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Over the past 10 years abundant evidence has emerged tha(ifmaat all) stars
are born with circumstellar disks. Understanding the evmfuof post—accretion disks
can provide strong constraints on theories of planet faonand evolution. In this
review, we focus on developments in understanding: a) to&ugon of the gas and
dust content of circumstellar disks based on observatisualeys, highlighting new
results from the Spitzer Space Telescope; b) the physiopkpties of specific systems
as a means to interpret the survey results; c) theoreticdefaaised to explain the
observations; d) an evolutionary model of our own solareystor comparison to the
observations of debris disks around other stars; and e) hesetnew results impact
our assessment of whether systems like our own are commameocompared to the
ensemble of normal stars in the disk of the Milky Way.

1. Introduction from spectral energy distributions (SEDs) and/or resolved

. . isk morphology? Is there any connection between debris
At t_he first Prot_ostars and Plgnets conference n 197gisks and the radial velocity planets? Is there evidence for
the existence of circumstellar disks around sun-like star

" doubt. with A h terring the h tr%ﬁﬁerences in disk evolution as a function of stellar mass?
was In doubl, with Most researchers preterring the hypotn- -, answering these questions, our objective is no less

esis that young stellar objects were surrounded by SIOh‘?f"fan to understand the formation and evolution of plane-

ical shells of material unlike the solar nebula thought t?ary systems through observations of the gas and dust con-
give rise o the solar systenRydgren et al. 1978). By tent of circumstellar material surrounding stars as a func-

the time of Protostars and Planets Il, experts in the fiel on of stellar age. By observing how disks dissipate from

hta?l ac(cj:_e pkteﬁ]thathy%ung _s(;ars were slurroulnd_ed by;';‘:‘t{?ﬂé post—accretion phase through the planet building phase
steflar disks though the evidence was largely circumsdant, o o, hope to constrain theories of planet formation (cf.

E)Harviﬁhlgﬁéz\'s’?t that meetmg,dFdretd .IG'”?H anld g?em'chapters byurisen et al.andLissauer and StevensprBy
ers ot the IRAS team announced details of newly 'S.COV(ibserving how debris disks generate dust at late times and
ered debris disks, initially observed as part of the calibr

% ingth b ti ith physical models of plan-
tion program Aumann et al.1984). At PPIIl, it was well— OmMparing tose observatons witn physica models otpian

. o etary system dynamics, we can infer the diversity of solar
established that many stars are born with circumstellar ags y 5y y y

. . . stem architectures as well as attempt to understand how
cretion disks §trom et al, 1993) and at PP1V, it was recog- y P

. . S they evolve with time.
nized that many of these disks must give rise to planetary Today, we marvel at the wealth of results from the
Zyslzerrr]wsl(/latr)cy etal, 200_0).dOver|thq last 1.5 yearts, (:eblnssd)itzer Space Telescope and high contrast images of spec-
ISKS have been recognized as piaying an important role {5 ingjvigual systems. Detection statistics thatever

helping us understand the formation and evolution of plan-

i I'{/ery uncertain with IRAS and ISO sensitivity now can be
etary sys.temsl?\ackman and Parescd993; Lagrange et compared with models of planetary system evolution, plac-
al. 2900’ see a!sZuckerman 2001)'.Aft¢r PPIV, several ing our solar system in context. Advances in planetary sys-
quest!ons remained. How do dgbr|s_dlsks evo_l\_/e aroungd, dynamical theory, the discovery and characterization
sun-like stars? When do gas—rich disks transition to d 7

%t the Kuiper Belt hapt iang et al) h -
bris disks? Can we infer the presence of extra—solar planets e Kuiper Belt (see chapter ishiang et a) have pro



ceeded in parallel and further contribute to our understandecognized that young stars (with ages3 Myr) lacking
ing of extrasolar planetary systems. We attempt to compaoptically—thick near—infrared excess emission but passes
observations of disks surrounding other stars to our cturreimg optically—thick mid—infrared emission were ragk¢ut-
understanding of solar system evolution. Our ultimate goakie et al, 1990). This suggested that the transition time
is to learn whether or not solar systems like our own arbetween optically—thick and thin frorm 0.1 AU to> 3 AU
common or rare among stars in the disk of the Milky Waywas rapid<< 1 Myr (Wolk and Walter1996;Kenyon and
and what implications this might have on the frequency oflartmann 1995;Simon and Pratp1995).
terrestrial planets that might give rise to life. It is important to distinguish between surveys for pri-
Our plan for this contribution is as follows. In Sectionmordial disks, gas and dust rich disks left over from the star
2, we describe recent results from observational surveys flormation process, and debris disks, where the opacity we
gas and dust surrounding normal stars. Next we descrisee is dominated by grains released through collisions of
detailed studies of individual objects in Section 3. In Seclarger parent bodies. Often this distinction is made based
tion 4, we review modeling approaches used in constrainiran whether remnant gas is left in the system. With a gas
physical properties of disks from the observations. Sactiao dust ratio> 1.0, dust dynamics are influenced by their
5 describes a toy model for the evolution of our solar systernteraction with the gasTékeuchi and Artymowic2001).
which we use to compare to the ensemble of observatioria. the absence of gas, one can argue based on the short
Finally, in Section 6 we attempt to address whether or natust lifetimes that observed dust is likely recently gener-
planetary systems like our own are common or rare in thated through collisions in a planetesimal b8a¢tkman and

Milky Way galaxy and summarize our conclusions. Paresce 1993; Jura et al, 1998). Observations that con-
strain evolution of the gas content in disks are described
2. Evolution of Circumstellar Disks below.

In order to study the evolution of circumstellar disks as- Recent work has shown that even optically—thin mid-

tronomers are forced to observe sun-like stars at a varie'{rgrared en;|55|onl_(ktrac;ng mf';t\:]erlal belt;veseon 0.3-3 ALI? IS
of ages, in an attempt to create a history, hoping that off' ¢ around sun—iike stars with ages 16— Myamaje

average, a younger population of similar mass stars can BEaI- (2004) performed a survey for excess emission around

assumed to be the evolutionary precursors of the older. A:T’-.un_“ke stars in the 30 Myr old Tucana—Horologium asso-

though deriving ages of stars across the H-R diagram ¢dation and found no evidence for exceGSs within a sample
fraught with uncertainty (e.gStauffer et al. 2004) it is a 0 2t0' Stafs down_ toddUSt. Ievesl§ 2_|><1({[ d.M@ fqr l\;varm
necessary step in studies of disk evolution. Such studie%lfs in micron-sized grains. Similar studies\bginberger

combined with knowledge of our own solar system, are th WL(ZOOL") Of. sttg rs 'Q tgflzliﬂmovlgg group as dwelll as
only observational tools at our disposal for constrainireg t ya association ( ot yrold) uncoveredonly a

, - handful of stars with mid—infrared excess emission. These
ories of planet formation. . . . :

results are being confirmed with cluster studies undertaken

2.1. Statistics from Dust Surveys with the Spitzer Space telescope. As part of fbemation
and Evolution of Planetary SysteififEPS) Legacy Science
o . . Program a survey has been conducted searching for warm
thought to be born with circumstellar diskBgckwith and = " wavelengths from 3.6-8.0n around 74 sun—like

Sargent 1996; Hillenbrand et al, 1998) and recent work . g :
has shown that these disks dissipate on timescales of (?grs with ages 3-30 Myr. Silverstone et al. (2006) reported

: nly five detections from this survey and all of those were
der 3 Myr (Haisch et al, 2001). However, these results are o examples of long—lived optically—thick diskét ap-
based largely on the presence of near—infrared excess e

sion which only traces optically—thick hot dust within O.rlTB%ars that circumstellar disk material between 0.1-1 AU

} _typically drops below detectable levels on timescales com-
AU of the central star. Indeed the presence of an inner disf |0 14 tne cessation of accretioFhese levels are prob-
appears to correlate with the presence or absence of sp

S . : Bly below what our solar system might have looked like at
troscopic signatures of active accretion onto the dtiar{ y y 9

. . comparable ages (3—30 Myr).
tigan et al, 1995; see also chapter Bouvier et al). As . : . .

. . . L H , Spit lat ftran-
active disk accretion diminishesiértmann et al, 1998), OWEVET, SPiizer Is uncovering a new popuiation ot tran

; . ) sitional disks at mid—infrared wavelengths in the course of
the fraction of young stars in clusters that show evidenc 9

for optically—thick inner disks diminishes. Yet what is of- Several young cluster surveySofrest et al, 2004; Calvet

: . et al, 2005). Chen et al.(2005) find that~ 30 % of sun—
ten overlooked is that the very data that suggest a typlCﬁ)ke stars in the subgroups of the 5-20 Myr Sco Cen OB
inner disk lifetime of~ 3 Myr, alsosuggests a dispersion

i disk lifeti f 1-10 M association exhibit 24m excess emission, higher than that
0 |\r/1\;1hert t:s tetimes drom I_ i’: tiv is how th found by Silverstone et al(2006) at shorter wavelengths.
at nas remained unciear unti recently 1s how tn€sg,, ,, o al.(2005) find examples of mid—IR excess at;2%

primordial disks left over from the formation of the young, w10 Myr TW Hya association. The 24n emission is

star dissipate at larger radii and whether the terminatiolrﬁ ughtto trace materiat 1 AU, larger radii than the mate-
of accretion represents an end of the gas-rich phaser | traced by emission from 3'—],zﬁn. Preliminary results

the circumstellar disk. Even at the time of PPIII, it was; - o FEPS program suggests that there is some evolu-

Circumstellar Dust within 10 AWearly all stars are



tion in the fraction of sun—like stars with 24m excess (but new perspective. From the FEPS program, surveys for cold
no excess in the IRAC bands) from 3—-300 Myr. This brackeebris disks surrounding G stars have led to several new
ets major events in our own solar system evolution with thdiscoveriesfeyer et al, 2004;Kim et al, 2005). Over 40
terrestrial planets thought to have mostly formed<i80 debris disk candidates have been identified from a survey of
Myr and the late heavy bombardment-a800 Myr (see 328 stars and no strong correlation of cold dust mass with
Section 5). stellar age has been foun@ryden et al. (2006; see also
Itis interesting to note that there is now a small (5 memBeichman et a).2005a) have completed a volume—limited
ber) class of debris disks with only strong mid—infrared exsurvey of nearby sun-like stars with probable ages between
cess and weak or absent far-IR/sub—mm excess emissidr3 Gyr old. Overall the Spitzer statistics suggest a cold de
BD +20°307 at>300 Myr age Song et al. 2005), HD bris disk frequency of 10—-20 % surrounding sun—like stars
69830 at~2 Gyr age Beichman et a).2005b), HD 12039 at with a weak dependence on stellar age (Fig. 1). It should
30 Myr (Hines et al, 2006), HD 113766 at 15 MyiGhen et  be noted that our own solar system cold dust mass would be
al., 2005), and HD 98800 at 10 Myt 6w et al, 1999;Ko-  undetectable in these surveys and it is still difficult toegss
erner et al, 2000). In the two older systems, BD +3D7 the mean and dispersion in cold disk properties based on the
and HD 69830, this excess is almost entirely silicate emighistribution of upper limits.
sion from small grains. These objects are rare, only 1-3 % Sub—millimeter surveys of dust mass probe the coldest
of all systems surveyed. Whether they represent a shortust presumably at the larger radWyatt et al. (2003) re-
lived transient phase that all stars go through, or a rassclaport observations of low mass companions to young early—
of massive warm debris disks is not yet clear (Section 4.4)ype stars (see alskewitt et al, 1994) indicating a lifetime
Circumstellar Disks at Radii> 10 AU Surveys at far— of 10—-60 Myr for the massive primordial disk phasgar-
infrared (> 30 um) and sub—millimeter wavelengths tracepenter et al. (2005; see alsdiu et al, 2004), combined
the coolest dust at large radii. Often, this emission ithese data with a new survey from the FEPS sample and
optically—thin and is therefore a good tracer of total dusiound that the distribution of dust masses (and upper lim-
mass at radit> 10 AU. Early surveys utilizing the IRAS its) from 1-3 Myrs is distinguished (with higher masses)
satellite focused on large optically—thick disks and enthan that found in the 10-30 Myr old sample at ther 5
velopes surrounding young stellar objects within 200 pdevel (Fig 1). The data do not permit such a strong state-
the distance of most star—forming regior&trOm et al, ment concerning the intermediate age 3—10 Myr sample.
1993), and main sequence stars within 15 parsecs becab&gita and Williams(2005) conducted a detailed study of
of limitations in sensitivity Backman and Paresc&993). ~ 15 individual objects and find that debris disks do not be-
Sub—millimeter work suggested that massive circumstellmome colder (indicating larger radii for the debris) as they
disks dissipate within 10 MyrBeckwith et al. 1990; An-  get older surrounding sun-like stars in contrast to the pre-
drews and Williams2005). Sub—millimeter surveys of field dictions ofKenyon and Bromle§2004). Again we note that
stars indicated that “typical” sub—millimeter emissioarfr  these surveys would not detect the sub-mm emission from
dust surrounding main sequence stars diminished-&s our own Kuiper Debris Belt (see Section 5 below). In con-
(Zuckerman and Becklji993). trast, Greaves et al.(2004) point out that the familiar tau
Several new far—infrared studies were initiated with th€eti is 30 times more massive than our solar system debris
launch of the Infrared Space Observatory (ISO) by ESAlisk, even at comparable agdsteaves et al(2006) stud-
and the advent of the sub—millimeter detector SCUBA ored the metallicities of debris disk host stars showing that
the JCMT.Meyer and Beckwitl2000) describe surveys of their distribution is indistinguishable from that of fielthss
yound clusters with the ISOPHOT instrument on ISO whiclin contrast to the exoplanet host stars which are metal-rich
indicated that far—infrared emission became opticallix-th (Fischer and Valenti2005). Implications of the detected
on timescales comparable to the cessation of accretidebris disk dust masses and their expected evolution is dis-
(about 10 Myr).Habing et al. (1999, 2001) suggested thatcussed in Section 4 and compared to the evolution of our
there was another discontinuity in the evolutionary prepeisolar system in Section 5.
ties of debris disks surrounding isolated A stars at an age The picture that emerges is complex as illustrated in Fig.
of approximately 400 Myr. Spangler et al. (2001) con- 1. In general, we observe diminished cold dust mass with
ducted a large survey including both clusters and field statene as expected from models of the collisional evolution of
finding that dust mass diminished &t!-® as if the dust debris belts (see Section 4). However, at any one age there
removal mechanism was P—-R drag (see Section 4 belovig.a wide dispersion of disk masses. Whether this disper-
Based on the data available at the time, and limitations ision represents a range of initial conditions in disk mass,
sensitivity from 1SO, it was unclear how to reconcile thesa range of possible evolutionary paths, or is evidence that
disparate conclusions based on comparable datasets. Fonany disks pass through short-lived phases of enhanced
small sample of sun-like starBecin et al. (2003) found dust production is unclear. One model for the evolution of
that 10-20 % §/33) of Milky Way G stars, regardless of our solar system suggests a rapid decrease in observed dust
their age, have debris disks, comparable to results olttainmass associated with the dynamic rearrangement of the so-
previously for A starsBackman & Parescel993). lar system at 700 Myr (and decrease in the mass of colliding
Recent work with the Spitzer Space Telescope offers garent bodies by 10). If that model is correct, we would



infer that our solar system was an uncommonly bright défom 5-400 Myr (nine of which are younger than 30 Myr)
bris disk at early times, and uncommonly faint at late timeat levels comparable to HD 105. Either these systems have

(see Section 6). already formed extra—solar giant planets, or they never wil
o Future work will concentrate on a larger sample of younger
2.2. Statistics from Gas Surveys systems with ages 1-10 Myr in order to place stronger con-

While most energy is focused on interpreting dust obstraints on the timescale available to form gas giant ptanet
servations in disks, it is the gas that dominates the mass _ ) o
of primordial disks and is the material responsible for thé- Physical Properties of Individual Systems

formation of giant planets. Observational evidence for the |, order to interpret results from the surveys described
dissipation of gas in primordial disks surrounding youngyhoye, we need to understand in detail the composition and
sun-like stars is scant. Millimeter wave surveys (see chaggrcture of debris disks. Presumably, the dust (see Sectio
ter by Dutrey et al) are on—going and confirm the basic, 1) reflects the composition of the parent planetesimal pop
results: 1) classical T Tauri stars_vx_/lth excess em|s$|annf_rou|ations, so measuring the elemental composition, organic
the near—IR through the sub-millimeter are gas rich diskg,ction, ice fraction, and ratio of amorphous to crystali
with some evidence for Keplerian support; and 2) compleyjjicates provides information on the thermal and coagula-
chemistry and gas—grain interactions affect the observgl, history of the small bodies. These small bodies are not
molecular abundances. In a pioneering papeckerman et o)y the building blocks of any larger planets, they could be
al. (1995) suggested that gas rich disks dissipate within 19, jmportant reservoir for delivering volatiles to terréit
Myr_. Recent work on_d|sk accretion rates of material fa”'ngplanets (e.gRaymond et a)2004). Additionally, the grain
ballistically from the inner disk onto the star bypwson et gjz¢ gistribution reflects the collisional state of the digke
al. (2004) could be interpreted as indicating gas—rich prigection 4.1). The structure of the disk may reflect the cur-
mordial disks typically dissipate on timescales of 3—10 Myre ¢ gistribution of planetesimals and therefore the syiste
Other approaches include observations of warm m°|eCU|Bfanetary architecture (see Section 5).
gas through near—infrared spectroscopy (see chapt¥aby ~ The jiterature on resolved images of circumstellar disks
jita et al.), UV absorption line spectroscopy of cold gas forbegins with the pioneering observations®Pic by Smith
favorably oriented objects (see next section), and mm-waygq Terrile (1984). Since PPIV, there has been a signif-
surveys for cold gas in remnant disks. One debris disk thigant increase in spatially resolved information on debris
showed evidence for gas in the early workzifckerman  isks in two regimes — scattering and emission. Resolving
etal. (1995), the A star 49 Ceti, was recently confirmedy;ttered visual to near-infrared light requires high castt
to have CO emission bpent et al. (2005). Transient jmaging such as that delivered by HST, because the amount
absorption lines of atomic gas with abundances enhancgflscattered light is at most 0.5% of the light from the star.
in refractory species would suggest the recent accretion plesolving thermal emission requires a large aperture tele-
comet-like materiall(ecavelier des Etangs et a001).  scope because dust is warm closer to the star and so disks
Since most of the mass in molecular clouds, and Presulppear quite small in the infrared.
ably in circumstellar disks from which giant planets form Compositional information is obtained from scattered
is molecular hydrogen, it would be particularly valuable tQignt alpedos and colors, from mid-infrared spectroscopy
constrain the mass inJHdirectly from observations. 1SO that reveals solid-state features, and from fitting theesiop
provided tantalizing detections of warmytt 12.3, 17.0, pserved in spectral energy distributions. Resolved imag-
and 28.2um tracing gas from 50-200 K in both primor- g preaks degeneracies in disk model fits and can be used
dial and debris disksThi et al, 2001a,b). However follow— 5 inyestigate changes in composition with location. Struc
up observations with high resolution Spectroscopic olEservy 5 information is best at the highest spatial resolutiod
tions (with a much smaller beam-size) have failed to conpciydes observations of warps, rings, non-axisymmetric
firm some of these observatiorRi¢hter et al, 2002;Sheret structures, and offset centers of symmetry.
et al, 2003): Severall surveys for warm moIepuIar gas are gengitivity to grain size depends on wavelength and
underway with the Spitzer Space Telescaperti and Hol- - gach regime provides information on grains within approxi-
lenbach(2004) present a series of models for gas rich diskgately a range of 0.1-10 times the wavelength (Fig. 2). For
with various gas to dust ratios. The initial stages of gra”éxample, scattered visible and near-infrared light mostly

growth in planet forming disks, the subsequent dissipatio&robes grains smaller than;Zn and submillimeter emis-
of the primordial gas disk, and the onset of dust produgsjgn, mostly probes grains 100 m in size.

tion in a debris disk suggest a wide range of observable gas

to dust ratios (see the chapter Byllemond et a). Hol- 3.1. Debris Disks Resolved in Scattered Light
lenbach et al.(2005) placeo_l Upper “m'ts. of 0.1 _MP to The number of debris disks resolved in scattered light
the gas content of the debris disk associated with HD 10%35 increased from one at the time of PPRc) to two at

a 3.0 Myr old SU!’I—|Ike star o.bserved as part of the FEP e time of PPIV (HR 4796) to about 10 today (see Table 1).
project. Pascgcc! et al.(submitted) ha_ve presented _result he detection of 55 Cnc reported in PPIV seems to be spu-
for a survey finding no gas surrounding 15 stars with ages, s (Schneider et al.2001; Jayawardhana et al.2002),
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Fig. 1.—Evolution of circumstellar dust mass based on sub—mm oatens fromCarpenter et al(2005). Over—plotted are Spitzer
70 zm detections from the FEPS program (stars) and upper litnisgmgles). Slopes oft' and t2 are shown as solid lines, along with
a toy model for the evolution of our solar system (denoteth witlashed line) indicating an abrupt transition in dust raassciated with
the late—heavy bombardment (LHB). Timescales associatbdive formation of calcium—aluminum inclusions (CAlshondrules, and
terrestrial planets are also shown.
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Fig. 2.—Contribution of different grain sizes to the fluxes obseriredifferent wavebands in the Vega diskiyatt 2006). The units
of the y—axis are flux per log particle diameter so that tha areler the curve indicates the contribution of differenédiparticles to

the total flux for a given wavelength. The different wavebmptbbe different ranges in the size distribution and so erdigted to see
very different structures.



and HD 141569 is not gas-freddnkheid et al.2005) and 3.3. Debris Disks Resolved in IR Emission

therf]fore IS not ZOFn;ed hlere asa debrlskdlsk. for six d Ground-based 8 m class telescopes provide the best spa-
The scattered light colors are now known for six des;,) resoution for imaging disks, but are hampered by low

bris disks (see Table 1). In many of these an asymmety, qiity — only two debris disksi(Pic and HR 4796) are
factor (g) has also been measured; larger grains are gen&éﬁnitively resolved at 12—26m from the ground.

ally more forward-scattering. For disks in which the mid- Spitzer, with its ten times smaller aperture is able to re-

infrared emission has also been_ re_solved, the_ amount Q(glve only nearby disks. With MIPS, Spitzer has surprised
scattered light compared to the mid-infrared emission froerservers with images of Pic, e Eri, Fomalhaut, and Vega

the same physical areas enables a calculation of the albegla, o quite different from their submillimeter morpbel
(albedo = Qsca/(Qsca+Qabs)). The albedo of canonic es. If Spitzer’s sensitivity picked up the Wien tail of the

I?rame and Lee(]t.)984) a_stronom|c_al S|I|ca|t|es 'ﬁ such thatsubmillimeter grain emission or if the smaller mid-infrdre
(for IO'.S'hl'6“m 0 se(zjrvan%r?s), grains lsma erht an uh emitting grains were co-located with their larger progeni-
Rayleigh scatter and are blue, grains larger thamscat- - pogies, then the morphologies would be the same. In

ter neutrally, and grains in between appear slightly red. Ifhe case of Fomalhaut, the MIPS 24 flux originates in

the case of a power law distribution_of grain sizes, suph 38 zodiacal-like region closer to the s@ndthe planetesi-
that of a collisional cascade (equation 2), the scattesng hal fing while the 70um flux does indeed trace the ring

dominated by the smallest grains. Thus the colors in t tapelfeldt et al. 2004, and Fig. 3). As for the solar

Table have been explained by tuning the smallest grain si 9stem, there may be separate populations of planetesimals

to give the appropriate color. Rarely has the scattered Colfﬁanalogousto the asteroid and Kuiper belts) generating dus
been modeled simultaneously with other constraints on sim- Surprisingly, however, the 24 and 7én images of Vega

llar sized grains such as 8-1ién spectra. If opservatlons actually have larger radii than the submillimeter ring oF-mi

of scattered light at longer wavelengths continue to Shomneter clumps Su et al, 2005). This emission seems to
red colors, the fine tuning of the minimum grain size of aSfrace small grains ejected by radiation pressure. Vega is

tronokr)mcal silicates will fail tohwork.hMor%reahstlc gres “only slightly more luminous than Fomalhaut, so the min-
may be porous aggregates where the voids may contain I§ey .y grain size generated in collisions within the disk

Few optical constants for these are currently availablben t would have to finely tuned to below the blowout size for

literature. Vega and above the blowout size for Fomalhaut for a unified
disk model (see equation 3).Eri looks about as expected
] ] with the 70um emission from the region of the submm ring
_Resolved observations from JCMT/SCUBA in the SUb(Marengo et al. 2005). An inner dust population might be
millimeter at 85Qum by Holland et al.(1998) andGreaves  expected if Poynting-Robertson drag is important for the
etal. (1998) led the way in placing constraints on cold dusfjyst dynamics of this system (see Section 4). The absence
morphologies for four disks (Fomalhaut, VegePic, ande  of close-in dust may indicate that it is ejected by the pos-
Eri), including rings of dust at Kuiper-belt like distancesyjated planet. It is also interesting that Spitzer did ot r
from stars and resolving clumps and inner holes. SinC&|ve any of the other nearby disks imaged including ones
PPIV, higher spatial resolution images at 350 - 480re-  resplved in the submm such A4 eo (see however new re-
vealed additional asymmetries interpreted as indicafions it oy Corvi byBryden et al.in preparation). Itis possi-
planets Holland et al, 2003;Greaves et a).2005;Marsh  pje in these cases that the grain sizes are so large thaeBpitz
et al, 2005). Perhaps most excitingly, the structure of thgannot see the Wien-side of such cold emission and/or that
disk surrounding Eri appears to be rotating about the Startheirviewing geometries (nearly face-on) were unfavagabl
A longer time baseline for the motion of disk clumps will Spatially resolved spectroscopy has been obtained for
reveal .the mass_and eccentricity of the pla_net responsil:grf,\"y one debris disk3 Pic. These spectra provided in-
for t_he|r geperatloncereaves et a).2005). Finally, three formation on collision rates, with small silicate graindyon
ad(.jlfuonal disks + Ceti (Greaves et a).2004), HD 107146 gpserved within 20 AU of the star and thermal processing,
(Williams et al, 2004), and; Corvi (Wyatt et al, 2005), wjith crystalline silicate fractions higher closer to tharst
were resolved by JCMT/SCUBA. Interferometric imaging(Weinberger et a).2003; Okamoto et al.2004). Of the
of one debris disk, Vega, allowed the first measurement @f5rs in Table 1 with measured scattered light, ghRic,
structure at a wavelength of 1 mri{derner et al, 2001; HR 4796, and Fomalhaut have been resolved in the infrared.
Wilner et al, 2002). Again, the presence of clumps could  onyy silicates with D< 4um show silicate emission. In
be explained by the influence of a plan@fyat 2003). It  the Zodiacal dust, this is only 10% and the "typical” grain
is interesting to note that three A-type stars, with maspes Y, is 10Qum (Love and Brownlegl 993). Without resolv-
to twice that of the Sun and luminosities up to tens of timeﬁ]g disks, the line-to-continuum ratio of the mid-infrared
higher show dynamical evidence for planets. silicate bands at 10-20m, which in principle reflects the
proportion of small grains, can be diluted by flux from cold
grains. Many debris disks with 12n excess show no sil-
icate emissionJura et al, 2004) with the implication that

3.2. Debris Disks Resolved in Sub—mm Emission



TABLE 1
RESOLVED DEBRISDISK PROPERTIES

Scattered Light

Star Sp. Age Size Color g albedo Resolved References
Typ. (Myr) (AU) in Emis?

HR 4796A A0 8 70 red (V-J) 0.15 0.1-0.3 yes 1,2,3,4

HD 32297 A0 10? 400 blue (R-J) Not Avail. 0.5 no 5,6

0 Pic A5 12 10-1000 neutral-red (V-1) 0.3-0.5 0.7 yes 7,8,9,10

AU Mic M1 12 12-200 neutral-blue (V-H) 0.4 0.3 no 11,12,13,14

HD 181327 F5 12 60-86 Red (V-J) 0.3 0.5 no 15

HD 92945 K1 20-150 120-146 Red (V-I) Not Avail.  Not Avail. no 61

HD 107146 G2 30-250 130 red (V-1) 0.3 0.1 yes 17,18

Fomalhaut A3 200 140 Not Avail. 0.2 0.05 yes 19,20

HD 139664 F5 300 110 Not Avail. Not Avail. 0.1 no 21

HD 53143 K1 1000 110 Not Avail. Not Avail.  0.06 no 21

Saturn’s Rings - - - red (B-I) -0.3 0.2-0.6 - 22

Emission (Additional)

Vega A0 200 >90 23,24,25

€ Eridani K2 <1000 60 26,27

n Corvi F2 ~1000 100 28

T Ceti G8 ~5000 55 29

NoTeE.—Notes: The size given is the approximate radius or rangadif. It remains to be seen if the younger systems,
particularly HD 32297, really are gas-free debris diskse $lze for HD 32297 is the inner disk; it has a large circurfestel

nebulosity as well (Kalas 2005).

References. — 1Schneider et al(1999), 2.Schneider, G. and Debes, (personal communication), 3ayawardhana et
al. (1998), 4.Koerner et al.(1998), 5.Schneider et al(2005), 6.Kalas (2005), 7.Artymowicz et al(1989), 8.Kalas and
Jewitt (1995), 9.Telesco et al(2005), 10.Golimowski et al.(2005), 11.Kalas et al. (2004), 12.Liu (2004), 13.Metchev
et al. (2005), 14.Krist et al. (2005), 15. Schneider et al(in press), 16.Clampin et al. (in preparation), 17 Ardila et al.
(2004), 18.Williams et al.(2004), 19.Wyatt and Den{2002), 20.Kalas et al.(2005), 21.Kalas et al.(2006), 22.Cuzzi et
al. (1984), 23.Holland et al.(1998), 24.Wilner et al.(2002), 25.Su et al.(2005), 26.Greaves et al(2005), 27.Marengo et
al. (2005), 28 Wyatt et al.(2005) 29.Greaves et al(2004)



their grains are larger than 10m. The unfortunate conse- 4. Overview of Debris Disk Models
is that direct itional inf tion is hard t . . .
quence is that direct compositional informationis hard tg | . 5 & 5. Physics

acquire.
As described above, knowledge concerning general
3.4. Detections of Remnant Gas trends in the evolution of dust as a function of radius
A useful definition of a debris disk is that it is gas(see Section 2), as well as detailed information concerning

free, because then the dust dynamics are dominated by fpiticle composition and size distribution (see Sectign 3)
processed described in Section 4 unmodified by gas dragounds. Howeveunderstandinghese trends and placing
(Takeuchi and Artymowic2001). However, debris disks SPecific systems in context requires that we interpret these
can have small amounts of gas released in the evaporati@ata in the context of robust physical theory. Models of de-
of comets or destructive grain_grain collisions. The moé@ris disks have to explain two main observations: the radial
sensitive gas measurements are made with ultraviolet dpcation of the dust and its size distribution. There are two
sorption spectroscopy of electronic transitions. Theme-tr competing physical processes that determine how these dis-
sitions are strong and trace atomic and molecular gas tiutions differ from that of the parent planetesimals ethi
a wide range of temperatures. Yet since absorption spe@t€ feeding the dust disk.
troscopy probes on|y a Sing|e line of Sight, it is On|y very CollisionsAll material in the disk is SUbjeCt to collisions
useful for edge-on disks and it remains uncertain how to gwith other objects, both large and small. If the collision
from measured column densities to total disk masses. IS energetic enough, the target particle is destroyed gseat
The edge-on disks around the coegaPic and AU Mic  trophic collision) and its mass redistributed into smapier-
provide strong constraints on the persistence of gas ieto tcles. Lower energy collisions result in cratering of the
debris disk phase. The total measured gas mag<iic is  target particle or accretion of the target and impactor. It
7 x 10~*Mg, while the upper limit (set by limits on HI) is is catastrophic collisions that replenish the dust we see in
0.03 My, (Roberge et a).2006). Because the COfHatio debris disks, and collisional processes are responsible fo
is more like that of comets than of the ISM (CO is actushaping a disk’s size distribution.
ally more abundant than4, the gas is presumably second— Both experimentalRujiwara et al, 1989) and numeri-
generation just as the dust isecavelier des Etangs et al. cal (Benz and Asphayd999) work has been used to de-
2001). In AU Mic, the upper limit to the gas mass from thelermine the specific incident energy required to catastroph
non-detection of molecular hydrogen is 0.0% NRoberge ically destroy a particle()7,. This energy depends on par-
et al, 2005). 5 Pic and AU Mic differ in luminosity by a ticle composition, as well as the relative velocity of thé co
factor of 90 but both were able to clear their primordial ga¥ision (v-e:), but to a greater extent is dependent on the size
in under 12 Myr. Similar upper limits on the gas mass aréf the target. Itis found to lie in the rangg;, = 10° —10°
also observed for the slightly younger, slightly less edge- J kg~', which means that for collision velocities 6f 1 km
disk around HR 4796AChen 2002). s~! particles are destroyed in collisions with other particles
Beyond total mass, a detailed look at théic disk re- that are atleask = 0.01 — 1 times their own sizeD. The
veals a wide range of atomic species in absorption with g¢Pllision velocity depends on the eccentricities and mai
up-to-date inventory given iRoberge et al(2006). In addi- tions of the particles’ orbits, the mean values of which may
tion, the spatial distribution of gas jhPic is also imaged by Vvary with particle size after formation (e.gVeidenschilling
long slit high spectral resolution spectroscopyandeker €t al, 1997). For planetesimal growth to occur both have
et al, 2004). Atomic gas species such as sodium, iron, ari@ be relatively low~ 10~ to prevent net destruction of
calcium are all distributed throughout the disk with KepJarticles. However to initiate a collisional cascade some-
lerian line-of-sight velocities. The observation thatniro thing must have excited the velocity dispersion in the disk
which should experience Strong radiation pressure and Béa”OW collisions to be CataStrOphiC. Models which follow
ejected on orbital timescales, has such low velocities rébe collisional evolution of planetesimal belts from their
mains a puzzlel(agrange et al. 1998). At this time, the growth phase through to their cascade phase show that this
best explanation for why the gas is not ejected by radiatiofvitch may occur after the formation of a planet sized ob-
pressure is that the ions strongly couple via Coulomb forcd€ct (Kenyon and Bromley2002a, 2004) or from excitation
enhanced by an overabundance of carbon gamandez et by a passing stakenyon and Bromley2002b).
al., 2006;Roberge et a).2006). Most of the gas in the disk A particle’s collisional lifetime is the mean time between
is ionized by a combination of stellar and interstellar Uvcatastrophic collisions. This can be worked out from the
Remaining puzzles are the vertical distribution of calciungatastrophic collision rate which is the product of the rela
gas, which is actually located predominantly away from th&éve velocity of collisions and the volume density of cross-
midplane Brandeker et a].2004) and why there exists suchsectional area of the impactors larger th&wb. For the

a large overabundance of carbon in the stable Bab¢rge Smallest particles in the distribution, for which collis®
etal, 2006). with any other member of the distribution is catastrophic,
their collisional lifetime is given by:

teoll = tper/4777_effa (1)
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Fig. 3.—The Fomalhaut disk is one of the few to have been resolved Jith@submillimeter ilolland et al, 2003), (C) the thermal
infrared Stapelfeldt et aJ.2004), and (D) scattered visual lightdlas et al, 2005). When only mid-infrared total fluxes and the
submillimeter images were availablyatt and Den{2002) made models (B) using compact silicate grains. Tl@iad of the mid-
infrared images allows a separation between warm130 K) dust in an inner portion of the ring not seen in the subamah the outer
colder ring. The addition of the scattered light image alaavmore accurate determination of the ring geometry inotudi direct
detection of the offset center of symmetry, similar to thaserved in HR 4796Wyatt et al, 1999). In future work, the silicate model
must be tuned to fit the dust scattered light (albedo) as wedhaissivity.

wheret,., is the orbital period and, ;s is the surface den- whereaq is the semimajor axis of the parent in AU, ahgd
sity of cross-sectional area in the disk which when multiis the time to go from a radial distance ofto 6.4a. In
plied by the absorption efficiency of the grains gives théhe absence of any further interaction, such grains have a
disk’s face—on optical depti{yatt and Dent2002). Larger surface density distribution that falls aff 1.
particles have longer collisional lifetimes. The tangential component of the radiation force in

In an infinite collisional cascade in which the outcomeknown as Poynting-Robertson (P-R) drag. This acts on
of collisions is self-similar (in that the size distributimf all grains and causes their orbits to decay in to the star
collision fragments is independent of the target size)j-col (where the grains evaporate) at a rate- —2«/a, where
sions are expected to result in a size distribution with a = 6.24 x 10~*M, /3. Thus the evolution froma to the

as star takes
n(D) oc D™ 2) tpr = 400(a?/M,)/f (5)

(Dohnanyj 1969; Tanaka et al. 1996). Such a distribution in years. In the absence of any further interaction, such
has most of its mass in the largest planetesimals, but md#iins have a surface density distribution that is constant
of its cross-sectional area in the smallest particles. with the distance from the star.

Radiation pressure and P-R dra@mall grains are af-  Other processe®ther physical processes acting on dust
fected by their interaction with stellar radiation whichin debris disks range from gas drag to stellar wind drag,
causes a force on the grains which is parameterized byrentz forces on charged grains and sublimation. Many of
f, the ratio of the radiation force to stellar gravity. Thisthese have been determined to be unimportant in the phys-

parameter depends on the size of the grain, and to a les#&! regimes of debris disks. However, it is becoming clear
extent on its composition. For large particlésan be ap- that for dust around M stars the force of the stellar wind

proximated by is important both for its drag componemlévchan et al.

2005) and its pressure componeBtribbe and Chiang
B = (0.4um/D)(2.7gem ™3/ p)(L./M,), (3) in press). Gas drag may also be important in young de-

bris disks. While the quantity of gas present is still poorly

wherep is the grain density andl, and M, are in units of  known, if the gas disk is sufficiently dense then gas drag

L and Mg, (Burns et al, 1979). However, this relation can significantly alter the orbital evolution of dust grains

breaks down for particles comparable in size to the waverhis can result in grains migrating to different radial lo-

length of stellar radiation for which a value 6fis reached cations from where they were created, with different sizes

which is independent of particle siz€(stafson1994). ending up at different locations (e.giakeuchi and Arty-

The radial component of the radiation force is known aghowicz 2001; Klahr and Lin 2001: Ardila et al., 2005;

radiation pressure. For grains with> 0.5 (or D < Dy),  Takeuchi et al.2005). For3 Pic it has been estimated that

which corresponds to sub-micron sized grains near a Sugas drag becomes important when the gas to dust ratio ex-

like star, radiation pressure causes the grains to be blowgeds 1 Thebault and Augerea2005).

out of the system on hyperbolic trajectories as soon as they

are created. Since grains with= 1 have no force acting 4.2. Model Regimes

on them, the blow-out timescale can be estimated from the a gepyris disk that is not subjected to the stochastic mass—

orbital period of the parent planetesimal: loss processes discussed in Sections 4.4 and 5, will evolve
in steady—state losing mass through radiation processes ac

— /a3 . .
tol a? /M, (4) ing on small grains: through P-R drag and consequently



evaporation close to the star, or through collisional grindthese particles to thatin bound grains as currently obsgerve
ing down and consequently blow-out by radiation pressure. The size distribution in a collisionally dominated disk
The competition between collisions and P-R drag was exaries somewhat from that given in €, since that as-
plored in Wyatt (2005) which modeled the dust distribu-sumes an infinite collisional cascade. If the number of
tion expected if a planetesimal belt &t is creating dust blow-out grains falls below that of the collisional cascade
of just one size (see Fig. 4). The resulting distribution dedistribution, then since these particles would be expetcted
pends only on the parametey = ¢, /t.ou. If the diskis destroy particles just larger than themselves, their lomnu
dense 1 > 1), then collisions occur much faster than P-Rber causes an increase in the equilibrium number of parti-
drag and the dust remains confined to the planetesimal beites just above the blow-out limit. This in turn reduces the
whereas if the disk is tenuougy(< 1) then the dust suffers equilibrium number of slightly larger particles, and so on;
no collisions before reaching the star and the dust distribiie., this causes a wave in the size distribution which conti
tion is flat as expected by P-R drag. While this is a simpliues up to larger size3€bault et al, 2003). If, on the other
fication of the processes going on in debris disks, which atgand larger quantities of blow-out grains are present,(e.g.
creating dust of a range of sizes, it serves to illustrate tHeecause their number is enhanced by those driven out from
fact that disks operate in one of two regimes: collisional ocloser to the star), then this can actually reduce the equi-
P-R drag dominated. These regimes are discussed in mditegium number of particles just above the blow-out limit
detail below. (Krivov et al, 2000).
Collisionally dominated diskén a collisionally domi- The long term evolution of a collisionally dominated
nated disk gy > 1) it is possible to ignore P-R drag, sincedisk was considered bominik and Decin(2003). They
the cumulative migration of particles over all generationsonsidered the case where the dust disk is fed by planetesi-
from planetesimal taum-sized grain is negligible (e.dy- mals of a given sizeD,.., and showed how collisions cause
att et al, 1999). This is because P-R drag lifetimes inthe number of those planetesimalg,, to follow:
creasex D, whereas collisional lifetimes increase D%
(assuming the distribution of e@?) meaning that the mi- Ne(t) = Nc(0)/[1 +2t/t:(0)], (6)
gration undergone before a collision becomes vanishingly ) o o o
small for large particles. yvheretc is the collisional lifetime of the colll_dlng planetes_-
There are two components to a collisionally dominated"@!S att = 0. In other words, the evolution is flat until
debris disk: dynamically bound grains at the same radid€ disk is old enough for the majority of the planetesimals
location as the planetesimals, and unbound grains with 4f have collided with each other (i.e., when> ¢.), thus
—1 distribution beyond that. The short lifetime of the un-€roding tlhelr_ population, at which point their number falls
bound grains (eq??) suggests that their number densityOﬁ x t~+. Since the S|ze_d|str|put|_on connec'_ung the dust
should be extremely tenuous, and should fall below th4 the number of planetesimals is given by 2@t follows
expected from an extrapolation of the collisional cascadg@t the ?ross—sgctmnal area of emitting dust has the same
distribution. However, recent observations indicate that flat Or ¢~ evolution as does the total mass of material in
some imaged debris disks they are being replenished af¥ disk which is dominated by planetesimals of size
rate sufficient for these grains to dominate certain observi?®Minik and Decir(2003) also noted ways of changing the
tions (e.g.,Telesco et a).2000: Augereau et al.2001;Su  €volution, e.g., by introducing stirring.

et al, 2005), implying a comparable cross-sectional area in 1 1€ gquantity of blow-outgrains in the disk does not fol-
low the same evolution, since their number is determined

by the equilibrium between the rate at which the grains are
created and that at which they are lost (88). The rate

ol 7,=0 at which they are created depends on details of the physics
. 001 T of collisions, but since the rate at which dust is produced

OB o ] by planetesimals isc N2, it follows that their population
“osf A should fall off % or t=2 depending on whethér< ¢, or
KI: T t > te.

M - P-R drag dominated disk& conclusion shared bipo-

0.2f L 1oo//* minik and Decin(2003) andWyatt(2005) is that none of

0.0k =TT L e the debris disks detected with current instrumentation is i

eo 0z 04 06 08 10 the P-R drag dominated regimdlyatt(2005) explained this

as a consequence of the fact that such disks are of too low

Fig. 4.—Surface density distribution of dust created in a planiass for their emission to be comparable to that of the stel-

etesimal belt at, which evolves due to collisions (which remove 1 Photosphere. Thus the detection of such disks requires
dust) and P-R drag (which brings it closer to the stalytt calibration to a few % in the mid- to far-IR, or discovery
2005). Assuming the dust is all of the same size, the reguttis= N the sub-mm. However, the zodiacal cloud (and presum-
tribution depends only ono, the ratio of the collisional lifetime ably dust from the Kuiper belt) in the solar system is a good
to that of P-R drag. example of a P-R drag dominated disk.
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Itis not possible to completely ignore collisions in a P-RHowever, models of the collisional evolution of the aster-
drag dominated disk, since, while the smallest dust makeéd belt, and the dust produced therein, showed significant
it to the star without suffering a collision, the largestigea peaks in dust density occur when large asteroids collide re-
are in a collisionally dominated regime, with intermediatdeasing quantities of dust sufficient to affect to total dust
sizes having distributions closer to thatsgf = 1 in Fig. content in the inner solar systerbdrmott et al, 2002).

4). Matters are complicated by the way P-R drag affects theurther evidence for the stochastic evolution of the aglero
size distribution. If collisional processes in a planetesdi belt came from the identification of asteroid families cre-
belt are assumed to create dust at a rate that results in #ited in the recent (last few Myr) break-up of large asteroids
size distribution of e??in the planetesimal belt, then since (Nesvoriy et al, 2003). The link of those young families to
small dust migrates faster than small dust (&fsand??) the dust band features in the zodiacal cloud structDes-(
then the size distribution of the dust affected by P-R dramott et al, 2002) and to peaks in the accretion ratélde
should follow by the Earth Farley et al, 2005) confirmed the stochas-
n(D) oc D725 (7) tic nature of the inner solar system dust content, at least
on timescales of several Myr. More recently the stochastic
cross-sectional area is in the largest particles in that dinature of the evqu_tlon of debris disks around A stars has
Been proposed bRieke et al.(2005) based on the disper-

tribution. In other words, the cross-sectional area shbald ~. . N o
) . ) . .. _sion of observed disk luminosities. Several debris disks ar
dominated by grains for which P-R drag and collisional life-

times are roughly equal, with that size varying with distancObserved to have small grains (with very short lifetimes) at

) . N radii inconsistent with steady-state configurations oler t
from the planetesimal belt. This reasoning is in agreemen?etime of the star (e.g.Jelesco et al.2005; Song et al
with observations of the size distribution of interplamgta 9. ' ' g '

dust in the vicinity of the EarthLove and Brownleel993; 2005;Su et al, 2005).

Wyatt et al, 1999:Grogan et al, 2001).Dominik and Decin The arguments described previously considered the

(2003) also looked at the evolution of P-R drag dOminateateady-state evolution of dust created in a planetesintial be

disks within the model described above. They conclude";'dt single radius. The same ideas are still more generally

that the quantity of visible arains should fall off t—2 applicable to stochastic models, since a situation of quasi
q y 9 ' steady state is reached relatively quickly at least for bmal

4.3. Formation of inner hole dust for which radiation and collision processes balance on

i i .. timescales of order 1 Myr (depending on disk mass and
Perhaps the most important discovery about debris d'Sifﬁdius).

is the fact that there are inner holes in their dust distiiout Stochastic evolution of the type seen in the zodiacal

Itis often suggested that planet-sized bodies are required ., arises from the random input of dust from the destruc-
terior to the inner edge of the debris disk to maintain the inﬁ n of large planetesimals. Whether it is possible to wit-
ger holes, bgcausr:a Ot?ﬁ_rw'se tEe dust wlould_mlgrate 'nwaﬁass the outcome of such events in extrasolar debris disks
ue to P-R drag thus filling in the central cavidques et s i debated for individual objects. This is unlikely to
al., 1994). It is certainly true that a planet could maintainhs the case for dust seen in the sub-mm, since the large

an inner hole by a(;:omblnanon of trapp_lng tEGSUSt I st mass observed requires a collision between two large
resonances.{ou and Zook 1999), scattering the dust out- . etesimals 1400 km for dust seen in Fomalhaut), and

ward (Moro-Martin and Malhotra 2002), and_accreting t.he while such events may occur, the expected number of such
dust {Wyatt et al, 1999). However, a planet is not reqwredobjects makes witnessing such an event improbag (

to_pre_vent P_'R d_rag filling in the ho_les in th_e_detecte_d qeétt and Dent 2002). Observations at shorter wavelengths
bris disks, since in dense enoug_h dISkS collisional grlgdln(and closer to the star) probe lower dust masses, however,
down already renders P-R drag insignificaatt 2005). 5§ these observations may be sensitive to detecting such
What the inner holes do require, however, is a lack o vents Telesco et aJ.2005:Kenyon and Bromlgy2005)
colliding planetesimals i_n this region. One poss_ible reaso  papris disk evolution may also be affected by external
for the lack of planetgsmals clos_e to th?f star IS that theWlfluences. One such influence could be stirring of the disk
have already formed into planet-sized objects, since plan, stars which pass by close to the digkawood and
formation processes proceed much faster closer to the s lag 2001;Kenyon and Bromley2002b). However, the
(Kenyon and Bromley2002). Any remaining planetesimals, ., traquency of close encounters with field stars means
would then be scattered out of the system by chaos mducaﬁé cannot account for the enhanced dust flux of all de-
by perturbations from these larger bodies (eWfisdom bris disk candidates, although such events may be common
1980). in the early evolution of a disk when it is still in a dense
cluster environment. Another external influence could be
) o the passage of the disk through a dense patch of interstellar
Much of our understanding of debris disks stems frommaterial which either replenishes the circumstellar emvir
our understanding of the evolution of the zodiacal cloudment with dust or erodes an extant, but low density debris
This was originally assumed to be in a quasi steady-statgjgk (Lissauer and Griffith1989;Whitmire et al, 1992).
Other explanations which have been proposed to explain

(Wyatt et al, 1999), a distribution in which most of the

4.4. Steady-state vs Stochastic Evolution
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sudden increases in dust flux include the sublimation of sevolved dustBackman et a).1995;Teplitz et al, 1999).
percomets scattered in close to the sBei¢hman et al. How did the missing AB and KB masses disappear? It
2005). is unlikely that purely “internal” collisional processesf

It is also becoming evident that the orbits of the giantowed by radiation pressure-driven removal of small frag-
planets have not remained stationary over the age of tineents is responsible for depletion of either belt. Perstste
solar systemMNlalhotra, 1993; Gomes et aJ.2005). The of basaltic lava flows on Vesta’s crust is evidence that the
recently investigated stochastic component of giant plan&B contained no more than 0.1 M6 Myr after the first
orbital evolution can explain many of the features of thehondrules formedfavis et al, 1985;Bottke et al. 2005).
solar system including the period of Late Heavy Bombardthis implies a factor of at least 40x depletion of the AB
ment (LHB) which rapidly depleted the asteroid and Kuipezone’s mass by that time, impossible for purely collisional
belts, leading to enhanced collision rates in the innerrsolavolution of the original amount of material (reviewed by
system. Such an event in an extrasolar system would drBettke et al. 2005; cf. Section 4 of this chapter). Also, the
matically increase its dust flux for a short period, but woulgpresent AB collisional “pseudo-age”, i.e. the model time
likely do so only once in the system’s lifetime. A similar scale for a purely self-colliding AB to reach its present-den
scenario was also proposedByommes et a[1999) to ex-  sity, is of order twice the current age of the Solar System.
plain the LHB wherein the giant cores that formed betweeihhis is further indication that the AB’s history includegsi
Jupiter and Saturn were thrown outwards into the Kuipenmificant depletion processes other than comminution. Pro-
Belt by chaos at a late time. Again this would result in gosed depletion mechanisms include sweeping of secular
spike in the dust content of an extrasolar system. Thesesonances through the AB as the protoplanetary disk’s gas
ideas are applied to own solar system in the next section.dispersed Nagasawa et al.2005) and as Jupiter formed

and perhaps migrated during the solar system'’s first 10 Myr

5. Comparison to our Solar System or so Bottke et al, 2005).

Our asteroid belt (AB) and Kuiper-Edgeworth belt (KB) Similarly, several investigators have concluded that the
contain planetesimals that accreted during the earlieg{'mord'aI KB was depleted by outward migration of Nep-

epochs of the solar system’s formation, plus fragments frorthmle thatIS\t/yepttsec_uIar res?n?Phces thrl?ug_h ﬂ:e r_)tlr?nelteSI-
subsequent collisions (e.dBpttke et al. 2005; Stern and mal population, tossing most oTthe small objects erter In-

Colwell, 1997). Collisions in both belts should generaté{vard to encounter the other planets or outward into the KB’s

populations of dust grains analogous to extrasolar debri§Cattered disk”. That scenario neatly explains sevei fe

disks. The dust population extending from the AB is gilures of the present KB in addition to the mass depletion

rectly observed as the zodiacal cloud, whereas dust asso%iq—ewson and Morb|dell|2003;Gomes et. 3).2005; see the
apter bylevison et a). This substantial re-organization

ted with the KB i t only inferredg¢ndgraf et al, © \ -
ared wl © s as yet only inferredgndgraf et a O%I the solar system could have waited a surprisingly long

time, as much as 1.0 Gyr, driven by slow evolution of the
giant planets’ orbits before becoming chao@ofnes et aJ.
2005). The timing is consistent with the epoch of the Late
Heavy Bombardment (LHB) discerned in lunar cratering
r?cord. FurthermoreStrom et al. (2005) point out that,
ecause Jupiter should have migrated inward as part of the
same process driving Neptune outward, the AB could have
been decimated (perhaps for the second time) at the same

system would receive approximately 70 microJy at.2d
and 20 microJy at 7@m from the AB plus zodi cloud, in
contrast to 40 millidy, hereafter mJy, (24n) and 5 mJy
(70 um) from the Sun. The luminosity of the KB dust com-
ponent is less certain but flux densities from 30 pc of abo
0.4 mJy at 24um and 4 mJy at 7um correspond to an
estimated KB planetesimal mass of 0.1, Nsee below for
details of these calculations).

The solar system’s original disk contained much moréat?”e]ra as tTe KBa | loved herein to track the hist
solid mass in the AB and KB zones than at present. A € simpie model employed herein 1o track the history

minimum-mass solar nebula would have had 3.6 o re- of the solar system’s IR SED involves calculating the col-

fractory material in the primordial AB between r = 2.0 ar]disional evolution of the AB and KB. Each belt is divided
4.0 AU whereas now the AB contains orfiyx 10— M@ into 10 radial annuli that evolve independently. At each

and only2 x 10—4 Mg if the largest object Ceres is ex- time step (generally set to 4@ears) for each annulus is

cluded. In contrast, the masses of Earth and Venus are clo cfulated: t(l) the nu?berdof F:jaregi bo;j):j cf:oII|S|tc;]ns, (2) t
to the minimum-mass nebular values for their respective a 1€ Iragment mass produced and sublracted from the paren

cretion zones. Likewise, the primordial KB must have ha odyreservoir, and (3) mass lost via "blowout” of the small-

10-30 My, S0 that the observed population of large object st particles plus P-R_d_rift from the pelt inward toward_ the
could have formed in less thar® years before gravita- un. Parent body collisions are considered only statlitica

tional influence of the planets made further accretion im=2 the model has no capacity to represent *spikes® from oc-

possible Stern 1996). The present KB contains no morecasional large collisions as discussed in Section 4.4. Mass

than a fewx 0.1 M based on discovery statistics of masn grains that would be rapidly ejected via radiation pres-

sive objects (discussed lyevison and Morbidelli 2003) suhre blow;)u(;[ :?trhemome_d_ frotr_n the mloiel |Sstanc;[anepusl>;
and upper limits to IR surface brightness of collisionallyW en created. € colision imesca’e for bound grains o
a given size and location is shorter than the P-R removal
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time, those grains are not allowed to drift interior to thé be event that might occur almost any time in the system'’s his-
and contribute to the inner zodiacal cloud. Thus, based dary. After the LHB event the system is nearly clear of plan-
the theory explained in the previous section, if the beljfra etesimals and dust and evolves very slowly. It remains to
ment density is above a certain threshold, the net mass Idss seen whether observations with Spitzer can distinguish
is only outward via direct ejection, not inward. The terreshetween hypotheses such as single super-collisions or late
trial planets are not considered as barriers to P-R drift bepisodes of debris belt clearing.
Neptune is assumed able to consume or deflect all grains, so
the model dust surface density is set to zero between 4 afid Summary and Implications for Future Work
30 AU. The system SED is calculated using generic grain
emissivity that depends only on particle size. An indicatio
that the model works well is that it naturally predicts the ob
served zodiacal dust density as the output from the obsery,
AB large-body mass and spatial distributions without fine
tuning.

Our simple results agree witBottke et al. (2005) and
others’ conclusion that the AB and KB must both have bee

subject to depletions by factors of 10-100 sometime durin&iant planets; 3) While massive analogues to our asteroid

their histories because simple collisional evolution vaoul . lacking outer disks appear to be rare overall (1-3 %),
2?; proddLILcBe the low-mass btelgs we Zee tgdfay. Tthhe pl.rlfsﬁl{?érm disks (lacking inner hot dust) seem to enjoy a pre-
an masses cannot be produced from the ke, .o epoch around stars with ages between 10-300 Myr
starting masses W'thO.Ut e|t.her (A) an arblt.rary Contlnuou8Id; 4) Cold outer disks (analogous to our own Kuiper Belt,
removal of parent bodies with an exponential time scale fqf '\ .\ -h more massive) are found around 10—20 % of sun—

Cike stars; 5) Resolved images of disks are crucial in order

suldden dlei\_pl_et|0r|1| evenlt s_hovtvhn |ntF|$|_ 5 (botton;), v(\)/h5|ch "o remove degeneracies in debris disk modeling from SEDs
volves collisionally evolving the starting mass for . Gyralone; 6) Most debris disks observed to date are collision-

then reducing each belt mass by amounts necessary to allgm dominated dust systems and do not require the dynam-

collisional evolution to resume and continue over the ne)ﬂ:al action of planets to maintain the observed inner holes;

4.0 Gyr o reach the obse_rved l_OW masses of the two beltsl) At least some disks are observed in a short-lived phase of
The toy model scenario A simply predicts that a plane

s evolution and are not examples of the most massive debris
tary system would have significant 10-gé flux up to an P

; disks; and 8) C ing th ble of ob ti f
age of 1 Gyr. The general lack of observed mid-IR excess SO ) Comparing the ensemble of observations o

in Sitzer t ts older than 30 M Id ) ks surrounding other stars as a function of age to the evo-
N Spitzer targets older than yr could mean. a) mo% ion of our solar system requires detailed understanding
systems do not have belts at temperatures like our asterQifl;;. dynamical evolution including the late—heavy bom-
belt, or b) most have LHB-like events earlier in their histo-ba

o5 A I fth t depleted AB havi | rdment era. Yet in affecting these comparisons, we must
ries. A corofiary otthe present deplete aving a 'arg€e member that we do not yet have the sensitivity to observe

bOdY collision time scalg O.f 10 Gyris that the AB/zodi SYStenuous debris disks comparable to our own asteroid belt or
tem is nearly constant in time (e.g., equation 6). Thus, ur Kuiper Belt

. "y : 1
trapolating backward bpominik and Decin2003) " or It is unclear whether debris systems significantly more

-2 . P - A _
;_ tsii“r:%rllaWASES In(c’;l_ppr(()jp&lgtleR(clf. F_|g 1)_'t_ou[3mtzdelprlgmassive (and therefore more easily detectable) than our
Icts that the zodian uminosities both would represent a more or less favorable condition for planet

only decrease by about 30 % in 4.0 Gyr after the LHB Oformation. It may be that systems with planets might

?qylvalent rgaycar_ le.armt% tTt?]'S 298“3;5 W'thtr:he Iungr C'rise from disks with higher mass surface density and thus
ering record indicating that the AB, Ihe earth-crossing a tronger debris signatures at early times than disks lack-

terou: p(tnzulau_ctan% anii Ithe f%dlacalttislo;(d; have had near Mg planets. However, if events comparable to the dynami-
constant density for at least In€ past 5.0 Lyr. cal re—arrangement of our solar system (perhaps related to

In another chaptet,evison et al.o!lscuss the.|de_a that e lunar late—heavy bombardment) are common in plan-
our planetary system had a traumatic re-organization aboé’ttary systems within the first few hundred million years
700 Myr after its formation. An intriguing extension of this

idea is that extrasolar debris disk systems that seem brig h%vr?g?tlgrh tth?npfhcct)stgavtvgs t;rlsni'tsskztl?;tlgr:ﬁ],nﬁ?fgfnrr']ggtt be

thaf‘ _the|r age cohorts_may re_present LHB'“k_e evgnts, . (2005a) present preliminary evidence that there may be
collisions of small bodies excited by planet migration thar$ome connection between the presence of a massive debris

can occur late in a system's development at a time dme(ﬁisk and a radial velocity planet within 5 AU. It is interest-

mined by details of the original planetary system arCh'te(ﬁhg to note that extrapolations of the detection frequericy o

tur(_e. Our “toy _model results compared W'Fh Splt_zer Ok_)seréxtra—solar planets as a function of radius beyond current
vations (e.g.Kim et al, 2005) support a picture in which

many systems evolve according to the principles articdlat survey limits (see chapter bydry et al) suggest a fre-
- : ) uency of extra—solar giant planetsl M ~ 10-20 %
by Dominik and Decir{2003) unless interrupted by an LHB y g planet U °

Based on the discussions presented above, it is clear that
the question of how common solar systems like our own
might be, depends in part on what radius in the disk one
f6dks and at what age the comparison is made. We sum-
marize our main results as follows: 1) Warm circumstel-
lar material inside of 1 AU dissipates rapidly on timescales
comparable to the cessation of accretion; 2) The gas content
Of disks much older than 10 Myr is incapable of forming
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Fig. 5.—Toy models for the evolution of the solar system spectratggndistribution from an age of 300 Myr to 4.5 Gyr: (A) with
no late heavy bombardment shown (left) and (B) includingltH® (right) as discussed in the text. The long wavelengttessdn (B)
grows with time after the LHB because the Kuiper Belt has motrgached equilibrium between dust production and dustvamAlso
shown are the 3 sensitivity limits of IRAS, ISO, and Spitzer for a sun-likausat a distance of 30 parsecs for comparison.

out to 20 AU, consistent with our debris disk statistics fotived) stars, possibly because disk mass correlates véth st
G stars. mass.Plavchan et al(2005) present a survey for warm in-
How do results on debris disks compare as a function afer debris surrounding young M dwarfs. They explain their
stellar mass? On theoretical grounds, one can argue thatk of detections, which is contrary to expectations from
the mass of a circumstellar disk should not exceelD-25 the timescale for P-R drag as a function of stellar luminos-
% the mass of the central steBhu et al. 1990). Indeed ity, due to the effects of an enhanced particulate wind from
Natta et al. (2000) presents evidence that the disk massédate—type stars compared to early—type stars. Yet, it &rcle
around early type pre—-main sequence stars are more mé&sm recent work on low mass stars and brown dwarfs that
sive than their lower mass T Tauri counter—paisizerolle they too possess primordial circumstellar disks when they
et al. (2003) also show that disk accretion rates appear tare young (see chapter byhman et al. Apai et al, 2005)
correlate with stellar mass. Historically, debris disksda however their evolutionary properties are as yet unclear.
been more commonly associated with A stars rather thépitzer studies of debris disks surrounding low mass stars
G or M stars, but that has been largely attributable to a send brown dwarfs at longer wavelengths are now underway.
lection effect: it is easier to see smaller amounts of du€ombining data on A stars, G dwarfs, and M dwarfs, there
surrounding higher luminosity objects in flux—limited sur-is, to date, no evidence for wildly divergent evolutionary
veys. Rieke et al(2005) present evidence for a diminutionhistories for debris disks as a function of stellar mass-aver
in the frequency of mid—IR excess emission surrounding Aged over main sequence lifetimes. Observed differences to
stars over 100-300 Myr. Their data indicate that over andate can be explained in part by differences in dust mass up-
above an evelope of decay consistent with'afall off, sev-  per limits as a function of stellar luminosity and assuming
eral objects show evidence for greater dust generatios ratihat the typical star to initial disk mass is roughly constan
consistent with their interpretation of stochastic preess It is important to remember that mostin—likestars in
in planetesimal disks (see Sections 3 and 4 above). In gethie disk of Milky Way are binarypuguennoy and Mayor
eral, the overall picture of A star debris disk evolution is1991), while the binary fraction of low mass stars and
remarkably consistent with that presented for sun—likesstabrown dwarfs may be lower (see chapter Byrgasser et
suggesting that stellar mass does not play a defining role &h.). It is clear that the evolution of disks in the pre—main
debris disk evolution. In contrast, primordial disks ardun sequence phase can be influenced by the presence or ab-
higher mass stars are more massive, and have shorter lif@nce of a companion (see chaptemMgnin et al; Jensen
times Hillenbrand et al, 1998;Lada et al, in press), than et al, 1996). Preliminary results from Spitzer suggest that
disks around lower mass stars. debris disk evolution is not a strong function of multiplici
Greaves et al.(2003) also present evidence from 1SOand may even be enhanced in close binarledlifg et al.,
observations concerning the frequency of debris disks @&s preparation).
a function of mass. They find that debris surrounding A What are the implications for the formation of terrestrial
stars is more common than around G stars, even for stggkanets in disks surrounding stars of all masses in the disk
of the same age (though the observations were sensitivedabthe Milky Way? We know that primordial accretion disks
different amounts of debris as a function of stellar lumicommonly surround very young stars (approaching 100 %),
nosity). They suggest that the difference is due to charaand that gas—rich disks around more (less) massive stars are
teristic lifetimes of debris becoming an increasing frati bigger (smaller), but last shorter (longer) amounts of time
of of the main sequence lifetime for higher mass (shortedBecause of the surface density of solids in the disk, more
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massive disks surrounding higher mass stars will probabBenz W. and Asphaug E. (199&arus, 142 5-20.

form planetesimals faster. What is unclear is whether disi8pttke W. F., Durda D. D., Nesvorny D., Jedicke R., Morbigel
surrounding intermediate mass stars (with shorter gas disk A. etal. (2005)icarus, 179 63-94.

lifetimes) retain remnant gas needed to damp the eccentrRtandeker A., Liseau R., Olofsson G., and Fridlund M. (2004)
ities of forming planetesimals to create planetary systems ASUON. Astrophys., 41881-691.

like our own Kominami and 1da2002). Yet the planetes- Bryden G., Beichman, C,, Triling, D., Rieke, G., HolmesgEal.

imal growth time in disks surrounding low mass stars angufr?ggGLAstLrg%k;y;. I‘_] gﬁ(?gg?e-:él:(g'lgmarus 40 1-48

brow_n_ dwarfs might be prohibitive _given the low SurfaCe(:alvet N., D’Alessio, P., Watson, D., Franco-Hernandez, R.
densities of solids (see howeggeaulieu et al.2006). Per- Furlan, E. et al. (2005)strophys. J., 630L185-L188.

hapS, just I|ke GO|di|OCkS, we W|” f|nd that terrestrial pla Carpenter J. M_’ Wolf S_’ Schreyer K.’ Launhardt R., and H-hg']n
ets in stable circular orbits are found in abundance around T. (2005)Astron. J., 1291049-1062.

sun-like stars from 0.3—-3 AU. Whether these planets hawhen C. H. (2002)B.A.A.S., 341145.

liquid water and the potential for life as we know it to de-Chen C. H., Jura M., Gordon K. D., and Blaylock M. (200%-
velop will depend on many factors (see chapteGaidos trophys. J., 623493-501.

and Selsis As results from Spitzer and other facilities con-Cuzzi J. N., Lissauer J. J., Esposito L. W,, Holberg J. B.,ddér
tinue to guide our understanding in the coming years, we E:A- Tyler G. L., and Boishchot A. (1984) IAU Collog. 75:
can look forward to steady progress. Hopefully, new ob- F'anetary Ringspp. 73-199. Univ. of Arizona, Tucson.

. e T I Davis D. R., Chapman C. R., Weidenschilling S. J., and Greenb
servational capabilities and theoretical insights withyide R. (1985)lcarus, 63 30-53.

answers to some of these questions at PPVI. Decin G., Dominik C., Waters L. B. F. M., and Waelkens C. (2003
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