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ABSTRACT

Context. Planet perturbations have been often invoked as a potential explanatiorafy spatial structures that have been imaged
in debris discs. So far this issue has been mostly investigated with pureWAomnerical models, which neglect the crucifieet
collisions within the disc can have on the disc’s response to dynamicatipatitins.

Aims. We numerically investigate how the coupléetieet of collisions and radiation pressure cdlieet the formation and survival of
radial and azimutal structures in a disc perturbed by a planet. We consmdifferent set-ups: a planet embedded within an extended
disc and a planet exterior to an inner debris ring. One important issuengavaddress is under which conditions a planet’s signature
can be observable in a collisionally active disc.

Methods. We use the DyCoSS code of Thebault(2012), which is designed to investigastructure of perturbed debris discs at
dynamical and collisional steady-state, and derive synthetic images sf/tttem in scattered light. The planet's mass and orbit, as
well as the disc’s collisional activity (parameterized by its average védijitical depthry) are explored as free parameters.

Results. We find that collisions always significantly damp planet-induced spatiattsiies. For the case of an embedded planet, the
planet’s signature, mostly a density gap around its radial position, shemlain detectable in head-on imageMifane > Msaturn. If

the system is seen edge-on, however, inferring the presence of te jglanuch more diicult, as only weak asymmetries remain in

a collisionally active disc, although some planet-induced signatures negttidervable under very favourable conditions.

For the case of an inner ring and an external planet, planetary paitundaannot prevent collision-produced small fragments from
populating the regions beyond the ring. The radial luminosity profile extasithe ring is in most cases close to the one it should
have in the absence of the external planet. The most significant sigdafuiby a Jovian planet on a circular orbit are precessing
azimutal structures that can be used to indirectly infer its presence.ffanet on an eccentric orbit, we show that the ring becomes
elliptic and that the well known pericentre glowfect is visible despite of collisions and radiation pressure, but that detesttaty
features in observed discs is not an unambiguous indicator of thenpeeséan outer planet.

Key words. stars: circumstellar matter — planetary systems: formation — stars: indiVi{gHR4796, Fomalhaut, HD202628)

1. Introduction depending on resonance order and planet orbits, pronowazeed
. C g ._imutal and radial overdensities (e.g. Kuchner & Holman 2003

Most lr_naged dusty debris _dlécsjlsplay _pronounced radial Wyatt 2006; Reche et al. 2008§. Eikewise, the chaotic region
and azimutal structures, which are the sign that thesemgste, ;o nding an embedded planet cdiicently truncate a disc,
are dy”?‘m'ca”y active and th"?‘t somethmg IS shapmg therTﬁducing sharp inner or outer edges and ring-like strusture
De[t)gndmg_onl the type oflspatlal fea_ltures, "e'ktvlvo's'(t’l*;?gﬂo (Wisdom 1980; Mustill & Wyatt 2012). Embedded planets can
gel.rles, skplre; S’|W;(;82'- cSuans_dor nr;gsl (g.gogaas e I'2 also trigger transient spiral structures that can oftendng
blo |m0}/s It'e a.h ; chnel ?_r et %'.t ), ?t\a;]/elra "tgosﬁved enough to be observed in extended debris discs (Wyatt

€ explanations nave been investigated. transien S 2005). Finally, inclined planets have been found to be aiposs

(Kenyon & Bromley 2005; Grigorieva et al. 2007), coupling, o -5,;se for warped discs such agiRictoris (Mouillet et al.
to gas drag (Takeuchi & Artymowicz 2001), companion Stgfgq7. Aygereau et al. 2001; Dawson et al. 2011; Chauvin et al.
perturbations (Augereau & Papaloizou 2004; Thebault et 2 125 ' ;

2010; Thebault 2012) or dynamically cold discs (Thebault L . ) .
Wu 2008). However, the most commonly proposed scenario for However, caution |s_reqU|red _When trying to directly matc_h
the vast majority of theses structures is the presence ofifys N-Pody code results to imaged discs. Indeed, most resoived i
unseen) perturbing planets. The dynamidiiée of a(several) 29€S are obtalned in scattered light, at wavel_engths fochwhi
planet(s) on a disc has been investigated in numerous studjge flux is dominated by the smallest dust grains on bound or-
usually numerical investigations based on deterministiooly  DitS, which are strongly féected by stellar radiation pressure
codes. These investigations have lead to several impareant (Thebault & Augereau 2007). While including théeet of ra-
sults, notably that dust can easily be captured in mean motfgiation pressure in N-body codes is noffidult in itself, usually

i et ; - : 05
resonances with inner planets that are migrating, thudingea PY correcting the stellar gravity by a factor {18)"~ (whereps
is the ratio between radiation pressure and stellar grawvitg

Send offprint requests to: P. Thebault fact that it is a size-dependenfect requires to have an idea of
Correspondence to: philippe.thebault@obspm.fr thesize distribution in the disc. The problem is that the size dis-
1 30 as of July 2012, see httfzircumstellardisks.oyg tribution is imposed by theallisional evolution of the system,
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and that collisions are not taken into account in pure N-boadymparable in terms of the level of collisionafexts they in-
codes. To circumvent this problem, an idea would be to perforclude: they do not fully couple collisions and dynamics in a
series of dynamicsradiation-pressure N-body runs, each for aelf-consistent way but are designed to study systemsrpertu
given particle size, and then recombine them with a weighgrgi by one perturber, once a dynamical and collisiosedady state
by theoretical collisional-equilibrium size distributis; for ex- has been reached. The first one is the Collisional Grooming
ample the classical fierential distribution in -3.5 of Dohnanyi Algorithm (CGA) of Stark & Kuchner (2009). Its principle is
(1969) (Moro-Martn & Malhotra 2002; Quillen & Thorndike to first perform "seed runs” of collisionless particles fravhich
2002; Wyatt 2006; Ertel et al. 2012). But the implicit asstiop streams of successive particle positions are recordedstnuet
behind this procedure, i.e., that size distributions atefiected density maps. These maps are then used to derive collision de
by spatial structures or dynamical perturbations, has pemren struction probabilities in new seed runs, from which newsitsn
to be faulty. As a matter of fact, Strubbe & Chiang (2006) anthaps are derived, etc. The process is iterated until coanesy
Thebault & Wu (2008) have shown that, even inumperturbed is reached. This code is limited (so far) to the case of orer-int
system consisting of a narrow parent body ring, collisiaal- nal perturber on a circular orBjtbut has given impressive results
lution naturally creates a disc-integrated overabundahsmall for the Kuiper Belt (Kuchner & Stark 2010). The second code is
grains close to the blow-out limit, and thus a strong departuthe "DyCoSS” (for "Dynamics and Collisions at Steady State”
from a "classical” collisional equilibrium distributiorgize dis- algorithm of Thebault (2012, hereafter TBO12). Althougimige
tributions in perturbed systems could depart even more frasignificantly less user-friendly in its use and lacking thiginsic
standard power-laws, with potentially strong spatial atons coherence of the CGA, itis (in their respective presentivas)
2.1t is thus very dificult to know in advance the relative contri-more versatile with respect to the perturber’s orbit, whiah be
butions of diferent grain populations to the system’s luminosityircular or eccentric, and external to, interior to or endestlin

The non-inclusion of collisions in N-body studies has othdhe disc. It is also better suited to the study of short tiraksc
problematic consequences. An important issue is that of tpepcesses, such as the competifiga of dynamical removal
timescales: if the typical collision times are shorter than the dyand collisional production of small, radiation-presseffected
namical timescales required for spatial structures to faghen grains in high-density discs.
these structures’ development can Iffeeted or even hindered.  We use here an updated version of DyCoSS, which had ini-
This is why pure dynamical modelling, such as the recent itially been developped to study circumprimary discs in bgm
vestigation by Ertel et al. (2012) unavoidably overestanisie (TBO12), adapted to the case of a planetary perturber. The ma
level of spatial structures in dusty discs, especially demrses. issue we are planning to address is how the collisional iactiv
Another issue is the unavoidable feedback of the collismms inside a disc fiects the dynamical sculpting a planet excerts on
the dynamics, as they dissipate energy and produce fragmetin particular because of the constant flow of small ciallis
on new orbits. Last but not least, the steady production @flismfragments flying around the system because of radiation pres
collisional fragments, coupled to thé&ect of radiation pressure sure. One crucial point is under which conditions a plaregs
on them, can inject matter in dynamically unstable regioms bnature can be detectable in a collisionally active disc,iaitids
fore planets canficiently remove them. signature can used as diagnostic of the presence of a planet.

Including collisions, especially fragmenting ones as in de
bris discs, into a N-body scheme has proven a very arduokis t
"Brute force” methods, where test particles afteetively bro- af The DyCoSS code

ken into fragments that are then dynamically evolved (Beag |n Thebault (2012), we give a thorough description of therth
Aarseth 1990), are in principle the most reliable ones,dad ko  still unnamed) DyCoSS algorithm. Let us here only recall its
an exponential increase of particle numbers that is vergkiii main characteristics and the improvements that have been im
unmanageable. Another alternative is to run pure N-bodg ruplemented for the planet-in-a-disc version.

to get an idea of the dynamicaffect of planets, and then use

the results, in the form of averaged laws for impact profabil o

ties and collision velocities, in classical particle-ibax colli- 2-1. Principle

sional codes (Kenyon & Bromley 2008, and references thereiig mentioned earlier, the basic set-up for DyCoSS is a colli-

This approach remains however limited to 1-D spatial resolyona|ly active disc and one perturbing body. The main idea b
tion a_n_d cannot stud_y the formation of_flne structures. Thetmgyind the code is that the grains that populate the disc atengiv
promising approach is probably a hybrid model, where each pgme 1, when the perturber is at a position anglgon its orbit,
ticle of the N-body code is a "super particle” (SP) standiogd  5r¢ the superposition of grains produced #edént moments in
cloud of real bodies sharing a common physical size, whose Mie hast. Considering a discrete time increm&ntthen grains
tual collisions are then treated with a particle-in-a-boReme. resent at present timgare the sum of grains that have just been
The first versions of such a model (Grigorieva et al. 2007) h%gj duced (ato); plus grains produced & — At, when the per-
a progressive increase of the number of”SPs f;\nd where limi{geher was at position angte 1, which have not been destroyed
to short tlmescales_. However, the recent LI_DT code depet}b (by collisions) or ejected (by dynamical perturbationshieen
by Charnqz & Taillifet (2012) _has solved this problem l_)uto_s Sty — At and now; plus grains producedtat- 2At, when the per-
far operational only for the simpler case of low velocitye(. rher was at position angle », which have not been destroyed
mostly accreting) collisions in proto-planetary discs. or ejected betweetg — 2At and now, and so on... So, if we know
So far, only two models have managed to incorporate, {Qe fate of particles releasedtgt At, atty—2At, etc., then a map
some extent, collisionalffects into N-body codes in the debris-of grain densities at can be reconstructed. This can be done by
disc case of high-velocity fragmenting impacts. Both co@i@s performing a series of separate runs, one with grains reeas
when the perturber initally is @b, one forg_;, one forg_», etc..
2 We note that there is also observational support for wavelength-
dependent (and therefore grain size-dependent) structures iis deb? animproved, more versatile version of CGA handling eccentric per-
discs (e.g. Su et al. 2005; Wilner et al. 2011) turbers is under development (Stark, personal communication)
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For each of these runs the positions of all surviving patiere importance in our set-up. All simulation results can beextaip
recorded after evergt time interval, the number of remainingor down depending on the real valuesaf;, as long as the star is
grains progressively decreasing because of dynamicdii@jec luminous enough, at least0.9M,, so that theréssuch a cut-&
or collisional destruction. The surface dengitef the disc aty  size. For this smallest possible stellar mags~ 1um for com-

is then obtained from pact silicates, which means that aip /27 condition is valid

0 up tod ~ 6um in this most constraining case, thus approximately
X(to) = Z o (to) tgi-an (1) corresponding to the whole domain of scattered-light derteid

— luminosity.

whereo (to),-i-ary IS the surface density, &, of the run started

atto — i - At. The problem is of course that this procedure would-2. Improvements

(raea(?:trl:riﬁizgl?ilmgﬁ i{'ﬂpifl_eh?sun;gglre?;scze]aéztg:ggﬁvzmigﬁtwe%veral upgrades have been implemented with respect toithe i

assume that theosyste.m haspreached a steady state. In mihe;ast'al Dy CoSS version. A first . r_npc_)rtant_updatells n th.elway the
> A . | collision destruction probability is estimated in the tinal

disc’s profile is the same at successive passages of thelpartu

' runs. In TBO12, the local geometrical optical depths which
(here,,the p!anet) at the same orbital phase. If for exantipé, control the particles’ collisional timescales, were dedwsing
planet's orbital periody, is equal tong, At, then all the runs

with the planet at initial POSIiO_i, din.. d_i n.q, €tc., do a 2-D density map that was obtained from an average,@f

. r steady-state parent body disc profiles. This map was thua@ p
correspond to the same run, so that in practice aglyseparate tice azimutally averaged and only had 1-D information, an as
runs are needed. !

- o . mption that was acceptable for the external-stellatupeer
for ;-?T?O?grggr:c?é& r%zesi';'ireiifn?_'v'ded into 3 steps (see TBoigse where azimutal structures were limited. For an emloedde
P P ' planet, however, azimutal structures are expected to be mor

— 1) Parent Body run. A collisionless pure N-body run is per_prominent and we must retain the azimutal information. As a
formed, where radiation pressurfezts are ignored, until consequence, we use the parent body runs to produce 100 den-
dynamical steady state is reached. The spatial distribution &ity maps, corresponding to 100fféirent orbital positiorfsof
the parent body particles is then recorded for a sampig @f the planet, which are .then ysed_ in the collisional runs_(mn}d
different orbital positions of the planet on its orbit. sity map used at a given time is the one corresponding to the

— 2) Collisional runs. From each of these., steady-state Planetlocation closest to the present one).
parent-body discsN = 2 x 10° small grains are released Apart from this upgrade, the collision prescription is the
following adN « sids power law. The grains’ evolution is Same as in TBO12 and is given by Equ.1 of that paper. We fol-
then followed, taking this time into account thi#eet of ra- low Stark & Kuchner (2009) and assume that collisions betwee
diation pressure. Depending on its size and the local dptiémilarly-sized dust grains are fully destructive, i.artixles are
depth in the disc, each grain is assigned, at each timestepg¢@oved when stering one such impact. This simplifying pre-
collision destruction probability that depends on gragesi Scription has been taken because of numerical constrasia,
local velocity and the local geometrical vertical opticapth  realistic treatment of fragmenting collisions is still iogsible
7,4. The relative spatial distribution af 4 is obtained from in an N-body code approach (see discussion in Section 1). It
maps of the steady-state parent body runs and its magnitigl@f course not fully realistic, as collisions cannot fullgpor-
is scaled by the system’s average optical depttwhich is ize particles on the spot and should produce clouds of smalle
treated as a free input parameter. All particle positiores airagments. Note, however, that Equ.1 of TBO12 estimates the
recorded at eachAt = top/Ngrp iNterval. Runs are stoppedCO”iSiOl’] rate betweesamilarly-sized bodies and that the typical
once all particles have been removed by dynamical ejectitipact velocities in debris discs are expected to be higligimo
or collision. for such collisions to lead to catastrophic fragmentatiod #us

— 3) Recombining. For each orbital position of the perturberproduce a largest-remaining-fragment much smaller thaimth
the dynamicak+ collisional steady-state of the disc is obactor (e.g., Thebault 20090 that one can assume that a given
tained by recombining the position data stored at step (#ypactor loses its identitys after such an impact. Furthoeem
following the procedure given in Equ.1; each time assurfr the smallest grains that dominate the system’s brigistie
ing thatty is the time where the planet is at a given orbita#cattered light, of sizes between the radiation pressome-blt
positioné(i)o<i<ngp - size s and a fewsy (Thebault & Augereau 2007), all pro-

duced collisional fragments will be smaller thag: and thus

Results are then displayed in the form of synthetic imag@gery quickly removed from the system. As such, our prescrip-
and surface brightness profiles, in scattered light, assyigriey  tion gives a satisfying estimate of a typical particle’slis@nal
scattering for all particles. They are thus valid at any ievgth  |ifetime, which is the main parameter of interest in the pres
Awhere the flux is dominated by scattered light emission. tJsigtudy.
the Debris Disc Simulator (DDS) of Wolf & Hillenbrand (2005)  another update is that Poynting-Robertson drag is now taken
for a typical debris disc located at 50 AU from its star, we finghto account for the collisional runs. Finally, in order tave
that the corresponding wavelength domain is 8um for alow 3 petter statistics for a wider range of grain sizes, we perfo
mass solar-type star (in accordance with the result displaly 2 collisional runs for each given positiaf of the planet, one
II':II<g'7AOf[ Kuchner & Stark (2010)) andl < 5um for a beta-Pic for small grains betweesy, (corresponding to # value of
ike A star.

We also implicitly assume that the smallest particles in thes Thjs increment is decoupled and in general much greatertpan
system, corresponding to the radiation-pressure blow@at s s Thjs high-velocity assumption is confirmed in our runs, where the
S, @re bigger tham/2x, so that all particles contribute to theayerage collision velocities are of the ordero500 m.st. This is much
scattered-light flux as a function of their geometrical eresc- higher than the typical velocity, 10— 50m.s? that is required to catas-
tion. Note that the absolute value for the ctit®ize sy is of no trophically destroy micron-sized grains (Thebault 2009)
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Table 1. Set-up for the nominal case runs. Parameters denoted by a * For these parent body runs (hereafter PBR), we let the system

are explored as free parameters evolve until a dynamical steady state has been reacheditd.
the disc’s spatial structure does not vary between two passa
PLANET of the perturbing body at the same orbital phase (see TBO12).
PlanetStar mass ,u =2x1073 For the case of a planet on a circular orbit, this happens rela
ggﬁﬁnrtr:gg axis aep_:% AU tively quickly, typically less than a hundred planet orbfts all
PARENT JBODY RUN L the planet masses considered (see Fig.1a, b and g). Forrthe no
H 3
Number of test particles  Npg = 2 x 16° inal u = 2x 107" ande, = 0 case, several pronounced structures
Initial radial extent 30< r < 130 AU (embedded planet cas¥je V|_S|ble. The most prominent one is the gap in the middle of
45 < r < 75 AU (inner-disgouter-planet £88elisc, corresponding to the chaotic unstable zone sunrou
Initial eccentricity 0<e<001 ing the planet’s location (e.g. Wisdom 1980), where only the
Initial surface density Tocrt two stable co-orbital Lagrange points L4 and L5 are popdlate
COLLISIONAL RUNS This gap corresponds to the so-called "feeding zone” sadeou
Average optical depth ‘r=2x1073 ing the planet’s orbit. Clearly visible are also the 1:2 antl 2
Number of test particles  Noum = 2 x 10° mean motion resonances (hereafter MMR) at 47 and 119 AU, re-
Size range Sout < S < 4080, spectively. The apparent gaps at the resonances’ locatidne

Size distribution at = 0° _ dN(s) &< s*°ds to the fact that resonant particles reach high eccenesstand

large radial excursions, thus spending a short fractioheif or-
bit at the exact radial resonant location. For a lower plamets
u = 2x 10 the gap logically becomes more narrow, and the
whole co-orbital azimutal region is now populated, except f
the region just surrounding the planet.

For an eccencric planet, the system’s evolution is very dif-

& sy is the radiation pressure blow-out size
b when released from the parent body population

0.5), the cut-ff size imposed by radiation pressure, arsgd5

and one for big grains betweersga and 4Gyy. These two -
S . ; rent, and the time to reach steady state can be very lopg; es
runs 3re the?lmergff' ' Wei?htmg the big-grains run b_y a 'falec&Tally for small perturbers. Indeed gs has been thoroﬂgh@g-

(40s5; - 5% )/(5sqy — o ) to account for the size distribu- figated by Wyatt (2005), the dynamical response of a disbéo t

tion with slopeq. perturbing presence of a planet wigh > 0 is the formation of
two spiral waves that propagate outwards and inwards fram th
2.3. set-up planet’s position. As time passes, the spirals become mute a

_ . . more tightly wound so that they eventually become unnolilzea
We consider two dferent set-ups. The first one is a planet enand appear as an asymmetric ring. The time at which this disa-
bedded inside an extended debris disc, the second one iset plgearance occurs depends on radial distance to the plané and

exterior to an inner ring-like disc. We consider a fiduciabfs roughly comparable to the secular precession time (Wy&@5p0
dard” debris disc extending from 30 to 130 AU (the typical-ste

lar distance at which most structures in resolved debrissdis ap\ 25 , 1
have been imaged) for the embedded planet case, and from 450~ 6~15(g) @p m Lseo(3:2), (2)
75 AU for the exterior planet configuration. As for the plaves 3/217P

take its semi-major axis to k@ = 75 AU. We consider as a ref- wherea,, = 1 fora, < aanda, = ap/afor a, > a, bg/z(ap/a) is

— = 3 H
erence case a planet of mag/M, = u = 2x107 on a circular the Laplace ca@cient (see Wyatt (2005) for more details), and

N - _ 3 . \ .

orbite, = 0 and a system of mean optical depth= 2x 10 _ "is the secular timescale at the location of the 3:2 mean
(3:2)

corresponding to a dense debris disc |k@ic. Note that the ., 5tion resonance:

absolute values of the disc and planet radial positions do no

strongly dfect the results and that our results are easily scalaﬂéﬂ; Mp

(see Sec.4). What matters here mostly are the disc’s assu 2) = O'GSJIP(M_*)’

geometrical optical depthy, which controls its collisional evo-

lution, and the planet's masd, and eccentricitye,, which de- wheret; is the orbital period of the planet.

termine its diciency in perturbing the disc and ejecting unstable In agreement with Wyatt (2005)’s results, we witness the de-

particles. All these 3 parameters are explored as free gaessn  velopment and progressive disappearance of these 2 sfinals

All set-up parameters are summarized in Tab.1. dynamical steady state of the system is reached when secular

precession has rendered the spiral structures indisdereab
erywhere in the system, i.e., whén>maX{sc(ain), tsec(@out))-

3. Results For our reference case ofa = 2 x 10°° planet, and with

ain = 30 AU anda,,; = 130 AU this happens after 2x1Pyears.

For a smalleps = 2 x 10™* planet, this time to steady-state in-

In these purely dynamical runs we consider the evolution efeases te- 2 x 10’years (Fig.1d and f). It is important to point

collisionless large particles, noffacted by radiation pressure that this value exceeds the age of some bright and youngsdebri

which will serve as seed particles for the collisional ruas. discs such as HR4796 giPictoris. We adopt a conservative ap-

already mentioned, these collisionless simulations ahg ttve  proach and exclude from our study all cases for which steady

first step of our complex numerical procedure and not the p@tate is reached on timescales longer than this value. We sho

pose of our study, but we will present some of them (for tHeowever, for illustrative purposes, one such case, @tk 0.1

embedded planet case only) for pedagogical purposes amd alsdu = 10°° (Fig.1h), where the transient spirals are still clearly

because they will serve as easy references to identifyfiete visible at~ 2 x 10’ years.

of collisions and radiation pressure on the purely dynahtiea Regarding the spatial distribution of the steady state fisc

haviour of perturbed discs. these eccentric planet cases, we see that, even for a massive

®3)

3.1. Pure N-body runs: parent body population
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Fig. 1. Spatial distribution at the end of the parent body dynamics-only runspinee a steady state has been reached (except farh&0-°,

&, = 0.1 run), for diferent planet orbits and masses. Distances are given in AU. The glaeati-major axis is 75 AU for all cases, and is aligned
with the X-axis, with its perihelion on the right hand side. All snapshots asevsiwhen the planet passes at aphelion (the planet’s location is
marked by a cross). For all runs except the- 107, g, = 0.1 one, the time given is the time at which steady-state has been reachekde Fo

1 =107, g = 0.1run, the time is the one at which simulation has been stopped, i.e., lstdady state has been reached (see text for details).
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2 x 1072 planet, almost no resonant structure is longer visible

in the inner or outer discs, and the Lagrange points, althoug  -000F AN
still present, are much less pronounced, especially ireghe . N
0.2 case. In addition, the outer disc gets strongly depletetbwh
the inner disc assumes an asymmetric shape aligned with the'
planet’s orbit. :

1z

0.100 .
3.2. Collisional system: embedded planet
Fig.2 shows synthetic head-on images, in scattered ligbtlk: i
sional and dynamical steady-state, fdfelient planet orbits and 0.010F

collisional activities in the disc (as parameterized byaiterage
optical depthrg). For our nominatg = 2 x 10°2 case, the main

- --71=0.01

midglone luminosity (normal

structures observed in the pure N-body runs, such as for-exama ___7-0.002 (nominal case)
ple the Lagrangian points and the 2:1 resonances ieghe 0

run, are still clearly visible, but they are much less prammad. 0.001

The other consequence of the coupléeet of collisions and ra- i

diation pressure is that it injects small, higlgrains in regions A S B N, S PR

that are devoid of parent bodies. These regions are the-exter -200 -100 o) 100 200

nal region beyond the outer edge (at 130 AU) of the parent body radial distance (AU)

disc, and, more importantly, the dynamically unstablegedihe

gap) close to the planet’s orbit. The globdieet of collisions Fig. 3. Synthetic midplane luminosity profiles for a disc seen edge-on,

and radiation pressure is thus to tend to homogenize thecsurfin scattered light, for the standagd= 2 x 10° ande, = 0 case and

density profile, as is clearly illustrated for runs with héglop- for different values of the disc’s average optical depth (i.e., collisional

tical depth (i.e., collisional activity), where thefiéirences with activity). The shown profiles correspond to a cut along the X axis when

the collisionless N-body simulation get much more proneghnc the planet passes at its maximum elongation along this axis (the planet’s

For thee. = 0 orbit. the accumulation around the Lagrangialocatlon is ma_rked by a black urcle). Profiles are computed assuming
. - =P ’ . . Qgrey scattering function. The profile for the large parent bodies is di-

points is for example replaced by a horseshoe co-orbitglfan oy derived from the PB runs presented in Section 3.1.

higher value ofrg (Fig.2h). Conversely, for lower values of,

the spatial profile becomes much closer to that of the paeht b

ies (Fig.2g).

Despite this blurring #ect of collisions, for all the head-on
images displayed in Fig.2, the planet’s radial location agms
relatively easy to determine from the position of the radipb.
For high-mass love, cases, even the planet's azimutal position
remains easy to spot in between the well defined Lagrangia
points, with the noticeable exception of the higitase (Fig.2h)
where the steady production of small collision fragmenéses
almost all azimutal structures in the co-orbital region.

The situation becomes veryftérent if the system is seen
edge-on. Fig.3 shows the midplane luminosity profile along a
radial cut passing by the planet’s current position. Whitedfs-
tribution of large parent bodies shows a pronounced gamarou
the planet’s radial position (Fig.5), with the flux droppibyg a
factor ~ 5 in the 50-90AU region, the coupledfect of colli-
sions and radiation pressure on small grains greatly altéss
picture. Even for a relatively low, = 4 x 10~* value, the lu-
minosity drop around the planet falls to less than a factdt 2. .
is of less than 30% in the nominaj = 2 x 10-3 case, and falls —200 -1 0 100 200
down to a few percent for even more collisionally active gisc rodial distonce (AU)

(1o = 0.01). Furthermore, this small flux variation is not peaked ) )

at the planet’s location but diluted over a rather extenégibn, Fig-4. Same as Fig.3, but with, = 0 andro = 2x 10" and when
so that the planet'sfiect on the profile is a wide and poorly dearying the mass of the perturbing planet.

fined knee.

The dfect of the planet on the luminosity profile is even
weaker when considering masses smaller thapthe2 x 102 always a well defined and narrow gap close to the planet'siradi
super-Jupiter of our reference case. As can be clearly seerocation, even for the smallest case of & 107 super-Earth.
Fig.4, for a dense debris disgy(= 2x107%), a Saturn-like planet This clearly illustrates how the coupling of collisionaltiaity
(u = 2x107%) leaves a barely perceptible signature, and a supand radiation pressurdfiently erases the signature of a planet
Earth ¢« = 10°°) results in a radial profile almost identical to(see Sec.4 for further discussion).
the no-planet case. This is in stark contrast to the profie th  The blurring dfect of collisions is even more apparent for
would have been obtained had collisions and radiation pressan eccentric embedded planet. For ége- 0.1 case, collisional
been neglected. Fig.5 shows such profiles, derived fromahe pproduction of small highg grains homogenizes the region co-
ent body runs. As can be seen, in these fiducial cases, thererlstal with the planet (Fig.2e), in sharp contrast to theepu

-.-.-large parent bodies

i i
i i
i i
i i
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i i
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Fig. 2. Normalized synthetic images in scattered light, at collisional and dynantezads state, for dierent planet and disc configurations (see
text for details).
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Fig. 8. Inner-ringouter-planet configuration. Relative contribution of
N-body runs where the co-orbital region is almost emptye sathe "big” grains < 0.12) to the total luminosity for 3 dierent cases.
for the 2 Lagrangian points. The sanfé&et is observed for the
e, = 0.2 case, where no azimutal inhomogeneity is visible in
the co-orbital region on the 2-D map (Fig.2d). For this sfieci
case, however, the collisional runs confirm the main reguhie
parent-body runs, i.e., a strong depletion in the regiorobdy We now consider a fierent configuration, where the planet is
the planet’s orhit. This depletion is so strong that it albmmsn- located exterior to an inner debris ring. The main objective
pletely erases the frontier between the planet’s co-drt@tgon here to see to what extent the planet can shape the outer £dge o
and the outer disc. If the system is seen edge-on, then the $ige disc, and in particular if it carffect the luminosity profile in
nature of an eccentric planet becomes even weaker (Fig)i6). lo< r=3° that should "naturally” form beyond the radial location
even less pronounced than in the= 0 case. For the, = 0.2 of a collisional debris ring (Thebault & Wu 2008). We conside
run, there is almost no variation in the radial luminosityfle at a standard set-up where the inner ring of parent bodiesliyiti
the planet’s distance. Here again, this result is in shanprast extends from 45 to 75 AU and the planet is positioned at therout
to the distribution of large parent bodies, for which, refiess edge of the ring, i.e., 75 AU. We restrict ourselves to the s
of the value ofep, a clear dip is always visible in the edge-ora planet on a circular orbit, and explore its mass and thesdisc
luminosity profile. collisional activity as free parameters.

3.3. Collisional system: Inner disc/external planet
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brightness in these regions in the presence of a Jovianrpertu
ing planet.

Profiles close to the reference -3.5 value are also obtained
when considering planets on eccentric orbits (Fig.9). ksth
cases, the stable ring of parent bodies is truncated muttefur
inside the planet’s orbit (for the, = 0.2 case, it only extends
to ~ 31AU and~ 37 AU in the periastron and apoastron di-
rections, respectively) but the profiles beyond this maig are
comprised between —3.4 and~ —3.9.

The only way to obtain a significantly steeper brightness pro

1.000

T T

0.100

IR RRR TS

surface brightness (normalized)

0.010F file is to assume a much lower collisional activity within tiec
r (to = 2 x 107%). In this case, the balance between collisional
- &,=0 . injection of small grains and dynamical ejection by the ptan
[ e,=0.1 (periastron side) " is shifted in favour of the latter, and the slope of the lunsito
.......... e,=0.1 (apoastron side) 9 profile is~ 5.
0.001F  .._.e=02 (periastron side) ] When considering head-on images of the disc (Fig.10), it can
[ ----&=0.2 (apoastron side) 1 be seen that, despite of the blurrinfieet of collisions coupled
[ ‘ L v to radiation pressure, the planet’s perturbations candadig-
100 nificant spatial structures, mostly in the region of the pabedy
radial distance (AU) ring. For au = 0.002 perturber, the width of this main ring dis-

plays azimutal inhomogeneities, with three wider "blobig~
Fig.9. Same as Fig.7, but for filerent eccentricities of the exterior cated at~ +30 and 180 degres of the planet’s location, that pre-
planet (and forx = 0.002 andro = 0.002). For thee, > O cases, cess with the planet. Not surprisingly, these strucuturesrere
plots are presented for a passage of the planet at periastron ars ang@minent for the low collisional activity caseq = 0.0002),
tron. Note that, since for thesg > 0 cases the unstable chaotic regiory ; are siill visible even in the nominah = 0.002 case. For an
i he plaes it smuch vider U afn- 0. il 4 eccenirc panet, hese azmutal siucures disapeatiosin
runs. ring takes on an eccentric shape aligned with the planet®rbi

main axis. From the location of the peaks on the apoastron and

periastron sides of the ring’s radial profile (Fig.9), weiraste

the ring’s eccentricity to being ~ 0.08 fore, = 0.2. This value

Fig.7 shows a radial cut of the surface brightness profilgsconsistent with the forced eccentricity that can be éetivom

when the system is seen head-on. The fiftgce of the planet the secular theory of Laplace-Lagrange for higalue and this
is to truncate the disc of parent bodies, at a distance corgisc-to-planet relative distance (e.g. Murray & Dermot999
sponding to its chaotic zone. For eacfffelient curve, the lo- Mustill & Wyatt 2009). Another clearly visible feature isdffiact
cation of the outer edge of the stable parent body ring corngrat the periastron side of the ring is brighter than the afpoa
sponds approximately to the transition point where thehtfig one. This is the pericentre glowfect identified by Wyatt et al.
ness peaks before rapidly decreasing with radial distaree, (1999), due to the fact that the periastron side of the rieid
atr ~ 61AU for au = 2 x 10 planet,~ 52AU for a closer to the star, receives and scatters more light. Fran® Fi
p = 2x 107 planet and~ 50AU for au = 4 x 102 one. we see that the pericentre side-isL.35 times brighter than the
Interestingly, beyond this outer edgeg of the PB disc, the opposite one for the, = 0.2 case, which compares well with the

brightness profile has a slope that only weakly depends on §)@dicted diference in received light, i.e., (E€ring)/ (1— ring))?
planet’'s mass. For the no-planet run, beyond a transitigiome for the measuredin; = 0.08 value.

extending from 75 te- 95 AU, itassumes the standard -3.5value ¢y 5 [ower mass planet (= 0.0002), no significant spatial
due to the steady collisional production of radiation-Bt#8 pjanet-induced structures are visible on the head-on image
sensitive small grains (see Thebault & Wu 2008). For a low-
mass planet ofi = 2 x 10~ this profile is basically unchanged,
and it only gets slighly steepet, —4 to —4.2 for more massive ; ;
planets ¢ = 2 x 107° andu = 4 x 10°9). 4. Discussion

These results might seem counter-intuitive, because the The main question the present study aims to address is iéfgan
rpg domain is by definition dynamically unstable and we wouldan significantly &ect debris disc structures and more specifi-
expect the planet to eject a large fraction of the small graircally if the presence of planets can be indirectly inferredtthe
produced in the main ring, that populated this outer regiospatial structure of anbserved disc. As noted in Section 2, we
However, this ejection process takes time, basically meedi here implicitly consider observations in scattered ligheve the
close-encounter with the planet, so that small grains caa ha luminosity is dominated by the smallest grains in the disg, i
long time of residency in this dynamically "forbidden” regi. for wavelengths shortward ef 5—-8um. This is, however, not a
True, this survival time is shorter than for the no-planetecand too stringent limitation, since a large fraction of resalmages
we would expect to sekess grains beyondpg than in this un- of debris discs, and in particular those with the best regwiy
perturbed case. But this depletion of very small fragmemthé have been obtained in scattered light. The situation migv-
outer regions is partly compensated by the injection ofhfjig ever, change with the upcoming high angular images expected
bigger collisional fragments due to planetary perturbegidhis from ALMA (see Ertel et al. 2012).
is clearly illustrated in Fig.8, showing that< 0.12 grains (with Another implicit assumption is that there is a minimum size
sizes > 4sy) produced in the PB ring, which have an apoass,: below which small grains are blown out by radiation pres-
tron < rpg/(1 — 2B), and should in principle not be present irsure. This implies that the central star has a mass of at least
ther > rpg/(1 — 2B) region, contribute to up te 20% of the ~ 0.9M,. Note, however, that for lower mass stars of type M,
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Fig. 10. Inner ringouter planet: head-on synthetic images in scattered light, at steady stdtirfdifferent set ups. The graphs on the left hand
side show the disc profile when the planet passes at apoastron, amdphe gn the right hand side correspond to periastron passagesoftén:
curve shows the planetary orbit. An animated version of these graphsedaund at httg/lesia.obspm.fpersgphilippe-thebaufplanpert.html
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stellar wind could play a role similar to that of radiatiorepr might be inferred from another feature, i.e., the eccemstigpe
sure around massive stars, blowing away grains below a givefitheinner disc (Fig.2d).

threshold size. This is for instance what is expected to pédee

in the AU Mic system (Augereau & Beust 2006).

Considering the already huge parameter space for the prob
lem, all simulations were carried out for one given semianaj For a system seen edge-on, the situation is much less fdeura
axis of the planel, = 75AU. However, our results can beFigs.3, 4 and 6 clearly show that the signature left by theetla
easily scaled to other planet separations with the sahaéive in the disc’s radial luminosity profile is in most cases vegak.
disgplanet configuration, provided that the system’s optical We firstly note that there is almost no asymmetry between
depthry is the same. In this case, the collisional timescales fahe two opposite sides of the disc, i.e., the luminosity peaff
low the same scaling laws as the dynamical ones (those liskedhe side where the planet is located is almost indistinglikeh
the planet), i.e.r'°. The only diference between our referencdrom the profile of the opposite side. Even for a perturber on a
case, witha, = 75AU and a 30< r < 130AU disc, and, say, moderately eccentric orbieg < 0.2), the diferences between
a system with @, = 25AU planet and a 1& r < 43 AU disc the two ansae remain relatively limited, in any case tootédhi
is that all timescales should be shortened by a factér Note, to be used as a smoking gun proof of the planet’s presence.
however, that there is a limit to arbitrarily scaling up oesults Secondly, contrary to the parent body distribution, where
to high values o, which is that impactelocities in the disc there is a narrow and pronounced luminosity drop at the pkane
should remain high enough to lead to erosive collisions.rApdocation even for low mass planets (Fig.5), in a collisiodialc
from this global timescalefect, the three main parameters thatith small grains this sharp drop is replaced by a much wider,
control the system’s evolution are the planet-to-star matsy, and often poorly defined and shallow hollow. For most exglore
its eccentricitye, and the disc’s collisional activity, as controledoarameters, the mairffect of the planet is not this shallow hol-
by its average vertical optical depth All these parameters havelow but a steepening of the luminosity profile in the radiglios
been explored in our numerical investigation. interior to the planet’s position, as is best illustratedha case

ofau = 2 x 1072 planet on ae, = 0.2 orbit (Fig.6). Given
the spatial resolution obtained for the best resolved exgde-

1.2. Edge-on viewed disc

4.1. Dectability of an embedded planet in scattered light bris discs, such a8Pic (e.g., Golimovski et al. 2006) or AU Mic
Images (e.g., Metchev et al. 2005), this steepening should patiti
4.1.1. Head-on viewed disc be observable, at least for bright and nearby systems. Hawev

even if it is observed, it is doubtful that such a steeper |grofi
Our simulations have shown that the coupling of collisicexa could be unambiguously associated to the presence of atplane
tivity and radiation pressure carffieiently attenuate or even Indeed, if on Fig.4 the dlierence with the planet-less case is
erase some spatial structures that an embedded planeteréghtclearly visible, for real systems there would of course bsunzh
ate within a debris disc. This is particularly true in thedee "reference” case showing what the system should look likb-wi
ing zone surrounding the planet’s orbit. This region appear out a planet. Without this reference case, a steep slopé esul
a deep and well defined gap in the distribution of the parewell be associated to an intrinsic steeper radial distidoubf
body population, with the exception of the two Trojan populahe parent bodies (planetesimals) that could mimic therpiaie
tions at the Lagrangian points, but takes on a more homogeneeffect of a planet.
aspect once collisional production of small radiationsgree- In this respect, the small hollow that the planet induces in
affected grains is turned on. This global tendency of collisiorthe profile would be a less ambiguous observable signattoe, p
to attenuate spatial structures has also been witnessethi¥y Svided it is pronounced enough to be observed, because idwoul
& Kuchner (2009), but for a dierent set-up, where the planebe harder to mimic in a planetless disc where collisional pro
lies interior to a ring that migrates inwards because of Bogn duction of small grains should naturally even out any skoste
Robertson drag, and for smaller planet masses. For thentresariations in the density (i.e., luminosity) profile. If wertsider
case of an embedded planet, and even with massive, supleat a hollow is "pronounced” when there is an inflection pain
Jovian planets, azimutal structures like the Lagrangiaintpo the luminosity profile, then we see that this criteria is pisbut
are no longer visible and the feeding zone appears as antalnmst for our nominap = 2 x 1073, e, = 0 andrg = 2 x 1073
continuous ring. However, theadial structure of the disc still case (Fig.3). Smaller planets (Saturn-mass and below)dwvoul
bears the scars due to the presence of the planet: the feedimyice much shallower hollows, as would also planets (even
zone surrounding the planet’s orbits is, for most casdblests massive ones) og, > 0.1 orbits. The same is true for denser
densely populated than the rest of the disc and appears @s a g&scs (o = 0.01) where the intense collisional activity elimi-
like structure. As a consequence, on 2-D face-on images, tiaes the inflection in the radial luminosity profile. Corsedy,
presence of the planet, and even its radial location, cailyeashe hollow is logically more pronounced for more tenuousslis
be inferred from this ring-gap-ring structure, and thisrefer (rg = 4 x 107%). However, it remains to see if, even for the lim-
Saturn-like or super-Earth planets. Although, in the ftatise, ited parameter space where the hollow is "pronounced”, itldio
the width of the gap, i.e5 0.05a, (Fig.2c), might be too small be concretely observable in real discs. For one of the best re
to be observationally detectable. In addition, for the fjgecase solved edge-on discs, i.e., the one around AU Mic, such narro
of a Jovian planet on a circular orbit (Fig.2a), the struesusiue dips seems indeed to be observed twice in the NW arm, once
to the 2:1 resonance are still visible enough in order to mso around 25 AU and once at 50 AU (see Fig.4 of Metchev et
fer the azimutal position of the planet. The only cases faictvh al. 2005), with both times a depth that exceeds the plottext er
the planet does not leave a clearly identifiable gap in a loeadbars. However, the presented error bars correspond-tonly.
viewed collisional disc is if the planet has a high mass arwhis For more reliable @ error bars, none of the dips would remain
an eccentric orbit. In this case, the region exterior to faegt's visible. Furthermore, in both cases, these dips have notepun
location is strongly depleted and its contrast relativéntofeed- part in the opposite SE arm, whereas our simulations pregict
ing zone is very low. However, in this case the planet’s infeee a planet-induced dip should be observable on both sidess, Thu
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we rate these structures as noise and conclude that thetaabdithe ring to populate the "forbidden” > ro domain (see Fig.2
inflection point is probably not observable directly witrepent of Thebault et al. 2010).
instruments. The present simulations show that planets are |&sste/e
On the other hand, our simulations show that a cjamp than companion stars for truncating collisionally actiebds
in the profile (not just a knee as in Metchev et al. 2005), withrings. For a densey = 2 x 1073 ring, the slope of the luminosity
well defined, similar slope inside and outside the inflecpomt profile beyond o is relatively close to the -3.5 standard value in
could reveal the presence of the inflection point withoutrtbed the planet-less case, and this regardless of the pertupkingt’s
of detecting it directly (a local flattening of the profile amifid mass. A maximum slope of only —4.2 is reached for & =
for ourto = 0.01 case in Fig.3 is already#icient to produce the 4 x 10-2 perturber (Fig.7).
effect). Such a feature might be observable, because the dflope o Note, however, that these slopes are not reached immedi-
the surface brightness over a broad range of radii is usually ately outside the parent body ring, but only after a smaf-tra
constrained as it is sampled by a large number of data poirgiion region of relative widttr /roy ~ 0.2, where the profile is
Nevertheless, it is important to note that this is only a fatate  steeper. This is in particular true in the planet-less cabere
statement on the example of one observation. The exactigensthe slope of the luminosity profile is —7 in the oy, 1.2r o]
ity depends on a large number of parameters of the obsemvatiegion. As a matter of fact, for small planets£ 2 x 1074), the
(e.g., integration time, PSF subtraction technique) aeddibc profile in this narrow region isess steep than in the no-planet
(e.g., surface brightness, extent) and has to be evalueied fcase, mainly because planetary perturbations inject mrediu
case to case. A full, quantitative discussion is beyond tlopes sized grains£ ~ 0.1 — 0.2) in these regions just beyong
of this work. We note, however, that near-future instruradike  (Fig.8). For more massive planets, the profile in this tridorsi
VLT/SPHERE (Dohlen et al. 2006) are expected to significantiggion gets steeper, but not much steeper than in the planet-
exceed present instruments in terms of sensitivity andrasint less case. This point is of importance for the specific case of
(i.e., the ability to observe fainter discs godat lower angular the HR4796 ring, for which preliminary DyCoSS results were
separation from the star). This will allow to obtain dataiafitar published in a recent paper (Lagrange et al. 2012). The main
or increased quality of a larger sample of debris discs,avipg  conclusion of that paper, i.e., that the steep luminositfilerin
the chances to detect the predicted structures. ~ r~9 outside the main ring could only be fitted with a massive
Regardless of these considerations, it must be pointed outer planet has to be reinvestigated. Indeed, the regia@revh
that, even if an inflection point is observable in the lumitys the SN of the observed profile is high enough does not extend
profile and if it can be linked to the presence of a planet, @sdovery far outside the main ring (see Fig.16 of that paper), i.e
not directly give the radial position of the planet, sincésial- not far outside the narrow transition region where slopagdcco
ways located further out from the star. Thiiset between the be high even for a planet-less case, a case that was not eonsid
planet’s radial location and the position of the inflectiarigp ered in Lagrange et al. (2012). We present in Fig.11 a revised
depends on the planet’'s mass and on the collisional activihe version of that paper’s Fig.16, taking this time into acdatine
disc. It varies between 0.05a, and~ 0.2a, for the parameters no-planet case. As can be seen, in the 75-90 AU region where
explored in our simulations (see Figs.3 and 4). Unfortugatethe observed profile has a reliablNSatio, the no-planet case
the value of the fiset cannot be used to infer the planet’s chagoes in fact give a better fit than the "small” planet cadd {3).
acteristics because the problem is degenerated: thereadex t However, the massive planetNB,,) casé is still the one giving
off between the planet’s mass and the disc’s collisional @gtivithe best fit, so that the main conclusion of Lagrange et alZp0
which can both fiect the amplitude of theftset. still holds. But to unambiguously discriminate between dife
ferent scenarios, reliable observations further outdigentain
ring are clearly necessary.
As a matter of fact, there is to our knowledge no disc for
4.2.1. Can a planet truncate an inner ring? which a steep<£ r=°) luminosity profile has been observed far
outside the expected location of the main parent body Tifgr
The dynamical sculpting of an exterior perturber has been @he two archetypal examples of rings with steep luminoséy d
ten invoked as being a possible explanation for debris diseseases, Fomalhaut and HR4796, these profiles have not been
or debris rings, with sharp outer edges, "sharp” meaning heeliably obtained beyond the expected transition regish gut-
sharper than the "natural” luminosity slopefir® beyond the side the main ring.
main ring’s outer limitro, (Thebault & Wu 2008). From our simulations, the only way to get profiles that are
Thebault et al. (2010) and TBO12 have shown that a stelignificantly steeper than in the planet-less case, boteimar-
companion can to some extent significantly deplete the negimw transition region outside the PB ring and further ouly@n
beyondrq,, even if it isnever able to fully truncate a collision- assuming a much lower collisional activity in the disc. Tlsis
ally active disc. The mostfiective depletion is obtained for aclearly illustrated by they = 2 x 107 run in Fig.7, for which
binary on a circular orbit lying as close as possible to the,ri
i.e., so that the outer edge of the parent body ring corredptin ~ ° Note that, since HR4796A is a massive AOV star of magdv,
the limit beyond which orbits become unstable (in other wprdthe 8 and 81,,, cases correspond o= 0.0035 andu = 0.0013, re-
the binary truncates thgarent body ring atr = rqy). In this Spectively . o o o
case, the flux at a distance.g from the primary is decreased 7 We here define the outer limit of the main ring as the outer limit

by a factor 10 (with respect to the flux in the no-planet case) ¢f the largeparent bodies ring, which roughly corresponds to the point
the presence of o = 0.5 companion star on a circular orbit where the scattered light luminosity peaks. This outer limit is thus dif-

d the s b t 8 in th 15 'ferent from the one usually given in observational studies, i.e., thalra
an slope can be as steep~as™® in the [roy, 1.5rqy] re- distance where the flux falls to half that of the peak. From our study we

. : . 2 ;
gion, before slowly decreasing again towards® at larger dis-  fing that this observational outer limit is actually located beyond the
tances. For more eccentric binaries, the depletifeceis more quter edge of the main collisionally active ring. For most cases, this

limited, mainly because the companion spends much time atlitnit is close to the outer edge of the transition region, with steeper
apoastron far from the ring, thus leaving time for collidn slopes, just outside the main PB ring

4.2. Ring sculpting by an outer planet
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on circular orbits can induce azimutal inhomogeneities pihe-
cess with the planet. These inhomogeneities remain vigible
scattered light even for a high collisional activity withhre ring,
albeit with lower contrast (Fig.10).

As of today, no such intrinsic brightness inhomogeneities
have been unambiguously observed in the 7 ring-like disass th
have been imaged in scattered light (see Section 4.6 of &rist
i al. 2012), apart from those that might depend on scattethiage
0.10F-=======----- i S = angle. Some bright spots have been observed in the HR4796A

1 ring, but due to the limited signal to noise of the data, itas$-
AT g ble that it could be an artifact (Thalmann et al. 2011; Lagean
RN | etal. 2012). Note also that the detection of such precessimg
| mogeneities would not be a smoking-gun proof of the presence
------- no planet R 1 of an outer planet, as anner planet would also produce such
--------- BMa, planet ot 99 AU e, precessing structures. There is, however, a way to disaitai
bt M, plonet at 92 AU . between these two hypothesis, by measuring the precesgn r
r of the structures: if it is faster than the orbital periodre ting’s
[ ! distance, then it is due to an inner planet, if it is slowentfiés
100 due to an outer perturber. Depending on the quality of the pre
radial distance (AU) cession measure, the orbital period and thus the semi-raxgi®r
of the planet can in principle be estimated.
Fig. 11.Head-on viewed surface brightness profiles for the specific case For planets on eccentric orbits, no precessing azimutat-str
of the HR4796A disc. The parent body ring is located between 67 afigfes are visible in our results, but the main ring becomes it
75 AU. For each case, the planetis placed as close as possible to thega-eccentric, withg iy close to the secular forced eccentricity.
ent body ring (i.e., so that the outer limit of the stability region coincidage ohserve the well known pericentre glofeet, i.e., a bright-
with the ring’s outer edge). The solid line indicates the deprojected ess asymmetry between the periastron and apoastron sides o

served profile, derived from Schneider et al. (2009). The hot&dine t . 0 imulati how that thifeot : b
delineates approximately the part (above this line) of the profile with € ring. Yur simufations show that this&ct remains observ-

dynamical range of 10. As in Lagrange et al. (2012), we show,dohe @ble, in scattered light, even in collisionally active gyss. The
case, the radial cut at the "best” position angle, i.e., the one providifgfmation of an eccentric ring in response to an outer planet
the best match to the observed profile. Note that the goal of these rid@$turbations is an interesting outcome, as several sumnec
is to fit theouter profile, not the inner one, which should probably bdric rings have been observed, in particular around Fonualha
shaped by other mechanisms (see discussion in Lagrange et al, 2048 HD202628 (Krist et al. 2012). We stress, however, that th
so that not too much physical significance should be given to the profieesence of an outer planabne cannot explain all the charac-
interior to the ring’s inner edge. teristics of these rings. This is particularly true for thaér edge
of these rings, which is always very sharp and has to be sallpt
by "something”, most probably amner planet (e.g. Chiang et
the slope in the transition region is —10 and tends towards al. 2009). If this inner planet is on an eccentric orbit, thiee
~ =5 further out. Such a low 2 x 10~ optical depth is, how- ring naturally assumes an eccentric shape without the rfesd o
ever, much lower than the one derived for HR4796 x 102 additional external planet. The question is then if thegecdher
(Augereau et al. 1999; Wyatt et al. 1999). Nevertheless> ring characteristics that cannot be explained without king
2 x 104 values are comparable to those derived for other reuch a planet. Of course, an outer perturber could easilaiexp
solved debris rings, in particular Fomalhaut (Boley et 8ll2) the sharp outer edge of tparent body ring. Such a sharp edge is
and HD202628 (Krist et al. 2012). The-5 value we find could indeed a prerequisite to obtain a scattered light briglstpesfile
be, given the uncertainties on the data, compatible witlrtéa- decreasing as®, or even steeper, beyond it. For Fomalhaut, re-
sured slopes in the outer regions of these 2 systems;i-64,6  cent 85Qum ALMA images (Boley et al. 2012) provide unprece-
to ~ —6.5 for Fomalhaut (Kalas et al. 2005) and —4.7 for dented information about the spatial distribution of thrgéepar-
HD202628. However, the radial extent of the reliable data fent bodies and show that they indeed form a very confined ring.
Fomalhaut does not exceed 1.15rq, and is thus confined to Boley et al. (2012) argue that such a confinement can be pro-
the "transition” region mentioned before, so that no cosidns duced by two Earth-to-super-Earth shepperding planets€lis
can be drawn for this system. For HD202628, on the contraryhiowever a potential problem with this hypothesis when abnsi
reaches far outside this transition region, i-e.1.5ro., S0 that ering the brightness profile in scattered light. Indeed, sion-
this system could in principle be explained by the preserice @ations show that, even for the lows ~ 10~* optical depth
an outer jovian planet. However, given that the radial lussity  estimated for Fomalhaut, an Earth-mass planet cannot qireve
of this systems peaks at 190 AU, the planet would have to bethe brightness profile from being —3.5 beyond the main ring.
located at~ 280 AU (as implied by rescaling Fig.7), which isThis seems to be in contradiction with the steep slopes,dsrw
much further out than any exoplanet detected to date. -4.6 and -6.5, that have been observed in scattered liglgema
However, let us again stress that these profiles have not been
reliably obtained beyond 160 AU, less than 20 AU beyond the
main ring’s outer limit at- 140 AU, which is still inside the tran-
Another important issue is the spatial structure of the npain ~ Sition ~ [rou, 1.2rou] region where steep slopes can be obtained
ent body ring itself. Our simulations show that massive glan regarless of the presence of a planet (Fig.7). Additioretteced
light observations, probing the Fomalhaut disc furtherfoar
8 The value given in Kalas et al. (2005) is -4.6, however, from tHé1e¢ main ring, are needed in order to confirm or invalidate the
data given in Fig.3 of that paper we find a best fit value 6f6.5 outer-planet hypothesis.

Observed profile

surface brightness (normalized)

0.01

4.2.2. Ring morphology
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An alternative explanation for a sharp outer edge of the par- The only other debris disc model that incorporates a degree
ent body ring could be that this is the natural outer limitdray of collisional processes into an N-body scheme is the CGA of
which planetesimals could not form during the proto-plangt Stark & Kuchner (2009). It is, however,flicult to compare re-
disc phase. Our simulations show that it would b@dlilt to dis- sults obtained with both codes since they have not beenrtsig
crimate between such a system, with an inner eccentric plateaddress the same perturiisc configurations and have so far
close to the "natural” outer limit of a debris disc, and a eyst been used for dierent set-ups. CGA has been used to investigate
with the same inner planet and an outer planet on an eccenthie case of a perturbing planet interior to an outer ring,rehe
orbit truncating the disc. We note that an even more radlteta an important &ect is the slow drift due to PR-drag from ring
native scenario, dispensing even with the inner planetbbas particles into the planetary region. This drift results ffickent
recently proposed to explain the formation of sharp andreccdrapping into outer mean motion resonances and thus adimuta
tric debris rings in a planetless environment (Lyra & Kuchnestructures much more pronounced than for non-driftingipart
2012). This issue is thus still an open one. cleg. On the contrary, PR drag has a negligibléeet for the

two set-ups that have been considered in the present stady, i
embedded planet and inner-ripgter-planet. In the former, col-
4.3. Comparison with previous works and perspectives lisional timescales within the disc are always much shahan

. . . tPR drag ones. In the latter, PR drag is observable, but its efai
As mentioned in Sec.1, the present study is by no means the i3 is 1 progressively move small grains into the regidarior

numerical investigation of the signature left by a planet ite- 1 e ring’s inner edge (see for instance Fig.11), i.e fréan the
bris disc. It is, however, one of the first to take into accahet region of interest between the planet and the ringier edge.
crucial role played by collisions within the disc, whereassih nqte however, that our results for the embedded-planetreas
past studies were based on collisionless dynamical sironkat garding the insignificance of inward drift of big grains tods

of size-less particles (e.g., Kuchner & Holman 2003; Retla& e {he planet is consistent with that of Kuchner & Stark (2010),
2008), or, in more advanced versions, a combination of sakh ¢y did not observe any drift of large particles from an outer
lisionless simulations for single-sized particles thatenlater re- ot towards their inner planet. In both cases, finite dofial
combined assuming a fiducial "collisional equilibrium” sidis-  |itetimes do prevent this drift from happening. The appacis-
tribution for all disc particles (Quillen & Thorndike 200®{yatt crepancy with Kuchner & Stark (2010)’s synthetic images (se
2006; Ertel et al. 2012). their Fig.9), i.e., the presence of hig grains trapped imtsé-

As such, it is not surprising that our results sometimes sighoe structures and MMRs, simply follows fronffdient initial
nificantly depart from those obtained in pure N-body studdss set-ups: a disembedded planet in the present runs, as opposed
an example, we compare our results to those obtained by tbea planet lying in an empty region well interior to an exberi
most recent of such studies, that of Ertel et al. (2012), whidelt. In addition to this dference in the planet-to-disc configu-
produced synthetic images of planet-bearing discs fronbleis rations, DyCoSS and CGA have also considerdioént planet
to far-IR and millimetre wavelengths. As mentioned earl&r masses. Stark & Kuchner (2009) and Kuchner & Stark (2010)
such long wavelengths the flux is no longer dominated by th@ve explored perturber masses in the Earth-to-Neptuns mas
smallest grains and our modelling is not valid. Thus, we onkange, while TBO12 and the present study mostly focused on
compare our results with their ones upAo= 10um. One im- stellar perturbers and massive, Saturn to super-Joviaetsa
portant conclusion of Ertel et al. (2012) was that Joviameta Finally, we want to underline that DyCoSS (as CGAh
always induced prominent structures in discs in scattégd,| a fully integrated dynamiescollisions model. Although some
and that such structures might in most cases be observathlie Wihportant issues can be investigated with it, in partictise
near-future facilities, at least in face-on oriented didthen related to timescales and production rates, the treatnieat-o
we compare our disc structures (Fig.2) with the ones shownlisions relies on simplifying assumptions and is not fuligar-
Ertel et al. (2012) for the face-on case, we find that the rasbn porated into the scheme of the code. Furthermore, only sigste
structures found there to appear due to transport mechanistat have reached dynamical and collisional steady statdea
(Poynting-Robertson drag and stellar wind drag) disappan studied. It is not suited to investigate transient or vibkevents
considering collisions. In contrast, we observe a horsestrac- that might take place in many debris discs. As emphasizeukin t
ture and a clear gap in the disc, which were observed by Ertatroduction, fully-integrated codes are still out of reaoday
et al. (2012), but only at longer wavelengths and not in scdgut improvement in computational capacities should hdpefu
tered light. This is because the absence of collisionaiiifes in make them available in a close future.

Ertel et al. (2012) allowed Poynting-Robertson drift to plape
the gap around the planet’s location even with large graies
do not observe this inward drift in the present simulati@ven
for the lowest collisional activity considered, because ¢blli- Using the DyCoSS code, we numerically investigate thece of
sion destruction rate of large grains is always higher tipitél  collisions on the formation and survival of planet-indusgmic-
timescale for PR drag. As a matter of fact, the distributién @ures in debris discs. We confirm the qualitative result tbby
the biggest grains considered in our runs, of size 40s., IS some previous studies using less sophisticated modelsthiae
undistinguishable from that of the parent body simulatidns collisions have a global tendency to even out sharp dyndmica
the present runs, the grains that are present in the resanéntstructures. We are here, however, for the first {ihable to take
horse-shoe structures wemnet captured when drifting inward

from an outer region, but were present in these regions frem t ® Kuchner & Stark (2010) results regarding the respective balance
beginning between PR drag and collisions are more complex than this simplified

. . statement, and depends on the value of the system’s avemgeom-
Ertel et al. (2012) also obtained spatial structures foreedgpared to a critical "crossover” optical depth

on seen discs, albeit less pronounced than for head-omsyste 10 \jth the notable exception of the collisional grooming algorithm

Our simulations have shown that such structures can prgbabl Stark & Kuchner (2009), which is, however, intended for iedient

not remain in a collisionally active system. set-up and has been used for fiatient range of planet masses

" 5. Conclusions




Thebault et al.: Planet signatures in debris discs 15

this general result a step further by quantifying thfieet and its  Augereau, J. C.; Nelson, R. P.; Lagrange, A. M.; PapaloidoG, B.; Mouillet,
consequences on observability. D. 2001, A&A, 370, 447
For a planet embedded in an extended disc, we find that {f@ereay. J-C., Papaloizou, J.C.B., 2004, AEA, 414, 1153
. . . . . ereau, J.-C., Beust, H., 2006, A&A, 455, 987
planet's signature in the disc could probably remain vesithl geauge, C., Aarseth, S.J., 1990, MNRAS, 245, 30
the system is seen head-on, provided that the planet is eitfee Boley, A. C.; Payne, M. J.; Corder, S.; Dent, W. R. F.; FordBE Shabram, M.,
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cation. If the planet is eccentric, then its signature isetoder Stark, C. C., Kuchner, M.J., 2009, ApJ, 707, 543
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glow effect (periastron side brighter than the apoastron sid I’<eLicHi,f.fﬂzrtymgv(\)/i-sztj,t;r%01, A’pJ'p5’57' 990
which is still clearly visible even in highly collisionallgctive  Thaimann, C., and 52 coauthors, 2011, ApJ, 743, 6
systems. However, such features, if detected in real disas, Thebault, P., 2009, A&A, 505, 1269
not be unambiguously attributed to a putative outer plaast, mggzmz gigli’reAzijA’J 5?(37’2807 AGA. 472, 160
other causes, such as an inner planet close to the "naturedf o Thebault, P., Magrzari, F., Augereau, J.-C., 2010, A&A, 523, 1
limit of the planetesimal disc, could induce similar Signas.  hepault P. Wu, Y., 2008, AGA. 481, 713

For both considered set-ups, lowering the collisional@gti Wilner, David J.; Andrews, Sean M.; Hughes, A. Meredith, 204pJ, ApJ, 727,
in the disc to values ofy of a few 10 results in more pro- 42
nounced spatial structures. In other words, for a given qjlarW'Sdom'J:' 1980, AJ, 85, 1122

. . . olf, S., Hillenbrand, L.A., 2005, CoPhC, 171, 208

mass and orbit, there is a tradf-between the brightness of theyyy i m. c.. 2005, AgA, 440, 937
disc and the sharpness of planet-induced structures: ijietér wyatt, M. C.; 2006, ApJ, 639, 1153
the disc, the higher the collisional activity and thus thedothe Wyatt, M. C.; Dermott, S. F.; Telesco, C. M.; Fisher, R. S.; g0, K.; Holmes,
sharpness of the spatial features. E. K. Pia, R. K., 1999, ApJ, 527, 918

DyCoSS, together with the CGA of Stark & Kuchner (2009),
is a first step towards the next generation of debris discs-mod
els, where collisions and dynamics will be self-considyeint-

tegrated into the model’s structure.
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