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ABSTRACT

Context. In most debris discs, dust grain dynamics is strondfeaded by stellar radiation pressure. Because this mechaisis
size-dependent, we expect dust grains to be spatially gatgek according to their sizes. However, because of the leariygerplay
between radiation pressure, grain processing by collsiand dynamical perturbations, this spatial segregatigheoparticle size
distribution (PSD) has provenfiicult to investigate and quantify with numerical models.

Aims. We propose to thoroughly investigate this problem by usimgewa-generation code that can handle some of the complex
coupling between dynamical and collisiondllezts. We intend to explore how PSDs behave in both unpedutises at rest and in
discs pertubed by planetary objects.

Methods. We used the DyCoSS code developed by Thebault(2012) totigaesthe coupledfiect of collisions, radiation pressure,
and dynamical perturbations in systems that have reachtsghdysstate. We considered two setups: a narrow ring jperduoy an
exterior planet, and an extended disc into which a planeniseelded. For both setups we considered an additional umbed case
without a planet. We also investigate theet of possible spatial size segregation on disc imagesfateft wavelengths.

Results. We find that PSDs are always spatially segregated. The osly foa which the PSD follows a standadd o« s35ds law

is for an unperturbed narrow ring, but only within the parbatly ring itself. For all other configurations, the sizetidimitions can
strongly depart from such power laws and have steep spatdiants. As an example, the geometrical cross-sectioheoflisc is
very rarely dominated by the smallest grains on bound qréit#t is expected to be in standard PSD<s%iwith g < —3. Although the
exact profiles and spatial variations of PSDs are a complestifon of the set-up that is considered, we are still ablectivd some
reliable results that will be useful for image-or-SED-fifimodels of observed discs.

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

1. Introduction be it the vast population of large collisional progenitorgie
L . . presence of hidden planetary objects. This objective sgmts a
Debris discs have been detected around a substanciabfiadti gjgicylt challenge for disc modellers, because of the complex in
solar-type main-sequence stas,20% according to the latestterplay between all the processes at play in debris disctiahu
Herschel surveys (Eiroa et/al. 20fB)These discs are observed|jisions, dynamical perturbations, stellar radiation avinds,
through the emission of (or light scattered by) short-ligethll  ac A major dificulty comes from the fact that impacts in de-
grains, which are likely produced from destructive colli8 |y giscs are highly erosive, each of them expected to medu
amongst larger, undetectable objects (€.g. Krivov 2000Iy-  ¢louds of small fragments that are impossible to track domch a
ing that impact velocities are high and that these systems §{gividually follow in deterministic numerical codes. Arigi-
probably dynamically stirred (Thebault 2009; Kennedy & Wyational challenge comes from the scale of the populationtiat
2010). These characteristics, together with the completialp o he modelled, from the micron-to-millimetre-sized obser
structures observed for most resolved discs, suggestsi€hat grains to their planetesimal-like parent bodies as well @ssip
bris discs are part of planetary systems. The existenceaf sgje planet-sized perturbers.
long-lived collisionally active (and thus dust-producingglts i i
made of planet-formation remnants (such as the asteroid andFor all these reasons, most previous modellifigrés have
Kuiper belts) is also supported by planet formation scesari focused on studying separately either the collisional wvol
which suggest that they probably are a relatively common ol#on Of discs, with statistical codes focusing on these sys-
come (e.g!, Lissauer 2006). tems’ particle size distribution (PSD), total mass evalatiand

In most cases, dusty debris discs are the most easily obsrg“w'§‘t'indUCEd excess luminosities (€.g. Kenyon & Broinley20

; Krivov et all [2006; | Thebault & Augereal 2007, _Wyatt et al.
able counterparts of such planetary systems. And it hastheen-~=, =t - == —_
main goal of numerical debris disc models to use the obser\:zuc-l-O r;[Lohne et all_2008;_Shannon & Wu_2011; Gasparietal.

) i i i - i i -
dust as a tool for reconstructing these system'’s globattstre, Zdll")’ or their dynamics, withN-body codes investigat
ing, for instance, how the presence of stellar or plan-

- etary perturbers might explain observed spatial strusture

Send offprint requests to: P. Thebault (e.g. Moro-Martin & Malhotra 2002; Kuchner & Holnlan 2003;

C?rr%pondence to: philippe.thebault@obspm.fr _ Deller & Maddisoh [ 2005;_Reche etlal. _2008; _Lestrade kt al.
These values should be regarded as lower estimates, asrtheyzzg)ll)_

limited by present-day detection limits. As an exampleséhdetection

limits would not allow the detection of the dust from the sagstem’s These investigations have yielded important results, kut e

asteroid and Kuiper belts by an observer at 10-20 pc (Eira#[2013) cluding the dynamics in statistical particle-in-a-box esdor
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collisions inN-body models limits the problems that they cafrom parent bodies large enough to be fieeted by radiation
guantitatively 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-dependent
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@&aA al-
of codes has been used to investigate the signatures oftplagerithm by Stark & Kuchner (2009).

and companion stars in collisional discs (Stark & Kuchnéy0 o . . .
Kuchner & Stark 2010; Thebault 2012; Thebault et al. 2012) as The main idea behind DyCoSS is that the dust present in the

well as the evolution of transient massive collisional ggen>Y>lc™ at a given timg consists of grains that have peen col
p— + 1 lisionally produced at dierent epochs in the past. This means
(Grigorieva et al. 2007; Kral et al. 2013). . : .
X Elaat, under the abovementioned assumption that partietes h
investigate, but which has remained relatively unexpla@d CO”'S'OUa' remov_al times that can be estimated, the_ totet d
H,'opulatlon at a timey can be reconstructed by running a se-

this date, is that of the spatial distributions of the PSDs fr.
o : : s of runs, each for dust that has been producegl & — dt,
debris discs. We indeed expect the interplay between grat(éﬁZdt,...,to—n.dt, ... Inthe general case, this procedure would be

tational dynamics, radiation pressure, and collisionsnttuce impracticable because the number of runs that needs to be per
size-dependent trends in the way dust grains are spatieliy P P o P
tributed. The main reason for this is that stellar radiatioes- ormed would be almost infinite. However, for the specificecas

. : . : poes of one dynamical perturber and for a systensaady-state, the
sure creates a size-dependence in the dynamical evolatian, svstem becomes periodic with respect to the perturberabrb
thus the spatial distribution, of small grains, which innture- p)(/ariodt - s0 that%nly a limited nu?nber of runps has to be per

X L L . i orbs -

ates spatial variations of the collisional evolution bessaaf lo formed, each for dust grains released atfedént initial posi-

gﬁld(ﬁgd a?:ltz Sé?g gﬁggegts) ;’iﬂgﬂg?%l"r};gnﬁ 50;|?ggglaﬁlim}i0n of the perturber (here, the planet) on its orbit. In tése,
P . ’ y the evolution of dust particles released@t At, tog — At — torp,

from collisional statistical models that even in non-pgvad fo— At — 2top. ...fo — At — Nt can be retrieved from the same

systems the size distribution of grains is not spatially bga single run, started when the perturber was at the orbitatipos

neous|(Thebault & Augereau 2007). . - "
o~ o < . . it had atty — At. If we divide the perturber’s orbit intbl,os seg-
This guestion is of great importance, becausgednt PSDs ments, then, for each of tiéy,s runs, all particle positions have

in different regiqns can ha\_/e significant_ observz_itional CoNgE < recorded at regularly spaced time intervals, corresipg
quences, especially when imaging a disc afedent wave- to a fractionton/Npos Of the perturber’s orbital period, until all

lengths, since both scattered light and thermal emissiongly rticles have exceeded their collisional lifetimes. Eheglli-

\(/jv?)%?(?dbgnhitgr?lyg\fsedsu ;g|éh?oreﬁigéne?sgéiiggs{nigctg ifr;;‘oimwazgig nal lifetimes are derived using surface density mapainét
; ’ ) ., - LD
and SEDs (Spectral Energy Distributions), such as GRaT: Tds;:;ﬁ:)m parent-body” runs (see_Thebhault 2012,, @or f

(Augereau et al. 1999) or SAnD (Ertel etal. 2012), whose aim
is to find a best match to observational constraints by t@stin In practice, the procedure is divided in three steps: 1) For
large samples of synthetic discs obtained from a parametric each of theNps runs, a purely dynamical collisionless parent-
ploration of grain size and spatial distributions. Givea #lheer body run is performed, following the evolution of seed et
scale of the parameter space exploration inherent to swatHfibe only submitted to gravitational forces, until a dynamidaisly-
codes, a full exploration of all free parameters is indeepldsa  state is reached; 2) from each of théégs steady-state parent-
sible, and some simplifying assumptions have to be made,bady discs, a population of dust grains is released follgvan
particular, that the PSD is the same everywhere in the systdnyds « % size distribution, whose dynamical evolution is fol-
(e.g..Lebreton et al. 2012; Mennesson et al. 2012). Thigdimi lowed taking this time into account radiation pressure aie ¢
tion could be relaxed if simple laws regarding the spatiafrdi lisional lifetimes. During this evolution, particles areogres-
bution of PSDs could be implemented. sively removed, either by dynamical ejection or collisiofke

We propose here to numerically investigate the grain-sipesitions of all surviving grains are recorded evigfy/Nyos time
segregation in debris discs and its consequences on rdsoive intervals until no particle is left; 3) the stored particlesgtions
ages, using the DyCoSS code developed by Thebault |(201f2),each of these collisional runs are then recombined tdywwe
which was designed to study systems at dynamical and cofliraps of the system’s steady-state surface densityfateint po-
sional steady-state. We considered both unperturbedsigibds sitions of the perturber on its orbit.
at rest and discs perturbed by one embedded or exteriortplane

Another important question that these new codes allow

We studied two main cases: unperturbed discs, and discs per-
turbed by one planet. As in_Thebault et al. (2012), we consid-

2. Numerical procedure ered, for each case, two initial disc morphologies, thatiiher
an extended disc, or a narrow ring. For the cases with pexturb
2.1. DyCoSS code the planet is either embedded in the disc or exterior to ie Th

We here only briefly recall the main characteristics of thgoal planet and disc are always assumed to be coplanar.

rithm, and refer to_Thebault (2012) and Thebault etlal. (3012 For the sake of clarity, and to facilitate comparing our tessu
for a detailed description. between cases withfilerent stellar types, we parameterized par-
DyCoSS ("Dynamics and Collisions at Steady-State”) hdkle sizess by 3, the ratio of the stellar radiation pressure force
an N-body structure to deterministically follow the sphtgo- to stellar gravity, under the assumption tigat 0.5 x s/S,
lution of Nym test particles, into which collision-related features/here s is the size below which dust grains are blown out of
are implemented. We stress that DyCoSS, in contrast to the mthe system (if produced from a parent body on a circular prbit
sophisticated LIDT-DD code hy Kral etlal. (2013), does ndlyfu We considered grains of sizes betwegkesa 0.5 ands = 0.0125
self-consistently couple collisions and dynamics. Allttpar- (that is from Syin=Sut t0 Smax=40 X Sut). We assumed that
ticles are assumed to be dusty collisional fragments prediucthese grains are collisionally produced from large paremt-b
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Table 1. Nominal set-up for the narrow-ring and extended-distable 2.List of all simulations performed for this study. The two
runs. Parameters denoted by an * are explored as free paranm@ninal cases for the narrow ring and extended disc set+aps a

ters. marked by an *
PARENT-BODY RUN RUN [ rpin (AU) [ Toex (AU) U ap (AU) o
Number of test particles  Npg = 2x 1P A 25 53 0 - 2% 1073
Initial radial extent 30< r < 130 AU (wide-disc) B 30 130 0 . 2% 103
45<r <53AU (narrow-disc) C* 45 53 2% 103 75 2% 103
Initial eccentricity 0<ex<0.01 D 45 53 2% 1073 75 5% 1075
Initial surface density Tocrt E 45 53 2% 1073 75 2% 102
PERTURBING PLANET F 45 53 2% 104 62 | 2x10°2
mp/m. ‘u=2x107 G* 30 130 | 2x10%| 75 |2x10°3
eccentricity € = 075 AU H 30 130 | 2x10%| 75 |5x10°
semi-major axis B = | 30 130 | 2x10°| 75 | 2x10%
COLLISIONAL RUNS 4 3
Average optical depth o =2x 107 J 30 130 2x10° £ 2x10
Number of test particles  Npym = 2x 1¢°
Size rangé Seut < S< 40syy
Size distribution at = 0°  dn(s) « s%5ds of an unperturbed narrow annulus, Strubbe & Chiang (2006) an
. . _ Thebault & Wu (2008) have shown that the coupling of stellar
. SoulS 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 "nétsual

] ) i o . face density profile in—1® beyond the ring after integrating over
ies 8 = 0) following a size distributidfin dn/ds s3°. Given || 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 typicalli}l ~ 10L3 num- r{)Iex, but, in this case too, radial size segregation is aufeat
ber of particles of ouN-body runs. We therefore divided eachipat can in principle be mapped with statistical collisioeades

of the Npos runs into three subruns: a "small grains” runl®<  yjth a 1-D resolution, such as the ACE code developed in
B < 0.5), an "intermediate grains” run @ < 5 < 0.15), and a jena((Krivov et dl. 2005, 2006; Mller et al. 2010; Vitensale

large grains” run (0125< B < 0.05). For the numbeN s of 2010). However, even if size segregation has indeed been ob-
different orbital positions of the perturbing planet that am-Coaine in several such studies (€.g., Thebault & Augére@i 20
sidered, we t00Wpes = 10. This means that each planet-disg \yas always as a sidefect that was never thoroughly investi-
configuration simulation consists of X03 = 30 separate runs gated in itself. We reinvestigate this issue here using §@dSS

that are then recombined. code instead of a statistical collisional code, becaus#liailow
As explained in more detail [n Thebault (2012), the absoluig, easy comparison with the cases with a planet.

collisional lifetimes of grains are tuned in by one free paeter,
that is, the average vertical optical depgtin the disd. We took
as a reference valug = 2x 1073, typical for dense young debris3.1.1. Narrow ring

discs such ag Pictoris (Golimovski et &l. 2006), but explore%e first present in Fig1 the results obtained for an unphely

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

For the perturbing planet, we exploredfdrent values of its )
massm, (as parameterized by its rafioto the stellar mass) and density map shows the well-known result that, at steadgsta

semi-major axisa,. Since we are interested in identifying an(%jhuesrteggnds?sstts\,\(l)ef"s?negI?nSaggg ?:l:)tlﬁrsi?)?]%ﬁ of :gglzgg'gli:?gg
deriving general trends for PSD segregation, we restrizteal- 9 ' yp 9

dv | t loration to the circul bieasish 2and placed on higle-orbits b_y radiation pressure. _
reepazyc/).arge parameter exploration to the cireuiar orl Figsldb and2 present in more details the shape of the size

All main parameters for the simulations’ setup are summg'-smbutIon (as rep(esented by th.e geometncal crossasect
rized in Tablé L. o per Ioga}nphmm size |_nterval) Wlt_hln and beyond the ring.
Within the initial "birth” ring we retrieve a somehow counter-
intuitive feature, identified by Strubbe & Chiang (2006) and

3. Results Thebault & Wu (2008): the size distribution settles into a-pr
file relatively close tadn/ds « s73° even though small grains
3.1. Unperturbed system produced in the ring spend most of their time on hegbrbits

utside of it and would naively be expected to be underatminda
the birth ring. The -3.5 equilibrium law holds regardligss-
ause these higberbits pass through almost empty regions and
all grains can only be destroyed when they re-enter tltle bir
ring, so that they continue to accumulate until a steadiedta
reached when their collisional production and destructaias
2 Note that this size distribution is not the one at collisioeguilib- balance each otheithin the birth ring (Thebault & Wu 2008).

rium but corresponds to theeushing law for fragments produced after 11€ consequence of this is a global overdensity of smalhgrai
one fragmenting impact (e.d., Kuchner & Stark 2010) when integrated over the whole system (full line curve in[Eg

3 As mentioned earlier, thedlative collisional lifetimes between and an average surface density having a radial profile ctose t
grains are then derived from their sizes and from surfaceitlemaps I~-° beyond the ring (Figl3). Note, however, that since the re-
obtained from the parent-body runs gions beyond the ring are not totally empty (see below), some

It has been known for more than a decade that, even in an
isymmetric disc at rest, the spatial distribution of gradepends
on their sizes. The simple parametric model of Augereaul et
(2001) already pointed out that radial size segregationraby
occurs because of radiation pressure forces. For the speasie
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Fig. 1. Steady-state for an unperturbed disc initially confined taaow birth ring between 45 and 53 Al): Normalized surface
density profile viewed head-obh): Azimuthally averaged radial distribution of the geont cross-sectior as a function of
particle sizes (as parameterized by theiralue). At each radial distance, thedistribution has been normalized to 1. The dotted
line shows, for a given radial distancetheg value of particles whose periastron is located in the middléne ring and whose
apastron is located at
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Fig. 3. Radial profile (normalized) of the vertical optical depth
Fig. 2. Unperturbed narrow-ring case. Geometrical cross sectifor different set-ups of the narrow-ring case. For the cases with
distribution in each logarithmic size bin for several rddla- planet, the profile is taken along a cut passing at 90 degrees f
mains in the system. The distribution is normalized to 1 fmte the planet’s position. The planet is on a circular orbit astbi
radial range. cated at 75AU for the nominal = 0.002 cases, and at 62AU for
they = 2x 107 one.

collisional destruction occurs there. This is the reasanttie shows that, at any radial locatiofbeyond the main ring, the ge-
slight flattening of the ring-PSD in the 55, domain, as well ometrical cross section is dominated by the largest grdiat t
as the somehow steeper thaf.5 slope of the radial density can reachr from a production location in the main ring,that is,
profile in the outer regions. grains whose periastron is located in the ring and whosesapoa
tron is Icoated at. This behaviour had been anticipated (without
being demonstrated) by Strubbe & Chiang (2006) and arises be
cause these grains are the ones that spend the longest tinge at

Beyond the ring, the size distribution takes on a vefjedi
ent shape and becomes strongly peaked, around a sahJ€)
that decreases with increasing distance to the rind{(Figig)b
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Fig. 5. Same as Fig]2 but for a wide disc initially extending beFig. 8. Narrow ring perturbed by an outer planet. Geometrical
tween 30 and 130 AU. cross section distribution per logarithmic size bin.
1.000

nated by the smallest bound grains, as it is in a standard PSD o
index< —3. Instead, at any given radial distan¢¢éhe geometri-
cal optical depth is dominated by particles produced ardabed
inner edge of the disc and withBa= So(r) such that their apoas-
> tron is located at r (Fig[4b). Note, however, that the PSD is
‘ N RSN much less peaked aroupd(r) than it was beyond the narrow
1 ring considered in the previous section. This is becausken t
present case, at a given locatioin the disc, in addition to the
| particles produced at the inner edge and with an apastratgdc
no planet | atr, there is also &ocal population of dust produced from par-
------------ ©=0.002 7=2x107 ent bodies located there. As a consequence, the PSD stayis muc
————— #=0.002 7=5x10" E closer to a standard law isr3®, except very close to the inner
e #=0.002 T=2x10" edge (compare Fig.5 to Fig.2). In fact, had we taken a flagtadi
e HTEXIOT T=RRI0 density profile for the parent-body disc instead of a! one,
then the PSD throughout the disc would have been much closer
to a standard PSD where the smallest bound grains dominate.
0.001 ‘ . In the present case, the dominance of grains ar@gtd does
100 indeed arise because they originate from regions that arsede
R (AU) then the one at radial distancgbecause of the ! slope of the
parent-body profile).

Fig. 6. Same as Figl3, but for a wide disc initially extending be-

tween 30 and 130 AU. The grey strip indicates the radial looat 3 5 pjanet-
of the planet for all considered runs (75AU).

0.100

T T T
~
’
’

0.010

Surface density (normalized)

perturbed discs
3.2.1. Narrow ring

. ] ) ) We now consider the same parent-body ring as in(Secl3.1.1 but
distancer. In terms of the particle size that dominates the ge@yr the case where it has been sculpted by a planet exterior to
metrical cross section, there is thus a sharp transitidmeadtiter it To ensure this, the planet is placed at exactly the rigét d
edge of the ring, where it jumps fromsu to ~ 5sae (Figb).  tance from the ring so that it truncates it around 53 AU. We ob-

tained this optimal planet distance by a trial and error pduce
3.1.2 Extended disc until the correct outer truncation of the parent body ringswa

reached. For our nominal case gfia 0.002 planet on a circu-
In this case as well (run B), small dust grains populate the dar orbit, the corresponding planetlocation is 75 AU. Weithen
gions beyond the outer border of the initial parent-body di®ur series of collisional runs handling small radiatioegsure-
(Fig[4a). The particle size distribution, although lesatiglly affected grains, and obtained the steady-state displayedii. Fi
segregated than for the narrow ring case, is not homogeneousWe retrieved the results of Thebault (2012), which are that
throughout the disc (Fids.4b ahH 5). This is in particulaetin  the planet does not prevent the presence of matter far beyond
the innerg 70 AU region, which is depleted in small grains. Irthe main ring. The density profile beyond the ring is even-rela
these regions, the geometrical optical depth is no longeri-do tively similar to the one obtained in the case without a plathe
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0.1

0.05

0.02

=200 -100 L¢] 100 200 0 50 100 150
X (AU) R (AV)

Fig. 4.Same as Fifl1, but for a wide disc initially extending betw8@é and 130 AU.

only difference being a slight dip at the planet’s location [Fig.3).
There are, however, flierences when it comes to the particle size 1.00
distribution. The main parent-body ring becomes strongly d
pleted from small grains whose orbits intersect that of thegt
at the risk of being ejected. As a result, inside the main iing
is particles with sizes > 10s; that dominate the geometrical
cross section (Fids.7b ahd 8). Beyond the main ring, thealpti
depth is still roughly dominated by main-ring-produced Bma
grains at their apastron (along the dotted curve), but thHe iBS
much less peaked around this sig(r) than in the case with-
out a planet. Note, for instance, the presence of a nongiblgi
population of larger grains (05 <5 8 < 0.2) beyond the planet’s
location, in regions that radiation pressure alone doesihm
them to reach. These grains populate these regions bechuse o 601 <BOAU i
the planet’s perturbations, albeit on a temporary basisldng o {00~ e 130U
enough to contribute to the optical depth there. - T 8
As could be logically expected, when increasing the colli-
sional activity within the ring (by increasing the scaliragfor 0.01 ‘ L
7o t0 2x 1072, run E) the shielding and sculptingfect of the 1 10
planet becomes less pronounced. While the global surfate de size (S/Se)
sity profile is relatively similar to the refereneg = 2 x 103

case (Fig.B), the PSD becomes much closer to that of a plangy. 11. Extended disc perturbed by an embedded planet.

free case, with, for instance, small grains again domigatithe  Geometrical cross section distribution per logarithmiegiin.
parent-body ring (Figl7c). Conversely, for more tenuoublass

collisional discs fo = 5x 107°, run D), the planet’s truncating

effect is stronger: there is much less matter beyond the majn riand 119 AU, respectively. However, as showr by Thebault et al
and the radial density profile is much steeper (Fig.3), thi®t (2012), the combinedkect of collisions and radiation pressure
strongly departing from the profile without a planet. Like&i makes this picture much more complex. As an example, the dy-
the depletion of small grains within the ring is much more-prghamically unstable gap region is not empty but populated by
nounced (Fi@l7d), because they are much faster removed bydmall grains produced farther in. Likewise, almost the renti
teractions with the planet than they are collisionally preed.  corotating region is populated by small grains, insteachefrt
being clustered around the Lagrangian points.

; The situation is even more complex for the particle size dis-
3.2.2. Extended disc tribution (Figs®b and10). The shieldingfect of the planet,
For the extended-disc case, the perturbing planet is engldeddutting the eccentric orbits of small grains, amplifies tepld-
within the disc, on a circular orbit at 75AU. The expecteton of small grains in the inner regions. However, this khie
purely dynamical structures are clearly visible (Eig.9a)gap ing effect is not enough to prevent these inner-region-produced
surrounding the planet’s radial location, local overdgesiat small grains from dominating the geometrical cross sedtion
the two stable corotating Lagrangian points L4 and L5, and dethe outer regions of the disc (beyond the planet’s orbite Th
sity gaps at the interior and exterior 1:2 and 2:1 resonaatdd gap region around the planet’s location is almost devoiduafd

(do(s)/ds)ds

— whole disc

..... 30<r<45AU q
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Fig. 7. Narrow ring perturbed by an outer planet): Normalized surface density profile viewed head-on, fernbminal case with

u = 0.002,a, = 75AU andro = 2 x 1072 (run C). The planet's location is marked by thesymbol; b): Azimuthally averaged
radial distribution of the geometrical cross-section asracfion of particle sizes (as parameterized by tAe#tio) for run C, c):
Same as b), but for a denser and more collisionally activewlith 7 = 2 x 1072 (run E); d): Same as b), but for a more tenuous
disc witht = 5x 107 (run D).

grains (withg < 0.1), but not of smaller particles (Figll1). Ancorotating with the planet (see Hi@j.6). Another consegeésc
important exception is the close vicinity of the two Lagraamg that fewer inner-region-produced grains are present inlithes
points, where mostly large grains are present[Fig.9). outer regions (beyond 90 AU), where the contribution of lo-
We explore in Fig.Z0 how the PSD varies foffdient ini- cally produced larger grains becomes predominant. Morgove
tial setups. The imprint of a sub-Saturn-mass planet (ronJ) the depletion of large grains in the 1:2 or 2:1 resonanceews n
the PSD is still visible in the PSD, but is restricted to thesel clearly visible in the radial distribution of the PSD whesdh
vicinity of the planet while being close to the case without was barely noticeable in the nominal= 2 x 10~ case. As ex-
planet in the rest of the disc. Varying the collisional aityiof ~pected, for a highly collisional dise¢ = 2 x 1072, run 1), the
the disc (by tuning irrg) has significant consequences as welPSD approaches that of the case without a planet, that ist-inn
For low values of (run H), the éect of the planet on the PSD isregions-produced grains dominating the whole disc and eéhmuc
much more pronounced, notably because the rate at which snieiger number of small grains present in €60 AU region.
high-e particles are produced in the inner disc is not enough €&onversely, the density gap around the planet is shalldwaar t
balance the rate at which they are dynamically removed tsecldn the nominal case, even though the planet still leavesar cle
encounters with the planet. As a consequencey tke60 AU  signature when the system is seen head-onl(see Thebault et al
region is almost devoid ¢ > 0.2 grains. This has a direcffect (2012) for a discussion on planet signatures for systems see
on the disc’s surface density, for which the density droghian t edge-on).
gap region around the planet is much more pronounced than in
the case withrg = 2 x 1073, as is the peak due to large grains
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-200 -100 0 100 200 -20 -100 0 100 200
X (AU} X (AU}

Fig. 9. Extended disc perturbed by an embedded plaa)eNormalized surface density profile viewed head{gnparticle size (as
parameterized by th@ratio) dominating the geometrical cross section. The flhas a masg = 0.002 and is on a circular orbit at
75 AU (nominal run G withrg = 2 x 107%).

3.3. Synthetic images planet-induced gap, it follows that the edges of the gapcdoe-

) ) _ bital stable Lagrangian populations and the disc’s outgeede
To investigate to what extent spatially segregated PSDs&tan much more clearly defined than at shorter wavelefigthsother
fectimages of resolved discs, we presentin[Fiy.12 symtiveti  consequence of the segregated PSD in theiB0itnage is that
ages derived for our nominal case of a wide disc with a plangfe contrast between the inner and outer regions of the slisc i
(run G). To derive these images, an additional parametetsesiill largely in favour of the former, even though they are twt
to be fixed, that is, the spectral type of the star (whereas thh peak at such long wavelengths. This is because the outer re
parameter was unconstrained for our surface density maps gfbns are dominated by tiny grains with> 0.3 (see Fig.10),
PSD profiles, for which all grain sizes had been rescaledély thand thus sizes .1/2x, which are poor emitters at 306, while

B ratio). We chose here a bright A star, typical for stars atbufihe inner regions are dominated by larger graihs 0.1), which
which the best resolved debris disc images have been obtaiagit more éiciently at such long wavelengths.

(i.e., B Pic, Vega, etc.). For the chosen AQV stellar type, the
radiation-pressure blow-out sizg; is ~ 5um for compact sili-
cates. After fixing the stellar type, images are producediby- . . .
ging our particlegsize and spgﬁal distr?butionspinto theaIlbg?p 4. Discussion and conclusions
package (Augereau et al. 1999). Our numerical investigation has shown that, as a result ®f th
Fig[12 shows that the aspect of our diptanet system dras- coupling between collisions, radiation pressure, andipkesgy-
tically changes depending on the wavelength at which it is ohamical perturbations, the size distribution of debri giarti-
served. This is of course an expected result, especialheimial cles is always significantly spatially segregated, at lemsttars
emission, where dust temperature (and thus its size anal fadi massive enough (typically 0.9M,), for 8 to reach values higher
cation) plays a crucial role. This is, for example, the mainse than 0.5. For all explored set-ups, the only case for whiclolve
for the important dierence between the image in scattered ligitgin a PSD that is close to a standard power-lawi? is that
(Fig[12a), which does not depend on grain temperature,f@nd bf an unperturbed narrow ring of parent bodies. But evertisr t
one at 1@m (Fig[I2b), which does and is only weakly sensitivease, the standard power-law was only obtained inside the na
to the cold grains beyond the planet’s location at 75AU. Thigw ring itself, the matter beyond the ring being strongkesi
temperature ffect is also responsible for the fact that outer rgsegregated. For all the other cases, that is, extended tdissta
gions become brighter for increasing wavelengths. or with an embedded planet, narrow ring with perturbing ptan
However, in addition to this temperaturegt, the disc’s as- €tc., we were unable to find a region of the discs where the PSD
pect as a function of wavelength is also impacted by the sgallows such a standard power-law. The amplitude of these de
tially varying size distribution. One important point isathob- partures from standard PSDs vary, in a relatively complex, wa
servations at a given wavelengtfare typically weakly sensitive With the considered set-up and with spatial location wittie
to grains< A/2x. This will have observable consequences fdfisc. Because of these complex behaviours, it fBadilt to de-
A longwards of sy ~ 30um. A clear illustration of this is rive generic rules for the behaviour of PSDs in a given emviro
that the image at 3Q@n has much sharper structures than th@ent. However, some general reliable results can be given:
one at 5@m, mainly because a 3t image does not display
small grains with3 > 0.5 X sut/(300/2r) ~ 0.1. Since these 4 Note that we are here only considering astrophysiffatces and do
grains are the ones that populate the regions beyond thatpargot take into account the resolution of the observing ims&uts, which
body disc’s outer edge as well as the unstable regions in ik@sually better at shorter wavelengths.
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Fig. 10.Extended disc perturbed by an embedded planet. Azimutaadlyaged radial distribution of the geometrical crossisec
as a function of particle sizes, for fourfilirent configurations: a) Nominal (run G), b) Saturn-masseil@ = 2 x 1074, run J), c)
high optical depth = 2 x 1072, run 1), d) low optical depth® = 5x 1075, run H).

— Contrary to the prediction of standard PSDs gh (with by rin = (1 — 28(s)) x r, wherer;, is the inner edge of the
g < -3), we find that the size dominating the geometrical parent-body disc. The magnitude of the depletiors &f s*
cross section is in many casaat that of the smallest bound  grains depends on the slope of thig) profile. If the disc is
particles. Cases for which larger grains dominate are gtab ~ wide enough, then the PSD approaches a standard power-law
a) the inner regions of extended discs (see Elgs.6ahd)0), in the outer regions of the disc.
the regions just beyond a narrow ring (Eig.d)the regions — For all planet-perturbed discs, dynamically unstableaegi
radially below a perturbing planet’s orbit (Figs.7 Hoyd are not empty, because of the combiné@es of collisions
d) the corotating L4 and L5 Lagragian points around disc- and radiation pressure. Their PSDs are, however, very pecu-
embedded planets (Hi¢.9). The dominance of large grains in liar, because they are mostly populated by very small grains
these regions is more pronounced for tenuous discs than for with typically 8 > 0.15.
dense ones. — Segregated PSDdfact the way resolved discs appear at dif-

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

— For an unperturbed extended disc, under the reasonable as-grains, which ar poor emitters at long wavelengths despite
sumption that the surface densiifr) of large parent bodies ~ having a more "adequate” temperature. Likewise, planet-
decreases with, we found that, at a radial distancethe induced structures are expected to appear sharper at longer
PSD assumes dn o« sds profile down to a sizes" given wavelengths and more blurry at shorter ones because unsta-
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Fig. 12.Synthetic images produced with GRaTeR for the extendetletihedded-planet case (nominal case, run G) assuming the
central star is an AOV. We consider fouffdirent wavelengths): 0.5um (scattered light)b): 10um; c): 5Qum andd): 30Qum. In
each image, the flux has been normalized.

ble regions are predominantly populated by smaller graitisero annulus]. This can be done by solving Kepler's equation

than stable regions are. when assuming that these grains have their periastropnatd

an orbital eccentricitg = (1-8)/(1-28). For the next radial an-

nulus atry, the same procedure needs to be applied, except that

one needs to take into account in the fit the number of leigh-
ins coming from they annulus. Once a best PSD is obtained

AlT1, one switches to the next radial annulus and the procedure

IS iterated until the outer edge of the system is reached.

For systems where a planetary perturber is expected (for in-

Some of these robust results are simple enough to be us
for image- and SED-fitting procedures. As an example, our
sults for the specific case of unperturbed systems (narnmogy ri

or extended discs) can be easily implemented into best-fiktmag

els such as GRaTeR. A possible method would be to divide R ce because of asymme_tries in resolvgd imaggs), sueh sim
system to be fitted into concentric radial annuli, which veblog pié methods cannot be applied. However, if a possible orisit a

fitted sequentially, following an inside-out direction. e mitial mass for the planet are considered, our results suggesihthat

step would be to find the best PSD in the innermost annulus '(Da§D fitting should be divided into three separate regionthe)

distancero) using a standard fitting procedure. From this PSD,s Note that this procedure isfiiérent from that, used in many past
one is then able to deduce the number of small grains, haviggdies, which simply dilutes the number of small grainsigltheir
high-e orbits due to radiation pressure, which are needed in tB@ngated orbit, thus resulting in an underabundance sktheains in
outer annuli (withr > rg) in order to obtain the best-fit PSD ofthe inner annulus.
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dynamically stable region below the planet’s orbit, 2) titee- S Lebreton, J., Augereau, J.C., Thi, W.F., and 18 coauth@k2 2A&A, 539, 17
ble region beyond its orbit, and 3) the unstable region adouhkestrade, J.-F., Morey, E., Lassus, A., Phou, N., 2011, ABZg, 120
the planet. For tenuous discs. we expect region 1 to be devb' auer, J., 2006, in: Planetary Systems and Planets ter8gsStephane Udry,
n . ith 0.15 and . 2 h | illy Benz and Rudolf von Steiger (eds.)., 249
of grains withg > 0.15 and region 2 to have an almost Unpefspne 1., Krivov, A. V., & Rodmann, J. 2008, ApJ, 673, 1123
turbed PSD, while region 3 is probably almost empty except f@lennesson, B.; Absil, O.; Lebreton, J.; Augereau, J.-Oal$m, E.; Colavita,
the Lagrangian points, which are expected to be populated by. M.; Millan-Gabet, R.; Liu, W.; Hinz, P.; Thbault, P., 2018pJ, 763, 119
B < 0.15 grains. The situation is more complex for bright dené\é?lflz"\"g”'[‘é ﬁéMf'hEFf% R 3/00226 1AoJ'A12J4’72035§)51728
; : : ; nS., , T., Krivov, AV, , ApJ, 708,
d|sc_s, which showed a complex |r_1terplay between grains fr che, R.: Beust. H.: Augereau, J.-C., Absil. O., 2008, A&80, 551
the inner, outer, and u_ns_tab!e regions (sed Fig.10a ano_hé). hannon, A., Wu, Y., 2011, ApJ, 739, 36
only reliable characteristics is here that the unperturegibn Stark, C. C., Kuchner, M.J., 2009, ApJ, 707, 543
is not empty, but populated mostly /> 0.15 grains. Strubbe, L.E., Chiang, E.I., 2006, ApJ, 648, 652
We expect the implementation of these reliable results alei eggﬂ:? E" 3822' ﬁgﬁ* gg? éf_f’g
prescriptions into best-fit models to greatly help our ustiTd- Thehault P.. Augereau, J. C., 2007, AGA, 472, 169
ing of several specific debris discs. The best candidates i®&bault, P., Kral, Q., Ertel, S. , 2012, A&A, 547, 92
these investigations are discs that display well-definediaglp Thebault, P., Marzari, F., Augereau, J.-C., 2010, A&A, 5E3,
structures for which multi-wavelength observations arailay Thebault, P., Wu, Y., 2008, A&A, 481, 713

. . . ense, C., Krivov, A.V,, Lohne, T., 2010, A&A, 520, 32
able. Obvious candidates are the narrow ring around HR479 att, M. C.: Smith. R.- Su. K. Y. L : Rieke, G. 1. GreavesS, Beichman, C.

which might (or might not) be confined by planetary pertusber “a : Bryden, G.; 2007, ApJ, 663, 365
(e.g.,lLagrange 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 fulyderstood
(Boley et all 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 reuis the
ALMA interferometer (especially once it will have longerdsa
lines) will be of crucial importance, because they give iemg

of unprecedented resolution in the millimgaebmillimetre that
allow unique access to the spatial distribution of largérgrd-or

the spatial distribution of smaller grains, a quantum leageso-
lution should be achieved with the high-resolution imaget)e
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 wilkebe th
purpose of a forthcoming paper.
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