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ABSTRACT

Context. While sub-micron- and micron-sized dust grains are gelyenall mixed with the gas phase in protoplanetary diskgéar
grains will be partially decoupled and as a consequence &alifferent distribution from that of the gas. This has ramifiaatior
predictions of the observability of protoplanetary disks,which gas-only studies will provide an inaccurate pietuSpecifically,
criteria for gap opening in the presence of a planet havergindeen studied for the gas phase, whereas the situadiohe quite
different in the dust layer once grains reach mm sizes, whichas wifi be observed by ALMA.

Aims. We aim to investigate the formation and structure of a pinyegap in the dust layer of a protoplanetary disk with an eddbd
planet.

Methods. We perform 3D, gasdust SPH simulations of a protoplanetary disk with a planet éixed circular orbit at 40 AU to study
the evolution of both the gas and dust distributions anditleasn the disk. We run a series of simulations in which threnpt mass
and the dust grain size varies.

Results. We show that the gap in the dust layer is more striking thahérgas phase and that it is deeper and wider for more massive
planets as well as for larger grains. For a massive enougteplave note that cm-sized grains remain inside the gap iotaon
and that their population in the outer disk shows an asynmstiructure, a signature of disk-planet interactions deera circular
planetary orbit, which should be observable with ALMA.

Key words. planetary systems: protoplanetary disks — hydrodynamiogthods: numerical

1. Introduction the dust and makes it settle to the midplane and migrate in-

. . .wards. The magnitude of thesé&exts depends strongly on the
While we understand the general scenario of planet formatig,5in size and the disk densify (Weidenschilling 1977 Bisio

via accretion [(Mizund 1980f Wethe}ill 198¢; Lissder 198 % Valagead 1998 1997- Garaud atlal. 2d02: Garaud & Lin R004:
Wetheril)[199p] Pollack et &l. 19P6), the devil is in the dieaad Barriéga-Fiucr?get £|_7’2d05)_ etlal. 2004; H '

the processes by which tiny sub-micron grains grow into plan
etesimals, the building blocks of planets, is not well ustizod. In recent years, gap formation by a planet embedded in disks
With over 400 extrasolar planets detected to date as ligtétei of gas and dust has been studied by several authors, for dif-
extrasolar planet encyclopefjiave can start to do some meanferent planet masses andfdrent sizes of the solid particles.
ingful statistics on the types of planets that exist in ouaga Paardekooper & Mellerhd (2004, 20D6a) determined the $patia
(Alibert et al} [200p[ Marchj 2007) to help constrain thesri  distribution of 1 mm grains with 2D simulations in order to-de
planet formation. rive the smallest planet mass that would result in an obbésva
A wealth of analytical as well as numerical studies of thgap with ALMA (Atacama Large Millimeter Array). In their
formation of gaps by a planet in a gas disk have shown how tWerk the dust was strongly coupled to the gas and responded
shape of the gap depends on properties of the planet (masshdiectly to the planet gravity through the radial pregsgra-
well as the gaseous disk (pressure scale height, viscoS&g dients caused by a Neptune-mass planet in the gas disk that le
[Crida et al. iZOGG) for the case of gap shapes and Papaloizothe formation of a gag. Muto & Inutsykh (2009) investighte
et al. (200[7) for a more general review on planet migraticth amhe efect of a low-mass planet on the dust distribution by inject-
gap formation. ing one dust grain at a time and derived criteria for gap open-
The dust phase, however, has been shown to beh#ee-di ing. [Ciecielag et §1.[(207) as well s Marzari & Sdhpll (g0
ently to the gas. Dust experiences a headwind from the peessdocused on already formed planetesimals while the gas phase
supported sub-Keplerian gas and the induced drag forcesslawstill present[ Ciecielag etlal. (2407) considered plesienals
down to 1 m in size. They studied thé&ext of spiral structures
Send offprint requests to: L. Fouchet in the circumprimary gas disk triggered by a secondary campa
1 httpy/exoplanet.eu ion in a tight binary system in order to derive relative véies
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between planetesimals and determine whether planet fammathetic images for ALMA and present the most favorable observ

is possible in such systems. ing configurations to detect the gap and associated stasctur
The presence of planets, and the gap they create when they

are massive enough, can also help constrain the globalpiepe

of the gas (temperature, density, viscosity) as well astlopthe 2. Dust behaviour under the effect of gas drag

dust (grain size distribution, degree of settling) in thekdi This

can be achieved by measuring the width and brightness of RESt grains immersed in a gas disk experience a drag force

ich, in the Epstein regime (valid for the nebula parangeter

ideally f h phasg (Wolf & D'A 2005; Cri W n i : en
%&I.dgguchg: g?c ) zoa;h;. (Wolf & D'Angefo 20¢5; Crida et &and grain sizes we consider, see BF05), is given by
It has been shown that ALMA will be able to observe a plan- My
etary gap opened by aM; planet at 5.2 AU from a M, starat Fp = —— Av, 1)

a distance of 140 pc under the naive assumption that gas ahd du s

are well mixed [Wolf et [ 2002). It will certainly be poskitio \where

observe other features related to the presence of the ptarot

as warm dust in its vicinity or even spiral waves for distance,_ - pdS 2)

not exceeding 100 p¢ (Wolf & D’Angdlp 2005). Here we focus  ©gCs

on the formation and features of the gap itself in the case of a ) ) ) )

massive protoplanet. andmy is the grain masds the stopping timeAv = vq — Vg the
Our previous simulations of dust evolution in a t icaqdlff_ererjtlal gas-dust veloc_lty}d the dust intrinsic densitys the

Classical T-Tauri Star (CTTS) disk (Barriere-FouchetH2@05, 9rain sizepq the gas density anct the gas sound speed.

hereafter BFO5) showed that the thickness of the dust layer Early studies by Weidenschilling (1977) showed that there

depends on grain size becausfatient sized grains fall to the €Xists a grain size for which radial migration is fastestiséging

midplane at dferent rates. We distinguished three dynamic#ie conditiontsQx = 1 whereQ is the Keplerian pulsation. This

regimes for the dust: (1) almost uncoupled for large grainene OPtimal grain size is thus given by

the dust component follows slightly perturbed Kepleriahitsr c

and keeps its 3D distribution (if initially 3D); (2) weaklpapled sy, = Pazs

for intermediate-sized grains for which settling is vefiyaent; Pd

(3) strongly coupled for small grains where grains are fditoe

follow the gas motion.

®3)

This depends on the nebula parameters, and in particular on

We have also investigated the formation of a gap by a pla the gas density profile. For a vertically isothermal disk in
immersed in a Minimum Mass Solar Nebula (MMSN) and drostatzlzczigylhbnum, the ggs density prc.)fllep.§(r, 2 =
showed that dust settling makes the gap much more strikingsf"> 0) € /2RCF, where the disk scale height iBi(r) =
the dust layer than in the gas phase because of its redudid vEs(")/«(r). Integrating vertically yields the surface density
cal extension for weakly coupled grairs (Maddison ¢f al.200%g(") = V27 pg(r, 0) H(r). Consequently, the optimal size in the
Fouchet et [ 2007, hereafter FO7) . Indeed, the critebogdp disk midplane is
formation depends on the disk scale height (Crida Ht al.]Jr006
Because of the size of particles in the weakly coupled redime (r,0) = Zg(r) @)
the particular case of the MMSN (1 m, see Sfkt. 2), that stu ’ V2rpg.
had no direct application to observations. Images of duistysd
at infrared wavelengths do not probe such large particlesnb This is typically ~1 mm—1 cm for CTTS disks] (BFP5) and
stead trace the smaller, strongly coupled dust grains witisse ~1 m for MMSN disks [Weidenschillij§ 197; H07). The three
tribution is similar to that of the gas. regimes mentioned in Se¢t. 1 correspond to grains muchrlarge

In this paper, we examine the gap formation in the dust lay#an sopt (almost decoupled from the gas), of comparable size
of CTTS disks, which are spatially more extended and lessaleto Sopt (Weakly coupled), and much smaller thagy (strongly
than the theoretical MMSN case. Our ultimate goal is to use thoupled). The intermediate regime, for which both radiajna
results of our hydrodynamical simulations to produce sgtith tion and vertical settling arefiécient, is the most dynamically

images for ALMA. We consider in particular thefects of a interesting.

massive planet in the outer cooler regions of the disk. lddee aghighipour ossS) have shown that solid particles
several planets at large distances from their star have theendrift towards pressure maxima. Indeed, at the inner edge of a
tected, such as those recently announced orbiting Fomalhpressure maximum, pressure increases with radius andeke pr
(Kalas et g).[2008), or HR 8799 (Marois ef pl. 2008). The esure gradient is positive, acting in the same direction estél-
trasolar planet encyclopedia lists 10 planets with a seajpm lar gravity. Gas has to flow super-Keplerian in order not tb fa
axis larger than 20 AU, and 7 of them have minimum masses the star. It speeds up the dust that, with no internal press
larger than 5M;. We study the dust distribution in the weaklywould flow at Keplerian velocities. In order to conserve dagu
coupled regime, which corresponds for these CTTS disks tareomentum, which increases with radius in a Keplerian digkt d
size range (10@m to 1 cm) that can directly be probed by curthat is sped up and therefore gains angular momentum needs to
rent and future (sub)millimetre instruments. migrate outwards. At the outer edge, this is all reversediarst,

The present paper is the first part of this work, presentiag talowed down by a sub-Keplerian gas, has to drift inwards. As a
hydrodynamical simulations. In Seﬂt. 2, we discuss thedyms- result, dust is concentrated in the pressure maximum.
interaction in the presence of a planet. In Sﬂct. 3, we dascri From those considerations, in a disk with an embedded
the numerical method and simulation suite. Results araibest planet we therefore expect dust grains to migrate towares th
in Sect.|}l, while the analysis and explanations are pregénte pressure maxima on either side of the gap and to accumulate
Sectﬂi. We conclude in Seﬂt. 6. In a forthcoming companien ghere. This behaviour has been observed by, e.g., Paangekoo
per, we will use the simulations presented here to produse s® Mellema (2004| 2004a), Maddison et al. (2007), FO7.
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3. Simulations Table 1. Simulation suite.

3.1. Code description s=100um s=1mm s=1cm
We have developed a 3D, two-phase (gdisst) Smoothed mp : 8'% m;’ : :
Particles Hydrodynamic (SPH) code (BF05). We use it to model Mz —1M, . .

a protoplanetary disk of mad4yisk, orbiting a star of maskl,, M, =5 M, o o o

and containing a planet of mab4, on a fixed circular orbit of
radiusr,. The code units are chosen such fBat M, =r, = 1.
The disk is treated as vertically isothermal, implying tkizs
cooling is very dicient. Any heat produced by viscous dissipa- . - .
tion or by stellar irradiation is radiated away much fastartthe cuss_ed b@M), Itis not clear whether the mcre_as_ed
gas dynamical timescale. Disk self-gravity is not implerteen plexity and computing cost is compensateq by the gain In-accu
it is negligible for the low-mass disks we study. Gas and du&cY-B2rve et gl.|(2009) propose Regularized Smooth Rartic

are treated as two inter-penetrating fluids coupled by gag idr y((j:qurdhynamlcs wr;]eredthe S(?[Ihunon IS ”?aFl)peO.' O”tt)ot? regular
the Epstein regime. In each simulation we consider a poipulatgrl - 1NIS approach reéduces h€ numerical noISe but Ineeas

of uniform-sized grains which do not shatter or grow. Fot fuLhyelty%c;Vs\inggr;qu:‘ivﬂg; ;i%e?sﬂé;esg g;e%een;ﬁg
detz\a/Uz ?Jgg\?h?ggnsﬂr?s%i viscosily (Monagfan 11989) w tessellation. This technique combines the advantagbstbf

aspu = 0.1 andBspy = 0.5. The aspy term was introduced Eulerian and Lagrangian techniques and seems very praisin
to remove subsonic velocity oscillations that follow sh@ckghese developments are mostly proofs of concepts and need to

- : tensively tested. For this work we continue with tha-sta
(Monaghan & Gingold 1983) and thespy term damps high € €X ; e VY
Mach number shocks and prevents particle interpenetratié@fd SPH whose achievements and limitations have beeyclear

9). Thespy was shown by Monaghia (1 ‘85)addressed in the literature.
to produce shear and bulk viscosity. Our choice of artifisiaH

viscosity terms leads to a Shakura-Sunayagyparameter for 3 2 simulation parameters

the viscosity of order 1. This is within the range of values in-
dicated by observations of protoplanetary di. We model a typical CTTS disk wittM, = 1 Mo, Maisk =
f99%;[King et a).[2047). For a discussion on the validity d3.02 Mg and comprising 1% dust by mass. The disk initially ex-
these viscosity parameters in protoplanetary disks@e IR0 tends from 0.1 to 3 code units, which corresponds to 4-120 AU,
that previous work, we usedspy = 0.1 andBspy = 0 and With a planet at orbital radiug, = 40 AU = 1 code unit. The
showed that the resultingss was only slightly smaller than with initial surface density profileX(r) = ZorP, is taken to be flat
Bspr = 0.5. In this work, we consider a more massive planetp = 0) to follow our previous work(FQ7). Initiallysop is there-
which will generate a stronger spiral density wave. As altesufore also uniform in radius, with a value 6f..5 cm in the mid-
we need to increaggsph. plane. The initial temperature profileigr) = Tor 9, withq = 1.
SPH has clear advantages over grid-based codes, in partithe disk aspect ratio is initially chosen to bg¢r = 0.05 atry,.
lar when investigating boundary-free problems such as 3Bdla The intrinsic grain densityyq, is 1,000 kg m?.
protoplanetary disks. However, within the simulation comam  As in [FO¥, we embed the planet in a gas disk and evolve the
nity, SPH is often considered to be a poor choice when moslsstem for 8 planetary orbits and then add the dust phase. The
elling planet-disk interactions since the resolution éases in star is kept fixed at the origin. The evolution is then follalve
the gap because of the reduced number of particles there félea total of 104 planetary orbits. The disk is allowed toesmt
Val-Borro et al. [2006) compared the results from grid-lblaseutwards and particles are only removed from the simuldfion
and SPH codes when modelling the planet-disk interactinds ahey go beyond 4 code units (160 AU). The inner radius is fixed
found that SPH codes predict the correct shape of the gagit allat 0.1 code units (4 AU) and particles crossing that limitase
with less resolution in the low density regions and with werak sumed to be accreted by the star. Crida & Morbipglli (2007gha
planetary wakes. It should be noted, however, that the dakein  shown that the disk interior to the gap is dramatically dtsulef
of the grid-based codes ¢f de Val-Borro ef 4l. (4006) usedttge inner boundary condition is too close to the planet. @sir t
rather low viscosity (which SPH cannot achieve). If one wergimulations show that an open inner boundary atrg.avoids
instead to consider more turbulent disks, as expected uraat this depletion of the inner gas disk, as extensively disetigs
that gap would be shallower and edges not as sharp in both §RbY (see their Fig. 11). For full details of the initial setspe
and grid-based codes. Authors modeling low-viscosityaegi FOT. All simulations contain 200,000 particles per phase.
(e.g. dead zones) expect a gap with razor-sharp edges, ivhile \We run a series of simulations in which we vary the grain
is certainly not the case for the more viscous disks we censidsjzesfrom 100um to 1 cm, so that dust is in the weakly coupled
As mentioned above, we usgs = 102 as suggested by obserregime, and the planet madd,, from 0.1 to 5Mj, in order to
vations of disks. _ _ study how these parametef§ext the resulting dust distribution
While the SPH community is substantially smaller than thgound the planetary gap. Here we investigate larger plaret
grid-based community, people have been trying to improee thtar mass ratios than {n 07, which produce a stronger spiral

SPH technique by including high order algorithmsin Lagfang density wave. Tablf 1 presents the simulation suite.
methods. a[ (20p2) proposes a new formalism called

GSPH, for Godunov Smooth Particle Hydrodynamics, which

uses a Riemann solver to improve the treatment of shocks. QneResyits

issue with this approach is that complicated equationsaié st

are more diicult to_implement than when one relies on artiin this section, we describe the results of the simulations.
ficial viscosity (seq_ Monaghhn 1997). Maron & Hojves (2003nalysis and discussion of the results will be presentedén t
propose Gradient Particle Magnetohydrodynamics, but,jss chext section.
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Fig.1. Density maps in midplane (top) and
meridian plane (bottom) cuts of the disks. The
three leftmost columns show the dust density
for s = 100 um, 1 mm and 1 cm, from left
50 100 150 to right, and the right hand column shows the
gas density. The rows show simulations with
r (AU) M, = 0.1, 0.5, 1 and 5V, from top to bottom.

In Fig.ﬂ we plot the dust and gas distributions in #yeand of the gas and dust for disks with= 1 mm and planet masses
rz planes (where the center of frame is fixed on the star) affeom 0.1 to 5M;.

104 planet orbits, coloured by volume density for all simula The gas is little &ected by the dust phase (see S@ 5.4) and

tions. Fig.DZ shows the azimuthally averaged radial surfce
sity profile and the midplane volume density of the dust fekdi
with a 5 M; planet and grains sizes from 1@én to 1 cm, and

its distribution is similar for all grain sizes. Its densigyshown

in the rightmost column of Fig] 1 and the right panels of fjg. 2
for s = 1 mm and all planet masses. As expected (see Eect. 1),
the more massive the planet, the deeper the gap. We find that a
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&
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\‘N‘/ P Fig.2. Azimuthally averaged surface density
= r i (top) and midplane volume density (bottom)
o 13 [ 4 “ -+ M, =0.1 M : i
3 F ] S VY Y T profiles after 104 planetary orbits. Left: dust
1 f/\ 1 M,=1 M, ] densities forM, = 5 M, and diferent grain
g L Ty b B TP ] sizes. Center: dust densities e 1 mm and
0 150 50 100 150 50 100 150  different planet masses. Right: gas densities for
r (AU) s=1 mm and diferent planet masses.

5 M; planet carves a well-defined gap in the gas component of Figure[j& plots the time evolution of the azimuthally aver-
our CTTS disk, that planets with masses of 0.5 dviicreate aged surface density radial profiles for the three grainsdiae
shallow gaps, and that a OM; planet only slightly perturbs the a 5M; planet. It shows that the disk’s outer radius changes very
gas density profile. little for 100 um grains, decreases slowly for 1 mm grains, and
The dust phase, however, has a vefffedtent distribution de- very rapidly for 1 cm grains. The same behaviour can be seen
pending on the grain size, as can be seen by comparing all sfor-the density in the disk interior to the gap. For 1 cm grains
ulations forM, = 5 M; on the bottom rows of Figﬂ 1 and the leftthe displacement of the density peak towards the centeyates
panels of Figﬁz. The disk extension is dramatically redursesl  that the whole inner disk is accreted by the star. The gapderm
increases from 100m to 1 cm: both its outer radius and vertication shows the opposite trend as it is depleted rather il
thickness decrease. A spiral density wave is visible onakef 100um grains, more slowly for 1 mm grains, and the density
on views for 10Qum and 1 mm grains (Fid] 1), similar to thatpeak at the planet’s orbital radius indicating the 1 cm cating
seen in the gas disk, while only a small section of it is visiblgrains does not evolve.
in the much narrower disk of 1 cm grains. The gap is wider and Recently it has been shown that material can become trapped
deeper, with higher densities at its outer edge, for largaing in the Lagrange points in_disks with planets (e.g. in the -dust
sizes, and in all cases more pronounced than in the gas phaséy+planet disks of Wolf et 41.[(2007) and in the gqdanet
For 1 cm grains, because they are the mdgtiently settled, disks of|de Val-Borro et al.[ (20D6)). Our simulations do not
the midplane volume density better shows their concentratf take the stellar wobble into account and thus cannot model
the gap outer edge, with a higher dust-to-gas rati®.3) than Lagrangian points and produce any accumulation of matter
the surface density does (0.09, compared to the initial uni- there. Be that as it may, while gas is seen to be trapped at L4
form value of 0.01). The disk interior to the gap is virtualig- and L5 in the inviscid simulations of de Val-Borro et al. (B)0
affected by the presence of the planet for L@®grains, but has viscosity eventually removes gas from these points andeitdide
almost disappeared for the 1 mm grains and is no longer prestieir viscous runs do not show such features. We therefore do
for 1 cm grains, for which a population of grains in corotationot expect to see accumulation of either gas or dustat L4 &nd L
with the planet can be seen instead. In that latter caseatésg in our viscous disks.
slightly asymmetric and the outer disk appears eccent'rg:@?.
The same fect of grain size is seen for other planet masses )
in the three upper rows of Fi§] 1: the dust disk’s outer radits Discussion
and vertical extens_ion are smaller, Whergas the planééstds 5.1. Understanding the gap
larger, for 1 cm grains than for 1 mm grains.
The dfect of the planet mass on the dust phase for those t\Mwst of the features described in Se@t. 4 can be explained by
sizes can be observed in the two center columns of|]3ig. 1 acmwmparing the grain size to the optimal sizg;, whose radial
for 1 mm grains in the center panels of Fj§. 2. The disk has tpeofile in the midplane is shown in Fifj. 4 atfigirent times for
same radial extent but is slightly thinner for less masslaagts. M = 5 M;. The closer their size is teyy, the more #iciently
As is seen for the gas, the gap width and depth increadé,as dust grains settle to the midplane and radially migrate.
increases, and the gap is always more pronounced in the dustinitially at a uniform value of 1.5 cmsy,,; decreases only
phase than in the gas. A very shallow gap is visible in the dudightly outside the gap and stays of the order of 1 cm out to
fora 0.1M; planet, where only a slight perturbation is seen in thel20 AU. Centimetre-sized grains therefore migrate and set-
gas, and planets of 0.5 orM; already carve well-defined gapstle very rapidly, resulting in a compact and thin disk seen in
in the dust disk. Contrary to theM; case, the disk interior to the Fig. ﬂ A similar behaviour is seen in the inner disk, which is
gap is still present and particles in corotation are notolgse  very rapidly emptied as particles accrete onto the staorbefp:
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Fig.5. Number of SPH patrticles accreted by the star (left) and
the planet (right) as a function of time, ftf, = 5 M.
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8 orbits
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i — wems 1 This dictates the shape of the dust disk during the disk ¢éeolu
1 L L . . . . . . . .
0 50 100 150 As it is a highly non-linear process, it isfiicult to predict the
r (a0) final shape of the dust layer.

Figure[!]i shows the accretion of gas and of each grain popula-
tion onto the star and theM; planet as a function of time. Both
1 cm and 1 mm grains are accreted vefficgently onto the star,
about twice as much as the gas, showing their strong inward mi
gration. The complete disappearance of the inner disk fan1 c
decreases significantly below 1 cm there (Figs. 3[dnd 4).en thrains is confirmed by their accretion rate, which stallemaft
gap, howeversyy: drops very rapidly from its value of 1 cm ~ 80 orbits. The slightly lower accretion rate of 1 mm grains
at dust injection (8 orbits) to below 1 mm in just 40 orbitseduleaves a small population in the inner disk. The more stypngl
to the rapid carving of the gap in the gas disk. Centimetzeesi coupled 10Qum grains have an accretion rate comparable to that
grains are thus quickly decoupled from the gas and stay dn thef the gas. Conversely, the accretion onto the planet iswesak
initial orbits in the gap, in corotation with the planet. Mitetre- for 1 cm grains, which are decoupled and stay in the coratatio
sized grains settle and migrate lesBagently in the outer disk region on horseshoe orbits (see below), and for 1 mm grains,
since their size is farther frorm,. In the inner disk, their dis- which quickly migrate out of the gap. The 1@#n grains take
tribution evolves slowly at first, whes, is still close to 1 cm, longer to leave the gap and consequently more are accreted by
then their depletion acceleratessgs decreases and gets closethe planet, as is the gas which can still flow through the gap.
to their size, until only a tenuous annulus of dust is leftret t  The dust behaviour for other planet masses can also be un-
end of the simulation. We anticipate it will disappear aéits@r derstood from similas,p profiles, which can easily be inferred
at later times. In the gasyp drops rapidly to 1 mm and below, from the gas surface density profiles in the top right panel of
resulting in the fast migration of 1 mm-sized grains out @& thFig. 2 (via logsopt (cm) =~ log X (kg m2) — 1.4 from Eq. (#)).sopt
gap. Finally, 10Q:m grains are more strongly coupled to the gagoes not change much in the outer disk, the shape and density
and evolve slowly on either side of the gap, since their d&gss profile of which are therefore the same for all planet magses.
well below syp at all times. The increase of the midplane denvi, = 0.1 to 1 M;, the gas density and consequergly; do not
sity in the outer disk reflects their moderate settling. Eglap, decrease muchinthe gap, preventing grains from decougtidg
on the other handsp: quickly approaches 1Q@m, causing their staying in the corotation region. Particles thus tend tceste
efficient depletion. the gap and move towards the pressure maxima at its edges. The
We note that the thickness of the dust layer is not vanisimner disk is constantly replenished with grains migrafirogn
ingly small despite the lack of explicit turbulence. Indetite  the gap, slowing down its accretion onto the star and prawgnt
final shape of the dust layer in these simulations, in botratadits disappearance at the end of the simulations for 1 cm grain
extent and thickness, depends on the grain size. This isaduéStmaller grains have sizes smaller thsgp at all times interior to
a complex interplay between both settling and radial migrat the gap, they therefore migrate very slowly and do not fatbon
times and grain size. The disk can be thicker in places duethe star.
radial migration pushing more material inwards but a change  The 5M; planet triggers a strong spiral density wave in the
Sopt (due to density) further inwards can cause the dust to pile ugas (see Fig.| 1) which, incidentally, enhances the gas tmaere

Fig.4. Evolution of the radial profile of the optimal grain size
Sopt: iN the midplane foM, = 5 M.
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for 1 cm grainsin the disk midplane, is everywhere largenitea
initial value of 0.01 and even reaches unity along the spieafe.
(Itis still higher in the corotation region where there ifldi gas
left.) This shows that the dust is even more concentrateti®y
action of the drag than the gas is in the spiral wave, as wazifo
by Rice eta). [2004).

The variation of the disk thickness with planet mass can be
understood in light of the work by Edgar & Quilleh (2008), whdween that edge of the gap and the planet (at 40 AU) migrate
establish that there are strong vertical motions of the galseé outwards this time, towards the pressure maximum at the gap
spiral arms, and they speculate that this stirs the dusta#lyt edge (P5, P6). Their eccentricities are damped during thieir
These motions are naturally stronger for more massive angration, but when they reach the gap edge (which the outé¢rmos
resulting in a thicker dust disk which we see in Fig. 1. Beeau®1 does not achieve by the end of the simulatierijicreases
the spiral arms are stronger closer to their launching peist again and oscillates about an average value between 0.04 and
also expect vertical motions to be stronger close to the dgp e 0.08. The eccentricities of P4 and P6 behave very similarly t
than in the outer disk and, as a result, the disk is thickeseclothat of P5 but are not plotted to avoid overcrowding the figure
to the gap for the larger planet masses. The less perturbks diThe trajectory of P7, also shown in thg plane in Fig|B, is rep-
with lower mass planets have a regular flared shape thatlethi resentative of dust grains that started in the vicinity efplanet:
at large radii. they are in corotation and follow horseshoe orbits. Finabr-

The Lagrangian nature of SPH can be used to confirm theles initially interior to the corotation region migrait@wards
interpretation of the dust behaviour detailed above byofell towards the inner gap edge and end up being accreted by the sta
ing the trajectories of individual SPH particles. In theldoling (P8, P9). Their eccentricities, also not plotted, os@llagtween
discussion, we focus on the simulation with, = 5 My and 0and 0.05.

s = 1 cm. We select a sample of dust particles initially in the The positions of SPH dust particles at dust injection and at
upper layer of the disk at various radii and compute their ithe end of the simulation are plotted in F[b. 9. Selectings¢ho
stantaneous orbital elements (semi-major aajsgccentricity, that are in the corotation region (in green) at the end ofithe-s

e, and inclinationj) from their positions and velocities at eacHation and looking for their initial positions show that theere
timestep. Figurf 7 plots the time evolutiorepk, andi aswellas already there. This confirms that they decouple very quickly
the trajectories of these particles in tteplane. Dots are plot- from the gas and do not leave the gap, and that particlealiwiti
ted at regular time intervals (bottom panel of Hify. 7) to shoglsewhere do not migrate into the corotation region.

how fast particles traverse ftkrent parts of their trajectories.  Some particles initially in the corotation region can pass
The particles are initially on inclined elliptical orbitsi@d settle close to the planet, which then scatters them away. Thectraje
to the midplane while they migrate radially. Thi&eient damp- tories of some of these particles up to their ejection aréqdo
ing of their inclination is clearly visible. Particles thstarted in Fig.[§ (the coarseness of the curves is due to the limited fr
in the outer disk (P1, P2, P3, P4) migrate inwards and pile gpency of the code data output), while FEl 10 shows the time
at the outer gap edge (60-70 AU). Those particles initiafly bevolution of their orbital elements. P10 is initially on aciined

Fig. 7. Time evolution of orbital elements e, andi (top panels)
and trajectories in thez plane (bottom) of SPH dust particles
{'nitially at various radii in the upper layer of the disk, ftre
simulation withM, = 5 M; ands = 1 cm.
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5.2. Understanding the disk asymmetry

; Figuresﬂl an(ﬂQ show that the gap and outer disk become asym-
« foy ~ metric in the dust phase for 1 cm-sized grains withMFlanet.
1 As can clearly be seen in the gas phase of|H5ig. 1, the more mas-
1 sive the planet the stronger the resulting spiral wave. Maige
o = is not a “physical” wave in that it comprises specific pagtl
throughout the simulation, but is instead a density wavectvhi
Fig.9. Positions in thexy (top) andrz (bottom) planes of the moves through the disk with a pattern speed that matches that
SPH dust particles at dust injection (left) and at the endhef tof the planet’s orbit. Thus it is not coherent eccentric trloif
simulation (right) forM, = 5 Mjands = 1 cm. Particles ending the individual particles, but the density wave itself whickates
up in corotation are highlighted in green. the asymmetric distribution in the dust phase. The 1 cmgesti
respond most strongly to the pressure maximum in the density
wave and therefore we see a stronger disk asymmetry. This is
orbit and settles to the midplane and keeps a horseshodarbitenhanced by the fact that the disk of 1 cm-sized grains is more
some time, then passes close to the planet and is scattereccéimpact, making the structure more obvious.
wards. By that time, there is not enough gas left in the inigl d — Kiey & Dirksen (200F) studied gas-only disks with an em-
to make it migrate furthersg,; has decreased below 1 cm and thbedded planet on a circular orbit and observed a transitin &
particle is decoupled from the gas) and it stays in a marlyinatircular to an eccentric disk for planet masses larger th2&8,
perturbed orbit around 30 AU. P11 passes close to the plairein ass = 0.01 disk. They found that the disk is turned ec-
early in the evolution, before completing a full horseshoe ocentric by the excitation of am = 2 spiral wave at the outer
bit, and is scattered inwards. It keeps migrating to theriga@ 1:3 Lindblad resonance. The asymmetry in our dust disk danno
edge, slightly outside 10 AU, where it stays for some timebef have the same origin because our planet masses are smatier th
eventually being accreted by the star together with theofgbie  that necessary for an eccentric disk, and because our gionda
inner disk particles. P12 is scattered outwards with a haglee- are run for 100 orbits, which is much shorter than the viscous
tricity after a long period on its horseshoe orbit. It themgrates time scale necessary for eccentricity growth. We comptuied t
inwards, its semi-major axis and eccentricity being dammped disk eccentricity, defined as the average of the instantaeo-
the gas. centricity of all particles at a given radius and which Kley &
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Dirksen [200B) used as a diagnosis tool, and plot it for gas aRig- 13. AZ|muthaII_y averaged midplane density profiles after
dust in Fig|1lL. For both phases, the disk eccentricity reacht04 Planetary orbits foM, = 1 M; ands = 1 mm (top) or
a maximum of only about 0.08, similarly to their non-eccientr Mp = 5 My ands =1 cm (bottom), for simulations with or
disks (see their Fig. 2). Finally, we do not see any asymmeWhOUt backreaction (BR) of dust on gas. Left: dust; rigjgs.
in our gas disk. The one we observe in the dust disk is thexefor
specific to the dust dynamics in the presence of a spiral wave i
the gas.

As expected from the analytical study hols

([009), we do not observe periastron alignment of our dust p
ticles on neighbouring (.)rb.its because our planet is notredce gas phase is being carved until it reaches a steady state afte
However, contrary tp Ciecielag eg]. (2007) we do not se@ra c sgyera| hundreds of orbits. Thus, the gas in the Lindblad res
relation between periastron longitude and eccentricitys 1S 5nances (which are inside the Hill radius) is depleted awed th
likely due to the fact that our disk perturbation is much wesak| jngplad torque decreases. The dust, on the other hand; is pi
due to the_lower mass of ourse(?ond_ary_compared to thelrg. ing up at the outer gap edge, which results in the increase of
The disk asymmetry has implications for observationgse outer Lindblad torque. Eventually, as the system remehe
[Takeuchi & Artymowic [2001) suggested that consistenedet steady state, the increase in the Lindblad torque exertdtiéy
tions of planets through structures in the dust layer would *éiust phase will stop as well. Perhaps, when the stationay ca

more convincing if asymmetric. They showed that it was posss reached, will dust have a direct dynamical influence on the
ble to build axisymmetric dusty rings and gaps without thespr pjanet.

ence of a planet. Here we show that even a planet on a circular
orbit can lead to an asymmetric dust structure, and for aagrai

In the right panel of Fig|j2, we plot the total torque as a
unction of time. Here we can see that the absolute valueef th
orque exerted by the gas steadily decreases while thateof th
@ust slowly increases. This is expected given that the gépein

size that will be observable by ALMA. 5.4. Effect of backreaction of dust on gas
The simulations presented so far are all run with no backieac
5.3. Understanding torques of the dust phase on the gas. To see whether this simplificatio

is valid, we plot in Fig the gas and dust volume densities f
In E we suggested that the settled dust may have a neimulations with and without backreaction of dust on the fas
negligible gfect on planet migration. While the dust content iswo configurations:M, = 1 Mj, s= 1 mm)and ¥, = 5M;, s =
only 1% in mass of that of the gas, once it has settled to the midcm).
plane where the planet orbits, it could exert a rather sttorgue In the (1 M;,1 mm) case, theffect of dust on the gas is
on it. We therefore computed torques exerted by the dust amdstly visible in the inner disk, where it drags the gas aleith
compared it to those exerted by the gas in Fifj. 12 for our simititowards the central star, decreasing the gas densitgelhchaf-
lation with My, = 5 Mj ands = 1 cm. In the left panel, we plot ter 104 orbits, the number of gas SPH particles accretedéy th
the torques as a function of radius at the end of the simulatistar is about 10% larger with than without backreactionhie t
The torque exerted by the gas shows a positive componedeingilust, when backreaction is included, we see that the deptieof
the orbit of the planet and a negative one outside, a welskno gap and the height of the outer edge are smaller and the outer
feature of planet gaps. The oscillations at larger radiidure disk radius is larger. This is because the backreaction sian
to the spiral wave. The inner component is substantiallykera the dust tends to drag the gas along with it, whitfleaively re-
than the outer one because the inner disk is partly depl€tedl. duces the gas drag on the dust. Therefore fitsces on the dust
torque exerted by the dust phase has the same global shapalistribution (radial migration, gap creation, pileup a¢ thuter
cept that the inner component vanishes because the inner euaige) which we have discussed extensively are weakenesl. Thi
disk is empty. It is an order of magnitude smaller than that duneans that the dust depletion in the gap is not as stronguste d
to the gas because the densities al$skedby an order of magni- pileup at the gap edges is weakened and the radial migration i
tude. For 1 mm and 10@0m grains, the dust-to-gas ratio is everthe outer disk is retarded.
smaller, resulting in an even weaker dust torque (not showa) The dfects for the (9M;,1 cm) case are the same, and one
therefore do not expect dust structures to have a directrdigah may expect them to be more important for a larger planet mass
influence on planet migration. causing stronger pressure gradients and for the grain aire c
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ing the largest dust-to-gas ratio. However, they are haodege, on the other hand, see structures that can only be relatesirte a
for several reasons. Thdfect on the gas in the inner disk isgle planet. We expect that smaller grains would behave ailyil
smaller because all the dust there has been accreted ontotéhehat was found by Paardekooper & Mellgma (2004, 2D06a)
star well before the end of the simulation, and the time dyrirbut, in the submillimetre wavelength range, those smalaing
which the backreaction of dust on gas can act is much smaltkr not contribute much. We thus conclude that, for the nebula
than in the (IM;,1 mm) case. Thefiect of backreaction on the parameters we chose, there will be no ambiguity betweetesing
dust in the inner disk cannot be evaluated since the dustisas dr multiple planet systems.
appeared there. In the gap, dust grains decouple from the gasFinally, as well as potentially exerting a torque on the ptan
very early on and stay on horseshoe orbits, their distdou changes in the dust density willfact the dust opacity, which
no longer &ected by gas drag, with or without backreaction, anstrongly influences the temperature structure around teepl
both curves are very similar. With backreaction, the heddltihe \We study grains in a size range where their opacity is not dom-
outer edge in the dust is slightly reduced, as for thBIgIl mm) inant, but due to collisional shattering, they most likelyeg
case. Finally, the dust disk outer radius is also slightigéawith rise to a population of smaller grains with large opacitidsow
backreaction, but this is harder to see due to the steepkiepro will tend, at least to first approximation, to follow the spa-
The overall &ects of backreaction in the simulations pretial distribution of their larger parent grains. Recentd#s us-
sented in this paper are quite small, however, which vad&lating radiative transfer in the flux-limited flision approximation
our assumption of no backreaction for the simulations priese  (Paardekooper & Mellemia 20Q6b, 2008) show that the temper-
in the rest of this study. We do not investigate in this work thature structure in the disk and specifically around the plaas
potential development of the streaming instability, whichthe a strong &ect on the migration rate, but also on the migration
presence of backreaction of dust on gas, can lead to demsity girection.|Hasegawa & Pudiitz (2010b) have shown that dust
hancements and clumping in the dust layer (for more detaibs, settling and the presence of a dead zone haveffesteon the
[Youdin & Goodmal 2045; Youdin & Johanggn 2007). temperature distribution. They note the formation of a ahest
at the edge of the dead zone that is directly illuminated lgy th
star and see a local positive temperature gradient in frbtiteo
dust wall. They demonstrate that it has #lieet on the migration
Over the past few years there has been a wealth of literaturead small planets in a forthcoming papgr (Hasegawa & Pydritz
the efects an embedded planet has on the gas and dust grair@fOR). It is however beyond the scope of our paper to stugly th
various sizes in protoplanetary disks. Edgar & Qujlien 0 Vvariations in opacity and subsequefieet on planet dynamics.
studied the vertical structure of spiral arms raised by an em
bedded planet, suggesting that the strong gas verticabnsoti
should make the dust layer slightly thicker close to the gap( 6. Conclusions
least over the radial extent of the spiral wave). Our sinorhest ) ]
of gas and dust disks confirm their expectations as discussedVe have run 3D, two-phase (gas and dust) SPH simulations of
Sect.[5.]l, which can have implications for the visibilitythe @ typical CTTS disk of mass 0.08l with an embedded gi-
gap. ant planet on a circular orbit at 40 AU. We vary the grain size
“Paardekooper & Mellemd_ (2006, 20p6a) studied tiecks (100xm, 1 mm, 1 cm) and the planet mass (0.1, 0.5, Mj
of low mass planetsM, = 0.01 to 0.5Mj) on strongly cou- and study the formation of the planetary gap. We confirm that
pled grains (1 mm in size but with a denser and more comp&&P opening is stronger in the settled dust layer than in nedl
nebula than in our study) in vertically integrated 2D diskisey 9as disk. Gaps are deeper and wider for (1) larger, mfire e
were therefore unable to follow the vertical settling of dassd ~ Ciently settled grains and (2) more massive planets. Lanigeet
to investigate the variation of the disk thickness with grsize Masses are required to open a gap in the gas phase than in the
and the interplay between vertical and radial migrationasia. dust: while a 0.9, planet only slightly &ects the gas phase, it
Because their grains were strongly coupled to the gas, the-st €arves a deep gap in the dust. For the most masshedanet,
tures in their disks where mostly due to the planet pertishat L €M grains remain trapped in corotation with the planet evhil
on the gas. Decoupling between gas and dust happened at skl distribution in the outer disk shows an asymmetriactr
fronts in the gas where it was decelerated while dust, with /€ €ven though the planet's orbit is circular. We find thés
internal pressure, was not. As a result, the flux of dust grimin IS N0t caused by the periastron alignment of a coherent st of
side the spiral arms was larger than that of the gas and, secajts but rather by the pile-up of dustin the pressure maxirotim
spiral arms deflect particles away from the planet, the gaipan the gas phase caused by the spiral density wave triggerdueby t
dust layer became deeper than that in the gas phase. In @yr ddiénet. This global asymmetry does not appear for less meassi
planets are massive enough to directly deflect particlegstwh Planets because the spiral perturbation is substantigiker.
subsequently stay out of the gap (see Sect. 5.1). Indedd, the The variety of structures that we obtain in the dust phase for
eccentricity acquired during the close encounter with fhegt Various grain sizes and planet masses has implicationsapth
is rapidly damped by the gas and they slowly migrate towar@§arance of protoplanetary disks at (sub)millimetre wevgihs
the outer gap edge, if deflected outwards (like particle P12 @nd show how important it is to go beyond the gas-only disk
Fig. [10). description proposed by, e.f., Wolf & D'Angelp (2005). THe 0
Additionally, while[Paardekooper & Mellehp (2004, 2006a3€ervability of these disks with ALMA is the subject of a forth
observe resonant trapping (through an indirect mechanisg) €OMINg companion paper.
do not (this has been discussed in|FO7). Thikedénce can be
traced back to the fact that our dust is marginally decouplédnowledgements. This research was partially supported by the Programme
while theirs is strongly coupled despite the fact that Wehbogﬁltgjgﬁ\'lgz Physidue Steflaire and the Programme g‘c";‘iﬁgd&é@‘;ﬁg
SIUdy 1 mm grains (aga.'m our nebula parar_neteffsnj| Asare- through con’tract ANR—O?—I%LAN—OZZL the Swinburne UnivsrsResearch
sult, they expect multi-ringed structures which could bsestia- pevelopment Grant Scheme, and the Australia-France ctipe fund in
tionally difficult to disentangle from a multi-planet system. Weastronomy (AFCOP). Simulations presented in this work wewa on the

5.5. Putting our work in context
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Swinburne Supercompuﬂzrand at the Service Commun_de Calcul Intensif
(SCCI) de I'Observatoire de Grenoble, France. Images irr'b:@gere made with
SPLASH 7). We thank the anonymous referee whasenemts have

greatly improved this paper.
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