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ABSTRACT

There exists strong circumstantial evidence from theieetrec orbits that most of the known extra-solar planetastesms are the
survivors of violent dynamical instabilities. Here we ex@ the &ect of giant planet instabilities on the formation and sealbf
terrestrial planets. We numerically simulate the evolutid planetary systems around Sun-like stars that includeetbomponents:
(i) an inner disk of planetesimals and planetary embryd@sthfiee giant planets at Jupiter-Saturn distances, an@fiiouter disk of
planetesimals comparable to estimates of the primitivp&ubelt. We calculate the dust production and spectrabgraistribution
of each system by assuming that each planetesimal parigtesents an ensemble of smaller bodies in collisionalibgum. Our
main result is a strong correlation between the evolutiah@finner and outer parts of planetary systems, i.e. betthegoresence of
terrestrial planets and debris disks. Strong giant plargabilities — that produce very eccentric surviving ptaredestroy all rocky
material in the system, including fully-formed terredtpéanets if the instabilities occur late, and also desttoy ity planetesimal
population. Stable or weakly unstable systems allow taiedplanets to accrete in their inner regions and sigmnificdust to be
produced in their outer regions, detectable at mid-inftaravelengths as debris disks. Stars older thah00 Myr with bright
cold dust emission (in particular at~ 70um) signpost dynamically calm environments that were coivu dficient terrestrial
accretion. Such emission is present arouié% of billion-year old Solar-type stars.

Our simulations yield numerous secondary results: 1) Thiz#y eccentricities of as-yet undetected terrestriah@is are~0.1 but
there exists a novel class of terrestrial planet system /hivgyle planet undergoes large amplitude oscillationshital eccentricity
and inclination; 2) By scaling our systems to match the olegbisemimajor axis distribution of giant exoplanets, wedftethat
terrestrial exoplanets in the same systems should be arfess tmore abundant at0.5 AU than giant or terrestrial exoplanets at 1
AU; 3) The Solar System appears to be unusual in terms of itsawation of a rich terrestrial planet system and a low dostent.
This may be explained by the weak, outward-directed instabiat is thought to have caused the late heavy bombartimen

Key words. planetary systems: formation — methods: n-body simulatiencircumstellar matter — infrared stars — Kuiper belt
— Solar System

1. Introduction O'Brien et al. 2006). From roughly a few to a few tens of AU, gi-
ant planet cores grow and accrete gaseous envelopes ifrile co

Circumstellar disks of gas and dust are expected to préans are righti(Pollack et 2l. 1996; Alibert et al. 2005).spie
duce three broad classes of planets in radially-segregat@@ir large masses, gas giants must form within the few onilli
zones [(Kokubo & Idal 2002). The inner disk forms terreg€ar lifetime of gaseous disks (Haisch et al. 2001; Pas@iali
trial (rocky) planets because it contains too little soliciam 2006; Kennedy & Kenyoh 2009) and be present during the late
to rapidly accrete giant planet cores, which are thought .R;]ases. of terrestrlal planet growth. Resonant interagtians-
form preferentially beyond the snow line where the sufdg notjustfrom giantplanets but also from the changingesier
face density in solids is higher because of ice condensati@@nsity of the gas disk itself (Nagasawa et al. 2005), ttkesyli
and the isolation mass is larger (Lissalier 1987). TeregstrPlay a role in terrestrial planet formation. Finally, in thater
planets form in 10-100 million years (Myr) via collisionalegions of planetary systems the growth time scale excéeds t
agglomeration of Moon- to Mars-sized planetary embrydgetlme of_ the gas disk, and the_end point of accretion is la be
and a swarm of 1-®0km sized planetesimald_(Chamber®f Pluto-sized (and smaller) bodies (Kenyon & [luu 1998).
2001; Kenyon & Bromley 2006; Raymond el al. 2006a, 2009c;


http://arxiv.org/abs/1104.0007v1

Raymond et al.: Debris disks as signposts of terrestrialgtlformation

Our understanding of planetary formation in thes@edent cause the lifetime of observed dust particles under theces
zones is constrained by a variety of observations. Thealnitiof collisions and radiation forces is far shorter than thpi-ty
conditions of inner disks can be probed by observations of hzal stellar age, implying a replenishment via collisionahd-
dust. Such observations have shown evidence for grain growrtg of larger bodiesSpitzerobservations show that about 15%
in individual protoplanetary disks_(Bouwman etlal. 2008)da of solar-type stars younger than 300 Myr have significant dus
larger samples have shown that hot dust disappears frora thescesses at 24n but that this fraction decreases to about 3%
disks within a few Myr and that cooler dust takes longer tfor stars older than 1 Gyr (Meyer et al. 2008; Carpenter et al.
disappear (Haisch etlal. 2001; Mamajek et al. 2004; Meyel etia009). At 7Q:m the fraction of stars showing significant excesses
2008). Hundreds of close-in planets — the outcome of plaret fis roughly constant in time (at 16%) but the upper envelope
mation — have been detected by radial velocity and transitieb of the distribution decreases with the stellar age (Tidllat al.
vations, with masses down to a fewgNe.g., Butler et al. 2006; 12008;| Gaspar et al. 2009; Carpenter et al. 2009). A stave ha
Udry et all 2007; Léeger et al. 2009; Batalha et al. 2011).ffé&se a significantly higher fraction of dust excesses at both 24 an
quency of planets on short-period orbits has been found 8 b&0um and the excesses themselves are brighter than for FGK
function of the planet mass; less massive planets are signify stars but the dust lifetime is shortér (Su et al. 2006). Vexy f
more common than high-mass “hot Jupiters” (Mayor ét al. 2008ebris disks are known around M dwarfs and the dust brightnes
Howard et al. 2010). The frequency of 3-10Q; ldlanets has been is necessarily far lower than for higher-mass stars (Geetiel.
measured at 12%, and by extrapolation the frequency of 0.2@Q07).

Mg is 23% (for orbital periods less than 50 days; Howard et al. Here we perform a large ensemble of N-body simulations to
2010). model the interactions between théfdient radial components

Despite the existence of hot Jupiters arounti% of solar- of planetary systems: formation and survival of terrebpian-
type stars/(Howard et al. 2010), the vast majority of giaanpl ets, dynamical evolution and scattering of giant planeid,dust
ets is found beyond 1 AU_(Butler etlal. 2006; Udry & Sahtoproduction from collisional grinding. By matching the dgdi
2007). The absolute frequency of giant planets is poorly codistribution of the giant planets, we infer the charactesgsof
strained; estimates range from 10% (Cumming &t al. 2008) as-yet undetected terrestrial planets in those same sysWm
more than 50%| (Gould et'al. 2010). These planets are chpest-process the simulations to compute the spectral gaisg
acterized by their broad eccentricity distribution thatlides tribution of dust by treating planetesimal particles asraggtes
several planets witle > 0.9 [Butler et al. |(2006). This dis- in collisional equilibriuml(Dohnanyi 1969) to calculateetinci-
tribution is quantitatively reproduced if giant planetsrfoin  dent and re-emitted flux (Booth et al. 2009). We then coreelat
systems with multiple planets, and dynamical instabgitie- outcomes in the dierent radial zones and link to two key ob-
curred in 70-100% of all observed systems_(Chatterjee et arvational quantities: the orbital properties of giasmatngits and
2008;| Juric & Tremaine 2008; Raymond el al. 2010). The onsggbris disks.
of instability may be caused by the changing planet-plateet s  The paper is structured as follows. In section 2 we explain
bility criterion as the gas disk dissipates_(lwasaki et 801, our choice of initial conditions, the integration methoddaur
resonant migration_(Adams & Laughlin 2003), or chaotic dydebris disk calculations. In section 3 we demonstrate teldd
namics [(Chambers etlal. 1996). Whatever the trigger, tha-insevolution of a single simulation in terms of its dynamics tor-
bility leads to a phase of planet-planet scattering and istmanation of terrestrial planets, and the dust evolution. ktiea 4
cases to the eventual removal of one or more planets frame present results from our fiducial set of 152 simulations an
the system by collision or hyperbolic ejection _(Rasio & Foréxplore the correlations between terrestrial planet fdionaef-
1996; Weidenschilling & Marzari 1996). It is treirvivingplan-  ficiency, giant planet characteristics and debris disk&dation
ets that match the observed distribution. The propertigh®f 5 we discuss the implications of our results: we scale ouusim
outer Solar System are consistent with the giant planets héations to the known eccentricity-semimajor axis disttibn of
ing formed in a similarly unstable configuration (Thommealet giant planets, discuss the observed debris disks in known ex
1999), though the low eccentricities of Jupiter and Satuplanet systems, and evaluate the Solar System in the caftext
(& ~ es ~ 0.05), and the late timing of the Late Heavyour results. We conclude in Section 6.

Bombardment! (Strom et dl. 2005), hint that the instabilitsitt In a companion paper (Raymond et al 2011; referred to in the
occurred in our Solar System was weak and occurred too latdest as Paper 2) we test thffects of several system parameters
affect terrestrial accretion (Morbidelli etlal. 2010). on this process: the giant planet masses and mass distributi

Sub-millimeter observations of dust disks around yourifje width of the outer planetesimal disk, the mass distiioubf
stars provide information on the initial conditions in autethe outer planetesimal disk, and the presence of disk géat t
planet-forming disks, and by extrapolation to entire difksese time of giant planet instabilities. We also calibrate owsulés to
observations suggest that the typical protoplanetary disk the statistics of known debris disks to produce an estinfeteeo
a mass of 0.001-0.1 Solar masses (Andrews & Willlams 200%action of solar-type stars that host terrestrial plarigig in
20074a; Eisner et al. 2008) and a radial surface density profihe Drake equation).
of roughly r-©5-9 (Mundy et al.[ 2000 _Andrews & Williams
2007b; Isella et al. 2010). There appears to be a roughly Iig- Methods
ear trend between the dust mass and the stellar mass suchThat
the typical protoplanetary disk contains a few percent @f thWwe use numerical simulations to study the formation of terre
stellar mass_(Andrews & Williams 2007a), which has impartarrial planets from massive embryos, the dynamical evotutib
implications for the planet frequency as a function of stell fully-formed gas and ice giants, and the long-term evohutié
mass|(lda & Lin 2005; Raymond etlal. 2007; Greaves 2010). debris disks, starting from an assumed set of initial cooalt

Debris disks — warm or cold dust observed around old#rat are specified at the epoch when the protoplanetary ghs di
stars, typically at infrared wavelengths{ 10-10Qum)— probe dissipates. The goal is to study how these processes, aagurr
outer disks after planet formation has completed. Debskdi in spatially distinct regions of the planetary system, ama-c
provide evidence for the existence of leftover planetelirha- pled, and to quantify the expected dispersion in the final out
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come that arises from the chaotic nature of the evolutiowhat

follows, we describe in detail the specific initial condit®that ~ 1000.000f ‘ A B
we adopt, together with the numerical methods. It is worth em F . 3
phasizing at the outset that our initial conditions are mitjue. 100.000 - ® .

Observationally, little is known about the radial disttiiom of
planetesimal formation within protoplanetary disks, apdae- §
sult the single most important initial condition for subseqt &
planet formation is not empirically well-constrained. Gun- b
damental assumption is that planetesimals form across @ vgﬁd 1_000;
range of disk radii (extending out, in particular, to encasp © E
a cold outer debris disk), with a smooth radial distributidve - b ]
further assume that cores are able to form quickly enoughgto  0.100 *?w 3
yield planets at least as massive as ice giants in typicktHis= 3 i
Given these assumptions, it is likely that the system-&iesp

10.000 .

ma

0.010+ ]

variation in the masses of giant planets — arising ultinydteim S

dispersion in the masses and radii of the protoplanetakgdis r

exceeds that of the terrestrial planets or that of the delisls 0001, v
because small variations in the formation time scale ofsoze 0 5 1015 20 25
sult in large changes to the final envelope mass. Orbital Distance (AU)

Our models are an extension of what might be described as L . )
the “classical” scenario for planet formation. Substdiytiif- Fig.1. An example of the initial c.ond|t.|ons assumed to exist
ferent scenarios are also possible. In particular, plairesd for- Shortly after the epoch of gas disk dispersal. The teragstri
mation is poorly understood (for a review, $ee Chiang & YoudPlanet formation zone contains planetary embryos and lower
2010), and may be coupled to the level of intrinsic turbueendn@ss planetesimals, while the outer planetesimal beltaaut
within the gaseous disk, which probably varies with radiidPopulation of relatively low-mass (compared to the gidainp
(Gammi& 1996; Armitagle 20111). If planetesimal formatiire ©tS) bodies that are represented numericallyNogqual mass
ciency varies dramatically with radius, the initial corulits for ~Particles. The intermediate zone contains 3 fully-formethg
subsequent planet formation would be radicallfetent from Planets whose spacing is such that they are marginally blesta
what we have assumed, leading to qualitativelfedent con- 2dainst dynamical instability.
clusions. For example, it could be true that the zones oéserr
trial and giant planet formation are typically dynamicakgll-
separated, contrary to what is implied by our initial cotwis. 2 1 1. Terrestrial planet-forming region
In such a model, the coupling between the giant and terag¢stri
planets would be much weaker than occurs given our assunijpe terrestrial planet forming region extends from 0.5 told A
tions, such that only exceptionally violent giant planetttgring As in the bulk of terrestrial planet formation simulatioreet
— such as occurs when instabilities driwe> 1 — would d@fect inner boundary was chosen as a compromise between simula-
the terrestrial zone. Similar caveats apply to the outerigelisk tion run time and capturing the dynamics of the inner disg.(e.
region. Chambers 2001). The outer boundary corresponds to thexappro

imate stability boundary with the innermost giant planety(2
AU), depending on that planet's mass, such that objectsrizkyo
2.1. Initial conditions this limit would be immediately destabilized (Marchal & Bsz
L . i 1982; Gladmen 1993). Within this zone, we adopt initial dend
The initial conditions for planet formation are expected&y tions that are motivated by “chaotic growth” models, of tyeet
with stellar mass, due both to the relatively well-undevsto s, mmarized by Goldreich etlal. (2004) and calculated inideta
variation of the location of the snow line with stellar typqoy Kenyon & Bromley ((2006). Specifically, the terrestrianeo
(Kennedy & Kenyori 2008), and as a result of any systemaligntains a total of M in 49 planetary embryos and 500 plan-
variations in the_star-to-d|sk mass ratio (Alexander & AEOE  atesimals, with equal mass in each component. The embry® mas
2006). We consider Solar-mass stars, and start our simn&ti of 0,09 M, is a factor of a few to ten larger than that used in
from highly idealized initial conditions that represeneétpre- ecent simulations of late-stage terrestrial accrefiomaf@bers
dicted state of a planetary system at the time of the dissipat 5607 {Raymond et &1. 2006a, 2009¢; Morishima ét al. 201Q), bu
the gaseous protoplanetary disk. There are three radiaszan s within a factor of~2 of that obtained from semi-analytic
inner zone containingM in planetary embryos and planetesimodels of oligarchic growth (Chambers 2D06) over the radial
mal_s from 0.5 to 4 AU, three giant planets on marginally ﬂabfange between 1 AU and 3 AU at 3 Myr. Of course, the out-
orbits from Jupiter's orbital distance of 5.2 AU out4d0 AU come of late-stage accretion has been shown to be insensitiv
(depending on the masses), and an outer 10 AU-wide diskgfthe embryo mass distribution but rather to depend mainly
planetesimals containing 3@. In the majority of simulations op, the |arge-scale mass distribution of the disk (Kokubdlet a
the giant planets underwent a violent phase of scatteribglau 5006). The mass is distributed following a radial surfacesity
significant fraction they did not. Figuié 1 shows an exampte Syrofile = o« r~2. This profile is consistent with an inward ex-
of initial conditions. trapolation of that measured for DG Tau by Isella etlal. (3010
who infer a slope for the disk surface density via interfeetnic
1 Recent calculations of planet formation via core accresigpport OPServations of thermal dust emission at mm wavelengths. We
such an assumptioh (Movshovitz et'al. 2010), though it shbelnoted dO not consider the possibility of variations in the disk mas
that these are subject to substantial uncertainties be¢hephysics of due either to dispersion in the surface density of the proto-
Type | migration remains imperfectly understood (Lubow &@D10). planetary disk at early times, or arising from dynamidéets




Raymond et al.: Debris disks as signposts of terrestrialgtlformation

such as the passage of massive planets migrating inwarcdduét systems that will likely become unstable on a timescale
Type Il migration (Fogg & Nelsoh 20077; Raymond et al. 2006af 100,000 years or longer_(Marzari & Weidenschilling 2002;
Mandell et all. 2007). Nor do we consider théeet of the chang- [Chatterjee et al. 2008). This value of°1gears is the expected
ing gravitational potential of the dissipating gas disk,ebhin timescale for the final dissipation of the gaseous protaplan
some cases could influence terrestrial accretion (Nagasbata tary disk (Wolk & Walter 1996; Ercolano etial. 2011), althdug
2005; Morishima et al. 2010). Modeling theseets would re- substantial structural changes to the disk occur over longe
quire starting our calculations at an early epoch, when #®e gimescales (Currie et al. 2009). Because damping withinligie
disk was still present, and would introduce additional i¢gls tends to stabilize planetary systems (lwasaki 2t al. 2G0@gx-
uncertainties. Our disk is comparable in mass to the “mimmu pect the natural instability timescale to be on the ordehefgas
mass solar nebula” (MMSN) model (Weidenschilling 1197 7gissipation timescale.
with 2.6 [5.1] Mg inside 1.5 [2.5] AU, though we do not adopt  The outcome of scattering is dependent on both the ini-
the MMSN surface density slope. tial mass distribution (which is related to the well-coasted
The embryo mass increases only slightly with orbital dissbserved mass distribution Butler etial. 2006), and on tlse di
tance, in agreement with models for embryo growth (Chambaeribution of mass ratiosbetween planets in individual sys-
2006). In practice, embryos are spaceddynutual Hill radii  tems (Ford et al. 2003; Raymond etlal. 2010). For the results
Ry,m: shown in the paper we focus on a fiducial set of runs (called
mixed in paper 2), in which the planet masses are chosen to fol-

1 m +mp 3 low the observed distribution of extra-solar planets,
Rim = (81 + a) [ : (1) P
2 3M,
dN -11
wherea; anda; are orbital distances of two adjacent embryogy © M™% ©

m; andmy, are their masses, amd, is the stellar mass. We chose

A to lie between 8-16 but decreasing systematically withtatbi where masses are chosen between one Saturn mass and 3 Jupite
distance to avoid large variations in embryo mass ffedeént re- masses. This range is chosen so as to include the majority of
gions of the disk. In practice, we used= 8 + §/a, where§ well-observed exoplanet systems (more massive planetglare

is randomly chosen between zero and 8 anglthe orbital dis- atively uncommon, while selectiorffects become stronger for
tance in AU. The mass resolution of the terrestrial compbnerery low mass giants), but there is nothing particularlycigle

of our model is within a factor of 2-4 of the best current simabout our choice. Similar models, that fit the observed con-
ulations of terrestrial planet formation (Raymond et al02¢ straints equally well, could almost certainly be constedchs-
Morishima et all 2010). Embryos were given randomly-choseaming diferent mass ranges, although it might be necessary
initial eccentricities of up to 0.02 and initial inclinatie of up to to adopt dfferent numbers of planets or to assume correlations
0.T°. Planetesimals were given initial eccentricities of up.@0 between their masses (Raymond ef al. 2010). In our runs, the
and initial inclinations of up to1 masses of individual planets are chosen independently.

The radii of giant planetstiect their early dynamics, by al-
tering the ratio of physical collisions to scattering ewene
adopt a constant bulk densify,= 1.3 g cnT3, independent of
Our giant planet distribution is motivated by observatiamfis mass, that matches that of the (present-day) Jupiter. 0wy
extrasolar planetary systems, which show that the giamtepla giant planets will assuredly have larger radii, our assimnpin-
population detected @& < 5 AU exhibits a broad eccentricity derestimates the true number of physical collisions. Weaip n
distribution (Butler et al. 2006). The eccentricity distilon is however, consider this to be a major source of error. Planets
not strongly &ected by selectionfiects (Cumming et al. 2008), our mass range, formed via core accretion, are only modestly
which do however dominate the radial distribution (which igflated at ages as short as a Myr_(Marley et al. 2007), and col-
essentially unknown beyond about 5 AU). There is no uniquisions are suppressed at> 5 AU because of the relatively
theoretical interpretation of this result, but the most ooon modest orbital velocities at these radii (Ford et al. 2001).
explanation is that the eccentricity represents the emdpdi As noted above, the initial conditions that we adopt for
a dynamical scattering phase. Models built upon this assuntpe giant planets are motivated by strictly empirical ctinds:
tion (Juri¢ & Tremaine 2008; Chatterjee etlal. 2008) canmaep the observed mass function of extrasolar planets, and the re
duce quantitatively the observeide) for extrasolar planets. quirement (within the context of a scattering model) thasto
When the ffects of outer planetesimal disks are included, theyultiple planet systems are eventually dynamically uristab
are also consistent with near-circular orbits being tyidfimalow However, they are also broadly consistent with first pritesp
mass giant planet systems at larger orbital radii (Rayméatl e models of giant planet formation (Bromley & Kenyon 2010),
2010, as is found in the Solar System). which suggest that radial migration and dynamical insitybil

Here, we assume that marginally unstable initial condbught to be common, even prior to the dispersal of the gas
tions are also the rule for orbital separations modestlgear disk. The specific separation of planets that we have assumed
than those needed to explain the current observations of mamatches that expected if multiple giant planets interatt wie
sive extrasolar planets. This may not be true, but it reprgas disk such that they end up trapped in mean-motion res-
sents the simplest extrapolation of current observatioaal onances|(Snellgrove etlal. 2001; Lee & Peale 2002; Kley et al.
sults. We model systems of three giant planets, with therinn2004),providedthat the majority of these resonances are broken
most giant planet given an orbital semimajor axis of 5.2 Alhefore or shortly after the dispersal of the gas disk. Underes
the same as Jupiter's. This is an arbitrary choice which aenditions fluctuating gravitational perturbations fromkdtur-
lows for easy comparison with the Solar System (assumibglence may be able to break resonances (Adamslet al. 2008;
that Jupiter formed at 5.2 AU). Two additional planets afieecoanet et al. 2009), though the ubiquity of this process re
spaced outward with randomly-chosen separations of (in thrains unclear since the true strength of turbulence witfsksd
fiducial runs) 4- 5Ry . This separation was chosen to seleaannot yet be reliably determined.

2.1.2. Giant Planets
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In paper 2 we test theffect of the mass distribution of giantfor a collisional cascade (Dohnanyi 1969; Williams & Wetlier
planets, including systems with much lower-mass giantgi&n|1994), the true size distribution of a collisional popudati
that can undergo Nice model-like instabilities and systeiitls is certainly more complicated (O’Brien & Greenberg 2005;
equal-mass giant planets that produce the strongest ilititab [Kobayashi & Tanaka 2010). We also assume a constant value
for a given planet mass (Raymond et al. 2010). for Qf, the impact energy required to catastrophically disrupt

an object of sizeb that is not realistic becauggy is undoubt-
) edly a function oD (e.g./ Benz & Asphatig 1999). However, this
2.1.3. Outer Planetesimal Belt type of simple model does a reasonably good job at matching
more detailed calculations of debris disk evolution thatude
qssize depender®y and (consequently) a multiphase size dis-
tribution (see Fig. 11 of Lohne etlal. 2008; Kenyon & Bromley
2008,12010] Krivom _2010). Furthermore the parameters of the
model have been tuned to match the observed debris disk-evolu

In all cases, the outer planetesimal disk containd/gOspread
over a 10 AU-wide annulus. The inner edge of the annulus
chosen to be 4 linear Hill radii exterior to the outermostngia
planet, such that the innermost planetesimals are “Hitllstaat
the start of the simulation. This disk’s mass and mass Higicn ™+ 5 -
is comparable to that invoked by recent models of the exaruti ion (Wyatt etall 2007h; Kains etial. 2011).

of the Solar System’s giant planets (the “Nice model”) tolaip We divide our planetesimal populations into two compo-
the late heavy bombardmeht (Tsiganis et al. 2005, Gomes et§gnts: asteroidal and cometary: asteroids are simply {gane
2005). Note that, for numerical reasons and also to accaunt 1@l interior to the giant planets’ initial orbits and comate
the much larger total mass, the mass of a “cometary” planete®terior. We assume that each planetesimal population & in
mal particle in the outer system is roughly an order of magfst colllslon-domlngted regime from_the_start of the simulatsoich
larger than an “asteroidal” planetesimal in the inner systal- that its diferential size distribution is represented h{D) «

\ . nne 2-3 : : : _ :
though in both cases each planetesimal particle is assumedt > Where D is the object dlame_te(r ‘:"q_@j = 11/6 for an in-
represent an ensemble of smaller bodies (see below). finite collisional cascade (Dohnaiyi 1969; Williams & Wetiti=

In paper 2 we test theffect of varying certain properties of1994). This distribution spans from the smallest assumed pa

the outer planetesimal disk mass, including the width obilter ticles Dy = 2.2 um up to the largesD = 2000 km. Smaller
planetesimal disk and the presence-oEarth-mass “seeds” in parfucl_es tharDy, are assumed to be bllown out of the system by
the disk radiation pressure on short enough timescales to not boiteri

to the size distribution (see, e.g., Wyatt 2005). The larigedies
in the distribution were chosen to match the largest known ob
2.2. Integration Method jects in the Kuiper belt, assuming that the primitive Kuipeft

] ) . o represents a proxy for the accretion that would have ocdunre
Our simulations were run using the hybrid integratosjanetesimal disks of this mass.Df were significantly smaller
in the Mercury integration package | (Chambets 1999hen the collisional timescales would be shorter and thé-col
which  combines the speed of a symplectic mappingonal evolution would proceed more quickly.
scheme [(Wisdom & Holman 1991) while particles are well-  The surface area of a population of bodies with a collisional
separated with the Bulirsch-Stoer method during closgfze distribution can be easily calculated. Using our chagd-
encounters. We used a timestep of 6 days for each of our sifes forD,,, D, andqg, and assuming a physical density for all
ulations. Particles were removed from a simulation whery th%bjects of 1 gcrm?, the total cross-sectional area in a given ra-
attained perihelion distances of less than 0.2 AU, at wh@htp (ia] bin is related to the total mass in that bin by:
they were assumed to collide with the star, or if they reached
aphelion at more than 100 AU, when they were assumed tqR)
be ejected. Collisions were treated an inelastic mergess. \Mﬁ
performed extensive numerical tests to validate our chofce
timestep as well as the threshold integration error in aftbitwherec(R) is in AU? andM(R) is in Mg,
energy above which simulations were rejected as unreliable For each population of bodies (asteroidal and cometary),
These tests are described in Appendix A. we calculate the collisional timescatg which is a function
of the particle sizeD as well as the orbital properties of the
N . opulation|(Wyatt et al. 1999, 2007a). This represents tharm
2.3. Debris Disk Modeling tFi)mpescaIe between collisions that ar)e violent Ee)nough toroles

To calculate the dust flux in a planetary system from a simulBodies of a given size at a mean orbital distaRgewith an an-
tion we follow the procedure outlined in section 2 of Bootlapt Nular widthdr.

= 0.19AU*M;*, ()

(2009) with only a few small modifications. This approach ~12

makes the assumption that planetesimal particles act earsra R25dr 2[1 + 1.25(e/|)2]

of a collisional populations of small bodies and adopts a sif¢(D) = (I\/IO'50' ) fee(D) yr. (4)
ple model for the evolution of the population. The propertié x Tt

this collisional population are drawn from previous stsdileat Where

fit models of the collisional evolution of planetesimal seto

the statistics for the evolution of debris disks (Dominik &&n a(R)

2003; Krivov et all 2008, 2006: Whatt et al. 2007b; Lohnelgt &t = 7 gy Meor (®)

2008; Wyaltt 2008;_Krivav 2010; Kains etlal. 2011). Although

the parameters in this simple model have a precise physiemret; is in years,M, is the stellar mass in solar masses and
meaning for the model as it is presented below, in practieg tho is the total surface area in AUThe orbital characteristics
represent “fective” parameters that determine the mass evolaf the planetesimal population are represented by theinreea
tion and are calibrated to match observations. For examaple, centricitiese and inclinationg in radians. The factof..(D) rep-
though we adopt the classic single power law size distidiouti resents the fraction of the total size distribution thatid@mause
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a catastrophic collision with a particle of size D, and for as-
sumptions can be expressed as

D5_3qd
fcc(D) = -

304 -5 [DCC(D)5-3% -
Dy, 3¢ -5
Deo(D)*%% — D>

3qq-4
Dec(D)* % —

3q9—-3
whereD¢¢(D) = XD whereX.D > Dy andD(D) = Dy, other-
wise, and

+ 2D

+ D?

3304
De } 6)

QiRaM;!

1/3
1.25¢ + |2) ‘ "

X = 1.3x% 103(
Qf is the impact energy required to catastrophically disrupt a

disperse a body of siZ@. Here we assume th@ = 200J kgt
and that it does not vary with. As discussed above, this as-

sumption is not realistic in terms of the collisional dynam-

ics (Benz & Asphaug 1999), but for our purpo<g$ represents

an dfective strength that determines the dust production and
mass loss rate from the planetesimal belt, and using a gansta

value allows for a good fit to the statistics of debris disksuaid
A stars (Wyatt et al. 2007b). In addition, it may not be reaso

Nbin Values and found good convergence wWikl, > 30— 50

and so we usél,i, = 100 to be conservative.

Calculate the total planetesimal mass in each radial bin for
asteroids and comets by sampling the orbit of each plan-
etesimalNsamp times along its orbit at intervals that are
equally spaced in time (i.e., in mean anomaly). We calcu-
late Nsamp= 1+ €/&imit, Wheregimit represents the minimum
statistical eccentricity needed to cross between radied:bi
aimit ~ 0.06 in our case but we use half of that value. Thus,
we sample circular orbits sparsely but more eccentric ®rbit
up to 30 times per orbit to allow the dust to be spread over a
range of orbital distances.

— For each radial bin and for asteroids and comets, calculate

the blackbody temperatufe
L* 1/4 R -1/2
Top = 2783(L—®) (—1 AU) , ®)

wherelL, is the stellar luminosity, R is the radial distance,
andTyy is in Kelvin. Then, assuming that all objects radiate
as blackbodies, we calculate the flux density (in Janskys)

seen by an observer at distartte

F, = Z 2.35x 10 Mo (R) x
R

d -2
0 BOTHR)(5) X ©)

able to assume the san@ for asteroidal and cometary plan-

etesimals given that their compositions are likely to bféedént.
However, the typical collisional timescales for the latg@800
km) bodies are very short, just a faw0* years, for the aster-
oidal planetesimal population (compared with B x 10 years
for the cometary planetesimal population). Thus, astataldst

is severely depleted within the first 0.1-1 Myr of each system —

evolution and our choice oR} has virtually no éect on the
results.

For a given simulation timestep, we calculate the spectral

energy distribution (SED) of the system dust as follows i@aga
as in Booth et al. 2009 with only small modifications):

— Calculatet. for the largest bodies in both asteroidal an

whereB, is the Planck function in units of Jysrand X,

is a factor derived by Wyatt et al. (2007b) to account for
a decrease in emission beyord20Qum needed to match
observed sub-mm measurements of debris diXks: 1 for

A <21Qum andX,; = 1/210 for longer wavelengths.

Sum the contributions from each radial bin over the whole
SED, and then sum the asteroidal and cometary contribu-
tions. We consider the wavelength range from 1 to 1000

Using this method, we calculate the SED of each simulation
from the orbits of all planetesimal particles at each siroita
timestep. To make the SED useful for comparison with observa
gions, the most convenient quantity is the dust flux relattiviéne

cometary planetesimal populations. We then artificially détellar flux. The stellar flu¥, . in Jy can be calculated as

crease the mass of the
a factor of [1+ t/tc(D¢)] ™" to account for collisional mass
loss. This represents a very slow decrease for the comets
a significant mass loss among the astergids.

— Divide the radial domain intd\,i, radial bins spaced log-

arithmically between 0.2 and 100 AU, which are the inn%
and outer boundaries of our simulation. We tested a range

2 Our procedure of decreasing the particle mass accordirgetod-
lisional timescale is not completely self-consistent aspanetesimal
mass did not change during the simulation itself. Given tmg Icolli-
sional timescales in the outer disk, this assumption hi¢es i@ no efect
on the outer planetary systems. This assumption also tlasifect on
cases in which the giant planets were unstable quickly. Mewéor
stable simulations or simulations with delayed instaibit this means
that, in the inner disk, our dynamics is not completely tru@tr cal-
culated dust flux. In other words, the amount of damping piedito
growing embryos by planetesimals (via viscous stirring dyiamical
friction) should realistically have been lower if we had aancted for
collisional evolution of planetesimals. However, giveatttve compare
our simulations with observed debris disks that are gelyefial older
than the 10-100 Myr timescale for terrestrial planet foiorgtthis does
not dfect our results. For a careful treatment of dust productimng
terrestrial planet formation, see Kenyon & Bromley (2004)

?Ianetesimals in each population by

F,. = L77B,(1,T,)

but (10)

St
Lo/ * \1pc
whereB, is again the Planck function in units of JySandT,
is the stellar &ective temperature, which we take to be 5777 K
g all cases. Armed with the stellar flux as well as the dus flu
we can isolate the dust-to-stellar flux ratio at any wavetleind
interest such as those observed v@ihitzeror Herschel

Our simulations ran for 100-200 Myr, but we want to com-

pare fluxes with stars at a range of ages. Thus, we need to ex-

trapolate the expected dust fluxes into the future. We ddathis

8 Small grains with sizes of.2um do not actually radiate as black-
bodies. Rather, theffiective temperature of small grains is likely to be
higher than the blackbody temperature. The consequendgsahtthe
context of our model is discussed extensively in Bonsor & #\(2910)
and Kains et al[(2011). To summarize, the actual flux may &ty
higher or lower than that predicted with our assumptionsesion the
one hand the higher temperature means that we underestimeadeist
flux for a given dust mass, however this is compensated to soteat
by the fact that we also overestimate the evolutionary toales(since
the evolutionary timescale for a disk of observed tempeeagiset ob-
servationally).
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making the assumption that there is no more significant dynam

cal evolution of the system, i.e. that the orbital charasties of 0.8

the planetesimals are not going to change in the futureriglea

this assumption does not account for punctual events |ikéatie

heavy bombardment (Gomes el al. 2005) or very late dynamical

instabilities. For a given time after the end of the simulation,

we decrease the planetesimal mass by a simple factor related

to the collisional timescale at the end of the simulatios, ias

(1 +t/ty)~L. In terms of the global analysis of our sample of sim-

ulations, we retain snapshots of each simulation at wagéhen

of 1, 3, 5, 15, 20, 25, 50, 70, 100, 160, 250, 350, 500 an¢850 :

at time intervals of 1, 3, 10, 30, 100, 300, 1000, and 3000 Myr. 40 60 80 100
Our dust flux calculations compare reasonably well with Time (Myr)

observations and other models. We perform this comparison

using systems that are dynamically calm (referred to as “sta

ble systems” later in the paper), in which the giant planets r

Inner (3.65 AU) ]

Eccentricity
© o
ES (2}

©
N
T

©
o
£

o
N
o

o2}
o

main on stable orbits throughout the simulation such that th mnér (3.65 Au
outer planetesimal disk remains largely intact. In thesdlst Quter (36.6 AL)

N
a1
T

systems, our dust flux calculations yield typical valuestfa
dust-to-stellar-flux ratioF/Fsir of 0.1-0.5 at 2am and 10-
35 at 7Qum after 1 Gyr of simulated dynamical and calcu-
lated collisional evolution. These values are broadly stest
with the fluxes detected around solar-type stars with oleserv
excesses at 24 and 4 (Habing et all_ 2001; Beichman et al.
5006; Modr et al| 2006; Trilling et 4l 2008; Hillenbrandait e
2008;| Carpenter et al. 2009; Gaspar et al. 2009), althaugh 20 40 60 80 100
stable simulations yield very few systems WiHF gi4,(70um) ~ Time (Myr)

1 — 10, probably because of the relatively large masses in

our outer planetesimal disks (note that our unstable syste
can yield those flux levels). Compared with the more sophi
ticated models of dust production during planetary acoreti
of IKenyon & Bromley (2008, 2010), our calculated fluxes ar
larger by a factor of a few, notably at i#it. Our fluxes are only
a factor of 2-3 larger than those calculated by Kennedy & Wy
(2010).

i Nt

Inclination (deg)
w
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=
(63}
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Eig. 3. The eccentricity (top panel) and inclination (bottom
panel) evolution of the two surviving giant planets in the ex
gmple simulation. The three curves in the right panel shaw th
Inclination of each planet relative to the starting planthefsys-
dem— presumably the stellar equatorial plane —in black iy |
grey and their mutual inclination, which is larger than eath
their individual inclinations, in dark grey.

3. An example simulation

planet (low-order mean motion resonances) were slowlyetea

In this section we explore the dynamics and dust properfies 9, ‘At the time of the instability, roughly three quartefsize
a single simulation. In following sections we will considee ;w1 o ter planetesimal disk wa,s intact

outcome of an ensemble of many simulations, so this is an 0p- e jnstability began with a rapid eccentricity increase in
portunity to inspect the_ Qetalled_gvolutlon ofa parﬂcl;da;nt.er- the eccentricity of the two outer giant planets and was fedio
esting system. _The initial qondltlons for the chosen sitiula by a close encounter between those two. That fieh Geries
are shown in Figl]1: the giant planet masses were M4gat of close encounters between all three giant planets thegdas

5.2 AU), 0.75M; (7.9 AU) and 0.58V; (11.3 AU). 4.000 : :
) : , . 84, years, involved 35 planet-planet scattering eyemsd
Figurd2 shows the dynamical evolution of the system, whi ulminated with the ejection of the outermost giant plaiée

became unstable after 21 million years. Before the instablop,,yior of the simulation was characteristic in terms of dy

'tﬁ/’ t_he Sygf[elin ev%lved in the egpelcted qL_ueslcent é‘ashhlmn. amical instabilities in that the least massive giant plawes

t:)re mr;re rm Itslf] ’ i?]midry_os tacl:Ec%et;[? p,anetenstlrri’n ?tis ann d(i)'t ?r cted and the surviving planets were segregated by mabs, w
yos 1o € insige-out. yos' eccentricities andimee o m st massive one closest to the star (at 3.65 AU) andgke le

"E!ons Wderg kept srpal_l by:;te plzalnet_(ﬁgmals V|atr(]jynam|cal fr'massive one farther out (at 36.6 AU, e.g. Chatterjeelet 81820
ion and viscous stirring. After 21 million years there weew- Raymond et 21, 2010).

eral almost fully-grown terrestrial planets, includinggh plan- : : : . . o
4 During and immediately after the giant planet instabilitye

g;[)szgnno(r)ethn;? Z%Vber;g:r:)? 668'2341503.6I\tx(t).e9r%i?1%d0t.t3é AZUSaXS %nner disk was almost entirely thrown into the star. This-hap

During this phase of quies.cent.agcretion the giant plane{é pened by a rapid increase in embryos’ and planetesimals’ ec-

bits remained almost perfectly circular, with eccentigsof less centricities mainly by secular forcing from the scatteréang

than 0.05 for each planet (less than 0.03 for the innermast @%\? (;] e;aﬂv's‘é?gq% t:ne1b3r.902%”(3;l‘jzri:]es;rlglgn%agréaétzat \;\l/%sﬁdze-
giant). Planetesimal scattering caused a slow drift in tlatg y y gav. ' T

plane_ts’ semimajor axes, of 0.06 AU for the innermost (andtmo 4 |, the simulation, any body that came within 0.2 AU of the ssar
massive) giant planet, and less than 0.01 AU for the other tWgnhsidered to have collided with it. It is conceivable thesome cases,
giants. During this time, the outer planetesimal disk was/l  star-grazing embryos could have their orbits shrunk andredarized
sculpted by the giant planets. The inner edge of the plainedés by tidal efects, although theficiency of this process is uncertain and
disk was eroded, and strong resonances with the outernawgt gprobably quite small (Raymond et al. 2008b).
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Fig. 2. Evolution of a system with a relatively late (21 Myr) institlyi among the giant planets. Each panel shows a snap-
shot in time of orbital eccentricity vs. semi-major axis fal particles; vertical bars denote dinfor terrestrial bodies with

M, > 02 Mg andi > 10°. The particle size is proportional to the m#3sbut giant planets (large black circles) are
not on this scale. Colors denote water content, assuminglar Sgstem-like initial distribution| (Raymond et al. 2004}he
surviving terrestrial planet has a mass of 0.2, a stable orbit within the habitable zone (semimajor axi0&6 AU),

and a high eccentricity and inclination (and large osdillzd in these quantities). A movie of this simulation is &aalie at
http//www.obs.u-bordeaux1/&3arthgaymondgscatterSED.mpg.

Mg planet in the habitable zone at 1.34 AU, and five other em- Three planets — two gas giants and one terrestrial planet —
bryos larger than 0.15 M All but one of the embryos — the survived to the end of the simulation, all on excited, eadent
sole survivor — collided with the star within a few hundreddh and inclined orbits. The long-term dynamics of the two sewvi
sand years of the start of the instability. The rocky plasietals ing giant planets is shown in Figuré 3. The eccentricitiethef
were all destroyed within 1 Myr. The outer planetesimal diskurviving giant planets are considerable as are their arivit

was completely destabilized by the instability, as the tovedr- clinations with respect to the starting plane. The two gah-
mass giant planets scattered each other to tens of AU. All-plaets have a mutual orbital inclination ef 36°. Although this is
etesimals were either ejected from the system (about 85%)less than the formal limit of 39°2required for the Kozaiféect
collided with the star (15%). The vast majority were destiay to take placel(Kozai 1962; Takeda & Rasio 2005), out of phase,
within 1 Myr of the instability — all but three within 5 Myr — hu Kozai-like oscillations are evident in the planets’ eccieities

the last planetesimal took almost 25 million years to betepec and inclinations.


http://www.obs.u-bordeaux1.fr/e3arths/raymond/scatterSED.mpg
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§ 30 \/\/\/\/\/\ Fig. 5. Evolution of the spectral energy distribution (SED) of
S I the simulation from Figl]2. Each curve shows the SED during
£ 157 7 a given simulation snapshot. The instability occurred avi3t,
of ‘ ‘ ‘ ‘ ] and the SED evolved dramatically in the immediate aftermath
200.0 200.1 200.2 200.3 200.4 200.5 as icy planetesimals were scattered onto high-eccenptadiits
' " Time (Myr.) ' ' — thereby producing transient hot dust — and then ejected fro

the system. The dashed line represents the stellar phetasph

. - o The system is viewed at a distance of 10 pc.
Fig.4. The eccentricity (top panel) and inclination (bottom

panel) of the surviving terrestrial planet in the examplasi

lation (mass of 0.72 M, semimajor axis of 0.93 AU). The tWo ferent snapshots in time. The collisional timescale foléingest
curves in the right panel show the inclination relative te skart- planetesimals (2000 km) in the terrestrial planet formiegjon
ing plane of th_e system in_grey and the mutual inclinatiorhwitjg only teor ~ 10* years, so the planetesimals in the inner disk
respect to the innermost giant planet in black. are ground into hot dust within just a few million years. Thhe
total dust brightness has dropped sharply at all wavelsngyh
. i ) ) _the 20 million year snapshot, most dramatically at wavellesig
The terrestrial planet’s final mass is7@ M, and its semi- shorter than roughly 50m. For the rest of the simulation, the
major axis of 0.935 AU places it in the circumstellar habligab primary source of dust is the outer planetesimal belt forcihi
zone (Kasting et al. 1998; Selsis et al. 2007). However,feidu t., > 108 years because the inner disk planetesimals have been
shows that the planet’s orbit is strongly perturbed. Iteettc- ground awafi
|ty oscillates between 0.4 and 0.7 and its inCIinati(-)n betwe When the |nstab|l|ty occurs, the Spectral energy distidout
almost zero and more than 60n a~10,000 year timescale changes dramatically and quickly (Fig. 5). Comets from the
(although there other longer secular frequencies in thél@sc guter planetesimal disk are scattered onto highly eceentri
tions). On Myr timescale the orbit has a minimum and maxits. Those that enter the inner Solar System can cause bdmba
mum eccentricity of 0.39 and 0.73 and a minimum and maxhents on the terrestrial planets akin to or often far morenise
mum inclination of OOSand 633 Given its |ar_ge eccer_1trICI'[y, than the Solar System’s late hea\/y bombardment (‘Gomefs et al.
one would expect this planet's climate to be highly variahle- 2005 Strom et al. 2005), although given the much earlier tim
ing the yearl(Williams & Pollard 2002; Dressing et'al. 2010). jng of most instabilities, these bombardments could acttals
addition, the changes in both its eccentricity and inclovat-  the terrestrial planet-forming region rather than impalyf
equivalent to changes in obliquity for a fixed spin axis — wbulormed planets. The decrease in the comets’ periheliadotes
cause variations on the secular timescéles (Spiegelleddl)2 5 |arge amount of warm dust into the system which lasts for
Given that the orbit-averageldzstellar flux increases withdh  the duration of the bombardment and leads to a spike in bright
bital eccentricity (as(l - e2) / ) and that the planet’s closestness at near- to mid-infrared wavelengths, shown in Figlioe 6
approach to the star is only 0.25 AU, this planet may not He = 510,25, 70,160 and 500m (see also Booth et al. 2009;
habitable during its high-eccentricity phases. Howevergnle- Nesvorny etal. 2010). At shorter wavelengths the flux is enor
tailed modeling of such planets is beyond the scope of the gadged than at longer wavelengths because the short watklen
per and the reader is referred to recent climate modelingnsap—;
that in(.:ll.]de the fiects of varying the e_ccentricity and Obliq_but we note that the debris from giant collisions could cals®t-lived
uity (W|Il|ams & Pgllard 2002, 2003; Spiegel et al. 2003, 201 spikes in the dust brightness, in p?articular at mid- to riefrared wave-
Dressing et &l. 2010). _ lengths [(Stefrl_1994; Grogan et al._2001; Kenyon & Brohiley 5200
The evolution of the dust brightness follows from the dynanfisse et all 20G9). These peaks in brightness from collisizan only
ical and collisional evolution of the planetesimals in tigtem. occur within a few AU because a very massive collision is eeetb
Figure[® shows the resulting spectral energy distributiotdifa cause substantial brightening.

We do not consider regeneration of small bodies via gianaictg
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Fig. 6. The ratio of the dust-to-stellar flux as a function of time $bx different wavelengths from 5 to 500 microns, including a
zoom during the instability — note that each main plot is oogedcale and each zoome-in is on a linear scale. The roughvattiseral
limits of the MIPS instrument on NASA'sSpitzer Space Telescopee shown for 25 and 70m with the dashed line Trilling et al.
(2008). All planetesimal particles were destroyed as of 4/ Wk either collision or ejection so there is no more dughmsystem
after that point.

flux is entirely due to hot dust that is produced sporadical¥.1. Giant Planet Instabilities
by individual planetesimals entering the inner planetayy-s
tem. In contrast, the long wavelength flux combines the fll@f the 152 simulations that ran for at least 100 Myr and met
from a much larger range of dust temperatures and therefotg energy conservation cdfgsee Appendix A), the giant plan-
includes a much larger number of particles. The spike in fllets were unstable in 96 systems (63%). The instability times
associated with the instability is strong for wavelengthsrger ranged from 247 years to 180 Myr after the start of the simu-
than~ 50um, but at longer wavelengths the spike is weak dation with a median of 91,600 years. This is encouraging be-
absent. As objects are dynamically removed from the systemuse it is close to the value expected based on our initial gi
the system’s brightness drops precipitously and out of #he dant planet separations of-45Ry, ., (Marzari & Weidenschilling
tectable range in the few million years following the instab 2002; Chatterjee et al. 2008). This means that our assumgfio
ity. We note that a more realistic model of dust production biyo disk gas at the start of the instability is marginally gutable,
new comets suggests that the mid-infrared peak during tire bdbecause the typical timescale for the gas dissipation isghi
bardment in our model may be underestimated by a factor of@be~ 10° years (Wolk & Walter 199€; Ercolano etlal. 2011).
few (Nesvorny et al. 2010). However, in many cases instabilities are likely to have owal
in the presence of a residual gas disk. To test this assumptio
we ran an additional set of simulations that include a sirppde
scription for the &ects of gas damping that are presented in pa-
per 2 (and show no significant changes from the gas-free simu-
4. Results for the ensemble of simulations lations). We note that later instabilities can certainlgud(e.g.,
the late heavy bombardment) but we expect the number of in-

In this section we study the outcome of our ensemble of simﬁt—abllltles to decrease in time, and the required computing

lations (callednixed in paper 2). This set is of particular inter-"'@de it impractical to search for instabilities beyond 200

est because the surviving giant planets match the obsenred yr.

centricity distribution without any fine-tuning_(Raymonidae Although 75% of instabilities occur within 1 Myr, there is
20094,/ 2010). We explore the formation process of terresm+ail that extends to longer timescales. One in six ingtasl

trial planets, the orbital characteristics of terrestplanets that (16 out of 96) occurred after 10 Myr, one in ten (26) after 30
formed, giant planet dynamics, dust production from plasiet Myr, and one in fifty (296) after 100 Myr. Given that our simu-
mals, and correlations between these. We also comparenthe dations only lasted 100-200 Myr, we undersampled the foacti
ulations with the observed extra-solar giant planets artisle of unstable systems in the 100-200 Myr timespan and we expect
disks. In paper 2 we explore théect of a variety of parametersthat even later instabilities should certainly occur inacfion of

on the process. systems due to long-term chaotid¢fdision. The timing of the in-

10
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Fig. 7. Eccentricity distributions of the surviving giant (solidFig. 8. The total mass in surviving terrestrial planets as a func-

black line) and terrestrial (dashed black line) planetdiaun- tion of the minimum perihelion distance of a giant planetidgr

stablesystems. The grey curve represents the known extra-sdta simulation. Black dots represent systems in which the gi

planets beyond 0.2 AU — this helps to exclude planets whoaet planets were dynamically unstable and grey dots arersgst

orbits have been tidally circularized as well as low-maasiets. that were stable. Filled black dots are systems in whichglein
terrestrial planet formed.

4.2. Terrestrial Planet Formation

stability is important in terms of the sizes of objects in iieer Th€ number and spacing of terrestrial planets that form s go
disk; instabilities later than the typical terrestrial pé forma- €rned by the eccentricities of the planetary embryos fronekh
tion time of 10-100 Myr may destroy fully-formed Earth-size they form (Levison & Agnor 2003). These eccentricities are a

planets — sometimes with appreciable water contents —rratf@Sult of gravitational forcing both from nearby embryosian
than embryos and planetesimals. the giant planets. There are twdfdrences in terrestrial planet

h N h . : . formation between stable and unstable systems: 1) perturba
_As shown in Figurél7, the surviving giants in thestable ons guring the instability can play a major role in shaping
S|mula'g|ons provide a quantitative match to the obs_ervedaex the embryo distribution: and 2) the dynamical state of the gi
solar giant planetsp(= 0.49 from a Kolmogorov-Smirnov test, 4 planets after an instability is generally more excitethtbe-
consistent with previous work with very similar initial cat)iun fore the instability. In some unlucky cases the survivingngi
tions but much larger samples; Raymond et al. 2008a. ‘-C"Og%%nets provide an accretion-friendly environment tharigty

2010). Thus, one might imagine that the unstable systems rgac,se the instability has already removed all rocky todie
resent the appropriate subsample of simulations that wel$hop,g; simulations of terrestrial planet formation with gilanets

use to represent the known exoplanet systems, and thaele sty excited orbits have all neglected the planet-planetesiagy
simulations are unrealistic in that they somef]?w lack ay&rdo phase during which the giant planets actually acquired i
make them unstable (e.9.. Maimberg etal. 2010). However, @syyicities (Chambers & Cassen 2002; Levison & Agnor 2003;
we discuss in section 5.1, the observed exoplanets do afipegsymond et all 2004: Ravmand 2006), which clearly plays a
require a contribution from dynamically stable systems ndee ver'y important role in the Gynamics.

that additional constraints exist in the exoplanet samgig (the Giant planet perturbations span a continuous range but the

mass—e_ccentricity correlation). Combinations dfeiient_ sets of o tcomeis guantized into a discrete number of terrestiaagis
simulations can match all of the observed characterisfitseo during the accretion process. If perturbations are weaktheif

exoplanet distribution, and we perform this exercise in@papgiant planets collide rather than scattering (or are dyoaliyi
2 (see also section 5iin Raymond €t al. 2010). stable or low-mass) — then embryos’ eccentricities remaialls

A prediction of the planet-planet scattering model iand feeding zones narrow and several terrestrial planets. fo
that most planetary systems should contain multiple dror stronger giant planet perturbations, feeding zoneemvéhd
ant planets, i.e., additional giant planets should exige-exfewer terrestrial planets form, although the total masdangts
rior to most of the known ones (e.d.. Rasio & Fard 1996ends to decrease because stronger perturbations implihtha
Marzari & Weidenschilling 2002). Likewise, the vast mafgri giant planets were scattered closer to the terrestriabplagion
of unstable simulations in our sample (86 = 89%) contain so more embryos end up on unstable orbits. In systems where
multiple giant planets; the remaining 11% contain just @lgin embryos’ radial excursions are comparable to the radiaigxif
surviving giant planet. The outer giant planet is typicd@lhl0 the surviving disk only one planet forms, usually on an ectit
AU more distant than the inner giant planet (with a taibt®80 orbit. In the simulation from Fid.]2, the lone terrestriahpét
AU), so long-duration observations are needed to followhep tdid not accrete from a disk of excited embryos but rather was
known giant exoplanets. The distribution of separatioieben the only planet tasurvivethe instability. Perturbations during,
planets in scattered systems may actually provide constran not after, the instability determined the outcome.
their initial mass distribution because the surviving glasrtend The strength of the giant planet perturbations is direaly r
to be more widely-separated if they are equal-mass thaweiif thlated to the smallest giant planet perihelion distagggmin.
masses dier markedlyl/(Raymond et al. 2009b). Figure[8 shows that theffeciency of terrestrial planet formation
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Fig. 9. Distribution of the number of surviving terrestrial plasetFig. 10. The peak-to-peak oscillation amplitudes in eccentricity

(defined agvl, > 0.05 Mg) in our fiducialmixed set of simula- eand inclination for the surviving terrestrial planets in simula-

tions. The grey shaded histogram shows the unstable sionagat tions with stable (grey) and unstable (black) giant planéte

and the dashed line shows the stable simulations. single-terrestrial planet systems are shown with filleatbleir-
cles, and Earth is the grey star.

is directly related t@jcpmin. This is not surprising: planets with

: o ; ; Although their time-averaged orbits are similar, teriastr
smallerqepmin have higher eccentricities (since all giant plane15§I
A

anets in unstable systems undergo much stronger orlsital o
llations (Figuré_ID). The median peak-to-peak ecceittrand
inclination oscillation amplitudes are 0.11 andfér the unsta-
ble systems and 0.043 and 28r the stable systems, respec-
tively. Again, the single-terrestrial planets are the nmsatited
and undergo the largest oscillations, with medéaandi ampli-
tudes of 0.21 and 11°9The climates of the single planets are
likely to vary dramatically on the secular timescale of 2010°
years|(Spiegel et al. 2010).

start with the same range of semimajor axes) and have there
undergone more violent scattering events. Every systeim avit
giant planet scattered @spmin < 1.3 AU destroyed all terres-
trial material in the system, as did some simulations outAt3
This is consistent with the results|of Veras & Armitage (2006
who found a similar scaling betweegpmin and the survival of
test particles in the inner disk. As expected, systems trat &
single terrestrial planet are those with giant planet pbetions
that are almost strong enough to completely empty the teiaks
material from the system. In these cases the embryos’ etzent

ities are large and, as we will see below, the single plaradt tht.4. Correlations with observable quantities: giant planets
survives maintains an excited orbit. and debris disks

Observations of massive exoplanets can only very roughly di

4.3. Characteristics of surviving terrestrial planets agnose the outcome of terrestrial accretion. Figude 11 show

_ . _ a strong negative correlation between thiceency of terres-
All terrestrial material was destroyed in 41 out of 96 unstarig| planet formation and the eccentricity of the innertrgiant
ble simulations (43%; Figuid 9). Likewise, 22 unstable eyt planetey. For stable systems, tends to be very small (median
(2_3%) formed a single terrestrial plane_t, 16 formed twoeir o — 0.008) while for the unstable systeragspans a very wide
trial planets (17%), and and the remaining 17 systems (18(%}1ge, from<0.01 to 0.8 (media®y = 0.21). The correlation
formed three or more terrestrial planets. Among the 56 staljjetween the total terrestrial planet mass egis expected but
simulations, only 7 (12.5%) formed two planets, and the ieMa the range in terrestrial planet mass foffeiient systems with a
ing 87.5% of simulations formed three or more planets. similar e; shows the importance of the orbital history.

As a population, the surviving terrestrial planets havel@na  The orbits of surviving giant planets retain a memory of the
eccentricities than the giant planets (Figlie 7); the nredi& strength of the instability, or lack thereof. Figiire 12 thedown
centricity is 0.10 for terrestrials and 0.21 for giants. Téees- the giant planet eccentricity distribution by outcome ims of
trial planets that formed in systems with unstable gianb@ls. the number of terrestrial planets that formed. Multiplegstrial
have only slightly more eccentric and inclined orbits tHaater- planets form preferentially in systems with low giant plaee-
restrial planets that formed in stable systems. The megléart centricities, because these represent very weak instailBy
i were 0.10 and 5°1for the unstable systems and 0.08 and 25he same argument’ h|gh|y eccentric giant p|anets tendgtm@e
for the stable systems, respectively. The single-tereggtianet gl terrestrial material in their systems. The intermesli@gime
systems were the most excited, with medéaof 0.14 and of s represented by the single-terrestrial planet systeanghese
8.7. If we neglect the single-terrestrial planet systems, the &ystemsg, is typically in the range 0.1-0.3 (median of 0.17).
centricities and inclinations of the terrestrial planéistformed These eccentricities are close to the median of the exojptisie
in stable and unstable systems is very clbse. tribution (Butler et al[ 200€; Udry & Sanids 2007) and these i
considerable overlap from systems with zero or many taiagst

® We expect that numerical resolution should play a role H@ieen  planets. It is therefore very fliicult to diagnose a single-planet
that they contain only 500 planetesimal particles, our &tons can-
not fully resolve dynamical friction at late times (e.g. @& etal. nations are somewhat overestimated in the stable systetrsinbe the
2006; Raymond et al. 2006b). We expect that eccentricitiesiacli-  instabilities remove most of the planetesimals, not in aiolst systems.
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Fig. 11.The total mass in surviving terrestrial planets as a fun&ig. 13. The dust-to-stellar flux ratio at 7am after 1 Gyr of dy-

tion of the eccentricity of the innermost surviving gianapét. namical and collisional evolution, plotted as a functiontlod

The Solar System is shown as the grey star. eccentricity of the innermost surviving giant planet. e
systems are plotted in black and stable systems in grey (sys-
tems with a single surviving planet are shown with solidleisy.

The pileups very close to theaxis represent systems with vir-

03 T T T T ]
..... Smciared Jian: Piahanets 3 tually zero 70um flux. The dashed line represents an approxi-
Simulations: no terrestrials, | . ..
< ~ gmulations: single terresiria) mate threshold above which excess emission was detectsble u
P iy ' ] ing Spitzerdata (Trilling et al| 2008). The star shows the esti-
T 02k 4N 3 mated flux from the Kuiper Belt at 1 Gyr, as calculated previ-
E F ] ously (Booth et al. 2009) based on dynamical simulationbef t
o i ] outer Solar System (Gomes etlal. 2005).
£ ]
c ]
£ 01 ]
§ mation correlates with the dust flux. Stars with bright dust a
L most all contain terrestrial planets: the median systenwvfoch
] F/Fswar > 10 contains 3 Mg in terrestrial planets, and every
0.0 ' : ' single system contains at leasBi M, in terrestrial planets.
0.0 0.2 0.4 0.6 0.8 1.0

Systems that are extremely bright at long wavelengths shoul
therefore be considered prime targets in the search fadteial
lanets.
Fig.12. Distribution of eccentricities of the innermost giant  the debris disk-terrestrial planet correlation seen in[Efy
planetin simulations which formed zero (blue line), oneeqgr), exists because the inner and outer planetary system arecsubj
and two or more (red) terrestrial planets. The sum of thesthrg, ihe same dynamical environment: the violent instabithat
distributions (black dashed line) provides a quantitatha@ch ot terrestrial planet formation also tend to remove oder
(p=0.49 from a Kolmogorov-Smirnov test) to the observed exgneir outer planetesimal disks. As was the case for the giant
planets (thick grey line). planet eccentricities, single-terrestrial planet systgropulate
the intermediate area of the correlation and overlap with sy
tems with no planets as well as those with several. The teaks

system from a measurement of just the eccentricity of a gigslihinet - debris disk correlation is not perfect as theret&fdtse
exoplanet. positives” with bright dust emission and no terrestrialngls,

The outer disk’s evolution is also governed by giant planebrresponding to systems with asymmetric, inward-digie
perturbations. Icy planetesimals — whose collisionalierosre- ant planet instabilities. Conversely, “false negativesthver-
ates debris disks — survive in dynamically calm environmmentestrial planets but little to no dust are systems that umeet
where the giant planets were either stable, low-mass, or @symmetric but outward-directed instabilities. We discilese
derwent a relatively weak instability. Indeed, Figliré 18wh caveats in detail in paper 2 when we compare our simulations
a strong anti-correlation between theui® dust flux and the with the observed debris disk statistics and use them toelari
giant planet eccentricity. This arises simply because rddce crude estimate ofgarth.
giant planets have increased apocenter distances andgenpin The debris disk-terrestrial planet correlation is a fumcinf
on the planetesimal disk, thereby dynamically removingiplawavelength. Figur€_15 shows the correlation at 1 Gyr for six
etesimals via ejection. In addition, if planetesimals sugwon wavelengths between 5 and 50f. At Sum there is no cor-
highly-eccentric orbits their collisional lifetimes may Ishort- relation but mainly a scatter plot. The only hint of a cortiela
ened|(Wyatt et al. 2010). is a lower envelope of dust fluxes larger tHafF s > 10720 for

Given that the fliciency of terrestrial planet formation anti-systems with more than 2 M, in terrestrial planets. This non-
correlates with the giant planet eccentricity (Higl 11) dhe correlation comes from the fact that the short-wavelengtk fl
dust flux also anti-correlates with the giant planet ecdéentr can be dominated by either a small amount of hot dust or a large
ity, Figure[14 shows that thefeciency of terrestrial planet for- amount of colder dust. At 1Bn the debris disk-terrestrial planet

Giant planet eccentricity
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Fig. 15. The dust-to-stellar flux rati&/F g, after 1 Gyr of dynamical and collisional evolution as a fumetof the total mass in
terrestrial planets, for six wavelengths between 5 and 50foms. TheSpitzerobservational limits are shown for 25 andi with
the dashed line_(Trilling et al. 2008). In each panel, gregles represent stable simulations and black circles septeunstable
simulations.

correlation clearly exists, although there are still soraiers
3 with large fluxes and small terrestrial planet masses. Agédon
a ] wavelengths these outliers slowly disappear because ghelsi
o ° s 1 from small amounts of transient hot dust is overwhelmed by th
L 80 e °  oq0 3}; o large amount of coI(_j dqst produce_d in quiescent outer pmhet
] mal disks. The debris disk-terrestrial planet correlaievident
for all wavelengths longer than 25um.

7777777777777777777777777777777777 Figure[16 (left panel) shows histograms that represent hori

., °® stable ] zontal slices through Fi§._15. For each wavelength we chose a
. . Ounstable | “detection limit” and tabulated the fraction of systemsttivare

° ° 'g'l';%'gt deemed detectable as a function of the total terrestrialgpla

. ] mass. These detection limits were chosen for illustrative p
0.01 los. .essme. . . .0 . .00 ) ) ] poses and are in many cases unrealistic. For example, the cur
0 1 2 3 4 5 rent detection threshold apuB is probably closer to- 1073,
Total Terrestrial Planet Mass (Earths) but none of our simulations would be detectable at that limit

The reader is referred to other work discussing current dust
; ; ion limits at short (Absil et El. 2006; Akeson €t al0ogp
Fig. 14. The dust-to-stellar flux ratio at 7@n after 1 Gyr of dy- detection limit . :
namical and collisional evolution, plotted as a functiontlod and long _(Smlth etal. 2009) wavelengths_(see also Wyatt)_2008
total mass in terrestrial planets. Unstable systems artelo The fraction of systems with no terrestrial planets thatds d

in black and stable systems in grey. The pileups close to t??é’tab_le varies significantly t_)etween théfe“em Wa}ve_len_gths
; i a42d simply reflects the location of the detection limit witk r

ets or virtually zero 70m flux. The dashed line represents agPect to the general trends in Fig.] 15. The detection lintits a
approximate threshold above which excess emission was _vm_a_nd 7Qum, Wh"Ch correspond to the actusipitzerlim-
tectable usin@pitzerdata (Trilling et all 2008). The star showdtS (ITilling et all2008), are close to the extremes: girdhot a
the estimated flux from the Kuiper Belt at 1 Gyr, as calculatedndle terrestrial planet-free system is detectable watiléQ:m
previously (Booth et al. 2009) using models based on dynarfiore than 40% of all systems are detectable.
cal simulations of the outer Solar System (Gomes et al.|2005) At each wavelength, the fraction of systems that is detéetab
The Solar System falls into an intermediate region of paramiacreases with the terrestrial planet mass (Eig. 16). Atvalle-
ter space: the giant planets may have been unstable, but dahgths the trend is relatively flat to a certain point wheiie-i
weakly so (there is no clear evidence for ejections or pkamet creases significantly, by several standard deviationsdstvad-
collisions), while the Kuiper Belt would have been bright fojacent bins. At all wavelengths this transition occurs lestw
several hundred Myr prior to the Late Heavy Bombardment. either the 1- 2 Mg and 2— 3 Mg bins or the 2- 3 Mg and the

> 3 Mg bin. Even at am, which showed no obvious debris disk-
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Fig. 16. Left: The fraction of systems that would be detectable after 1 Gya function of the total mass in surviving terrestrial
planets for six diferent wavelengths between 5 and B0 Each curve represents a horizontal slice througti Hig Bodifferent
vertical height. The chosen “detection limits” FyFsar were: 108 at 5um, 107 at 15:m, 0.054 at 26m, 0.55 at 7@m, 10 at
16Qum, and 100 at 5Q@m. The error bars are &-and were calculated using binomial statistics (Burgadsalrl@003). Note that
the diferent curves areffset by up to+0.1 M, for clarity. The bins themselves are at: zero; @ Mg, 1 — 2 Mg, 2 — 3 Mg, and

> 3 Mg. Right: The fraction of systems with.D Mg or more in terrestrial planets as a functionFgfF si5(70um) (1 Gyr). Systems
with F/Fgar < 1072 are included in the bin d&/F g, ~ 1072. The Spitzer detection limit is shown as the dashed lines Tdpresents
a vertical slice through Fig.14.

terrestrial planet correlation in Fig. 115, there is markemup in  stroy the fewest number of outer planetesimals and thexefor
the fraction of detectable objects in the last bin. This juisip produce the brightest debris disks.
also seen at 1Bn, although these two shortest wavelengths are The debris disk-terrestrial planet correlation is also racfu
the only ones for which some systems with more than;3iM tion of time. Figuré 18 shows/F g, at 7Qum vs. the final terres-
planets are not detectable. Although our chosen deteétivis| trial planet mass for all simulations at eight snapshotseen
at certain wavelengths may be overly optimistic or pesgimis1 Myr and 3 Gyr. At 1 Myr all systems are above the detection
(e.9.,F/Fsar(5um) > 1078 is likely to be dfficult to achieve in threshold, even those that have already undergone violstat-i
the near term), this shows that the debris disk-terregitéiet bilities, as the timescale for clearing out planetesingiganer-
correlation is present for all of these wavelengths. ally closer to a few to 10 Myr from the time of the instability.
) ) . _In a given snapshot, systems that have not yet become uastabl

~ Theright panel of Fid. 16 shows the fraction of systems witf ¢ that eventually will are those for which the flux remaiss a
significant mass in terrestrial planets as a functiorFffFsar  high as the cluster of stable systems but for which the tetal t
at 7Qum. This plot represents wertical slice through FiglT4. |estrial planet mass is low, indicating a strong future dtiph of
At small dust fluxes, a minority of systems contain terrestri qcky material. After an instability occurs the flux dropsqigh
planets —these are referred to in section 5 as “false negativ giferently at diferent wavelengths; Fil 6) but the total terres-
The fraction of systems with terrestrial planets increasamat- jg| planet mass, measured at the end of the simulatiors doe
ically beyond the detection limit, arel/ery single onef the 58 ot change, such that a given system moves vertically betwee
systems W|tH:/Fsta_r > 10 (m_cludmg 7 uns_table sys_tems) CONsnapshots. In time, instabilities remove systems at lowestnial
tains at least ® Mg in terrestrial planets, with a med|an.value Of)lanet mass and high/F«ar; the last two instabilities occurred
3.5Mg. Of the 53 unségg/)le systems above the detection thregl-6g Myr (in which one 2 M, terrestrial planet survived on a
old at 7Qum, 35 (66% ) contain terrestrial planets. Thus, inyighly eccentric orbit) and 180 Myr (in which four fully-gnm
our simulations debris disks appear to represent signfiosts errestrial planets were destroyed including.2Ms planet in
terrestrial planets with a confidence of at least 66% a0 the habitable zone). Beyond the end of our simulations one ca
imagine that a fraction of stable systems could actuallypbex

The anti-correlation between debris disks and eccentet unstable and quickly lose a large fraction of their flux (aed
planets in our simulations also holds across many wavehength . quickly 9 P
aps their terrestrial planets as well).

Figure 1Y (left panel) shows the fraction of stars that iedeible ; . .

as a function of the giant planet eccentricity for a range fiéd b %table systems_remzln CIUSter"e.d. at flngh_ fl(;ﬁ]eshat all times,
ent wavelengths, similar to Fig.116. Again, the trends amsfer ut decreasing in time due to collisional grindihghe same
for wavelengths of 26m and Ionger_, but are still clear at shorter— Note that one stable system ejected all of its planetesiratiat
wavelengths (although the detection thr eshol_ds at thes'e"’vasystem the interactions between the giant planets exciteghéricities
lengths are certainly much smaller than in reality). Eig(dght ot _ 01, causing an eventual complete depletion in the outer plan-
panel) shows that the fraction of systems containing anmice etesimal disk and a decreased terrestrial planet formatiociency
giant planet is anti-correlated with the dust emission atnTO compared with other stable simulations. Although the pfaveere
simply because in our simulations the calmest giant plashets all roughly one Jupiter mass, the two inner planets wereatigtalso
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Fig. 17. Left: The fraction of systems that would be detectable after 1 Gwrfanction of the eccentricity of the innermost surviving
giant planety for six different wavelengths between 5 and B0 Each curve represents a horizontal slice through platis as
Fig[13 at a dfferent vertical height. The chosen “detection limits”RF s Were the same as in Fig.]16: foat 5um, 10 at
15um, 0.054 at 2bm, 0.55 at 7@m, 10 at 16@m, and 100 at 5Q@m. The error bars are &-and were calculated using binomial
statistics. Note that the flierent curves areftset for clarity. The bins themselves are logarithmicallgeg between 18 and 1.
Right: The fraction of systems withy > 0.1 as a function of /Fsa(70um) (1 Gyr). Systems witlf/Fstar < 102 are included in
the bin atF/Fgar ~ 1072. The Spitzer detection limit is shown as the dashed lines Tépresents a vertical slice through [Figl. 13.

collisional grinding &ects the planetesimals that survive in undiscuss the Solar System in the context of our results. lticsec
stable systems. In some cases the outer planetesimal disk/is 5.4 we discuss the limitations of our simulations.

moderately perturbed by the instability, although in abesit
is somewhat disturbed as shown by the lack of unstable sgst
with fluxes as high as the stable systems. After an instg/titie

mass in planetesimals decreases, although the planelg'®¥txa The surviving giant planets in our unstable simulations-pro
centricities and inclinations both tend to increase (neBsis in  vide a match to the observed eccentricity distribution (Fig
a simple correlated fashion). Mass loss causes the plameles However, in constructing a sample of simulations that regmés
population’s collisional evolution to slow down and eveaity  the observed exoplanet systems we do not think that is fiealis
stop, as is thought to have occurred in the Solar System’s st to include any stable systems for several reasons, Einst
teroid belt (Petit etal. 2001; Bottke et al. 2005) ThUS, dlost rent attempts to de-bias the observed eccentricity digtdb in-
flux decreases to a roughly asymptotic value. Once the coliér a substantial fraction of systems — up-t80% — with circu-
sional timescale for the small particles becomes longer the. |ar or near-circular orbit$ (Shen & Turtler 2008; Zakamskallet
timescale for Poynting-Robertson our calculation breaksrd [2010). Second, there exist individual systems that showtno o
although this occurs at a low enough flux that it should i@ vious signs of instability, for example with planets in reso
our resultsl(Wyatt et al. 2007a). nance (e.g., GJ 876; Riveraet Al._2010) or with many rela-
Figure[18 shows that the debris disk-terrestrial planetesor tively closely-packed giant planets (e.g., 55 Cancri; réset al.
lation holds in time, especially after 10-100 Myr. Howevkthe [2008).
figure were plotted including the total terrestrial mass givan Figure[19 (left panel) shows thetect of the contribution
time the correlation would hold at even earlier times beeans from stable systems on the goodness of fit to the exoplanet ec-
dividual systems would not be restricted to move betweerlsancentricity distribution. The distribution is best matcheden we
on vertical lines. do not include any stable systems in the sample, and drops be-
low a nominal statistically acceptable limit gf = 0.01 for a
contribution larger than 17%. We therefore construct oorda
with a 10% contribution of stable systems, which we think is a
reasonable compromise between matching the exoplanet-ecce
In this section we first scale our simulations (section 5dl) tricity distribution and allowing for stable systems.
match the exoplanet semimajor axis distribution and infier t ~ The giant planets in our simulations are generally at larger
orbital distribution of terrestrial planets in the curres@tmple orbital distances than the observed giant planets. Thenadibe
(mainly drawn from the radial velocity sample). In sectio@ 5 sample of giant planets displays a rapid rise between 0.6;1 A
we compare our results with the statistics of known debsksli a plateau to 2 AU, and then a decrease at larger orbital dis-
(including cases with known giant planets). In section 568 Wances(Butler et al. 2006; Udry & Santos 2007). The rise and
plateau are real but the decrease beyond 2 AU is an observa-
driven slowly across their 2:1 mutual mean motion resonaiftez 130 tional bias due to the long orbital periods of these plariEts.
Myr (which actually decreased the eccentricities). actual distribution of giant planets at Jupiter-Saturnagises is

e ) N
E.] 1. Scaling to the observed a — e exoplanet distribution

5. Discussion
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Fig. 18. The dust-to-stellar flux rati&/Fsr at 7Qum as a function of the total mass in terrestrial planets fghtediferent times
from 1 Myr to 3 Gyr. The terrestrial planet mass refers tofthal value such that simulations move vertically in time on that.pl
The Spitzerobservational limit is shown with the dashed line (Trilliagal. 2008). Grey circles represent stable simulations and
black circles represent unstable simulations.

unknown, although observational constraints predictdhbtast distances|(Marzari & Weidenschilling 2002; Juri¢ & Tremesai

10%, and perhaps more than 50%, of stars have giant planet2@Q8). Thus, we conclude that it is dynamically appropriate

these separations (Cumming et al. 2008; Gould et al.|2010). scale the giant planets inward to 0.5-1 AU. We cannot, howeve
Our simulations can be scaled to match the combined semgale to closer distances because the dynamical regimgds-di

major axis-eccentricity distribution of giant planets bag 0.5- ent and giant planet-planet collisions are more likely theat-

1 AU. At a smaller orbital distance, a giant planet’'s scattgr tering events.

power decreases. This can be quantified by the quabfityhe We assume that the underlying distribution that is being

ratio of the escape speed from the planet's surface to ttpescprobed by current (mainly radial velocity) observatiorses lin-

speed from the planetary system at that location (Saffo8691 early from zero at 0.5 AU to 1 AU, where it flattensf @nd

Goldreich et al. 2004): remains constant to 5 AU. We draw randomly from this distri-
M, R, bution and scale the innermost giant planets from ten rahdom
%=~ (11) chosen simulations — nine that were unstable and one that was

M. a stable according to relative contribution of stable vs.table
where M, and M, are the planetary and stellar mass, respesystems in our sample — to match this value. We then re-scale
tively, Ry is the planetary radius aralis the orbital semimajor the terrestrial planets in each system to the same size asale
axis. As®? is inversely proportional to the, close in giant plan- the inner giant planet’s orbit. Our sample was created bgaep
ets scatter less strongly than at larger distances. V@3airops ing this 100,000 times with @ierent random numbers.
below 1, collisions become more important than scatteifiog. Figure[20 shows the radial distribution of terrestrial ad g
our simulations, only the lowest-mass giant planets woudghd ant planets after this scaling. In essence, this figure shibs
to ®2 < 1 by scaling them to 0.5-1 AU. In addition, the planetexpected radial distribution of terrestrial planets in kmawn
planet scattering mechanism has been proven at this rangexifa-solagiant planetsystems. In these systems, our simula-
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and terrestrial planets, we aréeztively re-scaling the initial
disk masses such that the same amount of mass would initially
have been placed into an annulus whose position and width can
vary. In addition, if we had included initially closer-in egial

in our simulations, the peak in Higl20 would have shifted irdva
Despite these limitations, in the regime that we have camne

we think that the shape of the curve is physical, and we predic
that, at least within the known sample of extra-solar gidahp

ets, terrestrial planets at0.3 AU should be several times more
abundant than at 1 AU.

10°®

p value from K-S test

[Eny
(@]
A

5.2. Comparison between our simulations and observed
debris disks

10° . .
0.0 0.1 0.2 0.3
Fraction of stable systems Observations (mainly with NASA'Spitzer Space Telescope)
have shown that roughly 15% of solar-type stars younger
Fig. 19. The p value from a Kolmogorov-Smirnov test comparthan 300 million years have measurable dust fluxes at
ing the eccentricities of our simulations vs. the observent e 24um (Gaspar et al. 2009) but that this fraction decreases in
planet distribution as a function of the fraction of stabjstems time and flattens # at ~3% (Carpenter et al. 2009). At 0,
included in the sample. The value drops below an acceptablel6% of stars observable dust and there is no measured decreas
level of 0.01 for more than a 17% contribution from stable-syd this fraction with age/(Trilling et al. 2008; Carpenteragt
tems. 2009). Considering the current exopladebris disk sample,
9% + 3% of planet-hosting stars were detected at 24 @m70
compared with 14% 3% for stars without planets (Bryden et al.
0.15 . . . . 2009). An update of that study found debris disks around the
- - same fraction,~ 15%, of stars with and without known gi-
ant planets| (Kospal etal. 2009). In addition, the stronge
S %?Pés‘%lr%f%% nets 1 lation between stellar metallicity and the fraction of starth
I planets [((Gonzalez 1997; Santos et al. 2001; Fischer & Malent
2005) does not hold for the current sample of debris disks,
] whose presence is metallicity-independent (Beichman et al
' ] 2006; | Greaves et al. 2006; Bryden et al. 2006; Kbspalet al.
\ ] 2009).
\ - Figurd I3 shows that, in our simulations, the dust flux is-anti
5 1 correlated with the giant planet eccentricity. Almost allver-
X eccentricity € < 0.1 — 0.2) giant planets are in systems with
debris disks, but at higher eccentricities the fraction oty
. S . | systems decreases as does the dust brightness itselfe Higur
0 1 > 3 4 5 shows that the fraction of systems that are dgtectablgwaﬂb-
Semimajor Axis (AU) lengths from m to 50Qum decreases with increasing eccen-
tricity of the innermost surviving giant planet. In additiathe

. o o ) ) fraction of planets witteg > 0.1 decreases Witk /F sia/(70um),
Fig. 20.Semimajor axis distribution of simulated terrestrial planincluding a dramatic drop fdf/F st > 10.

ets (dashed line) from our set of simulations, derived byisga  \ye therefore expect to see a correlation between the orbital
the innermost surviving giant planetin each simulation &ieh  ,.heries of exoplanets and the detectability of cold dlise
an assumed underlying distribution for relevant exoplatigat yaiaset of Bryden et all (2009) detected debris disks am70
increases linearly from zero at 0.5 AU and is constant frof 15,4,,nd 13 planet-hosting stars out of 146 for a detection fre
AU. quency of 89%"29%. We arbitrarily divide the sample in two
based on the eccentricity of the innermost giant planet ahea
tions predict a factor of a few higher abundance of terraistrSYStem at a valgt;yo_f 0.2. Debris disks are detected in 8 of 76
planets at a few tenths of an AU than at 1 AU because, given (Rems (16%;4,)in the low-eccentricity subsample and 5
typical giant-terrestrial planet spacing, the formatidplanets Of 70 systems (1%"}4.) in the high eccentricity subsample.
at 1 AU requires distant giant planets that are hard to détect Although the detection rate is somewhat higher in the lower-
current methods. Planets within0.1 AU are sparsely populated€ccentricity subsample, theffiirence is not statistically signifi-
because of the assumed inner edge of the embryo disk at 0.5 ABnt and we must wait for better statistics from larger sysve
The peak in the frequency of terrestrial planets at a fevhteot Our simulations do produce some systems with high-
an AU is due to a combination of our inner disk edge and tlezcentricity giant planets and bright dust emission (EB), In
giant planets’ radial distribution. agreement with the detected debris disks in known exoplanet
As noted above, the scaling we performed is dynamicalystems{(Moro-Martin et al. 2010). In these cases the diggm
permissible: it does not change the regime of accretion ef tmstability tends to be asymmetric and confined to the interp
terrestrial planets nor the scattering regime of the gitanigis. etary system and these are therefore not generally good-cand
However, our simulations each contained a constant mass-in elates for terrestrial planets, which also agrees with tisented
bryos and planetesimals in the inner disk. By scaling thetgiasystems|(Moro-Martin et al. 2010). The outcome of a givesa sy
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tem depends critically on the details of the instability,iethis in a dissipative environment but that were later dynamyqadir-
determined by the giant planet masses (Raymond et all 2010jurbed during the instability that caused the late heavytemeh
Our approach is not unique; other approaches based on dusnt (Gomes et al. 2005; Brasser et al. 2009; Morbidelli.et al
production by collisional cascades can also reproduce ¢he @010). The perturbation was not large enough to disruptybe s
bris disk observations_(Krivov et al. 2005, 2006; Wyatt et atem’s stability but stficient to increase the amplitude of orbital
2007b;| Wyaitl 2008; Kenyon & Bromlzy 2008, 2010; Krivovoscillations of Earth and Venus.
2010;| Kennedy & Wyatt 2010). In addition, there is a qual- The instability that caused the LHB is not captured in our
itative difference between models that consider planetesinsithulations nor in current exoplanet observations. Theakeg
disks to be “self-stirred” (i.e., eccentricities are egditby ac- to which our simulations interpret that the Solar Systemris u
creting bodies within planetesimal disks; Kenyon & Bromleysual depends on how well the simulations characterizenthe i
2008, 2010; Kennedy & Wyait 2010) or those that consider egtabilities in extra-solar planetary systems. As our satiohs
ternal sources for planetesimal stirring (e.g. Wyatt eP8lL0). reproduce the observed exoplanet eccentricity distabutiith
Mustill & Wyatt (2009) showed that self-stirred planetealm no free parameters, it appears that our simulations do in fac
disks tend to be fainter than disks stirred by giant plariddris capture the essence of instabilities among the known erepla
disks may be explained by some combination of these ideas. ets. However, an instability such as the one proposed by the
Nonetheless, we conclude that our simulations are condiice model leaves little to no trace because the giant pdanet
tent with the known sample of debris disks in exoplanet syste eccentricities remain very smalkejandes are only~ 0.05).
However, our initial conditions are biased in that all sys¢ehat It is plausible that Nice model-type instabilities are coamin
could potentially produce debris disks also contain gi¢enti@ts, outer planetary systems, although if they systematicabtrady
which is not consistent with the observation that the freqye their outer planetesimal disks then debris disk statistims-
of debris disk+ giant exoplanet systems is about the same as d#rains the fraction of stars that undergo such instadslithore
bris disks with no detected giant exoplanets (Bryden et@92 than about 10 Myr after stellar formation to be less than &bou
Kbéspal et all 2009). In paper 2 we use multiple sets of samul10% (Booth et al. 2009). In Paper 2 we present an additiomnal se
tions to construct a sample that adequately matches thee entif simulations with larger mass ratios between the giamegia
debris disk and exoplanet samples, and use that sampleeto imfi which Nice model-type instabilities can occur. Suchaidi-
the properties of as-yet-undetected terrestrial exopdane ties do not change our conclusions; Nice model instalsliten
effectively be lumped in with the stable systems as their impact

. on inner planetary systems is sntall.
5.3. Our Solar System in context P ysy i

Our results suggest that the Solar System is unusual a%th%
15— 25% level. This corresponds to the fraction of simulations
that form three or four terrestrial planets (Fiyy. 9; inchgla 10% As with any numerical study, our simulations are limited éws
contribution from stable systems. By the same weighting 88%eral ways.
simulations destroy all their terrestrial material.). Our most important assumption is that the inner and outer
The Solar System lies at the very edge of the debris digkgions of protoplanetary disks are connected such tharobs
correlations in Figd. 13 arid 114 because of its combinatiom o¥/ations of debris disks in the outer parts of planetary syste
rich terrestrial planet system, a low-eccentricity innesingi- can tell us something about terrestrial planets in the ipaets
ant planet, and a low dust flux. To a distant observer, therSoks these systems. However, there exist substantial urnictes
System’s faint debris disk would suggest a dust-clearistain For example, several relevant processes — notably the fimma
bility in the system’s past. However, Jupiter's low-eccwity  of planetesimals as well as giant planets — are only modestly
orbit would imply that the instability was weak and that tlye-s  well understood. In addition, it is unknown whether ttigoien-
tem may in fact be suitable for terrestrial plarfé®his naive ar- cies and timescales of these processes vary with distaoge fr
gument is remarkably consistent with our current picturéhef the star. If there exists a systematic bias to create an anbal
LHB instability as an asymmetric, outward-directed indtgb between the inner and outer disk mass, it could qualitatial
that included a scattering event between Jupiter and ariaceé gfect our results. For example, if planetesimal formatiomisch
but not between Jupiter and Saturn (Morbidelli et al. 2010). more dficient in the outskirts of planetary systems then the typ-
The Earth provides an interesting test case. On lomgal system may contain an outer planetesimal belt but nerinn
timescales Earth’s eccentricity oscillates between ®0&0d planetesimals or embryos from which to form terrestriahpts.
0.058 and its inclination between zero and°4(Quinn etal. Alternately, one canimagine that outer planetesimal disight
1991 Laskar et al. 1993). When compared with the stable siive systematically destroyed in systems that do form teiaést
ulations, the Earth’s time-averaged eccentricity is digantly planets, as was the case for the Solar System. If one of these
smaller than the median and its inclination is also smallescenarios is true, then the initial conditions for inner ander
However, Earth’s oscillation amplitudes are more than 50ffanetary systems may not be coupled as strongly as we have
larger than the median values for the stable systems. This silssumed, and their outcomes may not correlate as strongly as
uation is the same for Venus’ orbit. This presents a confusiour simulations.
situation; perhaps Earth and Venesandi are lower than these  Despite these uncertainties, we think that our approach,
simulations because we are limited in the numerical reemiut in particular the assumption that inner and outer disks are
needed to adequately model dissipative processes. Buatif thonnected, is the simplest interpretation of current olsser
were the case, we would expect Earth and Venus’ oscillation
amplitudes to also be smaller than the simulated planet® O © [Brasser et all[(2009) showed that some Nice model instasitian
explanation for the Earth and Venus’ orbits is that they fedm destabilize the orbits of the terrestrial planets due toepivey secular
resonances and potentially cause collisions betweeniessteal plan-
8 Of course, it would take about a decade of precise obsengfir  ets. However, this process does not remove all the tembptanets and
these aliens to pin down Jupiter’s orbital eccentricity. S0, in the context of our results, nothing has changed.

4. Limitations of our approach
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tions and theory. The frequency of close-in planets is 12% from the system, in large part by being thrown into the host
in the 3-10 M, range and, by extrapolation, 23% in the 0.5- star. About 15 of our unstable simulations produced a sys-
2 Mg range [(Howard et al. 2010). The observed frequency of tem containing a single terrestrial planet (EiQ. 9).

debris disks around FGK stars of 16% (Trilling etal. 2008)— Terrestrial exoplanets on excited orbits should be com-

represents a lower limit for the frequency of outer planetes
mal disks. Preliminary results from théerschelDUNES sur-
vey (Eiroa et al. 2010) suggest that roughl$ df stars have de-
bris disks (C. Eiroa, personal communication), which mehat
that the frequency of inner planets and outer planetesieiéd b
are probably within a factor of a few or less. Although this-ce
tainly does not prove that our initial conditions are cotyétc

does provide circumstantial support for our basic assummf —
a connection between the inner and outer disk although wee not

that there is as yet no observed correlation between the two.
Our initial conditions, though chosen to match models of ear
lier phases of planetary growth, are ad hoc. All planetasyesys

mon. The median eccentricity of surviving terrestrial plan-
ets in our simulations was about 0.1, but the distribution
extends above 0.5 (Figl 7). The most excited orbits belong
to single-terrestrial planet systems. Compared with syste
with many terrestrial planets, single-planet systems have
only slightly higher eccentricities and inclinations bbeir
oscillations ine andi are far larger (Fid._10).

Debris disks are anti-correlated with strongly-scattere
giant planets. Strong scattering events produce eccentric gi-
ant planets with large radial excursions that dynamicadly d
plete the outer planetesimal disk by exciting their orbitslu
they cross a giant planet’s at which point they are quickly

in our sample contain the same mass in terrestrial embryibs an
planetesimals (9 i), form their innermost giant planet at 5.2

AU, and contain the same mass in an outer disk of leftover icy
planetesimals (50 ). In reality, there is a spread of several or-—

ejected from the system. Thus, we expect continued obser-
vations to show an anti-correlation between the fraction of
systems with debris disks and the giant planet eccentricity
Debris disks correlate with a high dficiency of terrestrial

ders of magnitude in the disk mass (e.g.,_Andrews & Williams
2007a) that fiects both the types of planets that form and
the amount of leftover planetesimals (elg., Greaves e8I/ 2
Thommes et al. 2008). In addition, recent observations estgg

planet formation. Strong scattering events yield large gi-
ant planet eccentricities, and these eccentric giant tdane
tend to disturb both the inner and outer planetary system.
Thus, in a strongly perturbed system the giant planets tend

that low-mass disks are more compact (Andrews ¢t al.|2010) so to destroy both terrestrial planetary embryos — abortirg th
there may be a correlation between the disk mass and the loca-growth of terrestrial planets — and outer planetesimalse— pr

tion of planet formation as well (see also Kennedy & Kenyon

venting the creation of debris disks by long-term colligibn

2008). The disks that we modeled are comparable in mass evolution. In contrast, in a calm system the giant planelis wi
to the minimum-mass solar nebula model and are probably not strongly impede on the inner or outer planetary system,
more massive than the typical disk (Eisner & Carpenter 2003; allowing for the formation of terrestrial planets and long-

Andrews & Williams 2007a).

lasting cold dust. The debris disk-terrestrial planet elar

Our simulations are confined to Solar-mass stars, which are tion holds for all wavelengths we tested but is clearer for

a small minority of all stars| (Bochanski et al. 2010). To ex-
pand on this work we should consider additional stellar $ype
Debris disks are currently very filcult to detect around low-
mass stars (Gautier et/al. 2007) but are extremely integess
planet hosts because they dominate the stellar populatitme o
Galaxy and are very long-lived. In contrast, debris disks ar

A 2 15um (Figs[15 an@16). The correlation also holds for
all times later than about 10-30 Myr (F{g.]18) and probably
even earlier.

— Within the known sample of extra-solar giant planets,

terrestrial planets at a few tenths of an AU should be sev-
eral times more abundant than either terrestrial or giant

much easier to detect around A stars, but these are relativel planets at 1 AU.In section 5.1 we scaled the outcomes of
few in number and their lifetimes are much shorter. There may our simulations to match the observed semimajor axis and

be interesting dferences in the evolution of planetary systems
around other stellar types.

eccentricity distributions of giant exoplanets. This &gl
produced a radial distribution of terrestrial exoplanéist t

There are several physical processes not included in our peaks at a few tenths of an AU and drops below the giant

simulations. In particular, we did not include thfeets of gi-
ant planet migration because population synthesis models a

planet frequency at 1.3 AU (Fig.20). However, we note that
the distribution is incomplete in its inner regions due to ou

currently unable to reproduce the observed exoplanet massinitial conditions, in particular the inner edge in our erydor

and orbital distribution | (Howard etial. 2010). Including -mi

distribution at 0.5 AU.

gration would have the benefit of providing a natural trig-— The Solar System lies at the outskirts of several correla-

ger for giant planet instabilities| (Adams & Laughlin 2003;

tions, probably because of the instability that caused the

Moorhead & Adams 2005), although this depends on the details Late Heavy Bombardment. The Solar System has a rare

of the depletion of the gaseous disk (Crida et al. 2008). hvewe
given that the giant planet observations can be matcheditith
tle to no giant planet migration, we chose not to include it.

6. Conclusions

Our main results are as follows:

— Giant planet instabilities are destructive to terrestria
planet formation. The survival of terrestrial embryos and

combination of multiple terrestrial planets, low-eccéity
giant planets, and very low dust content (currel§f siar ~
2x1072;Booth et al. 2009). In addition, Earth and Venus’ or-
bits are more circular and coplanar than terrestrial pkaimet
typical stable planetary systems but they have signifigantl
larger-amplitude oscillations in those quantities. Tlar be
explained if the Solar System’s formation was quiescent but
it underwent a later punctual event that was strong enough
to remove most of the outer planetesimal disk and give the
inner Solar System a small kick but did not destabilize the

planetesimals depends on the strength of the instability inner Solar System or impart a large eccentricity to Jupiter
as measured by the minimum giant planet perihelion dis- This is in agreement with the current picture of the instabil
tance (FidB, see alSo Veras & Armitége 2006). In about 40% ity that caused the LHE (Morbidelli et 1. 2010). This type
of our unstable simulations all rocky material was removed Of instability is poorly constrained by observations, isahu
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weaker than the instabilities inferred from the exoplaret e

centricity distribution, and is not captured in the simidas 10°®
presented here. 2
107 ?’ig

One implication of our results is that exo-zodiacal dust
clouds around stars with terrestrial planets may often lytar A 104L " Qa
than the Solar System’s zodiacal cloud. A major obstacle to S “;‘}p_)"\
the direct imaging of terrestrial exoplanets is the amount o . sy MmN
bright dust close to those planets, i.e., their exo-zodiduat 107 r e T 0
clouds (Cash_2006; Defrere el al._2010; Noecker & Kuchner o
2010). The Solar System’s zodiacal dust has been shown to de- 10 : : : :
rive almost entirely from Kuiper Belt comets that were seiat! 00 02 04 06 08 10
by the giant planets into the inner Solar System, where they p q (AU)

tially sublimated to produce warm dust before eventualipdpe

ejected |((Nesvorny et &l. 2010). Around other stars, colafide Fig 21 Fractional error in the semimajor axif a Mars-mass
disks should trace the same population of comets that pesdugarticle with initiala = 1 AU as a function of perihelion distance
exo-zodiacal dust: debris disks represent planetesinmali@ ¢ The particle was initially placed on a circular, nearly aol
ble orbits in the outer system and exo-zodiacal dust is gengfpit (intial inclination of 89.9) in the presence of an outer giant

ated by the small fraction of bodies that has been destabilizyanet. The Kozai fect forced the particle to fall into the star,
and is in the process of being removed from the system. d we tracked the integration error in time.

results suggest that systems with bright debris disks arelex
lent targets in the search for terrestrial exoplanets. &tsys-
tems contain at least a feldg, (and often more than 2s) in  an orbit that was highly inclined with respect to a distanpiter-
surviving cometary material, 1-2 orders of magnitude mbeat mass planBf. In this configuration, the Kozaiffect (Kozai
the current Kuiper Bell (Gladman et al. 2001). If the comet flU1962) drives a dramatic increase in the particle’s ecastyrBy
scales with the number of outer planetesimals then systeths Wracking the integrator error at ever-smaller periheligsiahce,
bright debris disks should also harbor bright exo-zodiakalds g = a(1 - €), we saw that the fractional error in the semimajor
close to the terrestrial planet zone. However, the dynawficsaxisda/a increased to greater thanfanside roughly 0.2 AU,
the outer planetary systems — in particular the architecimd as shown in FigurE21. We therefore chose 0.2 AU as our inner
masses of the giant planets — are key in determining the fixegarticle boundary, inside which objects are removed from th
new comets in these systems as well as their residencenésti simulation and assumed to have collided with the star. We&ho
in the inner planetary systems. In addition, there is alnsest 100 AU as our corresponding outer boundary, beyond which
tainly a significant population of systems with terrestpén- bodies are assumed to have been dynamically ejected from the
ets without bright debris disks, i.e. what we have calledséa system.
negatives”. Those systems may be harder to find because theywith our choice of timestep and inner boundary, the majority
lack debris disks to signpost the presence of terrestréalgib, of our simulations maintained excellentf¢E < 10™%) energy
but they could prove easier to image because they may contaifti angular momentum conservation propdHigdowever, as
much fainter zodiacal clouds. We plan to test these ideas-in thown in Figuré 22, a fraction of the simulations in which the
ture work. minimum giant planet perihelion distance was smak(2 AU)
Ina companion paper (Raymond et al 2011; referred to in tghibited substantially worse conservation propertiégefsthis
text as paper 2) we explore thifett of several other parametergehavior, we adopted an empirical energy conservatiorstiare
on the results obtained here. In particular, we presenttsesti old of dE/E < 1x 1072, and discarded from the final sample any
several other sets of simulations that vary the giant pan&iss runs that failed to meet this limit.
distribution and total masses, the width of the outer plesiatal Does our cutff in energy at &/E < 1 x 1072 bias our re-
disk, the existence of icy embryos within the outer plarietab  sults? The true outcome of our numerical experiment depemds
disk, and the presence of disk gas at the time of giant planké details of the giant planets’ orbital evolution, andsibnly
instabilities. In that paper we confirm the large-scalelteire-  relatively extreme cases with< 2 AU for which significant in-
sented here but with several important clarifications argede tegration error occurs. It is for these close periheliorspges
dencies. We also carefully match our simulations to theiese that all terrestrial material is destroyed, called mode &ec
statistics of giant exoplanets and debris disks to obtaiastih tion in the main text. In the case of the five simulations with
mate for the fraction of stars that host terrestrial plangts« dE/E > 1 x 1072, two contained a single surviving terrestrial
in the famous Drake equation. planet and three had destroyed all of their terrestrialgarBy
In a second companion paper (Raymond et al 2011b), we egmoving these cases we are therefore slightly biasingamr s
plore the fate of bodies — planetesimals, planetary embayus ple at the 5% level away from accretion modes 2 and 3, and so
giant planets — that are ejected from unstable planetatg®s we include this small extra contribution in our estimateshie
and pollute the galaxy. By matching giant exoplanet andidebpaper of the fraction of systems for which théeient accretion
disk statistics we estimate the abundance of this populatfo modes occur.
free-floating bodies and the chances for their unambigueus d
tection either in interstellar space or entering the SojesteSn. 10 We thank Hal Levison for suggesting this numerical test.
11 We are aware that removing particles from the simulatiorargt
radius larger than the physical one (approximately the giizbe star),
7. Appendix A: Numerical Tests can in principle result in unphysical behavieven when energy and
angular momentum are well-conservadnfortunately, it is currently
We performed simple numerical tests to choose an inner bouffleasible to run long-duration terrestrial planet forroatsimulations
ary appropriate for this timestep by placing a particle atlloh  with dramatically shorter timesteps and smaller inner loiuy radii.
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We do not see any clear signature of other bias introducggg
in our analysis from our energy cdfoTo assess this possibility,

program (NNX07AHO08G), and the NSFs Division of Astrononhi&ziences
(0807471).

This paper is dedicated tdfice B329 in the University of Washington’s
Physics and Astronomy building, which from 2000-2003 hauSeN.R., J.C.A.,
and A.A.W. and was the site of many ridiculous pursuits.

References

Absil, O., di Folco, E., Mérand, A., et al. 2006, A&A, 452,23

Adams, F. C. & Laughlin, G. 2003, Icarus, 163, 290

Adams, F. C., Laughlin, G., & Bloch, A. M. 2008, ApJ, 683, 1117

Akeson, R. L., Ciardi, D. R., Millan-Gabet, R., et al. 2009JA 691, 1896

Alexander, R. D. & Armitage, P. J. 2006, ApJ, 639, L83

Alibert, Y., Mordasini, C., Benz, W., & Winisdoéer, C. 2005, A&A, 434, 343

Andrews, S. M. & Williams, J. P. 2005, ApJ, 631, 1134

Andrews, S. M. & Williams, J. P. 2007a, ApJ, 671, 1800

Andrews, S. M. & Williams, J. P. 2007b, ApJ, 659, 705

Andrews, S. M., Wilner, D. J., Hughes, A. M., Qi, C., & Dullenm C. P. 2010,
ApJ, 723, 1241

Armitage, P. J. 2011, ARA&A, in press

Batalha, N. M., Borucki, W. J., Bryson, S. T., et al. 2011, Ap29, 27

Beichman, C. A., Bryden, G., Stapelfeldt, K. R., et al. 2086J, 652, 1674

Benz, W. & Asphaug, E. 1999, Icarus, 142, 5

Bochanski, J. J., Hawley, S. L., Covey, K. R., et al. 2010,%88, 2679

sor, A. & Wyatt, M. 2010, MNRAS, 409, 1631

th, M., Wyatt, M. C., Morbidelli, A., Moro-Martin, A., & evison, H. F.

2009, MNRAS, 399, 385

we restrict ourselves to systems for which the minimum giaBbttke, W. F., Durda, D. D., Nesvorny, D., et al. 2005, lcarii75, 111
planet perihelion was less than 2 AU because this is whege laBouwman, J., Henning, T., Hillenbrand, L. A., et al. 2008 JAB83, 479

errors occur. Figure_23 shows the giant planet eccentritity

Brasser, R., Morbidelli, A., Gomes, R., Tsiganis, K., & Lsw, H. F. 2009,
A&A, 507, 1053

the dust-to-stellar flux ratio at z@n after 1 Gyr as a function Bromley, B. C. & Kenyon, S. J. 2010, ArXiv e-prints
of dE/E for this subsample. Both panels are scatter plots, Wiblyden, G., Beichman, C. A., Carpenter, J. M., et al. 2009], 405, 1226

no clear trend or any indication that the computé&/ @ value

Bryden, G., Beichman, C. A., Trilling, D. E., et al. 2006, AB36, 1098

changes the outcome in any way. We therefore conclude that Btrgasser, A. J., Kirkpatrick, J. D., Reid, I. N., et al. 2088, 586, 512

chosen cutfi in integrator energy, while less stringent than so
other studies, has no measurable impact on our results.

tler, R. P., Wright, J. T., Marcy, G. W., et al. 2006, ApJ66805
arpenter, J. M., Bouwman, J., Mamajek, E. E., et al. 2009SAA81, 197
Cash, W. 2006, Nature, 442, 51
Chambers, J. 2006, Icarus, 180, 496

AcknowledgementsWe thank the referee, Scott Kenyon, for a very thorougi€hambers, J. E. 1999, MNRAS, 304, 793

review that helped us improve the paper. Simulations weneatuNMeber State
University and at Purdue University (supported in part bg NMSF through
TeraGrid resources). Some of the collaborations vital te pfaper (in partic-
ular, between S.N.R, P.J.A., AM.-M., M.B. and M.C.W.) star during the
Isaac Newton Institutes Dynamics of Disks and Planets pragn Cambridge,
UK. S.N.R. acknowledges funding from the CNRS’s PNP and ER{DY

grams and NASA Astrobiology Institute’s Virtual Planetargboratory lead
team. P.J.A. acknowledges funding from NASAs Origins oaB&8ystems pro-
gram (NNX09AB90G), NASAs Astrophysics Theory and FundatakeRhysics

22

Chambers, J. E. 2001, Icarus, 152, 205

Chambers, J. E. & Cassen, P. 2002, Meteoritics and Plan8teyce, 37, 1523

Chambers, J. E., Wetherill, G. W., & Boss, A. P. 1996, Icali$, 261

Chatterjee, S., Ford, E. B., Matsumura, S., & Rasio, F. A82@(®J, 686, 580

Chiang, E. & Youdin, A. N. 2010, Annual Review of Earth and riitary
Sciences, 38, 493

Crida, A., Sandor, Z., & Kley, W. 2008, A&A, 483, 325

Cumming, A., Butler, R. P., Marcy, G. W., et al. 2008, PASR), 15231

Currie, T., Lada, C. J., Plavchan, P., et al. 2009, ApJ, 698, 1



Raymond et al.: Debris disks as signposts of terrestrialgtlformation

Defrere, D., Absil, O., den Hartog, R., Hanot, C., & Stark,2010, A&A, 509,
A9+

Dohnanyi, J. S. 1969, J. Geophys. Res., 74, 2531

Dominik, C. & Decin, G. 2003, ApJ, 598, 626

Dressing, C. D., Spiegel, D. S., Scharf, C. A., Menou, K., &Rand, S. N.
2010, ApJ, 721, 1295

Eiroa, C., Fedele, D., Maldonado, J., et al. 2010, A&A, 51831+

Eisner, J. A. & Carpenter, J. M. 2003, ApJ, 598, 1341

Eisner, J. A., Plambeck, R. L., Carpenter, J. M., et al. 26@8, 683, 304

Ercolano, B., Clarke, C. J., & Hall, A. C. 2011, MNRAS, 410167

Fischer, D. A., Marcy, G. W., Butler, R. P., et al. 2008, Apd56790

Fischer, D. A. & Valenti, J. 2005, ApJ, 622, 1102

Fogg, M. J. & Nelson, R. P. 2007, A&A, 461, 1195

Ford, E. B., Havlickova, M., & Rasio, F. A. 2001, Icarus, 1303

Ford, E. B., Rasio, F. A., & Yu, K. 2003, in Astronomical Sdgief the Pacific
Conference Series, Vol. 294, Scientific Frontiers in Redean Extrasolar
Planets, ed. D. Deming & S. Seager, 181-188

Gammie, C. F. 1996, ApJ, 457, 355

Gaspar, A., Rieke, G. H., Su, K. Y. L., et al. 2009, ApJ, 68578

Gautier, I, T. N., Rieke, G. H., Stansberry, J., et al. 208@J, 667, 527

Gladman, B. 1993, Icarus, 106, 247

Gladman, B., Kavelaars, J. J., Petit, J., et al. 2001, AJ, 1221

Goldreich, P., Lithwick, Y., & Sari, R. 2004, ApJ, 614, 497

Gomes, R., Levison, H. F.,, Tsiganis, K., & Morbidelli, A. ZNature, 435, 466

Gonzalez, G. 1997, MNRAS, 285, 403

Gould, A., Dong, S., Gaudi, B. S., et al. 2010, ApJ, 720, 1073

Greaves, J. S. 2010, MNRAS, 409, L44

Greaves, J. S., Fischer, D. A., & Wyatt, M. C. 2006, MNRAS, 3583

Greaves, J. S., Fischer, D. A., Wyatt, M. C., Beichman, C.&Bryden, G.
2007, MNRAS, 378, L1

Grogan, K., Dermott, S. F., & Durda, D. D. 2001, Icarus, 1521 2

Habing, H. J., Dominik, C., Jourdain de Muizon, M., et al. 208&A, 365, 545

Haisch, Jr., K. E., Lada, E. A., & Lada, C. J. 2001, ApJ, 55%31

Hillenbrand, L. A., Carpenter, J. M., Kim, J. S., et al. 2088,], 677, 630

Howard, A. W., Marcy, G. W., Johnson, J. A,, et al. 2010, Soier830, 653

Ida, S. & Lin, D. N. C. 2005, ApJ, 626, 1045

Isella, A., Carpenter, J. M., & Sargent, A. |. 2010, ApJ, 71446

Iwasaki, K., Emori, H., Nakazawa, K., & Tanaka, H. 2002, PAS1 471

Iwasaki, K., Tanaka, H., Nakazawa, K., & Hiroyuki, E. 200A33, 53, 321

Juri€, M. & Tremaine, S. 2008, ApJ, 686, 603

Kains, N., Wyatt, M. C., & Greaves, J. S. 2011, ArXiv e-prints

Kasting, J. F., Whitmire, D. P., & Reynolds, R. T. 1993, Icgri01, 108

Kennedy, G. M. & Kenyon, S. J. 2008, ApJ, 673, 502

Kennedy, G. M. & Kenyon, S. J. 2009, ApJ, 695, 1210

Kennedy, G. M. & Wyatt, M. C. 2010, MNRAS, 405, 1253

Kenyon, S. J. & Bromley, B. C. 2004, ApJ, 602, L133

Kenyon, S. J. & Bromley, B. C. 2005, AJ, 130, 269

Kenyon, S. J. & Bromley, B. C. 2006, AJ, 131, 1837

Kenyon, S. J. & Bromley, B. C. 2008, ApJS, 179, 451

Kenyon, S. J. & Bromley, B. C. 2010, ApJS, 188, 242

Kenyon, S. J. & Luu, J. X. 1998, AJ, 115, 2136

Kley, W., Peitz, J., & Bryden, G. 2004, A&A, 414, 735

Kobayashi, H. & Tanaka, H. 2010, Icarus, 206, 735

Kokubo, E. & Ida, S. 2002, ApJ, 581, 666

Kokubo, E., Kominami, J., & Ida, S. 2006, ApJ, 642, 1131

Kospal,A., Ardila, D. R., Mobr, A., &Abraham, P. 2009, ApJ, 700, L73

Kozai, Y. 1962, AJ, 67, 591

Krivov, A. V. 2010, Research in Astronomy and Astrophysit3, 383

Krivov, A. V., Lohne, T., & Sremcevic, M. 2006, A&A, 4551

Krivov, A. V., Srem¢gevi¢t, M., & Spahn, F. 2005, Icarus, 1145

Laskar, J., Joutel, F., & Boudin, F. 1993, A&A, 270, 522

Lecoanet, D., Adams, F. C., & Bloch, A. M. 2009, ApJ, 692, 659

Lee, M. H. & Peale, S. J. 2002, ApJ, 567, 596

Léger, A., Rouan, D., Schneider, J., et al. 2009, A&A, 57 2

Levison, H. F. & Agnor, C. 2003, AJ, 125, 2692

Lissauer, J. J. 1987, Icarus, 69, 249

Lisse, C. M., Chen, C. H., Wyatt, M. C., et al. 2009, ApJ, 700112

Lohne, T., Krivov, A. V., & Rodmann, J. 2008, ApJ, 673, 1123

Lubow, S. H. & Ida, S. 2010, Planet Migration, ed. Seager3&/;-371

Malmberg, D., Davies, M. B., & Heggie, D. C. 2010, ArXiv e4pis$

Mamajek, E. E., Meyer, M. R., Hinz, P. M., et al. 2004, ApJ, 6426

Mandell, A. M., Raymond, S. N., & Sigurdsson, S. 2007, ApJ,&23

Marchal, C. & Bozis, G. 1982, Celestial Mechanics, 26, 311

Marley, M. S., Fortney, J. J., Hubickyj, O., Bodenheimer,&Lissauer, J. J.
2007, ApJ, 655, 541

Marzari, F. & Weidenschilling, S. J. 2002, Icarus, 156, 570

Mayor, M., Bonfils, X., Forveille, T., et al. 2009, A&A, 5073%

Meyer, M. R., Carpenter, J. M., Mamajek, E. E., et al. 2008) 473, L181

Moor, A., Abraham, P., Derekas, A., et al. 2006, ApJ, 644, 525

Moorhead, A. V. & Adams, F. C. 2005, Icarus, 178, 517

Morbidelli, A., Brasser, R., Gomes, R., Levison, H. F., &Janis, K. 2010, AJ,
140, 1391

Morishima, R., Stadel, J., & Moore, B. 2010, Icarus, 207, 517

Moro-Martin, A., Malhotra, R., Bryden, G., et al. 2010, Agl7, 1123

Movshovitz, N., Bodenheimer, P., Podolak, M., & Lissauer]).J2010, Icarus,
209, 616

Mundy, L. G., Looney, L. W., & Welch, W. J. 2000, Protostarsldianets IV,
355

Mustill, A. J. & Wyatt, M. C. 2009, MNRAS, 399, 1403

Nagasawa, M., Lin, D. N. C., & Thommes, E. 2005, ApJ, 635, 578

Nesvorny, D., Jenniskens, P., Levison, H. F., et al. 2044, A13, 816

Noecker, C. & Kuchner, M. 2010, ArXiv e-prints

O'Brien, D. P. & Greenberg, R. 2005, Icarus, 178, 179

O'Brien, D. P., Morbidelli, A., & Levison, H. F. 2006, Icaru$84, 39

Pascucci, I., Gorti, U., Hollenbach, D., et al. 2006, ApJl.,66L77

Petit, J., Morbidelli, A., & Chambers, J. 2001, Icarus, 1333

Pollack, J. B., Hubickyj, O., Bodenheimer, P., et al. 19@@rulis, 124, 62

Quinn, T. R., Tremaine, S., & Duncan, M. 1991, AJ, 101, 2287

Rasio, F. A. & Ford, E. B. 1996, Science, 274, 954

Raymond, S. N. 2006, ApJ, 643, L131

Raymond, S. N., Armitage, P. J., & Gorelick, N. 2009a, Ap.D,888

Raymond, S. N., Armitage, P. J., & Gorelick, N. 2010, ApJ,, 7112

Raymond, S. N., Barnes, R., Armitage, P. J., & Gorelick, NO&4) ApJ, 687,
L107

Raymond, S.

Raymond, S.

Raymond, S.

Raymond, S.
203, 644

Raymond, S.

N., Barnes, R., & Mandell, A. M. 2008b, MNRAS, 36é3

N., Barnes, R., Veras, D., et al. 2009b, ApJ, 1696,

N., Mandell, A. M., & Sigurdsson, S. 2006a, Smei313, 1413
N., O'Brien, D. P., Morbidelli, A., & Kaib, N. A.0B9c, Icarus,

N., Quinn, T., & Lunine, J. |. 2004, Icarus, 168, 1

Raymond, S. N., Quinn, T., & Lunine, J. |. 2006b, Icarus, 1B&%

Raymond, S. N., Scalo, J., & Meadows, V. S. 2007, ApJ, 669, 606

Rivera, E. J., Laughlin, G., Butler, R. P., et al. 2010, AflB,7890

Safronov, V. S. 1969, Evoliutsiia doplanetnogo oblaka. Safronov, V. S.

Santos, N. C., Israelian, G., & Mayor, M. 2001, A&A, 373, 1019

Selsis, F., Kasting, J. F., Levrard, B., et al. 2007, A&A, 41873

Shen, Y. & Turner, E. L. 2008, ApJ, 685, 553

Smith, R., Wyatt, M. C., & Harff, C. A. 2009, A&A, 503, 265

Snellgrove, M. D., Papaloizou, J. C. B., & Nelson, R. P. 2008A, 374, 1092

Spiegel, D. S., Menou, K., & Scharf, C. A. 2009, ApJ, 691, 596

Spiegel, D. S., Raymond, S. N., Dressing, C. D., Scharf, C&Mitchell, J. L.
2010, ApJ, 721, 1308

Stern, S. A. 1994, AJ, 108, 2312

Strom, R. G., Malhotra, R., Ito, T., Yoshida, F., & Kring, D. 2005, Science,
309, 1847

Su, K. Y. L., Rieke, G. H., Stansberry, J. A., et al. 2006, A§&B, 675

Takeda, G. & Rasio, F. A. 2005, ApJ, 627, 1001

Thommes, E. W., Duncan, M. J., & Levison, H. F. 1999, Natuf®,435

Thommes, E. W., Matsumura, S., & Rasio, F. A. 2008, Scien2g, 814

Trilling, D. E., Bryden, G., Beichman, C. A., et al. 2008, ABY4, 1086

Tsiganis, K., Gomes, R., Morbidelli, A., & Levison, H. F. ZNature, 435, 459

Udry, S., Bonfils, X., Delfosse, X., et al. 2007, A&A, 469, L43

Udry, S. & Santos, N. C. 2007, ARA&A, 45, 397

Veras, D. & Armitage, P. J. 2006, ApJ, 645, 1509

Weidenschilling, S. J. 1977, Ap&SS, 51, 153

Weidenschilling, S. J. & Marzari, F. 1996, Nature, 384, 619

Williams, D. M. & Pollard, D. 2002, International Journal Aétrobiology, 1, 61

Williams, D. M. & Pollard, D. 2003, International Journal Astrobiology, 2, 1

Williams, D. R. & Wetherill, G. W. 1994, Icarus, 107, 117

Wisdom, J. & Holman, M. 1991, AJ, 102, 1528

Wolk, S. J. & Walter, F. M. 1996, AJ, 111, 2066

Wyatt, M. C. 2005, A&A, 433, 1007

Wyatt, M. C. 2008, ARA&A, 46, 339

Wyatt, M. C., Booth, M., Payne, M. J., & Churcher, L. J. 2010NRAS, 402,
657

Wyatt, M. C., Dermott, S. F., Telesco, C. M., et al. 1999, A§J7, 918

Wyatt, M. C., Smith, R., Greaves, J. S., et al. 2007a, ApJ, 668

Wyatt, M. C., Smith, R., Su, K. Y. L., et al. 2007b, ApJ, 663536

Zakamska, N. L., Pan, M., & Ford, E. B. 2010, MNRAS, 1566

23



	1 Introduction
	2 Methods
	2.1 Initial conditions
	2.1.1 Terrestrial planet-forming region
	2.1.2 Giant Planets
	2.1.3 Outer Planetesimal Belt

	2.2 Integration Method
	2.3 Debris Disk Modeling

	3 An example simulation
	4 Results for the ensemble of simulations
	4.1 Giant Planet Instabilities
	4.2 Terrestrial Planet Formation
	4.3 Characteristics of surviving terrestrial planets
	4.4 Correlations with observable quantities: giant planets and debris disks

	5 Discussion
	5.1 Scaling to the observed a-e exoplanet distribution
	5.2 Comparison between our simulations and observed debris disks
	5.3 Our Solar System in context
	5.4 Limitations of our approach

	6 Conclusions
	7 Appendix A: Numerical Tests

