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ABSTRACT

Context. Debris discs are traditionally studied using two distinct types of numericalelsostatistical particle-in-a-box codes to
study their collisional and size distribution evolution, and dynamical N-bodgels to study their spatial structure. The absence
of collisions from N-body codes is in particular a major shortcoming, dissimmal processes are expected to significantly alter the
results obtained from pure N-body runs.

Aims. We present a new numerical model, to study the spatial structure oflpedtdebris discs at dynamiaaid collisional steady-
state. We focus on the competingiexts between gravitational perturbations by a massive body (plarnetpresllisional production

of small grains, and radiation pressure placing these grains in posgidyrdcally unstable regions.

Methods. We consider a disc of parent bodies at dynamical steady-state, flooih\wmall radiation-pressurdfacted grains are
released in a series of runs, each corresponding texelit orbital position of the perturber, where particles are assignalissaanal
destruction probability. These collisional runs produce successisiigro maps that are then recombined, following a complex
procedure, to produce surface density profiles for each orbitéigrosf the perturbing body.

Results. We apply our code to the case of a circumprimary disc in a binary. We fioiopinced structures inside and outside the
dynamical stability regions. For loes, the disc’s structure is time varying, with spiral arms in the dynamicallytiftaen” region
precessing with the companion star. For higghthe disc is strongly asymmetric but time invariant, with a pronounced deahsity

in the binary’s periastron direction.
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radiation pressure, Poynting-Robertson (PR) drag, stefilad

L L . drag. The precision of thBl-body method allows one to study
Debris discs have been detected around a significant freli®  fine effects such as orbital resonances or transient spatial inho-

tween~ 5 and~ 30%) of main sequence stars of all spectrgnogeneities. However, this comes at a price, which is that co
types (e.g. Su et al. 2006; Trilling et al. 2008). They cansis |igions are neglected. This leads to several shortcomimigish
collisionally interacting solid bodies spanning a wideesiange, ~5n pe more or less worrying depending on the issues that are

from ~1-100 kilometre_—sized parent bodies, probab!y Ieftoveb%ing addressed. These shortcomings can be the following:
from the planet formation process, down to micron-sizedideb

As they make up most of the geometrical cross section, only 1) No size distribution evolution. Since collisions control the
the smallestg 1 cm, particles of this collisional cascade are de- particle size distribution and its evolution (by mergeg-er
tectable, in thermal emission or scattered light (see veu sion or shattering), collisionless N-body codes cannotiiean
Wyatt 2008). this important issue. In particular, they cannot assesst w
For most discs that have been resolved, pronounced struc-extent the specific dynamics of a given system déecathe
tures have been observed, such as two-sided asymmetiies, sp physical evolution of its population, since the numberesiz

1. Introduction

rals, warps, clumps or rings (e.g Kalas et al. 2005; Golirkbvs
et al. 2006; Schneider et al. 2009). Such features indicate c

plex dynamical environments, and numerous studies have bee
aimed at explaining their origin (e.g. Krivov 2010). Most of —

these studies are based Wrbody numerical codes that follow
the dynamical evolution of the system, exploring, depegdin
each system'’s specificities fifirent scenarios: perturbing influ-
ence of (often undetected) planets or stellar companidns, v
lent transient events, or interaction with gas remnantsubrh a

distribution and velocity spread of collisional fragmedts
rectly depend on impact velocities, and thus how size distri
butions can vary as a function of spatial location.

2) No feedback of collisions on the dynamics. Impacts, be

it accreting, bouncing or fragmenting ones, necessarir al
the orbits of colliding objects, because angular momentum i
redistributed and kinetic energy is lost to heat. TheBeces
can significantly change the results of pure N-body simula-
tions by damping high eccentricities induced by a planetary

collisionlessN-body approach, the disc is sampled by a popu- or stellar perturbations, or by ejecting collisional fragmts
lation of Nnym test particles whose trajectories can be precisely far from their progenitors.

tracked. The forces that control their evolution being:dbetral — 3) Particle lifetimes / Spatial structures. Dynamical pro-
star’s gravity, the gravitational pull of planets and otlstars, cesses have characteristic timescales, which can bevedyati
long, as for instance for mean motion resonances or secular
effects. Depending on the disc’s density, collision timescale
could be shorter than the dynamical ones, thus interfering
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2 Thebault: structures in debris discs

with, or even preventing the development of the corresponisig number 3 regarding the competingfects of dynamical and
ing spatial structures. This problem gets even more comnllisional lifetimes on the development of spatial strues. Its
plex because collisional timescales are in most cases sipgnciple is to release a population of collisionless testiples
dependent. For the smallest grains, of specific interest lad record, at regularly spaced time intervals, their osito
cause they usually dominate the disc luminosity&B&ult construct a stream of positions and velocities for eachgbart
& Augereau 2007), the dynamical timescales also becorAd streams are then recombined to create a surface denaity m
size-dependent because of th#eet of radiation pressure. on which the same particles are released once again andedmov
These competing timescaléfects, in addition to fiecting following collision probabilities derived from the densitnap.
the development of spatial structures, can have directecong new map of streams is then created and the process is derate
quences on the size distribution, which can, at some latstiauntil it converges. This pioneering model has given impvess
in the disc, strongly depart from any classical equilibriumesults for the specific case of the Kuiper Belt (Kuchner &iSta
power-law. 2010). Inits current version, this code is designed for geeHic
case of one perturber on a circular orbit. Although the cdse o

Incorporating collisions into an N-body scheme is extrgme uI_ti-perturbers and of an eccentric perturber could inqple
difficult in the context of debris discs, where typical impact vé2® ImPlemented, these issues have not been addressed yet anc

locities are high and lead to destructive collisions pradgi@ he code might not be able to handle fast evolving spatiatstr

vast amount of small fragments. Following all these frag'tsnerp“'retS (bStar:?],_prlv%te com_mun':ﬁail?r?). t!n thg ct\allvse oftanrﬁclce
would lead to an exponential increase in the number of pastic PEMUrber, this code requires that tné ime between WWOmAS

that would soon become unmanageable. tive records must equal a mgIUpIQ of the orbital tmescwlmph
e . S . .. must be less than the collision timescale. As a result, thiec
The collisional evolution of debris discs is usually invest

. . may be poor at modelling highly collisional discs with digta
ated separately with aftirent type of model, based on sta- : ; o
'?istical par;ticle-ir)\/-a-box codes w%%re the solid bodydagion perturbers_ on eccentric orbits, such as the case of a circump
is distributed into logarithmically-spaced size bins, w@aum- ma%gebrreligrﬁchlgrg gnr?er\)//\} code. also aimed at studvina how
ber density is followed using detailed prescriptions fdfision P y ying

outcomes (ragmentation ratering, accretior). Thepspay <0511 EUITES et s developrentof pertuned st
here is a poor spatial resolution and a very limited modglth ! g

the dynamics: collision rates are estimated using spatiar- case of a collisional disc perturbed by one massive bodyepla

. . ' or stellar companion, having any possible orbit, circulaec-
aged estimates of orbital parameters that are fixed or folky - ' . ' L
simplified evolution laws (e.g. Krivov et al. 2006; @bault & centric, internal to, embedded in, or external to the didds T

Augereau 2007). A pure statistical approach thus cannet gﬁ/?gﬁsca?aggg%lﬁ ﬁ:zﬁzgﬁgg‘ggﬁ:ﬁe%ﬁﬁg [t))artrlac(ljjilgtri;ﬁr S[:':”
any precise information on the creation and evolution ofiapa 9 b g y y SRLEe.

. - . : The only required assumption is that a dynamical and cotiisi
structures. For this, an N-body scheme is unavoidable. steady state has been reached in the system. We illustiate th

new model with the specific case of a circumprimary debris dis
1.1. N-body and collisions: Previous studies perturbed by an external stellar companion.

Given the sheer fliculty of the task, there have only been a few

attempts at incorporating fragmenting collisions into ddp 2. Model

codes. The conceptually most natural, but in practice midt d .

cult way to do this is by a "brute force” method that followsth e assume that the studied system has reached a steady state
fragments produced after each impact. The pioneering sifidyPoth dynamically and collisionally. We consider the foliogy
that method is that of Beauge & Aarseth (1990), whose code féprces: gravity and radiation pressure from the centra) gtav-
lowed 4 fragments after each shattering collision, but laeloet itational pull from a perturbing planet afui stellar companion.
restricted to only 200 initial bodies, and was limited tatalely  Collisions are assumed to produce bodies following a sige di
short timescales before reaching a critical number of glagi tribution indN « sids. We divide particles into two categories:
More recently, Leinhardt & Richardson (2005) considereel tiparent bodies (PB), i.e., bodies that are large enough rioe to
breakup of rubble piles of gravitationally bound hard spier afected by radiation pressure, and small fragments steadity p

but did not get below the size of the initially defined "hargduced by collisions from these parent bodies and placed on ec
sphere units. centric or unbound orbits by radiation pressure. The magait

Another solution is to use a mix of the N-body and the stati§! the radiation pressure force is quantified, as usual, byés

; : tep, corresponding to the size-dependent ratio of this force
tical approaches. To our knowledge, the only publishedrgite rame ) : . .
in this direction is that of Grigorieva et al. (2007), usingap- (© that of star's gravity. The dynamical evolution of the guatr

ulation of "super particles” (SP), whose orbits are deteisai PCdi€S and the smaller grains is computed using an adagiepe-

tically followed, each representing a cloud of monosizérgra 4" order Runge-Kutte_l Integrator. .

When SPs’ paths cross, collisions are considered betwegn the FOr the sake of simplicity, we consider a reference case of
respective grain populations in a statistical way, and né SParticles orbiting a central star and one external pertushean

are created to account for the fragments. However, this mo§centric orbit. Our numerical procedure is divided intceén
was restricted to very short timescales of a few orbitalquisi St€PS that can be schematically described as follows.

This combined N-bod'gtatistical approach is thus far from be-— 5 o
ing able to address long term phenomenon, but it is probakly t Although not implemented yet, some degree of fragmentation is

g - - L - in principle possible to incorporate in this algoritm (Stark & Kuchner
most promising one in terms of its potentialities in solvaig3 2009), but probably not enough to fully address points number 1& 2,

main problems listed in the previous section. especially the way impact velocities locallffect size distributions and
As of today, the best available model is probably that oflStavelocity spreads by controlling the production of clouds of small frag-
& Kuchner (2009), whose main ambition is to address shortcoments
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Fig. 1. Schematic presentation of the numerical modg), = 10 "collisional” runs are performed, each taking as a starting point érikeo
Nsy parent body (PB) disc configurations, correspondingsfpdifferent positions of the companion star on its orbit separated by a cotistant
interval Atg, = ton/Nsy, Obtained at the end (i.e., steady state) of the parent bodifun = 2x 10° particles are released from the PB’s positions,
following a size distributioN « s'dsdown to the radiation pressure blow out sg&g. Particles positions are recorded at time intervals separated
by Atg,y. Each simulation is run until all particles have been removed, either bgrdipal encounter with the companion star or by collisions.
The collected data is then used to reconstruct the dust distribution at éhalamnd collisional steady state by means of the following procedure
(indicated by the red arrows on the graph): the dust distribution at a ¢jivet,, corresponding to a given positignof the companion star, is the
combination of the dust releasedtafor thei, run, plus the dust particles releasedpat Ats,y for thei, — 1 run that have not been removedgat
plus the dust released gt- 2Atg, for thei, — 2 run that has not been removedatetc. The procedure is iterated until we reach jtheg record
(particles released & — jrinaAtsay), fOr which no particle has survived unty. Given that the binary orbit is divided into,, = 10 positions, all

i, —10x j runs correspond to thg one. (The dfferent disc profiles displayed in the figure are not simulation results bytlmstrative sketches).
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2.1. Parent Body Runs that all snapshots’(iy, j), o7 (ig, j + Nsav), (i, | + 2Nsav), €1C.,
correspond to successive passages of the perturber atrtlee sa

only the central and perturbing gravitational forces. Trais is L?Kr)k;:;e)ll phase (each perturber orbit being divided inig posi-

stopped once a dynamical steady state has been reachgd, 1.e.
when no changes are observed between two consecutive pas-
sages of the perturber at the same phase. At this steadythgate2.3. Recombining
position of the parent body disc is then recorded for a serfies

Nsy different positions of the perturber on its orbit, separated iR

a fixed time intervalts,, = tporp/Nsay (Wheretporp is the orbital
period of the perturber?.

2.2. Collisional runs

A series of "collisional” runs are then performed, each rigki
as an initial condition the positions of the parent bodigsofte

of the ng,y phases of the perturber, as indexed by the numq
< Ngy, from the sample of recorded PB con

i, With 1 < iy
figurations. For each collisional run, at= 0, Ny particles
are released following a size distribution diN o« svds, with

g = —3.5 (Dohnanyi 1969). The positions of these particles al

then recorded, at regularly space time intervslg, correspond-

ing to the same sample of orbital phases of the perturberths in

PB run. At each integration timestep, each of the released
ticles is assigned a collisional destruction probabifity, de-

pending on its size, velocity and the local geometrical optical

depthr, 4 of the system:
s
choII = (_

o

wheredt is the time increment of the codg;;, the orbital period
of aB = 0 body at this location of the diss; is a reference size
6V andéV, are the departures from the local Keplerian veloc
Vkep Of the considered particle and for a parent body \8ith O

¢ oV 47TT(r’g)
oVo

dt, 1)

torb

respectively (see T@bault et al. 2010, for more details on th

procedure). The optical depth valuggg are derived from the

Nsy parent body runs, under the assumption that collisionsroc

mainly in the parent body region. This assumption is in agr
ment with previous debris disc modelling results (e.g. Bviv

the final stage, we use all data collected in step 2 to recon-
struct the dust distributionat steady state, for each possible
orbital phase of the perturber. The principle is that, at\emi
timet;, corresponding to the perturber’s positignthe total dust
population regroups grains that have just been producedhgo
present position, of the perturber), as well as survivor grains
that have been produced earlier (when the perturber wasifata d
ferent orbital position), and that have not been collisiynde-
stroyed or dynamically ejected yet. The procedure is tHevel

ﬁb: we start with the most recent dust particles, produtég,a
whose spatial distribution is given by the saved reesf(d,, 0).
We then add the previous generation, produceg-afts, when
the perturber was at angular position indgx 1, whose spatial
tfistribution at timet;, (i.e., at timeAts, after their release) is
given by the saved record' (i, — 1,1). This procedure is then
iterated, working our way back in time and piling up all the-su

ving grains from the successive recordsi, — |, j), to produce
the total geometrical optical depth at tirge

j:jmax

o(ig) =

o’(ip =} 1) ()

=0
The indexjmax corresponds to the most ancient record, for

which all initially released particles have been eliminbidter

' the time jmax X Atsy Separating their release from the present
'Hme. Note that all the snapshets(iy — Jj, j), o' (ip — | = Nsavs ] +
Neav), 07 (ip — | — 2Nsay, | + 2Nsay), €tC., are taken from the same

%ource collisional run, with the perturber position at aske be-
ing (i,— j), but separated by an integer number of orbital periods.

GH other words, the’ (i, — j—K.Nsa, j+K.Nsy) record corresponds

€ practice to ther' (i, — j, j + k.Nsy) ONE.

An illustrated summary of the main steps of our numerical

et al. 2006; Tibault & Augereau 2007) and has been adopt%qi0

in all studies investigating the outer regions of debrigslige.g

Strubbe & Chiang 2006; Tébault & Wu 2008). In practice, we

record the (steady-state) final positions of all parent baths 2.4. Tests

and transform them inta () maps of the vertical optical depth . . .
(6) map b b there is no analytical solution to the full problem of a-col

These maps only give relative values and have to be norrdali?giona”y active disc perturbed by a massive body, we follo
by (r), the average normal optical depth assumed for the PB dlan' approach similar to that of Stark & Kuchner (2069) and first

The collisional activity can be thus tuned in by setting thidal heck th ¢ laoritm’ \ution f o
value for(r). Note that this procedure requires tiais smaller check 1 he correciness o Eur z?]_gontm SSSO utt)lt())n&ocr:ﬁ_smqni 006
than the collision time for the grain to properly resolve tiod- CazeTVt\gtb ncl) Eovnc/pagg)&é r?” |shcase, htruf e ”."p’.‘ng 0|2d
lisional destruction probability, a criteria that is alveamet for En_ . aﬁt u( ) )d_avz_s c_)gvn_t art], ora(r:]o ISlonal de-
the study of perturbed debris discs, whetés a fraction of the fis ring whose parent bodies distribution has a sharp eulge
orbital period andey is always> tor rout, the radial profile of the surface density beyad should
> torb. . ©q

The collisional runs are stopped when all particles have befend towards an aymptotic slopein™> (because of the small
eliminated, either by collisions or by dynamical ejectidren 9'@iNS produced within the ring and pushed there on eccentri
an encounter with the perturber. At the end of this step, o ea®'Pits). Note that we do not try to reproduce the numericat si
initial phasei, of the perturber is assigned a series of surfaévéﬁit'c?]njiggggfebsiesﬁ‘gﬁwaﬁ,ré%érz]toggﬁggérg&‘i'ﬁg‘r\é\éuugggi)élu_
density maps-(iy, 0), o”(ig, 1), .. o”(iy, ), recorded at the same e o analytical derivations showing that aisahal

regularly spaced time intervalsts,, following the fate of all o . "
particles released when the pertuw;lber was ai,tpesition. Note '1Nd always tends towards a profile in -1.5 outside the dofial
active region. We thus run a test simulation with no companio

2 In the case, not studied here, of an interior perturber, this meth8@d @ parent body ring having a sharp outer edgg.at 1 (ar-
might not sample the whole orbit of a parent body. But this is not Ritrary unit). As is clearly seen in Fig.2a, we do obtain afitgo
problem as long as the number of bodies is large enough to populatdfa@t tends towards the standard slope in -1.5 beyord 1.5.
of given body’s orbit longitudes. Note that this test is not a validation of the whole colligbn

cedure can be found in Fig.1.
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Fig. 2. Test runs:Left Panel: Azimutally averaged radial profile of the normalized surface densityaffiducial case with no companion. The
expected theoretical asymptotic behaviourik® is plotted as a reference. The initial extension of the parent body ring t® se= 1 Right
Panel: Azimutally averaged radial profile of the normalized surface densityfcompanion of eccentricitgy, = 0.5 as compared to the results
of Thébault et al. (2010) with a fierent code. For this with-companion run, disntances have been limechto the theoretical limit for orbital
stability ri; (see Sec.3.1).

procedure, as the -1.5 slope is a result that does only weakiple 1. Set up for the disc-in-a-binary runs
depend on the collisional rate within the PB ring. However, i

validates the recombination procedure, which is rathemtery  PARENT BODY RUN

piling up maps after maps coming fromffdirent runs and at  Number of test particles Npg = 2x 10°
different times, none of these individual maps having a radialnitia! radial extent 06<r<11

profile tending towards -1.5 Initial eccentricity 001< e <0.05

For the case with a massive exterior companion, we erforrT(1:O|‘L|SIONA.L RUNS
p ' P Average optical depth  (r) = 2x 1073

an ad’ditional test by comparing our results to the ones &I\ umber of test particles N = 2 x 10°

by Thebault et al. (2010) who, using a completelffelient algo-  gjze range B(Smax) = 0.012< B(S) < B(Snin) = 2.5
rtim with only 1-D resolution, estimated the azimutally eaged Size distribution at =0 dN(s) « s35ds

radial profile of the surface density. We take as a refereinee t
case with aM, = 0.25M; companion on &g = 0.5 eccentric 2 normalized ta it

orbit and a parent body ring of optical depth= 2 x 1072 ex- b to derive fpcan (EQu.1)

tending out to the orbital stability limitei; (See Sec.3.1). We ¢ as parameterized tg/oc 1/s

then azimutically average the spatial distribution angbldig it

in Fig.2. As can be seen in Fig.2b the obtained averagedIradia

profile is a very good match to the one obtained bghawilt et al.

(2010) with their dfferent method (see Fig.2 of that paper), i.e.

a steeper profile than in the previous no-perturber casaibeca

of the steady removal of highparticles by the companion. This _ . .

second test is a robust validation of the collisional anchaiyical  (runcation that can be detectable when looking at infraered
prescriptions, as the shape of the radial profile directlyerels CESSES O at the radial profile of the resolved disc. The numer
on the balance between the collisional activity in the PB disd €2 Study of Tlebault et al. (2010) showed that the coupling of

the dynamical ejection of particles perturbed by the corigran COllisional activity and radiation pressure plays a crlioue,
steadily placing small dust grains in regions that are ingple

dynamically unstable. Since these grains dominate the flaht a
3. A case study: debris disc in a binary wavelengths up to mid-IR, debris discs can thus appear émext
far beyond the theoretical radial distangg; for orbital stabil-
To illustrate the potential of our code, we consider a casdyst ity around the primary. However, Ebault et al. (2010) used a
of a circumprimary debris disc in a binary system, of particollisional code with only 1-D spatial resolution (all azital in-
ular interest in light of the recent surge of research raggrd formation being lost in phase averaging), and were thuslanab
planet formation in binaries (for a recent review, se@fdult to study how binarity fiects theshape of circumstellar discs.
2011). This case has been investigated in several recekswofT his issue is crucial, as the presence of a companion star has
both observational (Trilling et al. 2007; Plavchan et al020 been invoked as a possible explanation for several systasas’
Duchene 2010) and theoretical (€bault et al. 2010). The main pect, such as HR4796 (Augereau et al. 1999; Schneider et al.
issue investigated in these studies was the extent of cpdum 2009) or HD141569 (Augereau & Papaloizou 2004; Quillen et
mary discs, in particular if the companion star can induce a. 2005; Ardila et al. 2005).
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3.1. Setup gions increases witBg because, for highly eccentric binaries,
the perturbing companion is far from the main ring betweem tw

We consider a binary of separatiag, eccentricityes and mass gassages at periastron, so that small grains placed byticandia

ratio u. We make the not-so-unreasonable assumption that
disc of largeparent bodies has been shaped and truncated
the companion star. To ensure this, we allow the initial digsc
extend slightly beyond the empirical (1-D) outer linnj;; for
orbital stability derived by Holman & Wiegert (1999), and le
the code naturally remove all unstable particles.

ssure in the > rqj; region have a longer dynamical survival
mescale before being removed.
Regarding the spatial structure we find that, for leywal-
ues, precessing spiral features directed towards the atorga
position develop from the main rinyy These precessing spirals

. . . are the most pronounced for tbg = 0 case, being clearly vis-
To allow easy comparison betweerffdrent cases, all dis- e for the whole binary orbit with no significant shape evo-

tances are normalized so thigi; = 1. In order to avoid the huge | ,ion as is logically expected for this circular orbit eagses

computational cost of calculating orbits very close to the pjncreases, these spiral structures become fainter. Feg tad.2
mary, af?d since the_se regions are in any case the lﬁaﬁeﬂ case, they are only visible during half of the binary orbio(h
b_y binarity, we con_S|der a ring-like configuration for thétiil periastron to apoastron), while they only briefly appeasias-
disc: Q6 <r < 1.1 (in units Ofrerit). _ tron passages in theg = 0.5 run. For theeg = 0.75 case no spi-
For the binary, we consider a fixed mass ratie 0.25, cor- 5 js Jonger visible. This disappearance of the precessiimals
responding to estimates of the mean mass ratio in binaries g high eg reflects the more general trend of the disc tending
rived from extensive surveys (Kroupa et al. 1990; Duquenn@yyards a time-invariant structure. In particular, no #igant
and Mayor 1991), and explore 4ff#irent orbital configurations: shape change is observed affefient orbital phases of the bi-
eg = 0,6g = 0.2,€g = 0.5 andeg = 0.75 (the values obg are a1y The disc assumes a fixed and strongly asymmetric shape,
then automatically obtained from the requirement that= 1).  extending much further out in the apoastron direction thethé
We consider an average vertical optical depth= 2x10%,  periastron one (see radial profiles in Fig.4e and g).
typical of dense debris discs lijePictoris. _ _ Another important result is the presence of strong inhomo-
For the parent body runs, all particles start on circulaiterb geneities in the main parent body ring itself. For lewcases,
(e = 0) in the binary’s midplanei (= 0). For the collisional runs, they consist of a pronounced dip in the opposite directiothef
particles are released from the parent bodies seeds faljpai companion’s position (Fig.4b), which precesses at therpina
size distribution indN(s) oc s73°ds. Particle sizes are parame-angular velocity. In the moderately eccentric casg £ 0.2),
terized by the value of thejs parameter. Sizes are distributedhis dip is surrounded by two overdensitites, precessinitet
continuously betweepax = 0.5 andBmin = 0.012. We take same rate and symetrically positioned=#0 — 90 with respect
the minimum particle size to bénax = 0.5, corresponding 1o tg the companion’s antipolar position (Fig.4d). The densin-
the smallest grains on bound orbits. The contribution oflema ty53st around the density dip can reach up 0% (Fig.4b). For
grains, below the blow-out size limit, is negligible for 8m1S  thee; = 0.2 case, in addition to the precessing featureme:
with optical depths in thér) ~ 10°° range (see Fig.3 of Bbault jnvariant structure appears, i.e., a dip in the binary orbit's peri-
etal. 2010). The number of sampled positions within a biery astron direction (Fig.4d). Ass increases even moreg(> 0.5),
bit is ngy = 10. Convergence test runs have shown that this§is time-invariant asymmetry gets more pronounced, white

the optimal value: higher values do not yield significantr@®s precessing structures progressively fade away (Fig.4hand
in the final recombined density maps, while runs with lowgy

lead to diverging results. Note that for the first binary bdbithe . _
collisional run, the sample value is highag, = 100, in order 3.3. Discussion
to accurately track the rapid initial blow-out of highgrains. All

initial parameters are summarized in Tab.1. The results of the previous section show that a companion sta

can significantly fiect the shape of a circumprimary disc, in-
ducing pronounced radial and azimutal asymmetries. Bigica
3.2. Results two different regimes can be identified depending on the binary’s
. . ! ) . eccentricity.
Depending on the considered configuration, the parentbiotly s £or |ow eg binaries, the disc’s shape is time-varying and
ulations are run for 200e§ = 0 case) to 5006 = 0.75) orbital  hrecessing with the binary’s orbit. Strong asymmetriesalre
periods of the binary in order to reach a steady state. Te&l§t served, whose position is always related to that of the compa
state is reached once all pa_rtlcles on u_nstable orbits haea _bion on its orbit. Strong asymmetries are also observed fghii
removed and once all transient dynamical features hav@-disgccentric binaries, but they are in this case almost tinaariant
peared. As shown by Augereau & Papaloizou (2004), the ma§iq the disc has roughly the same shape regardless of the loca
notable of these transient features are spiral arms, wigieblop i of the companion on its orbit. In these high cases, the
because of the sudden introduction of a perturbing bodyd@&nd ain asymmetries are oriented with respect to the binariyorb
appear on the scale of a few hundred orbital periods. We thegometry, not to the actual position of the companion on the o
perform the collisional runs following the procedure présel |yt Between these 2 regimes, there is an intermediate (s@e
in Sec.2.2. The final disc profiles, after recombination béal  {he e, = 0.5 runs) where the disc has a globally invariant asym-
lisional runs following the method described in Sec.2.8,dis- metric structure with transient features close to the carigues
played in Fig.3. o . periastron passages.

A firstimportant point is that these results confirm the main  These fixed, precessing or transient features are caused by
conclusion of Tiebault et al. (2010) that circumprimary debrighe compination of 3 distinct processes:Qllisional activity
discs extend far outside the outer limit for orbital stakilFor
all four binary configurations the regions beyongh = 1 are 3 These precessing spirals outside the parent body region should not
populated by sma_lll grains steadily producec_j by (_30"|5|Um3 be confused with the transient spirals that develop within the parent
the parent body ring and placed on eccentric orbits by radigody ring and disappear once the initial conditions have been relaxed
tion pressure. The level of dustiness in these "forbiddem” r(see previous paragraph)
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Fig. 3. Normalized vertical optical depth, at collisional and dynamical steade,star 4 binary configurations; from top to bottors = O,

es = 0.2,eg = 0.5 andeg = 0.75. For each case, the disc profile is shown at periastron (left) arabtpno (right) passages of the companion star.
The dotted circle is the theoretical outer radius for orbital stahilify. The rectangle in the upper right corner shows the orbit of the binary as
compared to they;; radius (dotted circle) and the current position of the companion on its (Apitanimated version of these results, displaying
disc profiles for 10 dterent orbital positions of the companion, can be found at/Apia.obspm.fpersgphilippe-thebautbindeb.html).
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within the PB ring, steadily producing vast quantities ofadim
grains that carry a large fraction of the geometrical cress s
tion, 2) Radiation Pressure on the these small fragments, which
places them on high-eccentricity orbits,@)avitational pertur-
bations by the companion star that will eventually, but not im-
mediatly, remove all grains beyong.;. Equilibrium between

these 3 fects results in a steady-state where a large fraction of

the small, highg fragments produced in the PB ring remain in
the dynamically forbidden regions long enough to cause phe a
pearance of pronounced structures, whose shape and ewoluti
strongly depends oes.

A careful examination of the variety of structures obtained

for the diferent cases displayed in Fig.3 shows that the action
of a companion star could be a potential explanation for some

features that have been routinely observed in debris dégis:
ral arms, azimutal inhomogeneties in ring-like structuldsbs,

this symmetry is not required for eaatdividual PB’s orbit,
which would be impossible because of thé&alient period-
icities between PBs and the perturber. What is required is a
global symmetry for orbital streamlines, providing thatlea
parent body’s orbit is populated by a large number of bod-
ies distributed uniformly in mean anomaly. This assumption
of a phasing between global PB locations and pertuber orbit
might not be valid for all perturbed disc configurations, in
particular for systems strongly shaped by mean motion reso-
nances. This case, usually occuring for discs interactitiy w
embedded planets, will be explored in a forthcoming study.
Note however that, for the present case of a circumprimary
disc in a binary, this global symmetrymst assumed or pos-
tulated but is a verified behaviour of the PB disc, which al-
ways reaches this state after a transitory period of 100-300
binary periods (see Sec.3.2).

etc. It is worth stressing that all these structures areimdtcat —
steady-state, and thus do not appear during a brief specific pe-
riod in the system’s history, as would be the case for a fly-by
with a passing star (Ardila et al. 2005; Reche et al. 2009).

The equation governing collisional probability does nat re
solve vertical structure in the disc because it is based ®n th
vertically-integrated optical depth. This restrics therent
version of the model to 2 dimensional problems, but those
Of course, this explanation should be taken with some cau- have been by far the most widely investigated by all past
tion. A first reason is that other mechanisms have already bee studies. A 3-D version of the collisional probability prepe
found to be able to produce asymmetries and inhomogeneitiestion is however fully implementable, at the cost of an in-
in discs, the most commonly invoked being the gravitational crease in the size of the saved density maps at the end of the
pull of a planet (Krivov 2010). Another important point is parent body runs.
that, contrary to the planet-perturbation scenario foralwtthe — Our model assumes that all collisions take place in the regio
presence of an undetected planet can often be freely ptesiula  of the parent body belt. This is not a major limitation for the
given the observational constraints on the system, theepoes present case of highly collisional massive debris discs, bu
or absence of a companion star is usually much better con- the model will not perform well for fainter, drag-dominated
strained. Of all the 2Besolved debris discs (as of August 2011, discs where collisions can occur far interior to the beltr Ou
see httpycircumstellardisks.op, only 3 are known to inhabit code can thus not include significant drdtgets in its cur-
a confirmed binary system: HR4796A, HD181296 ah&et rent version.
(HD141569A is more a "transitional” disc than a bona fide de-
bris disc in the sense of the definition given by Lagrange .et
(2000)). A detailed analysis of these systems exceeds dpes
of the present numerical paper, as it would require expisav-
eral additional free parameters, suchras the mass ratiop. It
will be undertaken in a forthcoming study.

I ,
c%' Conclusions

We have developed a new code to study the spatial structure of
dynamically perturbed debris discs (be it by planets or camp
ion stars) taking into account thé&ect of collisions. It is espe-
cially aimed at quantifying the competinffects between steady
collisional production of small grains, placed by radiatfmres-
sure in dynamically unstable regions, and removal by gaavit
tional perturbations. The principle of our numerical methe
the following: we assume that the system has reached steady
state and we perform a series of distinct N-body runs, each co
responding to a dlierent initial position of the perturber on its
orbit, for which each particle has a collisional destructprob-

— The most obvious limitation is that collisions are not modability depending on its size and location. For each runpait
elled in a self-consistent way, but through an empiricaély dticle positions are recorded at regularly spaced time vatsr
fined collision destruction probability assigned to each paThis database of "collisional” runs is then used to recamstr
ticle, and that no feedback of the collisions on the dynamitise steady state profile of the disc affdient orbital phases of
is included. These two problematic issues can probably rthe perturber.
be handled by an N-body approach, for which the present To illustrate the potential of this numerical procedure, we
code is maybe the upper limit of what can be achieved, laave applied it to the case of a circumprimary debris disc in
least for the case of high-velocity fragment-producindi€ol a binary. We show that the complex interplay between colli-
sions. For this case of fragmenting impacts, a fully integgta sional activity, radiation pressure and gravitationatydrations
and self-consistent dynamiesollisions model is still out of can create pronounced structures inside and outside thardyn
reach today, and can probably only be achieved by the nédl stability region. Depending on the binary’s eccetityjdwo
generation of "hybrid” codes in the spirit of the pioneeringegimes can be distinguished. For leg; the disc’s structure is
model explored by Grigorieva et al. (2007). time varying, with spiral arms forming in the dynamicallyott

— Our procedure is suited for systems where a level of symmgdden” region beyond; and precessing at the binary’s an-
try has been reached, which is that the location of the parentlar velocity. For higheg, spiral structures disappear, the disc
bodies is symmetric with respect to the perturber’s orldt, i adopts a time invariant structure, extends far outsidettiglgy
the global shape of the PB disc is identical between 2 paggion in the binary’s apoastron direction and has a prooedin
sages of the perturber at the same orbital position. Note tiaaterial depletion, insideyi;, in the periastron direction.

4. Limitations and Perspectives

It should be pointed out that this code is only a first, alb®it i
portant, step towards a fully integrated dynamicgollisions
model. Let us here list its main limitations and the possitrie
provements that can be expected.
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Our model has the potential to be applied to many other con-
figurations, in particular debris discs sculpted by planstsch
will be the purpose of a future study.
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