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ABSTRACT

Context. In most debris discs, dust grain dynamics is strondfieaded by stellar radiation pressure. Because this mechanism is
size-dependent, we expect dust grains to be spatially segregatediagdo their sizes. However, because of the complex interplay
between radiation pressure, grain processing by collisions, and dyadgmerturbations, this spatial segregation of the particle size
distribution (PSD) has provenficult to investigate and quantify with numerical models.

Aims. We propose to thoroughly investigate this problem by using a new-geneiadite that can handle some of the complex
coupling between dynamical and collision#liezts. We intend to explore how PSDs behave in both unperturbed disest and in
discs pertubed by planetary objects.

Methods. We used the DyCoSS code developed by Thebault(2012) to investigateubled d€fect of collisions, radiation pressure,
and dynamical perturbations in systems that have reached a stetely/étaconsidered two setups: a narrow ring perturbed by an
exterior planet, and an extended disc into which a planet is embeddeotfisetups we considered an additional unperturbed case
without a planet. We also investigate theeet of possible spatial size segregation on disc imagesfatett wavelengths.

Results. We find that PSDs are always spatially segregated. The only case icin tile PSD follows a standadh « s3°ds law

is for an unperturbed narrow ring, but only within the parent-body ringfit&or all other configurations, the size distributions can
strongly depart from such power laws and have steep spatial gradden&s) example, the geometrical cross-section of the disc is
very rarely dominated by the smallest grains on bound orbits, as it i€®g® be in standard PSDsshwith g < —3. Although the
exact profiles and spatial variations of PSDs are a complex functioreafadtiup that is considered, we are still able to derive some
reliable results that will be useful for image-or-SED-fitting models ofeobsd discs.

Key words. stars: circumstellar matter — planetary systems: formation

1. Introduction be it the vast population of large collisional progenitorsite
o ) yresence of hidden planetary objects. This objective sepris a
Debris discs have been detected around a substanciabfiacHig;icylt challenge for disc modellers, because of the complex in
of solar-type main-sequence stars20% according to the lat- terplay between all the processes at play in debris discgiahu
est Herschel surveys (Eiroa et al. 20]}3)rhese discs are ob- ¢q|jisions, dynamical perturbations, stellar radiation avinds,
served through the emission of (or light scattered by) s@tl  otc A major dificulty comes from the fact that impacts in de-
s_mall grains, which are likely produced_ from destruqtlvdilco bris discs are highly erosive, each of them expected to medu
sions amongst larger, undetectable objects (e.g. Kriv@0RO0 ¢|oyds of small fragments that are impossible to track domh a
implying that impact velocities are high and that theseesyst jngjyidually follow in deterministic numerical codes. Arldi-
are probably dynamically stirred (Thebault 2009; Kennedy §ona) challenge comes from the scale of the populationlifat
Wyatt 2010). These characteristics, together with the ¢ep o he modelled, from the micron-to-millimetre-sized olveer

spatial structures observed for most resolved discs, SE§Y®t grains to their planetesimal-like parent bodies as well@sp
debris discs are part of planetary systems. The exister&@odf e planet-sized perturbers.

long-lived collisionally active (and thus dust-produdirglts ) )

made of planet-formation remnants (such as the asteroid andFor all these reasons, most previous modellifigres have

Kuiper belts) is also supported by planet formation scesari focused on studying separately either the colhsmnaltﬂmjl of

which suggest that they probably are a relatively common oGtSCS, with statistical codes focusing on these systentsicie

come (e.g., Lissauer 2006). size distribution (PSD), total mass evolution, and dudtioed
In most cases, dusty debris discs are the most easily obs cess luminosities (€.9. Kenyon & Bromley 2004; Krivov et a

able counterparts of such planetary systems. And it hastheen 06; Thebault & Augereau 2007; Wyait et al. 2008hbe et al.

main goal of numerical debris disc models to use the ObserV‘%%OS;.Shannon &wWu 2.011;@@. etal. 2.012)’ or their dynam-
dust as a tool for reconstructing these system’s globattstre, iCS, with N-body codes investigating, for instance, how the pres-

ence of stellar or planetary perturbers might explain oleskr
. spatial structures (e.g. Moro-Mamt& Malhotra 2002; Kuchner
Send offprint requests to: P. Thebault & Holman 2003; Deller & Maddison 2005; Reche et al. 2008;
Correspondence to: philippe.thebault@obspm.fr Lestrade et al. 2011).

! These values should be regarded as lower estimates, as they are . o . .
limited by present-day detection limits. As an example, these detection These investigations have yielded important results, kut e
limits would not allow the detection of the dust from the solar system@uding the dynamics in statistical particle-in-a-box esdor
asteroid and Kuiper belts by an observer at 10-20 pc (Eiroa et al) 20t®llisions in N-body models limits the problems that they can
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quantitatively explore (for a discussion on these limitas, see pressure, following a size distribution in/ds « s%. These
for example Thebault 2012). To overcome these limitatiogs, particles are then assigned a size- and location-deperdént
cent years have seen the first attempts to combine the dyalmiisional lifetime after which they are removed from the syst
and collisional modelling of debris discs. This new gerierat In this respect, it shares several characteristics witlC@4 al-
of codes has been used to investigate the signatures oftplagerithm by Stark & Kuchner (2009).
and companion stars in collisional discs (Stark & Kuchn€r®0 o . . )
Kuchner & Stark 2010; Thebault 2012; Thebault et al. 2012) The main idea behind DyCoSS is that the dust present in the
as well as the evolution of transient massive collisionaines System at a given timg consists of grains that have been col-
(Grigorieva et al. 2007; Kral et al. 2013). lisionally produced at dierent epochs in the past. This means
Another important question that these new codes allow fat, under the abovementioned assumption that partieles h
investigate’ but which has remained relative|y unexp|d'@d CO||ISIOI’!al removal times that can be eStImated, the totesit d
this date, is that of the spatial distributions of the PSDs @Ppulation at a timep can be reconstructed by running a se-
debris discs. We indeed expect the interplay between grakies of runs, each for dust that has been producegl & — dt,
tational dynamics, radiation pressure, and collisionsnttuce fo—2dt,...fo—n.dt, ... In the general case, this procedure would be
size-dependent trends in the way dust grains are spatiaHy dmpracticable because the number of runs that needs to be per
tributed. The main reason for this is that stellar radiatioes- formed Would_ be almost infinite. However, for the specificecas
sure creates a size-dependence in the dynamical evolatioh, Of one dynamical perturber and for a systemseady-state, the
thus the spatial distribution, of small grains, which inmtare- System becomes periodic with respect to the perturberiabrb
ates spatial variations of the collisional evolution besgaaf lo-  Periodtob, so that only a limited number of runs has to be per-
cal (and size-dependent) variations in terms of collisiates formed, each for dust grains released atféedent initial posi-
and impact velocities. As a matter of fact, it is already knowtion of the perturber (here, the planet) on its orbit. In #ase,
from collisional statistical models that even in non-pesad the evolution of dust particles released@t At, to — At — tr,
systems the size distribution of grains is not spatially hges o — At — 2tor, ...fo — At — N.torp can be retrieved from the same
neous (Thebault & Augereau 2007). single run, started when the perturber was at the orbitatipos
This question is of great importance, becausgedint PSDs it had atto — At. If we divide the perturber’s orbit intdlp.s seg-
in different regions can have significant observational condBents, then, for each of té,s runs, all particle positions have
guences, especially when imaging a disc atedent wave- 0 be recorded at regularly spaced time intervals, corretipg
lengths, since both scattered light and thermal emissiongly {0 @ fractiontor/Npos of the perturber’s orbital period, until all
depend on the sizes of the emitting grains. Such informati@articles have exceeded their collisional lifetimes. Eheslli-
would be highly valuable for models desgined to fit imagedonal lifetimes are derived using surface density mapaioed
and SEDs (Spectral Energy Distributions), such as GRaT&Rm series of "parent-body” runs (see Thebault 2012,, fior f
(Augereau et al. 1999) or SAnD (Ertel et al. 2012), whose aifier details).
is to find a best match to observational constraints by tgstin
large samples of synthetic discs obtained from a parametric
ploration of grain size and spatial distributions. Givea #heer
scale of the parameter space exploration inherent to siatkibe
codes, a full exploration of all free parameters is indegoossi-

foular, that the PSD & the same evenywhere n the systégn (£00Y discs. a population of dust grains is released follgn

Lebreton et al. 2012: Mennesson et al 2012). This limitati (n/ds o s size distribution, whose dynamical evolution is fol-

could be relaxéd if sir;wple laws regardingi the spétial distion Yowed taking this time into account radiation pressure aold ¢
lisional lifetimes. During this evolution, particles areogres-

of PSDs could be implemented. %\/ely removed, either by dynamical ejection or collisiomke

We propose here to numerically investigate the grain-si ositions of all surviving grains are recorded evigry/Nyos time
segregation in debris discs and its consequences on rdsolve P 99 b/ Npos

: igtervals until no particle is left; 3) the stored particlesitions
ages, using the DyCoSS code developed by Thebault (2012), o ;
w%ich wasgdesigngd to study systemspat dyynamical ané ccjg reach of these co!llsmnal runs are then recombined tdywe
sional steady-state. We considered both unperturbedsigdisds Maps of the system’s steady-state surface densityfatelit po-
at rest and discs perturbed by one embedded or exterior‘cplangItlons of the perturber on its orbit.

In practice, the procedure is divided in three steps: 1) For
each of theNpos runs, a purely dynamical collisionless parent-
body run is performed, following the evolution of seed et
only submitted to gravitational forces, until a dynamidaiegly-
tate is reached; 2) from each of the$gs steady-state parent-

We studied two main cases: unperturbed discs, and discs per-
turbed by one planet. As in Thebault et al. (2012), we consid-
ered, for each case, two initial disc morphologies, thagither
2.1. DyCoSS code an extended disc, or a narrow ring. For the cases with penturb

the planet is either embedded in the disc or exterior to ie Th

We here only briefly recall the main characteristics of thgpal pjanet and disc are always assumed to be coplanar.
rithm, and refer to Thebault (2012) and Thebault et al. (2018

for a detailed description. For the sake of clarity, and to facilitate comparing our hssu
DyCoSS ("Dynamics and Collisions at Steady-State”) hdwetween cases withftierent stellar types, we parameterized par-
an N-body structure to deterministically follow the sphtgo- ticle sizess by g, the ratio of the stellar radiation pressure force
lution of Nym test particles, into which collision-related featureto stellar gravity, under the assumption tigat 0.5 x S/S,
are implemented. We stress that DyCoSS, in contrast to the mahere sy, is the size below which dust grains are blown out of
sophisticated LIDT-DD code by Kral et al. (2013), does ndif/fu the system (if produced from a parent body on a circular prbit
self-consistently couple collisions and dynamics. Allttpar- We considered grains of sizes betwgea 0.5 andg = 0.0125
ticles are assumed to be dusty collisional fragments prdiuc(that is from Syin=Swut t0 Smax=40 X Sut). We assumed that
from parent bodies large enough to be flieeted by radiation these grains are collisionally produced from large pared:-b

2. Numerical procedure
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Table 1. Nominal set-up for the narrow-ring and extended-disc run3able 2. List of all simulations performed for this study. The two nom-

Parameters denoted by an * are explored as free parameters. inal cases for the narrow ring and extended disc set-ups are mayked b
an*
PARENT-BODY RUN
Number of test particles  Npg = 2 x 10° RUN [ rpin (AU) | rmax (AU) M ap (AV) To
Initial radial extent 30< r < 130 AU (wide-disc) A 45 53 0 - 2x10°
45 < r < 53 AU (narrow-disc) B 30 130 0 - 2x10°3
Initial eccentricity 0<ex<0.01 C* 45 53 2x10°3 75 2x 103
Initial surface density Tocrt D 45 53 2x 103 75 5x10°
PERTURBING PLANET E 45 53 2x 10 75 2x107?
my/m, u=2x1073 F 45 53 2x 10 62 2x 103
eccentricity =0 G* 30 130 2x10°® 75 2x10°3
semi-major axis *a, = 7T5AU H 30 130 2x10°® 75 5x10°
COLLISIONAL RUNS | 30 130 2x 103 75 2x107?
Average optical depth o =2x 1073 J 30 130 2x10* 75 2x 103

Number of test particles  Nyym = 2 x 1P
Size rang@ Sout < S < 405y
Size distribution at = 0°  dn(s) « s73°ds

Thebault & Wu (2008) have shown that the coupling of stellar

8 sy is the radiation pressure blow-out size radiation pressure and collisions in the ring results irza seg-

® when released from the parent-body population regation beyond the main ring, with particles of decreasings

at increasing distances to the ring. This creates a "nétsuai
face density profile im=*° beyond the ring after integrating over
ies (3 = 0) following a size distributiofin dn/ds o« s3°. Given  all particle sizes.
this steep size distribution, it is impossible to model theole The situation for an unperturbed extended disc is more com-
0.0125 < B < 0.5 size range with the typicall)l ~ 10> num- plex, but, in this case too, radial size segregation is aufeat
ber of particles of ouN-body runs. We therefore divided eachhat can in principle be mapped with statistical collisibrades
of the Npos runs into three subruns: a "small grains” runl®<  with a 1-D resolution, such as the ACE code developed in Jena
B < 0.5), an "intermediate grains” run @ < g < 0.15), and a (Krivov et al. 2005, 2006; Nller et al. 2010; Vitense et al. 2010).
"large grains” run (00125< g < 0.05). For the numbeNys 0f  However, even if size segregation has indeed been obtained i
different orbital positions of the perturbing planet that ame-coseveral such studies (e.g., Thebault & Augereau 2007), & wa
sidered, we toolNps = 10. This means that each planet-disglways as a sidefkect that was never thoroughly investigated in
configuration simulation consists of 203 = 30 separate runs jtself. We reinvestigate this issue here using the DyCoS# co
that are then recombined. instead of a statistical collisional code, because it wita an
As explained in more detail in Thebault (2012), the abSO|U§=asy comparison with the cases with a planet.

collisional lifetimes of grains are tuned in by one free pagger,
that is, the average vertical optical depgfin the disc®. We took
as a reference valug = 2x1073, typical for dense young debris3.1.1. Narrow ring

discs such ag Pictoris (Golimovski et al. 2006), but exploredWe first present in Fig.1 the results obtained for an unpleetir

other values. initially confined narrow ring (run A, see Tab.2). The sudgac

maé:sfr)rz t?gspe;trlgrz'gtgeﬁlzae%eg V‘I’tz fgploéetg?;fgﬁgfmgzgéf 4 density map shows the well-known result that, at steadgsta
P P y pot here is dust well beyond the outer edge of the initial ringisT

semi-major axisa,. Since we are interested in identifying an ust consists of small : - .
L ; . i grains, collisionally produced ie ting
deriving general trends for PSD segregation, we restrm@l and placed on higl-orbits by radiation pressure.
ready large parameter exploration to the circular orbieagish . ; . .
e =0 Figs.1b and 2 present in more details the shape of the size
s =0. I . .
: ; S istribution (as represented by the geometrical crossoseat
All main parameters for the simulations’ setup are Summger logarithmic size interval) within and beyond the rikigthin

fized in Table 1. the initial "birth” ring we retrieve a somehow counter-iittve
feature, identified by Strubbe & Chiang (2006) and Thebault &

3. Results Wu (2008): the size distribution settles into a profile rigkdy
close todn/ds « s73° even though small grains produced in the
3.1. Unperturbed system ring spend most of their time on higherbits outside of it and

would naively be expected to be underabundant in the binth ri

It has been known for more than a decade that, even in an 3K A .
. - SRR ’ e -3.5 equilibrium law holds regardless, because thageei
isymmetric disc at rest, the spatial distribution of gradepends bits passqthrough almost empt?/ regions and small grains ca

. . . . 0
on their sizes. The simple parametric model of Augereau.et 8L| b ; ;
. Y : e destroyed when they re-enter the birth ring, so t
(2001) already pomtec_i out that radial size segregatlouraﬁgy_ cor?;inue to acé,umulate untilya steady-state is reac%led Wmlgn
occurs because of radiation pressure forces. For the speafe collisional production and destruction rates balance edbbr

of an unperturbed narrow annulus, Strubbe & Chiang (2006) Alithin the birth ring (Thebault & Wu 2008). The consequence of

2 Note that this size distribution is not the one at collisional equilibt-hIS is a global overden_5|ty of Sm"’.‘” grains when integrateet
rium but corresponds to theeushing law for fragments produced after the whole system (full line curve in Fig.2), gnd an average su
one fragmenting impact (e.g., Kuchner & Stark 2010) fa(;e density having a radial prpﬂle closerté-. beyond the ring _

® As mentioned earlier, theelative collisional lifetimes between (Fig.3). Note, however, that since the regions beyond the ri
grains are then derived from their sizes and from surface densitg m&se not totally empty (see below), some collisional desipuc
obtained from the parent-body runs occurs there. This is the reason for the slight flatteninghef t
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Fig. 1. Steady-state for an unperturbed disc initially confined to a narrow birthbetgeen 45 and 53 Aly): Normalized surface density profile
viewed head-onb): Azimuthally averaged radial distribution of the geometrical cros$i@®o- as a function of particle sizes (as parameterized
by theirg value). At each radial distance, thedistribution has been normalized to 1. The dotted line shows, for a gickal distancer, thes
value of particles whose periastron is located in the middle of the ring andendquastron is located at
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Fig. 3. Radial profile (normalized) of the vertical optical depth for dif-
Fig. 2. Unperturbed narrow-ring case. Geometrical cross section distierent set-ups of the narrow-ring case. For the cases with planet, the
bution in each logarithmic size bin for several radial domains in theofile is taken along a cut passing at 90 degrees from the planet’s po-
system. The distribution is normalized to 1 for each radial range.  sition. The planet is on a circular orbit and is located at 75AU for the
nominaly = 0.002 cases, and at 62AU for the= 2 x 107 one.

ring-PSD in thes 55, domain, as well as the somehow steepdreing demonstrated) by Strubbe & Chiang (2006) and arises be
than—1.5 slope of the radial density profile in the outer regiongause these grains are the ones that spend the longest tinee at
distancer. In terms of the particle size that dominates the geo-
metrical cross section, there is thus a sharp transitidmeadtiter
edge of the ring, where it jumps from syt 1o ~ 55 (Fig.1b).

Beyond the ring, the size distribution takes on a vefjedi
ent shape and becomes strongly peaked, around a siglufr)
that decreases with increasing distance to the ring (Figig)Lb
shows that, at any radial locatiorbeyond the main ring, the ge-
ometrical cross section is dominated by the largest grdias t3.1.2. Extended disc
can reactr from a production location in the main ring,that is,
grains whose periastron is located in the ring and whosesapol this case as well (run B), small dust grains populate the re
tron is Icoated at. This behaviour had been anticipated (withougions beyond the outer border of the initial parent-bodyc dis
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Fig. 4. Same as Fig.1, but for a wide disc initially extending between 30 and 130 AU.
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Fig. 5. Same as Fig.2 but for a wide disc initially extending between 38ig. 6. Same as Fig.3, but for a wide disc initially extending between 30
and 130 AU. and 130 AU. The grey strip indicates the radial location of the planet for
all considered runs (75AU).

(Fig.4a). The particle size distribution, although lesatisly

segregated than for the narrow ring case, is hot homogeneous

throughout the disc (Figs.4b and 5). This is in particulaetin

the inners 70 AU region, which is depleted in small grains. In

these regions, the geometrical optical depth is no longeri-do

nated by the smallest bound grains, as it is in a standard PSent bodies located there. As a consequence, the PSD stajss muc
index< —3. Instead, at any given radial distangéhe geometri- closer to a standard law isr>°, except very close to the inner
cal optical depth is dominated by particles produced ardgbad edge (compare Fig.5 to Fig.2). In fact, had we taken a flaatadi
inner edge of the disc and withga= Bo(r) such that their apoas- density profile for the parent-body disc instead of a-* one,

tron is located at- r (Fig.4b). Note, however, that the PSD ighen the PSD throughout the disc would have been much closer
much less peaked aroupg(r) than it was beyond the narrowto a standard PSD where the smallest bound grains dominate.
ring considered in the previous section. This is becaus&én tin the present case, the dominance of grains ar@gd) does
present case, at a given locatiom the disc, in addition to the indeed arise because they originate from regions that arsede
particles produced at the inner edge and with an apastratedc then the one at radial distancgbecause of the™* slope of the

atr, there is also docal population of dust produced from par-parent-body profile).
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Fig. 7. Narrow ring perturbed by an outer planet): Normalized surface density profile viewed head-on, for the nonuasé¢ withu = 0.002,

ap, = 75AU andto = 2 x 1072 (run C). The planet's location is marked by tBesymbol; b): Azimuthally averaged radial distribution of the
geometrical cross-section as a function of particle sizes (as paraedtby theirs ratio) for run C, c): Same as b), but for a denser and more
collisionally active disc withr = 2 x 1072 (run E); d): Same as b), but for a more tenuous disc with 5 x 107 (run D).

3.2. Planet-perturbed discs distribution. The main parent-body ring becomes strongy d
. pleted from small grains whose orbits intersect that of thegt
3.2.1. Narrow ring at the risk of being ejected. As a result, inside the main iing

We now consider the same parent-body ring as in Sec.3.1.1 [jparticles with sizes > 10s,, that dominate the geometrical
P y rng iolctgss section (Figs.7b and 8). Beyond the main ring, thealpti

it. To ensure this, the planet is placed at exactly the rigat d 9€Pth is still roughly dominated by main-ring-produced Bma
tance from the ring so that it truncates it around 53 AU. We oY@ins at their apastron (along the dotted curve), but th2 BS
tained this optimal planet distance by a trial and error pdoce much less peaked arqund this sig(r) than in the case .W'th'
until the correct outer truncation of the parent body ringswUt @ Planet. Note, for instance, the presence of a nongiblgli
reached. For our nominal case ofi & 0.002 planet on a circu- POPulation of larger grains (05 < 5 < 0.2) beyond the planet's
lar orbit, the corresponding planet location is 75 AU. Wenthen  10Cation, in regions that radiation pressure alone doesiim
our series of collisional runs handling small radiatioegsure- theém to reach. These grains populate these regions bectuse o
affected grains, and obtained the steady-state displayedin. Fi € planet's perturbations, albeit on a temporary basis|ong

We retrieved the results of Thebault (2012), which are thspough to contribute to the optical depth there.
the planet does not prevent the presence of matter far beyondAs could be logically expected, when increasing the colli-
the main ring. The density profile beyond the ring is even-relaional activity within the ring (by increasing the scaliragfor
tively similar to the one obtained in the case without a plaie 7o to 2 x 1072, run E) the shielding and sculptindgfect of the
only difference being a slight dip at the planet’s location (Fig.3planet becomes less pronounced. While the global surface den
There are, however, fierences when it comes to the particle sizsity profile is relatively similar to the referenag = 2 x 1073
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purely dynamical structures are clearly visible (Fig.Sa)gap
surrounding the planet’s radial location, local overdéesiat

the two stable corotating Lagrangian points L4 and L5, and de
sity gaps at the interior and exterior 1:2 and 2:1 resonarates
47 and 119 AU, respectively. However, as shown by Thebault et
al. (2012), the combinedfect of collisions and radiation pres-
sure makes this picture much more complex. As an example,
the dynamically unstable gap region is not empty but popdlat
by small grains produced farther in. Likewise, almost théren
corotating region is populated by small grains, insteachefit
being clustered around the Lagrangian points.

The situation is even more complex for the particle size dis-
tribution (Figs.9b and 10). The shieldingfect of the planet,
cutting the eccentric orbits of small grains, amplifies tlepld-
tion of small grains in the inner regions. However, this khie
ing efect is not enough to prevent these inner-region-produced
small grains from dominating the geometrical cross sedition
the outer regions of the disc (beyond the planet's orbitle Th
gap region around the planet’s location is almost devoicigfd
grains (withd < 0.1), but not of smaller particles (Fig.11). An
important exception is the close vicinity of the two Lagream

Fig. 8. Narrow ring perturbed by an outer planet. Geometrical cross sgiints, where mostly large grains are present (Fig.9).

tion distribution per logarithmic size bin.
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We explore in Fig.10 how the PSD varies foffdrent ini-
tial setups. The imprint of a sub-Saturn-mass planet (ruonJ)
the PSD is still visible in the PSD, but is restricted to thesel
vicinity of the planet while being close to the case without a
planet in the rest of the disc. Varying the collisional aityiof
the disc (by tuning irrg) has significant consequences as well.
For low values of (run H), the &ect of the planet on the PSD is
much more pronounced, notably because the rate at which smal
high-e particles are produced in the inner disc is not enough to
balance the rate at which they are dynamically removed kseclo
encounters with the planet. As a consequencey tke60 AU
region is almost devoid ¢gf > 0.2 grains. This has a direcffect
on the disc’s surface density, for which the density drophia t
gap region around the planet is much more pronounced than in
the case withry = 2 x 1073, as is the peak due to large grains
corotating with the planet (see Fig.6). Another consegeésc
that fewer inner-region-produced grains are present inligEs
outer regions (beyond 90 AU), where the contribution of lo-
cally produced larger grains becomes predominant. Moreove
the depletion of large grains in the 1:2 or 2:1 resonancesws n
clearly visible in the radial distribution of the PSD whesda
was barely noticeable in the nominaJ = 2 x 1073 case. As
expected, for a highly collisional diseq = 2 x 1072, run ),

Fig. 11. Extended disc perturbed by an embedded planet. Geometrid® PSD approaches that of the case without a planet, that is,

cross section distribution per logarithmic size bin.

inner-regions-produced grains dominating the whole digta
much larger number of small grains present in th60 AU re-
gion. Conversely, the density gap around the planet is@hafl

case (Fig.3), the PSD becomes much closer to that of a plarte&n in the nominal case, even though the planet still leaves
free case, with, for instance, small grains again domigatithe clear signature when the system is seen head-on (see Thebaul
parent-body ring (Fig.7c). Conversely, for more tenuouslass al. (2012) for a discussion on planet signatures for systean
collisional discs o = 5x 10°°, run D), the planet's truncating edge-on).

effect is stronger: there is much less matter beyond the majn rin

and the radial density profile is much steeper (Fig.3), thiet
strongly departing from the profile without a planet. Likeej

3.3. Synthetic images

the depletion of small grains within the ring is much more-proro investigate to what extent spatially segregated PSDsatan
nounced (Fig.7d), because they are much faster removed byféitt images of resolved discs, we present in Fig.12 syntireti

teractions with the planet than they are collisionally proed.

3.2.2. Extended disc

ages derived for our nominal case of a wide disc with a planet
(run G). To derive these images, an additional parametetsnee
to be fixed, that is, the spectral type of the star (whereas thi
parameter was unconstrained for our surface density maps an

For the extended-disc case, the perturbing planet is enalled&SD profiles, for which all grain sizes had been rescaled &iy th
within the disc, on a circular orbit at 75AU. The expecteg ratio). We chose here a bright A star, typical for stars adoun
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Fig. 9. Extended disc perturbed by an embedded pla)eNormalized surface density profile viewed headdonparticle size (as parameterized
by theg ratio) dominating the geometrical cross section. The planet has auza8902 and is on a circular orbit at 75 AU (nominal run G with
70 =2x 107%).

which the best resolved debris disc images have been obitaigeons are dominated by tiny grains wigh> 0.3 (see Fig.10),
(i.e., B Pic, Vega, etc.). For the chosen AQV stellar type, thand thus sizes 1/2r, which are poor emitters at 306, while
radiation-pressure blow-out sizg,; is ~ 5um for compact sili- the inner regions are dominated by larger graihsg 0.1), which
cates. After fixing the stellar type, images are producediby-p emit more diciently at such long wavelengths.
ging our particle size and spatial distributions into theaG&R
package (Augereau et al. 1999).

Fig.12 shows that the aspect of our diptanet system dras- 4. Discussion and conclusions

tically changes depending on the wavelength at which it is 08 o N _
served. This is of course an expected result, especialheimtal  OUr numerical investigation has shown that, as a result ®f th

emission, where dust temperature (and thus its size aral tagi COUPIing between collisions, radiation pressure, andiptessy-
cation) plays a crucial role. This is, for example, the mainse namical perturbations, the size distribution of debris diarti-

for the important dference between the image in scattered ligif{€S iS lways significantly spatially segregated, at Igmasitars

(Fig.12a), which does not depend on grain temperature, kend f1assive enough (typically 0.9Mo), for § to reach values higher

one at 1@m (Fig.12b), which does and is only weakly sensitivd1an 0-5. For all explored set-ups, the only case for whicllwe

to the cold grains beyond the planets location at 75AU. Thigin @ PSD that is close to a standard power-lawfi? is that

temperature fect is also responsible for the fact that outer re2f @n unperturbed narrow ring of parent bodies. But evertiisr t
gions become brighter for increasing wavelengths. case, the standard power-law was only obtained inside the na

However, in addition to this temperaturiiext, the disc’s as- "OW ring itself, the matter beyond the ring being strongbesi

pect as a function of wavelength is also impacted by the spgdregated. For all the other cases, that is, extended issta
tially varying size distribution. One important point isathob- O With an embedded planet, narrow ring with perturbing tan
servations at a given wavelengtare typically weakly sensitive etc., we were unable to find a region of the discs where the PSD
to grains< 4/2r. This will have observable consequences fdP!lows such a standard power-law. The amplitude of these de
A longwards of sy ~ 30um. A clear illustration of this js Partures from standard PSDs vary, in a relatively compley, wa
that the image at 3Q0n has much sharper structures than thdith the considered set-up and with spatial location witthie

one at 5am, mainly because a 306 image does not display 9iSC- Because of these complex behaviours, it iadilt to de-
small grains with3 > 0.5 x sw/(300/27) ~ 0.1. Since these Ve generic rules for the behaviour of PSDs in a given emviro
grains are the ones that populate the regions beyond thatparH‘em- However, some general reliable results can be given:
body disc’s outer edge as well as the unstable regions in the . .
planet-induced gap, it follows that the edges of the gapctioe-  — Co<ntra}3ry to tpe dptLeC:I(t:rt:on of ztan(_:lar? PStrl]DssPh (W'”:. |
bital stable Lagrangian populations and the disc’s outgeeate qr_ -3). )cliven im in ma n e SS';; ﬂler}a”:ng me”getogw L'ga
much more clearly defined than at shorter wavelerfgsother Cross section IS In many ca at orthe smallest bou
consequence of the segregated PSD in the:B0nage is that ~ Particles. Cases for which larger grains dominate are iotab
the contrast between the inner and outer regions of the glisc i ;ﬂthe inner _regtlcE)ns of gxtended dls_cs (Is:(_ae Flghs.6 an_cb).O),
still largely in favour of the former, even though they are twt € regions just beyond a narrow ring (Fig.d)he regions

o radially below a perturbing planet’s orbit (Figs.7 and Hbjd
to peak at such long wavelengths. This is because the outer re d) the corotating L4 and L5 Lagragian points around disc-

4 Note that we are here only considering astrophysiffacts and do embedde_d pla_nets (Fig.9). The dominance of large grains in
not take into account the resolution of the observing instruments, which these regions is more pronounced for tenuous discs than for
is usually better at shorter wavelengths. dense ones.
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Fig. 10.Extended disc perturbed by an embedded planet. Azimuthally averagjedidistribution of the geometrical cross-section, as a function of
particle sizes, for four dierent configurations: a) Nominal (run G), b) Saturn-mass planetZx 104, run J), c) high optical depth (= 2x 1072,
run 1), d) low optical depth« = 5x 1075, run H).

— For an unperturbed narrow ring of parent bodies, a standard Segregated PSDdtact the way resolved discs appear at dif-
PSD holdswithin the narrow ring itself. Beyond the ring, the  ferent wavelengths. The relative luminosities between the
size distribution is peaked around a narrow size range. At a different regions of a disc canftéir from what they should
radial distance beyond the ring’s location, the sizes' that be if the PSD were homogeneous. As an example, at long
dominates is given by = (1 - 28(s")) x r, corresponding to wavelengthsig g, the inner regions of an extended disc can
grains produced in the ring and placed by radiation pressure appear to be much brighter than the outer ones, even though
on an orbit with a apastron locatedrat grains in these inner regions are too hot to pealik.

— For an unperturbed extended disc, under the reasonable as-This is because the outer regions are populated by smaller
sumption that the surface denskfr) of large parent bodies  grains, which ar poor emitters at long wavelengths despite

decreases with, we found that, at a radial distancethe having a more "adequate” temperature. Likewise, planet-
PSD assumes @n o« slds profile down to a sizes" given induced structures are expected to appear sharper at longer
by rin = (1 - 28(s")) x r, whererj, is the inner edge of the  wavelengths and more blurry at shorter ones because unsta-
parent-body disc. The magnitude of the depletiors &f s* ble regions are predominantly populated by smaller grains
grains depends on the slope of thig) profile. If the disc is than stable regions are.

wide enough, then the PSD approaches a standard power-law

in the outer regions of the disc. Some of these robust results are simple enough to be useful

— For all planet-perturbed discs, dynamically unstableaegji for image- and SED-fitting procedures. As an example, our re-
are not empty, because of the combinéées of collisions sults for the specific case of unperturbed systems (narnogv ri
and radiation pressure. Their PSDs are, however, very peon-€xtended discs) can be easily implemented into best-fit- mo
liar, because they are mostly populated by very small graiats such as GRaTeR. A possible method would be to divide the
with typically 8 > 0.15. system to be fitted into concentric radial annuli, which veblog

fitted sequentially, following an inside-out direction.& hitial
step would be to find the best PSD in the innermost annulus (at
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Fig. 12. Synthetic images produced with GRaTeR for the extendedeadigzedded-planet case (nominal case, run G) assuming the céatial s
an AOV. We consider four dlierent wavelengthsa): 0.5um (scattered light)p): 10um; c): 50um andd): 30Qum. In each image, the flux has been
normalized.

distancerg) using a standard fitting procedure. From this PSD, For systems where a planetary perturber is expected (for in-
one is then able to deduce the number of small grains, havistgnce because of asymmetries in resolved images), sueh sim
high-e orbits due to radiation pressure, which are needed in thke methods cannot be applied. However, if a possible oruit a
outer annuli (withr > rp) in order to obtain the best-fit PSD ofmass for the planet are considered, our results suggeshthat
thero annulus®. This can be done by solving Kepler's equatio®SD fitting should be divided into three separate regionthd)
when assuming that these grains have their periastropnaatd dynamically stable region below the planet’s orbit, 2) the s
an orbital eccentricite = (1-8)/(1-2B). For the next radial an- ble region beyond its orbit, and 3) the unstable region atoun
nulus atry, the same procedure needs to be applied, except tha planet. For tenuous discs, we expect region 1 to be devoid
one needs to take into account in the fit the number of kighef grains withg > 0.15 and region 2 to have an almost unper-
grains coming from they annulus. Once a best PSD is obtaineturbed PSD, while region 3 is probably almost empty except fo
atry, one switches to the next radial annulus and the procedtine Lagrangian points, which are expected to be populated by
is iterated until the outer edge of the system is reached. B < 0.15 grains. The situation is more complex for bright dense
discs, which showed a complex interplay between grains from
the inner, outer, and unstable regions (see Fig.10a andhd). T

5 Note that this procedure is fiérent from that, used in many pastonly reliable characteristics is here that the unpertureggbn
studies, which simply dilutes the number of small grains along thdf not empty, but populated mostly tg/> 0.15 grains.
elongated orbit, thus resulting in an underabundance of these grains in
the inner annulus.
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We expect the implementation of these reliable results ambkbault, P., 2012, A&A, 537, 65
prescriptions into best-fit models to greatly help our ustierd- Thebault, P., Augereau, J. C., 2007, A&A, 472, 169

ing of several specific debris discs. The best candidates fggPaut P Kiel Q. Ertel, S., 2012, AGA, 567,92
these investigations are discs that display well-defineti@p thcpaui P, Wu. V. 2008 ,E'&A 481 718

structures for which multi-wavelength observations arailav vitense, C., Krivov, A.V., Idhne, T., 2010, A&A, 520, 32
able. Obvious candidates are the narrow ring around HR4,796Matt, M. C.; Smith, R.; Su, K. Y. L.; Rieke, G. H.; Greaves, J.Eichman, C.
which might (or might not) be confined by planetary pertusber A Bryden, G.;2007, ApJ, 663, 365
(e.g., Lagrange et al. 2012), or the Fomalhaut system, where

the relation between the observed narrow annulus and the re-

cently detected "planet-related” structure is not fullyderstood

(Boley et al. 2012; Kalas et al. 2013). Observations of tisgse

tems at diferent wavelengths could be tested against numeri-

cal predictions on their Particle Size Distributions to fon or

rule out possible scenarios: shepherding planets, cogfinirer

planet, unperturbed disc, etc. In this respect the results the

ALMA interferometer (especially once it will have longerdea

lines) will be of crucial importance, because they give ismg

of unprecedented resolution in the millimggagbmillimetre that

allow unique access to the spatial distribution of largérgr.a-or

the spatial distribution of smaller grains, a quantum leageso-

lution should be achieved with the high-resolution imagethe

visible and near-IR, expected from the JWST or the SPHERE

instrument on the VLT. The detailed study of specific astysph

ical cases exceeds the scope of the present work and wilebe th

purpose of a forthcoming paper.
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