War entity created in antici-
pation of a nuclear war with the Soviet Union, had built its doomsday
missile command center deep within Cheyenne Mountain, one of the
Rocky Mountains near Pike’s Peak. The spectacular fireworks display
was similar to what the end game might have been for the Cold War:
multiple, independently targeted warheads screaming down from
space. Cheyenne Mountain would have been at the top of the Soviet
hit list for a first or retaliatory strike on the United States.

A spokesman from Peterson Air Force Base later explained that
the ominous threats seen over the Rockies were portions of the upper
stage of the Russian rocket that had launched a French satellite into
Earth orbit a week earlier. That could mean only one thing: CoRoT’s
Russian launch vehicle had struck the American heartland. The old
Soviet ICBM had faithfully delivered CoRoT to the proper orbit, but
the upper stage of the I[CBM disintegrated in a fireball over Colorado.
The Russian rocket nearly managed to carry out its Dr. Strangelovian
mission long after the Cold War ended.

After the public display of the New Jersey meteorite in January,
the Nageswarans decided to have their object tested further in order
to remove any doubt about its authenticity. They hoped to sell it to a
museum so that it could be viewed by the public, perhaps stimulating
a greater interest in science—as well as making them a tidy profit. Jer-
emy Delaney told the Nageswarans that the object could be exam-
ined with a scanning electron microscope that had recently been
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installed at the American Museum of Natural History in New York
City. The microscope could determine the composition of the object
without its having to be sawed in half. Instead, the microscope
would harmlessly fire electrons at the object, causing the surface to
emit X-rays. The microscope could then detect the X-rays and deter-
mine what elements had emitted the radiation. The result would be a
map of the surface of the object, showing the location and concentra-
tion of the most common elements in iron meteorites, namely iron
and nickel.

Denton Ebel, curator of the museum’s meteorite collection, took
charge of the analysis of the Nageswarans’ object. The results came
back quickly and definitively. The object was indeed mostly iron, as
expected, but it had no nickel. No nickel meant it was not an iron
meteorite, at least not one like any other iron meteorite that had ever
been found. The electron microscope had also shown that the iron
contained a small amount of chromium and manganese, which
meant that it was in fact a 13-ounce lump of stainless steel. Mother
Nature does not make stainless steel; human beings do. The
Nageswarans’ meteorite had turned out to be a piece of space junk,
not a meteorite. But what kind of space junk? American space satel-
lites do not use stainless steel, but rather titanium. That meant the
Russian space program was likely to be the source of the object, be-
cause the American and Russian space programs were the primary
polluters of the skies (at least before the Chinese used a warhead to
destroy one of their own failed weather satellites later in 2007). The
fact that the object had fallen in New Jersey just two days before
pieces of the old Soviet ICBM had fallen over Cheyenne Mountain
was a powerful clue about its probable origin. The Nageswarans’
house may have been struck by an errant piece of CoRoT’s ticket to
low Earth orbit.
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January 27, 2007—The Advanced Camera for Surveys (ACS) on
Hubble suffered an electrical failure and went blind. The camera was
the newest instrument on Hubble, having been installed in the fourth
Hubble servicing mission in 2002. The camera had twice the field of
view of Hubble’s previous wide-field camera and could collect data
10 times faster. As a result, it quickly became the most popular of the
four instruments still working on Hubble. Its loss was a major blow
to Hubble science, and astronomers were left to wonder whether the
magicians at NASA’s Goddard and the Space Telescope Science Insti-
tute would be able to bring ACS back to life again by cycling the
power and trying other tricks. The engineers were pessimistic and
doubted that anything could be done to revive the camera, short of
the hands-on attention of NASA astronauts with new parts. The plan
to install a new wide-field camera on the fifth servicing mission, in
2008, would mean that some projects could be carried out with the
new camera, though several years later than planned. Hubble was
aging even faster than they had feared.

February 1, 2007—A Japanese planet-hunting team led by Bun’ei
Sato of the Okayama Astrophysical Observatory in Japan had a paper
accepted for publication in the Astrophysical Journal. Although the
Japanese have their own journals for astronomical publications, many
realize that if they want U.S. astronomers to read their papers and
cite their work, it is better to publish their results in U.S. journals.
Sato and his group had developed their own iodine cell for use
with a spectrometer on the 75-inch (1.88-meter) telescope at the
Okayama Astrophysical Observatory located on Mt. Chikurin-Ji, the
best astronomical site in Japan. The 75-inch telescope is also the
largest telescope in Japan, though Japanese astronomers have built
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their own large telescope on Mauna Kea in Hawaii, the 27.3-foot
(8.2-meter) Subaru Telescope, located next to the twin Keck Tele-
scopes, each with a diameter of 33.3 feet (10 meters), and close to
the U.S. National Optical Astronomy Observatory’s 27.0-foot (8.1-
meter) Gemini Telescope. Subaru is thus a smidgen larger than Gem-
ini, giving it the bragging rights as the next largest telescope on a
premier observing site after the Kecks. The telescope was named
Subaru after the Japanese word for the Pleiades, a cluster of thou-
sands of young stars in the Taurus constellation, as was the Japanese
Subaru automobile company, whose logo features six stars.

Telescope time is just as precious on Subaru as on any other large
telescope, and planet hunting requires a lot of telescope time, so Sato
and his group launched their planet search on the Japanese 75-inch
telescope in 2003. They decided to focus on a type of star that had
been largely ignored by the other Doppler search groups, namely gi-
ant stars. Giant stars have lived long enough to have begun burning
elements other than hydrogen in their centers (helium, carbon, and
oxygen), and as a result they swell in size by factors of 10 to 100. A
red giant star with a diameter 100 times larger than the Sun would
engulf any hot Jupiters that had been in orbit around it, but more dis-
tant planets could be expected to survive, although they might well
become hot Jupiters themselves as a result of the much higher lumi-
nosity of the giant star. Any planets still left orbiting giant stars would
have orbital periods of a year or more, so the planet hunters would
have to be patient; one could not expect to find any planets with 4-
day orbital periods around a giant star.

Sato and his team searched giant stars in the Hyades open cluster
for planets. The Hyades is the closest open cluster of stars to the Sun,
about 140 light-years away, and it consists of some 400 stars about
625 million years old. The Hyades are easily seen on a winter night
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in the Northern Hemisphere as a V-shaped group of stars in the Tau-
rus constellation. Bill Cochran and his Texas colleagues had searched
the Sun-like stars in the Hyades for hot Jupiters back in 2002, but
they had come up empty-handed.

By 2006 Sato’s team had found one giant star named Epsilon Tauri
that had a planet with a mass of at least 8 Jupiter masses orbiting Ep-
silon Tauri every 594 days, at a distance almost twice that of Earth
from the Sun, 1.9 AU. Epsilon Tauri’s mass was estimated to be about
2.7 times the mass of the Sun, making it the world heavyweight
champion for stars with planets.

Considering that Cochran had found nothing in the Hyades dwarf
stars, Sato’s detection hinted that more massive stars might have
even more gas giant planets than lower-mass stars like the Sun. This
hint became stronger when two other groups submitted papers for
publication in February 2007. The California-Carnegie planet search
team submitted a paper to the Astrophysical Journal with the first re-
sults from their Doppler survey of intermediate-mass stars, those with
masses as much as twice that of the Sun. They had found three inter-
mediate-mass stars with planets, making a total of nine known plan-
ets around stars with masses at least 60% greater than that of the
Sun. The Geneva Observatory group similarly submitted a paper to
Astronomy & Astrophysics that month, reporting their detection of a
planet orbiting a star with a mass 2.4 times that of the Sun. They con-
cluded that more massive stars have more planets than less massive
stars, probably because more massive stars have more massive
planet-forming disks.

Given the high frequency of planets found around Sun-like stars,
the fact that higher-mass stars seem to have even more planets was
highly encouraging. The planets orbiting giant stars are all gas giants,
but their existence means that super-Earths and even smaller rocky
planets are almost certainly in orbit as well, waiting to be discovered.
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February 21, 2007—NASA headquarters once again had the envi-
able problem of an abundance of riches. Three different teams of as-
tronomers had used Spitzer to try to do the same thing: measure the
light emitted by an extrasolar planet at a range of infrared wave-
lengths. If successful, these three teams would share the honor of
having measured the first spectrum of the atmosphere of a planet out-
side the Solar System. Being able to measure the light given off at dif-
ferent wavelengths by a planet’s atmosphere is our best hope for
determining whether the planet is habitable—or maybe even inhab-
ited. The Terrestrial Planet Finder would be expected to search for
the presence of molecules of carbon dioxide, water, oxygen (or
ozone), and perhaps methane in order to make the case for habitabil-
ity and even life. The three teams had taken the next major step in
this direction by using Spitzer to search for evidence of water in the
atmospheres of two different hot Jupiters.

Because Spitzer is a NASA space telescope, NASA headquarters
had the power to ensure that all three teams received more or less
equal credit for their discoveries, even though their results would
not be published simultaneously (order of submittal for publication
being the usual criterion for establishing priority in science). One of
the teams had a paper about its results scheduled for publication by
Nature on February 22, 2007, so NASA headquarters decided to
hold a telephone conference for the press on the day before to an-
nounce the results of all three teams.

At 1:00 p.m. Eastern time on February 21, Jeremy Richardson of
NASA Goddard led off with his team’s discovery. Richardson’s
group had used Spitzer’s Infrared Spectrograph to measure the in-
frared spectrum of the first transiting planet, the hot Jupiter orbiting
the star HD 209458. The idea was to observe HD 209458 b not
when it passed in front of the star, but during the secondary eclipse,
when the planet passed behind the star. By measuring the amount
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FIGURE 27. First spectrum of an extrasolar planet, HD 209458 b, as
observed by the Spitzer Space Telescope, showing the light emitted by
the planet at mid-infrared wavelengths. [Courtesy of NASA, JPL,
Caltech, and Jeremy Richardson (NASA GSFC).]

of light emitted by the star and the planet just before the secondary
eclipse occurred, and then subtracting the light emitted by the star
alone during the secondary eclipse, Spitzer could estimate the
amount of light that had come from the planet. Spitzer had already
accomplished this feat for HD 209458 b and TrES-1 b, but those de-
tections had been accomplished by monitoring changes in the
amount of infrared light emitted by the two hot Jupiters over much
broader ranges of infrared wavelengths than Spitzer was being
asked to work with now. This was a tough problem, even for
Spitzer, which had not been designed to measure the spectra of ex-
trasolar planets.

By using Spitzer’s infrared spectograph to measure the light emit-
ted by the planet at wavelengths between 7.5 and 13 microns (1 mi-
cron = 0.00004 inch), Richardson could search for evidence of water
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vapor in the hot atmosphere of HD 209458 b. The prediction was
that the spectrum would show less light being emitted at the shorter
wavelengths than at the longer wavelengths, because water mole-
cules were expected to absorb more of the planet’s light at the
shorter wavelengths. Spitzer produced a spectrum that was pretty
much flat across the wavelength range of 7.5 to 13 microns. Appar-
ently HD 209458 b had no water in its atmosphere, which was puz-
zling, because gas giant planets are thought to be composed of a fair
amount of water gas and ice, regardless of how they are formed.
Maybe HD 209458 b was just an oddball?

The next person up to bat at the press telecon was Carl Grillmair
of the Spitzer Science Center in Pasadena, California, where Spitzer
is managed and operated. The astronomers who work at the Spitzer
Center love to get a chance to use Spitzer to do their own science,
just as the astronomers at the Space Telescope Science Institute love
to use Hubble for their own observations. Telescope time on both
Spitzer and Hubble is awarded competitively, so if the Spitzer Science
Center or Space Telescope Science Institute astronomers write the
best proposals for using Spitzer or the Hubble telescope, they get the
time. And then they often reap the the reward of having to work
overtime in order to analyze their precious observational results, in
addition to performing their normal day jobs keeping the two space
telescopes working propetly.

Grillmair and his colleagues had used Spitzer to do the same thing
as Richardson’s group, but for a different hot Jupiter: HD 189733 b.
This hot Jupiter had been discovered by the Geneva Observatory’s
Doppler search program in 2005 and, afterward, was discovered to
be a transiting planet. Because HD 189733 b’s orbital period was 2.2
days, shorter than HD 209458 b’s 3.5 days, HD 189733 b orbited
closer to its star and so was likely to be hotter. Infrared light from a
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planet is thermal emission, and hotter planets give off more infrared
light. In addition, HD 189733 b’s star is a K dwarf, with lower mass
and hence a smaller radius than HD 209458 b’s star, a G dwarf like
the Sun. As a result of these two factors, the detectability of infrared
light from HD 189733’s planet was about twice as good as that of in-
frared light from HD 209458’s planet, so Grillmair and his team de-
cided to study the former rather than the latter.

Spitzer followed the secondary eclipses of HD 189733 b’s planet
in October and November 2006. Grillmair found that the infrared
spectrum of HD 189733 b looked much like that of HD 209458 b:
relatively flat and featureless. Once again there was no hint of absorp-
tion at shorter wavelengths caused by water vapor in the planet’s at-
mosphere. Was it just not there, or had the two teams missed
something in their analysis?

The third speaker was Mark Swain of JPL. His team had not ana-
lyzed any new Spitzer observations but, rather, had re-analyzed the
same Spitzer data for HD 209458 b that Richardson’s team had ana-
lyzed. Spitzer had performed the HD 209458 b observations in July
2005, and the data were duly entered a little over a year later into the
Spitzer Space Telescope archives, where they could be accessed by
anyone with the time and interest to do so. As a government agency,
NASA takes seriously its responsibility to give the public direct access
to the data taken by its space telescopes, after the astronomers who
requested the data have had a chance to digest the results and get a
research paper submitted for publication. The proprietary period for
Spitzer data is 1 year from the time that the proposers receive the
processed data. Thereafter, the data are fair game for anyone. Richard-
son’s team had been a bit tardy in getting their analysis of the HD
209458 b data completed and submitted to Nature, which gave
Swain and his team a chance to beat them to the punch.
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Swain and his group performed two different analyses of the data
for HD 209458 b and came up with the same answer both times:
there was no evidence of water in the planet’s infrared spectrum.
Swain was thus able to confirm Richardson’s result for the same
planet. Grillmair had shown that the apparent absence of water ab-
sorption was not limited to a single hot Jupiter: two hot Jupiters ex-
hibited the same flat infrared spectrum.

As the outside commentator during the telecon, I had made the
point that NASA’s game plan for searching for life on Mars was to
“follow the water” and that the same game plan held for extrasolar
worlds. The three teams had used Spitzer to do the obvious: search
for water on two hot Jupiters. The fact that all three teams were in
complete agreement that HD 209458 b and HD 189733 b showed
no evidence of water vapor made a convincing case that the Spitzer
data had been properly reduced and analyzed. The only problem was
that the final answer was not the one we had been expecting or
wanting, Where was the water?

April 2, 2007—Mary Cleave took early retirement from her job run-
ning the Science Mission Directorate at NASA headquarters. Michael
Griffin decided to replace Cleave with a genuine space scientist, one
who had long experience not only with the science side of the house
but with the space mission side as well. Griffin needed to look no fur-
ther than his own NASA Advisory Council to find the perfect replace-
ment for Cleave: Alan Stern. With a Ph.D. in astrophysics and
planetary science, extensive publications on subjects spanning the
space sciences, and leadership of the ongoing Pluto Mission, Stern ap-
peared, if anything, to be overqualified for the job. But how would he
handle the seemingly impossible task of managing an annual science
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budget of $5.4 billion that, however huge it seemed, was still a bil-
lion or two short of what U.S. scientists had long been expecting?

Stern took the job with the understanding that no new funds
would flow to SMD. If something new were to be started, something
else would have to be stopped. Stern acknowledged that there would
be things he had to do that would cause pain. In fact, Stern would
need to change the culture that led to cost overruns on practically
every NASA space mission. NASA contractors had grown accus-
tomed to making a bundle on their space missions. (European com-
panies, by contrast, tended to view their involvement in such
projects as a badge of national pride and so worked on fixed-price
contracts.) Whenever a NASA mission ran into trouble, the standard
solution was to go to NASA headquarters and get more money. The
overruns on the Webb Telescope alone were enough to pay for SIM.

On the same day that Alan Stern took over the reins for NASA sci-
ence programs, the CoRoT telescope began routine astronomical op-
erations, after having been successfully tested in orbit for several
months. CoRoT’s first field of stars was in the constellation Monoc-
eros, where CoRoT would stare for 60 days before moving on. The
next two fields would be toward the center of our Milky Way galaxy,
with first a short 26-day campaign and then a long 150-day campaign
planned. CoRoT was on the march, directed by its generals at the
mission control center in Toulouse, France.

April 4, 2007—Stephane Udry and his colleagues on the Geneva
Observatory team submitted a paper to Astronomy & Astrophysics
reporting the Doppler detection of two more planets around the M
dwarf Gliese 581. In 2005 the Swiss team had found a “hot Nep-
tune” with a mass of at least 16 Earth masses orbiting Gliese 581
with a period of 5.3 days. They had continued to monitor Gliese
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581’s wobble and now had evidence for two more planets. The mini-
mum masses for the two new planets were 5 and 8 Earth masses,
making for a planetary system with three super-Earths. The smallest
of the three might even beat out the planets Gliese 876 b and OGLE
2005-BLG-390L b for the distinction of being the lowest-mass planet
known around a star.

The two new super-Earths orbited with periods of 13 and 83 days,
indicating that they were located far enough away from their M
dwarf star to be warm and cool super-Earths, respectively. The 5-
Earth-mass planet was orbiting at the inner edge of the expected hab-
itable zone for an M dwarf with one-third the mass of the Sun,
whereas the 8-Earth-mass planet orbited close to the outer edge of
the habitable zone. If their orbits were noncircular, they would spend
at least part of their time inside the habitable zone, where liquid wa-
ter could exist at their surfaces.

The Swiss team had found a three-planet system with one or pos-
sibly two habitable planets. Their discovery was made possible by the
development of a new, higher-precision spectrometer called HARPS:
the High Accuracy Radial Velocity Planet Searcher. HARPS was in-
stalled on the 114-inch (3.6-meter) European Southern Observatory
telescope at the La Silla Observatory in Chile. HARPS was able to
achieve Doppler precisions on the order of 2.3 miles per hour (1 me-
ter per second) or better. This precision was needed to detect the
Doppler wobble induced by these two new planets, which was only
about 7 miles per hour (3 meters per second) for both. This signal
was 20 times smaller than that due to 51 Pegasus’s planet. To keep
the HARPS spectrograph stable and happy, it was locked into a cli-
mate-controlled vault below the dome of the La Silla telescope. The
rumor was that only one key existed for the vault door, and it was
kept in Geneva, so that there could be no chance of anyone in Chile
accidentally disturbing HARPS.
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April 8, 2007—Giovanna Tinetti of the European Space Agency in
Frascati, Italy, and her colleagues submitted a paper to Nature claim-
ing the detection of water vapor on the planet HD 189733 b, an out-
come contrary to the results found by Carl Grillmair’s group using
Spitzer. Tinetti and her colleagues had also used Spitzer, but their
analysis pertained to the primary transit, when the planet passed in
front of the star, not to the secondary eclipse studied by Grillmair.
They used the Infrared Array Camera on Spitzer to study what hap-
pened to the star’s light as it passed through the atmosphere of the
planet during the primary eclipse. Tinetti and her team found that
the effective size of the planet (that is, the amount of the star’s light
being blocked out) depended on the wavelength of light coming from
the star. The variation was what one would expect if the atmosphere
of HD 189733 b contained water vapor, as had been expected prior
to the news conference of February 21. Tinetti and her colleagues
suggested that the failure of the other teams to detect water in HD
189733 b resulted from the planet’s having an atmosphere with the
same temperature throughout its upper layers. In such an atmos-
phere, there would be no way for water vapor to absorb some of the
infrared emission coming from hotter layers lying farther down in the
atmosphere, layers that might not exist if Tinetti was right. We were
back to following the water.

Or were we? A month earlier, another European team, led by
David Ehrenreich of the Institute of Astrophysics of Paris, had sub-
mitted a paper to the Astrophysical Journal analyzing exactly the
same thing that Tinetti’s group studied: Spitzer Infrared Array Cam-
era observations of HD 189733 b’s atmosphere during the primary
transit. Ehrenreich and his team concluded that although they could
use these observations to measure the radius of the planet to within
1%, this level of accuracy was not enough to permit a conclusive de-
termination that the effective radius varied with the infrared wave-
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length in a manner consistent with the presence of water vapor.
Ehrenreich’s team included an astronomer who was also on the
Tinetti team, Alfred Vidal-Madjar, who had used Hubble in 2003 to
detect the presence of hot hydrogen gas escaping from HD 209458
b. Ehrenreich’s paper, published three months after the Tinetti paper,
was careful not to condemn the Tinetti paper, but it was clear that his
team’s analysis called Tinetti’s claim for water vapor on HD 189733 b
into question.

The scent had disappeared, and the trail of extrasolar water was lost
again. The hunting dogs circled in confusion, barking and howling,
waiting for fresh directions on how and where to renew the search.

April 23, 2007—The European Southern Observatory distributed a
press release announcing the discovery of a habitable world around
Gliese 581, singling out the smaller of the two new planets for this
honor. Udry’s paper was still under review at Astronomy & Astro-
physics, but the Swiss team decided to go public with their find. The
European Southern Observatory wanted to trumpet what could be
done with HARPS, now the leading planet-finding spectrograph in
the world, and the fact that HARPS had found a planet likely to be
habitable was the ideal opportunity to blow their horn.

The European Southern Observatory press release made a splash
around the world. I was in Lund, Sweden, at the time, helping to
celebrate the first 25 years of the awarding of the Crafoord Prize.
The Crafoord Prize is awarded by the Royal Swedish Academy of
Science and is presented to the laureate by the King of Sweden,
along with a sizable check. The Crafoord Prize is given in astronomy,
mathematics, geosciences, and other fields that are not covered by
the Nobel Prize categories. It is the astronomer’s Nobel Prize. It hap-
pened that the King was unable to attend the prize ceremony in the
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Lund Cathedral this time, but the Queen of Sweden, Silvia, did the
presentation on his behalf to a geoscientist and a biologist, and after-
ward she led us to a banquet hall for a 5-hour feast of multiple
courses and toasts to the Queen’s health. After several hours of feast-
ing and wine, those of us who were still able to stand up were ready
to toast anyone’s health.

The e-mails started rolling in as soon as the European Southern
Observatory press release was sent out. [ answered e-mail questions
from American reporters about the Swiss discovery for most of the
day. National Public Radio recorded an interview with me over the
telephone in my hotel room, and the next morning many Americans
woke up to hear me talking about the latest European exoplanet dis-
covery on NPR’s “Morning Edition.” As a result of that radio expo-
sure, a fresh round of e-mails arrived, including several requests for
television interviews. This story had legs, in the lingo of the media.

A few days later, Stephen Colbert suggested, on his Comedy Cen-
tral program “The Colbert Report,” that he thought the new habit-
able world would be a fine planet for the USA to take over after we
finished trashing planet Earth and making it uninhabitable. What
Colbert failed to realize, however (as did his astronomer guest, the
American Museum of Natural History’s Neil Tyson), was that Gliese
581’s habitable planet was discovered not by Americans but by a
team of Swiss, French, and Portuguese astronomers. By rights, the
new world belonged to the European Union.

May 3, 2007—The first discovery of an extrasolar planet by the
CoRoT space transit telescope was announced. The planet was
named CoRoT-Exo-1 b, and it had a mass of 1.3 Jupiter masses with a
1.5-day orbital period. CoRoT had found its first hot Jupiter, the easi-
est prey to hunt down and catch. This hot Jupiter was a particularly
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FIGURE 28. First detection of a transiting planet by the CoRoT
space telescope, showing the dimming produced by CoRoT-
Exo-1 b, a hot Jupiter. [Courtesy of Pierre Barge (Astrophysics
Laboratory, Marseille) and the CoRoT Mission.]

fluffy gas giant, with a radius 1.65 times that of Jupitet, making it all
the easier to find by the transit method.

CoRoT had drawn first blood in the space transit telescope battle.
What would come next? The press release noted that CoRoT was
functioning at least as well as predicted, and in some areas better
than expected. In particular, CoRoT was able to measure stellar
brightnesses to an accuracy of one part in 50,000 with enough ob-
servations, close to what the Kepler Mission was planning to
achieve to find Earths. The CoRoT press release stated that CoRoT
could detect “very small exoplanets similar to Earth,” the grand
prize of the field of extrasolar planet searches. The first team that
found one might even get a Nobel Prize in physics, and not have to
settle for a Crafoord Prize in astronomy. CoRoT was leading the way
to Stockholm.
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CHAPTER 8

Transits Gone Wild

[ can imagine no discovery more fundamental than
life on other planets, here in the Solar System, or
around some other star.

—JOHN C. MATHER (OCTOBER 5, 2007)

May 6, 2007—Michael Gillon and his colleagues from the Geneva
Observatory planet search team submitted a paper to Astronomy &
Astrophysics Letters reporting the first detection of a transit by a hot
super-Earth. Their detection proved that a hot super-Earth with a true
mass 22.6 times that of Earth was orbiting Gliese 436 every 2.6 days.

By early 2007, about 10 hot super-Earths had been discovered by
high-precision Doppler spectroscopy, but none had been found to
transit. The odds were that for planets on such short-period orbits,
like the hot Jupiters, 1 out of 10 should be observed to pass in front
of their stars as seen from Earth and generate transit events. The first
hot super-Earths had been detected in 2004, yet not one had been
seen to transit. In a sense, the fact that no transits had been seen
strengthened the case for rocky planets: if the hot super-Earths really did
signal the existence of a large population of unseen rocky, Earth-like
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FIGURE 29. First detection of a transit by a super-Earth, GJ 436 b, as
observed by several small ground-based telescopes. [Reprinted, by
permission, from M. Gillon et al., 2007, A&A, volume 472, page
L14. Copyright 2007 by the European Southern Observatory.]

planets, then their radii might be so small as to prevent detection of
their transits by Earth-based telescopes. Such small planets would
block out only a tiny fraction of their host star’s light—a fraction too
small to be seen by a telescope peering through Earth’s turbulent at-
mosphere. If the hot super-Earths really were rocky planets, then we
might have to wait for CoRoT or Kepler to catch the first transit of a
hot super-Earth. This was one of those rare occasions when the ab-
sence of a detection seemed to be more promising than the detection
of a transit by a hot super-Earth that turned out to have such a large
radius that it could not be composed primarily of rock and even
denser iron.

Gliese 436 b had been discovered by Paul Butler and the California-
Carnegie planet search team in 2004. Gliese 436 b was the first
member of a new class of planets, the hot super-Earths. Butler and
his colleagues had checked to see whether they could detect a transit
but were unable to find any dimming of Gliese 436. Gillon and his
team nevertheless decided to add Gliese 436 to their list of transit
survey targets, primarily because the low mass of Gliese 436, which
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was half that of the Sun, meant that Gliese 436 was considerably
smaller than the Sun and so might show more easily evidence of a
transit that could be detected from the ground.

Amazingly, Gillon was able to detect the transit of Gliese 436 b
using the 24-inch (0.6-meter) telescope of the Francois Xavier Bag-
noud Observatory in Switzerland, along with several telescopes of
similar size in Chile and Israel that made confirming observations.
The planet crossed the star close to the edge of the stat’s disk, making
the transit much harder to detect than if it had sailed across the cen-
ter. That explained why Butler’s team had not been able to see a tran-
sit when they looked in 2003 and 2004.

The Swiss team had beaten CoRoT to the punch. They found that
the radius of Gliese 436 b was about 4 times that of Earth, compara-
ble to that of the ice giant planets Uranus and Neptune. Gillon and
his colleagues concluded that Gliese 436 b’s composition was likely
to be dominated by water ice rather than by rock, so it should be
called a hot Neptune rather than a hot super-Earth. In fact, given the
heating from Gliese 436 that the planet had been experiencing for
the several billion years of its existence, the water ice was likely to
have melted, at least in its outer layers, turning Gliese 436 b into a
“water world” worthy of the Kevin Costner movie.

Because Gliese 436 b seemed to be a hot Neptune instead of the
hoped-for hot super-Earth, the question of how and where it formed
arose immediately. The planet orbited at a distance from its star of
0.03 AU, a distance only 14 times greater than the radius of the star
itself. Formation of an ice-rich planet that close to Gliese 436 was im-
possible, even for a star with half the mass of the Sun; ice would not
be stable at the temperatures expected there. Presumably Gliese 436
b formed much farther out from its star and then migrated inward to
its present orbit, much like the hot Jupiters seemed to have done.
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However, there was a major problem with such a scenario, because
the primary mechanism for planetary orbital migration is widely
thought to be interactions of the planet with the gas of the planet-
forming disk. If a hot Jupiter formed by either core accretion or disk
instability, then it must have formed while the gas was still there;
otherwise, it could not have become a gas giant. If the gas was still
there, then it would still have a chance to migrate inward and be-
come a hot Jupiter. However, if a Neptune-mass planet formed by
core accretion while the gas was still there, so that it could migrate
inward and become a hot Neptune, why didn’t it gobble up enough
of the disk gas to become a gas giant instead of remaining merely an
ice giant? A 22-Earth-mass core should be able to quickly swallow
enough cold outer-disk gas to become a Jupitet, yet this evidently did
not happen to Gliese 436 b.

Forming a hot Neptune is equally prohibited in the disk instability
scenario, where future ice giants must form at distances large enough
for ultraviolet radiation to strip away the local disk gas and then de-
nude the outer giant gaseous protoplanets, converting them into ice
giants. If that were the case, the outer-disk gas would be lost before
the cold Neptune formed, leaving it no obvious means for migrating
inward to become a hot Neptune.

According to either giant planet formation theory, then, Gliese
436 b should not be an ice giant, at least not on a short-period orbit.
What was going on here? There was also another fact to consider:
the Doppler wobble of Gliese 436 showed a long-term trend of small
amplitude, which implied the presence of a more massive third body
in the system, orbiting at a much greater distance than Gliese 436 b.
Perhaps Gliese 436 b had a long-period gas giant sibling. Such gas gi-
ant planets had been found orbiting at greater distances for the hot
super-Earths around Gliese 876, 55 Cancri, and Mu Ara. If Gliese
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436 had such a gas giant, Gliese 436 b was unlikely to have migrated
inward past that massive sibling, and this suggested that Gliese 436 b
had formed as an inner super-Earth rather than as an outer cold Nep-
tune. Gliese 436 b as a hot Neptune just didn’t make sense.

Whatever it was, Gliese 436 b had taken its time in revealing its
true mass and size. Gliese 436 b was the first hot super-Earth de-
tected and the first one found to transit, though only after 3 more
years of searching and after another 10 hot super-Earths had been
found. By contrast, HD 209458 b was the first hot Jupiter found to
be transiting, but it was also the tenth hot Jupiter detected by a
Doppler wobble, the opposite of the case for the hot super-Earths.
Mother Nature seemed to enjoy playing tricks on us.

May 8, 2007—Luca Pasquini of the European Southern Observa-
tory had a stunning result that promised to reverse much of the
thinking about how gas giant planets formed. He and his European
colleagues submitted a paper to Astronomy & Astrophysics suggest-
ing that pollution might be the main cause of something called the
metallicity correlation. This would be pollution on the scale of entire
planets disappearing into the surfaces of their host stars, producing
an oil slick of iron atoms across the entire surface of the star.
Pasquini’s discovery threatened to overturn the usual interpretation
of the “metallicity correlation.”

Fewer than a dozen extrasolar planets had been found by 1997,
but that was enough for Guillermo Gonzalez, of the University of
Washington in Seattle, to point out that the stars with known planets
were different from the general population of stars that were being
searched for Doppler wobbles. Gonzalez showed that the planet-host
stars tended to have measurably more metals like iron in their spectra
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FIGURE 30. The metallicity correlation for extrasolar planets, showing
that dwarf stars with higher amounts of iron relative to hydrogen
([Fe/H]) tend to have more planets discovered than stars with lower
metallicity. [Courtesy of Jean Schneider, Paris Observatory.]

than the typical star in our neighborhood of the Galaxy. Iron serves as
a proxy for all the elements in the periodic table heavier than hydro-
gen and helium, the two lightest elements. To an astronmomer, all
such elements are “metals”; once iron is detected, it can be assumed
that most of the rest of the periodic table is there as well. The metal-
licity correlation found by Gonzalez became stronger as more planets
were found, and it soon became a determinant of which stars should
be searched for hot Jupiters and the like; metal-poor stars were often
dropped from planet search lists.

There were two distinct interpretations for what the metallicity
correlation meant. First, the effect might be due to pollution of the
outer layers of the planet-bearing stars if they had eaten some of
their planetary progeny. If gas giant planets had to migrate inward
to become hot Jupiters, perhaps some of them could not stop before
being swallowed whole by their unforgiving mother star. Gas giant
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planets are metal-rich compared to their stars, because whether
they form by core accretion or by disk instability, they gobble up
rocky and icy planetesimals during the process of their formation.
Ice giants and terrestrial planets are composed primarily of ice/rock
and rock/iron, respectively. Stars that ate their newly formed plan-
ets would be hideous monsters that devoured their newborn, with
the only evidence of the atrocities being the planets’ metals left be-
hind in the stars’ atmospheres. This nightmare seemed too distress-
ing to be an acceptable explanation for what Mother Nature might
countenance.

The second idea was that the metallicity effect was the result of
gas giant planets being formed by core accretion, not by disk instabil-
ity. If there were more metals present in the planet-forming disk, and
so more rock and ice planetesimals, then there must have been more
building blocks around to assemble the roughly 10-Earth-mass solid
cores that were the first step of the core accretion process. Stars that
formed out of disks with higher metallicities than the typical star- and
planet-forming disk might then be expected to have more gas giant
planets formed by core accretion. Disk instability proceeds more or
less independently of the amount of solids in the disk, because disk
instability starts with a gravitational instability of the gaseous portion
of the disk and so does not need to produce a strong metallicity cor-
relation. I had published this expectation for disk instability in the As-
trophysical Journal Letters in 2002.

The metallicity correlation was taken by many as the final proof
that core accretion dominated the formation of giant planets. Little
was said of the need to explain the formation of gas giants around
metal-poor stars, which were known to have significant numbers of
gas giants, though perhaps not so many short-period planets as the
metal-rich stars. The jury’s verdict was in: disk instability was out.
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Pasquini and his colleagues were threatening to overturn the pop-
ular interpretation of the metallicity correlation when they submitted
their paper to Astronomy & Astrophysics. They had decided to test
the metallicity correlation by comparing the metallicities of giant
stars that had been found to have extrasolar planets to those of giant
stars without known planets. Surprisingly, they found that both popu-
lations of giant stars had the same range of metallicities. The metallic-
ity correlation that applied to middle-aged stars like the Sun did not
apply to older, giant stars. Metal-poor giants had just as many planets
as metal-rich giants, which implied that metallicity played no role in
how their planets formed.

That middle-aged stars showed a correlation with metallicity but
the giants didn’t was, Pasquini explained, likely to be the result of
planet pollution. Giant stars are puffed up compared to middle-aged
stars, with 35 times more of their mass involved in the mixing associ-
ated with their boiling. As a result, if a Sun-like star had metal-rich
outer layers from having eaten planets, then by the time that star had
evolved into a giant star, the iron would have been diluted by a factor
of 35, and the star would no longer appear to be metal-rich. If the
metallicity correlation were due to metal-rich primordial disks being
better able to form gas giants by core accretion, then the entire star
would be metal-rich as well, so the mixing that occurs during the gi-
ant star phase could not change the composition of the star’s atmos-
phere. Pasquini’s analysis ruled out that possibility.

According to Pasquini’s results, giant stars seemed to be showing
that gas giant planets could form equally well around high-metallicity
and low-metallicity stars, a hallmark of disk instability. Once again,
rumors of the death of disk instability appeared to have been highly
exaggerated. And the fact that the rapid formation of giant planets by
disk instability was expected to encourage the formation of Earth-like
planets was good news for the search for living planets.
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May 17-18, 2007—]JPLs Navigator Program held a science forum
at NASA Ames to assess the grim status of the search for habitable
worlds. As a result of Griffin’s drastic cuts to NASA’s science budget,
it had become clear that the two TPFs were likely to be replaced with
a single much less effective, much less expensive “Planet Finder” ca-
pable perhaps of imaging only super-Earths, rather than Earths. Even
such a mini-me Planet Finder would face a rough battle to win ap-
proval in the ongoing donnybrook over the NASA science budget.
Jon Morse, Stern’s new director of SMD’s Astrophysics Division,
pointed out that the Navigator Program could at best hope to com-
pete for a new mission in the next decade that would cost no more
than $600 million, a sum considerably less than what was needed to
finish SIM, much less get started on TPF-C and TPF-I. Morse called
for a “diversified portfolio” for Navigator, a plan that would begin
with relatively modest precursor missions rather than with flagship-
class missions such as SIM and the TPFs. The Webb Telescope was
scheduled to launch in 2013, and the next flagship mission would be
a new X-ray observatory that would fly in 2020, according to Morse.
At that rate, TPF might have to wait until 2028 to fly, two decades
later than Dan Goldin had planned in 1998. There were even fright-
ening rumors that NASA was quietly considering yet another (the
sixth) servicing mission to Hubble (SM5) that would further extend
Hubble’s lease on life—at the expense of any new space telescopes.
The presentations at the science forum showed that the Navigator
Program was in the process of evolving into something new. The SIM
Project was trying to figure out how to build SIM for $600 million,
perhaps by dropping all of SIM’s science except for the planet hunt
and abbreviating even the planet hunt at that. The TPF-I folks had
agreed with their European colleagues on the Darwin mission that
the best design for a joint infrared interferometer mission was the
“Emma x-array,” named after the wife of Charles Darwin. Emma
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Darwin would consist of four collector telescopes with diameters of
60 inches (1.5 meters) and one device that would combine the
beams from the four telescopes, for a total of five spacecraft. Emma
Darwin would be able to image about 100 Earth-like worlds if every
nearby star had one, at a total cost of $1.5 billion to be borne by ESA
and NASA, and perhaps by Japan. Many other ideas about how $600
million could be spent to look for extrasolar planets percolated
around. Everything was up for grabs again, as it was in 1988, when
NASA first started thinking about planet hunting.

Malcolm Fridlund, project scientist for both Darwin and CoRoT,
brought us up to date on CoRoT’s status. CoRoT’s cameras had
demonstrated on orbit enough photometric precision (ability to accu-
rately measure the brightness of a star) to detect transits by Earth-size
planets. CoRoT was originally proposed to fly for just a few years and
to spend only a few months at a time looking for transits—not long
enough to detect the Earth-like planets on year-long orbits that Kepler
was designed to detect. However, the CoRoT astronomers were now
hoping that CoRoT would be kept operational for at least 6 years,
even longer than Kepler’s planned 4-year mission. Clearly, the CoRoT
team was out to steal Kepler’s thunder. CoRoT was a comparative
bargain as well, with a total cost of about $200 million for the pri-
mary 2.5-year mission and just $10 million more for the next 3.5
years of extended mission.

Fridlund further confided the little known fact that CoRoT was
carrying enough rocket fuel to operate in space for the next 20 years.
There was a real chance that CoRoT would skim off the cream of
new transiting planet discoveries before Kepler was even launched.
Worse yet, CoRoT would still be finding new habitable worlds long
after the Kepler spacecraft was shut down.

In the hunt for Earths, CoRoT was the equivalent of Sputnik I,
whose launch by the Soviet Union on October 5, 1957, prompted
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the creation of NASA in 1958. An Extrasolar Planet Space Race was
on, whether President Bush or the American public knew or cared
about it or not, and Europe was ahead, just as the Soviet Union was
in 1957.

May 30, 2007—The American Astronomical Society held its spring
meeting in Honolulu, Hawaii, where it became clear that because of
continued cost overruns at the prime contractor, Ball Aerospace, Kep-
ler’s launch date was likely to slip another four to six months beyond
the planned date of November 1, 2008. Kepler team members were
forced to admit that there was a good chance that CoRoT would find
the first Earth-sized planet orbiting in the habitable zone of a Sun-like
star. However, it was argued that CoRoT would be able to find only a
few such Earths because of several factors in Kepler’s favor. CoRoT
was able to stare only at a patch of sky about 20 times smaller than
what Kepler would be searching for transits, which would limit the
number of stars that CoRoT could monitor simultaneously. The
CoRoT telescope was also more than three times smaller in diameter
than Kepler, so CoRoT’s target stars would have to be 10 times
brighter than Kepler’s in order for the same photometric precision to
be achieved. Both of these factors meant that CoRoT could not sur-
vey nearly as many stars as Kepler; perhaps it could survey 12,000,
compared to Kepler’s initial list of 170,000 or so.

June 6, 2007—-Bill Borucki sent the Kepler Science Team an e-mail
about a meeting the Kepler Project team had held a few days earlier
with Alan Stern, Jon Morse, and NASA chief scientist (and, not coin-
cidentally, 2006 Nobel Prize winner in physics) John Mather in Boul-
der, Colorado. The ongoing cost overruns by Ball Aerospace and its
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contractors had led to a revised total mission cost $42 million higher
than the previous estimates. The Kepler Project had asked NASA
headquarters for another $42 million, as was customary.

There was a big difference this time, though: Alan Stern. Stern had
declared an end to mission cost overruns, and he was deadly serious
about it. Stern had called for the Boulder meeting to review what
was being done to replan the Kepler Mission. Even though others in
attendance thought the revised plan was acceptable, Stern thought it
did not reduce the cost and schedule slip sufficiently. He ordered the
Kepler Project to devise a new plan and return for another review on
July 6. If this second replan was not acceptable, Kepler would face
the dreaded Cancellation Review, a mere formality before being led
to the execution chamber.

Borucki promised the team that he would save as much as possi-
ble of Keplet’s science during the second replan. We would just have
to wait and see. Without Kepler, NASA would have nothing to show
for over 20 years of work. Kepler had been largely built, and it would
soon have been ready for the trip to Cape Canaveral, yet now it was
back on life support.

June 18, 2007—A Nobel Conference was held on the subject of ex-
trasolar planets at a plush executive retreat overlooking a fjord out-
side of Stockholm, Sweden. Only one or two such conferences are
held each vear, and the fact that this one was on extrasolar planets
seemed to be a harbinger of a possible future Nobel Prize in physics
for planet hunting.

The Kepler Mission science team members gathered in private at
the retreat to discuss what to do to support Kepler in its latest mo-
ment of peril. The rumor was that NASA headquarters believed that
the scientific return expected from Kepler was not worth the money
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it would cost to complete the mission, even though NASA had al-
ready spent most of the money needed to build Kepler. We quickly
put together a letter to the Astrophysics Subcommittee of the NASA
Advisory Council stressing that only Kepler could be certain to detect
Earth-like planets, if they existed, and to determine their frequency
with a high degree of confidence. Geoff Marcy fired off the letter on
our behalf in an e-mail to the Astrophysics Subcommittee, and we
went back to the Nobel Symposium sessions to hear the latest about
CoRoT.

Malcolm Fridlund noted that CoRoT had started its first long field
exposure on May 2, 2007, beginning 150 days of staring at the same
12,000 or so stars. CoRoT’s camera had already stumbled on an old
Delta 2 rocket stage wandering in Earth orbit. It had also seen the or-
bital debris from the Chinese antisatellite missile that explosively im-
pacted a Chinese satellite on January 11, 2007, achieving success on
China’s fourth attempt at a kill. Fridlund pointed out that these 150
days of staring were long enough for CoRoT to detect two or three
transits of planets with orbital periods as long as 60 days, and that 60-
day orbital periods would place a planet in the habitable zone for K
dwarf stars. Confirmation of transiting planets was to be done with a
network of European telescopes in the Canary Islands, France, and
Germany, and in Chile with the premier HARPS spectrograph. The
CoRoT target fields were near Earth’s equator so that ground-based
follow-up observations could be done from observatories in both the
Northern and Southern Hemispheres.

June 21, 2007—Portuguese astronomer Nuno Santos and his col-
leagues on the Geneva Observatory team submitted a paper to As-
tronomy & Astrophysics with the first results from their new Doppler
search for planets around low-metallicity stars. Given the metallicity
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correlation, and the strong dependence of the two competing forma-
tion mechanisms on metallicity, understanding how the formation of
gas giant planets depended on the stellar metallicity was important.
The Geneva team had begun a search dedicated to low-metallicity F,
G, and K dwarf stars with the HARPS spectrograph in 2003. They
searched 105 stars regularly—a small sample out of the thousands of
more metal-rich stars being followed, but a sample large enough to
provide some fresh insight.

Santos and his colleagues discovered that the G dwarf HD 171028
had a gas giant companion with mass of at least 1.8 Jupiter masses,
orbiting at 1.3 AU, a distance slightly greater than Earth’s distance
from the Sun. HD 171028 had about one-half of the iron present in
the Sun’s atmosphere, making it relatively metal-poor compared to
most of the planet-bearing stars. This was only the first planet found
in their metal-poor search, but the team must have had evidence for
more wobbles under way, because they concluded, “The detection of
an increasing number of giant planets orbiting low-metallicity stars
reopens the debate about the origin of these worlds.” Maybe disk in-
stability was not such a crazy idea after all. Santos even concluded
that the results on giant stars found by Luca Pasquini and colleagues
suggested that planetary pollution was more important than had pre-
viously been thought to be the case, although they also raised several
good objections to the idea that pollution was the sole explanation
for the metallicity correlation. Still, low-metal stars had planets, and
pollution might have helped produce the metallicity correlation, and
that meant that disk instability was back in the race.

Given the large numbers of gas giants that been found already, it
was odd that the battle over how they had formed was still raging
with no clear outcome in sight. There was a good chance that both
core accretion and disk instability were able to form gas giants, and
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the debate was evolving into one where the main question was
which mechanism was the dominant mechanism. The initial condi-
tions for the planet-forming disk were likely to be crucial in this re-
gard. If the disk was massive enough, disk instability would quickly
lead off with a home run or two, but if the disk was not, then it
would be up to core accretion to try to bat in a few runs much later
in the game.

But what about the super-Earths? Only about a dozen had been
found by Doppler and microlensing, and the first transit had sug-
gested that Gliese 436 b was a hot Neptune, not a hot super-Earth,
which did not make any sense. By the time we had discovered a few
hundred super-Earths, would we still be just as confused about the
formation of rocky and icy planets as we were about the formation of
gas giants?

June 22, 2007—Elisabeth Adams’s colleagues at MIT submitted a
paper to the Astrophysical Journal pointing out that Gliese 436 b
need not be a hot Neptune consisting largely of water and water ice.
Adams was able to fit the observed mass and radius of Gliese 436 b
with a hypothetical planet much more similar to Earth: a planet with
a core of rock and iron, surrounded by a small amount of hydrogen
and helium gas in a puffy envelope.

Gliese 436 b could thus be a hot super-Earth with an outer gas
giant planet sibling, such that the two resembled Earth and Jupiter—
an understandable situation in terms of theories of planet formation
and orbital migration. If Gliese 436 b had an atmosphere of hydrogen
and helium gas, it must have managed to grow to super-Earth size
while the disk gas was still there. If so, then that same disk gas could
have driven Gliese 436 b to an orbit near the inner edge of the
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gaseous disk, where it remained. Gliese 436 b must then have
formed in the inner disk, where the disk gas would have been so hot
(thousands of degrees Fahrenheit) that Gliese 436 b would be able to
pull on only a relatively light blanket of hot disk gas. If Gliese 436 b
had formed in the cooler disk gas much farther out, it would have
been in danger of pulling on so much gas that it would have become
a gas giant planet.

Adams’s models showing that Gliese 436 b need not be a hot Nep-
tune made perfect sense from the point of view of the “Big Picture”
of planetary system formation. If the Big Picture was right, Earths
would be commonplace, some would have to be habitable, and the
universe would be a much more interesting place than would other-
wise be the case.

July 7, 2007—Bill Borucki sent out an e-mail to the Kepler Science
Team telling us what had happened during the meeting with Alan
Stern the day before. The second replan had eliminated the projected
$42 million cost overrun that had stuck in Stern’s craw a month ear-
lier. NASA Ames, JPL, and Ball Aerospace had all made major cuts in
the funds they expected to receive in support of Kepler. The most
challenging preflight testing of Kepler was dropped in favor of testing
on a smaller scale, people were laid off, and the length of the obser-
vations in orbit was cut from 4 to 3.5 years, among other reductions.
Stern accepted the replan but warned against any further cost over-
runs. Kepler had dodged the bullet.

Even with the second replan, Kepler’s total cost of well over $500
million was way out of line with the cost cap for principal investiga-
tor-led Discovery-class missions, so Stern declared Kepler to be the
first of a new class of NASA missions, “Strategic Missions,” and re-
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moved Borucki as the principal investigator for Kepler. Instead,
Borucki would be the science principal investigator, and the JPL proj-
ect managet, Leslie Livesay, would have the overall budget and man-
agement authority for Kepler.

Borucki was forced to sacrifice himself as principal investigator to
keep Kepler alive, but the Kepler Science Team unanimously agreed
to proceed as though Bill were still the principal investigator of his
Discovery Mission, as he deserved to be.

July 25, 2007—On United Airlines flight 947 from Washington
Dulles International Airport to Los Angeles International, I overheard
a voice talking to other passengers about NASA’s plans for the future.
The voice sounded strangely familiar, so I turned around and peered
through the cracks between the seats. [ was surprised to see former
NASA Administrator Dan Goldin telling the other passengers that he
did not particularly care about the fate of SIM. Goldin was concerned
instead about the fate of the Terrestrial Planet Finders, by now
named TPF-1 (and, it was anticipated, TPF-2) instead of TPF-C and
TPF-1. In Goldin’s view, the main value of SIM was to find targets for
the TPFs. If necessary, TPF-1 could search the nearby stars for its
own Earths. Goldin did not mention Kepler, the only space telescope
that NASA had any hope of launching any time soon.

August 3, 2007—Bill Borucki held a telephone conference with the
Kepler Science Team to tell us more about that fateful meeting with
Alan Stern. Kepler’s total cost had risen to $572 million and could
rise no more, at least not if Stern was still running SMD. The launch
date had slipped by several more months, to February 16, 2009.
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FIGURE 31. The number of transiting planets detected each
year underwent a major increase in 2007.

Kepler was now planned to operate for only 3.5 years in space,
barely long enough to catch the four transits by Earths. However,
there was always the hope that if Kepler worked as well on orbit as
planned, an extension to the nomimal mission lifetime would be
granted. This would take the approval of a NASA Senior Review
Board after Kepler had been in orbit for several years. In anticipation
of a successful Senior Review, Kepler’s fuel tanks would be launched
containing enough fuel to support a 6-year mission that would nail
down the frequency of habitable worlds once and for all.

October 24, 2007—Alain Leger of the University of Paris South in
Orsay, France, sent out a worldwide e-mail bemoaning the decision
by ESA not to select Darwin for flight during the time period 2015—
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2025. Leger was an active supporter of the Darwin mission concept
in Europe, and the decision to defer Darwin meant that its launch
would slip by at least another 10 years. ESA’s “Cosmic Vision” for
2015-2025 did not include new worlds, although ESA did recom-
mend that the technology needed to build Darwin should continue
to be supported. ESA had cited the lack of technological readiness as
the key reason for its decision.

Emma Darwin would now have to hope for a launch in 2025-
2035, a time frame that seemed impossibly distant, at least for some-
one of my age who had been involved in NASA’s planet search efforts
since 1988. Leger remained hopeful and called for continued work.
But it was becoming evident that Emma Darwin would need young
astronomers and engineers to be involved in her development if they
were to have a good chance of living long enough to enjoy the dis-
coveries that Emma would surely make.

October 31, 2007—]Jean Schneider of the Paris Observatory, who
maintains an unofficial but very oft-cited web site listing all the extra-
solar planet discoveries, sent out an e-mail to his exoplanet exploder
list announcing the discovery of three new transiting planets (WASP-
3 b, WASP-4 b, and WASP-5 b), a remarkable feat.

After a somewhat slow start, ground-based transit detection
groups were cranking out the discoveries at an accelerating rate.
There were numerous transit searches under way around the world,
because only modest-sized telescopes were required and because pre-
cise photometry is easier to perform than the precise spectroscopy re-
quired by the Doppler technique. Confirmation of transit candidates
still required high-precision Doppler spectroscopy, though, to rule out
the false alarms caused by binary star interlopers and other intruders.
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The three new WASP planets were found by a team centered at
the University of St Andrews in Scotland. Their Wide Angle Search
for Planets (WASP) program began in 2000 with a commercial 10-
inch Meade telescope on the Canary Islands. Andrew Collier-
Cameron of St Andrews and the WASP team had published their first
two discoveries, WASP-1 b and WASP-2 b, earlier in 2007, and now
they were up to five hot Jupiters. More were in the pipeline, waiting
for confirmation. Other teams had done equally well. Tim Brown’s
Trans-Atlantic Exoplanet Survey (TrES) team had found four hot
Jupiters by October 2007. Gaspar Bakos of the Harvard-Smithsonian
Center for Astrophysics had started the Hungarian-made Automated
Telescope (HAT) transit search in 2003, using a collection of six small
telescopes in Arizona and Hawaii. He and his team had found six tran-
siting hot Jupiters by 2007, named, appropriately enough, HAT-P-1 b
through HAT-P-6 b.

Transits had become the name of the game, in large part because
they offered the opportunity to determine a planet’s true mass and ra-
dius, and therefore its density, as well as the chance to learn about
the planet’s atmosphere during the primary and secondary eclipses.
This meant that we knew a lot more about the several dozen transit-
ing planets than about the hundreds of Doppler-only planets. We
knew even less about the handful of mysterious microlensing planets
and their host stars, which typically bent and brightened the light
from a background star for periods ranging from a few days to a few
months but then disappeared from sight, never to repeat this feat
again. The advice being whispered to young astronomers at beer
hour was a single word: not “plastics” but “transits.”



CHAPTER 9

300 Solar Systems and Gounting

... NASA is not solely, or even primarily,
about science.

—MICHAEL GRIFFIN (2008)

November 7, 2007—The Kepler Science Team held a meeting at
Ball Aerospace in Boulder, allowing us to see the primary mirror and
various other key telescope components ready to be assembled into
the Kepler Space Telescope. Funding for the Science Team had been
cut along with everything else during the most recent replan, but the
Kepler Science Team was steadfast in their support for the mission:
Kepler was the only game in town for astronomers interested in find-
ing Earths with a space telescope that was in some danger of being
launched during their all-too-finite lifetimes.

Borucki noted that even with the latest replan, Kepler would still
be able to determine the frequency of Earth-like planets, as long as
this frequency was greater than about 5%. That is, if Earths were as
common as we believed on the basis of the last 10 years of extrasolar
planet discoveries, Kepler would determine their frequency. If Earths
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were less common than 5%, Kepler might find nothing at all. If Kepler
found nothing Earth-like, we would not know whether Earths were
truly rare or whether they simply occurred perhaps 1% of the time
and Kepler just hadn’t been lucky enough to catch one. We would not
know how to proceed with the next step to finding and learning more
about other Earths if Kepler produced a null result. A null result might
very well halt SIM and the TPFs for decades to come.

Jason Rowe, a postdoctoral fellow for the Kepler Mission at NASA
Ames, updated us on the progress of MOST, the Canadian 6-inch
(15-cm) space telescope launched in 2003. MOST had studied some
900 stars over the last 4 years, and it was still working well, although
the small eight-person science team had discovered that MOST had a
problem with stray starlight. Apparently the satellite housing had
cracked during the launch by the ex-Soviet ICBM. Rowe and the
MOST Science Team had used the diminutive space telescope to ob-
serve transits by the first transiting planet, HD 209458 b, hoping to
detect starlight reflected off the surface of HD 209458 b just before
and after secondary eclipses. MOST tried and tried to see this visible
light, but in the end all MOST could do was set an upper limit on the
amount of light reflected from the planet.

MOST was expected to last a few more years in orbit before the
inevitable damage by cosmic rays would silence Canada’s version of
Hubble. In the meantime, Canadian citizens were invited to suggest
new targets for MOST to observe, offering them a chance to work
with Canada’s first space telescope, with MOST now standing for My
Own Space Telescope.

December 13-14, 2007—The SIM Science Team held a meeting
at the U.S. Naval Observatory in Washington, D.C., an appropriate
venue for a meeting about an astrometric space telescope, given that
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Naval Observatory astronomers have been making precise astromet-
ric measurements for use in navigation for over a hundred years. Al-
though most of the serious astronomical work was moved to a dark
site near Flagstaff, Arizona, in 1955, the 26-inch refractor that was
used in 1877 by Asaph Hall to discover the two Martian moons, Pho-
bos and Deimos, is still in operating condition. During the decade
from 1873 to 1883, the Naval Observatory’s 26-inch Great Equato-
rial Telescope was the world’s largest telescope built with lenses,
rather than mirrors, to focus the starlight.

Visitors who attend the Naval Observatory Monday night star par-
ties are allowed to tour the dome with the 26-refractor, but only if it
is cloudy. On clear nights, the 26-inch is still used to study the orbits
of binary stars, as it has been ever since 1873. While still in office,
Vice President Al Gore liked to wander over at night to see how the
astronomers were doing; the vice president’s residence is located in
the former Naval Observatory Superintendent’s house, a short walk
from the dome. Vice President Dick Cheney did not wander over.
During Cheney’s tenure, the grounds were turned into a fortress
with significantly reduced access. A considerable number of fully
loaded dump trucks were observed departing the USNO grounds, un-
equivocal evidence of the bunker mentality of the second Bush ad-
ministration and of the creation, deep beneath the vice president’s
residence, of a fortified retreat.

An astronomer who had been working in the dome happened by
chance upon Vice President Cheney and his escorts late one night,
and he saluted the vice president with his middle finger. Cheney ig-
nored the salute, but the astronomer was banished to Flagstaff for his
impertinence.

In keeping with the desperate state of affairs created by the Bush
administation, the main focus of the SIM Science Team meeting was
what to do to keep SIM alive. The Navigator Program Science Forum
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in May had made it clear that NASA headquarters was not planning
on flying SIM any time soon, if ever. The best that Jon Morse had
been able to offer the planet-hunting community was a shot at a
$600 million mission in the next decade. The cost estimate for com-
pleting SIM was $1.9 billion, in addition to the $500 million already
spent on developing the unprecedented technology needed to make
SIM work as originally envisioned by Michael Shao—that is, to find
Earth-like planets.

As a result, the SIM Project at JPL was forced to think about what
they could do for a measly $600 million more. JPL came up with the
idea of a stripped-down version of SIM, called SIM Planet Hunter
(SIM-PH), which would use the same technology as the full-up ver-
sion of SIM but not as much of it. The intent was, by cutting this and
that and shrinking everything, to shoehorn SIM-PH into the $600
million box. SIM-PH would do nothing but hunt for Earths around
the best (usually the closest) 65 stars and look for more massive plan-
ets around 1000 or so others. The other astronomical goals that
drove SIM’s creation would have to be sacrificed on the altar of
NASA’s new-found frugality.

To many, it looked like the full-up version of SIM had just been de-
scoped into SIM-PH, a move that was certain to enrage the as-
tronomers on the SIM Science Team and in the general community
who were counting on SIM to make amazing advances in their areas
of interest, the most obvious being the cosmic distance scale. SIM’s
astrometric agility enables it not only to find Earth-mass planets, but
also to measure the distances of celestial objects with unmatched pre-
cision. With SIM’s measurements of parallaxes, astronomers would
be able to determine the distance to any bright star in the Milky
Way galaxy to an accuracy of about 10%. SIM would be able to ob-
tain accurate distances to stars that are 1000 times farther away
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than the farthest measured by the previous astrometric record
holder, the European Hipparcos space telescope launched in 1989.
SIM could thus hope to extend and improve the cosmic distance
scale, with implications for the expansion rate and ultimate fate of
the universe. SIM-PH would not.

JPLs director, Charles Elachi, had said that JPL was still committed
to the full-up version of SIM and hoped to win support for SIM from
the upcoming NAS Decadal Survey of astronomy. SIM had first been
blessed by the 1991 Decadal Survey, and the 2000 Survey had as-
sumed that SIM was on its way to being launched, but now SIM
would have to be submitted to the 2010 Survey process slated to be-
gin in late 2008. After having successfully navigated the previous
two Decadal Surveys, SIM would be subjected to a new trial by fire.

JPLs SIM project manager, Jim Marr, presented three options at
the USNO meeting, all of which managed to meet the minimum re-
quirements set for SIM by the previous NAS Decadal Surveys, in
spite of vastly different costs. The original SIM concept had been
purged of many of its bells and whistles during a NASA headquarters-
ordered replan a year earlier and had shrunk in size from 33 feet (10
meters) to 30 feet (9 meters), but it was still estimated to require an-
other $1.9 billion. The planets-only version, SIM-PH, was a bargain in
comparison for only $700 million, but it was still well over Jon Morse’s
$600 million figure. The intermediate option was dubbed SIM-Lite,
using the spelling that appeals to thirsty middle-aged beer drinkers
with expanding waistlines. SIM-Lite would cost about $1 billion,
considerably less than full-up SIM, as a result of having been shrunk
by a further 33%: SIM-Lite would be equivalent to a space telescope
with a diameter of 20 feet (6 meters) instead of 30 feet (9 meters).
SIM-Lite was compact enough to fit into a smaller launch vehicle,
and that saved money too. SIM-Lite was SIM cut down to the bare
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bones of what was needed to meet the NAS Decadal Survey require-
ments for astrometric accuracy.

SIM-Lite could still do much of the science planned for SIM, al-
though it would take SIM-Lite appreciably longer to achieve the same
accuracy as the full-up SIM, and this in itself limited the number of
targets that could be studied. SIM-Lite would spend half of its time
looking for planets and the other half looking at stars all across the
Galaxy. If Earth-like planets were orbiting every nearby stat, SIM-Lite
could expect to find about 60 Earth-mass planets. If Earths were 10
times less common, SIM-Lite would find 6 Earths, and if Earths were
10 times less common still, SIM-Lite might not find any Earths at all.
Kepler’s task was to determine just what the frequency of Earths was,
so that critical decisions about expensive space telescopes such as
SIM and the TPFs could be made in a rational manner. It was no
wonder that Alan Stern had reclassified Kepler as the first Strategic
Mission for NASA. NASA headquarters needed to know the answer
to the question that only Kepler could provide.

Michael Shao’s creation, SIM, was fighting to stay alive. Shao’s
hair had greyed since I first encountered him at the Planetary Sys-
tems Science Working Group meetings in 1988, but he retained the
same fervor for bringing SIM through this prolonged gestation period
and into the world. Shao could only sit and listen to the debate, his
knees jiggling up and down, and answer questions when obscure
points arose that only he could address. Junior members of the JPL
SIM team tended to glance periodically at Shao as they gave their
presentations, seeking approval from SIM’s ultimate guru.

One of the dangers facing SIM was a competing space astrometry
mission, called GAIA, that the Europeans were developing and plan-
ning to fly in late 2012 for a 5-year mission. GAIA was originally
named the Global Astrometric Interferometer for Astrophysics, but
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the ESA astronomers had decided that space interferometry was still
too much of a challenge and therefore adopted a non-interferometric
design for the space telescope. The acronym remained, although
GAIA is often spelled as Gaia by ESA, which makes the mission ap-
pear to be named after the Greek goddess of the earth. GAIA was
intended to follow the Hipparcos mission, which surveyed a mil-
lion stars. GAIA would outdo Hipparcos a thousand times by sur-
veying a billion stars, roughly one out of every hundred stars in
our galaxy.

GAIA was a formidable opponent for SIM, but the two missions
were designed to accomplish different tasks. Whereas GAIA was
planned to create a catalog of the locations and approximate dis-
tances of a billion stars, SIM was a “pointed mission” that studied a
much more limited number of target stars, perhaps only 10,000 or
s0, but looked at those target stars long enough and often enough to
determine their distances to extraordinary accuracy. SIM would also
be able to detect Earth-mass planets, whereas GAIA would be able to
find only Jupiters.

The SIM Science Team agreed to support the SIM-Lite concept as
their preferred option, and Caltech’s Shri Kulkarni, acting as the Sci-
ence Team leader, made the case for SIM-Lite to Jon Morse when
Morse arrived on the second day of the meeting. Kulkarni empha-
sized that SIM needed to team up with GAIA in order to maximize
the scientific productivity of both missions: GAIA would do the over-
all survey of the Milky Way galaxy and find interesting targets for
which SIM could then perform more detailed measurements.

Jon Morse listened intently, but in the end he could not promise
that SIM would survive the next year. With a flat or declining budget
in the Astrophysics Division of SMD, Morse said that until the Webb
Telescope was launched, it was difficult for NASA to keep expensive
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future missions on life support indefinitely. The implications for SIM
were ominous.

December 17, 2007—The web site SPACE.com managed to obtain
a copy of the omnibus appropriations bill for NASA for FY 2007-08.
The budget report was the product of the joint House-Senate Appro-
priations Committee charged with finding common ground between
the budgets passed independently by the two houses of Congress.

Like many government agencies, NASA had been operating on a
“Continuing Resolution” since the new fiscal year began on October
1, as a consequence of the perennial inability of Congress to enact
budget legislation on time. Continuing resolutions basically mean
“Do not spend any more money than you received last year, and
maybe even less, so that you will not get caught short if Congress
should decrease your agency’s budget.” Given that 2008 was an elec-
tion year, Congress was trying to improve its sorry performance and
get the budget finished earlier than usual, though still several months
late.

The news for NASA was dreadful. The Senate bill had specified an
extra $1billion in emergency funding to help NASA pay the costs as-
sociated with the return to flight after the Columbia shuttle disaster,
thanks to the efforts of Senators Mikulski and Kay Bailey Hutchison
of Texas, home of NASA’s human space flight effort. These emer-
gency funds were dropped from the final conference report. The final
mark for NASA was $17.3 billion, seemingly a large figure, but less
than had been requested in either the House or the Senate bill, even
without the emergency $1 billion. For comparison, the Bush admin-
istration’s occupation of Iraq was estimated to be costing the United
States about $12 billion every month. Perhaps TPF would have had a
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higher priority in the Bush administration if its acronym had stood for
Terrestrial Petroleum Finder.

NASA’s Science Mission Directorate received $5.6 billion, a cut of
about $100 million from the two House and Senate bills. The report
language chided the administration for asking for only a 1% increase
in NASA spending for science for the current and future fiscal years
but then punished NASA science by allocating SMD even less funds
than the House or Senate had proposed. The Appropriations Commit-
tee report warned NASA not to ignore the report’s language and then
proceeded to set floors for the spending on several specific NASA mis-
sions. Hubble was to receive no less than $280 million in FY2008,
whereas Webb would receive at least $545 million. Maryland would
not suffer too badly, as long as Senator Mikulski was still around. The
final report also called for a floor of $626 million for the Mars Explo-
ration Program. The last item on Congress’s wish list was $60 million
for SIM.

$60 million for SIM? The joint report noted that the $60 million
was an increase of $38 million over what had been requested for
SIM in the president’s budget. The report further noted that SIM had
passed muster with the NAS Decadal Surveys in 1991 and 2000, had
completed all of its technology milestones, and was ready to fly. The
congressional report explicitly directed NASA to stop fooling around
and begin the development phase of SIM.

December 20, 2007—]Jean Schneider sent out an e-mail five days
before Christmas announcing the second transiting planet discovered
by CoRoT. CoRoT-Exo0-2 b had a mass of 3.5 Jupiter masses and or-
bited its solar-mass host star every 1.7 days, making it another hot
Jupiter. However, its radius was only 1.4 Jupiter radii, meaning that
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FIGURE 32. The sizes (radii in units of Jupiter’s radius) and
masses (in units of Jupiter’s mass) of the transiting planets
show that hot Jupiters have a wide range of densities.
[Reprinted, by permission, from G. Bakos et al., 2007,
ApJ, volume 656, page 557. Copyright 2007 by the
American Astronomical Society.]

its density was considerably greater than that of CoRoT-Exo-1 b,
which had one-third the mass of CoRoT-Exo-2 b but an even larger ra-
dius. Whereas CoRoT-Exo-1 b was a fluffy hot Jupiter, CoRoT-Exo-2 b
was not. As usual, Mother Nature was keeping us on our toes by re-
vealing the diversity of extrasolar planets, one planet at a time. What
would CoRoT find next?

January 4, 2008—Science magazine rated the chances of six top
federal science officials surviving the transition to the new administa-
tion that would arrive on January 20, 2009. Bush’s one and only sci-
ence advisor, John Marburger, was given the lowest odds of all: 0%.
Arden Bement, the popular head of the National Science Foundation,
was given the best odds of surviving: 50%. Michael Griffin did not
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fare nearly as well, garnering odds of only 20%, given his promise to
replace the shuttle with a new vehicle while still maintaining the in-
tegrity of the rest of NASA, an impossible task without a major infu-
sion of funds.

January 8, 2008—The American Astronomical Society held its win-
ter meeting in Austin, Texas, and as usual invited Michael Griffin to
deliver an address about the state of NASA science. Griffin started off
by complimenting astronomers for what they had accomplished in
seeking to answer the eternal questions: how the universe began,
how the Solar System formed, whether other planetary systems ex-
isted, and whether life might exist on them. He singled out the ex-
ample of the Hubble Ultra Deep Field image, which revealed
thousands of young galaxies, and pointed out that he had worked as
an engineer on Hubble’s fine guidance system back in 1983.

Griffin noted that although NASA had been spending on average
$1.5 billion each year on astrophysics since 1999, the plan for the
next 5 years was to spend $1.2 billion per year, in equivalent dollars.
This was a cut of $300 million per year, but Griffin argued that it
was still a lot of money compared to what the National Science
Foundation, for example, was spending on astronomy. He pointed
out that other areas in NASA had suffered as well, particularly the
human space flight program, which was facing a 5-year hiatus be-
tween the last shuttle flight in 2010 and the first flight of its replace-
ment vehicle to the International Space Station in 2015. In between,
the United States might have to depend on Russian rockets for rides to
the Station. Griffin even likened U.S. astronomers to children for pre-
ferring their own narrow scientific interests to an American space pol-
icy focused on the Space Station, courtesy of President Bush’s Vision
for Space Exploration. Griffin said that although science is a “very
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important part of NASA,” “NASA is not solely, or even primarily,
about science.” In other words, sit down and shut up, kids.

In between these brutally frank remarks, Griffin addressed one of
the spending floors in the omnibus appropriations bill: the one for
SIM. Griffin acknowledged that he would like to proceed with flying
SIM (he too wanted to know whether we are alone in the universe)
and pointed out that Kepler would be launched in early 2009. How-
ever, NASA simply could not afford SIM in an era when Hubble,
Webb, SOFIA, and research grants consumed 85% of SMD’s budget.
If SIM were started in 2008, as directed by Congress, the funds
would have to come from elsewhere in SMD. Griffin went with the
Department of Interior’s classic Washington Monument ploy. When
faced with budget cuts, Interior sadly announces that it will have to
shut down the Washington Monument until further notice—that is,
until their budget requests are met. Griffin went with NASA's Wash-
ington Monument: the Webb Telescope. If SIM went forward, then
Webb, or perhaps some other NASA mission, would be delayed.

Griffin noted that Congress did not come up with the SIM de-
mand on its own; rather, “external advocacy” had been involved. He
urged astronomers to avoid such advocacy in the future and to rely
on the NAS Decadal Surveys for prioritizing space missions. Griffin
asked the upcoming Survey to rank all missions that had not yet en-
tered development, even if they had been previously approved (ex-
actly the position SIM was in) and to include cost caps in their
rankings. “There is no free launch,” Griffin said in a brief attempt at
levity in what was otherwise a disturbing speech.

January 9, 2008—The SIM Project held a special evening session at
the Austin meeting about what SIM Lite could accomplish for astron-
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omy in general and planet hunting in particular. The session was
packed with astronomers who had been spurred to attend in part by
Griffin’s Washington Monument ploy the previous day. After the for-
mal presentations, the audience had their say. Matt Mountain, direc-
tor of the Space Telescope Science Institute, with responsibility for
both Hubble and Webb, bluntly attacked SIM for a lack of commu-
nity involvement. Others complained that SIM had started out as an
intermediate-class mission but had grown in cost to a flagship-class
mission in the interim. The much greater cost growth of Webb did
not seem to matter.

SIM would be facing a hostile audience at the upcoming Decadal
Survey. The main question was likely to be who would be chosen to
sit on the key Decadal Survey committees. A hostile audience is an
annoyance, but a trio of hostile ring judges could end SIM’s boxing
career just as well as a knockout punch.

January 15, 2008— Nature announced online the source of the om-
nibus appropriation language in support of SIM: Congressman Adam
Schiff, representing Pasadena, California. Schiff was put on the
House Appropriations Subcommittee responsible for NASA in 2007,
and he wasted no time in successfully representing his Pasadena con-
stituents (among them Caltech, which manages JPL for NASA) in the
2008 budget brouhaha. Schiff appeared to be doing for Southern Cal-
ifornia what Senator Mikulski had for decades done for Maryland:
bringing home the bacon-flavored tofu.

February 7, 2008—Richard Kerr of Science magazine called me to
find out what I thought about a microlensing planet discovery to be
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FIGURE 33. Discovery space for 266 extrasolar planets, showing their masses
(minimum masses for the planets discovered by Doppler wobbles that do
not transit) and orbital distances (1 AU is the Earth-Sun distance), both
axes plotted on logarithmic scales to allow the large range in masses and
distances to be discerned. [Courtesy of Jean Schneider, Paris Observatory].

published in the February 15 issue. Dick sent me an embargoed copy
of the paper, but I already knew about the discovery, because David
Bennett had mentioned the result during his talk in the session on
exoplanets [ had chaired the previous summer at the Gordon Confer-
ence on the Origins of Solar Systems, held at Mount Holyoke College
in Massachusetts. Gordon Conference talks are supposed to be off
the record, so Bennett’s remarkable claim could not be discussed
elsewhere until he was ready to make the work public. The time had
come.

The Science paper was authored by B. Scott Gaudi of Ohio State
University, Bennett, and 68 other named astronomers, mostly mem-
bers of five different microlensing collaborations (OGLE, MicroFUN,
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MOA, PLANET, and RoboNET), as well as a few stragglers who
tagged along for the ride. Gaudi, Bennett, and their colleagues had
found something remarkable: the first double planet system discov-
ered by microlensing.

Not only was it the first double planet system found by this tech-
nique, but the system appeared to be weirdly analogous to the two
gas giants in our own Solar System. The microlensing event OGLE-
2006-BLG-109 had begun on March 28, 2006, with an e-mail from
the OGLE team to the MicroFUN and RoboNet groups asking them
to watch this event, because it was likely to involve a planet. Sure
enough, on April 5 and 8, brightenings indicative of a planetary com-
panion were observed and attributed to a Jupiter-mass planet. The
real surprise was that in between these two brightenings of the
lensed background star, another brightening occurred on April 5-6
that could have been caused only by a second planet, again of Jupiter-
mass. This amazing discovery was made possible through around-
the-clock observations of OGLE-2006-BLG-109L by the five
worldwide microlensing networks working in tandem.

At the time of the Gordon Conference talk, Bennett and his team
had estimated that OGLE-2006-BLG-109Lb was a planet with a mass
of 0.99 Jupiter masses orbiting 2.7 AU from its host star and that
OGLE-2006-BLG-109Lc was a 0.36-Jupiter mass planet orbiting at
5.5 AU. By the time the Science paper was published, their best
mass estimates had been lowered slightly, to 0.71 and 0.27 Jupiter
masses, respectively, and the orbits had moved inward somewhat, to
2.3 and 4.6 AU. The host star was estimated to have a mass about
one-half that of the sun; it was probably an M dwarf star. The Science
paper made the point that the OGLE-2006-BLG-109L system looked
just like a scaled-down version of the Jupiter-Saturn system in that
the mass ratios and orbital distance ratios of the two exoplanets (2.6
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and 0.50, respectively) were close to those of Jupiter and Saturn (3.3
and 0.55, respectively). Given that these were just the fifth and sixth
microlensing planets detected to date, it was clear that M dwarf stars
with one Jupiter-mass planet had a pretty good chance of having an-
other Jupiter-mass planet. Solar system analogues might then be ex-
pected to be commonplace around M dwarfs, the most numerous
type of star in the Galaxy. The universe had just become a little more
crowded.

The Science paper stated that the new results were consistent with
the formation of these two gas giant planets by core accretion, in spite
of the fact that the 2004 Astrophysical Journal paper by Laughlin, Bo-
denheimer, and Adams had pointed out the difficulty that attended
the formation by core accretion of gas giants around increasingly
lower-mass stars, such as the one in the OGLE-2006-BLG-109L sys-
tem. Beaulieu and Gould’s account of their 2006 microlensing dis-
covery of the two cold super-Earths had cited the Laughlin paper as
evidence for the failure of core accretion to produce gas giants
around M dwarfs, but the microlensing folks seemed to have for-
gotten about Laughlin, Bodenheimer, and Adams in the intervening
two years. Instead, the Science paper quoted a 2005 Astrophysical
Journal paper on core accretion by Shigeru Ida of the Tokyo Insti-
tute of Technology and Douglas Lin as support for the OGLE-2006-
BLG-109L system. However, the Ida and Lin paper had confirmed
the results of Laughlin, Bodenheimer, and Adams, making the
OGLE-2006-BLG-109L gas giants system problematic for formation
by core accretion.

So how did the two gas giants form in the OGLE-2006-BLG-109L
system? If core accretion was not up to the task, that left only disk in-
stability, the perpetual understudy, waiting offstage as usual in case
the star should fall and break a leg. Disk instability has no particular
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problem making gas giants around lower-mass stars, because it is
such a rapid process compared to core accretion, provided that the
lower-mass star has a disk massive enough to become gravitationally
unstable. Best of all, disk instability predicted that a system that
formed in the way the Solar System may have formed, in a region of
high-mass star formation under a withering spotlight of ultraviolet ra-
diation, should have a Jupiter-Saturn pair with orbital distances that
scaled with the mass of the central star. OGLE-2006-BLG-109L had
about half the mass of the Sun, so the critical distance for photoevap-
oration should be roughly half that distance in our Solar System. In
our Solar System, that distance is Saturn’s orbit. In the OGLE-2006-
BLG-109L system, the Saturn-mass exoplanet orbited at half of Sat-
urn’s distance. The new system was thus fully consistent with the
disk instability scenario. However, the Science paper made no men-
tion of this alternative explanation, even though it had been pub-
lished in two Astrophysical Journal papers in 2006. Disk instability
was still largely ignored in planet formation theory, struggling like
Rodney Dangerfield for a little respect.

February 8, 2008—The president’s budget request for NASA for
the next fiscal year, 2009, increased the funds for NASA’s science
programs by only 1%, less than the annual rate of inflation. NASA’s
science funding was entering a period of slow but steady decline.

February 25, 2008—Another SIM Science Team meeting was held
at the U.S. Naval Observatory in Washington, D.C., where it became
clearer how NASA headquarters had handled Congress’s demand
that NASA headquarters spend at least $60 million for SIM in the
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current fiscal year. NASA headquarters had countered with an offer
to spend $24 million on SIM, as well as $8 million in funds carried
over from the previous year, for a total of $32 million, not $60 mil-
lion, but significantly more than the $22 million that NASA had orig-
inally been requesting for SIM. The rest of the $60 million
disappeared somewhere inside SMD, although some would go to
other planet search efforts. Congress agreed, and that was that. SIM
would survive for another year, but without the large boost in funds
needed to start development.

The SIM Project realized that the full-up version of SIM, with a
cost of $1.9 billion, was a non-starter. Even SIM-Lite at $1 billion
might cause the Decadal Survey to rank SIM low enough that it
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would never fly. SIM would be competing for a slot as a Strategic
Mission—the new class of missions inadvertently created by Kepler’s
cost overruns, missions costing more than $600 million but less than
a multibillion-dollar flagship mission like Webb. The Decadal Survey
deliberations would start in the fall of 2008, so the SIM team had a
few months to refine and polish their concept of SIM and to try to
find the sweet spot where SIM returned the most science per dollar
expended. Any other outcome was likely to bode ill for SIM.

After two decades of planning, studying, and technology develop-
ment, NASA’s hopes for flying a dedicated space telescope capable of
studying Earth-like planets either by astrometry (SIM) or by imaging
(TPF-C, TPF-I) was back to square one, subject to approval and rank-
ing by yet another NAS Decadal Survey committee. In spite of transit
searches having been dismissed in the 1990 NAS report on detecting
extrasolar planets, the Kepler Mission was NASA’s one and only regis-
tered entry in the race with Europe to discover new Earths.

March 20, 2008—Water was back. Nature published a letter by
Mark Swain and Gautam Vasisht of JPL and Giovanna Tinetti, now of
University College London, asserting a new claim for the presence of
water in the atmosphere of a hot Jupiter. The year before, Swain had
been the leader of one of the three teams that looked for but failed to
see any evidence for water in the spectra of two hot Jupiters, HD
209458 b and HD 189733 b. The three previous searches had used
Spitzer to measure the infrared light given off by the hot Jupiters just
before and just after they passed behind their stars, during secondary
eclipse, but this time the searchers used Hubble to look during the
primary eclipse, when some of the star’s light would pass through
the planet’s upper atmosphere on its way to Earth. Tinetti and her
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colleagues had used the same technique to make a claim for water in
the atmosphere of HD 189733 b the previous year as well, but those
measurements were made with Spitzer. Tinetti’s claim had been
called into question by David Ehrenreich and some of the same au-
thors who were on Tinetti’s paper, making the claim for water on HD
189733 b muddy at best. Swain and Tinetti decided to try their luck
with Hubble this time on HD 189733 b.

The key instrument for their observations was the Near Infrared
Camera and Multi-Object Spectrometer on Hubble. Although the cam-
era was limited to shorter infrared wavelengths than Spitzer, the near-
infrared spectrum of a hot Jupiter was predicted to show the presence
of absorption of the star’s light around 1.9 microns, caused by water
vapor in the planet’s atmosphere. The spectrum of HD 189733 b dur-
ing its primary eclipse extended from 1.5 to 2.5 microns and showed
clearly the expected 1.9-micron absorption feature. HD 189733 b
had water after all.

And that wasn't all. In order to explain the bumps and dips in the
NICMOS spectrum, the team found that they had to add the absorp-
tion caused by a second molecule, methane. Methane is one of the
four primary biomarkers (water, carbon dioxide, oxygen, and
methane) for an inhabited world. Swain, Vasisht, and Tinetti had
won the quinella bet of the extrasolar planets sweepstakes by finding
both molecules in the atmosphere of the same hot Jupiter. The detec-
tion of methane and water on HD 189733 b was another promising
step in the direction of detecting signs of life on another world.

March 24, 2008—As a result of major and ongoing cost overruns in
NASA’s Mars Exploration Program, principally for the Mars Science
Laboratory, whose cost had grown from $750 million to $2 billion,
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Alan Stern decided that the Mars Program would have to suffer some
pain. A letter was sent to the Mars Exploration Program office at JPL
telling it to cut the budget for the Mars Exploration Rovers (MER),
two robots that had been exploring the Martian landscape since Jan-
uary 2004. The Mars Rovers Mission was to be cut by $4 million in
the current fiscal year, a 40% cut in the funds remaining in the fiscal
year. The Mars Rovers team responded with the usual Washington
Monument ploy. Cornell’s Steven Squyres, the MER principal investi-
gator, stated that with a cut of that size, they would have to turn off
one of the rovers, at least temporarily. Things might get even worse
in the next fiscal year.

SPACE.com reported the cuts with the eye-catching headline
“Budget Cuts Could Shut Down Mars Rover,” something that would
bring pain to nearly every sentient being who had been following the
two wandering rovers for the last several years. The rovers had been
faithfully sniffing around Mars, looking for signs of water, and now at
least one was being threatened with being put down.

March 25, 2008—NASA headquarters rescinded Stern’s order to
cut the funds for the Mars Rovers program. Michael Griffin person-
ally intervened. Griffin noted that his office, which normally does not
get involved at the level of individual ongoing missions, was not in-
formed of SMD’s plan to cut the funds. He decided that both rovers
were to be kept alive, which was bound to please the public. After
the debacle over Sean O’Keefe’s decision to drop the last servicing
mission to Hubble, it was clear that Griffin wasn’t about to open that
third envelope any earlier than he had to. He had already reorgan-
ized NASA headquarters, in part by bringing in Stern to head SMD,
so only the third envelope remained in his possession.
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March 26, 2008—Alan Stern announced his resignation as the
head of NASA’s Science Mission Directorate. Griffin had tried to get
Stern to change his mind, but Stern did not appreciate having his de-
cisions overturned from on high. Chief scientist John Mather decided
to bow out as well and return to Goddard Space Flight Center to lead
the development of Webb.

Without missing a beat, Griffin announced that Ed Weiler would
leave his position as director of Goddard and return to NASA head-
quarters to run SMD, a directorate somewhat expanded from the one
Weiler had been demoted from by O’Keefe in 2004. Weiler was one
of the architects of NASA’s plans for searching for habitable worlds,
from Kepler to SIM to the two TPFs. Planet hunters could not ask for
a better head of SMD than Ed Weiler. Weiler’s appointment was only
an interim appointment, but perhaps “interim” would last long
enough to get planet hunting beyond Kepler back on NASA’s priority
list. Given the SMD budget problems that Weiler would inherit from
Stern, Griffin, and the Bush Vision for Space Exploration, though, it
was hard to be optimistic that much could be done to revitalize look-
ing for Earths.

April 1, 2008 (April Fool’s Day) —The nasawatch.com web site
posted a link to “Today’s Video,” showing Steve Squyres in a lively
appearance on The Colbert Report as if it had just occurred the night
before, even though the episode dated from June 7, 2006. Stephen
Colbert had been relatively merciful with Squyres, actually letting
him speak at times and highlighting a model of the Mars rovers sit-
ting on the table between them. Griffin’s instincts had been right: if
Comedy Central liked the Mars rovers, it was best not to touch the
third rail on their track.
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On the same day, the WASP team announced the discovery of 10
new hot Jupiters, found by transits and confirmed by Doppler spec-
troscopy. The 10 new planets, named WASP-6 b though WASP-15 b,
had all been found in just six months of work. Ground-based transits
were going wild, but what was CoRoT going to find?

April 3, 2008—Gordon Walker was at it again. He wrote a com-
mentary in Nature about a new technique for improving the preci-
sion of Doppler planet searches, a technique that might enable
ground-based astronomers to detect the Doppler wobble of planets as
low in mass as Earth. Walker’s commentary accompanied a paper by
a group at the Harvard-Smithsonian Center for Astrophysics and MIT
that had developed a new “laser comb” technique that could provide
a reference standard for Doppler searches considerably better than
the techniques currently in use. The new technique used a rapidly
pulsed laser as the spectral reference source. The claim was that this
laser comb would allow astronomers to measure the speeds of planet-
host stars to a precision as small as 0.02 mile per hour (0.01 meter
per second), a level about 100 times lower than the best current
measurements.

Such a precision might make possible the detection of the Doppler
wobble induced in a Sun-like star by an Earth-mass planet on an
Earth-like orbit, but only if the host star happened to oblige. The
surface of the Sun is covered with convective cells, like a pot of boil-
ing water, with speeds on the order of miles per second (1.6 kilome-
ters per second) that dwarf the periodic Doppler planet signals. Only
if the host star’s surface was sufficiently well behaved for all of
these upwellings and downwellings to average out to something very
close to zero could the laser comb technique make the revolutionary
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contribution it hoped to make. Star spots and stellar pulsations added
yet other complications to the goal of reaching down to 0.02 mile per
hour. Walker concluded that in theory, the laser comb could find
Earths, but he cautioned that in the real world of noisy stars, “sub-
stantial hurdles” remained.

May 7, 2008—Michael Griffin announced that Ed Weiler had
agreed to become the next long-term head of NASA’s Science Mis-
sion Directorate. Weiler promised to keep the Mars Science Labora-
tory rover program alive and to cover its cost overruns by “spreading
the pain.” Would the pain be confined to the Mars exploration pro-
gram, or would it affect NASA’s entire planetary exploration program,
or might it creep into NASA's other science programs as well? NASA’s
budget for planet finding beyond the Kepler Mission had already
been diminished to close to the vanishing point, so for once it did not
seem to be in peril, but the prospects for restoring the Navigator Pro-
gram to fiscal health seemed remote in such a budget environment.

May 16-17, 2008—The Kepler Mission held a Science Team meet-
ing at the Center for Astrophysics in Cambridge, Massachusetts. For
once, the news was nothing but good. With just nine months re-
maining before launch, this was a tremendous relief. Bill Borucki an-
nounced that Kepler was essentially good to go. The entire telescope
had been assembled, including the spacecraft, and subjected to a
number of tests. These included “shake and bake,” where the space
telescope was first shaken to simulate the forces that it would experi-
ence during the Delta 2 launch from the Cape, and then placed in a
large vacuum chamber, where it was heated up and cooled down to
simulate the temperature variations it would encounter in interplane-
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tary space. Kepler’s instruments had performed flawlessly. In particu-
lar, Kepler’s tests proved that it was able to measure the miniscule
dimming in stellar brightness produced by a transiting Earth.

The only remaining concerns were the reaction wheels, which
would be spun up or down in order to change the orientation of the
telescope. Other NASA space telescopes with the same reaction
wheels had developed problems with the wheels well before their
design lifetimes had been exceeded. To maximize their lifetimes on
orbit, Kepler’s reaction wheels were removed from the spacecraft and
sent back to the manufacturer to be rebuilt with better parts.

Kepler would be shipped to Cape Canaveral in December. Kepler
had passed successfully into the phase of development called ATLO,
which stands for Assembly, Test, and Launch Operations, a phase
never before encountered by a NASA space telescope designed
specifically to find extrasolar planets. This was a whole new world for
NASA planet finding,.

CoRoT was being suspiciously quiet. Two hot Jupiters had been
announced since its launch in late 20006, but nothing else. The word
was that the CoRoT team had decided to buy 40 nights of time on
the Keck I telescope in order to use the HIRES spectrometer to con-
firm that some of the their most interesting transit detections really
were exoplanets. Given the going rate of about $100,000 per night
of Keck time, CoRoT was looking to spend $4 million to confirm
their transit discoveries with Doppler wobbles. The Kepler project
was planning on obtaining a similar number of Keck nights to con-
firm the discoveries that Kepler would be making in 2009.

May 19-23, 2008—Annie Baglin of the Paris Observatory, CoRoT’s
principal investigator, had the honor of announcing two more planet
discoveries at an TAU Symposium on “Transiting Planets” in Cambridge,
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Massachusetts. She showed that CoRoT had found two more hot
Jupiters, named CoRoT-Exo-4 b and CoRoT-Exo-5 b, with masses
slightly less than Jupiter and orbital periods of 9 and 4 days, respec-
tively. A hot brown dwarf with a mass 20 times that of Jupiter,
CoRoT-Ex0-3 b, had also been found, with a peculiarly small radius.
CoRoT now had four exoplanets in the bag, but nothing so far that
did not appear to be a gas giant planet.

However, the CoRoT team hinted that they might have something
remarkable, a possible transit signal that implied a planet with a ra-
dius about 1.7 times the radius of the Earth. If this materialized,
CoRoT might have bagged its first hot super-Earth. Keck HIRES time
would be needed to see exactly what was causing the dimming seen
by CoRoT. Was it a super-Earth, or just a background eclipsing binary
star masquerading as a planet?

May 29-30, 2008—]JPL held “Exoplanet Forum 2008” at the
Pasadena Hilton Hotel, a meeting intended to produce a series of rec-
ommendations about future planet-hunting missions that could be
presented to the upcoming NAS Decadal Survey committees. Given
NASA’s budgetary straitjacket, the best that could be hoped for any
time soon was a $600 million mission, perhaps SIM-Lite, perhaps
something else. As a sign of the hard times, the name for JPLs planet-
hunting program had been changed once again: the “Navigator Pro-
gram” was now the “Exoplanet Exploration Program,” or EXExP, and
the Navigator Program’s “NP” joined the dust pile of past NASA
acronyms for the field. Perhaps EXExP would succeed where the oth-
ers had failed.

The Kepler Mission would be moved from the Discovery Mission
Program to EXExXP once it was formally commissioned on orbit as a
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working space telescope in early 2009. At that point, ExExP would
have its first working space telescope designed to find Earths. Kepler
would effectively become NASA's first TPF telescope.

On Friday, the last day of the Exoplanet Forum, David Bennett
told me that the microlensing teams had made another major discov-
ery, but this time he did not reveal what it was. I would have to wait
until Monday to find out.

June 2, 2008—The microlensers set a new record for the lowest-
mass planet: the microlensing event MOA-2007-BLG-192 implied
the existence of a cold super-Earth with a mass just 3.3 times that of
Earth, orbiting at a distance of 0.62 AU from an object with a mass
estimated at 6% of the Sun’s mass—that is, a brown dwarf. Given the
low mass of the central object, it was not clear whether this “planet”
should be called a planet, but the fact that planetary-mass objects or-
bited even brown dwarfs was a strong indication that super-Earths
could form just about anywhere there was a disk of raw material.

June 11, 2008—The [AU decided to tidy up some remaining busi-
ness from the 2006 vote in Prague to demote Pluto from planethood
to a new category of dwarf planets. Henceforth, Pluto and Eris would
be officially known as plutoids, the IAU name for dwarf planets in the
outer solar system. Ceres would remain as simply a dwarf planet,
with no further laurels for its résumé.

June 12, 2008—The reaction to the IAU’s plutoid decision was
swift and harsh, as might be expected for such a high-stakes issue.
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Mark Sykes and Alan Stern declared that the IAU’s decision should
be ignored, and Stern hinted that the IAU could be replaced with a
new organization, in effect equating the IAU with the League of Na-
tions, which was replaced by the United Nations after World War II.
The Battle of Prague would be rejoined at a meeting to be held near
Baltimore, Maryland, in August 2008. The Applied Physics Labora-
tory at Johns Hopkins would hold a “Great Planet Debate” and re-
turn to the Pluto fray, although this time, no votes were to be taken
to decide the question of planethood.

June 16, 2008—The Swiss were at it again. At a meeting in Nantes,
France, on super-Earths, Michel Mayor and his HARPS team an-
nounced that they had discovered a planetary system with not one,
not two, but three super-Earths, with masses as low as 4.2, 6.9, and
9.2 Earth masses. These were more hot super-Earths, with orbital
periods ranging from 4.3 days to 20.5 days, but the fact that there
were three super-Earths in orbit around a single star made it clearer
than ever that Mother Nature likes to make rocky planets. And what
Mother Nature likes, Mother Nature gets, in spite of the fact that the
host star for the triple-Earths system was metal-poor, with only half
the rocky material of the Sun. The star, HD 40307, is about 40 light-
years from Earth, making the three super-Earths prime candidates for
future investigation by telescopes such as the TPFs and Darwin.

August 15, 2008—The Great Planet Debate was held at the Ap-
plied Physics Laboratory in Laurel, Maryland. The debate featured
Neil Tyson and Mark Sykes continuing the public argument, begun
in Prague 2 years earlier, over whether Pluto should be considered a
planet. Sykes argued in favor of planethood for objects such as Ceres
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and Pluto, whereas Tyson argued against increasing the number of
Solar System planets to 13 or more disparate bodies. No consensus
was reached, setting the stage for a probable return to this question
in 2009 at the IAU General Assembly in Rio de Janeiro.

August 20, 2008—-Bill Borucki e-mailed the Kepler Science Team
that the planned mid-February launch of Kepler would be delayed to
no earlier than April 10, 2009, because of problems with the third
stage of the Delta 2 rocket. Kepler was ready to launch, but until the
third stage was judged safe, Kepler would have to sit in cold storage
at the Cape, biding its time.

August 25, 2008—A member of the CoRoT science team sent out
an e-mail, perhaps mistakenly, to the entire exoplanet community,
addressed to the CoRoT team. The e-mail stated that the Kepler
launch date had been postponed by at least several months and noted
that “We have a little more breathing room. . . .” Evidently CoRoT
could feel Kepler’s hot breath on its neck in the race to find the first
transiting Earth.

September 29, 2008—I read e-mail from Bill Borucki informing
the Kepler Science Team that Kepler’s launch date was now set for
the night of March 4, 2009. The CoRoT science team lost a month of
breathing room as a result. Kepler was good to go for launch.

On the same day, Ed Weiler announced that the SM4 mission to
repair and upgrade Hubble would not take place as planned on Octo-
ber 14. Hubble had suffered another major equipment failure a few
days earlier and was now unable to send any science data back to
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Earth. SM4 would be delayed until February 2009 at the earliest,
while Hubble’s controllers tried to switch to the backup science data
unit, and NASA pondered the problem of how best to fix Hubble. Ke-
pler might beat SM4 to orbit.

October 2, 2008—The NASA Advisory Council was told that the
Mars Science Laboratory was facing more cost overruns, with the to-
tal cost now well over $2 billion. This placed the JPL mission in the
delicate position of facing a Cancellation Review, required for any
mission with a cost overrun of 30% or more. Ed Weiler had another
major headache on his hands. But rumors began to circulate that
Weiler was gunning for Griffin’s job, once the new president took of-
fice on January 20, 2009. Griffin might be handing the three en-
velopes to Weiler soon afterward.

January 4-8, 2009—The American Astronomical Society will hold
its winter meeting in Long Beach, California, where the NAS 2010
Decadal Survey is expected to shift into high gear. The Survey chair
and committee members will be presented with the astronomical
community’s desires for the next 10 years of big-ticket telescopes.
The fate of SIM will be on the line. Although a high ranking by the
Decadal Survey would be no more of a guarantee of success than that
of the previous Surveys, a low ranking would probably sound the
death knell for SIM.

February 2-5, 2009—The CoRoT Mission will hold its first major
conference, in Paris. This meeting will highlight CoRoT’s discoveries,
both those already announced and those held back for the Paris
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meeting, What will CoRoT announce? Undoubtedly, CoRoT will bal-
lyhoo a hot super-Earth or two, confirmed by ground-based Doppler
spectroscopy, but what else will be announced? Perhaps a habitable
super-Earth?

Spring 2009—The Kepler Mission will be launched into an Earth-
trailing orbit from the Kennedy Space Center, at Cape Canaveral,
Florida, on a Delta 2 launch vehicle. As a consequence of changes in
the Air Force’s reliance on Delta 2 vehicles to put spy satellites in or-
bit, the launch pad will be dismantled after Kepler’s departure. Kepler
will have the dubious honor of being the last spy satellite to be
launched from that site, although in this case it is a satellite designed
to spy on other planetary systems.

The year 2009 is the 400th anniversary of Kepler’s publication of
his first two laws of planetary motion and the 400th anniversary of
Galileo Galilei’s first use of the astronomical telescope. In addition,
2009 is the 200th anniversary of the birth of Charles Darwin and
the 150th anniversary of the publication of his seminal book On the
Origin of Species by Means of Natural Selection, the pivotal book for
understanding the fossil record of life on Earth, the concept of evolu-
tion, and hence the origin of life on habitable worlds. Although Ke-
plet’s launch date had been originally planned for 2006, it was
delayed 3 years, largely as a result of NASA headquarters actions. Bill
Borucki joked that perhaps NASA headquarters had wanted to ensure
that Kepler was launched in 2009 in order to honor these four major
anniversaries.

One hour after launch, the wires from the Kepler space telescope
to the third stage rocket will break off, and Kepler will begin its com-
missioning and on-orbit testing phase. The sensitive light detectors
that will search for the tiny periodic dimming of stars caused by
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transiting Earths will be tested first with the telescope’s dust cover
still attached. In other words, Kepler will begin by seeing what it can
see when there is nothing to see. Whatever it does see with the dust
cover attached will need to be removed from what Kepler sees once
its eye is open to the sky. After a first week of spacecraft and detector
testing, the dust cover will be blown off, never to return; Kepler has
no way to close its eye once it is opened. The Kepler Science Team
will focus the telescope and start to calibrate the detectors against
real stars, work that is expected to require several more weeks of
testing and experimentation.

Launch plus one month, 2009—Provided that all has gone well
with the previous month’s work, Kepler will begin full-scale science
operations, staring at a rich field of stars in the constellation Cygnus.
The brightness of 170,000 target stars will be measured, averaged
over 30-minute time periods, and downloaded by Kepler’s radio
transmitters to the Kepler Science Center at NASA Ames. The choice
of the lucky 170,000 stars will be made from the list of 400,000
fairly bright stars in Kepler Input Catalogue, which are themselves a
small subset of the 15,000,000 stars in the entire catalogue.

Within the first week, Kepler should start finding the periodic dim-
mings caused by hot Jupiters. Hot Jupiters occur around about 1% of
solar-type stars, and about 10% of the hot Jupiters should be alighed
with orbits that cause transits, so Kepler should have thousands of
hot Jupiter candidates to sort through as soon as it gets started. Con-
firmation of the reality of any one of these hot Jupiter candidates will
require Doppler observations, to make sure that the star is wobbling
as expected. The Doppler confirmations will also provide the planet’s
mass, and with the planet’s radius determined by the amount of the
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star’s dimming during the transit, Kepler will revolutionize what is
known about fluffy and dense hot Jupiters.

The Doppler follow-up work will be accomplished by the Keck
HIRES spectrometer on Mauna Kea, and by a new spectrometer be-
ing built for use on the 168-inch (4.2-meter) William Herschel Tele-
scope on La Palma, in the Canary Islands. The new spectrometer will
be a clone of the Swiss HARPS spectrometer at La Silla, termed
HARPS-NEF for “New Earth Facility.” HARPS-NEF is being built by
Harvard University, with the intention of achieving Doppler accuracy
as good as 1 mile per hour (0.5 meter per second) with the standard
Swiss thorium/argon reference cells, and maybe down to 0.2 mile
per hour (0.1 meter per second) with the new-fangled laser comb
technique. Such exquisitely small Doppler precisions are necessary to
confirm the existence and mass of any hot and warm super-Earths
found by Kepler.

After 3 years of transit observations, Kepler should begin to reveal
the frequency of Earth-like planets on Earth-like orbits around stars
like the Sun. Once the false positives are eliminated, and the Doppler
follow-up work has been completed, NASA headquarters will hold a
major press conference in its Webb Auditorium, and William Borucki
will have the honor of telling the world just how frequently Earths
occur. That is, of course, unless CoRoT makes the announcement
first. Either way, after centuries—if not millennia—of speculation
and wondering, we will finally know just how crowded the universe
really is.
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EPILOGUE

Why Don't You Ever Call?

Where are they?
—ENRICO FERMI (1950)

There is no democracy in physics. We can’t say that
some second-rate guy has as much right to opinion
as Fermi.

—LUIS WALTER ALVAREZ (1967)

All the evidence gathered to date by over 10 years of planet hunting
implies that Earth-like planets should be common in our neighbor-
hood of the Milky Way Galaxy and, by inference, in other galaxies as
well. But how common is common? Will essentially every nearby
Sun-like star have a habitable world, or only 1 in 10, or 1 in 100, or 1
in 1000? The theoretical and observational discoveries of the last sev-
eral decades support the prediction that the frequency of habitable
worlds is more likely to fall in the upper end of this range than in the
lower end. Given that Kepler will be able to produce a good measure
of the frequency of Earth-like worlds, provided that this frequency is
5% or greater, there is every expectation that the Kepler Mission will

205
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succeed in determining this most basic parameter in any estimate of
the prevalence of life in the universe. Even the CoRoT Mission has a
good shot at discovering an Earth or two in such a crowded universe.

Physicist Enrico Fermi was equally positive about the likelihood of
life beyond the Earth, yet he asked a related question that became
known as Fermi’s Paradox: If intelligent life exists elsewhere in the
Galaxy, why haven’t we heard from it yet? During the summer of the
year that Fermi asked his famous question, George Wetherill studied
physics under Fermi at the University of Chicago. Fermi would
march into a hot classroom in suit and tie, and by the end of his vig-
orous 3 hours of lecturing, he would have taken off his tie, then his
coat, and finally his dress shirt, leaving on only his undershirt and
pants. The sight of the 1938 Nobel Prize winner in a damp undershirt
made a lasting impression on the young Wetherill, who religiously
maintained Fermi’s high sartorial standards but avoided similarly
sweaty situations. Perhaps Fermi’s Paradox was discussed in class that
summer, perhaps not, but Fermi and Wetherill were physicists who
evolved into two of the world’s first astrobiologists—scientists who
seek to understand the genesis, evolution, and prevalence of life in
the universe.

This book has not addressed the question of how microscopic life
originates on habitable planets, much less the intelligent life of
Fermi’s Paradox, but has instead taken the position that “if you build
it, they will come.” That is, if habitable worlds are common, what is
to prevent their hosting the evolution of some sort of primitive life
forms over their billions of years of existence? Not every planet needs
to witness the evolution of Homo sapiens for life to be considered a
universal trait; methanogenic bacteria would do quite nicely, pro-
vided that they are capable of generating enough methane to serve as
a biomarker for some future space telescope. Still, if microscopic and
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even macroscopic life is commonplace, then considering the billions
of habitable worlds in the Milky Way, one must conclude that Earth
is not likely to be the only planet where intelligent life arises.

So where are they? There are many possible answers to Fermi’s
Paradox, ranging from the practical, through the merely depressing,
to the near-suicidal.

The fact that we have no proof of intelligent life elsewhere in the
universe may simply mean that intelligent civilizations have all too fi-
nite lifetimes—that intelligent civilizations are born to die, just like in-
dividual human beings. Part of the burden of consciousness and of
being alive is the knowledge that someday one will die. There is no
reason to believe that the same sobering prospect should not apply to
civilizations in general, just as it did to civilizations and evil empires in
the past, from the Babylonians to the Third Reich. The list of possible
threats to human civilization is long and seemingly growing. It in-
cludes (but is not limited to) global warming, toxic pollution, deple-
tion of natural resources, mutual annihilation, lethal viruses lurking
unseen in the Amazon River basin, and such external threats as in-
coming asteroids and comets, a nearby supernova, and a powerful
gamma ray burst that happens to be directed right at the Solar System.

The next closest habitable world may lie only a few light-years
away, but the closest intelligent civilization may be a thousand times
more distant if intelligent civilizations are somewhat rare in the
galaxy. If intelligent civilizations themselves last only thousands of
years, there might be no time to drop by for a visit before the lights
go out, even if travel at the speed of light were possible. It is not. Ac-
celerating a rocket from rest to the speed of light would require an in-
finite amount of energy. Accelerating a rocket to even a small fraction
of the speed of light requires far more energy than is conceivably
available for rocket propulsion in anything other than the world of
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science fiction. The New Horizons Mission to Pluto will cover a dis-
tance of 30 AU in about 10 years; it would require another 100,000
years to travel to the closest star system, Alpha Centauri. There is lit-
tle chance that an alien spacecraft is going to drop in on Earth any
time soon.

Some argue that we should not send out strong radio pulses defi-
antly announcing our existence for fear that something else will hear
us and come here to kill or enslave us—or maybe just to pick up
some Starbucks and have a talk after a long ride. Perhaps the lack of
radio signals from other worlds means the Galaxy is populated with
frightened beings anxiously awaiting the scream of their interstellar
airraid sirens. The physics of interstellar travel eliminates the need
for such worries.

Perhaps intelligent life survives but evolves into some new species
that has no interest in colonizing the Galaxy or in directing interstel-
lar beacons of radio waves in our direction. With the knowledge
gained over the next several thousand years of scientific research, the
natural curiosity of human beings might well be sated. Perhaps civi-
lizations die of sheer boredom. What would it mean for a human be-
ing to live for a thousand years rather than for less than a hundred?
How many bagels do you really want to eat? What would it mean for
a civilization to last 10,000 years? A million years? A billion years?
These are the natural time scales of the universe. Intelligent civiliza-
tions may just grow old and tired and lapse into a somnambulist
state. Where are they? Everywhere, but we cannot hear them snore.

Even if life surely exists elsewhere in the Milky Way Galaxy and
throughout the universe, the closest habitable worlds are likely to be
in a phase of the development of life that is either pre-intelligence or
post-intelligence. But this likelihood by no means detracts from our
strong desire to search for such life. The former will tell us about our
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past, and maybe about how we originated and evolved, whereas the
latter may tell us about our future. Finding a world of methanogenic
bacteria would be just as mesmerizing as finding an Earth-like planet
that has been repopulated by a thermophilic species better adapted to
the runaway greenhouse heating caused by the short-sighted inhabi-
tants who went before.
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