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1 Introduction

The origins of planets lie in collapsing interstellar clazates, where angular momentum con-
servation dictates formation of rotating gas and dust das&snd the young stars. Planets grow in
circumstellar (CS) disks, interact with them, and impldog&it signatures on them. The discovery
of such disks around nearby stars has provided the opptyrtinstudy planet formation in real
time, rather than extrapolating backward from completethature systems like the Solar System.

In young, gas-rich disks (protoplanetary disks), gas gpanets are likely forming and the
building blocks of terrestrial planets are being assemblEke final stages of terrestrial planet
formation and the development of their atmospheres areapigloccurring in the older, dust-
rich disks (debris disks). These events establish fundeaherguirements for life as we know it,
such as terrestrial planets with water-rich surfaces. kg disk processes transform interstellar
organic material into pre-biotic compounds like those tieate rise to life on Earth.

The extrasolar planetary systems already discovered siigfising diversity compared to the
Solar System. Studies of protoplanetary and debris diskessential to understand the causes
of this diversity and to predict what other phenomena mighséen. Debris disks also affect our
ability to make new discoveries, through their impact orufatefforts to characterize habitable
terrestrial exoplanets (aka. exoEarths). Debris dusbaads our Sun today (zodiacal dust) and
a significant fraction of nearby stars have similar dust fexilacal dust) at much higher abun-
dance. Exozodiacal dust will likely be the largest sourcbaafkground flux in direct imaging and
spectroscopy of terrestrial exoplanets.

Key Science Questions

e What are the conditions for — and outcomes of — the planet forration process?Planets
can form around normal stars with spectral types ranging fad least late M to early A,
around pulsars, and in multiple star systems (Udry & Sar087, and references therein).
Their birth environments are also diverse, varying from-loass star-forming regions like
the Taurus cloud to energetic, high-mass star-formingoregyiike the Orion nebula. Planet
formation models were initially developed to reproduce uar System and cannot cur-
rently explain the characteristics of many known exoplankebprovements are hampered by
a lack of basic information about disks, including theitislimasses, temperature structure,
statistical frequencies and lifetimes around differepetyof stars in different environments,
gas-to-dust ratios, and chemical evolution (for a revi@g, Roberge & Kamp, 2009).

We want to understand the prevalence of various kinds ofgpéaaround stars of differing
metallicity and mass. This will motivate and guide effoddihd and characterize habitable
terrestrial exoplanets. In Section 2, we discuss obsemaltstudies of debris disks and their
implications for terrestrial planet formation.
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e How is habitability established during formation of a planetary system? The habitable
zone (HZ) is the region where liquid water may exist on a tri@ planet surface (roughly
0.7—1.5 AU for a G2 star). Examination of the Solar System amply destrates that
formation of terrestrial planets in the HZ does not by itgxlfure habitable planets. Even
the Earth might not have been habitable under slightly @ffe conditions. Most models
of terrestrial planet formation indicate that the Earth wasally very dry and acquired
its surface volatiles fairly late in the formation processy( Raymond et al., 2006). The
presumed sources of the Earth’s surface volatiles wererssiatebodies formed farther from
the Sun. Studies of debris disks will show whether this sgena generally valid. In
Section 3, we discuss key observations of debris disks tilahelp us understand how
habitable conditions are formed on terrestrial planets.

e How will exozodiacal dust around nearby stars affect directobservations of habitable
exoplanets?When viewed from a distance, the most conspicuous featuhee@un’s plane-
tary system is its debris disk (aka. zodiacal dust), whid¢knsious but covers a large surface
area. At least 16- 20% of nearby stars harbor an outer debris disk much denaertke
Solar System’s (Beichman et al., 2006). In both images ardtsp light from the zodiacal
and exozodiacal dust will likely dominate the exoplanehalg The magnitude of the exo-
zodiacal emission within the point-spread function of a 4efascope i¥ =~ 28, assuming a
Solar System twin viewed at 6@nclination. That is two magnitudes brighter than the Earth
viewed at quadrature from 10 pc away. On the other hand, sldtsks can provide indirect
evidence of exoplanets through dust structures causeditagional perturbations (see the
Astro2010 science white paper by Leisawitz et al.). In S&cii, we discuss current exozodi
detection limits and what is needed to observe dust levidsast for future missions.

2 The Late Stages of Planetary System Formation

The current paradigm for formation of a mature planetaryesyshas three main phases: for-
mation of gas giant planets, formation of terrestrial ptanand removal of most leftover planetes-
imals (i.e. asteroids and comets). This timeline is represkin Figure 1. On the observational
side, disks may be divided into three classes that appeaughty correspond to each phase. Pri-
mordial disks are massive and gas-rich, while transitidisks appear to be clearing material from
their inner disks. Debris disks are made of material produmethe destruction of planetesimals
and contain little or no unprocessed interstellar materidle young ones are likely in the late
stages of terrestrial planet formation, while the oldersocerrespond to the disk clearing phase.
Most of the Earth’s surface volatiles were probably dekeeduring the debris phase by the impact
of water-rich planetesimals (e.g. Morbidelli et al., 2000)o significant correlation between the
presence of a debris disk and the presence of an extrasataqyanet or the stellar metallicity has
yet been seen (Bryden et al., 2006).
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Figure 1:Timeline for planet formation and the evolution of disks. o%b the arrow, the main theoretical

phases in planetary formation are shown. Below, three &$asECS disks are identified. A coronagraphic
image of a disk from each class is shown; AB Aurigae at lefayret al., 1999), HD 141569A in the center
(Clampin et al., 2003), and AU Microscopii at right (Kristadt, 2005). [Figure credit: A. Roberge]

Currently, there are no observational constraints on tifin of stars with Earth-like analogs
(N@)- In the next decade, theepler mission will provide the first estimate ofs, and IR radial
velocity surveys should find Earth-mass planets aroundogddrstars. Teams are exploring in-
struments to detect and characterize Earth-mass plantts HZs of nearby solar-type stars (see
the Astro2010 science white papers by Kasting et al. andbtulrat al.). However, these missions
likely are at least a decade away. Detailed studies of ddiwks can help estimate the prevalence
of terrestrial planets by looking for signs of their fornwatiin the solar neighborhood.

Kenyon & Bromley (2006) have developed models of planetakdisk evolution that indicate
terrestrial planet formation begins near the star, whesalibk surface density is the highest, and
propagates outward with time. Formation of Mars-mass tsadiiggers collisional cascades among
the remaining planetesimals. The smallest grains in theackesabsorb stellar radiation, producing
thermal emission that can be detected at mid-infrared (i®)akengths. These models predict that
young debris disks should possess IR-bright rings traaitigeaterrestrial planet formation, which
move outward as the disks evolve. The disk fractions fourpitzer Space Telescoperveys of a
few star-forming regions are broadly consistent with thedel (e.g. Chen et al., 2005). However,
the surveys were relatively insensitive to warm dust ing&tnial planet regions of solar-type stars.

Once Mars-sized objects have cleared out smaller bodiegatie expected to reach Earth-mass
via pairwise collisions (e.g. Chambers & Wetherill, 199Bhese giant impacts have consequences
for the habitability of terrestrial planets. The Moon prblyaformed through a glancing collision
between a Mars-sized body and the proto-Earth at an age&6f- 100 Myr (Touboul et al., 2009).
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The development of life on Earth may have been aided by theepoe of a relatively large moon,
since it stabilizes the Earth’s rotation axis, preventargé, rapid climate shifts. On the other hand,
habitability is probably harmed by large impacts at latessnthat could remove surface volatiles
or even developing life. Anomalously large debris disk dunasses probably signify recent giant,
possibly moon-forming, impacts (e.g. Rhee et al., 2008).

While Spitzerenabled observations of dust thermal emission from manggouain sequence
stars, its small field of view limited the survey sizes. Ini#idd, it lacked the sensitivity and spa-
tial resolution required for detailed follow-up of most rgwliscovered objects, which is needed to
better constrain the grain sizes and spatial distributidhe Wide-Field Infrared Survey Explorer
(WISB), planned for launch at the end of 2009, will map the wholeiskpur bands (3.3, 4.7, 12,
and 23um) with a sensitivity 500 times better than the last all-dRyslirvey missionIRAS. It will
allow study of stellar associations not observed \#ifiitzerand be more sensitive to dust in terres-
trial planet regions thalRAS Complementing this, théames Webb Space Telescop&/ST) will
provide sensitive near- and mid-IR instruments for detiglrotometric and spectroscopic follow-
up of disks discovered bgpitzerandWISE

3 \Volatiles and Organics in Debris Disks

Inevitably, planetary system formation is more complidatiean implied in Figure 1. The
planet formation stages may be occurring simultaneoudiffi@rent regions of the same disk. Fur-
thermore, the age ranges of the disk classes apparentlgpyerdicating that unknown processes
shape the evolutionary pathways of individual systems.rfgs hinderance to full understanding
of disk evolution is poor knowledge of the gas componenmBrdial gas affects the dynamics of
all sizes of bodies, from planets to subt dust grains, and its lifetime limits the time available for
gas giant planet formation. Gas makes up most of the massmomlial and transitional disks,
but currently is difficult to observe. It seems to vanish by debris disk phase (withik 10 Myr);
however, the parameters and causes of the dissipation kmewn. Fortunately, we expect a rev-
olution in disk gas studies over the next decade, largelykth#o the advent of thderschel Space
ObservatorytheJWST and theAtacama Large Millimeter ArragyALMA).

The position in a primordial disk beyond which the tempematis low enough for water ice
condensation is generally called the “snow line”. Outstdthe solid surface density is larger by a
factor of~ 4, allowing coagulation of massive cores that can grawitetily accrete huge gaseous
envelopes and become giant planets. Planetesimals foraisid® the snow line presumably are
the source of Earth’s surface volatiles. The exact natutbeoplanetesimals (asteroids or comets)
and the timing of volatile delivery are matters of debate.sMevidence, like the [H ratio in the
Earth’s oceans, points to outer belt asteroids perturttedie inner Solar System (e.g. Morbidelli
etal., 2000). Terrestrial planet formation models sugtpegtthe bulk of Earth’s water was accreted
more than tens of Myr after planetesimal formation (Raymeinal., 2006).
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However, this scenario has little outside observationgpsut at present. First, one would
expect to observe icy material only beyond the snow linesetorid disks. Enhanced water vapor
inside the snow lines would also be expected, accompaniedcbgyased dust production due to
collisions between dynamically hot planetesimals. Bug thads us to a major nagging question:
where is the water in debris disks? There is no clear observational evidence for snow lines in
disks and no signs of ice, water vapor, or its dissociatiadpcts, despite a few deep searches
(e.g. Liseau & Artymowicz, 1998).

In fact, we have little information on debris disk compasitgenerally. Mid-IR spectra of a few
debris disks show silicate dust emission features supeseghon the dust continuum emission;
the features have often been modeled using grains simil@olar System comet dust. However,
the mid-IR spectra of most debris disks are featurelessjding little information on the typical
grain composition (Chen et al., 2006). Another way to getrimfation on dust composition is to
look at the broadband colors of debris disks in coronagagtattered light images; this has been
done for at least 7 debris disks (e.g. Debes et al., 2008). dages in albedo with radius that
might be associated with snow lines have been seen. Somewtmatsingly, about half of the
disks show red colors suggestive of grains coated with acgaaterial.

Although debris disks contain little or no primordial gaslemast some have gas recently pro-
duced from planetesimals, just like the dust. Spectrosodmiebris gas can in principle convey
a great deal more information on the composition of paresngtiesimals than dust observations,
much as remote studies of Solar System comets do. The onentiske gas has been well-
inventoried B Pictoris) shows no water vapor, OH, or enhanced oxygeneaalsiits gas is extraor-
dinarily carbon-rich, while the central star has solar rhietty (Roberge et al., 2006). The parent
planetesimals appear to be losing volatile organic mafdxié not producing much water vapor.

The keys to solving these puzzles lie in UV, IR, and sub-mntispscopy with high spectral
resolution. Far-UV absorption spectroscopy of edge-otesys is sensitive to small amounts of
atomic, ionic, and molecular gas; this has been the mostuttechnique for detecting debris gas.
Ice, PAH, and other solid state features can be revealed amtRsub-mm spectra, preferably spa-
tially resolved to show changes in composition with radilisese observations may be provided
by JWSTandALMA. However, there is no firm plan for UV spectroscopic capgbdfterHST.

4 Exozodis and ExoEarths

Zodiacal dust is interplanetary dust interior to the Solst&m’s asteroid belt; it comes from
asteroid collisions and comet comae, just like the dust yndaris disk. Exozodiacal dust around
nearby stars impacts a mission intended for direct charaat®n of exoEarths largely through
increases in integration time. Missions in both the visiohel IR are similarly affected (details
may be found in Hinz et al., 2009). The amount of dust in a @adtigk is usually quantified using
the total dust emission luminosity relative to the stellaninosity (r/L.); the zodiacal dust has
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Lir/L. ~ 10~/ (Dermott et al., 2002). In the context of direct detectiorwbdplanets, debris dust
abundances are typically described in units of “zodis.h# €xozodiacal dust has exactly the same
properties as the zodiacal dust, a one zodi disk has the sdalenass and surface brightness as
the zodiacal dust. In practice, one zodi simply correspondsdust disk with_ g /L, = 10~".

The most important current mission for debris disk surveygyitzer although these observa-
tions will no longer be possible after exhaustion of the geic supplies. For solar-type stars, the
lowestLr /L, value that can be detected is about4.6r 360 K dust, which would be located at
around 1 AU (Beichman et al., 2006). This limit corresporaaliout 1000 zodis. For cooler dust
between about 5 — 10 AU from solar-type st&@pijtzercan detect g /L, > 107>,

How do these limits compare to the requirements for direagimg and spectroscopy of
exoEarths? First, a dust measurement at 5 — 10 AU probablhyotdre used to predict the dust
present at 1 AU, since the dust dynamics depends on thegletdlle system architecture (e.g. the
locations of planetesimal belts and planets). Direct memsants of exozodiacal dust in the HZs
of nearby stars are needed. Preliminary calculations bypg@lanning future large space tele-
scopes for direct exoEarth observations suggest that neigriecan tolerate several tens of zodis
inthe HZs (e.g. Defrere et al., 2008; Turnbull et al., 200%is is more than an order of magnitude
below our current detection limits for such dust. A furthemplication is that confusion between
spatially unresolved exozodi dust clumps and planets hiagat®een thoroughly addressed.

To prepare for future missions, we need to know how many nyeadbar-type stars have
< 100 zodis of exozodiacal dust in their HZs. These obsemsatiequire substantial removal
of light from the central star, since stellar photospheesot currently be modeled with adequate
precision. Ground-based mid-IR nulling interferometrpcia principle, probe low levels of dust
in HZs. A Keck Interferometer (KI) survey of nearby stars éxozodiacal dust is complete; the
observations have aolsensitivity of ~ 100 zodis (R. Millan-Gabet, pers. comm.). The Large
Binocular Telescope Interferometer (LBTI), scheduled égibh operations in 2010, will have re-
duced thermal background and improved stellar suppressimpared to KI. LBTI should reach
a o limit of 10 zodis for a sample of nearby stars. Another styatie space-based high-contrast
imaging at optical, near-IR, or mid-IR wavelengths, whi@mnaeveal disk structures as well as
detect low dust levels in HZs. Some proposed moderate siggionis, which will be discussed in
the second round of Astro2010 white papers, could potéynaahieve our goals.

5 Summary of Goals & Requirements

The next decade promises to be an exciting one for debris diskliesIRAS HST, andSpitzer
have laid the groundwork on debris disk frequencies and haogy. But we have only scratched
the surface of debris disk composition and begun to fullyanstand their implications for terres-
trial planet formation and habitability. Major new fadidis — includingWISE Hersche] JWST
and ALMA — will dramatically advance these topics. These studiegire@ multi-wavelength
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approach, so coordination between diverse missions atildiéscwill be needed. Further, there
are two critical areas where progress is somewhat uncer@ie area is study of gas in debris
disks, which to date has relied on high-resolution far-U¥&pmscopic capability. Many fields of
astronomy will benefit from a far-UV successoHi&T.

The other area is measurement of exozodiacal dust in the Hal$ the potential targets for
a future mission to directly characterize exoEarths. WhBJ'| is a crucial first step that will
detect low exozodi levels around some northern stars, mataobserve enough of the potential
targets. A major effort from a southern hemisphere faciityalled for. In addition, the sensitivity
of LBTI exozodi observations is greater for A, F, and G sthemtK and M types. The optimal
targets for optical and IR direct characterization missiare G and K stars. For many targets of
a future exoEarth mission, sufficiently sensitive exozdaBeyvations will likely require a space-
based precursor mission. We advocate a more robust compprogram of mid-IR photometry
and high-contrast opticdlR imaging of exozodis around nearby stars.
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