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Abstract

Circumstellar dust exists around several hundred main sequence stars. For
the youngest stars, that dust could be a remnant of the protoplanetary disk.
Mostly it is inferred to be continuously replenished through collisions be-
tween planetesimals in belts analogous to the Solar System’s asteroid and
Kuiper belts, or in collisions between growing protoplanets. The evolution
of a star’s debris disk is indicative of the evolution of its planetesimal belts
and may be influenced by planet formation processes, which can continue
throughout the first gigayear as the planetary system settles to a stable con-
figuration and planets form at large radii. Evidence for that evolution comes
from infrared photometry of large numbers of debris disks, providing snap-
shots of the dust present at different evolutionary phases, as well as from
images of debris disk structure. This review describes the theoretical frame-
work within which debris disk evolution takes place and shows how that
framework has been constrained by observations.
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1. INTRODUCTION

The Solar System is comprised not just of planets, but also numerous smaller objects ranging from
those 2000 km in diameter such as Pluto and Eris, down to submicrometer-sized dust. Everything
in the Solar System except its eight planets I will refer to as its debris disk, and this is concentrated
in two belts, the asteroid belt at 2-3.5 AU and the Kuiper belt at 30-48 AU. It is such an integral
part of the Solar System that there is a debate as to how to differentiate between a planetand a large
member of the debris disk (Basri & Brown 2006). This was resolved recently by the International
Astronomical Union, which placed the largest members of the asteroid and Kuiper belts in the
dwarf planet category.

The Solar System’s debris disk has not always looked as we see it today. Both the asteroid belt
and the Kuiper belt are believed to have started off with considerably more mass than their current
retinue (Stern 1996; O’Brien, Morbidelli & Bottke 2007, and references therein), and even the
radial location of the belts may have changed over time (Gomes et al. 2005, Thommes et al. 2007).
The Solar System’s history is also thought to have been punctuated by events that significantly
changed the local debris population, such as collisions between protoplanets or asteroids (Nesvorny
etal. 2003, Canup 2004). Evidence for this evolution comes from a variety of sources: the orbits of
the planets (Tsiganis et al. 2005), the size distribution and dynamical structure of the debris belts
(Bottke et al. 2005; Morbidelli, Levison & Gomes 2008), the cratering records and geochemical
composition of planets and debris (Halliday & Kleine 2006), and deep sea sediments on the Earth
(Farley et al. 2006). Despite this evidence, the evolution of the Solar System’s debris disk is still
hotly debated, particularly within the first gigayear, during which the planetary system may still
have been undergoing the last stages of accretion and was settling to its final configuration. The
study of the Solar System’s debris disk is instrumental in piecing together the events that lead to
its formation and subsequent evolution (see, e.g., Lissauer 1993).

Some extrasolar systems are also known to harbor debris disks. The first extrasolar debris disk
was discovered by the Infrared Astronomical Satellite (IRAS) from the thermal emission of dust
heated by the star Vega (Aumann et al. 1984), and it soon transpired that several hundred nearby
stars also had such a dust population (e.g., Oudmaijer et al. 1992, Mannings & Barlow 1998),
including B Pictoris for which images of starlight scattered by the dust showed it to have a disk-
like morphology (Smith & Terrile 1984). Much in the same way the asteroids and comets in the
Solar System feed the zodiacal cloud (Mann et al. 2006), the dust seen around stars like Vega and
B Pictoris must be continually replenished from a population of larger planetesimals (Backman
& Paresce 1993). However, they are not typically direct analogs to the zodiacal cloud, because
the inner tens of AU of extrasolar debris disks are relatively clear of dust. Rather, they are often
considered to be analogs to the Solar System’s Kuiper belt (Moro-Martin et al. 2008), with the
proviso that the known extrasolar debris disks are necessarily an order of magnitude more massive
than our own, because present instrumentation cannot yet detect dust in our current Kuiper
belt.

For a long time debris disk studies were dominated by g Pictoris (Artymowicz 1997), because
this was the only example that could be resolved. However, the past decade has seen growth
in observational capabilities at all wavelengths from optical to millimeter, which has lead to the
discovery of 20 imaged disks (Holland et al. 1998), half of which were imaged for the first time
in the past two years (e.g., Kalas et al. 2007). Just as the dynamical structure of the Kuiper belt
is indicative of the Solar System’s history, the detailed morphology of imaged disks can be used
to infer the past history of their systems (Augereau et al. 2001, Wyatt 2003, Su et al. 2005),
and may even show morphological changes on decadal timescales (Poulton, Greaves & Cameron
2006).
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Significant progress in our understanding of debris disk evolution since the last review of this
topic in the Annual Review of Astronomy and Astrophysics (Zuckerman 2001) has been made possible
not just by an increase in the number of imaged disks, but also by the development of methods to
assign ages to nearby stars both systematically and with increasing accuracy (e.g., Zuckerman &
Song 2004). This means that the growing number of known but not necessarily resolved debris
disks, which provide snapshots of the debris present at a range of different evolutionary stages,
allow us to piece together the evolutionary sequence that follows the 10-Myr-long protoplanetary
disk phase during which most planet formation processes occur. The Infrared Space Observatory
(ISO) debris disk studies were the first to benefit from systematic stellar age dating (Habing
etal. 2001), allowing the dependence of the fall-off of dust mass with time originally inferred from
the relatively few well-studied systems (Zuckerman & Becklin 1993, Holland et al. 1998) to be
well characterized (Spangler et al. 2001), but also showing that bright debris disks persist up to
several gigayears (Decin etal. 2003). These statistics have been reinforced by submillimeter studies
(Najita & Williams 2005) and a reevaluation of the IRAS discoveries (Mo6r et al. 2006; Rhee et al.
2007), spawning a proliferation of models for debris disk evolution that have allowed researchers
to interpret the observations either as protoplanetary disk remnants (Klahr & Lin 2001), or in
terms of planet formation processes (Kenyon & Bromley 2004a) or internal steady-state processes
(Dominik & Decin 2003).

The potential of debris disk evolution studies is now being realized with the Spitzer Space
Teélescope (Spitzer; Werner et al. 2004), which is sensitive to much lower levels of dust mass than
its predecessors, and which is significantly increasing the complement of known debris disks. The
results of the Spitzer debris disk surveys have been coming out over the past three years. They
permit a quantitative appraisal of the different models, as well as provide a context within which
to assess the ubiquity of the evolution that lead to a planetary system that, like the Solar System, is
capable of sustaining life (Meyer et al. 2007). This review seeks to consolidate our understanding
of debris disk evolution by outlining the theoretical framework within which debris disk evolution
takes place, both from the point of view of how a debris disk is born (Section 3) and how it
subsequently evolves (Section 4), and by presenting the debris disk observations and discussing
their interpretation in the context of that theoretical framework (Section 5). First, though, it
is important to identify the fundamental properties of a debris disk, so that the models can be
presented in a manner that facilitates comparison with the observations (Section 2).

2. DEBRIS DISK FUNDAMENTALS

In the absence of detailed imaging, the majority of information about a star’s debris disk (or lack
thereof) is derived from the star’s spectral energy distribution (SED), which includes emission
from nearby dust heated by the star. Typically that information comes in the form of photometric
fluxes at one or more wavelength. Given the sparse information available for most stars it is
important to interpret it using a model having the fewest possible free parameters. Because the
SED of known debris disks can, to a reasonable approximation, be described by a black body at a
single temperature (Chen et al. 2006, Hillenbrand et al. 2008), debris disks are amenable to such
simplification using a model with two free parameters.

2.1. Dust Temperature and Fractional Luminosity

The two fundamental observable parameters of a debris disk are temperature 7 and fractional
luminosity, f, which is defined as the ratio of infrared luminosity from the dust to that of the star
f = Li./L,. Thisis illustrated in Figure 14, which shows the shape of the total emission spectrum
for various levels of fand 7.
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A useful rule of thumb is that these two parameters can be estimated from the wavelength and
flux of the maxima in the emission spectra of the disk and of the star:

T = 5100/ Agisk. max- @

f = (Fv disk, max/Fvw. max)()"t, max/)"disk. max)s (2)

where 2 is in micrometers and 7" in Kelvins. Although debris disk temperatures range from 10 K
up to a few hundred K, a defining property of a debris disk is that it has a fractional luminosity
f < 1072 (Lagrange et al. 2000), in contrast to protoplanetary disks, which have higher fractional
luminosities (see Section 3.1).

2.2. Age

The question of how debris disks evolve is essentially asking how the two fundamental parameters
f and T vary with stellar age. Evolution in these fundamental parameters for any one disk is
not expected even on decadal timescales, although the persistence of emission from the epoch of
IRAS (1983) to Spitzer (~2005) is a valuable constraint (e.g., Lisse et al. 2008). Thus, evolution
is assessed by looking at how the distributions of fractional luminosity and dust temperature vary
with age.

An understanding of stellar ages is fundamental to evolutionary studies. This review does not
discuss how stellar ages are derived (see Zuckerman & Song 2004), except to note that there are
several different diagnostics that can give conflicting results (e.g., Modr et al. 2006). Although
insecure age determinations may affect the interpretation of individual sources, conclusions about
disk evolution based on large numbers of stars are expected to be valid as long as ages are derived
in a consistent manner, because relative ages can be established more accurately (e.g., Ricke et al.
2005). The discovery of young stellar associations near the Sun (Zuckerman & Song 2004) has
also improved the accuracy of age determination for this subset of stars. A twist on the uncertainty
in age determination is that the presence of a bright debris disk can be used to help constrain
the age (Kalas et al. 2007), because a disk with £ > 0.5 — 1 x 10~* implies an age of <100 Myr
(Zuckerman & Song 2004, Moor et al. 2006).

Figure 1

Two parameter debris disk model. (#) Emission spectrum of a G2V star at 10 pc with a debris disk comprised
of dust at temperatures of 278 K, 88 K, and 28 K shown in yellow, red, and blue, which for black body grains
corresponds to radii of 1 AU, 10 AU, and 100 AU, respectively. The debris disk spectrum has been added at a
level of f = 1073, 10, and 1077, shown with solid, dashed, and dotted lines, respectively. The thick lines
show the total emission spectrum, whereas the thin lines show the contribution of the disk. (5) Detection
limits for 24-um (solid line), 70-pm (dashed line), and 850-pm (dotted line) observations. To be detected at
these wavelengths, a disk must lie above these lines. The 24- and 70-pm observations are assumed to be
calibration-limited at R, j;;, = 0.1 and R, };;, = 0.55, respectively, whereas the 850-pm observations are
assumed to be sensitivity-limited at F, jj,, = 2 mJy, and the limit is shown for a star at 10 pc. The disks
shown in the emission spectrum (#) are indicated with filled circles (and the same color and line styles), along
with the asteroid belt (AB) and Kuiper belt (KB). The detectability of a debris disk is a strong function of
both its radius and the wavelength of observation, although it should be noted that the x axis more
specifically refers to disk temperature, which has been converted to radius using Equation 3. Observations
are not yet capable of detecting the Solar System’s debris disk around another star. () Same as panel b, but
showing the detection limits for MOV, G2V, and AQV stars in blue, red, and yellow, respectively.
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2.3. Disk Radius and Mass

To interpret the observable parameters in a way more relevant to disk evolution models, the dust
is assumed to be uniformly distributed in a torus of radius 7 and width dr with a vertical opening
angle of 2I. The low fractional luminosity of debris disks means that they are optically thin to
stellar radiation; the geometrical optical depth perpendicular to the disk plane is f(27/dr), whereas
the optical depth from the star to the disk’s outer edge is f/1. This means that dust temperature
depends only on its distance from the star (rather than on the disk density). For heuristic purposes
the dust is assumed here to behave like a black body, giving

r=(278.3/ T L%, (€)

where L, is the Sun’s luminosity (equal to 3.85 x 10?6 W), T is in Kelvins, and 7 is in astronomical
units.
With these assumptions, the fractional luminosity defines the total cross-sectional area of dust

in the disk,
O = 477 f, “

where oy, is in AU?. Although this can be converted into an estimate of dust mass by assuming
all dust has a diameter D and density p (i.e., Mie = 0.67 p Do), dust masses are more typically
derived directly from the disk flux (Beckwith et al. 2000),

Myige = 4.25 x 10'°F, giqd?c;  [BL(h, TV, )

where Mg is the mass of the Earth (equal to 5.97 x 10%* kg), F, g\ is in janskies, d is stellar
distance in parsecs, and «, is in AU? M. In this review it is consistently assumed that «, = 45
AU? M!' (e, 0.17 m* kg™!) for 850-pm observations, which are sensitive to millimeter- to
centimeter-sized dust.

Disk flux in this model is given by

Faige =2.95 x 107°B,(A, T) fr*d > X; ", (©6)

where the factor Xj isincluded to account for the falloff in the emission spectrum beyond ~200 pum,
which is faster than black body by an additional factor o 7! (Williams & Andrews 2006). Com-
parison with submillimeter observations shows that Xgso ~ 4 (Wyatt et al. 2007b), and Figure 1
assumes that X; = 1 for 2 < 210 um and X; = 1/210 for A > 210 pm, however the wavelength
of the break and the slope of the falloff vary between disks. Equation 6 indicates that disk mass
quoted using Equation 5 is a scaled version of the fractional luminosity,

Mg = 12.6 fric' X' )

The relation Myg./f o 7? has been shown to hold well across submillimeter and far-IR surveys
(Rhee et al. 2007).

2.4. Calibration- and Sensitivity-Limited Surveys

Most stars exhibit no evidence of excess emission from dust, indicating that the fractional lumi-
nosities and temperatures of their debris disks are not known. The implications of a nondetection
are evident from Equation 6. The fractional luminosity of a disk thatis not detected to a sensitivity
of F, |, must lie below

faee = 3.4 < 10°F, jjnd*r 2 [B,(0, T)] 7 X, (8)
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In other words, the limit is strongly temperature (or equivalently radius) dependent, and the
consequence of a nondetection is to demark a region of f versus 7" parameter space where the
disk must lie to have escaped detection. Likewise, a detection at just one wavelength does not
unambiguously constrain both f and 7', but defines a locus on which f and 7" could lie. This
is illustrated in Figure 15, which shows the limits on fractional luminosity for 24-pm, 70-pm,
and 850-pm observations of a sun-like star at 10 pc that have a sensitivity of 34, 22, and 2 mly,
respectively. The debris disk of the Solar System is two orders of magnitude too faint to be detected
by such observations.

Surveys generally fall into two categories, sensitivity-limited and calibration-limited. A
sensitivity-limited survey can detect disks to a level described by Equation 8. The sensitivity
could be limited by observing time or background confusion (either cirrus or extragalactic). A
calibration-limited survey can detect disks to a level that depends on the excess ratio (also called
fractional excess), R, = F, gisc/ F\.. Because stellar flux is given by

F,. = 1.77B,(\, L)L, T, "2, 9
where 7, is in Kelvins, Equation 6 gives the excess ratio as
R, =1.67 x 107°B,(A, T)[B,(r, THO] ' fr TAL' X, (10)

For a calibration-limited survey a disk is detectable as long as F, gig/Fox > R, lim, S0 the corre-
sponding limit on fractional luminosity is

faee = 6.0 x 10°R, i 2L, T,* B, (A, T)[B,(, T)] ' X,. (11)

The calibration limit could arise from uncertainties in the instrumental calibration, as well as
uncertainties in contribution from stellar photospheric emission.

The thresholds appropriate for many of the Spitzer and the Submillimetre Common-User
Bolometer Array (SCUBA) surveys discussed in this review are shown on Figure 1¢ for sun-
like stars, as well as for main-sequence MO0 and AO-type stars. Most of the Spitzer surveys are
calibration-limited, whereas the SCUBA surveys are sensitivity-limited. It is important to keep
Figure 1 in mind when considering the observational results, because surveys of different spectral
types and at different wavelengths are sensitive to different regions of parameter space, and are
therefore subject to an inherent bias.

2.5. Caveats

The two-parameter model discussed here does not always provide an accurate description of the
SED that for some disks can only be explained by the presence of dust at multiple temperatures
(e.g., Chen et al. 2006, Hillenbrand et al. 2008). This temperature range could arise because dust
is at a range of distances from the star, or because dust at the same distance from the star has
a range of temperatures (Matthews, Kalas & Wyatt 2007). High-resolution imaging is required
to determine which interpretation is correct. Such images show that some systems with multiple
temperatures, like 7 Corvi, are comprised of dust at two or more radii separated by more than
an order of magnitude in radius (Wyatt et al. 2005; Smith, Wyatt & Dent 2008). Most images,
however, show radially confined rings (Greaves et al. 2005; Kalas, Graham & Clampin 2005), even
if scattered-light imaging suggests that the rings can be broad (Kalas et al. 2006). But the number
of systems, like Vega and © Ceti, where dust has been observed using different techniques over
several orders of magnitude in radius is steadily growing (Greaves et al. 2004b, Su et al. 2005,
Absil et al. 2006, di Folco et al. 2007). However, the SEDs of such systems still often resemble a
single-temperature black body, because much of the close-in and distant dust contributes little to
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the total infrared luminosity. The nature of such systems is discussed in this review, although the
dominant structure of debris disks is considered to be ring-like.

Only the largest grains in a debris disk are expected to emit light like black bodies. Dust in debris
disks has a range of sizes and each size has different emission properties. This has consequences
for the shape of the SED and the equilibrium temperature of the dust (Backman & Paresce 1993),
and dynamical considerations show that different grain sizes may be expected to have different
spatial distributions (Augereau etal. 2001; Augereau & Beust 2006; Strubbe & Chiang 2006; Wyatt
2006, 2008). Although a more realistic model for the optical properties and size distribution of
the dust is readily attainable (e.g., Wyatt & Dent 2002), this review interprets the debris disk
results within the context of the simple model of Sections 2.1-2.4, because differences between
the simple model and the real world should affect most disks in a systematic manner. Two of
these systematic differences are particularly noteworthy. The radius derived from Equation 3 can
underestimate the true radius by a factor of ~3 (e.g., Schneider et al. 2006), so although it is
appropriate to compare the disk radii using this parameter, it is only a guideline to the true radius.
Likewise, the disk mass given by Equations 5 and 7 depends on the assumed opacity and may not
bear much resemblance to the total disk mass that could be present in large objects that contribute
little to the observed emission (i.e., more than a few tens of centimeters, see figure 5 of Wyatt &
Dent 2002). Nevertheless, it is instructive to compare disk masses derived with the same opacity
assumptions.

3. BIRTH OF A DEBRIS DISK

Although the debris disk phenomenon as described in Section 2 is attributed to circumstellar
dust, it is inferred that there must also be a belt of larger objects (planetesimals) coincident with
the dust, as well as some mechanism operating to turn them into dust (e.g., Backman & Paresce
1993). For many debris disk studies, it is unnecessary to consider how the planetesimal belt came
into existence. However, planet formation is thought to be a dynamic process that is ongoing
throughout the first gigayear of a star’s life, and one of the emerging realizations of the past few
years is the extent to which the debris disk phenomenon is affected by planet formation processes,
and therefore the extent to which observations of debris disks can set constraints on those processes.
It has also been suggested that some debris disks are remnants of the protoplanetary disk. This
section outlines the aspects of protoplanetary disk evolution and of the planetesimal and planet
formation processes that are pertinent to our understanding of how debris disks are born and how
they evolve.

3.1. Protoplanetary Disk Evolution

Most stars are born with disks known as protoplanetary disks (Haisch, Lada & Lada 2001). The
planetesimals that feed debris disks, as well as extrasolar planets, are thought to form within
protoplanetary disks, which are comprised (by mass) mainly of gas with a ~1% contribution
from dust, most of which starts off in submicrometer size (Dullemond et al. 2007). Submillimeter
observations show that protoplanetary disks have a broad distribution of dust masses, which for
the class IT disks of sun-like stars in Taurus-Auriga and Ophiuchus is Gaussian in log My with
a mean of 30 M, (using the fiducial opacity of Section 2.3) and a standard deviation of 0.8 dex
(Andrews & Williams 2005, 2007). A broad distribution of outer gas disk radii from 10-1000 AU
at all ages is also inferred from CO linewidths (Dent, Greaves & Coulson 2005). There is little
evidence for evolution in the dust mass distribution with age while the disks persist (Andrews &
Williams 2007), although the near-IR excess ratio, indicative of dust «1 AU, is seen to decrease
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Figure 2

Evolution of protoplanetary disks—fraction of sun-like stars with detectable near-IR excess as a function of
time (Herndndez et al. 2007b; J. Herndndez, private communication). Protoplanetary disks have a range of
lifetimes, and most sun-like stars have lost their disks by 6 Myr.

with age (Carpenter etal. 2006, Herndndez et al. 2007a), as is accretion of gas onto the star (Calvet
etal. 20052).

The fraction of sun-like stars with near-IR disk emission decreases from ~100% to 0% over
6 Myr (Haisch, Lada & Lada 2001; Hernandez et al. 2007b; see Figure 2), implying that such
disks have a range of lifetimes from 1-6 Myr (Meyer et al. 2007). The protoplanetary disks of
more massive stars have shorter lifetimes than those of sun-like stars, because few A stars have
protoplanetary disks by 3-5 Myr (Carpenter et al. 2006, Hernandez et al. 2007b); conversely, later
spectral types are more likely to host protoplanetary disks at later times (Young et al. 2004, Low
etal. 2005, Megeath etal. 2005, Scholz et al. 2007). Although near-IR observations probe the inner
<1 AU of the dust disk, this dust is thought to have been dragged in by gaseous accretion disk
processes, and its disappearance is usually considered to be synonymous with the disappearance
of the gas, although the correspondence of accreting gas and near-IR excess is not so strict (e.g.,
Lada et al. 20006).

The process of protoplanetary disk dispersal is rapid compared with the stellar lifetime, because
very few stars are observed having intermediate levels of near-IR excess. However, some stars
without near-IR excess (from dust at <1 AU) still possess mid-IR excess (from dust at a few
astronomical units) (e.g., McCabe et al. 2006), and a new paradigm is being forged that envisages
the disks cleared from the inside-out (Calvet et al. 2005b). Even so, just 10% of disk-bearing
stars are seen in a transitional phase (Sicilia-Aguilar et al. 2006, Cieza et al. 2007, Herndndez
et al. 2007a), illustrating the pace of the clearing process. The rapid change in disk properties at
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a few million years can be reproduced by the UV switch model in which the inner disk is cleared
by viscous accretion once photoevaporation at 5-10 AU prevents replenishment from the outer
disk (Clarke, Gendrin & Sotomayer 2001; Alexander, Clarke & Pringle 2006). However, further
observational evidence on this transition is needed before its origin is truly understood, which
could alternatively be related to the formation of planets in the disk (Quillen et al. 2004).

One practical reason this transition is relevant for debris disk studies is that our understanding of
the birth of debris disks derives from studies of star-forming regions where there may be a mixture
of protoplanetary, transitional, and debris disks. Methods based on near-IR and mid-IR excess
ratios are employed to distinguish between different disk categories, typically classifying debris
disks as having 24-pum excess ratios R, j, < 100 (e.g., Sicilia-Aguilar et al. 2006, Herndndez et al.
2007b, Uzpen et al. 2007). However, without a full SED it is hard to distinguish between different
categories (Padgett et al. 2006, Cieza et al. 2007), thus potentially distorting our understanding
of this early evolutionary period.

3.2. Protoplanetary Disk Remnants

The mass of dust seen in debris disks is lower than that of protoplanetary disks, as illustrated in
Figure 3, which shows dust masses derived from submillimeter observations of debris disks and
protoplanetary disks. Although some protoplanetary disks are now seen down to 1 M (Andrews
& Williams 2005), there is a distinction between >1 Mg protoplanetary disks and <1 Mg debris
disks. Given that the mass of dust in debris disks is a small fraction of that of protoplanetary disks,
it has been suggested that the protoplanetary disk clearing process is not 100% efficient and leaves
behind a remnant population of solid material that is seen as a debris disk. In fact, this is the basis
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Figure 3

Evolution of disk mass derived from submillimeter observations. This plot extends the compilation of ages
and masses of Wyatt, Dent & Greaves (2003) to include all debris disks currently detected at submillimeter
wavelengths (Greaves et al. 2004b; Liu et al. 2004; Sheret, Dent & Wyatt 2004; Najita & Williams 2005;
Wratt et al. 2005; Lestrade et al. 2006; Williams & Andrews 2006; Matthews, Kalas & Wyatt 2007). The
same (representative) sample of protoplanetary disks is included from Wyatt, Dent & Greaves (2003), and an
opacity of 45 AU? ]\4631 is assumed for both protoplanetary and debris disks. The upper limit on the Kuiper
belt dust mass from submillimeter observations (see Greaves et al. 2004b) is also plotted.
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of all debris disk models. It may be more pertinent to ask what the size of the largest remnants is,
and whether the remnant material is part of the less-than-centimeter-sized dust population seen
previously in protoplanetary disk observations, or a population of greater-than-kilometer-sized
planetesimals that subsequently produces dust through mutual collisions. The requirement for
replenishment over >100-Myr timescales for the older debris disks argues for the latter scenario
(Wyatt & Dent 2002). However, dust seen immediately following the transition need not be
replenished over such long timescales, and some of the youngest (~10-Myr-old) debris disks may
be remnant protoplanetary dust.

One problem with using a theoretical approach to answer whether young debris disks are pro-
toplanetary dust remnants is that it is not yet known how protoplanetary dust is replenished. The
growth of dust in protoplanetary disks from submicrometer- to meter-size is expected to occur
rapidly through mutual collisions as the dust settles to the midplane through interaction with the
gas (Dominik et al. 2007), yet the constant dust level observed throughout the 10-Myr proto-
planetary disk lifetime (Natta et al. 2007) implies that grain growth cannot proceed indefinitely
and there must be a mechanism replenishing the observed dust (Dullemond & Dominik 2005).
Neither is it understood yet how (and when) planetesimals form in protoplanetary disks, because
growth beyond the size of a meter is impeded by gas drag, which causes meter-sized objects to
migrate into the star on timescales of 100 years. It is thought that perhaps rapid growth to sizes
greater than a kilometer is facilitated by gravitational instabilities in a thin dust layer (Youdin & Shu
2002, Throop & Bally 2005), or through gas-dust interactions, which form local concentrations
of boulders that undergo gravitational collapse (Johansen et al. 2007).

These uncertainties, along with those about the disk dispersal mechanism, preclude any defini-
tive prediction for the dust and planetesimal populations that remain after the transition. However,
this has been attempted within the context of the UV switch model by considering the evolution
of a dust population embedded in the gas disk as it is being cleared (Alexander & Armitage 2007,
Garaud 2007). In this model, less-than-millimeter-sized dust ends up concentrated in a ring close
to the inner edge of the gas disk and gets swept out as that disk expands during the clearing phase.
Several ways have also been identified in which gas-dust interactions might create rings of dust
like those seen in debris disks, either by gas drag and photophoretic forces that concentrate small
(micrometer-sized) dust in a ring at the outer edge of the gas disk (Takeuchi & Artymowicz 2001;
Herrmann & Krivov 2007), or through an instability in a broad gas and dust distribution whereby
a local dust enhancement heats the gas so that drag forces pull more distant grains into the ring,
further promoting heating and grain concentration (Klahr & Lin 2001, 2005; Besla & Wu 2007).
For these models to be relevant for determining the observable properties of a debris disk, and to
affect our perception of its evolution, gas must be present in the debris disk phase, albeit in much
lower quantities than in protoplanetary disks. These issues are explored further in Section 5.1.

3.3. Dust from Planet Formation Processes

Once kilometer-sized planetesimals have formed, the growth to larger objects like planets follows a
better-defined path (e.g., Lissauer 1993; Goldreich, Lithwick & Sari 2004a; Papaloizou & Terquem
2006). A period of runaway growth, wherein the largest objects in the disk grow much faster than
the remaining planetesimal population owing to gravitational focusing (Wetherill & Stewart 1989),
is followed by a period of slower oligarchic growth, which occurs once the cores have grown to
sufficient mass to dominate the velocity dispersion of nearby planetesimals (Kokubo & Ida 1998).
After the planetary cores reach ~2000-3000 km in size, there follows a period of chaotic growth
during which the orbits of protoplanets cross and scatter (Chambers & Wetherill 1998, Kenyon &
Bromley 2006), resulting eventually in either collisional mergers or the ejection of one component,
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with the latter occurring more often at large distances from the star (Goldreich, Lithwick & Sari
2004b).

The models of Kenyon & Bromley (2004a,b, 2005, 2006) make specific predictions for the
amount of dust produced in this process. The quiescent level of dust during the initial runaway
growth period is found to be relatively low. However, once the largest protoplanets have grown
to 2000 km, their dynamical perturbations stir the population of <100-km planetesimals so that
collisions among their population no longer result in net accretion, but have sufficient energy to be
destructive. A collisional cascade is then initiated that depletes the <100-km population through
the generation of dust, which is removed by radiation forces (see Section 4.1). In these models the
timescale for the formation of 2000-km planetesimals depends only on the distance from the star
and the surface density of solid material

1000 1 A 600(Zo/ Snimsn) 177 12)

inyears, where 7isin AU, Zyivsn is the surface density in the minimum mass solar nebula (MMSN),
and a surface density that falls off oc 7~1* has been assumed (Kenyon & Bromley 2004a). Because
planetesimal stirring takes longer further from the star, this is referred to as delayed stirring. An
extended planetesimal disk in this model exhibits a ring of bright emission that moves to larger
radius with time (Kenyon & Bromley 2004a). Figure 4 shows the predictions of these models
for the 24-pm emission from dust produced during planet formation in the terrestrial zone of a
sun-like star (Kenyon & Bromley 2004b) and in a Kuiper belt around a 3-M,, star (Kenyon &

Bromley 2005).
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Predictions of planet-formation models for the detectability of dust produced in this process using 24-um observations (Kenyon &
Bromley 2005). The y axis shows the ratio of total flux to that of the star, and the x axis is the time since the model is started at which
point kilometer-sized planetesimals are assumed to have formed already. Observations that can detect an excess ratio of 0.1 at 24 pum
(e.g., Equation 10) imply a detectability limit of log F>4/F24+ > 0.04 on these plots. In these models the level of dust emission remains
low until the largest protoplanets reach 2000 km in size, at which point they stir the disk, resulting in a collisional cascade fed by
100-km planetesimals. (#) Model of terrestrial planet formation in the zones 0.68-1.32 AU (red dashed line) and 0.4-2 AU (blue solid line)
around a sun-like star. Spikes in dust emission are seen when individual 100-km objects collide. (b)) Model of planet formation in annuli
at 3-20 AU and 30-150 AU from a 3-Mj, star. No spikes are seen from individual collisions at such large distances. Because the
formation of 2000-km planetesimals takes longer further from the star, ~1 Gyr in this simulation at 150 AU, this is referred to as the
delayed stirring, or self-stirring, model. Figure reproduced by permission of the AAS.
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The amount of dust expected during this process remains debatable, because it depends on the
uncertain prescriptions used to define the outcome of collisions at the different stages of plan-
etesimal disk evolution. The clean-up of small bodies in the postoligarchy phase, and whether
this affects the dynamics of the planet-formation process, is also not a solved problem (Goldreich,
Lithwick & Sari 2004b; Leinhardt & Richardson 2005). Nevertheless the Kenyon & Bromley mod-
els indicate that dust produced in the context of the planet-formation paradigm can be detectable
as a debris disk, a point underlined by the fact that in these models planet formation continues
into the >10-Myr regime when the dust emission could only be classified as a debris disk.

Copious quantities of dust would also be expected in the aftermath of mergers between Mars-
sized protoplanets, but the resulting level of dust emission and its subsequent evolution have yet
to be quantified in the planet-formation models. Such events are expected to be common in the
chaotic evolution phase, and may have resulted in the formation of the Earth-Moon and Pluto-
Charon systems (Canup 2004, 2005), and may have determined the internal structure of Mercury
(Asphaug, Agnor & Williams 2006). It has been suggested that the clump in the mid-IR structure
of the 12-Myr B Pic disk (Telesco et al. 2005) and the planet imaged around 8-Myr 2M1207
(Mamajek & Meyer 2007), both of which are ~50 AU from their stars, may be the hot remnants
of such collisions.

Because the formation of gas giant planets necessarily occurs during the protoplanetary disk
phase, that process cannot produce dust that can be detected as a debris disk. However, this
process, and the consequences of having a planet in the disk, may have a direct influence on what
is later seen as a debris disk, as well as on how that disk evolves (e.g., Section 4.3). It suffices
to say that planets growing through collisions could grow to sufficient size to accrete gas from
the surrounding disk, should any be left at this stage (Hubickyj, Bodenheimer & Lissauer 2005),
although gas giant planets may also form rapidly through gravitational instabilities (Durisen et al.
2007). Planets may also end up far from the site where they formed through dynamical interaction
with the gas disk (Papaloizou et al. 2007), a process that can significantly affect the distribution of
planetesimals in the remnant debris disk (e.g., Lufkin, Richardson & Mundy 2006).

3.4. Summary

At the end of the protoplanetary disk phase, the star is expected to be surrounded by one or all of
the following:

B planetary system, with planets ranging in size from those smaller than the Earth to those
larger than Jupiter, the architecture of which may, or may not, be stable at this stage;
remnant of the protoplanetary disk, both dust and gas;
planetesimal belt in which planets continue to grow;
planetesimal belt, which is being ground down to dust.

Different combinations of these categories could be present at different radial distances, and
some radial locations could be empty. There is a wide range of protoplanetary disk masses, radii,
and lifetimes from which to derive a wide range of possible outcomes. Additional diversity in
outcome may result from differences in star-forming environment.

4. DEBRIS DISK EVOLUTION MODELS

This section considers the evolution of a planetesimal belt and the dust derived from it. Like the
dust discussed in Section 2, the planetesimal belt is assumed to be in a uniform torus described by
the parameters 7, d7; and I. For much of this discussion, it is not necessary to consider the origin of
the planetesimals that presumably formed within the protoplanetary disk. Their location could,
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like the Solar System, be in the gaps in the planetary system where planetesimal orbits are stable
on gigayear timescales (Lecar et al. 2001). However, such a configuration is not a prerequisite,
and much of the discussion presented here is also applicable to other outcomes of protoplanetary
disk evolution (Section 3).

4.1. Steady-State Collisional Evolution

If the planetesimal belt has been stirred so that collisions are destructive, i.e., if orbital eccentricities
are greater than 10~° to 1072, a collisional cascade will be set up in which planetesimals collide
and are broken up into smaller objects that collide and are broken up into even smaller objects.
In this way mass is passed to ever smaller dust sizes. For heuristic purposes, this section describes
an idealized model of this process that was originally presented in Wyatt et al. (2007a), which is
itself an extension of the earlier work of Dominik & Decin (2003).

The size distribution resulting from the steady-state evolution of an infinite collisional cascade
follows a power-law with a well-defined slope

n(D) oc D31, (13)

where ¢ = 11/6 (Tanaka, Inaba & Nagazawa 1996). It is estimated that the planetesimals feeding
the cascade are of size D. = 1 — 100 km (Wyatt & Dent 2002; Greaves et al. 2004b; Quillen,
Morbidelli & Moore 2007). At the small-size end, particles below the size

Dy = 0.8(L./M.)(2700/p) 14)

in pm, where p is density in kg m~* (and is henceforth assumed to be 2700 kg m~?), are removed
by radiation pressure on dynamical timescales that causes an abrupt cut-off in the size distribution
(Wyatt 2008). In the following, a distribution with ¢ = 11/6 is assumed to extend from D, down
to Dy, which means that most of the mass of the cascade is in the largest planetesimals, whereas
most of its cross-sectional area is in the smallest dust, and that the fractional luminosity of the
cascade is directly related its mass by

/Mo = 037772 D% D%, (15)

where 7 is in AU, D, is in km, Dy in um, and M, is the total mass in objects of all size in
M. Equation 15 differs from Equation 7 in that My, corresponds to the mass of dust seen in the
observation, whereas M, refers to the total mass of the cascade, the majority of which contributes
little to the total observed flux.

Mass is lost from the cascade through the removal of the largest planetesimals, which occurs
through mutual collisions on a timescale of

te = 1.4 x 10732 dr/r)D.Q}/ e M AP M| (16)

tot

in Myr, where Q% is planetesimal strength in J kg~!, and e is mean planetesimal eccentricity, which
is assumed to be equal to the inclination I of their orbits. Total disk mass evolves in the following
way:

Mtot(t) = Mtot(o)/[l + (t - tstir)/tc]’ (17)

where 7y, is the time at which collisions in the planetesimal belt become destructive; i.e., disk mass
is constant at early times then falls off oc #~!. The fractional luminosity follows a similar evolution
through Equation 15.

One consequence of this prescription for disk mass evolution is that the fractional luminosity
(and mass) at late times is independent of the initial disk mass (Wyatt et al. 2007a), because disks
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that start off with more mass simply process that mass faster to end up at the same level. Assuming
that the collisional cascade is ignited early on, so that #;, ~ 0, the maximum fractional luminosity
a planetesimal belt of age #,4. (in Myr) can have is

fonax = 0.58 x 10773 (dr/r) DL Q1% 5P MO L 051 L (18)

age*

I refer to the assumption that #, = 0 as a prestirred planetesimal belt.

Although there is considerable flexibility in the values of D., Q}), and e that a planetesimal
belt could have, it was found that the population of debris disks around A stars could be fitted by
assuming all have an evolution described by Equations 17 and 16 with e = 0.05, D, = 60 km,
and Qp = 150 J kg™!, also assuming dr/r = 0.5 and taking r from the 24/70-pm flux ratio and
Equation 3 (Wyatt et al. 2007b; see Section 5.1.1). Thus, these parameters can be used as a first
estimate of a debris disk’s evolution, assuming it is in steady state. Figure 5 shows evolutionary
tracks using these assumptions for planetesimal belts of radii 10, 30, and 100 AU and initial masses
of 0.1, 1, and 10 M. Putting the same mass closer to the star results in a higher initial disk
luminosity, but also results in faster processing times.

The above model neglects some details. First, planetesimal strength varies with size, which
modifies the equilibrium slope of the size distribution from ¢ = 11/6 (O’Brien & Greenberg
2003), sets up a wave in the size distribution (Durda, Greenberg & Jedicke 1998), and means
that the pre-equilibrium evolution may not be exactly flat. Second, it makes idealistic assumptions
about the size distribution at the small-size end, which is wavy because of the abrupt cut-off below
Dy (Thébault, Augereau & Beust 2003), and which also extends to larger radii because of the
effect of radiation pressure on dust close to and below the blow-out limit (Wyatt et al. 1999). All
of these issues have been explored in more depth using numerical modeling to evolve the size and
spatial distribution of material in a planetesimal belt (Krivov, Lohne & Sremcevi¢ 2006; Thébault
& Augereau 2007). Such models are indispensable when interpreting a disk’s detailed structure;
e.g., such models show that the dust of 8 Pic and AU Mic, seen in scattered light out to thousands
of astronomical units, actually derives from planetesimal belts at 40-100 AU (Augereau et al. 2001,
Strubbe & Chiang 2006). They also demonstrate that the evolution in dust luminosity is flatter
CLwa
because the size distribution also evolves with time. This means that dust luminosity at late times
can include a dependence on initial mass (Lohne, Krivov & Rodmann 2008). Nevertheless, the

) than that given in Equation 17, and that dust mass and total disk mass evolve differently

prescription given by Equations 15-18 provides an estimate of fractional luminosity that agrees
with that of the more detailed numerical model to within an order of magnitude for reasonable
disk parameters.

Poynting-Robertson (P-R) drag has thus far been ignored. This makes small dust spiral into the
star on timescales of #,, = 4008~ '72 M years, where B is the ratio of the radiation force to that
of stellar gravity, which is particle-size dependent (but not distance-from-the-star dependent) and
is <0.5 for bound grains. Thus, P-R drag provides an alternative mechanism for removing small
grains from the cascade. Dust in the Solar System is significantly influenced by P-R drag, because
dust <1 mm created in the asteroid belt is seen to spiral into the Sun past the Earth (Dermott
etal. 2001), and the dust created in the Kuiper belt extends interior to Neptune (Liou & Zook 1999,
Moro-Martin & Malhotra 2002). For the known debris disks, P-R drag can be ignored (Wyatt
2005a), as the collisional lifetime of the smallest dust, t.o1 = 0.04#1° M03(dr/7) f~1, is shorter
than its P-R drag lifetime, unless the disk is below the limit of detectability (see Section 5.1.1).
The low fractional luminosity of the Solar System’s debris disk means it operates in a regime
where P-R drag is important. However, stellar winds provide a force acting on dust grains that is
analogous to P-R drag, and which can be 10-1000 times stronger than P-R drag for young and
late-type stars, which would mean it can no longer be ignored (Plavchan, Jura & Lipsky 2005).
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The evolution of planetesimal belts in which P-R or stellar wind drag are the dominant mechanisms
for removing small grains is such that, while their mass still falls off o #=! (Equation 17), their
fractional luminosity is reduced below that predicted by Equation 15 and falls off o =2 (Dominik
& Decin 2003).

4.2. Stochastic Collisions

Although collisions between the largest planetesimals in a planetesimal belt occur infrequently,
they can release large quantities of small dust that then decays through its subsequent collisional
and dynamical evolution. Thus individual collisions can introduce a stochastic component to a
debris disk’s population of small dust. Dust bands in the structure of the zodiacal cloud (Low et al.
1984) have been identified with collisions between 10- to 100-km asteroids in the asteroid belt
(Nesvorny et al. 2003), and are testament to the stochastic evolution of the Solar System’s debris
disk. They also show that dust produced in such events can persist over 10-Myr timescales, further
evidence for which lies in deep sea sediments of dust accreted by the Earth (Farley et al. 2006).

However, single collisions cannot typically be responsible for observed debris disk emission,
because the dust mass needed to make a debris disk detectable implies that such massive events
are rare; e.g., Wyatt & Dent (2002) concluded that >1400-km planetesimals are required to
be completely pulverized to make a detectable signature in the Fomalhaut disk, and that such a
signature might be detectable for just 1-2% of the disk’s lifetime. A similar conclusion was reached
by Kenyon & Bromley (2005), who found that while collisions close to the star at <3 AU are
detectable, there is no detectable increase in emission spectrum following planetesimal collisions
at >3 AU (see Figure 4). This is understandable when considering the fractional luminosity
resulting from turning a planetesimal of size D, into Dy;-sized dust:

ﬂul] =28x 107()D2 D}?llriz. (19)

Collisions in the Solar System are detectable because the quiescent dust level is so low; turning a
10-km asteroid into 1-pum dust at 3 AU results in fioy = 3 x 1077, which is larger than the current
level of 0.8 x 1077 (Backman & Paresce 1993). However, our chances of witnessing collisions
between massive protoplanets may be relatively high in young systems in which planet formation
processes are ongoing (see Section 3.3).

Although dust created in a single collision may be unlikely to be detectable, it is also possible
thatitis the ignition of the collisional cascade that is stochastic. Collisions are one possible trigger
explored in the collisional avalanche model of Grigorieva, Artymowicz & Thébault (2007) in which
small collisionally produced dust collides with grains in the quiescent disk, further enhancing the
small dust population. This mechanism operates on dust that is small enough to be strongly

Figure 5

Models for the evolution of planetesimal belts and the fractional luminosity of dust derived from them.

(@) Steady-state collisional evolution model in which the dust level is constant until the largest planetesimals
reach collisional equilibrium, whereupon the level falls off o #~! (Wyatt et al. 2007b; Section 4.1). The
evolution of 10-, 30-, and 100-AU belts are shown for starting masses of 0.1, 1, and 10 Mg, from bottom to
top, respectively. () Delayed stirring models wherein a planetesimal belt extending from 1-200 AU or
30-150 AU evolves assuming it is prestirred (fyir = 0 at all radii), self-stirred (fsir = £2000 k> 1-€-, stirred
when 2000-km objects form), or stirred by the secular perturbations of a Jupiter-mass planet at 3 AU
(Section 4.3). MMSN refers to a mass surface density equivalent to a minimum mass solar nebula
(Equation 20). (¢) Late heavy bombardment model in which the Kuiper belt is depleted at 880 Myr by a
dynamical instability when Jupiter and Saturn cross the 2:1 resonance (Gomes et al. 2005; Section 4.4).
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affected by radiation pressure (because such dust grains have high relative velocities with respect
to quiescent disk material) and can set off a runaway reaction. However, to do so requires a large
optical depth in the plane of the disk, and so may only be applicable to debris disks denser than S Pic.

4.3. Delayed Stirring

The majority of the discussion of the steady-state evolution model in Section 4.1 assumed that
the collisional cascade was started at t = £, = 0. However, the ignition of the collisional cas-
cade requires some mechanism to stir the disks. The planet-formation models of Kenyon &
Bromley (2004a) treat the stirring self-consistently in that the disk is stirred by the gravitational
perturbations of material within the planetesimal belt, and a collisional cascade is initiated once
planetesimals have grown to 2000 km (see Figure 4 and Section 3.3). I will refer to this as
self-stirring.

Here the analytical equations of steady-state collisional evolution are used to consider the
implications of the self-stirring models. To do so itis assumed that there is an extended planetesimal
belt and that at each radius the cascade is initiated later on according to Equation 12, so that
Luir = hoookm- Before the cascade has been initiated (i.e., at < t0001m), the ratio of fractional
luminosity to mass is some fraction, say 2%, of that given by Equation 15. Under these assumptions
Figure 5 shows the evolution of planetesimal belts undergoing self-stirring, both for a broad belt
(1-200 AU) and for a belt with a restricted range of radii (30-150 AU). The mass surface density
in the belts is scaled to a I x minimum mass solar nebula (MMSN) in which

dM/dr = 10Myr~"3. (20)

Comparison with figure 7 of Kenyon & Bromley (2005) shows good qualitative agreement, im-
plying that the detailed physics of the planet-formation models, at least in terms of the amount of
detectable dust produced, can be reproduced by a simple analytical formulation.

The evolution of planetesimal belts undergoing self-stirring is also shown for comparison with
equivalent belts that are prestirred, i.e., in which #g = 0 at all radii. For the belt that extends
1-200 AU, there is little difference between the two models. However, for planetesimal belts that
have inner cleared regions 30 AU in radius, the effect of the delay in the onset of stirring is to
cause a low disk luminosity until the collisional cascade is ignited at the inner edge of the belt. The
time at which that happens is set by both the radius of the inner cleared region and the surface
density (Equation 12), as illustrated by comparison of the evolution for belts 30-150 AU wide and
of 0.1 x and 1 x MMSN densities. The jump that occurs when the cascade is ignited depends on
the change in size distribution from the planetesimal accumulation phase (¢t < f000km) to that in
the collisional cascade phase (+ > f0001m)- Here the dust content in the accumulation phase was
reduced by ~50 compared with Equation 15. Although this is comparable with the evolution seen
by Kenyon & Bromley, it is important to remember that the amount of dust present during the
epoch of ongoing planet formation is not well understood (Section 3.3).

The origin of the stirring in the prestirred models is not specified. The formation of a 2000-km
object is not necessarily required to stir the belt. For example, Moro-Martin et al. (2007) consider
how the two known planets in the HD 38529 system interact with planetesimals in their debris
disk, and point out that the planets’ secular perturbations would excite eccentricities that promote
collisions, thus depleting the disk. Figure 54 also shows the fractional luminosity evolution of a 30-
to 150-AU planetesimal belt under the same assumptions as for the self-stirred model described
above, except that the delay in onset of the collisional cascade is set not by the formation of 2000-km
planetesimals, but by the secular precession timescale of a Jupiter-mass planet on an eccentric orbit
at 3 AU from a 1-M,, star. The planet’s secular perturbations stir material closer to its orbit faster
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than that further away (Wyatt 2005b), and for this planet configuration the secular perturbation
timescales are similar to the timescale for growth to 2000-km size at most distances. Although this
is a simplification of the dynamics of this interaction (see, e.g., Thébault, Marzari & Scholl 2006),
it shows that giant planets formed close to the star can perturb the disk out to large distances, even
before 2000-km objects have formed. Perturbations from binary companions could stir the belt
in a similar manner, and smaller, say Neptune-mass, planets orbiting close to the inner edge of
the belt would also stir the disk through both secular and resonant perturbations; e.g., the secular
perturbations of a Neptune-mass planet at 15 AU take 10 Myr to be felt at 30 AU.

One obvious prediction of the delayed stirring models (either the self-stirred or planet-stirred
models) is an increase in disk radius with age. The steady-state evolution of a prestirred extended
planetesimal belt would also exhibit a radius that increases with time; the inner regions clear out
rapidly, resulting in a surface density o< 7’/3 (Equation 18), whereas the surface density falls off in
the outer regions in accordance with the initial surface density distribution, resulting in a broad
ring in which the peak in surface density moves to a larger radius with age. A belt undergoing
self-stirring has a similar surface density profile, except that it has a sharper inner edge (because
of the delay in stirring) and a sharper outer edge (because the outer regions are still undergoing
accretion). A belt that is truncated by a planet also has an inner edge with a slope that is dependent
on planet mass (Quillen 2006). Thus the radial profile of imaged debris disks can provide valuable
information on the nature of the planetary system and the possibility that planet formation is
ongoing within them.

4.4. Planetary System Shake-Down

Planetary system architecture is not necessarily set in the protoplanetary disk phase. There may
be significant evolution as the planetary system settles into a stable configuration. This can have
a profound effect on the debris disk. Likewise the debris disk can have a profound effect on the
shake-down process.

Although the Solar System planet orbits are stable for 4.5 Gyr, the evolution of the terrestrial
planets, asteroids and Kuiper belt objects may be chaotic on longer and shorter timescales (Lecar
et al. 2001); it must be remembered that what remains in the Solar System today is just the
stable remnant of the initial constituents of the planetary system and debris disk. Evidence for
significant restructuring during the Solar System’s evolution is present in the dynamical structure
of its debris disk and in the cratering records of the terrestrial planets and the Solar System’s
moons. For example, the dynamical structure of the Kuiper belt provides evidence for sculpting
by the migration of Neptune (Chiang et al. 2007; Morbidelli, Levison & Gomes 2008), and age
dating of lunar samples shows that the cratering rate on the Moon was much higher in the first
600-800 Myr than its subsequent rate (see review in Hartmann et al. 2000), with present evidence
favoring a terminal cataclysm that occurred 3.8-4.0 Gyr ago rather than a slow decline in impact
cratering from the time of formation (Bottke et al. 2007). The cataclysmic event that occurred
~700 Myr after the Solar System formed is referred to as the Late Heavy Bombardment (LHB),
and is thought to have been characterized by a high flux of planetesimals that originated in the
asteroid belt, but which then spread throughout the inner Solar System (Strom et al. 2005).

"To explain these various observations it has been suggested that Uranus and Neptune formed
between Jupiter and Saturn (Thommes, Duncan & Levison 1999), that the Solar System formed in
its current configuration but with the outer planets on tighter orbits (Tsiganis etal. 2005, Thommes
etal. 2007), or that the Solar System formed with many planets like Uranus and Neptune, some
of which have since been lost (Chiang et al. 2007; Ford & Chiang 2007). In all of these models,
the planetary system is either inherently unstable or is pushed to instability through interaction
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with the remnant planetesimal disk. The planetesimal disk exchanges angular momentum with the
planets causing the relative spacing of their orbits to change (Fernandez & Ip 1984), which can lead
to planet pairs crossing resonances, thus causing increases in eccentricity and potentially leading
to dynamical instability. This instability can result in the scattering or ejection of one or more of
the ice giant planets, which through further interaction with the planetesimal disk can have their
orbits circularized and migrated outward (Hahn & Malhotra 1999; Gomes, Morbidelli & Levison
2004; Levison et al. 2007). Although these models can explain many of the dynamical constraints
of the Solar System, including the LHB (e.g., Tsiganis et al. 2005, Gomes et al. 2005, Morbidelli
etal. 2005), they rely on assumptions about the rather uncertain outcome of the planet-formation
process. However, they also indicate that instability may be a common occurrence for planetary
systems that end up with Solar System-like configurations, and that this can occur after up to
1 Gyr of quasi-stable evolution (Gomes et al. 2005, Thommes et al. 2007).

The high eccentricities of the known extrasolar planets (Udry & Santos 2007) may also be
evidence for chaotic dynamical evolution in planetary systems that are unlike our own. For exam-
ple, Juri¢ & Tremaine (2007) find that randomly constructed multiple planetary systems would
undergo a 100-Myr period of dynamical instability after formation in which planet-planet scat-
tering would cause ejections, mergers, and eccentricity pumping, leading to a final eccentricity
distribution that is similar to that observed (see also Ford & Rasio 2007). Although these models
also rely on assumptions about the outcome of planet formation, they do point to the possibility
that instabilities are a common occurrence for planetary systems that end up with exoplanet-like
configurations.

A search for evolution in the eccentricity distribution with age in the <100-Myr period (e.g.,
Takeda et al. 2007) is one way to probe the early dynamical evolution of planetary systems.
However, debris disks have the potential to provide similar information, because the different
models for the settling period should make different predictions for the appearance of debris.
Such predictions have yet to be made, because they are not the primary focus of planet formation
studies, although it can be seen that a wide array of planetesimal belt masses and radii result from
similar starting conditions (Thommes et al. 2007). Figure 5 shows the evolution of fractional
luminosity of Kuiper belt material in the model for Solar System evolution of Gomes et al. (2005)
(M. Booth, manuscript in preparation; see also figure 5 of Meyer et al. 2007) and uses Equation 15
to convert between mass and fractional luminosity in those models. Itis clear that planet-formation
models can readily make predictions for the detectability of debris that can be compared critically
against debris disk statistics (see Section 5.2).

4.5. Cometary Sublimation

Although this section has focused on a dust component derived from collisions in a planetesimal
belt, it is evident that dust released in comet sublimation also permeates the inner Solar System
(Sykes etal. 1986), even if the relative contribution to the zodiacal cloud from asteroids and comets
remains uncertain (Kortenkamp & Dermott 1998, Ipatov et al. 2008). Cometary sublimation may
enhance (or even dominate) the dust population in some debris disks (e.g., Jura et al. 1998).
However, because comets sublimate at 110 K, and debris disks have a range of temperatures
mostly below 110 K, this can only be relevant for the few hottest debris disks (or for the hottest dust
components of debris disks). From an evolutionary perspective, itis worth noting thatsingle objects
can significantly affect the observability of a debris disk, because a 1000-km-sized supercomet
trapped on a circular orbit 1 AU from a sun-like star could release sufficient dust over a long
enough timescale for it to be detected (Beichman et al. 2005); a swarm of 10° Hale-Bopp-sized
comets would be needed to produce an equivalent level of emission.
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4.6. External Processes

All of the above models for disk evolution involve processes internal to the planetary system.
External processes can also either directly affect debris disk evolution or affect our perception of
it. For example, a close encounter with a nearby star, such as that which may have truncated the
Kuiper belt (Levison, Morbidelli & Dones 2004), would significantly alter a debris disk’s structure
(Larwood & Kalas 2001) and could initiate a collisional cascade in the outer regions (Kenyon &
Bromley 2002). However, the low space density of nearby stars means that close encounters occur
infrequently, once every 10! years for encounters of <500 AU, and so should affect only a minority
of debris disks, although such encounters may have been more common in the protoplanetary disk
phase (Adams & Laughlin 2001, Scally & Clarke 2001). Also, passage through a dense region of the
interstellar medium (ISM) could both sandblast a debris disk—resulting in an enhanced population
of small dust—or result in an enhanced infrared luminosity from interstellar dust heated by the
star. Sandblasting may be insignificant due to radiation pressure that clears a cavity around the
star (Artymowicz & Clampin 1997). However some stars that exhibit excess infrared emission
are inferred to be heating, or otherwise interacting with, nearby interstellar dust. Although such
stars are typically beyond ~120 pc (Kalas et al. 2002, Kalas 2005, Stauffer et al. 2005), there have
been more recent detections of this phenomenon within the low-density local bubble [HD61005
(Hines etal. 2007) and & Vel (Géspir et al. 2008)]. Its relatively large beam size means that excesses
discovered with IRAS have also been found to originate in background stars (Lisse et al. 2002)
and galaxies (Kalas et al. 2002; Sheret, Dent & Wyatt 2004). Such bogus disks can be weeded out
in detailed studies (Moo6r et al. 2006; Rhee et al. 2007; Smith, Wyatt & Dent 2008), but are not
thought to significantly affect survey statistics in which their incidence would be expected to have
a flat age distribution.

5. CONSTRAINTS FROM OBSERVATIONS
ON DEBRIS DISK EVOLUTION

Having laid down the general ideas on how debris disks either are expected to or could plausibly
evolve, this section presents the observational results that constrain how debris disks actually
evolve. Figure 1c¢ shows how the statistics are expected to be strongly biased by spectral type.
There may also be a more fundamental difference between the disks of stars of different spectral
types, e.g., in their mass distribution (Greaves & Wyatt 2003) or in the physics affecting their dust
evolution (Plavchan, Jura & Lipsky 2005). Thus the results for A stars, sun-like stars (FGK stars),
and M stars are discussed here in separate sections. The section concludes with a discussion of the
role of debris disk imaging in our understanding of disk evolution.

5.1. A Stars

The evolution of A-star debris disks at 24 and 70 um has been well characterized by the surveys
of Rieke et al. (2005) and Su et al. (2006), the statistics from which are shown in Figure 6. Rieke
et al. (2005) performed a 24-pm survey of 266 main sequence A stars with ages in the range of
5-850 Myr, reaching a calibration-limited sensitivity of R, j;, = 0.1. They found that younger
stars exhibit excess emission more frequently and with higher fractional excess than older stars,
and showed that the upper envelope of 24-pm fractional excess falls off inversely with age with a
characteristic timescale of 150 Myr. From the large number of young stars without 24-pm excess,
they concluded that half of stars emerge with little in the 10-60 AU region, and from the large
spread in excess at all ages they suggested that bright excesses may arise from stochastic evolution
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Figure 6

Evolution of the 24-pm (top) and 70-pm (botzom) fractional excesses of A stars (Rieke et al. 2005, Su et al. 2006, Wyatt et al. 2007b).

(@) Fractional excess of observed disks (black closed circles and red open circles) and a model population (yellow dots), in which all A stars
possess a prestirred planetesimal belt with a range of initial masses (a log-normal distribution centered on 10 Mg of width 1.14 dex) and
radii (3-120 AU), and which all undergo steady-state evolution. () Fraction of stars with fractional excesses defined as small, medium,
and large for four age bins. Observed statistics are shown with symbols and error bars. The statistics for the model population are
shown with symbols and lines. The steady-state evolution model simultaneously reproduces both the 24- and 70-pum observed statistics.
Thus there is no need to invoke anything beyond steady-state evolution for the majority of the A-star population to explain these
observations, although detailed study of individual disks shows that there are exceptions where a stochastic component to the evolution
is inferred, and the origin and timing of the stirring of the belts remain uncertain.

wherein disks brighten following recent collisions (Section 4.2). Su et al. (2006) performed an
analogous 70-pm survey to a calibration limit of R, i, = 0.55, although the observations of more
distant stars were sensitivity limited. The 70-pm results are similar to those at 24 um, except that
the emission is seen to persist for longer and up to a higher fractional excess, implying that clearing
is more rapid in the inner regions that are probed by the shorter wavelength observations. Over
all ages it was found that about one-third of A stars exhibit excess at 24 and/or 70 um, illustrating
the ubiquity of the debris disk phenomenon.

5.1.1. Steady-state interpretation. The evolution of both the 24- and 70-um emission from A
stars can be explained simultaneously by a model that assumes that all A stars have a prestirred
planetesimal belt, and that belt has a range of possible initial masses (a log-normal distribution
centered on 10 M, of width 1.14 dex, similar to protoplanetary disks) and a range of possible
radii (3-120 AU); each planetesimal belt is assumed to evolve in steady-state according to the
prescription given in Section 4.1 (Wyatt et al. 2007b; see Figure 6). A spread in excess is seen
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Figure 7

Fractional luminosity versus radius of A-star debris disks detected at 24 and 70 pm (Wyatt et al. 2007b).
Disks detected with Spitzer or IRAS at both wavelengths are shown with black circles, whereas the subset of
the model population undergoing steady-state evolution (see Figure 6) that could have been detected at
both wavelengths is shown with yellow dots. The detection thresholds for AOV stars (Equation 11) at 24 and
70 pm are shown with solid red lines; disks must be above these lines to be detected at these wavelengths.
The lines of maximum fractional luminosity for ages of 8, 80, and 800 Myr are shown with dashed lines
(Equation 18); disks at these ages must lie on or below these lines. The disks that are above the 8-Myr line
are either around 5- to 12-Myr-old stars or are, like ¢ Lep, unusually bright for their age and so may be
indicative of a recent brightening event. The dotted purple line shows the limit at which P-R drag becomes
important (see Section 4.1); for disks below this line, P-R drag may need to be taken into account when
considering their evolution.

at all ages in the model, both because of the distribution of initial masses and because of the
distribution of belt radii. Thus the observed range in excesses cannot be taken as evidence for
stochastic evolution. The distribution of radii was inferred from that of disks detected at both 24
and 70 pum, which peaks around 45 AU. The observed radius distribution is biased in a way best
explained by referring to Figure 7, which shows fractional luminosity versus radius for A-star
disks detected at 24 and 70 pm, along with the detection thresholds (Equation 11). Not only
is disk detectability a function of belt radius (Section 2), but close-in belts also lose mass at a
faster rate than those at larger distance (Equation 16), which is illustrated by the upper bound in
fractional luminosity for disks with ages of 8, 80, and 800 Myr (Equation 18). By comparison with
the model population that could be detected at 24 and 70 pum, it was inferred that the underlying
radius distribution actually follows N() oc 7~°% between 3120 AU, where N(r)87 is the number
of planetesimal belts with radii between 7 and 7 + 8. Most of the biases in the observed statistics
can be explained through reference to Figure 7, such as why disks detected at 24 but not 70 pm
are younger than average (Su et al. 2006), and why the average radius of detectable disks in the
model population increases with time even though individual disks have a fixed radius (Wyatt
etal. 2007b).

5.1.2. Requirement for stochasticity. Although the steady-state evolution model explains a
significant body of observational statistics, there are several important exceptions. For example,
the archetypal debris disk Vega provides evidence in favor of stochastic evolution (Section 4.2).
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Contrary to submillimeter observations that showed the dust to be within 200 AU (Holland et al.
1998), dust is seen out to 800 AU at 24 and 70 pm (Su et al. 2005; see Figure 8). Both the dust size
that is inferred from its temperature and the measured dust spatial distribution are consistent with
that expected from dust being expelled by radiation pressure. The inferred mass-loss rate of ~2 M
Myr~! (Su et al. 2006, Wyatt 2006) could not have been sustained over the 350-Myr lifetime of
Vega, posing a problem for steady-state models that anticipate a mass-loss rate of ~M/tyc, 1.€.,

Moot/ tage = 4.2 x 10° f2rV3(dr/r) 1 Q1% P LM, 1)

in Mg Myr~!, which is ~0.01 Mz Myr~! for Vega (see also Krivov, Lohne & Sremcevié¢ 2006).
It is suggested that the observed radiation pressure component is a transient component sitting
on top of a planetesimal belt evolving in steady state (Su et al. 2005), possibly created in a recent
collision or in a recent ignition of the collisional cascade in one part of the disk. It is not yet known
how common systems with transient components like Vega are. Such stochasticity may present
only minor perturbations to the underlying steady-state evolution of a debris disk’s fundamental
parameters. Further support for a stochastic component to A-star debris disk evolution comes
from a clump at 52 AU in the B Pic disk, which has been attributed to a recent collision between
massive protoplanets (Telesco et al. 2005; see Figure 8).

Close-in A-star disks also pose a problem for steady-state models. For example, ¢ Lep hosts
dust with a temperature of ~320 K (Chen & Jura 2001) seen to lie at 2-8 AU (Moerchen et al.
2007b; see Figure 8). At such a distance the level of fractional excess is above the maximum
possible at this age for steady-state processing (Equation 18; Wyatt et al. 2007b). In other words,
the initial mass of the planetesimal belt cannot be increased to elicit a higher luminosity at this
age (although see Lohne, Krivov & Rodmann 2008). However, before it can be concluded that
the observed dust is transient, it must be noted that this system could simply have planetesimal
belt properties that differ from the rest of the A-star disk population (Wyatt et al. 2007b), e.g.,
with unusually low eccentricities or high planetesimal strength and/or size. It might be expected
that these properties depend on radius, because inner planetesimal belts may be composed of rock
rather than ice. Nevertheless, near-IR interferometry provides evidence for hot dust even closer to
some A stars (Absil et al. 2006; R. Akeson, private communication), where steady-state production
in a planetesimal belt colocated with the dust is extremely unlikely.

5.1.3.Possible role for delayed stirring. Thereisalso evidence thatsupports the delayed stirring
model (Section 4.3). Rhee et al. (2007) reanalyzed the IRAS database and found that the upper
envelope in radius increases with age for A/B stars (their figure 7). No increase in radius for A-star
planetesimal belts was seen by Wyatt et al. (2007b), which may be because the 13 cool (=120 AU)
disks of Rhee et al. found at late ages were detected by IRAS at 60 and 100 um, whereas the Wyatt
et al. sample only included disks detected at 24 and 70 um. These old cool disks, which have yet
to be confirmed by Spitzer (Rhee et al. 2007), merit closer inspection. The delay in appearance
of bright emission at >120 AU is consistent with the expected evolution of primordial disks with
<10 x MMSN undergoing self-stirring (Equation 12), which could suggest that this observation
is evidence that planet formation continues to hundreds of AU for some A stars even as old as a few
hundred million years. However, an apparent increase in radius with time is also expected from
prestirred steady-state evolution models (Section 4.3). Measurement of the radial profile of the
inner edge of the belt may be able to distinguish between the different models. For one 200-Myr
A star with a belt at 133 AU (Fomalhaut), the steep inner profile (Kalas et al. 2005) suggests that
a planet rather than collisional grinding is truncating the inner edge (Quillen 2006).
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Fractional excess of A stars at 24 pum as a function of age (Currie et al. 2008). The fractional excess increases from 5 Myr to a peak at
10-15 Myr, followed by a decline with age. This plot includes A stars thought to have debris disks, but excludes the few optically thick
protoplanetary disks from the <10-Myr samples, such as HD 290543 at 5 Myr with [24],ps — [24]phet = 6.8 (Hernandez et al. 2006).
The lines show the self-stirred models of Kenyon & Bromley (2005) for a planetesimal belt extending 30-150 AU that has a mass
distribution 3x and 1/3x MMSN. Mid-IR (18-25 um) images of specific disks are overplotted to illustrate where this emission comes
from at different ages: HD 141569, Fisher et al. 2000; HR 4796, Telesco et al. 2000; B8 Pic, Telesco et al. 2005; 49 Ceti, Wahhaj,
Koerner & Sargent 2007; HD 32297, Moerchen et al. 2007a; Fomalhaut, Stapelfeldt et al. 2004; ¢ Lep, Moerchen et al. 2007b; Vega,
Su etal. 2005; & Vel (Gispir et al. 2008, although note that this excess emission is thought to arise from interaction with the interstellar
medium; see Section 4.6). The light blue line on all images is 100 AU unless otherwise indicated. The peak in emission at ~10 Myr
comes from dust at 70 AU indicating that, unless these are protoplanetary disk remnants, these regions have been stirred by this time.
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5.1.4. Early disk evolution. Evidence is also emerging from Spitzer surveys of young clusters on
the early evolution of A-star debris disks. Figure 8 shows the >3-Myr evolution of A-star 24-pm
fractional excesses (Currie et al. 2008), which includes an increase in the upper envelope over
5-10 Myr (Hernindez et al. 2006). The interpretation of upper envelopes is potentially fraught
with observational biases, because it is determined not just by the distribution of fractional excesses
in the sample, butalso by the number of stars in the sample. Likewise the interpretation of fractions
of stars with excess depends on the threshold of the different surveys. This problem is mitigated in
the study of Orion OB1b (5 Myr) and OB1la (10 Myr) (Hernandez et al. 2006), which contributes
to the rise in Figure 8, because the A-star samples in the two clusters are of similar size (~30),
have a similar detection threshold, and have a similar fraction of stars with 24-pm excess (38 +3%
and 46 + 4%) that is also comparable to that found by Rieke et al. (2005) at this age. However,
the detection threshold in the study of h and yx Persei (13 Myr) (R, > 5—25; Currie et al. 2008)
means that only the brightest 1.7% of disks were detectable (from a sample of ~1000). A similar
threshold applies to the study of Sicilia-Aguilar et al. (2006), which found a similar fraction of
bright excesses toward Tr37 (4.2 Myr, 6.9 & 3.4%) and NGC 7160 (11.8 Myr, 4.4 £2.5%), which
are also plotted in Figure 8. Sources with this level of excess in OB1b or OB1a are unlikely owing
to the small sample size.

Nevertheless, the claim that sources with R, > 5—15 at 24 um are more common at 10-15 Myr
than at 5 Myr (Currie et al. 2008) seems to be justified. Because few A stars are thought to have
protoplanetary disks by 5 Myr, it is unlikely that the scheme used to classify a star as having a
debris disk affects this result, although it is notable that Figure 8 excludes protoplanetary disks
with near-IR excesses, such as 5-Myr HD 290543, which lies in the otherwise unpopulated high
24-pm excess region at <10 Myr (Herndndez et al. 2006), as does the transitional/debris disk of
HD 141569.

A high fraction of A stars with R, > 5 excesses at 24 um is also seen in the 8-Myr TW Hya
association (1/1 = 100%, Low et al. 2005), and in the 12-Myr g Pic association (3/5 = 60%;
Telesco et al. 2005, Chen et al. 2006). However, because the combined rate for these two associa-
tions, 4/6 = 67%, is much higher than that of 1.7% reported for 13-Myr h and x Persei (Currie
et al. 2008), this introduces the complicating possibility that early disk evolution could be affected
by cluster environment, although the detection rate in h and x Persei would have to be measured
down to a uniform threshold of R, > 5 before anything can be concluded from such a comparison.
Itis not known whether the evolution of protoplanetary disks is environment dependent. Although
there are several isolated 5- to 10-Myr Herbig Ae stars (Mannings & Sargent 1997; Figure 3), these
are significantly biased samples and so are not representative of the frequency of long-lived disks.

5.1.5. Interpretation of the 10- to 15-Myr peak. The peak at higher fractional excesses at
10-15 Myr is interpreted as evidence for self-stirring. However, this interpretation is not as
straightforward as implied by the evolutionary tracks on Figure 8, because these show only the
evolution of 30- to 150-AU material in self-stirring models. A lack of high-excess sources at <10
Myr in this model requires the inner 30 AU of the majority of A stars to have been cleared of
planetesimals through some mechanism other than self-stirring by the time the protoplanetary
disk disperses (see Figure 5 and Section 4.3). As yet, little is known about <30 AU disks, should
they exist, because their short collisional lifetimes mean that they would not last long above the
detection threshold (Figure 7). The lack of high-excess sources at <10 Myr also implies that disks
that are bright at 10-15 Myr were fainter at earlier times (unless they are descendants of HD
141569-like disks), which would also explain the lower (15%) fraction of stars with debris disks
found at 3 Myr (Herndndez et al. 2007a). This can be explained in a consistent manner with a
delay of 10 Myr until the onset of stirring.
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Two of the disks that are at the peak in 24-um excess, HR4796 and B Pic, have been resolved
in the mid-IR (Telesco et al. 2000, 2005), showing where this emission comes from in this phase
(see Figure 8). Although the 24-um flux for B Pic arises from dust at distances of 20-120 AU, that
seen toward HR4796 is narrowly confined at 70 AU. Both are inferred to have planetesimal belts
at ~70 AU that have been stirred by ~10 Myr. Self-stirring models predict that to grow 2000-km
objects at 70 AU in 10 Myr requires a surface density thatis 20 x MMSN (Equation 12), which is
at the high end of the protoplanetary disk mass distribution (Andrews & Williams 2007). Either
massive protoplanetary disks are atypically common in these associations or planet formation
models need to achieve an order-of-magnitude-faster growth.

5.1.6. Relation with planets. Stirring by giant planets closer to the star (Section 4.3) may be
another way of stirring a 70-AU disk in 10 Myr. Evidence for a 2- M, planet at 10 AU has already
been suggested around B Pic from red-shifted variable absorption features (Beust & Morbidelli
2000) and from a warp in the dust disk structure (Augereau et al. 2001). An inner planetary system
would also explain the inner clearing (Freistetter, Krivov & Lohne 2007; Faber & Quillen 2007).
The outward migration of smaller, Neptune-mass planets could also stir up the disk at 70 AU
and clear the inner regions. Evidence for such evolution may lie in the detailed structure of some
older disks. For example, the clumpy structure in Vega’s submillimeter disk (Holland et al. 1998)
can be explained by the outward migration from 40-65 AU of either a Neptune-mass planet over
56 Myr (Wyatt 2003), or of a 2- M, planet from 40-65 AU over 0.3 Myr (Martin etal. 2007). Such
migration processes could be ongoing in systems such as 8 Picand HR4796 (Section 4.4). Although
debris disks provide indirect evidence for the architecture of A-star planetary systems (Wyatt et al.
1999; Wyatt 2005b, 2008; Quillen 2006), radial velocity surveys are also finding a relatively high
frequency of giant planet detections around evolved A stars on the post-main sequence (Johnson
et al. 2007), suggesting that the formation of giant planets may be a common occurrence around
A stars. Imaging surveys for planets at larger distance have yet to restrict possible scenarios for
debris disk evolution, although they have ruled out >7-Mj,, planets at >20 AU from Vega (Hinz
et al. 2006).

5.1.7. Protoplanetary disk remnants. To ascertain whether the high excess ratio of systems like
Pic and HR4796 arise from protoplanetary disk remnants (Sicilia-Aguilar et al. 2006; Section 3.2),
aknowledge of the gas contentin these systems is essential, because this affects the correspondence
of the dust distribution with that of the planetesimals. Although gasis seen toward g Pic (Brandeker
etal. 2004), it is thought that this gas is not a remnant of the protoplanetary disk, but produced in
planetesimal collisions (Czechowski & Mann 2007), planetesimal sublimation (Beust & Valiron
2007), or photon-stimulated desorption (Chen et al. 2007). This gas reacts differently to radiation
pressure compared with expectation (Brandeker et al. 2004), which can be explained by the carbon
abundance of the gas (Roberge et al. 2006) that allows the gas to be self-braked, or braked by
the dust (Fernandez, Brandeker & Wu 2006), although the origin of the high-carbon abundance
still remains to be understood. This gas, and any left over from the protoplanetary disk, may also
affect the grain dynamics (Section 3.2), and although no gas is seen toward HR4796 (Chen &
Kamp 2004), this does not rule out gas-dust interactions causing confinement of the dust to a ring,
because these interactions operate even with relatively small quantities of gas (Besla & Wu 2007,
Beust & Valiron 2007). Three other bright young A/B-star debris disks also have a circumstellar
gas component (HD 141569 at 5 Myr, Jonkheid et al. 2006; 49 Ceti at 8-20 Myr, Dent, Greaves
& Coulson 2005; HD 32297 at <30 Myr, Redfield 2007; see Figure 8), indicating that a gaseous
component is either necessary for, a by-product of, or coincidental with (due to the young age of
both phenomena) high dust excess.
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It is also possible to set some constraints on a protoplanetary origin for the dust from a con-
sideration of its collisional lifetime, because putting D, = 10~¢ km into Equation 16 shows that a
belt of <1 mm dustat £ = 107 at 70 AU from an A0 star only lasts a few thousand years (see also
Wratt et al. 1999). This argument implies that dust seen in HR4796 must be replenished from
larger grains, which would themselves be unaffected by gas drag. One way around this would be
for collisions not to be destructive, perhaps because relative velocities have been damped by rem-
nant gas. Low (albeit destructive) relative velocities in the HR4796 disk have also been suggested
from its sharp outer edge (Thébault & Wu 2008). This reinforces the importance of working out
how much gas is in these young debris disk systems, and of ascertaining how that affects the dust
dynamics.

5.2. FGK Stars

The debris disks of sun-like stars have been studied using 24 pm, 70 pum, and submillimeter
surveys, as well as optical imaging. The 24-pm results show a qualitatively different behavior to
that seen at longer wavelengths, and so are discussed separately here.

5.2.1. <24-um evolution. A debris disk of a sun-like star must have a radius <30 AU to exhibit
a detectable 24-pm excess in a survey that is calibration-limited to R, ji, = 0.1 (Figure 1). Surveys
with IRAS showed that such mid-IR excesses are rare (Aumann & Probst 1991, Gaidos 1999), a
finding confirmed with ISO (Laureijs et al. 2002), the Midcourse Space Experiment (MSX; Uzpen
etal. 2007) and Spitzer (Bryden et al. 2006, Hines et al. 2006). For field stars with a median age of
~5 Gyr, the detected fraction in Spitzer surveys is ~4% (Trilling et al. 2008). However, surveys that
focus on young sun-like stars (Chen et al. 2005, Siegler et al. 2007, Meyer et al. 2008) have shown
that, just as for A stars, the 24-um statistics are a strong function of age. The fraction of FGK
stars with 24-pm excess falls with time from 20% to 40% at the youngest ages to a few percent
on a 10-Myr timescale (see Figure 9). The exact shape of the fall-off remains debatable; Meyer
etal. (2008) suggest a sharp drop at 300 Myr, although a linear fall-off with time is consistent with
the data. The fall-off mimics that of A stars, except on a timescale that is an order-of-magnitude
shorter for sun-like stars. This difference in timescale, combined with the longer main sequence
lifetime of sun-like stars, goes some way to explaining the rarity of 24-pm excesses around field
FGKs. No formal difference is seen between the excess fractions of open clusters and field stars
(Meyer etal. 2008), indicating that there is no strong dependence of disk evolution on star-forming
environments.

Figure 9

Evolution of 24-um excesses around sun-like stars (Siegler et al. 2007). (#) 24-um excess ratio as a function
of age (noting thatitis R, + I that is plotted here). Dust seen in systems like HD 23514, BD+20307, HD
69830, and 5 Corvi stands out above the envelope of fractional luminosity versus age. This dust component
is thought to be transient, and so these systems revert to lower quiescent levels on a timescale that is much
shorter than the system age; i.e., there is a significant stochastic element to this evolution on top of an
underlying fall-off with age. Stochasticity could result from dust input from a recent collision or a recent
dynamical instability. (b)) Fraction of stars with 24-pum excess as a function of age. Filled circles show the
results for FGK stars, whereas squares are those for A stars (Siegler et al. 2007). The sun-like star results of
Meyer et al. (2008) in different age bins are shown in red, whereas the results for sun-like stars in clusters and
associations of different ages are shown in orange (Siegler et al. 2007). The evolution of FGK emission
mimics that of A stars except that it is an order of magnitude faster. This can be explained by either
steady-state processing of asteroid belts or dust produced during terrestrial planet formation.
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5.2.2. Terrestrial planet formation versus asteroid belt. A 100-Myr timescale for the decay
in 24-pm excess corresponds well with that expected for excess emission created during terrestrial
planet formation (Kenyon & Bromley 2004b), as well as with the timescale for the final accretion
of the Earth (Halliday & Kleine 2006). Thus it is plausible that we are witnessing terrestrial planet
formation in action in these systems, either the grinding away of the <100-km planetesimal pop-
ulation following the formation of 2000-km planetesimals or the products of massive protoplanet
collisions (Siegler et al. 2007, Meyer et al. 2008). If so, these observations provide valuable con-
straints on terrestrial planet formation processes. However, because the A-star 24-pum statistics
can be explained by steady-state evolution of prestirred planetesimal belts (Wyatt etal. 2007b), itis
also possible that we are witnessing collisional grinding of the asteroid belts of these stars. This is
supported by the fact that the order-of-magnitude-faster fall-off for the planetesimal belts of FGK
stars compared to those of A stars is predicted by steady-state evolution models: Although the disks
of FGK stars have to be seven times closer to the star to reproduce the same dust temperature
(Equation 3), the disks of A stars can be detected down to a four times lower fractional luminosity
for an equivalent calibration-limited detection threshold (Equation 11), which translates into a
timescale for such disks to disappear that is 20 times shorter for FGK-star disks than for A-star
disks (Equation 16).

Detailed studies of young disks detected at 24 pum may help to distinguish between the two
interpretations. However, the levels of hot dust seen around HD 98800 (8 Myr) at 3.4 AU (Akeson
etal. 2007), HD 113766 (16 Myr) at 1.8 AU (Lisse et al. 2008), and HD 12039 (30 Myr) at 5 AU
(Hines et al. 2006) are in line with those expected from steady-state processing (Equation 18;
Wryatt et al. 2007a), meaning that the asteroid belt interpretation cannot be easily ruled out. The
infrared spectrum of HD 113766 is also not useful to distinguish between the interpretations,
however the inferred asteroidal (rather than cometary) composition of the dust has the potential
to provide constraints on the mechanism and location for the formation of the parent bodies of
the dust (Lisse et al. 2008).

Regardless of the origin of the 24-pm emission, its high incidence rate of 20-40% at young
ages implies that growth to >1-km planetesimals close to sun-like stars is a common occurrence.
Because asteroid belts decrease in brightness in the steady-state evolution model, this statis-
tic could imply that ~1/3 stars have a planetesimal belt <30 AU. Meyer et al. (2008) perform
a similar analysis for the terrestrial planet-formation interpretation and suggest that, because
24-pm flux in the models undergoes peaks and troughs (Figure 4), and not all systems with on-
going formation exhibit excess emission at any one time, it may be possible to sum fractions in
different age bins to infer that 60% of stars form terrestrial planets.

5.2.3. Transient hot dust. Neither the terrestrial planet-formation models of Kenyon & Bromley
(2005), nor the asteroid belt interpretation can explain the presence of hot dust around >100-Myr
stars such as n Corvi (Wyatt et al. 2005), BD+20307 (Song et al. 2005), HD 69830 (Beichman
etal. 2005), HD 72905 (Beichman et al. 2006b), and HD 23514 (Rhee, Song & Zuckerman 2008)
(see Figure 94). The abnormality of such sources can be quantified by comparing the ratio of
observed fractional luminosity to the maximum expected from steady-state asteroid belt evolution
(Equation 18). Using the parameters for A-star belts shows that these disks have f > 1000/,
(Wyatt et al. 2007a; see also Lohne, Krivov & Rodmann 2008) and so cannot be explained by
steady-state planetesimal belts colocated with the dust, as the processing timescales are so short
compared with the stellar age that the dust from such belts would have already been depleted below
a detectable level. Two possible origins for the hot dust have been proposed; either it is transient
dust from a recent collision between two growing protoplanets or two large planetesimals in an
asteroid belt (Song et al. 2005; Rhee, Song & Zuckerman 2008; Section 4.2), or it is derived from
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a planetesimal belt further from the star where the mass required to sustain the inferred mass-loss
rate can survive for 3>100 Myr (Wyatt et al. 2007a).

5.2.4. Recent collision versus outer belt origin. Although a collisional origin for the dust
agrees with our understanding of planet-formation processes and of Solar System evolution, there
is a timescale problem in that steady-state evolution should have reduced planetesimal belt mass
such that massive collisions are infrequent by 100 Myr (Wyatt et al. 2007a). Debris produced in
such events is short-lived, resulting in a low probability of witnessing collisions between massive
asteroids. This problem may be mitigated by the relatively slow evolution of planetesimal belt
mass in more detailed models (Lohne, Krivov & Rodmann 2008). The frequency of protoplanet
collisions and the duration of the resulting dust debris need to be quantified by the models to
assess this interpretation of the observations, although a simple estimate of the lifetimes of frag-
ments feeding the dust seen toward the youngest systems, HD 23514 (100 Myr) and BD+20307
(400 Myr), suggests that catastrophic disruption of planetary embryos may be a viable explanation
(Rhee, Song & Zuckerman 2008).

For two of the systems with hot dust there is evidence at longer wavelengths for material
turther from the star (Wyatt et al. 2005 Beichman et al. 2006b). This type of system is exempli-
fied by n Corvi, which has both a planetesimal belt imaged in the submillimeter at 100-150 AU
(Wyatt et al. 2005) and a hot dust component constrained by unresolved mid-IR imaging that is
<3.5 AU (Smith, Wyatt & Dent 2008). The fraction of hot dust sources detected at 70 pum (2/4)
is not significantly higher than the 16% of all stars that harbor 70-um excesses (Bryden et al.
2006, Trilling et al. 2008). However, if the 70-pum excess of HD 23514 was confirmed, the pos-
sibility of a correlation may need to be reconsidered (Rhee, Song & Zuckerman 2008). Near-IR
interferometry has also resolved a hot dust component <0.1 AU from the star 7 Ceti (di Folco
etal. 2007), which also hosts an outer disk of radius 55 AU (Greaves et al. 2004b; see Figure 10).
Given its 10-Gyr age, the hot dust of v Ceti cannot originate in a planetesimal belt at <1 AU and
may have its origin in the outer disk. Nevertheless, the nondetection of long-wavelength excess
toward HD 69830 above that expected from the hot dust also indicates that a cold dust reservoir is
not necessarily required for a hot dust excess (Beichman et al. 2005, Trilling et al. 2008). However,
evidence for a connection of the hot dust with planetesimals formed at greater distance in this
system may be found in its infrared emission spectrum, which suggests a dust composition similar
to P- and D-type asteroids and a component of water ice (Lisse et al. 2007).

The way in which planetesimals in these systems might be scattered in from further out is not
clear, nor is it clear whether this happened recently or soon after or during the protoplanetary
disk phase. We may be witnessing systems undergoing a dynamical instability (Section 4.4), i.e., a
late heavy bombardment-type event (Wyatt et al. 2007a). Other possibilities are that a 2000-km
icy planetesimal has been captured in a circular orbit at 1 AU, or that these planetesimals are
scattered in like the comets in the Solar System (Section 4.5), although it remains to be explained
how to achieve systems with 10® Hale Bopp-type comets (Beichman et al. 2005) except through
a dynamical instability. The clue to the origin of the excess in HD 69830 may be in its planetary
system, which is comprised of three Neptune-mass planets within 0.7 AU (Lovis et al. 2006), and
in its formation in which the outermost planet is thought to have migrated in from 8 AU (Alibert
et al. 2006); the consequences for the remnant planetesimal belt in this scenario have yet to be
explored.

5.2.5. >70-pm evolution. The fraction of stars with detectable 70-um excess is ~16%
(Beichman et al. 2006a, Bryden et al. 2006, Trilling et al. 2008). The majority of the 225 stars in

these observations had a detection threshold of around R, i, ~ 0.55, although observations of
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Evolution of 70-um fractional excess for sun-like stars (Habing et al. 2001, Beichman et al. 2006a, Modr et al. 2006, Hillenbrand et al.
2008, Trilling et al. 2008). Stars with excess emission also detected at 24 pm are shown with filled red circles. Images of individual disks are
highlighted to illustrate the origin of the emission as a function of age. Images are of scattered light for HD 181327 (Schneider et al. 2006),
HD 15115 (Kalas, Fitzgerald & Graham 2007), HD 15745 (Kalas etal. 2007), HD 61005 (Hines et al. 2007; see Section 4.6), HD 107146
(Ardila et al. 2004), and HD 139664 and HD 53143 (Kalas et al. 2006). Images are of submillimeter emission for ¢ Eridani (Greaves
etal. 2005), n Corvi (Wyatt et al. 2005), and 7 Ceti (Greaves et al. 2004b). The slow fall-off with age can be explained by steady-state
processing (Lohne, Krivov & Rodmann 2008), although this does not rule out a role for delayed stirring in debris disk evolution.

the more distant stars did not reach this level. As expected, a lower fraction with excess is seen
in surveys in which a larger number of targets are sensitivity limited (~10% of the 328 targets in
Hillenbrand et al. 2008 were found to have excess). It is debatable whether there is a dependence
on spectral type within the FGK spectral-type range. Although the fraction of stars with excess
decreases across spectral types A-M, it could be constant within the FGK range (Bryden et al.
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2006, Trilling et al. 2008), although a lower excess rate is found for late-type stars greater than K1
(Beichman et al. 2006a, Hillenbrand et al. 2008, Trilling et al. 2008). Given the observational bias
that fractional luminosities must be higher around later spectral types to be detected (see Figure 1;
Gautier et al. 2007), the observed lack of spectral-type dependence is somewhat surprising. How-
ever, this bias is modulated by the (unknown) radius distribution, which may have a spectral type
dependence, and is offset to some degree by the higher ratio of fractional luminosity to mass
expected for lower mass stars (Equation 15). For now, at least, it seems appropriate to use an FGK
umbrella for sun-like stars.

The 70-um excesses of sun-like stars persist for longer than those at 24 um, and are found up
to 10 Gyr (Hillenbrand et al. 2008, Trilling et al. 2008). Although the median age of stars with
70-pm excess is younger than average (2.6 Gyr compared with 4.3 Gyr; Bryden et al. 2006), the
excess rate is also consistent with a flat evolution for 0-10 Gyr (Hillenbrand et al. 2008, Trilling
et al. 2008). Figure 10 shows the evolution of I/ F, for the disks detected around sun-like
stars. [Surveys have typically plotted this information by converting the measured F g5/ Fy into
a fractional luminosity f using some assumption about disk temperature, e.g., thatitis as hot as it
could be without being detected at 24 um. Although this introduces a bias into this representation
of the observations, it is not one which has affected our interpretation of disk evolution, because
that inferred from studies of (biased) f show similar features to that inferred from Fyg i/ F..] It
is found that: (#) the upper envelope in 70-um flux decreases very slowly with age, (b)) there is a
large spread in excess at each age, and (¢) there is a lack of young sources with low excess ratios.

Most of these features are also seen in ISO (Decin et al. 2003) and IRAS (Rhee et al. 2007)
studies, and similar features can be seen in the evolution of submillimeter dust masses for FGK
stars for which the upper envelope is reasonably flat at ~0.1 My (Figure 3). There are some
observational biases to consider when assessing Figures 3 and 10. For example, the decrease in
the lower envelope of dust mass with time, shown in Figure 3, may be attributable to the fact
that nearby stars, for which it is possible to detect less massive disks, tend to be older; the lowest
dust mass is detected around 10-Gyr t Ceti at 3.65 pc (Greaves et al. 2004b). Because the nearest
star younger than a given age is likely to be at larger distance for younger ages this introduces a
ta;i/ 3 fall-off in the lower envelope for a sensitivity-limited survey. The lower envelope of 70-um
excesses may have a similar origin (Rhee et al. 2007).

5.2.6. Steady-state interpretation. The features of the 70-um evolution of sun-like stars can all
be explained by the simple steady-state evolution models of Section 4.1, because a relatively slow
fall-off with time is expected if most planetesimal belts detected at 70 and 850 pm have yet to reach
collisional equilibrium, e.g., because their radii are 3>30 AU (see Figure 5a; Wyatt et al. 2007b).
A slow fall-off is also expected in more detailed steady-state evolution models when the increase
in planetesimal strength with size for D > 1 km is accounted for, and Léhne, Krivov & Rodmann
(2008) showed that a suitable range of planetesimal belt initial masses (0.01 — 30 M) and radii
(20-120 AU, where dr/r = 0.5) can be chosen to match the observed excess ratio distribution at
all ages. The nondetection at 70 pm of 84% of stars in this scenario could mean that just 16%
of FGK stars are born with massive planetesimal belts, although it may be possible to reduce the
fraction of diskless stars with suitable distributions of initial masses and radii (Bryden et al. 2006).
However, it can be inferred that the fractional luminosities of sun-like star disks are concentrated
at lower values than those of A stars, because 70-um observations of sun-like stars probe the same
region of fractional luminosity versus radius parameter space as 24-pm observations of A stars (see
Figure 1), yet half as many disks are detected in this region for sun-like stars than for A stars (see
also Greaves & Wyatt 2003). Because sun-like star disks are expected to have higher luminosities
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for a given mass (Equation 15), this implies that their disks are also on average less massive than
those of A stars.

A significant unknown in this interpretation is the fraction of disks detected at 24 pum that can
be attributed to steady-state evolution of >10-AU belts. It is suggested that the 24- and 70-pum
emission of sun-like stars arises from two distinct regions (Gorlova et al. 2006, Trilling et al. 2008).
Although 24/70-pm and 33/70-um flux ratios indicative of 5- to 30-AU disks are seen (Beichman
et al. 2006b, Hillenbrand et al. 2008, Trilling et al. 2008), high-resolution studies are required to
determine whether these temperatures are instead caused by a combination of a belt at <5 AU
and another at >30 AU (as is the case for n Corvi; Smith, Wyatt & Dent 2008) or if the hot
temperatures are caused by small dust grains in a more distant belt that are heated above black
body temperatures (as is the case for HD 181327; Schneider et al. 2006) (see Figure 10).

5.2.7. Constraints on delayed stirring models. The delayed stirring model also exhibits a slow
fall-off in fractional excess with time (Figure 5b) and so may explain the observations (Dominik &
Decin 2003). Although observations give no indication of disk radius increasing with age (Najita
& Williams 2005), this finding cannot rule out the delayed stirring model, because any increase is
predicted to be slow (r t;g/s from Equation 12). One crucial test of the delayed stirring model may
come from the surface density profiles of individual disks (Section 4.3). In particular, a prestirred
model would predict a shallow increase in density with radius o« 7’/3, with a slightly steeper
increase for self-stirred models. This could lead to appearance as a broad ring (see Figure 10),
and may explain why some systems cannot be fitted with a single temperature spectrum (e.g.,
Hillenbrand et al. 2008). Kalas et al. (2006) noted that the disks of HD 53143 (1 Gyr) and HD
107146 (100 Myr) are seen to be wider than 50 AU. The inner edge of the HD 107146 disk
(Figure 3 of Ardila et al. 2004) could be consistent with a #7/3 slope; its 130-AU radius is also
consistent with self-stirring for an initial surface density of 10 x MMSN (Equation 12). A broad
ring morphology is also seen for HD 15115 (12 Myr, Kalas, Fitzgerald & Graham 2007) and HD
15745 (~100 Myr, Kalas et al. 2007). Detailed analysis of the radial distribution of dust in these
systems, and its implications for the distribution of parent planetesimals (Wyatt 2008), is required
to assess the possibility that these are self-stirred (or prestirred) extended planetesimal belts.

The radii of the disks of sun-like stars in the B Pic association may provide constraints on self-
stirring models, because unless these are protoplanetary disk remnants or debris disks in which
planet formation is ongoing, the stirring mechanism must be effective at the observed radius by
12 Myr. Equation 12 shows that the disks of HD 181327 (68-104 AU, Schneider et al. 2006), HD
15115 (31-554 AU, Kalas, Fitzgerald & Graham 2007), HD 164249 (27 AU, Rhee et al. 2007),
and HD 191089 (11 AU, Smith, Wyatt & Dent 2008) could be self-stirred by this age given initial
surface densities thatare 30x , 1x, 1 x,and 0.1 x MMSN, respectively, a distribution compatible
with that observed for protoplanetary disks (Andrews & Williams 2005). The possibility that the
disks of young sun-like stars are protoplanetary disk remnants is not as widespread in the literature
as for young A-star disks, perhaps because gas has not been detected toward any sun-like star debris
disks (Pascucci et al. 2006), although the issues raised in Section 3.2 apply equally to the disks of
sun-like stars.

5.2.8. Relation with planets. An alternative stirring mechanism is the presence of planets
that formed closer to the star (Section 4.3). There is as yet no evidence that detectable de-
bris correlates with planets that are detectable in radial velocity surveys (Greaves et al. 2004a,
Beichman et al. 2006a, Moro-Martin et al. 2007). Detectable debris also does not correlate with
stellar metallicity, as does the presence of a detectable planet (Greaves, Fischer & Wyatt 2006;
Beichman et al. 2006a). However, an emerging (albeit weak) correlation is that disks around stars

Wyatt



Annu. Rev. Astro. Astrophys. 2008.46:339-383. Downloaded from arjournals.annualreviews.org
by University of California- Berkeley on 09/10/08. For personal use only

with planets have higher 70-um excess ratios than those without planets (G. Bryden, C.A. Beich-
man, K.R. Stapelfeldt, M.W. Werner, S.M. Lawler, et al., manuscript submitted). If confirmed,
this may arise because the protoplanetary disks that form detectable planets are the most mas-
sive in the distribution, and such massive disks would also, on average, have more massive debris
disks (Wyatt, Clarke & Greaves 2007). This would imply that the known planets do not influ-
ence the evolution of the known debris disks, which is not surprising because planets are found
at <5 AU and disks are found at >30 AU, but the two phenomena are connected through the
initial conditions of the protoplanetary disk required to result in either detectable planets or de-
bris (Section 3). However, similar to the disk of HD 38529 (Moro-Martin et al. 2007), the disk
at 60 AU from ¢ Eridani (Greaves et al. 2005; Figure 10) is expected to have been influenced to
some extent by the secular perturbations of the 0.8-M,, planet at 3.4 AU (Benedict et al. 2006)
on a timescale (~100 Myr; Wyatt 2005b) that is shorter than the 800-Myr age of the system.
Systems with both disks and planets are becoming more common (the current tally is 10), and will
undoubtedly increase our understanding of the effect of planet-disk interactions on debris disk
evolution.

5.2.9. Implications for Solar System evolution. One of the goals of studying debris disk evo-
lution is to place the Solar System into context (Meyer et al. 2007). Comparing the five nearest
sun-like stars to the Earth with each other shows that the Solar System is not atypically dusty,
because both ¢ Eridani and 7 Cet fall within this sample and exhibit >20 times more dust than
the present Kuiper belt (Greaves et al. 2004b). However, it is not yet possible to infer an atyp-
ically low dust content for the Solar System, because a Kuiper belt analog around a distant star
(f #1077, Mg < 2 x 107> Mg, » = 40 AU) would not be detectable (see Figures 1 and 3).
Because the Kuiper belt’s low mass may be caused by depletion in a dynamical instability (Section
4.4; Gomes et al. 2005), it should have been detectable prior to that instability, which may have
occurred as late as 800 Myr (Stern 1996, Meyer et al. 2007; M. Booth, manuscript in preparation;
Figure 5¢). During this early epoch, the models predict that there was ~30 M of material at
~25 AU that would result in a 70-um excess ratio of ~50 (Equations 10 and 15; see Figure 10).
Because there is no significant deficit of old systems with 70-pm excess this could indicate that the
Sun is one of ~16% of sun-like stars with a bright debris disk at young ages, but is among a small
fraction of such systems that undergo an instability that depletes its debris disk. Also, because the
models of Gomes et al. (2005) and Thommes et al. (2007) have a Kuiper belt inner edge at 15-20
AU in the first 800 Myr, the debris disk of the young Sun might have been detectable at 24 pm;
the 24-pm excess ratio is marginally detectable at ~0.1 for the above parameters (see Figure 9).
Models for the evolution of the Solar System, and of planet formation more generally, should
routinely make predictions for the resulting infrared luminosity for comparison with debris disk
statistics.

5.3. M Stars

M stars are intrinsically interesting because they comprise ~70% of the total number of stars
in the Galaxy. However, only a small fraction of these stars are known to host debris disks. In a
cross-correlation of the Hipparcos catalog with IRAS, Rhee et al. (2007) found just one M star out
of 900 with excess. That star is 12-Myr M1V AU Mic, which is in the B Pic association, and its
edge-on disk has been imaged showing dust in projected separation from 10-210 AU (Fitzgerald
etal. 2007), consistent with dust produced in a planetesimal beltat43 AU (Strubbe & Chiang 2006).
Other researchers have used the IRAS catalogs to identify excesses at 12 and/or 25 pm toward
M stars that have subsequently been ruled out from ground-based photometry (Song et al. 2002;
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Plavchan, Jura & Lipsky 2005), a finding attributed to false positives resulting from searching large
catalogs. A low fraction of M stars with excess was also found in a Spitzer survey in which no excess
was found at 24 um for 62 stars (to R, ji,, = 0.3) or at 70 um for 20 stars (to R, jj, = 1) (Gautier
etal. 2007). However, small number statistics means that the incidence rate at 70 um (<14% with
20 confidence) could be similar to that of sun-like stars, and that M stars could have the same
fractional luminosity distribution as FGKs (Gautier et al. 2007). Searches of young associations
have been more fruitful, and three M-star disks (out of 18 M stars searched) were found at 24 um in
the 8-Myr TW Hydra association, TWA7, TWA13, and Hen 3-600 (Low et al. 2005; Matthews,
Kalas & Wyatt 2007). Submillimeter surveys have also been successful, with excess emission seen
toward 20-150-Myr GJ182 (Liu et al. 2004; B. Matthews, private communication) and 200-Myr
(G]J842.2 (Lestrade et al. 2006), implying an excess fraction of 13% for the age range 20-200 Myr,
which is comparable to that of sun-like stars. The submillimeter map of GJ842.2 is of note because
emission is also seen up to 30 arcsec from the star (~600 AU in projected separation at 20.9 pc),
possibly indicating an atypically large and massive disk. The evolution of M-star submillimeter
disk masses is shown in Figure 3 on which the mass of GJ842.2 is that within 7 arcsec of the star
(J.F. Lestrade, private communication).

The underlying debris disk population is hard to disentangle from these statistics. The low
detection rate can be attributed in whole, or in part, to observational bias, because the region of
parameter space carved out by both 24-pum and 70-um surveys is small (Figure 1). Assuming a
similar radius distribution for the debris disks of different spectral type, surveys at longer wave-
lengths are needed to probe the cooler temperatures expected for M-star disks (Matthews et al.
2007). The fact that M-star disks have preferentially been detected around young stars could indi-
cate that some process is acting to decrease disk luminosity with time, which could mean that the
largest planetesimals reach collisional equilibrium quickly in these disks. However, it is possible
that planetesimal formation is inhibited around M stars, and that some of the dust seen around
young stars is a remnant of the protoplanetary disk. Indeed, Hen 3-600 is classed as an optically
thick protoplanetary disk (Low et al. 2005, Huenemoerder et al. 2007), and the spectral-type
dependence of the persistence of protoplanetary disks suggests that the transition to debris disk
could occur relatively late for M stars (Section 3). Planetesimal growth cannot always be inhibited,
however. Whereas the detection rate of gas giant planets is lower for M stars than for higher mass
stars (Johnson et al. 2007), planets that are typically of Neptune-mass did manage to form around
some M stars (Bonfils et al. 2007).

The lack of excess around M stars has been suggested to originate in the enhanced stellar
wind drag of late-type stars (Plavchan, Jura & Lipsky 2005). Stellar wind drag acts in a similar
manner to P-R drag to make dust spiral in toward the star, and can act on shorter timescales if
(d Miyina/dt)c? L7 > 1 (Jura 2004). Thus, while P-R drag acts on longer timescales to collisions
in detectable disks (Wyatt 2005a; Section 4.1), the dust evolution of low-luminosity M stars may
be affected by their stellar winds. Stellar mass-loss rates are hard to estimate, but are inferred
to be higher at young ages by up to 1000 times that of the current solar wind for both sun-like
and M stars (Wood et al. 2002; Plavchan, Jura & Lipsky 2005). The consequence of this drag
force is to remove small grains from the distribution, which essentially reduces the ratio f/M
by increasing the minimum grain size in the distribution above Dy as assumed in Equation 15;
that blow-out size is irrelevant for M stars in any case, because their radiation pressure cannot
put grains of any size onto hyperbolic orbits (i.e., 8 < 0.5; see Matthews, Kalas & Wyatt 2007).
In other words, this exacerbates the problem of M-star disk detectability evident in Figure 1, but
it does not imply that M stars do not have planetesimal belts. It also means that once the largest
planetesimals come to collisional equilibrium, the fractional luminosity evolution of M-star debris
disks would be expected to follow a t[; fall-off (Dominik & Decin 2003).
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5.4. Constraints from Resolved Imaging

This review has concentrated on information about disk evolution obtained from photometric
studies of debris disks. However, resolved imaging also provides important constraints.

The primary value of imaging is to confirm the interpretation of an infrared excess as origi-
nating in a circumstellar disk and to determine the disk’s radius, which can be poorly constrained
from the emission spectrum, particularly if there is dust present with a range of temperatures
and distances from the star (Section 2.5). Images of the same disk at different wavelengths of-
ten show quite different radial profiles, and a significant success of the past few years has been
to explain this within a unified model of steady-state dust production through collisions in a
planetesimal belt (Wyatt et al. 1999, Augereau et al. 2001, Strubbe & Chiang 2006, Augereau
& Beust 2006; see review in Wyatt 2008), because radiation forces cause dust of different sizes,
which are probed by different wavelength observations, to have different radial distributions that
can extend both interior and exterior to the parent planetesimal belt. Although this means that
caution (and careful modeling) is required when interpreting disk images, because the dust loca-
tion does not necessarily correspond with that of the parent planetesimals, it also means that the
images provide valuable insight into the dust production mechanism. For example, although the
images of the 8 Pic and AU Mic disks can be explained by steady-state dust production (Augereau
et al. 2001; Strubbe & Chiang 2006), the inferred ratio of small to large grains in the Vega disk
implies a stochastic evolution (Su et al. 2005). The radial profiles provide further information
on the dynamical state of the collisional cascade, and it has been suggested that the diversity in
the shapes of disk outer edges may be explained by the degree to which they have been stirred
(Thébault & Wu 2008); the sharp outer edge of the HR4796 disk implies a low eccentricity of
e ~ 0.0035. There is also a large diversity seen in the shapes of the inner edges (e.g., Ardila
et al. 2004, Kalas et al. 2005), which may have its origin in the masses of planets truncating
the inner edge (Quillen 2006) or in the way in which extended planetesimal belts are stirred
(Section 4.3).

Perhaps the most surprising discovery from imaging has been that a large number of the disks
are asymmetric, showing features such as warps (Heap etal. 2000), clumps (Greaves et al. 2005; see
¢ Eridani in Figure 10), offset centers of symmetry (Kalas etal. 2005), spirals (Clampin etal. 2003),
and brightness asymmetries (Telesco et al. 2000; see HR4796 in Figure 8). In fact, it is exactly this
set of features that is predicted to be manifested in debris disks if there are also planets orbiting the
star, because their gravitational perturbations would be imprinted in the dynamical structure of the
planetesimal belts and would affect the dynamical evolution of the dust. Different structures are
expected depending on the orbital configuration of the planetary system. For example, planets on
eccentric orbits impose spiral structure on young disks (Wyatt 2005b), which propagates through
the disk so that at later times the disk has an offset center of symmetry that may be seen as a
brightness asymmetry (Wyatt et al. 1999). Similarly, a planet on an inclined orbit sets up a warp
that propagates through a young disk (Augereau et al. 2001), although warped disks may be static
features in old multiple planet systems (Wyatt et al. 1999). Disk structures may also depend on
the system’s past history. For example, planet migration can result in planetesimals being trapped
in the planet’s resonances resulting in a clumpy disk (Wyatt 2003, Reche et al. 2008). Clumps may
also arise in low mass disks from the migration of dust into resonances through P-R drag (Ozernoy
et al. 2000, Kuchner & Holman 2003, Krivov et al. 2007).

Detailed dynamical models of planet-disk interactions have been developed to allow the ob-
served structures to set constraints on the perturbing planets (see review in Wyatt 2008), and
Figure 11 summarizes the properties of the planets inferred from structures seen in debris disk
images. Although there will continue to be uncertainty about the existence of these planets
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Figure 11

Distribution of planet masses and semimajor axes. Parameters for extrasolar planets found from radial
velocity and transit and imaging studies were taken from http://exoplanet.eu on 31 January 2008. The
shaded yellow region shows the current limits of radial velocity surveys for sun-like stars. Parameters for
putative planets inferred from debris disk structures (which have yet to be confirmed) are from HR 4796,
Wratt et al. 1999; ¢ Eridani, Ozernoy et al. 2000; Vega, Wyatt 2003; HD 141569, Wyatt 2005b; n Corvi,
Wyatt et al. 2005; Fomalhaut, Quillen 2006; and g Pictoris, Freistetter, Krivov & Lohne 2007. Note that
these parameters, particularly planet mass, are often poorly constrained.

until they are confirmed using independent techniques, this figure illustrates how debris disks
are probing an unexplored region of extrasolar planet parameter space inhabited by planets akin
to Neptune in our own system. As well as having implications for planet-formation processes
about where planets were able to form (or at least end up, see Martin et al. 2007) in these systems
(Section 3.3), such planets may also explain how these debris disks were stirred (Section 4.3). Fur-
thermore, the models required to explain some disk structures have implicit assumptions about
the disk’s past history, such as those requiring planet migration (Wyatt 2003; Section 4.4), or those
in which structure propagates away from the planet (Augereau et al. 2001, Wyatt 2005b). For the
majority of the observed asymmetric structures, unseen planets are the only explanation. However,
it is possible that dust clumps in some young disks may arise from collisions between protoplanets
(Sections 3.3 and 4.2). A close encounter with a nearby star has also been suggested as the origin
of the extreme asymmetry in the HD 15115 disk (see Figure 10; Kalas, Fitzgerald & Graham
2007; Section 4.6).
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6. SUMMARY AND FUTURE ISSUES

The observations presented in this review allow us to assess the relative importance of the different
models for the evolution of the dust content of main sequence stars:

B Steady-state evolution. The steady-state collisional evolution of planetesimal belts is rea-
sonably well understood. It appears that the majority of A stars, and some sun-like stars,
have planetesimal belts that evolve in this way. The debris disk population thus sets impor-
tant constraints on the outcome of planet-formation processes by providing information on
how common planetesimal formation is in different parts of the protoplanetary disk. The
steady-state evolution of dust from the planetesimal belts of M stars remains poorly con-
strained because of a lack of observational constraints and uncertainties in their stellar wind
properties.

B Stochastic collisions. Steady-state evolution cannot explain all observed systems, some of
which must have a stochastic component to their dust evolution. The origin and ubiquity
of this stochasticity is unknown. Debris produced in single collisions may explain these
observations, although simulations of dust produced in collisions between Mars-sized pro-
toplanets would help assess this interpretation. The ignition of the collisional cascade could
also be stochastic in some systems.

B Delayed stirring. Although most statistics can be explained by invoking planetesimal belts
thatare prestirred, the origin of the stirring has yet to be identified. Most stirring mechanisms
require a delay between the birth of the star and the stirring of the planetesimal belt, and
this is not ruled out observationally. Indeed a few results point to a role for delayed stirring
in debris disk evolution, such as the peak in dust emission at 10-15 Myr for A-star disks.
However, these observations also seem to require the inner 30 AU to have been cleared
of planetesimals by the time the protoplanetary disk disperses. The stirring could come
from within the belt (i.e., from the formation of 2000-km objects), and if we are witnessing
planetesimal belts in which planet formation is ongoing, this would allow the assumptions
of dust produced in this process to be tested. Stirring could also arise from gas giant or
Neptune-sized planets formed closer to the star. A bigger inventory of systems with planets
and debris is needed to determine the relationship between the two phenomena. The radial
structure of debris disks provides a valuable diagnostic to distinguish between different
interpretations.

B Protoplanetary disk remnant. To assess the possibility that ~10-Myr debris disks are
protoplanetary disk remnants, more information is needed on the process of protoplanetary
disk dispersal, and in particular on the quantity of gas that persists into the debris disk phase.
Current upper limits to the gas content are not sensitive enough to rule out a significant
role for gas in determining the dynamics of either debris disk or remnant dust.

®  Terrestrial planet formation. The 24-pm emission of young sun-like stars may be a signa-
ture of ongoing terrestrial planet formation. However, it may equally be evidence for asteroid
belts around the stars. Although knowledge of the distribution of planets in these systems
would help to distinguish between these two interpretations, the detection of Earth-like
planets is hard to achieve in the presence of dust (Beichman et al. 2006a). The composition
of the dust inferred from analysis by way of its infrared spectrum may elucidate its origin.

B Planetary system shake-down. There remains considerable uncertainty about the origin
of multiple-temperature debris disks with dust spanning several decades in offset from the
star (0.1-100 AU). Transient events associated with dynamical instabilities during planetary
system evolution may explain the unusual nature of some systems. However, the lack of
evolution in the 70-pum statistics for sun-like stars beyond that expected from steady-state
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processing suggests that such events are relatively rare. This could mean that the Solar
System’s evolution is atypical. Planet-formation models should consider debris disk statistics
as serious constraints by routinely making predictions for the observability of debris in this
phase.

Information about debris disk evolution from infrared photometry is complemented by that
from imaging at wavelengths from optical to millimeter, which has provided crucial constraints
on the dynamical state of the collisional cascade and on the stochastic nature of dust production.
Imaging has also provided evidence that planets are orbiting within some disks through the discov-
ery of asymmetries in their structures, and although these putative planets remain to be confirmed,
the presence of planet-sized objects (i.e., bigger than Pluto) would naturally provide the stirring
mechanism required for all debris disks (which otherwise has no explanation), and would further
explain how the inner regions of these systems are cleared. Their formation mechanism could also
plausibly reproduce the observed transient debris disk phenomena. Thus, although a connection
between debris disks and planets remains to be conclusively proved, there exists a growing body of
observations that is naturally explained with such a connection. Any alternative model must also
explain these observations, and it is clear that debris disk studies will continue to play an integral
role in the development of the planet-formation and protoplanetary disk evolution paradigms.
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