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ABSTRACT

High levels of exozodiacal dust are observed around a ggonimmber of main sequence stars. The origin of such
dust is not clear, given that it has a short lifetime agaimsh lzollisions and radiative forces. Even a collisional
cascade with km-sized parent bodies, as suggested tomxpitar debris discs, cannot surviveiiiently long.

In this work we investigate whether the observed exozotlidast could originate from an outer planetesimal
belt. We investigate the scattering processes in stabfeefaey systems in order to determine whetheficent
material could be scattered inwards in order to retain tfezediacal dust at its currently observed levels. We
use N-body simulations to investigate thi@aency of this scattering and its dependence on the arthiteof

the planetary system. The results of these simulations earséd to assess the ability of hypothetical chains of
planets to produce exozodi in observed systems. We find éhatder ¢ 100Myr) stars with exozodiacal dust,

a massive, large radi(20AU) outer belt and a chain of tightly packed, low-mass etarwould be required in
order to retain the dust at its currently observed levelss Bhings into question how many, if any, real systems
possess such a contrived architecture and are therefoableapf scattering at sficiently high rates to retain
exozodi dust on long timescales.
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1. Introduction A-star Vega (Absil et al. 2006, 2008; Defrere et al.
2011), where the best fit model found using Bayesian
Excess emission in the far-infrared or sub-mm, assétatistics to assess a grid of models, suggests that the
ciated with cold, dusty debris discs is regularly ob€MmiSsion is dominated by small grains (Lum) in a
served around hundreds of main sequence stars (38e”Me ring between~ 0.1 — 0.3AU (Defrere et al.
Wyatt (2008) for a review). There are now a grow2011)- More detailed composmo_nal information can be
ing number of stars with similar emission, but indeternjmed_for the handf_ul of bnghtgrsources detected
the mid-infrared from material at higher temperaturey their Spitzer spectra in the mid-infrared, for exam-
These observations have been associated with d@i Olofsson et al. (2012); Lisse et al. (2012), amongst
very close to the star, reminiscent of the solar sy§thers.
tem’s exozodiacal cloud. There are now several dozen Once the potential alternative of a stellar compan-
such sources discovered either using near or miibn is ruled out for the interferometric observations,
infrared, interferometric observations with, for examthe only explanation for this excess emission is emis-
ple, FLUORCHARA(e.g. Absil et al. 2006, 2008), sion from high levels of small dust grains. Such small
IONIC/IOTA(e.g. Defrére et al. 2011), MIVISIR grains, however, have a short lifetime, both against col-
(e.g. Smith et al. 2009b), or using their mid-infraredisional processes (years) and radiative forces (years).
spectra with Spitzer (Olofsson et al. 2012; Lisse et df.the observed discs are to survive for longer than year
2012, 2009). Such sources have been compared to timescales, the small grains must be replenished. In
solar system’s exozodiacal cloud, butin general are sewdter debris discs, the observed small grains are thought
eral orders of magnitude brighter, for exampl€orvi to be continuously replenished in a steady-state colli-
is 1250+ 260 times brighter than the solar system’sional cascade from a population of unseen, large par-
exozodiacal dust cloud at Ath (Millan-Gabet et al. ent bodies. However, models for such collisional evo-
2011).These observations can be modelled to determingon (e.g. Wyatt & Dent (2002); Wyatt et al. (1999,
estimates on the geometry, mass, position and gr&l@07b); Stark & Kuchner (2009); Krivov et al. (2008);
properties. A well studied example is the 450Myr old-6hne et al. (2008) amongst others), find that close to



the star, the planetesimal belt required to supply the oéeal dust, in particular, the number of old (greater than
served levels of small dust must be so dense that ev@gr) systemsé.g. = Ceti (di Folco et al. 2007)).

kilometre sized parent bodies are rapidly destroyed by In this work we investigate whetherf$icient mate-
collisions (Wyatt et al. 2007a). Thus, it is not possibleial can be scattered inwards from an outer planetesimal
for the observed small grains to be replenished by an ibelt, in a stable planetary system, to resupply an exo-
situ steady-state collisional cascade on long timescalsxdi, or whether it is necessary to invoke further expla-
(hundreds of years at 1AU). The suggestion has beerations. We consider the simple scenario where there
made that the dust could be resupplied in a steady state (several) planet(s) interior to an outer planetesimal
collisional cascade if the population of bodies were obelt and use N-body simulations to determine how ef-
highly eccentric ¢ > 0.99) orbits (Wyatt et al. 2010). ficiently they scatter material inwards from the outer
The origin of such a configuration is, howeveirfidult belt. To assess the feasibility of this scenario, these ef-
to conceive. Therefore, in general another explanatidiciencies must be compared with observations of inner
for the origin of the observed small dust is required, iand outer belts. We start by discussing the details of our
particular for the older systems with exozodi. simulations in Sec. 2. Sec.3 presents the illustrative ex-

ample of single planet systems, which is expanded upon

tur e'\/ltingxs?figetz?sgsezg\g dti)e'lgﬂem%i?n ms tf;fe#]tser 1 Sec.4 with simulations to determine the scattering ef-
P . young sy ficiencies in multi-planet systems. The implications of

10 - 20Myr) with hot dust are easier to explam and i yr results and their limitations are then discussed in
seems probable that we are witnessing increased C8L. & pefore conclusions are formed in Sec. 6

lision rates during terrestrial planet formation (Smith
et al. 2009a, 2012; Kenyon & Bromley 2004), whereas
for the older systems, the observations are more puz- Our simulations
zling. An obvious origin for the material is further out ) ] ] ) ]
in the planetary system where it can survive on longdhe main purpose of this work is to investigate the rates
timescales (e.g. Smith et al. 2009b; Lisse et al. 2012t which material can be scattered from an outer plan-
Absil et al. 2006). With the growing number of detecetesimal belt into the inner planetary system, with the
tions of planets andr planetesimal belts, it seems tha¥iew that it could contribute to the observed exozo-
outer planetary systems are common. In fact some @@cal dust. This is necessarily dependant on the ar-
the observed exozodis also have detections for oufdttecture of the planetary system; that is the orbits
planetesimal belts (e.g. Fomalhaut Absil et al. (20093"d masses of the planets, and the radial location and
Acke et al. (2012)y Corvi Smith et al. (2009b); Wyatt masses of the planetesimal belt and exozodi. We aim
et al. (2005), amongst many others). It remains, ho# constrain the planetary system architecture required
ever, to be determined how this material is transportdij Order to scatter material inwards atiscient rates to
inwards and whether we are observing a transient Bfoduce the observed exozodiacal dust. We anticipate
steady-state phenomena. a high dependence of the scattering rates on the sys-
) . tem architecture, thus, we hypothesis that the diversity
Recent dynamical modelling of our solar system’gf opserved systems could potentially be explained by
exozodiacal dust cloud found good evidence that mughgiversity of planetary system architectures. For sim-
of the observed dust originates from Jupiter Familyjicity, we limit ourselves in this work to the scenario
Cqmets, sc_attered |r_1wards from the Kwper b_elt. ONG$ an outer planetesimal belt.
inside Jupiter's orbit the dust's evolution is dom- |y order to assess the validity of this hypothesis,
inated b){ radiative forces, Poynt|ng-Robertson—dr::;ge use N-body simulations to determine tifagency
(Nesvorny et al. 2010). Both scattering and PR-dragf scattering in planetary systems offdrent architec-
are transport processes that could occur in extra-sofgfes. Given the huge diversity of planetary systems
planetary systems. Poynting-Robertson-dragis most ignund by current observatiohst is necessary to limit
fluential in low luminosity systems, for example, itoyr parameter exploration to a tiny region of the avail-
has been suggested to model observations of Wagpie parameter space, which is chosen such that the
dust around Epsilon Eridani (Reidemeister et al. 2011imylations can be used to make further deductions re-
Scattering can occur both in a stable planetary systeéfhrding the remaining parameter space. Our simula-
such as the Jupiter Family Comets in our solar sygipns determine the rate at which material is scattered
tem, and at increased rates after a dynamical instabiliffyvards as a function of the total mass of material in
such as the solar system’s Late Heavy BombardmefHe outer belt, that is the total mass in all bodies be-
Evidence that we may be observing the aftermath gfeen smalum grains and km-sized bodies. The mass
a collision between two large bodies exists from thgf the outer planetesimal belt can be determined, al-
presence of impact processed silica in the spectra of thjt in a model dependent manner, from observations
hot dust (Lisse et al. 2012, 2009). Models of collisiongf guter debris discs. For systems where an outer belt
between large bodies, such as the earth-moon formipghot detected, this merely places an upper limit on the
collision, show that high levels of dust are producegass that could be hidden in an outer belt in this sys-
(Jackson & Wyatt 2012). Such collisions are by natufgm_ Using these masses it is possible to assess whether

rare, in particular their probability decreases with thgys hypothesis can be applied to real planetary systems
system age and thus, their probability must be com-

pared to the growing numbers of systems with exozodi-* seeeg. exoplanets.org




with both outer planetesimal belts and exozodi. This res,
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sonable to make the assgmption_ in this work that “}-% . 2. The time at which particles are scattered inside of 1AU
small dust should be retained at its currently observed-a function of their initial semi-major axis;, for the same

rates. It is, however, not clear whether this small dusfmulation as shown in Fig. 1. No particles that startedidats
is resupplied directly, or via collisions between somesf a; = 25ag40s are scattered.

what larger (maybe only mm sized) grains also orbiting

in the disc. In order to avoid a complicated discussion o .
of the collisional evolution of material in the exozodialytically by considering the overlap of mean motion
we decide to make the base-line assumption that at legg&gonances, given by (Wisdom 1980):

the currently observed mass of dust must be suppliedto

the exozodi, on the lifetime of this small dust. In gen@@chaos = C1™ 'y, (1)
eral, this is likely to be (significantly) lower than the My .

rate at which material with the size distribution of theVherex = =, the planet mass and is a constant,
outer belt (where the mass is dominated by large kith various values betweed = 1.3 (Wisdom 1980),
sized bodies) needs to be scattered inwards, since it fg-= 1.5 (Duncan et al. 1989; Quillen & Faber 2006)
nores the infiicient conversion of this material to smallto C = 2 (Chiang et al. 2009) in the literature. In this
dust (discussed further in Sec. 5). However, if stablork, we use the valu€ = 2, as we find this is a good
outer planetary systems cannot even scatter material it§10 our simulations (see Fig. 1). Aimost all particles in
wards at this rate, then it is highly unlikely that they aréhe planet's chaotic zone will be scattered, giveflisu
capable of replenishing the exozodi. As our fiducial extiently long timescales, however, some particles outside
ample we take the Vega system, where a best fit mod¥ithis zone will also be scattered by the planet.

finds 10°Mg in between @um and 1mm grains, with _ Although simulations such as Quillen & Faber
an estimated lifetime of 1yr (Defrére et al. 2011). Thu¢2006) show that planets generally clear their chaotic
to retain Vega at its currently observed levels, the exgone on less than 10,000 orbital periods, thiews
zodi must be resupplied at a rate of at leas®M, /yr, Of this clearing can continue on significantly longer

although uncertainties in these values should be tak@éfescales. Even in our own solar system, after Gyrs of
into account in the assessment of our simulations. ~ €volution, there is evidence of Kuiper belt objects scat-

tered by Neptune, for example, Jupiter Family Comets

or Neptune'scattered disc. The best way to understand
2.1. The scattering process some of these processes is to consider a very simple ex-

ample.
In this work our focus is on the fate of planeteSimals |pn F|g 1, we present the results of a simulation in
that are scattered during the planet's sculpting of thghich a MMye, planet was placed on a circular orbit at
planetesimal belt. Of particular interest are those paray, with an initially 'cold’ (e < 0.1 andl < 10°) plan-
cles that are scattered into the inner planetary systeggsimal belt, extending from 2 to 3AU. Particles that
at late times, as these have the potential to replenish&grt inside of the chaotic zone, and close to its edge, are
exozodi. scattered by the planet onto orbits of higher eccentric-

The scattering of planetesimals by planets is a sulby, in general at either constant pericentre or apocen-

ject that has been investigated in much detail in the litre. The scattering timescale is proportional to distance
erature (e.g. Raymond et al. 2009; Quillen & Holmafrom the planet, thus the chaotic zone is cleared from
2000; Beust & Morbidelli 1996; Boley et al. 2012;inside outwards. In the left-hand panel, it is clear that
Bonsor & Wyatt 2012; Debes et al. 2012). Planets aadter 10,000yrs of simulation, the chaotic zone is still
often invoked to sculpt the inner edges of debris disd®ing cleared; all particles initially in the inner regions
(e.g. Quillen & Faber 2006; Chiang et al. 2009; Bonsdrave been scattered, whilst there are still some parti-
et al. 2011). A planet placed at the edge of a disc afes on unperturbed orbits in the outer regions of the
planetesimals, as shown in Fig. 1, will scatter particleshaotic zone. On the other hand, as shown in the right-
that are close to it. These particles lie in a zone directhhand panel, after 1Myr of simulation, the full chaotic
surrounding the planet, whose size can be estimated anne has been cleared. Particles are scattered onto or-
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Fig. 1. The semi-major axes and eccentricities of particles seattiey a single Neptune mass planet on a circular orbit at 2AU
around a M, star, after 10,000yrs (left-hand panel) and 1Myr (rightdh@anel). The set-up of the simulation is described
in Sec. 2.1. Trojan’s of the planet are labelled by red crmsaéer 10,000yrs, only particles within the inner regiaighe
chaotic zone (Eg. 1 wit@ = 2, shown by the dashed lines) have been scattered, whild¥lpy; the full zone has been cleared.
Particles are scattered onto orbits at constant pericujtar constant apocentr€y, thus lie between the dotted lings- ay
andq ~ Apl — Ochaos OF Q ~ &y andQ ~ Apl + 0&chaos Q~ apl)-

bits at constant pericentre or apocentre, such that tharted on orbits very close to the star. This is unfor-
scattered particles lie between the lirggs~ ay and tunate since it is not clear whether or not particles are
g ~ @ — d8chaos O Q ~ ap andQ ~ apy + dachaos, €XPected on such orbits after planet formation. As dis-
where they are scattered multiple times, until eventeussed in further detail in Sec. 3.3, the end conditions
ally they are either ejected, or hit the planet or star. Thi planet formation are not well constrained. It is, how-
can be on significantly longer timescales than the cleaver, clear that planets clear a zone directly surround-
ing of the chaotic zone. Such particles are equivalent itog them, although there are no precise constraints on
Neptune’sscattered disc in our solar system. the size of this zone, which may wellftér between

In terms of the formation or replenishment of exterrestrial planet and gas giant formation. It is not the
ozodi, we are interested in particles that are scatterpdrpose of this work to investigate the end conditions
close to the star, inside of a limiting radius that we catdf planet formation, nor to rely greatly upon their out-
Iogi- Whether this refers to the location of the exozodiome, therefore, we restrict the initial semi-major axes
or the radius at which Poynting-Robertson or other dragf our test particles t@min, whereamn > ap. This
forces dominate is irrelevant to the current simulationsemoves particles from very close to the planet, that
Particles that are scattered inside of this radius origivould have almost definitely been accreted onto the
nated in (or near to) the planet's chaotic zone, but haypdanet, but ensures that we include particles close the
been scattered multiple times by the planet, generakiglge of the planet’s chaotic zone. Given that our initial
evolving at constant apocentre, until their eccentricitiest simulations show that such particles are only scat-
is suficiently high that they are scattered inside gfi. tered on timescales greater thanQ@OT , it seems un-
Thus, the total amount of material scattered generaliitely that all of these particles would have been signifi-
depends on the size of the chaotic zone and criticalpantly influenced, by the smaller planetary core, to have
the planet’'s mass. been accreted during planet formation. Thus, although

Fig. 2 shows the time at which particles are scathe value ofa,in may be somewhat arbitrarily chosen,
tered inside of xgi = 1AU, by the same Mye, planet it should nonetheless provide a good representation of
on a circular orbit at 2AU, as a function of their initialthe behaviour anticipated in a real planetary system.
position. The broad trend is for an increase in the time &his, however, ignores theffect of migration during
which particles reach,,gi = 1AU with increasing ini- planet formation, that could potentially leave gaps in
tial semi-major axis. This was anticipated, as the plantste planetary system. Thesexts and the influence of
scatters particles close to it more quickly. This trendur choice ofaniy are discussed further in Sec. 3.3.
is, however, very smeared out, in a way that would not
be the case if we .merely plotted the time at which th§.2. Details of the simulations
particles were initially scattered. This is because onCé
particles have been scattered a few times by the plan®ur simulations are run using the RMVS3 integrator as
their further scattering looses its dependence on the ppert of the SWIFT package (Levison & Duncan 1994).
ticle’s initial orbit. Given that most particles are scatThis has an adaptive timestep. We consider planetary
tered many times before they end up insidegf, the systems that have an outer planetesimal belt, running
trend in Fig. 2 is somewhat blurred. from rpgtin tO rpatout, @nd a total mass dflpg; in all

Critically, Fig. 2 shows that the scattering ratesyodies (between the blow-out sid®, and a maximum
even at late times, can be influenced by particles thsize, Dmax, as in Eq. 5). The planets are on circular,



the outer belt radial extent is known from observations.
This outer radius for the belt is an entirely arbitrary
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a, ) ."Lap‘”iams P =3hp The details of the set-up used in our simulations are

shown in Fig. 3 and all the important parameters are
] _ _ _ _listed in Table 2.2. In order to avoid unnecessary com-
Fig.3. A diagram to illustrate the set-up of our S|mulat|onsputing' we consider that particles have left the planetary
Etf t'i?rﬁgi ?ggﬁowﬁrgjiﬁéstrﬁ?fk?ifg ?)tgt?vg%gf- r‘iagbe't’Jrat system if their eccentricity increases above 1 or they are
: 3vatn _ _ Ain = Spl.out scattered outside Ofwux, Which we take as 10AU in the
O8chaos 10 Theitow = —5- - TO simulate this belt we need only gne planet simulations and 1000AU in the multi-planet
consider test particles that start betwegR = ap o + 5362305 simulations.
andamax = 8pi.ou + 208cnaos, represented by the dotted, thick  Tg determine the rate at which material is scattered
line. inwards, we track the rate at which particles are scat-
tered inside of ,4i, the nominal location of the exozodi,
coplanar orbits, interior to this outer belt. We considewhich we generally take to be 1AU. Given the necessity
that the outer planet, orbiting with a semi-major axis d limit the number of test particles in our simulations,
ap ot has sculpted the inner edge of the outer belt (seee consider that each test particle represents a fraction
for example Fig. 1). The outer planet is therefore placeaf the mass in the outer belt, contained in a suitable
interior to the outer belt’s inner edge by its chaotic zoneumber of particles that reflect the size distribution of
(EQ. 1),i.e. apiout = rbetin — 6@chaos: FOT OUr initial sim-  the outer belt. The fraction of the outer belt mass rep-
ulations we only consider a single planet, whilst later iresented by each test particle is assigned based on the
this work (Sec. 4) we consider chains of several equpérticles initial semi-major axis, assuming a mass sur-
mass planets, of masé,, separated equally in units offace density of the belt given &(r)dr o r~*dr, where
their mutual Hill's radii, given by (e.g. Raymond et al.a = 1, and thata ~ r (valid for the low initial parti-

2009; Chambers et al. 1996) cle eccentricities used here). Given the potentitibdi
13 ence between the simulated belt and the actual belt (see
Ry = (a1 + &) (Ml + Mz) ) Fig. 3), each particle is assigned a fraction of the total
2 3M., ’ mass in the belt, extending betwegg; in andrpgt out:
wherea; anday, M; and M, are the semi-major axes 1 \/batout — Tbeltin
and masses of the two planets. Mpart = (N—) (—) 3)
pp Amax — Amin

Our outer planetesimal belt is composedbtest
particles, whose initial semi-major axes are randomiyhere N, is the number of test particles placed be-
selected betweedyin andamay, initial eccentricities be- tweenap, andamy att = 0. Using this formulation,
tween 0 andemax = 0.1, initial inclinations between thjs rate can readily be scaled to an outer belt ofedi
0 andlmex = 10°, and whose initial longitude of as-ent width {.e. with a differentryero. The rate at which
cending node, argument of pericentre and mean anomgaterial is scattered inwards is then calculated from the
lies are between 0 andr2Although we consider our fraction of the belt mass assigned to each particle di-

simulations representative of a belt betwegiiin and vided by the time between adjacent collisions.
beitout, it iS NOt Necessary to simulate particles covering

the full belt (.€. amin = Ieit.in @Ndamax = Tpeitour)- INitial ] ] ]
test simulations (see Fig. 2) found that a single planét3- The survival timescale of massive outer belts

has little to no influence on particles outside of tWic@\g ¢an pe logically expected, and as will be quantita-
the width of 'tlf chaotic zone. Thus, to reduce compUfye|y investigated in our study, the scattering of bodies
ldn_g time, dW.e f'x at‘f]“ax at ap.'iOEﬂ + 268chaos. AS Will be _L[om an outer belt to an exozodi is facilitated for mas-
iscussed in further detail in Sec. 3.3, the planet willye outer belts. There is, however, a theoretical limit
already have cleared a zone surrounding it during ity 14 how massive such a belt can be, imposed by its
formation. The exact size of this zone is not well corggjisional evolution. This concept of a maximum pos-

strained and particles this close to the planet are sc@jp|e pelt mass for a given system’s age is a very impor-

tered on average on shorter timescales, therefore we @t constraint when discussing our results. It is there-

1 1 1 O8chaos . . . . .
bitrarily fix amn atap,ou + “*5**, although the depen- fore important to introduce it before presenting and dis-
dence of our simulations on this value should be notegyssing our simulations.

The results of our simulations are scaled to the full pepris discs are collisional system in which larger
belt of widthrpat,n t0 rbaroun. Care must be taken whenpggies are continuously collisionally ground down to
referring to the mass of the outer belt. In this worksmajler bodies and the smallest bodies are removed by
we refer to the total mass of the outer belt as the teagjation pressure. Thus, over time the total mass in the
tal mass in a belt betweemein = apouw + dachaos  disc is depleted. Care must be taken in referring to the
andrpgtou = 3'% except for in the examples wheretotal disc mass, which here refers to the total mass of



Table 1. A list of the parameters used in this work

Parameter Nominal value in this work Description
A The separation of the planets, in units of their mutual lilidii
O08chaos The radial extent of the chaotic zone in units of the plarsisi-major axis
o 270Ckgm™3 The density of the individual particles in the outer belt
a The initial semi-major axis of a particle, before it is seatd by a planet
apl The planet’'s semi-major axis
Apl out Ibeitin — 08chaos The outer planet’'s semi-major axis
Anmin Aplout + 6a°ga°5 The minimum initial semi-major axis of test particles ingsimulations
Armax Al out + 208chaos The maximum initial semi-major axis of test particles irsthimulations
afill 5AU Planets are placed between this radius and the outer belt
Drax 60km The size of the largest body in the outer disc
dr *r=2 The width of the outer belt
€max 0.1 The maximum initial eccentricity of test particles ifsteimulations
e The eccentricity of a particle before it is scattered by tlemet
Faisc The disc flux
Faisc The stellar flux
e 0.05 The average eccentricity of particles in the outer belt
| max 100 The maximum initial inclination of test particles in thigrailations
M. 1M, unless otherwise specified  the stellar mass
M et The minimum mass of a planetesimal belt such that it can ecthet
Mmax The maximum mass of a collisionally evolving planetesinedt b
M part The fraction of the total outer belt mass assigned to eatipaescle
My The planet mass
Npp The number of particles used in the simulation
5 1500kg* The dispersal threshold
Omin The minimum pericentre of a particle, with a Tisserand patamofT;,
scattered by a single planet on a circular orbit
Ry Hill's radii
r The central radius of the outer belt
Ibeltin Al out + O8chaos The inner radius of the outer belt.
I belt out 3“’;;"” The outer radius of the outer belt.
I 2odi 1AU The position of the exozodi, or the inner radial limit kit which most

scattered material will go on to produce an exozodi

I max 10 or 100 AU The distance outside of which particles are amisid removed from the simulations

I min The minimum radius of a planetesimal belt in order that amyivexss of material can survive
against collisions for the age of the system

I beitmin The minimum radius required by a planetesimal belt suchitlcain scatter material inwards at
a suficiently high rate to retain the observed levels of exozalidast

T The initial value of the Tisserand parameter

all bodies in the collisional cascade, extending from thigl. the stellar masse) is the average eccentricity of
observed small dust graingrql) to km sized bodies. particles in the disc, assumed to be constant taisd
There may be larger bodies that are not yet in collisiontie age of the system, or strictly the time after the disc
equilibrium, it is however, impossible to obtain any inwas stirred. Written in this form, it was assumed that
formation about such bodies from the observations atige disc contains a Dohnanyi size distribution of bodies
we therefore choose to disregard them in this workDohnanyi 1969) with a power index éf(Tanaka etal.
Models for the collisional evolution of such discs fronll996) between the smallest size body that is not blown
Wyatt et al. (1999); Wyatt (2003); Wyatt et al. (2007a,bdut of the system by radiation pressure and the signifi-
find that there exists a maximum total disc mass that caantly larger maximum size for bodies in the diBgyx.
survive against collisions on long timescales. This ma¥he mass is dominated by the largest bodies. It also as-
imum mass as a function of the disc radiusis given sumes that particles can be catastrophically destroyed

by (Wyatt et al. 2007a): by patrticles significantly smaller than themselves, that
Munex(®) = 5.2 10713 Mg x 4) g}le;/dlsc is thin (of widthdr) and does not spread radi-

(o/kgm2) (r/AU)*¥3 (£)(Qp/IkG™)>'® (Dax/km) o , , .
This maximum mass is a strong function of the disc

-4/3 -5/3 -1
(M../Mo)™7) (&)™ (t/Myn) radius. We can use it to determine the minimum radius
wherep is the bulk density of the bodiesthe cen- of a planetesimal belt in which a particular mass can
tral radius of the belt of widthdr, Q the dispersal survive against collisions, up to a given age. Thus, the
threshold Dmax the size of the largest body in the discminimum radius at which a disc of madg;s, can sur-



mum on the total disc mass required would beM).

10° — ' ' Fig. 4 clearly shows that such a mass of material can-
10*°H - not survive at 1AU for longer than 30Myr, less than
103 10% the age of Vega. However, such a mass (and sig-
o nificantly more) can survive for 455Myr age of Vega
i 107 (Yoon et al. 2010%, in a belt outside of 60AU (the ob-
< 10 served debris disc radius (Muller et al. 2010)).
£
10°
10! 3. One planet
1072 , , , , The simplest possible planetary system is one contain-
107 10™* 1072 10° 102 10* ing an outer planetes_imal belt and a single in_terior
(Time,/Myr)(M,/M,,.)*> planet on a circular orbit. Although possibly not a likely

structure for many real planetary systems, this provides
Fig.4. The minimum central radius of a planetesimal bel@ Simple to understand, illustrative example of the scat-
such that a total mass of eithédye = 105, 103, 1, or tering processes that occur in more complicated multi-
10M,, can survive, as a function of age. This is calculateflanet systems, which we defer to later in this work.
using Eqg. 6, assuming a steady-state collisional equilibyi We investigate the rate at which particles are scattered
with bodies up to a maximum siZ8.x = 60km and fiducial to the position of the exozodi. However, a single planet
values for the other parameters taken from fits to obsemnatiojs not capable of scattering particles infinitely far and
of main sequence debris discs, quoted in Sec. 2.3. ThesesyHgrefore it is useful to firstly consider analytically the
scale directly withyie and the time axis can be scaled by 8,sition of the planet relative to the outer belt and the
factor involving the stellar mas%;m. exozodi.

vive is 3.1. An analytical limit on the maximum semi-major
axis of the planet

in = 0. 100 Al .
r;.l,; 6.8 4?; U5 /g 313 (S}f particles scattered by a planet are to produce an exo-
(Mdise/Meg)” (M. /Mg)* X e)>*>(t/Myr) zodi, the planet must be capable of scattering them suf-
(Drmax/ km) =320 /kgm2)=3/13(2)=313(Qp, / Jkg ™) ~>/28. ficiently far in, to .. If we consider planets on cir-

This mini dius i ticularly int tina b cular orbits, the conservation of the Tisserand param-
IS minimum radius IS particularly INteresting beya h5ces an analytical limit on how far a planet can
cause it enables us to place a radial limit on the po

i : ter belt if siicient is t ve f Leatter a particle (Bonsor & Wyatt 2012). This can be
lon of an outer belt IT Sthcient Mass IS 10 SUNVIVE 10T a oy hessed as a minimum allowed pericentre for the par-

given age. This minimum radius is plotted in Fig. 4 a: , P
a function of time. Formally this is the time since theﬁdes orbit, given by (Eq.3 of Bonsor & Wyatt (2012))

collisional velocities in the disc reached high enough T2+ 2Ti+4-4+3—T,
values to be catastrophic and the system was stirr@gn(Ti) = ap— 7 8 ,
which we assume to be approximately equal to the age i

of the system. We take fiducial values for the modgljere T, s the initial value of the Tisserand parame-
parameters that come from fitting observations of d ar, for a particle with semi-major axia;, eccentricity,

bris discs around main sequence A stars (Wyatt et d-and inclination}; (Eq.3

X li (Eq.3 of (Bonsor & Wyatt 2012)).
2007b). Thus, the maximum body Drax = %)km, €C- This limit is only strictly valid for low mass planets on
centricity(e) = 0.05, the density = 2700kgnand the o 1ar orbits, where long range interactions are rare.

. d _ . . .
width & = 0.5. In order to allow some of these paramey, '1oever, provides a good approximation to the be-
ters to be easily varied, the time is plotted multiplied byayiour even of Jupiter mass planets on mildly eccentric

a factor involving the stellar mass and the ratio of th(grbits, although there may be a small flux of particles
disc mass to the maximum diameter particle is fixed.aered inside of this minimum pericentre.

rather than the exact disc mass. Planetesimal belts N This minimum pericentre can be used to determine

steady state can exist above and to the left of the M ether or not a particular configuration of planet and

mum lines plotted. : . lanetesimal belt can scatter any material to the posi-
Fig. 4 confirms our earlier assertion that exozo

lon of the exozodifqg. For a single planet it pro-
cannot be supplied by a steady-state collisional gascevf es a limit on the maximum sem?—marl)jor axis gf the
of massive, unseen, parent bodies orbiting at their rad

location. Consider the example of Vega, where the b net. This depends on the initial orbital parameters
) ' ; 9N isserand parameter value) of the particles before the
fit to the observations of the exozodi findk 10-°Mg, P ) b y

T ; ; > _are scattered by the planet and is determined by equat-
of material, in 0.2m to 1mm sized bodies (Defrereing Grin(Ti) = Fdi. This maximum semi-major axis is

et al. 2011). If this material were to be supplied in ?Iotted in Fig. 5 as a function of the particle’s Tisserand
steady-state size collisional cascade from unseen bod-

ies extending up t®nax = 60km in size, at the same 2 although note the factor of (PM,)*/3 necessary in Fig. 4
radial location {.e. inside of 1AU), an absolute mini- to account for the mass of Vega (Yoon et al. 2010)

(6)
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Fig.5. An analytical limit on the maximum semi-major axisFig. 6. Comparing the rate at which particles are scattered in-
of a planet, if it is to be able to scatter particles as far imlga wards by Neptune, Saturn and Jupiter-mass planets on circu-
as the position of the exozodigtg, as a function of the parti- lar orbits at 2AU. The details of the simulations can be found
cle’sinitial eccentricity. This is calculated using Eqaéd the in Table 2. Higher mass planets scatter more material irsyard
particle’s initial eccentricity is a proxy for the Tissethpa- but lower mass planets continue to scatter material inwamds
rameter value, as described in Sec. 3.1. This limit onlgtyri longer timescales.

exists for planets on circular orbits and vanishesgfor 0.46
(or T; < 2), or for very low eccentricity particles that do not
cross the planet’s orbig(> 0.04 orT; < 3).

1072 i
. ) Omin=0p+Bchoos/ 2 Omax= c“+§gcmm + 11
) o - 107°E . . =gm-‘n=°p‘ C'mox: O.;"'a Oehoos E
parameter value, except that the particle’s initial eccen’s TR b S o M
o . i . >~ 7 t % e min = Ol mox pc/ ]
tricity is used as a proxy for its value of the Tisserand- 107" ¢ ﬁ‘ﬁ%; be R 3
parameter. This means assuming values for the parti-3 s e %ﬁ%ﬁ:_#& ]
cle’s initial inclination ofl; ~ 2e, and initial semi- = 10°F G E
major axis ofa; = ap + dachaos(1Mnep), Which places ™ 10-°k TR ]
the particle initially at the edge of the planet’s chaotic,g f ]
zone. In this plot, we consider a Neptune mass planety 10~ '°F N
although the dependence on the planet mass of the re- 1o~ + t
sults is negligible. In terms of our single planet simula- '
i - icles i i 10° 10° 10
tions, given that we start particles in a fairly cold belt, )
with emax = 0.1, Fig. 5 shows that the planet must be Time / Ty

inside ofay < 2.2AU if it is to scatter such particles in _ . . ) )
as far as an exozodi atg = 1AU. Fig. 7. The change in the scattering rates with the width of the

This analysis can also be applied to the inner pIan§£"”'atEd belt].& apn andamy, for a Ve planet at 2AU,

f a chain of multiple planet nsidered later in th described in Table 2. The crosses represent individatl sc
Ofa chain of muitipie plan€ts, as considered late {éring events, whilst the dotted lines are straight linetitthe

work (Sec. 4). In this case, the particle’s inclinationgata There is a negligible fiierence between scattering rates
and eccentricity will have been excited by the exteriQihen a,, is increased (green and black points), however, a
planets before it reaches the inner planet. For examplecrease i, causes a slight increase in the scattering rates,
all particles witheg ~ 0.2 by the time they reach theeven at late times (red or blue crosses compared to black or
inner planet, can be scattered as far as 1AU by a plargegen).

at 5AU.

3.2. Dependence on the planet mass ) ]
An analytical understanding of the dependence of

Given the analytical limit on the ability of a planetscattering process on planet mass can be found by con-
outside of 2.2AU on a circular, planar orbit to scattesidering the variance in the size of the chaotic zone
particles inside of,q = 1AU, we consider the fidu- (Eq. 1) with planet mass. Thus, an increase in the total
cial example of dferent mass planets on circular oramount of material scattered with planet mass is antici-
bits atay=2AU. The simulations are set-up in the manpated. Generic arguments tell us that higher mass plan-
ner described in Sec. 2.2 and the rate at which maigrs scatter on shorter timescales. Thus, a significantly
rial is scattered inside afos = 5 = 1AU is tracked, increased rate of scattering, at least at early times, is an-
as a function of the total mass of a belt spanning b@cipated. This can be seen in Fig. 6. Although the high
tweenrpgtin = 8p + dachaos ANArpeitout = % = 3AU. mass planets are good at scattering particles inwards at
Each cross on the plot in Fig. 6 represents an individuligh rates on short timescales, on longer timescales, low
test particle in our simulations, at the time at which iinass planets are better suited to scattering particles in-
reached ;. wards at lower rates.
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Table 2. Details and results of the various one planet simu-
Fig. 8. The scattering rates of particles that started wiffedi  lations. All simulations are for aNlye, mass planet, unless
ent initial eccentricities and inclinations. The simubai$ are otherwise stated.
all for a single Neptune mass planet at 2AU and are detailed
in Table 2. The crosses represent individual scatteringteye
whilst the dotted lines are straight line fits to the data.réhe )
is an increase in scattering rates with the particle’sahac- resonances or secular terms mafeet particles much
centricity or inclination. further out in the disc, however, test simulations found

this not to be significant (Sec. 5).
Arguably the most significant initial condition for
3.3. Dependence on the initial conditions of the our simulations is the initial excitation of the disc.
simulation Planet formation models suggest that planetesimals
should initially have very low eccentricities and inclina-
The precise outcome of N-body simulations depends @ans, damped by the gas disc. For this reason we choose
the exact initial conditions used. In our case, the initiab restrict our initial eccentricities and inclinations to
orbital parameters of the planetesimals in the outer b@lf,, = 0.1 andlay = 10° in this work and allow any
can dfect the ability of planets to scatter them inwardsexcitation above these values to occur naturally dur-
Ideally the initial conditions for our simulations WOU|ding the course of the simulations by interactions with
be those found at the end of planet formation procesfe planet(s). This is a already a relatively high limit
It is, however, not fully clear what these are. There al@)mpared to many observed debris discs (Th'ebau|t &
many uncertainties in our understanding of the plangugereau 2007). However, this ignores any potential
formation process and its outcomes, and it is not th&citation of the eccentricities and inclinations of the
purpose of this work to investigate these. We therefogrticles during terrestrial planet formation, after the
choose to consider an idealised scenario in which t@gs disc has dissipated. Afidirent choice 0By and
planets are fully formed at the start of our simulations, . could significantly alter our results. Fig. 8 shows
and the planetesimal belt is situated outside of their Oihat the rate at which material is scattered |ns|d&&f
bits. increases Wity andlmx. TO calculate these results
As planets form they accrete material from their diit was necessary to start the simulations with particles
rect surroundings. Thus, a deficit of planetesimals vegpread initially over the full belt, so as not the bias the
close to the planet would be expected at the end @dsults, given that there is an increase in the size of the
planet formation. However, we do not anticipate that théhaotic zone with both the initial eccentricity and in-
planet fully clears its chaotic zone, given that our initiatlination of the particles (Mustill & Wyatt 2011; Veras
simulations (Fig. 1) showed that some particles in th& Armitage 2004) not accounted for in the formula of
outer regions of the chaotic zone were only scattered affisdom (1980). This increase in the size of the chaotic
ter 10 00QT, i.e. longer than expected timescales fogone, is responsible for an increase in the number of
planet formation. As discussed in Sec. 2.2, we therefop@rticles scattered and thus an increase in the rate at
did not include any particles betweay andamn = which particles are scattered inwards.
apl + % in our simulations. Fig. 7 shows the the
range of change that could be anticipated in our scat- .
tering rates, if we have either under or over estimatétl Multi-planet Systems

amin- At the late times of interest, even the maximum, mqre realistic planetary system is one in which there

possible change is less than an order of magnitude. 5re myltiple planets and the outer planetesimal belt is
In order to reduce the necessary computation timggnjficantly further from the star. There is good evi-

we also limited the initial semi-major axis range of tes§jence for the prevalence of multi-planet systems with

particles to less thafinax = ap + 20achaos: Fig. 7 Shows 5 \vealth of diferent architecturds The full parame-
that this does not alter the results more than the statisti-

cal variation between individual simulations. For multi- 3 162580 multi-planet systems according to exoplanets.org
planet systems, there is the potential that three-body 18 June 2012




ter space is clearly too large to investigate in this work,

even if we restrict ourselves t§, planets on circular 107 1

orbits, in the same plane, interior to a planetesimal belt: ~ 1p-8| - 1“;',;‘;': 22:1
For simplicity, we therefore focus on the example of a s, » : ™, B8R,
chain of equal mass planets, separated equally in units  107° - Frem@tao

of their mutual Hills radii. This system should be con- 3 = _ ¢
sidered a representative system, from which it is possi= 1077k
ble to better understand the scattering processes and the 10-"L
way that they apply to other systems. g
The simulations are set-up in the same manner ag 107 '?|
described in Sec. 2. We place the outer behyatin = 10713
62AU, to match with the observations of the outer belt A ; s
in the Vega system (Mdller et al. 2010), although we 10 10 10
anticipate that our simulations can be scaled to a lim-
ited range of dferent belt radii. In the same manner as. ) ) :
for the single planet system, the outer planet is plac%égég' The rate at which particles are scattered, by a chain

: . qual mass planets ofMie, (dark purple) Mgy (blue)
such that it sculpts the inner edge of the outer belt, 1M, (redorange), spaced equally in units of their mutual

plout = Tbatin — 08chaos: EQual mass planets are thenyjg radii by either 8 (crosses) or 15 (staf®). The rate is
placed interior to this, separated BYRy. In order to piotted as a fraction of the outer belt mass, in a belt span-
ensure that the planetary systems considered actualiiyg from 62AU to 93AU, and particles are scattered inside
scatter material inside ofoq = 1AU, we consider the of r,s = 1AU, as described in Sec. 4 and Table 4. These
conservation of the Tisserand parameter, and the linnisults can be scaled tofidirent systems, as described in
this provides on how far particles can be scattered §gc. 4.1. The scattering rate is higher on shorter timescale
a planet (Eq. 6). This time, we anticipate that the scafdth higher mass planets that are closely spaced, whilst on
tering by multiple outer planets excites the particles e{2nger timescales tightly packed low mass planets scateer a
centricities and inclinations before they are scattered Bigher rate-
the interior planet. Therefore, we place a limit on the
interior planet such that all particles with> 0.2 can )
be scattered inside @f,;;=1AU. This implies that the Yellow crosses. Secondly, the more widely spaced the
planet should be at 5AU. Therefore we ‘il our planePlanetary system, the lower the scattering ratgsthe
tary system with planets equally spaced in terms of thedcrease in scattering rates between the yellow crosses
Hill's radii down toag; in=5AU. The number of planets (8R+) and red crosses (Ea). This follows simply
required to fill' the planetary system ranges between 8om the fact that the wider the separation of the plan-
and 10 (as can be seen in Table 4). A choice of a larg@ls. the smaller the proportion of the particles scattered
value forayijn could reduce the number of particle?y one planet that are on orbits that interact with the
scattered inside af,g to zero. It is therefore worth not- Next inner planet, and so forth for each pair of planets.
ing that our simulations are more representative of tiide planet mass clearly dominates the scattering rates.
maximum, than minimum scattering rates.

Using the same procedure as for the single plangt I
case (described in Sec. 3), the rate at which part?il' Application of these results to any system
cles are scattered inside gfg = 1AU of the star in The simulations presented in this section are for very
our N-body simulations is calculated. Again, each paspecific planetary systems, with strict constraints on its
ticle is assigned a fraction of the outer belt mass araichitecture. This was necessary in order for the current
the rate at which material is scattered inwards is cahvestigation to be feasible. Clearly, these do not mimic
culated by considering the time between adjacent scatany, if any, real planetary systems. In fact, the current
tering events. Again, we arbitrarily consider outer beltsbservations of multi-planet systems find a huge variety
that extend tQpetou = %rbdt,in = 93AU. We vary the of planet masses and separations. Nonetheless, the re-
planet massesVl, and separatiodRy between our sults from these simulations can be used to make useful
simulations. The dependence on the stellar éisand conclusions about the scattering rates in more realistic
the position of the outer belt,ytin Should also be noted planetary systems. Firstly, having understood the broad
(discussed further in Sec. 5). The results are showndependences of the scattering rates on planet separa-
Fig. 9, for the diferent simulations listed in Table 4.  tion and mass, we are able to conclude that the highest

Fig. 9 clearly shows that all simulations follow thescattering rates, at late times, occur for tightly packed,
same general trend; the scattering rates decrease vatlv-mass planets. Thus, our simulations with chains of
time. Above this, there are two clear dependencies dfeptune mass planets separated By &re representa-
the architectures of the planetary system, one on thiee of some of the highest possible scattering rates af-
planet mass and one on their separation. Firstly, ser millions of years of evolution, beaten only by chains
discussed in Sec. 3.2, we expect higher mass planefdower mass planets, packed even closer to the stabil-
to scatter more material on shorter timescales. Thisity limit. We therefore consider that our simulations are
clearly seenin Fig. 9, where the scattering rates increds®adly representative of an approximate upper limit on
with planet mass between the purple blue crosses ahe scattering rates possible in any planetary system, al-

L
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Label Stellar No. of  Planet Planet Planet semi-major axes

Mass 'Petin - Thetot  planets  Mass  Separation Fzogi  Afil
Mg AU AU M; Ry AU AU AU
1 1 62 93 4 1 8 51.0, 25.9, 13.2, 6.7 1 5
2 1 62 93 6 0.3 8 53.8,34.5,22.2,14.2,9.1,5.9 1 5
Original 3 1 62 93 9 0.053 8 56.7 44.334.6 27 16.512.910.17.96.2 1
4 1 62 93 2 1 15 51.0,10.8 1 5
5 1 62 93 3 0.3 15 53.8,21.1, 8.3 1 5
6 1 62 93 5 0.053 15 56.7, 34.3, 20.8,12.6, 8 1 5
1v 2.16 62 120 4 2.16 8 51.025.913.26.7 1 5
2V 2.16 62 120 6 0.65 8 53.834.522.214.29.15.9 1 5
Vega 3v 2.16 62 120 9 0.11 8 56.7 44.334.6 27 16.512.910.17.96.2 1
4v 2.16 62 120 2 2.16 15 51.0, 10.8 1 5
5v 2.16 62 120 3 0.65 15 53.8,21.1, 8.3 1 5
6v 2.16 62 120 5 0.11 15 56.7,34.3,20.8,12.6, 8 1 5
le 1.42 100 150 4 1.42 6.5 82.3,41.8, 21.3,10.8 1.6 8
2e 1.42 100 150 6 0.43 6.5 86.8, 55.6, 35.8, 22.9 ,14.7,9.5 1.68
n Corvi 3e 1.42 100 150 9 0.08 6.5 91.5,71.5, 55.8, 43.5,26.6, 26.8, 12.7 1.6 8
4e 1.42 100 150 2 1.42 12 82.3,17.4 1.6 8
5e 1.42 100 150 3 0.43 12 86.8, 34.0, 13.4 1.6 8
6e 1.42 100 150 5 0.08 12 91.5,55.3, 33.5, 20.3, 12.3 1.6

Table 3. A summary of the parameters for the chains of equal masstglased in the simulations of Sec. 4, shown in Fig. 9.
The bottom half of the table describes scaled versions sktkamulations that could be applied to Vegay @orvi.

though, it is worth noting, as will be discussed in Sec. She time axis by a factor € , ~ rost . Similarly, for
that we may have missed a few systems with very spetars of diferent stellar mass, there is a small change in

cific architectures that enhance the rates still furthehe scattering timescales that can be found by scaling
Secondly, the results presented here can be scaled, sgehtime axis by a factam/2.

that the scattering rates in a system of a known archi- There are three other parameters that decathe
tecture can be estimated. In this manner the Scatterié‘n?attering rates: the width of the outer bels( o), the
rates in a real planetary system, with planets on knowgation of the exozodifeg) and the innermost planet’s

orbits, could be estimated. semi-major axisasi;. The width of the outer belt is in

In this work, we investigated the change in thessence unimportant, as long as it is greater than the
scattering rates between chains of equal mass plangignet's chaotic zone. It will however change the values
evenly spaced in units of their Hill's radid@Ry), with  for both the total outer belt mass, and the fraction of it,
different planet masse(,) and separation®\). Todo that is scattered inwards, in a manner that can be readily
this we fixed the stellar mas$/(), the radial location calculated using Eq. 3.
of the outer belt, feitin, Mweitout), the radial location of ~ The location of the exozodirgg) is crucial.
the exozodi (i) and a parameter that we temw, Scattering rates generally scale Withyi, Unless o is
that specifies the number of planets, by providing an ifoo small that no (or very few) particles can be scattered
ner radial limit on their possible orbits. Real planetaryuficiently far inwards (see discussion of the analytical
systems are unlikely to have the values used for theggit in Sec. 3.1). Changing the location of the exozodi
parameters. We therefore discuss tiieas of chang- produces dierences in the scattering rate of the same
ing the diferent parameters on the scattering rate, trder of magnitude as theftérence caused by chang-
such a way that we can understand and anticipate tyg the planet separation).
behaviour in any planetary system. On the other hand, the value of the parameigr

Firstly considering planetary systems of the fornused here, was chosen to ensure that particles are scat-
described in this section, with equally separated, equated to the location of the exozodjsg . In a real plan-
mass planets, the scattering rates that we calculated (etary system, the innermost planet could take any po-
shown in Fig. 9), can be applied almost exactly to arsition, and the scattering rates will depend critically on
other system in which the orbital timescales of the platnhis position. Test simulations find that scattering rates
etgplanetesimals are filerent. In other words, systemsdo not vary significantly withas;;, or equivalently the
where the radial location of the outer belt or the stellgyosition of the innermost planet, so long as the planet
mass is changed. In this manner the results of our siseparation does not increase. This only appliesiifis
ulations can be applied to planetary systems with outeot decreased so much that the inner planet is within
planetesimal belts at any location, with the assumptian Hill's radius of the exozodi, or increased so much
that the radial location of the exozodi scales with th#hat particles can no longer be scattered frap to
radial location of the outer belt. If the radial locatiorr . For the example system used in this work with
of the outer belt is scaled by a factdr, then the same apgt ot = 62r,00i, @analysis of our simulations found that
scattering rates can be applied to the system by scalipgrticles are generally excited up to eccentricities of
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arounde ~ 0.3 before being scattering by the planet4.2. The collisional evolution of the outer

Thus, using Fig. 5 we anticipate that increasag, planetesimal belt

up to 10 AU, does not significantly alter the scatter- ) ) . i
ing rates. We verified this with test simulations. In othef "€ outer planetesimal belt is a collisionally evolving
words, taking the example of the chain of 4 Jupiter maS¥Stém. like any debris disc. We have not taken the col-
planets separated bR, the innermost planet is not re- isional gvolutlon of the dlsq mass into account in our
quired in order to retain the scattering rates at the calcg@/culation of the rate at which material is scattered in-
lated values. However, sy were to be increased be-Wards, shown in, for example, Fig. 9. Each individual
yond 15AU, no particles would be scattered inwards. fla& point in this plot was calculated by assigning each
is therefore easy to design a planetary system in whitgst particle a fraction of the total outer belt mass at the

the scattering rates tend to zero, by applying Fig.5 {gstant it was scattered inwards. Of course, if the disc is
that system. ' collisionally evolving, the total outer belt mass could

Now, we consider the broad outcomes of these rthentially be diferent for _each pgrticle. Taking this
sults and their applicability to any planetary systenilt© account, the new version of Fig. 9, would have an
In general, the results presented in this work only fufVen steeper fallfowith time. For practical purposes,
ther our understanding of planetary systems with a sil€ data in Fig. 9 will generally be used to assess the

gle, outer planetesimal belt and planets on circular, cit@l outer belt mass required in order to obtain an ob-

planar orbits, interior to the belt. Let us first conside?€rved scattering rate. This should be close to the disc's

chains of planets of non-equal mass. The outer pla rrent mass, because in the general the timescales for
controls the amount. and the rate. at which mater’i-% collisional evolution are not significantly faster than

is scattered into the inner planetary system. Thus, tf{é Scattering timescales. _
outer planet dominates the scattering rates, whilst the |f we make the assumption that material must be
inner planets modify these rates slightly by controllingcattered inwards at a rate of at least®Ms/yr to re-
how long it takes for particles to be passed inwardPply an exozodi, the simulations shown in Fig. 9 can
to the exozodi. This timescale depends on the massR§ used to determine the minimum mass required an the
the planets. The best way to illustrate this is to corfuter belt at 62AU. It is important to consider whether
sider the simple example of a chain of Neptune ma8§ not suc_h amass can survive against collisions, at t_he
planets, that ordinarily scatter a small amount of m&ven radial location, for the age of the system. This
terial inside ofrxq on long timescales (see Fig. 9). [fcan be done analytically, for example using the mod-
all but the outer planet were replaced with higher ma&§ds of Wyatt et al. (2007a) and Eq. 5. In fact, given that
(e.g. ~ 1M;) planets, whilst retaining the same separdhe results_ of our S|mulat|on_s can be_ read|ly_ scaled to
tion in Hill's radii, then material would continue to beSystems with outer belts atftérent radial locations (as
scattered out of the outer belt on the same timescal@écussed in Sec. 4.1), the minimum mass required can
but would be passed from the outer beltrtg; more be_deterr_mned for belt_s at a variety offférent rad_u.
swiftly. Therefore, the rate of scattering of material inJhis scaling necessarily assumes that the location of
side off g Would fall off more steeply with time. If the _the exozod_l spales with the outer b_elt. The best way to
interior planets were of lower mass than the outer plaflustrate this is to take the scattering rat8s, calcu-
ets, they could do the inverse and cause a bottleneted and shown in Fig. 9. The disc mass required to
delaying the scattering process. produce these scattering rates, _by an outer belt at any
Now, all that remains in order to be able to apphgrea_sonab!e) radial Ic_)catl_orbe.t,m (i.e s_cah_ng the rates
our results to any planetary system, is a considerati@hFig. 9 with the orbital timescales), is given by
of the dfect of changing the separation of the plan-
ets. Although our simulations clearly show that more, [ Rs/Meyr™ (rbelt,in/AU )3/2 o
widely spaced systems scatter at somewhat lower rates?> ~ | 70-9 /Mgyr-1/\ 62AU N
as discussed in Sec. 4, thigext on the scattering rates
is not as significant as that caused by changing the We now have a requirement on the minimum mass
planet mass. The separation of the planets can, howevereded in an outer belt, at a range of radial locations, if
be increased so much, that a gap in the planetary systdra outer belt is to supply material scattered inwards at a
is produced, over which very few particles are scatteregate of at least 10 Mg /yr. Contrasting this with the col-
The separation at which this occurs can be estimated ligional evolution of the disc, it is possible to determine
considering when the planets are so widely separatethich of these discs can survive against collisions for
that gmin(Ti) < ap — ARy, or referring to Bonsor & the age of the system. In other words a minimum limit
Wyatt (2012) for a more detailed calculation. To taken the radius required for the outer belt can be placed.
an example, for a chain of Jupiter mass planets, if arfyhis limit is shown in Fig. 10. Given the assumptions,
pair of planets were separated by more thaR.20/ery this means that an outer belt that resupplies an exozodi
few particles could be passed between them. must lie beyond the radial limit shown in Fig. 10. Each
To summarise, the arguments presented here candoess in this plot is taken from the simulations shown
used to calculate exactly the scattering rates in planie-Fig. 9, where the minimum mass required in the disc
tary systems that follow the mould of our example anid calculated for a range of radial locations using Eq. 7
to estimate the broad behaviour in any other planetaayd the minimum possible radial location determined
system. by substituting these masses into Eq. 6, to obtain:
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rently observed levels of dust in exozodi. These limits
can be compared with our ability to detect such discs.
Taking our simulations for chains of multiple equal
mass planets, shown in Fig. 9, we calculate the mini-
mum disc mass required to scatter material inwards at a
fiducial rate of 10°Mg/yr, at an age of 100Myr. This is
the total mass, in bodies of all sizes, in a disc between
Moeltin = @pl + 68chaos AN paitout = @ As discussed
in Sec. 4.1 the scattering rates, and thus the minimum
required disc mass, can be scaled to outer belts at any

100

Tpelt, min /AU
o

1M, 15R, . . . .
1 . .J radial location, although only with the assumption that

the position of the exozodizgi scales in a similar man-
ner. Thus, every pointin Fig. 9 can be considered to rep-
resent the scattering rate after 100Myr in a belt at a dif-
Fig.10. The minimum radius of an outer bels;mn, in ferent radial location. The radial location and minimum

which suficient mass to scatter material inwards at a raﬂ@qu'md masses f_or the outer belts to scatter material
of 10°Ms/yr can survive against collisions, as a functiofnwards at rates higher than 104 /yr are shown by
of time. Each cross is taken from the simulations shown i€ blue crosses in Fig. 11, for a chain dflds plan-
Fig. 9, scaled to dierent radii for the outer belt and planetsets separated byRg;. This is the simulation with the
using Eq. 7 and converted to a minimum radial location fdiargest detectable parameter space of any of our simu-
the belt using Eq. 9. lations. This plot reiterates the fact that massive, large
radii planetesimal belts are the most adept at scattering
material inwards.
Some constraints on the existence of the discs out-
lined on Fig. 11 can be made by considering their col-
2617 isional evolution. As discussed in Sec. 2.3, only belts
Foatmin = K (10-9/Mgyr-1)2 (62AU) elow a maximum mass, can survive at a given radial
6.8 % 1AM, /Mo Y413(5/13 location for a given age. This maximum mass is plotted
K = 8% 10°(M../Modot) ™ (&) by the dotted line on Fig. 11, calculated using Eq. 5,
(Drmax/km)3/23(p /kgm-3)3/13( 2)3/13(Q;; / Ikg1)5/2%aking the parameters of Wyatt et al. (2007b), listed in
Sec. 2.3.
) ) ) . The nextquestion to consider is which of these discs
This makes the assumption that the belt width igy 4 be detectable. One way to detect a debris disc is
small and takes the values for the parameters I|ste?£ an infrared excess, for example afi@ For this

1 10 100
Time / Myr

t2(Rs/Mgyr )2

3/17
IRRC

Sec. 2.3. Fig. 10 clearly shows that because relativelyst \ve consider Spitzer's detections limits, as Spitzer
massive planetesimal belts are required to scatter Magveys of debris discs are comprehensive and well
terial inwards at the required rates, the belt must bgqerstood, despite the better detection capabilities of
reasonably far from the star in order that such a maggysoha or ALMA (for colder debris discs). Spitzer

can survive against collisions for the typical ages of eXpservations are calibration limited, requiring a ratio of
ozodi systems. This of course assumes that the co e disc to stellar flux abovE= > 055 for a detection

sional evolution of the belt commenced very early i:éy considering a simple model for a debris disc. with a
the star’s evolution and that all bodies in the disc are i teady-state collisional cascadéD)dD o D7/2dD. for

volved in this collisional evolution. It also assumes th S rains between the blow-out sidey andDymy = 60km

the belt width is small and fixed # = 0.5, that the e.g. Wyatt 2008), the minimum detectable disc flux can

location of the exozodi scales with the radial Iocatioﬁ ¢ dint . detectable di ad
of the outer belt and that a scattering rate of*Ms /yr € turned into a minimum detectable diSC Mabge,

is reasonable requirement to retain the observed dL?gt
levels in an exozodi. In this case, Fig. 10 shows that
in order for an outer planetesimal belt to scatter dus _ o

inwards at this level for longer than 100Myr, it must be‘wde‘ = 1.6 10Ry i /(Do /) (D /KT ©)
outside of~ 20AU, otherwise insfiicient mass can sur- (%) BBZ%T-*)) Mo

vive against collisions. This is an important conclusion ' e

because many observed debris discs are inside of tjfere theB, refers to the Wien function describing
radius. black-body emission at a given wavelengthor fre-
guencyv, at either the stellar temperaturg, or the
disc temperaturel gis;. Discs that can be detected are
those than lie above the dashed line in Fig. 11, for a G2
Our simulations can be used to place limits on the réiMg) star. The dark grey shaded area shows all discs
guired masses and radial locations of an outer planetdéisat could be detected by Spitzer and scatter material
imal belt, in order that it could potentially scatter matein at a sdficiently high rate to resupply an exozodi at
rial inwards at sfficiently high rates to retain the cur-10"°Mg/yr, at an age of 100Myr. The lighter shaded

4.3. The detectability of the outer belt
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this work, to these systems, in order to determine the

1000.00 possible scattering rates that could occur, if we make
100.00 b Fhe hypothesis that chains of planets orbit between the
. ; inner and outer dust discs. We then compare these scat-
5 tering rates with observations of the exozodi and outer
= 10.00¢ belt, and assess the feasibility of such scattering to solve
™~ the conundrum of the high levels of exozodiacal dust
] 1.00F observed.
=
0.10F
0.01 i . 44.1. Vega
1 10 100 1000 veega's outer belt was the first debris disc to be de-
Radius / AU tected (Aumann et al. 1984) and has since been ob-

. . - served many times at a variety ofidirent wavelengths.
F|g.911. Outer belts capable of scattering material |n\_/vards "’\{he exact properties derived from observations of the
10°Mo/yr after 100Myr, around a G2 (o) star, with a outer belt vary in the literature, but here we consider

chain of Mgy planets separated byrR8, that can be detected . . A
by Spitzer at 70m are shown in dark grey, whilst those beltdhe best fit model of Muller et al. (2010), that takes into

that cannot be detected are shown in light grey. This is tREcount observations from the near-infrared through
lowest limit of the simulations shown in Fig. 4. The dotted0 Sub-mm wavelengths. Their best fit model finds a
line shows the maximum mass that can be retained agaigkist belt between 62 and 120 AU, withOSMg of
collisions (Eq. 5) for 100Myr and the dashed line shows théust and a total mass of 4/, which collisionally
Spitzer detection limit for a G2 star. Full details of thi®pl evolved from an initial mass of 55M,. Fitting of
are described in Sec. 4.3. isochrones finds an age of 485L3 Myr and a mass of
2.157+ 0.017Mg (Yoon et al. 2010). Exozodiacal dust
i ) . .was detected around Vega by Absil et al. (2006) and
area shows the parameter space in which debris disggin by Defrere et al. (2011). The best-fit to the ob-
capable of scattering material inwards at #fisiently  garvations finds a mass of ®, in small dust grains
high rate could lie, but not be detected with Spitzer §etween 0.2m and Immin size (Defrere etal. 2011). A
70um. . ) ) collisional timescale of 1yr is derived. This suggests
The clearest conclusion from this plot is that debrighat if the disc is to be retained at its current levels it

discs exist that could supply scattering at the requirgfbeds to be replenished at a rate of at leastNig/yr.
rates in systems older than 100Myr. Such debris discs . . . .
are at large radial distances and massive. It is evident '€ Scattering rates determined in our multi-planet

from Fig. 11 that such large radii discs are the populgimulations described in Sec. 4 and shown in Fig. 9

tion about which least information is known, althougl¥@" b€ applied to Vega. Without any limits on planetary
this may change in the near future with instrumenf®?MpPanions less than several Jupiter mass (e.g. Hinkley
such as ALMA or SCUBA 2. et al. 2007; Itoh et al. 2006), we are free to hypothesise

This plot should be viewed with several uncertain'€ EXistence of any inner planetary system. If Vega is

ties and restrictions in mind. Firstly, all the lines Or{eally orbited by as yet undgtected planets, they may
the plot vary with the stellar luminosity or mass off May notresemble the chains of multi-planet systems
the star. This plot assumes that required scattering r&@sidered in this work. However, by considering the

is 10°Ms/yr, a value which is uncertain even for th ypothesis that there are chains of equal mass planets,

Vega system and may vary significantly between di&pterior to Vega's outer planetesimal belt, we are able

ferent systems. It also makes the potentially unrealistig P/ace an estimate on the maximum rates that planets
assumption that the radial location of the exozodi scal&§U!d POssibly scatter material inwards.
with that of the outer belt. The position of the outer belt was already chosen to
fit with that of the outer belt in the Vega system. Thus, in
. order to apply the results of these simulations to Vega, it
4.4. Application to observed systems is only necessary to scale the scattering times by a fac-

The number of systems with detected exozodi is linfor of -5 ~ 0.68in order to account for the increased
ited, only a handful of the detected systems also hastellar mass. These results now represent systems with
outer planetesimal belts and there are very few plangtains of equal mass planets still separated by8Ry
detections. For these reasons, we decide to focus herel5Ry, but with increased masses d¥1Rep, 2Msat OF

on two example systems, both of which have resolvé&M;. This is detailed in Table 4. In Fig. 12 we calculate
outer belts, and detailed modelling of the inner exozodhe total mass in the outer belt if these chains of equal
Neither of the systems have any evidence for planetamass planets were to scatter material in to the position
companions. The two example systems were chosendithe exozodi, which we take to be 1AU, at the required
contrast. Vega is a 450Myr old A star, whilgtCorvi rate of 10°Mg/yr. This is the minimum required mass

is an older (Gyr), sun-like star, with an extremely large the outer belt, assuming a constant surface density of
infrared excess. We apply the simulations presentedir)dr o« r~'dr, between 62 and 120AU.
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2009b; Chen et al. 2006; Wyatt et al. 2005). Both Smith

10000 ' ' ' i ' et al. (2009b) and Lisse et al. (2012) find that the warm
L component is inside of 3.5AU and Lisse et al. (2012)
s 1000 o Zg*f;* find that it can be explained by 10%g ~ 10Mg
3 T A of dust in particles between.Dand 10@m in size,
100 T ”i * with a lifetime of 3-6 yrs against collisions. This sug-
3 My, BR, + gests that this_ dust needs to _be replenished at a rate of
2 el 22::5,. g:ni ~ 10°8Mg/yr in order to retain the current observed
= 10 &* Moy 15Ry ¥ levels. Sub-mm observations of the outer belt, modelled
%ms@. :ggn * in Wyatt et al. (2005) find a radius of 15020AU and
1 - . . IJ"" H. a mass of 20Mg,.
Again the scattering rates shown in Fig. 9 can be ap-
100 200 390 400 500 600 plied ton Corvi, hypothesising the existence of chains
Time / Myr of equal mass planets orbiting interior to the outer belt.

) o . Again, the planetary system gfCorvi may difer radi-
Fig. 12. The total outer belt mass required if scattering by . _
chain of equal mass planets, as shown in Fig. 9, or detall 8”3’ fron;]sucf: chains ofdequal m?SIS planetlg, r'1tonettfr1]e
in Table 4, is to replenish an exozodi inside of 1AU aroun S, such systems provide a usetul upper imit on the

Vega at the required rate of 1M, /yr. Each cross representsPOSSible scattering rates. In this case, the scattering
an individual scattering event shown in Fig. 9 and scaled byl@te€s determined in Fig. 9 apply at times greater by a

factor 01‘(%)1/2 to account for Vega’s stellar mass. Vegafactor(1632(/ﬁ5J )3/2 (1%24'\2)0)1/2 ~ 2.57, to account for the

is plotted by the diamond at its age of 485L3 Myr (Yoon differences in belt radius and stellar mass. The scatter-

et al. 2010) and with an outer belt mass of #4,, as found ing rates now apply to chains of planets with slightly

by the modelling of Muller et al_. (2010). No error bars arghjgher masses, scaled upwards by a factor of 1.4, as de-

quoted on the mass, however, its model dependence shoifled in Table 4. The scattering rates now apply to a

be noted. system with an exozodi at 2AU, slightly inside the ob-
served position of less than5AU, however, this could

Fig. 12 clearly shows that by the age of Veg&”'y potentially cause a small change in the calculated

(455+ 13 Myr) a very massive outer belt is requireccattering rates. o

in order to sustain the high levels of dust observed. In The level of excess observed in this system, and
general the required masses are higher than the obdBgrefore the replenishment rate required, is signifi-
vationally derived mass for the belt (shown by the digg@ntly higher than for Vega’'s exozodi. This means that
mond), or even the pre-collisional evolution initial mas§e Minimum reguwed outer belt mass to replenish the
of 555Ms (Miller et al. 2010). Given that the plot- €x0zodi at~ 10°Ms/yr, shown in Fig. 13, are ridicu-
ted values assume that all material scattered inwardd@§Sly high. This is clear evidence that the warm dust
converted to the observed small dust grains and th@gserved im Corviis at levels far too high for it to be

are likely to underestimate the belt mass required, tHigSuPplied by the scattering of material inwards from
places doubt on the ability of Vega’s outer belt to reth€ observed outer planetesimal belt by a chain of stable

plenish the exozodi. Such a conclusion, should, howlanets. Another explanation is required for this system.

ever, be viewed in the light of the large uncertainties,
in particular on the rate at which Vega’s exozodi nee
to be replenished. A small decrease from the curren
used value of 10M/yr, would mean that a chain of |n this work we have considered some example plane-
low mass planets could readily scatter material at thgry systems in order to investigate the hypothesis that
required rates. Another possibility is that the scatterir]ggh levels of exozodiacal dust observed in some p|an-
process in Vega started less than 455Myr ago and theggary systems could be retained by material scattered
fore that the scattering rates are higher at the currgffvards from an outer planetesimal belt. We used N-
epoch. To summarise, the uncertainties on the valuesgydy simulations to determine the scattering rates from
various parameters areffoiently large that these sim- chains of equal mass planets, on circular, co-planar or-
ulations by no means rule out steady-state scattering biys, interior to an outer planetesimal belt. These were
a chain of planets to replenish Vega’s exozodi, howevg[sed to assess the validity of this hypothesis by com-
the evidence presented in favour of such scattering figarison with observations. We used our simulations to
quires the existence of many closely spaced, terrestrgltiine the properties (mass and radius) of debris discs
to Saturn mass planets, orbiting between the two beltfhat are capable of scattering material inwards #i-su
ciently high rates, which were then compared with our
4.4.2 1 Corvi ability to detect such discs and whether the masses are
4.2, n Corvi ) : " . e
consistent with collisional evolution. In general, this is
n Corvi as a significantly older (4 + 0.3Gyr) system, highly dependent on the properties of individual sys-
with an extremely high infrared excess. Observations tdms and thus, the most definitive conclusions can only
n Corvi in the mid-infrared and sub-mm suggest that he made by comparison with observed systems, as was
has both a cold and a warm component (Smith et alone here for Vega angCorvi. We now discuss some

Discussion
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et al. 2008) finds that the ratio of the total mass of the

10° T TR TTTT T disc to the observed dust mass calculated using realistic
Y . ] size distributions does notfiier significantly from sim-
s R : 7R ] plistic estimates m_ac_ie using the size distribution from

28 103k Vi 7R:_: a steady :_state coII|_S|onaI casqadmél:()dD « D72dD

= N :mw 172F;H§ (Dohnanyi 1969) with a power index éf(Tanaka etal.

o 12 1 aMer 12R, 1996)). Thus, the calculated values for the mass should

2 10%F 1.4M,, 12R,3 not vary too dramatically. The biggest uncertainty is

= . ] in the size of the largest body in the collisional cas-
10°F 3 cade, which can alter the calculated mass significantly.
100 . . . . . It is also possible that larger bodies exist that are not

yet in collisional equilibrium. These could contribute to
1.0 1 1'2: 1.5 14 1.5 1.6 the scattering process, but only in a stochastic manner.
Time / Gyr Given our total lack of information regarding such bod-
ies, it seems unreasonable to invoke their contribution
to the scattering rates, although, evidence exists in some
systems that such stochastic collisions may produce the

h - observed exozodi (Lisse et al. 2009, 2012).
mass and radius of the outer bejtCorvi is plotted by the . - . .
cross, at its age of.4+ 0.3Gyr and with an outer belt mass of The second biggest uncertainty in our calculations

~ 20M, (Wyatt et al. 2005). Again, no error bars are quote5|egards the conversior_1 of th(_a bod_ies_ scattered invyards
on the mass of the outer belt, but its model dependence sholi@M the outer belt, with a size distribution reflecting
be noted. that of the outer belt, to the observed small dust. In
order to obtain maximum possible scattering rates, we
considered that this process is 100ftcgent. There are
of the uncertainties that should be taken into accoutfree main processes by which larger bodies are con-
when considering the results presented in this work. verted to small dust, collisions, evaporation or sponta-
neous disruption. Marboeuf et al, in prep investigated
in detail the evaporation of comets as a potential mech-
anism to produce exozodiacal dust. They find that it is
The biggest uncertainty in these comparisons is the deasonably #icient in high luminosity systems, with a
termination of the rate at which the exozodi must beaximum possible féciency that reflects the dust:ice
supplied with material in order to retain the observerhtio in the comets (generally about 1, so 50%ceent).
levels of exozodiacal dust. This is calculated from Bust may also be produced as larger bodies are ground
fairly uncertain mass of dust in the exozodi, combinedown by collisions, or cometary bodies may sponta-
with an even more uncertain timescale on which theeously disrupt, as suggested as an explanation for the
dust is removed. The mass calculated for the dust $olar System’s zodiacal cloud (Nesvorny et al. 2010).
very model dependent, with a particular dependence dlone of these processes will be 100%aent at con-
the size distribution and size range of grains considerting large bodies to the observed small grains. In this
ered. For Vega's exozodi, Defrére et al. (2011) creawork, we merely note that where outer belt masses have
a grid of model discs, varying the composition, opticabeen calculated, these are very much minimum values,
properties, radial and size distribution of the dust, an@ther than attempting to make any conclusions regard-
then use Bayesian statistics to assess which model pirtg the conversion of the scattered bodies to the ob-
vides the best fit to the observations. The largest graserved small dust.
size they consider is 1mm, but this upper limitis poorly There are then several uncertainties based on the
constrained. The disc will be removed either by radianitial conditions used in our simulations, which were
tive forces, on dynamical timescales-gfr, or on col- discussed in detail in Sec. 3.3. It is, however, worth re-
lisional timescales, alseyr. Both these timescales de-iterating a dependence of our results, on the fact that
pend on the exact properties of the disc and are fairplanetesimals remain on orbits such that they can be
uncertain. The radial location of the dust is also not precattered by the planet, at the end of planet formation.
cisely constrained, however, this does not significantghould this prove not to be the case, whether due to
effect the scattering rates. planetary migration, or an inaccurate estimation of the
Similar uncertainties, although less critical in termparameter that we used to characterise this clearing,
of the current hypothesis, also apply to our knowlayn, our scattering rates will only decrease. Again, re-
edge of the properties of the outer disc. For the sygerating the fact that the outer planetesimal belt masses
tems where the outer belt is resolved, the radial locdetermined by our simulations are very much minimum
tion of the dust belt is fairly well constrained. The tovalues. We also assumed that all planets were fully
tal mass of the disc, however, depends on the extraprmed att = 0, which of course is not generally true,
olation of the observed population of small dust paparticularly for terrestrial mass planets. During terres-
ticles to larger sizes. Although model dependant, déial planetformation, the scattering processes argylikel
tailed numerical modelling (e.g. Thébault et al. 2003p be similar to those seen in our simulations, albeit con-
Thébault & Augereau 2007; Krivov et al. 2006; Lohnérolled by the somewhat smaller planetary core. Thus,

Fig. 13. The same as Fig. 12, but fpiCorvi, with its required
scattering rate of 10°M,/yr. The scaling factor this time

ic (130U \3/2( 1Mo \1/2 ;
is (%2a0 )7 “(Zanz) ™', to account for the dierence in stellar

5.1. Uncertainties
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we do not anticipate that our results would be signifit995; Holman & Wisdom 1993; Levison & Duncan
cantly altered if planet formation was only completed997; Emel’'yanenko et al. 2004; Morbidelli 1997). This
some time aftet = 0. contribution cannot be significant as in our simulations
Of potential concern is how representative our exe test this &ect with a particle density of 50 parti-
ample systems are of the full range of real planetagfes per AU, not a single particle, that started outside
systems. Such well ordered planetary systems are Wi-amax = @y + 20achaos and inside of 100AU, was scat-
likely to be found (often) in nature. In particular, it istered inwards, although there was evidence of tfece
unlikely that planet formation would have been equallgf the inner planets on the outer regions of the belt.
efficient throughout any planetary system. They should,
however, be representative of the range of scattering ) )
rates possible from the full range of real planetary sy$-2. Comparison with real planetary systems
tems, as a function of time. This hypothesis is support
by test simulations of two further planetary system
with random architectures, which were found to scatt
material inwards at rates that lie neatly within the ran
of scattering rates found for our example systems.

?fl of the potential uncertainties discussed in the pre-
gleding section need to be taken into account when com-
aring the results of our simulations with observed ex-

odi. In Fig. 11 we determined the mass and radius
discussed, for example in Sec. 4.1 or Sec. 4, it is eal uired for the outer belt, such that it can scatter mate-

to design planetary systems with ‘blockages’ where tHi&! 10 the location of the exozodi at afSigiently high

scattering rates tend to zero. However, given our ufgte: These requirements could change significantly, for
derstanding of the dependence of the scattering ra mple(zj, Ift Olér estertatedo_n thedrate at which maiﬁ-
on the planet masses and separations (see discussiofdn"€€4s 10 b€ scatlered inwards was wrong, or the

Sec. 4.1), we anticipate that very few systems can chp_.nversi.on of the scattered large bodies to small' dust
ter material inwards after millions of years of evolution'® inefficient. Changes of several orders of magnitude

at rates higher than those outlined here for a chain 8f¢ dalrzeadyé,_een beé\_/veerl_tthefeﬁampile systetms cotr;]s_,ld—
tightly packed Neptune mass planets (given constrairficc® N€re. Liven a diversity or pianetary systems, this
on the outer belt mass, stellar mass, ag It is, how- wou_ld naturally result in a dlv_erse population of exo-
ever, still possible that a few very specific architecturé®dl- that could help to explain the range of exozodi

exist where the scattering rates are enhanced beydfgiections and non-detections found so far. These un-
certainties render insignificant the possibl&eatiences

those seen in our simulations, for example due to re: th tteri t dbvth listi
onant interactions. Alternatively systems with eccentrifl € Scaltéring rates caused by the unreafistic assump-
n that the radial location of the exozodi scales with

planets or planetesimals may prove to scatter mater
inwards at higher rates, although test simulations su&'%lt of the outer belt. . ] ]
gest that they can only do so on short timescales. A general conclusion from Fig. 11 is that the longer
There are two other potential contributors to théfetimes and scattering timescales of large radii outer
scattering rates, that we have ignored so far. Both copelts are required to sustain high scattering rates on
tribute at such low levels that we feel justified in leavlong timescales. Unfortunately the population of large
ing them out of our calculated rates. The first is paf.adll debrls discs is the least well ConStralned, although
ticles that started on orbits between the planets. If tflb-mm instruments such as ALMA and SCUBA2 may
p|anets are gﬁcienﬂy W|de|y Separated, it may be thatShEd ||ght on thisin the near future. For a more detailed
some material was left orbiting between the planet§éomparison, we considered two example systems, Vega
rather than being accreted onto the planets. In genetaec. 4.4.1) ang Corvi (Sec. 4.4.2). Fon Corvi, the
such planetesimals are scattered on short timescaf@gss of observed outer belt is orders of magnitude too
however, if the separation of the planets is larger tha@W to retain the exozodi at its currently observed lev-
their dynamical influencé,e. ARy > dagaos, planetes- els and it thergfore seems more likely that there is an-
imals may remain on stable orbits between the plane@her explanation for this system. For Vega, the replen-
even on long timescales. The scattering process for sigAment of the exozodi by a chain of planets seems un-
planetesimals is very similar to that for the outer plandikely, but given the uncertainties discussed above, it is
in our simulations, except on shorter timescales, givélpt ruled out, although very specific constraints on the
the shorter orbital periods. Thus, at late times the contfystem would be required.
bution of such particles is likely to be small. The only  Our N-body simulations necessarily only consider
guestion therefore is whether such belts of planetesi-very limited range of all possible planetary system
mals, or indeed planetesimals in the process of beiagchitectures. We consider these to be a fair represen-
scattered inwards, may be detectable. tation of the range of scattering rates possible in any
The second potential contribution is from particlearbitrary planetary system, and discussed their appli-
that started far outside of the outer planet’s chaotic zowation to any planetary system in detail in Sec. 4.1.
and are scattered on long timescales. In a multi-plartidowever, it still remains possible that we have missed
system, the dynamics are more complicated and theseme very specific architecture involving unequally
are a range of secular and multi-body resonances tlsplaced planets of flerent masses, potentially on ec-
can influence particles in the belt. These have beegntric or inclined orbits, that is significantly more ef-
shown to provide a small flux of material into Neptune’$icient at scattering material, for example where sec-
chaotic zone in our Solar System (e.g. Duncan et allar or mean motion resonances enhance the scatter-
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ing rates. However, within the limitations of reasonabl@Vithout a complete census of the architecture of plane-
computing timescales, a full investigation was not posary systems andr detailed statistics about the exozodi
sible in this work. population, it is dfficult to make definitive conclusions
about the proportion of systems in which this scenario
could apply. We considered in detail two systems with
observed outer belts and exozodi, and we hypothesise

The results presented in this work find high scattefat there may be as yet undetected planets orbiting be-
ing rates for the first thousands or millions of yeariween the observed exozodiand outer belt. We find that

of a system’s evolution, but much lower rates in stabf@r 7 Corvi, an old, sun-like star with very high levels
planetary systems after hundreds of millions of year_@f infrared excess, that the_ exozodi cannot be_ retained at
However, there is a potential way to get high, albeltS current levels, on Gyr t|mesqales, W|tr_1 this process,
temporary, scattering rates in such older mature syyhereas for Vega a very contrived architecture would
tems. This could happen if the empty chaotic region sup€ required for the planetary system to retain the levels
rounding a planet is refilled with fresh material. A wayPf €x0zodiacal dust observed around Vega.

to achieve this is if the planet is displaced from its cur- N generalin this work we show that material is scat-
rent orbit by a dynamical instability and scattered into tgred into the inner systems of many planetary systems,
planetesimal belt, or if it migrates into such a planeted! rates that depend on the architecture of the planetary
imal belt at late times. Such processes could restart th¢stem, but are in general low, particularly after hun-
scattering processes and significantly increase the scdeds of millions of years. We put this forward as an
tering rates. From our simulations, we can estimate th@Planation for the observations of high levels of exozo-
the scattering rates could remain high, even for thogiacal dust, but find that siicient material is only scat-
sands to millions of years after such an event. Howevé@red inwards in systems with very contrived architec-

this is only an estimate because we did not consider aﬂyes- An alternative solution for, particularly the older
test particles closer to the planet theag, = ay + saxes  Planetary systems with exozodiacal dust, could be that

2 e are observing these systems in the aftermath, albeit

and if the chaotic zone were refilled with planetesima% o -
after an instability, it is likely that the planetesimal belth€ long aftermath, of a dynamical instability that led to
a planet being scattered into the outer belt.

will be cold. Further detailed work is required to inves
tigate this hypothesis.

5.3. Application to unstable systems
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