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The exoplanet community’s top priority is that a line of probe-class missions
for exoplanets be established, leading to a flagship mission
at the earliest opportunity.
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Executive Summary

1 Executive Summary

Alan Dressler, Carnegie Institution of Washington

Wesley Traub, Jet Propulsion Laboratory

1.1 Introduction

Astronomy has been an important preoccupation of humans for thousands of years, but the
most profound questions—*“are there other worlds and other beings?” reach back to the
origin of homo sapiens. Despite centuries of speculation, proof of the existence of other
worlds had to wait until Galileo turned his telescope to the night sky 400 years ago. Galileo
was the first to truly see the planets and moons in our Solar System as other worlds. Yet it
took until the end of the 20t Century before we developed telescopes and spacecraft to
view—up close—the planets, their moons, and the persistent debris from which they have
formed. All of these hold deep secrets of the Earth’s origins and likely the beginning of life
itself.

It is ironic that what is arguably the most compelling subject in astronomy—the search for
other worlds and other life beyond our Solar System—emerges only now, in the 21st
Century. Four centuries of discovery have brought us a remarkable understanding of the
birth and evolution of stars, the history of galaxies, and even cosmology—the development
of the entire universe, but now it seems that the first shall be last. Not for a lack of
imagination or motivation, but simply for the want of technology, our oldest and deepest
questions, the ones most relevant to our own origins and fate, have remained beyond our
grasp for thousands of years.

We are indeed fortunate to live in the time when this last barrier to our search is falling. It
is reasonable to think that the search for other worlds and other life, even though limited
for the foreseeable future to our own corner of the Milky Way galaxy, will dominate
astronomical research before mid-century. The signs of this are all over the field—the youth
and enthusiasm of leading investigators, the surge in research papers, the determination of
students to choose the discovery and study of planets as their life’s work, the crowds drawn
to topical discussions at society meetings, the swell in public interest—all point to a
stunning growth of what was, only twenty years ago, one of the smallest astronomical
branches.

In 2010 the Decadal Survey of Astronomy & Astrophysics will report its findings. The 1991
Decadal Survey (National Research Council 1991) recommended developing an astrometric
mission for astrophysics, later called the Space Interferometry Mission (SIM). Exoplanets
had not yet been discovered, and were mentioned only in passing. The 2001 Decadal
Survey (National Research Council 2001) reaffirmed SIM for flight in the decade, noting
especially its planet-detection capability, and in addition recommended technology
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development for the Terrestrial Planet Finder (TPF) with launch expected in the 2010
decade. Today we anticipate that exoplanets will play a much larger and more diverse role
as the new Decadal Survey Committee tries to forecast trends in the field and assign
scientific priorities.

A decade ago, a handful of giant planets, unlike those in our Solar System because they orbit
very close to their parent stars, had been discovered by the radial velocity method—a
revolutionary step. Today Jovian-mass planets and considerably smaller ones are known by
the hundreds, and even planetary systems similar to our own have been found.
Gravitational lensing has been used to find a true analog to the Solar System, somewhat
scaled down, consisting of both a Jupiter-like and Saturn-like planet on circular orbits a few
astronomical units (AU) from their star. Coronagraphic and related high-contrast direct-
imaging techniques have produced images of two planetary systems. Precision photometry
has led to the discovery of planets transiting their parent stars. The transit geometry allows
direct detection of a planet’s emergent light in some cases, and characterization of its
atmosphere. New methods of finding and characterizing planets—astrometry and
optical/infrared imaging—are developing rapidly. Application of these methods, which will
greatly increase not just the inventory of planets but also begin to characterize them, is now
limited more by resources than technology.

Ten years ago it seemed sensible to “throw the long ball”’—build a planet-finding space
telescope that could find planets as small as Earth in the “habitable zone” of neighboring
stars, and obtain spectra that would describe them, and possibly even find evidence for life
through the presence of free oxygen in their atmospheres. Although still a galvanizing goal
of this rapidly changing field, today’s research directions are many, focused on studying
planets of all sizes, characterizing planetary systems, and mapping circumstellar disks of
rocky or icy debris and dust that will become new families of planets. In the coming decade
crucial data, for example, the frequency of Earth-like planets around Sun-like stars, and
specifically which nearby stars have them, should be available to inform the ambitious goal
of direct imaging and detailed characterization of extrasolar planets.

The goal of Exoplanet Forum 2008 is to take a snapshot of this rapidly emerging field. Such
a review will be essential to the Committee and panels of the 2010 astronomy and
astrophysics decadal survey—now being organized by the National Research Council of the
National Academy of Sciences. The 2010 survey will chart the prospects for this coming
decade, and will in turn, for the first time, set a course for what is rapidly becoming one of
the leading fields of astronomy. A door long closed, but forever on the mind of humankind,
is opening wide.

1.2 Exoplanet Forum 2008: The Process of
Consensus Begins

The exoplanet science and technology community in the United States met face-to-face at
the Exoplanet Forum in May 2008. The community also met electronically from April
through October 2008, in chapter-writing sub-groups, to formulate the individual
technique-based chapters in this volume. These meetings were designed to thoroughly
research and discuss the many scientific opportunities for studying exoplanets, with the
near-term goal of providing an integrated plan for exoplanet research for the coming
decade.
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Each of the eight chapters summarizes the issues, scientific potential, state-of-the-art, and
technology needed for the respective observational technique. The broad-ranging
discussion at the Forum allowed the scientists and engineers working in each area to
prepare their own chapter in the context of the full scope of many goals and techniques.
Thus, inherent in this document are cross-references of how the various approaches
complement and compete with each other. It is hoped that this document will be valuable
input to future meetings that will continue to address the field, and that the discussion here
will help to formulate options and branch points that can guide the study of exoplanets in
the coming decade. In formulating this plan, the community will need to balance scientific
aspirations with expectations and hopes for future science, technology, and funding. Our
tempered optimism in each area springs from our belief that exoplanet science is the most
exciting new area in astrophysics, for scientists and the public alike. We believe that US
leadership in exoplanet science is essential for major advances in this field, and we also
believe that the public expects no less.

The present community report is outlined below under the following topics:
Recommendations from the Exoplanet Task Force (summarized here for continuity),
Chapter Summaries, Overarching Science Goals, Space Missions, Ground-Based and Sub-
Orbital, Technology, and Conclusions.

1.3 Recommendations from the ExoPTF

The Exoplanet Task Force (ExoPTF) (2008) was a blue-ribbon panel of exoplanet scientists,
convened to study the field and make recommendations. The ExoPTF was chartered by the
National Science Foundation (NSF) and NASA through the Astronomy and Astrophysics
Advisory Committee (AAAC) “to advise NSF and NASA on the future of the ground-based
and space-based search for and study of exoplanets, planetary systems, Earth-like planets
and habitable environments around other stars.”

The ExoPTF confronted these prioritized questions:

1. What are the physical characteristics of planets in the habitable zones around
bright, nearby stars?

2. What is the architecture of planetary systems?
3. When, how, and in what environments are planets formed?

The final ExoPTF Report was made public one week before the Exoplanet Forum meeting in
May 2008, but preliminary versions of the report were already available to many Forum
participants well before then. Therefore, the participants were able to discuss scientific
goals and techniques in the context of the ExoPTF Report, when appropriate.

The exoplanet community acknowledges and appreciates the substantial efforts of the
ExoPTF committee in formulating the ExoPTF Report. The exoplanet community agrees
with the substance of the ExoPTF Report, as will be seen in the present book. However on a
few issues the community view differs somewhat, based on its understanding of the science
and technology. Specific differences are discussed in the individual chapters and in the
conclusions below. The ExoPTF answered its prioritized questions by recommending the
following list of action items for the coming 15 years (listed here with simplified
numbering).
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The 1-5 year program

A.1. Extend radial-velocity-detection (RV) to low-mass planets and continue surveying over
1000 stars.

A.2. Prepare for an astrometric space mission to detect Earth-mass planets around at least
60 stars.

A.3. Prepare for direct-detection space missions to characterize Earth-mass planets.
A.4. Establish expert panels to exhaustively evaluate direct-detection methods.

A.5. Invest in a census of exo-zodi systems around nearby stars.

A.6. Search the nearest 1000 M-dwarfs using transits and RV, down to Earth-sizes.
A.7. Develop RV in the near infrared and with 1 m s-! precision.

A.8. Increase the ground-based microlensing network.

A.9. Increase research on AO in the lab and on 8-m telescopes, and evaluate ground-based
potential.

A.10. Maintain US support for the study of accretion and debris disks, using ground- and
space-based facilities, and archives.

A.11. Support planet formation work via ground and space observations, and theory.

The 5-10 year program

B.1. Launch a space astrometric mission to find Earth-mass planets in the HZ of at least 60
stars.

B.2. Formulate a direct-detection space mission, contingent on knowledge of the Earth-like
planet frequency (eta-sub-Earth) and the zodiacal light of exosolar systems.

B.3. Use JWST to characterize Earth-size planets transiting M-dwarfs.
B.4. Continue long-term RV to reach planets beyond the snow line.

B.5. Launch a Discovery-class microlensing mission, without impacting the astrometry
launch.

B.6. Begin construction of a 30-m class ground-based telescope for direct detection of giant
planets.

B.7. Implement ground-based AO for young low-mass companions, and interferometry for
disks.

The 11-15 year program

C.1. Launch a space direct-detection mission for Earth-size planets, if eta-sub-Earth and
zodi allow.

C.2. Develop future space direct-detection missions for launch later.

C.3. Pursue ground-based searches if eta-sub-Earth is low (< 0.1), exozodis are high, or few
Earth-like planets are found through astrometry.

C.4. Develop technology for advanced disk science in the far infrared.
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All years

D.1. Support theoretical modeling of planets and planet systems.
D.2. Support data analysis and training of young scientists.

In the Exoplanet Community Report, we provide important additional background and
context for the findings of the ExoPTF, and in some cases we express our particular
viewpoints. This is presented in the form of the eight technique-oriented chapters, which
detail scientific and technical considerations of different approaches to the study of
exoplanets. By debating the issues and writing the chapters, over a period of about seven
months in mid-2008, community involvement and participation was raised significantly.

1.4 Chapter Summaries

Key points from each chapter are summarized here, particularly as they relate to the overall
coherent picture. The ordering of the chapters mostly follows the Forum meeting, which
was originally alphabetical. Each chapter is chaired by a US expert in the field, doubling as a
member of the Science Organizing Committee of Forum 2008, and co-chaired by a JPL
scientist, doubling as a member of the Local Organizing Committee of the Forum. The chair
and co-chair led groups of 6 to 50 scientists (median ~27) in formulating, debating, and
writing each chapter. In total 182 scientists contributed to the chapters.

We use the term “Earth-twin” as shorthand for a terrestrial-mass planet (0.3 to 10.0 Earths)
in the habitable zone (HZ) around its star. The HZ is defined in the Science and Technology
Definition Team report (Levine, Shaklan & Kasting 2006) as the range 0.75 to 1.80 AU from
a star, scaled by the square root of the star’s luminosity relative to the current Sun. We also
use “RV” as shorthand for radial velocity, and “exozodi” for exozodiacal.

We use the term “micro-arcsec astrometry” to mean an astrometric capability with about
one micro-arcsec accuracy per measerement, but more importantly a mission accuracy of
about 0.2 micro-arcsec, which is sufficient for an Earth-twin at 10 pc with low false-alarm
probability.

We use the term “flagship-class” to indicate a scale of mission whose cost is greater than a
billion dollars. The term “probe-class” is here meant to indicate a mission whose cost is less
than a billion dollars.

We address the issue of mission selection and scheduling, very briefly. The ExoPTF
recommended that an astrometric mission be launched before zodi-detection and imaging
(characterization) missions. The Exoplanet Community Report recommends that the type
of mission to be launched first should be competitively selected. Our reasons are as follows.
We agree that an astrometric mission would be a valuable first launch, however if its cost is
too large for a near-term launch, or if it cannot meet the technical requirement of being able
to find Earth-twins around enough nearby stars, then it would be worthwhile to launch a
probe-class zodi or characterization mission first, because these could return valuable
science. At the present time it is impossible to decide the issues of cost and performance,
but with expected near-term advances in these areas, for all mission types, it will be
possible to select a first mission on the basis of competitive proposals.

Chapter 2: Astrometry

Micro-arcsecond astrometry is the only probe-scale technique that can detect Earth-twins
around as many as 100 nearby stars, independent of orbital inclination or exozodi
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brightness. Because no other technique can do this, the ExoPTF recommended the near-
term launch of a space mission for micro-arcsec astrometry. The science rationale for this
mission is two-fold. In a narrow sense, if Earth-twins are detectable, then it follows that
many other planets, with larger astrometric signatures, are detectable, so the Earth-twin
goal stands as a useful benchmark of instrument performance. In a wider sense, the
detection of potential Earth-twins is of great value as existence proofs of planets, as design
optimizers for follow-up characterization missions, and as search optimizers for those
missions. Combining ground-based RV observations with space-based astrometry is an
especially powerful detection strategy, because RV aids astrometry in extracting masses
and orbits from the extremes of short- and long-period planet signatures in multi-planet
systems. Once nearby planets are identified, and their masses and orbits known, then
follow-up can be planned to measure exozodi brightness and to characterize the planets
through imaging observations, or possibly transits. The technology for such a mission was
developed by NASA over the past decade and is now complete; all technical aspects have
been solved. It is the opinion of this chapter’s study group that an astrometric mission can
be flown that meets the goal of being approximately probe-class in cost, and that can be
reasonably expected to detect enough terrestrial-mass planets to form the basis of our first
exploratory study of these objects with follow-on characterization missions. A micro-arcsec
astrometric mission is an excellent first step toward understanding and characterizing
nearby exoplanets, and leads naturally to direct optical or infrared imaging, given that once
a planet’s orbit is known, an imaging mission knows that a planet target exists, and it has
good hints as to when and where to look.

Chapter 3: Optical Imaging

A visible-wavelength coronagraph is the only technique capable of observing the spectrum
of a benchmark Earth-twin deep enough in its atmosphere to probe the lower troposphere
and surface—to assess habitability and to search for direct signs of life. Here “visible”
potentially includes the near-ultraviolet and the near-infrared. “Coronagraph” includes the
internal as well as external occulter types for suppressing the 10-billion-times-brighter
parent star. A small coronagraph could measure the brightness, colors, and spectra of large
planets outside the HZ around nearby stars, possibly a few terrestrial planets in the HZ, and
the zodi brightness distribution in the same regions. A large coronagraph can measure
closer to the parent star, and it will have better spatial resolution, so it can characterize
more giant as well as terrestrial planets, including more Earth-twins in the HZ. If either
type of coronagraph is preceded by a successful astrometry mission, then the coronagraph
design could be potentially optimized, and the efficiency of locating planets would be
significantly improved. Coronagraph technology is well advanced, and the technological
requirements are well understood. The key technologies for a large-scale mission are
identical to those for a small-scale one, so all such work on a small mission is a sound
investment for a future large one.

Chapter 4: Infrared Imaging

A mid-infrared mission would enable the detection of biosignatures of Earth-like exoplanets
around more than 150 nearby stars. The mid-infrared spectral region is attractive for
characterizing exoplanets because contrast with the parent star brightness is more
favorable than in the visible (10 million vs. 10 billion), and because mid-infrared light
probes deep into a planet’s troposphere. Furthermore, the mid-infrared offers access to
several strong molecular features that are key signs of life, and also provides a measure of
the effective temperature and size of a planet. Taken together, an infrared mission plus a
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visible one would provide a nearly full picture of a planet, including signs of life; with a
measure of mass from an astrometric mission, we would have a virtually complete picture.
A small infrared mission would have several telescopes that are rigidly connected, with a
science return from the detection and characterization of super-Earth sized to larger
planets near the HZ, plus a direct measure of the exozodi brightness in the HZ. In a large
infrared mission, with formation-flying telescopes, planets from an Earth-twin and upwards
in mass could be detected and characterized, as well as the exozodi. If proceeded by an
astrometric mission, the detection phase could be skipped and the mission devoted to
characterization, as in the visible case; lacking an astrometric mission, an infrared one could
proceed alone, as was discussed for a visible coronograph, and with similar caveats. The
technology needed for a large formation-flying mission is similar to that for a small
connected-element one (e.g., cryogenics and detectors), with the addition of formation-
flying technology. The technology is now in hand to implement a probe-scale mission;
starlight suppression has even been demonstrated to meet the requirements of a flagship
mission. However, additional development of formation-flying technology is needed,
particularly in-space testing of sensors and guidance, navigation, and control algorithms.

Chapter 5: Exozodiacal Disks

From the viewpoint of direct imaging of exoplanets in the visible or infrared, exozodi dust
disks can be both good and bad. An exozodi disk is good if it has structures (cleared regions
or resonant clumps) that suggest the gravitational presence of planets, however it is bad if
the dust fills the instrumental field of view with brightness that swamps the signal from a
planet. Unfortunately, it takes very little dust to compete with or overwhelm the light from
a planet: an Earth-twin signal is roughly equal to a 0.1-AU patch of Solar-System-twin zodi,
in the visible or infrared. Thus, exozodi measurements are extremely important, but they
are also difficult to make. Current limits of detection, in units of the Solar-System
brightness, are a few hundred using the Spitzer Space Telescope, about one hundred with
the Keck Interferometer (KI), and about 10 expected from the Large Binocular Telescope
Interferometer (LBTI). A small coronagraph or small interferometer in space is needed in
order to reach the sensitivity required to detect the glow at the level of our own Solar
System.

Chapter 6: Microlensing

Gravitational bending and focusing of light from a distant star by a closer star (and planet
system) is known as microlensing, and has already produced several dramatic exoplanet
detections. The statistics of these detections suggest that low-mass planets are more
common than high-mass ones, an extremely important result in the context of the search for
Earth analogs. Microlensing is typically sensitive to planets around distant (several kpc)
stars, not nearby (several pc) ones, and is therefore most valuable as a statistical sampling
tool. It is not an effective method for detecting planets around nearby stars, those that
would be within the range of direct imaging and spectroscopic characterization. Owing to
the scarceness of microlensing events, more ground-based telescopes are needed; a space
telescope dedicated to the purpose would substantially improve the statistics. An attractive
feature of this approach is that no new technology is needed.

Chapter 7: Radial Velocity

Radial velocity (RV) is, of course, the method of detecting planets by measuring a parent
star’s periodic line-of-sight velocity change due to its orbit around a common center of
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mass, using the Doppler shift of the star’s spectral lines. The method is sensitive to walking-
speed motions of a star, and promises to reach crawling-speed sensitivity in a few years.
The RV method is responsible for most of the 300-plus exoplanets detected to date, and
continues to produce results, particularly for long-period systems where at least one full
orbit, and preferably several, is needed to be sure of a detection. Ground-based telescopes
are perfectly adequate for this task, although more telescopes, and additional stable
spectrographs, would be very welcome. The main new technology is the laser comb
spectrum, which can provide many more calibration points across a spectrum than
traditional laboratory absorption or emission sources. In combination with a space micro-
arcsec astrometry mission, RV holds good promise for helping unscramble long-period
multi-planet signals, and thus detecting Earth-twins.

Chapter 8: Transits

The transit technique refers to observations of decreased brightness of a star system as a
planet passes in front of or behind the star. Specifically it includes the spectral information
that comes from starlight transmitted through the planet’s atmospheric annulus during a
primary transit and reflected or radiated light from the planet’s full disk during a secondary
transit. It can also include the phase effect from reflected or radiated light during its orbital
motion, independent of any primary or secondary eclipse events. The method works in the
visible as well as thermal infrared. The transit method delivers unique information about a
planet’s diameter, and about the absorption spectrum of its upper atmosphere, indicative of
physical conditions and chemical composition. The transit technique is especially useful for
short-period planets because these are close to their star and have a greater chance of
transiting. The full power of the transit technique is limited to a relatively small fraction of
planetary systems, but similar combined-light techniques can be applied to many close-in
planets, even those that do not transit. Transits are also most useful for giant planets, owing
to their large opaque cross sections and relatively large atmospheric annulus areas;
conversely, transits of Earth-size planets are relatively weak and may be detectable only for
close orbits of late-type stars. Ground-based and space-based observations are both
valuable. The Kepler mission will be especially important for generating a measure of the
frequency of Earth-size planets at separations out to the HZ, and the frequency of larger-size
planets. The main technology need is for greater stability in ground-based measurements.

Chapter 9: Magnetospheric Emission

Planets in the Solar System produce radio-frequency waves by the mechanism of radiation
from electrons spiraling along the planet’s magnetic field lines, and it is anticipated that
exoplanets will broadcast similar radio waves. The radio luminosity is proportional to the
solar wind power incident on a planet, so is expected to be largest for active stars. Since
these stars are difficult to observe with astrometry or RV, magnetospheric emissions may
offer a path to detecting planets in these systems. There are a number of ground-based
instruments under construction that promise significant improvements in sensitivity. The
main technology needs are algorithmic, such as the development of improved radio
frequency interference (RFI) avoidance and excision. Ground observations will ultimately
be limited by a combination of the Earth’s ionosphere and RFI, however antennas on the far
side of the Moon could have large areas and very low RFI, and are therefore of special
interest.
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1.5 Overarching Science Goals

The goal of exoplanet science is to extend our astrophysical picture of the Universe—the Big
Bang, stars, and galaxies—to include the development of disks around stars, the formation
of planets, and the conditions that can lead to life on planets.

Understanding the conditions for life in the Universe is a relatively new scientific endeavor.
It is clearly the logical next step for astrophysics, given our natural curiosity about the
origins of life on Earth. We already know that more than 300 relatively massive planets
exist around nearby stars; these were discovered using RV, microlensing, and transits.

There is broad-based support in the community for continuing and expanding current
observational work with transit photometry and spectroscopy, microlensing, ground-based
direct imaging, and ground-based interferometric imaging. Beyond these, the Forum
discussion highlighted some of the major steps that the exoplanet community hopes to take
within the next decade or two, likely in this order:

1. Measurement of the frequency of low-mass exoplanets, i.e., the mass distribution
function. This work is already underway with microlensing, CoRoT, and Kepler.

2. Searches for all types of exoplanets, from terrestrial mass to gas giants, around nearby
stars. Probe-scale missions can likely fulfill this need. A leading technique appears to be a
space-based astrometric mission, working with ground-based RV. However coronagraph,
interferometer, transit, and microlensing missions each could make valuable contributions.

3. Measurements of exozodi disk brightnesses to levels approaching that of the Solar
System. Ground-based interferometers will pioneer this area, but a space mission is needed
to reach faint (Solar-System level) exozodis

4. Characterization and search for signs of life on nearby exoplanets, especially Earth-twins.
The only viable techniques are coronagraphs and interferometers in space. Probe-scale
missions can explore this area, characterizing many planets, including possibly a few
terrestrial ones. But flagship-scale missions will be absolutely necessary for characterizing
most nearby Earth-twins.

1.6 Space Missions

Given the discussion at the Forum, it seems that a mix of probe-scale and flagship-scale
missions is needed to fully implement the science steps listed above.

There is strong support for a line of probe-scale exoplanet missions. Kepler, once
operational, would be the first of these. If a probe-scale astrometric mission could find
nearby planets and measure their masses—including some terrestrial ones, this would have
strong support, as indicated by the ExoPTF Report, and by the present Community Report.
Additional contenders for the probe-scale line are a coronagraph or interferometer to
measure exozodis and accessible planets, as well as a microlensing mission to improve
planetary statistics. Selection should be competitive.

There is widespread agreement that two flagship-scale exoplanet missions are ultimately
required: a visible coronagraph and an infrared interferometer. These are the only viable
techniques for fully characterizing Earth-twins down to about their surfaces, and searching
for signs of life. In principle, a probe-scale mission could partially characterize an Earth-
twin if the target were well-situated, but in general, basic physics tell us that no small
mission for exoplanets could ever do what a large one could.
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1.7 Ground-Based and Sub-Orbital

Ground-based work, including sub-orbital science payloads, in several areas, will be needed
in order to achieve the science steps listed above. New discoveries are made, technology
readiness is advanced, students are trained, and new methods perfected, using ground and
sub-orbital techniques. The Forum discussion emphasized the importance of continued
research using transits, microlensing, direct imaging, and interferometry. New ground-
based facilities for RV and microlensing would improve their effectiveness.

1.8 Technology

Chapter 2: Astrometry. Technology development for a microarcsecond astrometric space
mission is highly advanced, sufficient to consider a near-term space mission. The only
remaining work needed is to engineer a flight instrument capable of finding nearby Earth-
twin candidates.

Chapter 3: Optical Imaging. For internal coronagraphs, targeted technology development
will be needed in the areas of coronagraph concepts, diffraction modeling, laboratory
demonstrations, deformable mirrors, wavefront sensing and control, mask fabrication, and
aspheric polishing. For external occulter coronagraphs, targeted development is needed for
diffraction modeling, laboratory demonstration, occulter design, occulter deployment,
formation flying, scattered sunlight control, and propulsion. For both types of coronagraph,
common technology needs are in the areas of telescope and mirror technology, detectors,
precision thermal control, disturbance isolation, and verification/validation.

Chapter 4: Infrared Imaging. For infrared interferometers, technology development is
needed in the areas of mid-infrared spatial filters, adaptive nulling, achromatic phase
shifters, cryocoolers, cryogenic delay lines, thermal shields, detectors, four-beam nulling,
dual-beam chopping, spectral filtering, formation flying, and propulsion.

Chapter 5: Exozodiacal disks. The main technology effort for exozodi disks is getting the
LBTI on-line and operating in survey mode to characterize the dust around nearby stars.

Chapter 6: Microlensing. No new technology is needed for either an expanded ground-based
network or a space mission for microlensing.

Chapter 7: Radial Velocity. Technology development is needed for laser-comb light sources
to calibrate the wavelength scale in ground-based spectrometers.

Chapter 8: Transits. The main technology need is for greater stability in ground-based
measurements.

Chapter 9: Magnetospheric Emission. The main technology need is for large collecting arrays,
radio-quiet sites, and good radio-frequency interference (RFI) rejection.

1.9 Conclusions

It is the sense of the exoplanet community that there are many points on which we clearly
agree. We summarize these points of agreement here.

We agree with the substance of the recommendations of the ExoPTF. In particular, there is a
consensus that an astrometric mission will be a scientifically valuable first step, with two
important conditions, (a) that it can be expected to discover several terrestrial planets, and
(b) that it has an acceptable cost, presumably in the probe-class range.

10
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We agree that a line of competed exoplanet probe-class missions is essential for exoplanet
science, and we agree that each of these contributes complementary scientific knowledge.
Effectively, Kepler will be the first of these, after it is operational. We agree that potential
probe-class missions include astrometry, microlensing, coronagraph, and interferometer

types.

We agree that flagship-scale missions are required to unambiguously characterize a planet
as Earth-like, after it is detected. We support the concept of flagship-class exoplanet
missions because the physics of characterizing a faint planet near a bright star demands
physically large apertures.

We agree that a flagship-scale characterization mission should be launched as soon as is
permitted by resources, science, and general interest.

We agree that technical progress is essential for scientific progress. Indeed, the
coronagraphs and interferometers in today’s testbeds were unimagined a decade or two
ago—they were invented specifically for exoplanet science. We believe that technology
development is needed in the areas of external occulter coronagraphs, internal
coronagraphs, and formation-flying interferometers. A more modest level of technology
development will continue to be needed in the areas of astrometry, radial velocity, exozodi
disk observations, microlensing, and transits. Significant progress in magnetospheric
emission is in a separate class, likely requiring lunar backside antennas. We urge a strong
continuing program of technology development, guided in part by this and subsequent
yearly Forum meetings.

We agree that continued ground-based observing is important, especially for transits, radial
velocity, interferometry, and large telescope observing. Ongoing developments in ground-
based work, for example adaptive optics, interferometric methods, and coronagraphy, will
all contribute significantly to exoplanet science.

We agree that the NSF and NASA should work to find common ground in the area of ground-
based observing.

We agree that sub-orbital instruments on balloons and rockets are important for
coronagraph and transit observations. Sub-orbital conditions provide a near-space
environment, which is important for eliminating effects of the Earth’s atmosphere, for
increasing technical readiness validation, and for training the next generation of space
scientists and engineers.

We agree that theory should be adequately supported because it is crucially needed to
interpret and sometimes guide observations.

We agree that international partners could play a very important role in collaborating on
science and in sharing the cost of future missions. We urge NASA to find formulas whereby
international partners can participate scientifically in proportion to their contributions to
the cost of missions.

In addition, there are several issues that require more information or time before the
community wil be able to express its opinion. We list those issues here.

We leave for future discussion the issue of deciding if we should prioritize types of missions,
for example external occulter coronagraphs vs. internal coronagraphs vs. interferometers,
and also probe vs. flagship. Such prioritization cannot replace competitive proposals and
peer review panels for mission selection, but it could serve to focus interest in technology
development where the payoff was expected to be greatest.

11
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We leave for future discussion the issue of advising on technological priorities and
milestones to be reached, for the eventual advancement of exoplanet science. Similarly, we
leave to future discussion how to balance relative investments in ground vs. space, theory
vs. experiment, testbeds vs. observing, and in short- vs. long-term development projects,
and similar issues. These are expected to become focus topics of future annual Forum
meetings.

We suggest that, at its next general meeting, the exoplanet community directly address
these questions: (a) What is the trade-off between probe-scale and flagship exoplanet
missions, all factors considered? (b) Should the next mission be astrometric, or does this
depend on whether it would be probe-scale or flagship-scale? (c) What is the best
technique to characterize planets, and when should it become the first priority? (d) What
are the milestones that precede a flagship exoplanet mission? (e) How should international
partnerships be pursued? (f) Which technology developments, what ground-based
observations, what sub-orbital experiments, and what theory should be most aggressively
pursued? (g) What further steps can the community take to develop a coherent, integrated
plan for exoplanet research?

Summary Statement:

The exoplanet community'’s top priority is that a line of probe-class missions for
exoplanets be established, leading to a flagship mission at the earliest opportunity.
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2.1 Introduction

Astrometry is a powerful tool for detecting and characterizing exoplanet systems. So far, its
role has been primarily to provide unambiguous masses for planetary systems like 55 Cnc
and Epsilon Eridani, which were originally discovered with radial velocity surveys. In the
past few years, there have been ground-based efforts to detect Jovian planets around low-
mass stars and binary systems. However, ground-based radial velocity programs remain the
primary method for the detection of Jovian planets; the first such system detected by
astrometry still eludes us. Due to the systematic nature of the intrinsic jitter inherent to all
stars due to starspots, granulation and faculae, radial velocity measurements are unable to
reach the sensitivities necessary to detect terrestrial planets in the habitable zones of our
nearest solar-type stars. This is possible, however, with micro-arcsecond astrometry. Only
micro-arcsecond astrometry can detect habitable Earth-like planets around nearby Sun-like
stars while simultaneously measuring the planet masses, the most fundamental quantity for
characterizing exoplanets.

The 2008 Exoplanet Forum Committee on Astrometry strongly supports the
recommendations of the Exoplanet Task Force (ExoPTF) Report (Lunine et al. 2008) and
the past three Decadal Surveys. The Committee’s highest priority is to deploy a facility
for micro-arcsecond astrometry of nearby stars during the 2010-2020 decade, with
primary goals of finding Earth-like planets and characterizing the structures of planetary
systems. A micro-arcsecond astrometry program will support a variety of science programs
outside the field of exoplanets; the Committee strongly supports a mission design that will
enable these non-exoplanet-related research efforts. The technology development efforts of
the past few decades have provided a system architecture capable of this micro-arcsecond
astrometry goal. The key technology milestones have been achieved. It is now time to
deploy the facility itself.
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The ExoPTF also made several smaller recommendations for the role of astrometry in
exoplanet studies over the next decade. These secondary science programs have more
modest budgets, and they make smaller contributions to the understanding of planetary
systems. A number of these secondary science goals are supported by the committee, which
finds that these should be pursued, but only if doing so will not delay the deployment of the
highest priority micro-arcsecond astrometry mission.

2.1.1 A Micro-Arcsecond Astrometry Mission

All the highest priority science programs considered by the astrometry committee are
addressed by a single, ~5 year or longer astrometry mission capable of micro-arcsecond
precisions.

On page viii of their draft report, the first recommendation the ExoPTF makes for the 6-10
year (2014-2018) timeframe is to “Launch and operate a space-based astrometric mission
capable of achieving 0.2 micro-arcsec sensitivity to planet signatures around of [sic] 60-100
nearby stars.” The past three decadal surveys have promoted development of a micro-
arcsecond astrometric program for detecting and characterizing exoplanets. The astrometry
committee recommends that the 2010 decadal survey continue strong promotion of a micro-
arcsecond astrometry mission, to be deployed in the early part of the 2010-2020 decade.
Those past decadal surveys resulted in strong support for technology development efforts
to design such a mission. All key development milestones for an astrometric mission based
on the Space Interferometry Mission (SIM) architecture—including SIM-Lite (Goullioud et
al. 2008; Marr et al. 2008) and Planet Hunter (NASA ROSES Astrophysics Strategic Mission
Concept Study, now underway)—have been accomplished, and the community is ready to
capitalize on this significant investment. Further delay may waste this investment, as the
current experts could be lost to other pursuits.

Table 2-1. Astrometric Mission Concepts

Mission Name Science Tobics Planet Mass Number of Stars for Terrestrial
P Sensitivity, 10pc Planet Sensitivity
SIM Exoplanets anq Other 0.5 Earths 120
Astrophysics
SIM-Lite Exoplanets and Other 0.7 Earths 85
Astrophysics
Planet Hunter Exoplanets Only 0.7 Earths 85

Science Goals

Support for Micro-arcsecond Astrometry Science Other Than Exoplanets

A potentially surprising result of an internal survey of committee members was unanimous
support for the non-Exoplanet related science that an astrometric mission will address,
despite the fact that all the scientists being surveyed work specifically in the field of
exoplanets. Committee members found that this was important both for maximizing the
science output and to make a major mission attractive to the astronomical community as a
whole. There has been some misperception that the scope of an astrometry mission is
limited to exoplanets or a few other niche topics. The committee wants to emphasize that a
micro-arcsecond astrometry mission is a general purpose observatory that will open up a
new discovery space for a broad range of topics in astrophysics.
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The SIM-Lite mission is a direct descendent of the Astrometric Interferometry Mission
(AIM), the astrophysics mission endorsed by the 1990 Bahcall Report (National Research
Council 1991), and re-confirmed by the 2000 McKee-Taylor Report (National Research
Council 2001). This mission was originally recommended based on its promise of
addressing a wide range of problems in stellar and galactic astrophysics. Planet detection, in
1990, was posed only as an interesting possibility, rather than a major science driver.

SIM-Lite, in addition to addressing the recommendations of the ExoPTF, is fully capable of
performing the science laid out in the McKee-Taylor Report. Indeed, the critical importance
of precision astrometry has not diminished in the intervening years. The expected ESA
mission named Gaia will conduct a large astrometric survey, building on the recognized
ground-breaking work of Hipparcos. As a flexibly-pointed mission capable of very high
astrometric precision (4 pas positions) at faint magnitudes (V < 19), SIM-Lite occupies a
very different parameter space from Gaia. A recent peer review of the SIM Science Team
Key Projects (Davidson et al. 2009) showed that with minor exceptions, the broad
astrophysics case for SIM remains unsurpassed by any current or planned future mission.

The science case for SIM PlanetQuest is laid out in considerable detail in the SIM Science
Team’s paper (Unwin et al. 2008). SIM-Lite replaces SIM PlanetQuest as a cost-effective
way to do precision astrophysics. It has essentially the same accuracy as SIM PlanetQuest,
but can observe approximately half the number of sources in the faint-source limit (this
does not apply to the exoplanet mission, where the stars are all bright). In most cases, the
Science Team is able to do the same science but with a judicious re-allocation of planned
observing time.

Formation and Mass Distribution of the Milky Way

Tidal tails of dwarf spheroidal galaxies form an exquisitely sensitive tracer of the
interaction history of the Galaxy, and also the detailed shape of its potential, but only if one
has good 3-space positions and 3-space velocities. SIM-Lite uniquely provides 2 of the 3
space velocity components in distant tails (radii > 20 kpc). This technique can be extended
to the Local Group (out to ~5 Mpc) through astrometry of the brightest supergiants in
member galaxies, providing key data on the mass distribution and dynamics of the Local
Group.

Stellar Astrophysics

The masses of stars at each end of the main sequence are not well characterized. Many of
the estimated stellar masses have 10% errors, which is insufficient to challenge models of
stellar luminosity and evolution. Many ‘exotic’ stars (such as the components of X-ray
binaries) have distances, masses and luminosities crudely estimated to a factor of two.
These are simple, but absolutely fundamental, measurements that SIM-Lite can easily make.

Quasar Astrophysics

SIM-Lite will probe the internal structure of quasars at optical wavelengths to complement
the highest-resolution VLBI imaging. Thirty years after the discovery of superluminal radio
sources, many fundamental questions about the formation and propagation of jets still
remain unanswered. Precision optical astrometry, although not able to directly resolve a
quasar core, will sense variability in a waveband orders of magnitude away from the radio,
and probe a regime where accelerated-particle lifetimes are very short. Variability and
differential color shift across the optical band are vector quantities that can be compared
with other geometric and structural information in quasars.
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Figure 2-1. Plot of the expected sensitivity of different planet detection techniques as a function of planetary
mass in Earth-masses with the period in years. The grey curve represents radial velocity programs with a
measurement accuracy of 1 m s-1. The brown curve is the average sensitivity of the Gaia mission at 70 pas. The
solid red curve represents the median target sensitivity of the SIM-Lite mission assuming a sample of 60
optimized targets. The blue dots show the properties of our Solar System planets, the purple dots are the
properties of known RV-discovered planets and the yellow dots are the planets produced through the core
accretion models of Ida & Lin (2004a, 2004b, 2005). (J. Catanzarite, JPL)

Detecting and Characterizing Low-Mass Planets

The study of exoplanets is driven in part by our desire to better understand the origins of
life and our place in the universe. Is the phenomenon of life unique to Earth, or is it
commonplace? Life as we know it requires a few crucial ingredients that one would expect
to find on habitable exoplanets, foremost being water that remains liquid over geological
timescales. Only a small range of star-planet separations allows water to remain liquid, and
a search for habitable planets requires the ability to find planets in that region (near 1 AU
for Sun-like stars). While some exoplanets have been found within the habitable zones
around other stars, they have all been gas giants like Jupiter; current techniques being
insensitive to the smaller signatures that result from smaller Earth-like planets. After
candidate planets are found, the next logical step would be to confirm whether water (and
other life-related chemical) exist on those planets. This will require isolating the spectrum
of the planet’s light from that of the bright star it orbits. Only for the closest stars to the Sun
will this be feasible; thus, it is reasonable to prioritize our search for exoplanets to the
nearest stars. Knowing a planet’s mass will be important to reliably interpret its spectrum.
Thus, the path to identifying candidate habitable planets requires a new observatory
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capable of addressing four requirements: it must (1) search the stars closest to the Sun with
enough sensitivity to (2) detect Earth-sized planets at (3) star-planet separations that allow
for liquid water and (4) measure their masses. The micro-arcsecond astrometry mission
meets each of these requirements.

As is shown in Scargle (1982), to achieve a false alarm probability of about 1%, within a
factor of two, for a number of measurements that ranges from tens to thousands, the signal
to noise ratio (SNR) needed is about 5.5 to 6.0, depending slightly on the number of
measurements. If o is the one-axis RMS noise per differential measurement, N is the
number of visits, and « is the amplitude of the astrometric signature that can be detected
with a probability of 50%, then

a=SNRx o /N1/2 or N=(SNRxo/a)2.

For example, the Earth’s astrometric signal amplitude at 10 pc is a = 0.3 pas. For an RMS
measurement uncertainty of ¢ = 1.4 pas, N = 659 measurements are needed to detect an
Earth with an SNR = 5.5. A targeted mission is therefrore required with micro-arcsecond
single-measurement precisions, a noise floor below 0.3 pas, and the ability to target the
closest and brightest stars.

Precision radial velocity monitoring of the most promising candidate stars, beginning now
and extending through the end of the astrometric mission, will maximize mission success
and offer a more complete description of the planetary systems we will explore.

Operate as a Precurser Mission for a Future Direct-Imaging Program

Recent technological advancements have led us to the point where mankind might finally
answer the ancient question “Are we alone?” by searching for evidence of life on planets
around nearby stars. Terrestrial planets of 0.3-10 Mg would provide the best conditions for
habitability, as heavier planets could have unfavorably thick atmospheres, and lighter ones
might not have any atmosphere at all. Orbits in the range 0.85-1.6 AU around a star of solar
luminosity would offer planetary temperatures compatible with liquid water. For other
stellar luminosities, the “habitable zone” orbits scale roughly as the square root of the
luminosity. M dwarfs are not favorable targets, because their habitable zones are too close
to the stars for direct-imaging missions of reasonable sizes, and their planets may be tidally
locked, reducing their likely habitability. Nearby Sun-like stars are preferable targets, and
also more amenable to study by follow-on direct-imaging missions.

The first step is to locate suitable candidate planets. A micro-arcsecond astrometry facility is
the most feasible method for identifying candidate Earth-like planets around nearby Sun-like
stars in the 2010-2020 decade. Radial velocity surveys are limited by the intrinsic surface
jitter of stars that masks the tiny radial velocity signature (~10 cm s-1) of a habitable Earth-
like planet. Transit surveys are only sensitive to planets whose orbits are edge-on as seen
from Earth, and thus will transit their star; the likelihood of which is very small (< 1%) for
planets in the habitable zones of Sun-like stars, and so many nearby planetary systems
would not be fully explored. Direct-imaging missions are observatories to measure the
spectra of exoplanets, and it would be inefficient to devote a large fraction of their
observing time solely to finding planets. Other planet detection methods are less well
optimized for studying nearby stars.

The second step is to obtain spectra of the planetary atmospheres, looking for signatures
related to life on Earth, such as water and oxygen. The greatest challenge for the success of
such a mission is the combination of the extreme contrast between star and planet, their
small angular separation, and the intrinsic faintness of the planet. The most reasonable
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targets for a direct-imaging mission are nearby stars where this challenge is minimized
(though still quite formidable). Astrometry is well optimized for identifying low-mass planets
around the nearest stars, the best targets for direct-imaging missions.

The ExoPTF report states on page 55 “The most promising way to mitigate the cost of
space-based direct imaging is 1) to identify targets before the direct-imaging mission is
flown.” The astrometry committee agrees with this assessment. By first deploying an
astrometric mission to find and measure the orbits and masses of Earth-like planets around
nearby stars, the cost of a future direct-imaging mission can be minimized and the scientific
output greatly increased.

Where to look: Identify nearby targets

The best way to search for potentially habitable exoplanets around nearby stars is
indirectly—by looking for the astrometric wobble of the star responding to the gravitational
tug of the orbiting planet. The minimum required single-measurement astrometric accuracy
is ~1 pas.

The alternative—a direct search by coronographic images—is problematic. The first
problem is the central obscuration, which hides large fractions of most orbits. Only for a
fraction of the planet's orbit is it correctly positioned where a coronograph will detect it.
The second problem is the low information rate, demanding many long exposures with rare
positive results, assuming a planet is present. The third problem is the difficulty—or even
impossibility—of estimating the planetary orbit from the small number of measurements
that can be obtained in the epoch of discovery, typically only 6 months long due to solar
avoidance. Without knowing the planetary orbit, science operations become a matter of
guesswork, and any planet found will probably be lost.

The ExoPTF recognized these difficulties with the direct planetary search when it
recommended splitting the finding and characterizing tasks between two concatenated
programs, an indirect finder program and a direct characterizer program. The direct-
imaging mission will characterize planets found by the finder program. While the indirect
finder program can stand alone and still provide valuable science content without the
direct-imaging program, the direct-imaging mission will not have identified targets if the
indirect finder is not deployed first.

When to look: Characterizing Orbits

Astrometric observations of stars hosting Earth-like planets allow the orbits to be
determined. The position of the planet can be predicted as a function of time. This provides
a solid basis for future planning direct-imaging programs, as the observing schedule can be
set to look at targets when the star and planet are most optimally configured for isolating
light from the planet.

The direct-imaging program will operate more efficiently by only observing when the
planet-star configuration is likely to produce a positive detection and spectrum of the
planet. No time is wasted searching for a target when the orbital configuration is poor. The
technical requirements of a direct-imaging mission may be reduced because it need only
meet requirements for detecting planets when they are in optimal configurations.

Characterize Planets Targeted By Imaging: Masses
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On page 55, the ExoPTF report finds “a capability to determine mass, specifically space-
based astrometry described above, is necessary in conjunction with the direct imaging
platform.” The astrometry committee agrees that without this capability, the science
returns of a direct-imaging mission are marginalized.

A mass estimate derived from an orbital solution of astrometric data from an astrometric
“finder” mission would be the most basic quantity in our understanding a planet's
characteristics. Knowledge of a planet's mass provides the context for interpreting any
spectrum of a planetary atmosphere measured by a direct-imaging mission, and so would
be crucial to determining whether a planet can support life. Only by measuring the
gravitational effect of a planet on its host star can the planet mass be measured. Direct
imaging and transit light-curve observables do not provide measurements of planet mass,
and model-based estimates are a poor substitute, because they require that the
characteristics of exoplanets follow the patterns seen in our own Solar System.

Multiplanet Systems and Planetary System Architecture

Theoretical models of planetary system formation inevitably produce systems with multiple
planets. Combined with the Doppler discovery of exoplanet systems with at least four (HD
160691) or five (55 Cnc) planets, and the eight planets in our Solar System, it is clear that
we should be prepared to discover that multiple-planet systems are more likely to be the
rule than the exception. While the number of gas giant planets around F, G, and K stars is
beginning to be well understood from Doppler detections (Cumming et al. 2008), there are
only weaker constraints on Neptune-mass planets, and no constraints at all on Earth-mass
planets. Using our Solar System as a guide, one expects that long-period Jupiters should be
accompanied by inner terrestrial planets, and it has even been suggested that short-period,
hot Jupiters might be orbited by habitable terrestrial planets, in spite of the prior migration
of the Jupiter-mass planet through the habitable zone of the star (e.g., Raymond et al. 2006).
The basic theoretical expectation is that terrestrial planets should be commonplace,
regardless of whether or not gas giant planets have had a chance to form (Wetherill 1996).
If multiple planets are known to orbit a given star, we can place strong constraints not only
on the orbital stability of the entire system, but also upon the mechanisms involved in the
planet’s formation and orbital evolution, and so discovering and characterizing multiple-
planet systems are important goals for exoplanet searches.

Astrometric observations provide the opportunity to measure six phase-space coordinates
for each planet detected. In particular, by measuring the orbit's inclination, astrometry
estimates the planet-star mass ratio with no degeneracies (except for pathological
geometries). The precise measurements of planet mass is key to understanding the
dynamical state of multiple-planet systems. Therefore, intensive monitoring of multiple-
planet systems should be one of the key science drivers for an astrometric mission.

If we have only radial velocity data, we can nonetheless, by assuming the system is
dynamically stable, constrain the inclinations to provide upper limits for the planet masses.
Unfortunately, such analyses often leave uncertainties of order ~30 degrees in inclination
and a factor of ~2 in the planet masses. These uncertainties can cause even qualitative
uncertainties in the dynamical state of the system (e.g., mode of secular evolution, being in
or near a mean-motion resonance). With sufficient observations, astrometric observations
can resolve such degeneracies, so that dynamical modeling can constrain the formation and
orbital evolution of multiple-planet systems. For example, different mechanisms for
eccentricity excitation make different predictions for the degree and circumstances of
inclination excitation. Therefore, dynamicists look forward to astrometric measurements of
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the relative inclination between planets and whether this correlates with planet mass,
orbital period, eccentricity, and/or presence of a binary companion.

Both the number and fraction of planets in multiple-planet systems is set to increase as
planet searches become sensitive to planets with lower masses and longer orbital periods.
Since many, if not most, planets are members of multiple-planet systems, understanding the
formation and evolution of multiple-planet systems is essential for understanding planet
formation in general. With sufficient astrometric observations of a multiple-planet system,
the current planet masses and orbits can be precisely measured, so that theorists can
investigate the secular orbital evolution and gain insights into planet formation. For
example, different models of planet migration and eccentricity excitation make different
predictions for the secular evolution of planetary eccentricities and inclinations. Therefore,
theorists look forward to astrometric observations that determine if the mode and
amplitude of secular inclination evolution correlates with the mode and amplitude of
secular eccentricity evolution. Searching for such a correlation could test whether certain
features in the secular eccentricity evolution (previously identified by radial velocity
observations) are reliable fingerprints for recognizing the outcomes of various planet-
formation models.

A remarkable feature of our Solar System is its coplanarity. Thanks to the recent
redefinition of “planet,” all planets in the Solar System are coplanar to within 7 degrees. If
this is a general feature in most planetary systems, it is a strong observable constraint that
must be matched by planetary-system formation and evolution models. However, with the
coplanarity of only one system (ours) being known, it is impossible to tell how common this
feature is in nature.

Studying additional multi-component Solar Systems will serve to expand our understanding
of what a typical Solar System geometry might look like, and whether the distribution of
geometries even allows for “typical” to be defined. It is interesting to note that while the
distribution of relative inclinations of triple stars systems is slightly biased toward
coplanarity, the systems tend not to be as well aligned as the planets in our Solar System.

Flexible scheduling can greatly aid the characterization of multiple-planet systems. For
instance, a Solar System “clone” would be recognized as especially interesting, but complex,
after about two years. Such as system would easily warrant an increase in observing
cadence during years 3-5 of a mission.

Micro-arcsecond Astrometry in the Context of Other Exoplanet Programs

While the astrometry committee strongly supports a direct-imaging mission after
completion of a micro-arcsecond astrometric finder program, if it comes to choosing one or
the other, an astrometric mission has a higher priority than an imaging mission. The
committee favors a plan of deploying an astrometric mission in the early part of the 2010-
2020 decade, with a direct-imaging mission be deployed at the end of the decade or early in
the 2020-2030 timeframe.

The imaging mission science would be compromised without an astrometric mission. First,
one doesn't know where or when to look. An imaging mission is not a viable “finder”
mission; to incorporate that, the imaging mission would be much more expensive and less
efficient. Second, from imaging data alone, masses are unknown, and it is difficult to
interpret imaging results without this. Third, astrometry is ready now. The architecture is
settled and technology milestones completed.

20



Astrometry

Science Requirements

Planet Finding

The Exoplanet Task Force report recommended an astrometric mission with the capability
to achieve a mission minimum detectable astrometric signature of 0.2 pas after many
hundreds of measurements, derived from the desire to detect a one-Earth-mass planet at
the inner edge of the habitable zone for a Sun-like star located at 10 pc, and having a
throughput sufficient to survey 60 to 100 nearby stars to this depth during the mission
lifetime in order to generate a sufficient number of candidate planets for a later direct-
imaging mission.

These recommendations can be met by an astrometric mission capable of carrying out a
roughly five-year mission while achieving the recommended astrometric precision for
target stars from -1.4 Viag through 7 Vi,g that each have reference stars (typically K giants
at ~1 kpc) brighter than ~10 Vi, located within two degrees of the target star on the sky.

We note that the actual program undertaken by an astrometric mission would of course be
informed by all prior knowledge, most notably the frequency of terrestrial planets
discovered by CoRoT and Kepler. A flexibly pointed instrument can be adapted to maximize
the science return.

Other Areas of Astrophysics

One of the more general purpose versions of the micro-arcsecond astrometry mission
guarantees the best science return for the investment. An astrometric mission only capable
of meeting the recommendations for planet finding would not be capable of achieving
significant strides in other areas of astrophysics as recommended by the two previous NRC
astrophysics Decadal Surveys, primarily because the interesting astrometric science lies in
the dim-star regime out to 19 Vg, which cannot be reached by other ground or space
missions. Achieving the astrophysics recommendations of the prior Decadal surveys
requires the stability to support much longer integration times than required to achieve
only planet finding.

2.1.2 Strongly Supported Recommendations

Science Goals

Theory

As noted in the Report of the ExoPTF, there is a clear need to combine observational
advances in detecting and characterizing exoplanets with theoretical work that supports
these discoveries in several ways. The astrometry committee focused on theoretical work
of most importance for astrometric planet discoveries, as opposed to, e.g., direct detection,
where the theory of exoplanetary atmospheres becomes important.

First, theoretical work on orbital dynamics is essential for determining the best fit for the
exoplanet orbits, determining orbital stability over long time periods, understanding orbital
resonances and how they formed, and determining the interactions in multiple-planet
systems where some planetary orbits are poorly constrained or completely unknown.

Second, theoretical work on planet formation mechanisms across the entire range of
planets, from terrestrial planets, to ice giants, to gas giants, is necessary in order to place the
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exoplanet discoveries in the context of planetary system formation theories. Terrestrial
planet formation is strongly influenced by gas giant planet formation and orbital evolution,
so a complete theory of planet formation is needed in order to understand the formation of
any one component. Theoretical models provide testable predictions of what might be
discovered, and therefore help to define the next steps in a long-term program of exoplanet
discovery and exploration.

Third, understanding the extent of habitable zones around astrometric target stars will
focus our attention on the best targets to search for the possible detection of habitable
worlds. Recent theoretical work, e.g., has highlighted the potential of low-mass, M dwarf
stars as hosts for habitable worlds (Tarter et al. 2007).

The Impact of Gaia

On page 54 of the ExoPTF report, the ExoPTF finds “The European Gaia space mission will
be a useful demonstrator of the ability to do spaceborne astrometry to find giant planets,
and will contribute to the census of Jovian-mass planets around Sun-like stars.” The
committee agrees Gaia is an exciting program, but finds that its existence has little impact
on setting priorities for other astrometry programs because it operates in a
complementary—rather than duplicate—capacity to those programs.

Gaia is a European astrometry mission with planned launch for 2011. It will achieve
100 pas per-measurement precisions (to V = 15) on 30 million stars (and reduced precision
for up to a billion fainter stars), with each star revisited 1-250 times (typically ~90 one-
dimensional measurements) over the course of the mission. It is a survey mission without
capability to be pointed at a particular object, meaning the number of revisits cannot be
increased for a high priority target. Gaia will saturate for very bright stars (V ~ 6),
including the stars closest to Earth that are the highest priority targets when looking for
Earth-like planets.

The measurement precision of Gaia is insufficient to discover Earth-like planets; the 100 times
better precision of a micro-arcsecond astrometry program is required to achieve this goal.
Furthermore, the number of repeated measurements for a given target is much larger for a
pointed mission (with perhaps 200-500 two-dimensional measurements on high priority
targets), which will both improve the sensitivity to lower mass planets, and provide better
coverage of a planet's orbit. Good orbital coverage is necessary to adequately characterize a
planet's orbit well enough to predict when the best observing time will occur for future
missions.

Detecting Large Numbers of Giant Planets

The discovery of the first giant exoplanet (Mayor & Queloz 1995) occurred only 13 years
ago. This discovery opened up the field of exoplanet research. Currently more than 300
giant exoplanets have been identified around nearby stars. These have provided initial
statistics on the properties of giant planets. In order to make a substantial impact on these
statistical studies, future efforts will require detection of an order of magnitude more
objects.

A sub-milliarcsecond astrometric program can discover and make dynamical mass
measurements for hundreds of giant exoplanets down to the mass of Jupiters. This would
significantly supplement the results from the past years of radial velocity searches, transit
searches, and microlensing searches. It is worthwhile to greatly increase the numbers of
planets to enable class studies with enough planets to come to conclusions about physical
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properties and frequencies in each of the different categories, e.g., spectral type, age, and
metallicity.

MIDEX or Discovery Class Space Survey

An astrometric space-based system that is in the Mid-sized Explorer (MIDEX) class or
Discovery class can make a significant contribution in the area of giant exoplanets.
Companions down to Neptune mass can be discovered around thousands of stars with the
added precision and stability of space observations (Pravdo et al. 2007). An infrared
mission in space could for the first time do a broad survey of exoplanets around low-mass
and young stars. It would be complementary to Gaia both in low-mass stars that Gaia has
difficulty observing, and for bright stars that could be observed with a high-dynamic range
instrument but not Gaia.

An example of this class of mission is Giant Planets around M, L, and T Dwarfs in the
Infrared (GIMLI). GIMLI targets low-mass systems and can thus help settle the debate over
the dominant formation mechanism for extrasolar giant planets (EGPs) (e.g., core accretion
or disk instability), illuminate the differences between brown dwarfs and high-mass
planets, and provide a calibration of the mass-luminosity relationship for the lower end of
the stellar main sequence. GIMLI features a 1.4-m aperture with a high-dynamic range IR
instrument that performs narrow-angle astrometry with 50-pas precision. It can also
accommodate a complementary coronagraph. It is sensitive to exoplanet masses down to
< 0.01 Jupiters, i.e., Uranus- or Neptune-masses for nearby older stars and for younger stars
in the nearby star-formation regions.

Ground-Based Optical Astrometry

Single-telescope ground-based astrometry has had success in discovering stellar and brown
dwarf companions and measuring their dynamical masses (e.g., Pravdo et al. 2004; Pravdo,
Shaklan & Lloyd 2005; Pravdo et al. 2006), but no exoplanet has yet been astrometrically
discovered. The reasons for this are simple: lack of support for observing time and lack of
funding for instruments. These indirect observations have demonstrated the required
sensitivity to detect large exoplanets but need a minimum of observing time for adequate
time-sampling. A modest fraction, e.g., 10%, of the time currently granted to radial-velocity
(RV) observations would result in the first astrometric discoveries of exoplanets.

Dynamical mass measurements could be made of > 50 of the currently known exoplanets
with ambiguous mass measurements (due to unknown inclination angles) with a new
ground-based system featuring a detector with high dynamic range. Such an instrument
could use current technology either in the visible or infrared. An infrared system would
have the added advantage of opening a new region of discovery space, viz. exoplanets
around low-mass stars. Since low-mass stars comprise 70% of all stars, this activity would
be an important component of the desired census of exoplanets. The discovery of
exoplanets around low-mass stars is inadequately addressed by current programs. RV
programs have demonstrated poor sensitivity to long-period (> 1 yr) planets around low-
mass stars, and the detection of such planets with other techniques, e.g., transits and
microlensing, has very low efficiency. An infrared camera built with existing technology,
operating with adequate observing time on a large-aperture ground telescope, can detect
planets around many low-mass stars, greatly increasing the ~10 systems that are currently
known.

In a recent paper (Cameron, Britton, & Kulkarni 2009) it was demonstrated that 100-pas
astrometry can be achieved in few-minute observations using the Palomar 200" PALMAO
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adaptive optics (AO) system in K-band. The paper articulates the problem of differential AO
astrometry in the face of the dominant noise source (which is correlated tilt
anisoplanatism), derives its expected contribution to the astrometric uncertainty, develops
an optimal estimation algorithm for performing astrometry, and verifies the expectations
with extensive on-sky tests at Palomar and Keck. The technique achieves ~100-pas
precision in 2 minutes and ~100-pas repeatability over 2 months. The technique is
currently being used at Palomar to search for planets around mid-M-dwarfs.

The European Very Large Telescope Interferometer (VLTI) began commissioning the
PRIMA narrow-angle differential astrometry instrument in August 2008. The most
optimistic estimates predict 10-20-pas performance. This will be an excellent tool for
characterizing giant planets around nearby stars, and the expected long lifetime of this
program will allow it to capitalize on astrometry's increasing sensitivity with planet orbital
period. The committee agrees with the ExoPTF's conclusion that, for ground-based
observatories, there are “no other facilities that would match or exceed the performance of
VLTI within the 15-year time frame” (page 101). The VLTI will operate in the near-IR, and
can study objects obscured at visible wavelengths including protostars and the galactic
center.

The two 10-meter Keck Telescopes have been combined as an interferometer. Project
ASTRA, funded by the National Science Foundation (NSF), is building a differential
astrometry module for the Keck Interferometer. The resulting astrometric precision is
expected to be on the level of hundreds of micro-arcseconds. The small amount of time
available for interferometry on these large telescopes limits its impact to very specific
observing programs, such as RV-identified multiplanet systems or the galactic center.

Lifting the Mass/Inclination Ambiguity for RV-Identified Exoplanets

The large majority of known exoplanets have ambiguous masses: their unknown inclination
angles constrain the results to lower mass limits only. This mass ambiguity disappears in
the astrometric determinations of dynamical mass, because astrometry determines the
system inclination angles. Specific targets of interest where unambiguous masses are
important include those with multiple planets where planet-planet interactions might
become significant. The inclination ambiguity does not strongly affect statistical
distributions of planet masses. However, for samples of a large number of planets it is also
important to know where each of the systems lies in the parameter spaces defined by
theorists. Ida et al. (2004a, see Figures 9 and 12) demonstrate how knowledge of
unambiguous dynamical masses can guide development of theory. The statistical
assignment of inclination angles to many systems degrades the quality of the solutions,
especially when the number of planets is limited to a small number of planets in each
category of the multidimensional (spectral type, age, metallicity, etc.) parameter space.

2.1.3 Recommendations with Mixed or Ambivalent
Support

Astrometry at Radio Wavelengths

Most stars are faint at radio wavelengths. A few active stars can be detected in non-thermal
emission by the Very Long Baseline Array (VLBA). Operating at shorter wavelengths, the
Atacama Large Millimeter Array (ALMA) will detect thermal emission from many main-
sequence stars. However, its limited resolution will restrict astrometric precisions to the
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milli-arcsecond level. This may be useful for the study of giant planets, but is limited in its
scope. The Square Kilometer Array (SKA) will have the sensitivity required to detect main-
sequence stars, and its current international specifications include very long baselines that
would enable astrometry at micro-arcsecond precisions at centimeter wavelengths.
However, there is concern that any non-thermal emission, which may not be centered on
the star itself, will reduce the astrometric precision, potentially to the level of hundreds of
micro-arcseconds.

The committee generally supports radio astrometry as a useful method for exoplanet detection
only if it requires a modest marginal cost to implement at existing facilities. The impact of
radio astrometry on the field of exoplanets is unlikely to be substantial enough to serve as a
major science driver for major new radio facilities. By itself, astrometry for exoplanet
studies is not compelling enough to require that the SKA design continue to include the long
baselines that would enable precision astrometry at centimeter wavelengths. Assuming
that the SKA design continues to include long baselines to