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ABSTRACT

Context. The Atacama Large Millimetggubmillimeter Array (ALMA) will have the necessary resadut to observe a planetary gap
created by a Jupiter-mass planet in a protoplanetary distase it will observe at submillimeter and millimeter wangths, grains

in the size range 10m to 1 cm are relevant for the thermal emission. For the stanp@rameters of a T Tauri disk, most grains of
this size range are weakly coupled to the gas (leading tacaégettling and radial migration) and the common appration of
well-mixed gas and dust does not hold.

Aims. We provide predictions for ALMA observations of planet gdpat account for the specific spatial distribution of dusttth
results from consistent gadust dynamics.

Methods. In a previous work, we ran full 3D, two-fluid Smoothed Pagitlydrodynamics (SPH) simulations of a planet embedded
in a gasdust T Tauri disk for dferent planet masses and grain sizes. In this work, the m@gwtst distributions are passed to
the Monte Carlo radiative transfer coMECFOST to construct synthetic images in the ALMA wavebands. We thes the ALMA
simulator to produce images that include thermal and phaise rfior a range of angular resolutions, wavelengths, atedjiation
times, as well as for dierent inclinations, declinations and distances. We aledyme images which assume that gas and dust are
well mixed with a gas-to-dust ratio of 100 to compare withvyimas ALMA predictions, all made under this hypothesis.

Results. Our findings clearly demonstrate the importance of corygntiorporating the dust dynamics. We show that the gap darve
by a 1M; planet orbiting at 40 AU is visible with a much higher contréman the well-mixed assumption would predict. In the case
of a 5M; planet, we clearly see a deficit in dust emission in the inig(, &nd point out the risk of interpreting the resulting gaa

as that of a transition disk with an inner hole if observedrnfemorable conditions. Planet signatures are fainter irerdgstant disks
but declination or inclination to the line-of-sight havilé effect on ALMA's ability to resolve the gaps.

Conclusions. ALMA has the potential to see signposts of planets in diskeesrby star-forming regions. We present optimized
observing parameters to detect them in the case of 1 dgdfanets on 40 AU orbits.

Key words. Protoplanetary disks — Planet-disk interactions — Methodmerical — Submillimeter: planetary systems

1. Introduction formed by progressive accumulation of planetesimals wntil

. . . critical mass£10Mg) is reached. Then rapid capture of nebular
The study of exoplanets has steadily gained momentum in 6‘55 can occur, in a runaway fashion, until the planet reaithes

past two decades, in particular since the confirmed ideatiio 51 mass In the disk instability scenario, a gravitatignan-
of the first exoplanet around the solar-like star 51 Peg (M&0 gapje disk fragments into self-gravitating clumps whivért di-

Queloz 1995). More than 700 planets located#00 planetary rectly form gas giant planets. The relevance of each mestrani

systems are now confirmedh direct consequence of these Surg, ey iain the current observations of exoplanets, espeeia
veys is that more reliable estimations of the statisticapprties

large orbital radii, depends largely on the exact propgdighe

of planetary systems are becoming available (e.g., digtdbs vi | isk M o
of orbital distances and planet masses, see Schneide2éial). underlying protoplanetary disk (see e.g. Mordasini et@l2.

Two scenarios currently compete for giant gaseous planet Although circumstellar disks of gas and dust were imaged
formation: core-accretion (e.g. Alibert et al. 2005) anskdjrav- directly roughly at the same time as the exoplanets (Dutray, e
itational instability (e.g. Boss 2011, and referencesaimreach 1994; Burrows et al. 1996) it is only recently that the link be
with its own merits and limitations. In the core-accretimes tween them and the exoplanets was confirmed directly by ob-
nario, giant planets form in two steps. A rocky core is firstervations when planets and disks were imaged simultalyeous
aroundg Pictoris (Lagrange et al. 2010) and HR 8799 (Marois
1 http://exoplanet.eu et al. 2008, 2010). Both systems are however rather evolved a
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gas giant formation has likely ceased in these now gas-psor (
bris disks. Interestingly, the case of HR 8799 with sevelahp -
ets orbiting between 14 and 68 AU suggests that the formati<
of giant planets on wide orbits is a strong possibility. lede
Quanz et al. (2012) recently found that a larger fractiontaifss
than previously assumed may harbor gas giant planets afrlar _
orbital separations and Lambrechts & Johansen (2012) shovz2
that such planets can be formed by the core accretion mesthan ™
well within the disk lifetime.

ALMA, when completed, will have the capacity to observe
these wide planetary systems at a younger age and explor
parameter space that is complementary to that probed bl rac
velocity and transit techniques. In this paper we show tiggiss
of the presence of these planets on wide orbits, and spélgifice
the gaps they carve in the disk, will be detectable with ALMA
The process of gap formation depends on the planet mass, z
disk surface density and the size of dust grains (Paardekoo ™ ,
& Mellema 2004; Fouchet et al. 2007) and measuring the o &5 60 4560 9 Ao 4E0f 3 HA0 50D 7 ofinedth
width and depth can provide constraints on the underlyisg di r(AU) r(AU) rAU) (AU}
structure (Crida et al. 2006). Previous predictions indichat o ] )

ALMA should be able to detect such gaps (Wolf et al. 200F19- 1 Results of the hydrodynamic simulations: volume densitpsna

Wolf & D’Angelo 2005). Most of these predictions were madd! Midplane (top) and meridian plane (bottom) cuts of th&siisThe

. . . . _Teftmost column shows the gas density and the three rightoahsmns

assuming the_ very best performance ALMA wil prOVId_e, € show the dust density for 1Q0n, 1 mm and 1cm grains, from left to

longest baselines, shortest wavelengths, no or low phase.nojgnt. The rows show simulations withl, = 1 and 5M;, from top to

The dust responsible for the emission was also assumed topBom. The colorbar applies to all plots.

well-mixed with the gas, irrespective of the dust partidlees

Here we will use the results of numerical simulations (Faich

et al. 2010, hereafter Paper I) where the dust distributaes is not included in this study. We use a vertically isotherteai-

calculated for each grain size using a two-phase SPH approgerature profileT = Tor~%, with an initial disk aspect ratio of

to produce ALMA synthetic images. We will assess théadent H/r = 0.05. The initial density profile is flag(r) = .

planet signatures due toftiirent dust distributions as a function ~ We embed a planet on a circular orbit at 40 AU in a gas-only

of the grain size. We will explore the ability of ALMA to detec disk, which we evolve for 8 planetary orbits. We then injd t

these gaps, but also to measure the disk properties botteingiust phase by overlaying dust particles on the gas and etl@ve

and outside the planet’s orbit for various combinations lof osystem for a total of 104 planetary orbits, following the urfl

serving time, angular resolution and wavelength ffiedlent star ence of the planet on the vertical settling and radial migrat

forming regions in order to estimate the optimum surveytstraof solids. Simulations were ran forfégrent grain sizes: 1Qam,

egy. 1mm, 1cm (smaller grains being well coupled to the gas) and
planet masses: 0.1, 0.5, 1 anifs For more details, see Paper I.
In this work, we use the simulation results for planet masges

2. Methods 1 and 5M. Fig. 1 shows the results of the hydrodynamic simu-

In this section, we present the three numerical tools whieh Wations for both planet masses and all three grain sizes.

use to produce synthetic ALMA images of disks with planetary !N Paper |, we showed that the resulting gap is deeper and
gaps. We first introduce our hydrodynamic code, from which wider for larger grains, as well as for more massive planets.
obtain the three-dimensional dust and gas distributiona fiso- 1he 1M, planet only carves a shallow gap in the gas while it
toplanetary disk with an embedded planet. This dust distriboPens a deep gap in the dust phase. The more massie 5
tion is fed into a radiative transfer code to produce rawristiy Planet carves a deep gap in both the gas and dust phases and
maps. Finally, to make predictions of what ALMA will see fordlSO traps the 1cm grains in corotation inside the gap (kisib

a given wavelength, angular resolution, and integratioretior S the horseshoe-shaped feature in Fig. 1), whereas theeypil
disks at a specific distance, declination and inclinatioa,use along the spiral wave in the outer disk, causing an asymmet-

the ALMA simulator from the CASA (Common Astronomy i€ Structure. Diferent radial migrationféciencies for diferent
Software Applications) package. grain sizes cause the varying outer disk radius and innkddist

density (in this paper, we call inner and outer disk the desk r
o ' gions interior and exterior to the planet gap, resp.). Aresive
2.1. Hydrodynamic simulations discussion of the resulting dynamics can be found in Paper I.

In a previous work (Paper 1), we ran simulations of a disk ofma

0.02M,, extending from 4 to 160 AU around a solar-mass stap,2. Coupling of the hydro simulations and radiative transfer
typical of Classical T Tauri Stars. These were run with ow-tw code

phase 3D SPH code (Barriere-Fouchet et al. 2005) comgrisin o )

gas and dust, in which the dust is treated as a pressurelas flaynthetic images are computed usiMg@FOST, a 3D contin-
The initial dust-to-gas ratio is set to 0.01. Both phasesragt Uum radiative transfer code based on the Monte Carlo method
via aerodynamic drag in the Epstein regime. Grain sizesxad fi (Pinte et al. 2006, 2009). The code propagates photon acket

(grain growth and fragmentation are neglected) and selfity whose transport is governed by _successive scatteringr,m_tmo
and re-emission events determined by the local dust priepert

2 http://casa.nrao.edu The temperature structure is calculated using the immedéat
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emission algorithm of Bjorkman & Wood (2001) combined withrable 1. Sky conditions at Chajnantor from Otéarola et al. (2005)= pe
a continuous deposition of energy to estimate the meansityen centiles of the distribution of the 225 GHz sky optical depihs with
(Lucy 1999). We assume dust grains to be homogeneous sphégeg®rresponding value and the equivalent amount of pitetile water
(Mie theory) and adopt the porous dust grain optical pragert vapor (PWV).
from Mathis & Whiffen (1989, model A), with an average grain

density of 0.5g . Percentile 7225 PWV (mm)
To produce synthetic thermal emission maps, we need a pre- 102/0 0.025  0.30

scription of the three-dimensional dust distribution argpoint égoﬁ’ 8-8222 g-gg

in the disk and thus we need to transform the SPH particle de- 750/2 01174 222

scription to a grid description. This transformation isedily
performed on thaCFOST spatial grid. The dust mass in any
given cell of the radiative transfer code is obtained by sumgm
the mass of the neighbouring SPH particles, multiplied k& th .
corresponding SPH kernels (see App. A for a discussion of théd8 and 2.22mm. The best 10% of sky conditions corresponds
sampling). We use the distributions obtained from our SRt si t0 7225 = 0.025 and a PWV of 0.30 mm. These data are summa-
ulations for the 10@m, 1 mm and 1 cm grains. Grains smallefized in Table 1. In the following, we mostly focus on the naeli
than 10Qum, whose spatial distribution was not simulated i§KY quality and use 1.08 mm of PWV unless otherwise stated.
Paper |, are strongly coupled to the gas. We therefore assumeBecause the troposphere is refractive, atmospheric turbu-
that all grains of 1@m and smaller are well mixed with the gadence introduces phase delays which are not uniform between
and follow its spatial distribution. antennas. This will primarilyféect the most extended configura-
Following this procedure, we obtain the spatial density féions and highest frequencies. Two nearby antennas wijityu
4 grain sizes (1om and below, 10@m, 1mm and 1cm). We see thg same part of the atmosphere afigmintial phase o_le-
then compute the spatial densities of grains of all othezssiz 1ays will be small, whereas well-separated antennas skszefit
betweermi, = 0.03um andamax = 1 cm by performing a linear parts of the atmosphere with uncorrelated Qeformatlomlu&e
interpolation in the (log, logp) plane. The relative amount of ing in larger phase delays. The larger opacity of water vapor
each grain size is obtained by normalizing the densitiefiab thigher frequencies also results in larger phase delays sé/ehe
the grain size distribution integrated over the whole didlofvs CASA toolsettrop to build a 2-dimensional phase screen accord-
dn(a) o g-3> da, and the total dust mass is equa| to 0.01 of tH@g toa fract_lonall Branlan motion, a||0W|ng us to creatalre
gas mass. We call this setup the “dynamic” case. This praeedistic correlations in time and space between antennas.acr pr
has been successfully applied to study dust vertical sgttfi tice, this creates a fluctuation of precipitable water vapoeen
the disk of GG Tau (Pinte et al. 2007). (we assume a relative amplitude of 15%) which is used to cal-
In order to assess the impact of gas and dust decoupling@tate the corresponding phase delay as a function of frexyue
the simulated ALMA images, we also produce grain size dighe phase screen is blown across the array with a wind speed of
tributions under the assumption that grains of all sizesae 7 MS*. ALMA will use Water Vapor Radiometers (WVRS) to
mixed with the gas. In this case, we simply use the resultiig S correct for the atmospheric phase delay in real time dutieg t
gas spatial distribution as a proxy to any grain distribumd Observation. Theirféiciency is not yet fully known, and in the
call this setup the “well-mixed” case. fO"OWing we present simulations with and without phas&BOi

The inner radius of 4 AU only has a limited impact on th&Ve do not include the correction by the WVRs. The quality of
disk temperature structure since the disk is opticallyktiz the ALMA data will lie between these two extreme cases, de-
stellar radiation in the radial direction. In the regionsiped by Pending on the quality of this correction.

ALMA (> 15AU) that we discuss in this work, the heating is  For this work, we have chosen to present reconstructed im-
due to reprocessing of the stellar radiation absorbed irstine ages from simulated ALMA observations rather than visipili
face layers. The temperature structure at large scalesrisftre plots. This is common in the literature (e.g. Cossins et@L®
not afected by the exact value of the inner radius (see App. Byegaly et al. 2012) and therefore easier to compare oultsesu
As a consequence, only the central beam of the synthetic ALMMth previous predictions of planet gap observations (VeoHi.
map depends on our inner radius of 4 AU. 2002; Wolf & D’Angelo 2005). Images are also a convenient
way to reveal the instrument signature when the input diskcst

. ) ) ture is known, especially in the favorable case of nearly ol

2.3. Producing synthetic ALMA images disks. Finally, the imaging capabilitiesfered by a large num-

Images of the disk as it would be observed by ALMA are conf€r of antennas has been a driver for the building of ALMA.
puted from theMCFOST maps using the CASA ALMA simula- However, observers having obtained ALMA data, and without
tor (release 3.2, build 15111). The simulator first compates- any a priori knowledge of the source, will mostly rely on bisi
plex visibilities at each of theu(v) points sampled by the con-ti€s to understand its structure (similarly to, e.g., Heglet al.
sidered ALMA configuration and then adds thermal and pha§907)-

noise before reconstructing an image using the CLEAN algo-

rithm._ThermaI noise is qomputed by_ c_onstr_ucting_an atmg-, Parameter space

spheric model from the site characteristics with a giverueal

of Precipitable Water Vapor (PWV) and a ground temperattire Bor each of the synthetic maps computed WtBFOST, we
270K. The atmospheric transparency above Chajnantor legs bproduce a grid of ALMA images for a range of observational
monitored over the period 1973-2003 (Otarola et al. 200&): parameters. We choose a reference disk with an inclination
quartiles of the distribution of the 225 GHz sky optical depti = 18.2° (the first in the set of 10 equally spaced values in co-
over this period are,,5 = 0.0383, 0.0625 and 0.1174. Thesine used in Sect. 3.6) at a declination-3* and a distance
CASA simulator uses a linear relation betweens and the of 140pc, and vary the integration time (from 10 min to 8h)
PWV. The corresponding PWVs for the 3 quartiles are 0.58nd angular resolution (from.@6” to 0.5”) for four different
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Fig. 2. Raw synthetic images for theM, planet. Left: well-mixed case, Fig.3. Same as Fig. 2 for the M, planet.
center: dynamic case, right: radial brightness profile®iefdisks in the

well-mixed case (dashed black line) and the dynamic cadel (s

line). From top to bottom} = 350um, 850um, 1.3 mm and 2.7 mm.

mainly due to the increase in brightness at the gap edgeshwhi

. Its in a stronger contrast in the dynamic than in the-well
wavelengths: 350m, 850um, 1.3 mm and 2.7 mm. We then delESU L ) .
termine the optimal observing mode for all wavelengths eheMxed case. The hydrodynamic simulations show that thisies

optimal means best compromise betw&N, reasonable inte- from the pile-up of dust grains in the pressure maxima at the
gration time and angular resolution which recover the festof gap edges. T_he brightness contrast increases with waukleng
the disk), and then use this observing mode to compare imagéé.he dynamic case because at longer wavelengths the larger
from the well-mixed and dynamic cases dtelient wavelengths rains, V.Vh'Ch are moreﬂecnvely cleare(_j out of the gap, are
for both planet masses. We follow by varying the disk inc-Iinéhe dominant contributors. In the W(_all-mlxed case, grainalio

tion and finally, we investigate thefects of source declination Si2€S follow the gas and the resulting contrast is theretfuee

: : e : for all wavelengths. The same contrdfgat is seen for
and distance to determine the observability of planetaps ga same . .
different star-forming regions. Table 2 lists the full set ofgmar the SM; planet_between the gap and t_he outer disk (Fig. 3). For
: ége more massive planet, another obviodkedéence between the

well-mixed and dynamic models is that features charatieris
of one particular grain size havefidirent relative contributions
as the wavelength varies in the dynamic case. The inner disk,

presented in this paper.

3. Results and discussion which only contains 100m grains, naturally appears brighter at
. shorter wavelengths. (The larger grains migrate mdieiently
3.1. Raw synthetic images and hence have almost all been accreted onto the star, sde)Fig

In Figs. 2 and 3, we present the raw synthetic images produé’ﬂ?"a”yv the parplcles in corotation, which comprise ypilcm

by MCFOST for both the well-mixed and dynamic cases for fou@ains, appear brighter at longer wavelengths.

different wavelengths and both planet masses. An obvious dif- Although both planets produce a spiral wave in the gas

ference between the well-mixed and dynamic results is tieat ohase, which is mirrored in the raw images for the well-mixed

extent of the dust disk varies with wavelength in the dynam&@se, it is weaker and barely visible for thé/} planet. In the

case but remains fixed for the well-mixed case. The results @St phase, grains accumulate in the pressure maxima deng t

the hydrodynamic simulations shown in Fig. 1 demonstrate ttspiral wave (see Paper I), producing correspondingly gton

the radial extent of the dust layer varies with grain sizes thu features in the images for the dynamic case. No significant en

the varying migration giciency with grain size. In the synthetichancement of the weak spiral is discernible for thd;lplanet,

images, all the grain sizes contribute to each wavelength, fput the 5M; planet produces a stronger spiral structure in the

the grains with sizes closest to the observing wavelength wimages for the dynamic case.

contribute the most. We therefore naturally see the smditse While we can see a range ofidirent features in the dynamic

radius for the longer wavelength in the dynamic case. vs. well-mixed cases, one must remember that these are raw sy
In the case of the M; planet, the gap is much more visiblethetic images. In order to predict what a real telescopese#,

in the dynamic case than in the well-mixed case (Fig. 2). hiswe now turn to results from the ALMA simulator.
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0 1 0 1

Fig.4. Simulated observations for theM, planet in the dynamic case at= 850 um. From left to right: integration time of 10 min, 30 min, 1h,
2h, 4h and 8 h. From top to bottom: angular resolution.680, 0.10”, 0.15”, 0.30” and 050” (the ALMA configuration is adapted to match the
angular resolution for each wavelength). The scale on eaelgé is in arcseconds, with the beam size represented atitsrbleft corner, and
the colorbar gives the flux in mfyeam. (Note that the flux scale changes in each row, due tdffleestht beam size.)

3.2. ALMA synthetic images resolution of 010" gives the best disk-to-gap contrast and adopt
i L i . this value for the rest of this paper. We verify that the otim
We start by investigating thefect of the integration time and an-ompination of an integration time of 1 h and angular resout
gular resolution on ALMAs ability to resolve features insés ¢ 10" s adequate for all wavelengths studied here, except for
with planet gaps. In Fig. 4, we show as an example the ALMA 7 mm _ see Figs C.1-C.3. For the longest ALMA waveband,
simulated images for theM), planet atd = 850um, for xpo-  the minimum angular resolution required to resolve the gap ¢
sure times ranglng,from 10minto 8 h and for angular resastio e sonds to a very extended configuration, and our optimal ob
from 0.05” to 0.50". Increasing the integration time increaseggrying parameters result in a very weak signal, making-it ex
the sensitivity and therefore the signal-to-noise ratiopértic- tremely dificult to detect the disk and its features (see App. C

ular, the background becomes less noisy as the integraien t ghqing figures similar to Fig. 4 for the other wavelengths).
increases. However, the gap as well as other features such as

brightness variation in the disk are already well deteetatft Figure 5 shows maps of the signal-to-noise ratio per resolu-
ter 1 h and integrating longer does not produce much additiomion element in the inner and outer disk (i.e. the disk region
detail. An integration time of 1 h thus seems to be the bestcoimterior and exterior to the gap, resp.) for both planet reass
promise between being able to detect the essential prepatti the wavelength vs. integration time plane for the dynamaeca
the disk and using a reasonable amount of resources, efpeciaith 0.10” angular resolution. These maps, showing very low
in the context of an observatory that is well oversubscribed values ofS/N for 2.7 mm, confirm our statement of the previous
Figure 4 shows that an angular resolution dff) or smaller paragraph. Only very long integration times would allow s
is necessary to detect the gap at 860. However, higher an- to approach or slightly exceed unity at this wavelength, wed
gular resolution requires more extended array configuratiotherefore no longer discuss it in the rest of this paper. Rorter
with correspondingly decreasing beam sizes, therefor@kagn wavelengths, Fig.5 shows that a 1 h integration time is iddee
smaller areas of the source. The extended array would dessct enough to reach §/N larger than 7-8, and even well above 10
flux, resulting in decreased contrast in the image. We fintlghaat 850um (except in the inner disk fo¥, = 5 M, which will
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Table 2. Parameters used to produce all ALMA simulated images pteden this paper’s figures.

Fig. Mp(M;) Casé A (um) Integration time (h)  Angular resolutiofi) i(°) PWV (mm) Phase noise
4 1 D 850 16,%2,1,2,4,8 0.05, 0.10, 0.15,0.30,0.50 18.2 1.08 No
5 1,5 D 350-2700 /6-8 0.10 18.2 1.08 No

6 1 WM,D 350, 850, 1300 1 0.10 18.2 1.08 No
7 5 WM,D 350, 850, 1300 1 0.10 18.2 1.08 No
8 1 D 350, 850, 1300 1 0.10 18.2 1.08,0.58,0.30 Yes
9 5 D 350, 850, 1300 1 0.10 18.2 1.08,0.58,0.30 Yes
10 1,5 D 350-2700 /6-8 0.10 18.2 1.08 Yes
11 1 D 850 1 0.10 18.2-87.1 1.08 No
122 1 D 850 1 adaptéd 18.2 1.08 No

13 1,5 D 350, 850, 1300 8 0.05 18.2 1.08 No
14 1,5 D 350 8 0.05 18.2 0.30, 0.58 No
15 1,5 D 350-2700 /6-8 0.05 18.2 0.30 No
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Fig. 5. Maps of the signal-to-noise ratio in the inner (top) and p(iettom) disks in the wavelength-integration time plaoethe dynamic case,
with an angular resolution of.00”. The signal-to-noise ratio is computed as the median of theifi a ring (between .07” and 021" for the
inner disk and between3b” and 070" for the outer disk) divided by the rms of the backgrouneftiM, = 1 M;, right: M, = 5 M. Thick dotted,

dashed and solid lines show contours$N = 1, 3 and 10.

be discussed in Sect. 3.4), ensuring an adequate detettiom o well-mixed and dynamic cases. Quantitative informationbs

planetary gaps.

3.3. “Well-mixed” vs. “dynamic”

tained from the radial brightness profiles of these imadesya

in the right columns of Figs. 6 and 7. As already seen in the raw
synthetic images, the disks are more compact in the dynamic
case, and all the more so for longer wavelengths (down to a ra-

We next compare simulated images with our optimal set of ofiius 0f~0.8” at 1.3 ”,‘,m)’ than in the well-mixed case (with a
serving parameters (1 h integration timel® angular resolu- constant radius 0£1.1”). However, a number of features of the
tion) of the 1M, (Fig. 6) and M, (Fig. 7) planet gaps for the [@W images are lost here.



J.-F. Gonzalez et al.: Planet gaps in the dust layer of 3Doplanetary disks. Il

LA LA e
5.1 B F B
L/ ] [ ]
s 1 LA /\ 1
P S VAN S
2./ N g NP _
. AN \
. / \
AN — | - \ —
1og N E| \\ E|
£ N ] \ ]
o5f U] M
F Voo I
I IR R R N AR NI B RN AN
T T T T
05F ] /,\ ]
AV | N\ |
E 020 N f N7 X 1
2 [ AN ban ! \
£ . v \
L \ | L / \ N i
2 0if \ 1 ¥ (WY E
3 C \ | ] N ]
2005F \* 1 V]
F N AV
\ \
0-02*””\””\\\»\’7 HH\HH\MM’XT
T T T T e Ll
0-15/\ / E 1 E
o\ \-. ] 7
0osf/ Vv K N g | ]
r , \ R ]
|- ! \\ . \‘ .
| \
002+ \ E A b
| \ (N
i : (.
001 ! \ E E I B
E | 3 c | ! |
S IR TAY S L
0.5 1.0 0.5 1.0
Radial cut [arcsec] Radial cut [arcsec]

Fig. 6. Simulated observation for theM,; planet with an integration Fig.7. Same as Fig 6 for the ®; planet.

time of 1 h and an angular resolution afLl0”. Left: well-mixed case,

center: dynamic case, right: radial brightness profileshef disks in

the well-mixed case (dashed black line) and the dynamic (s higher contrast of the planet gaps in the more realistic thoa

rzeg r'};rr'ﬁ)lm ':é{génistor?OIC)sf?g\}\tg?e(::aljssseoﬁn(:&)r?;?ﬁ?oi?fnlc;i?; re“gfgge case compared to the well-mixed approximation clearly show

on the images and radial profiles is in arcseconds. that they WI|| be_ much easier to detect than anticipated from
gas-only simulations, such as those of Wolf et al. (2002)s Th
was seen by Paardekooper & Mellema (2004) in the case of 2D,

In the well-mixed case, the inner disk is too faint to be \isib face-on disks. As we showed in Paper |, for 3D disks the much

for both planet masses at 1.3 mm, showing instead a disk wigfluced scale height of the settled dust phase comparee to th
a large inner hole, which is wider for the more massive plang@s further enhances the sharpness of the dust featureseAs a
(with radii of ~0.2” and~0.4" for M, = 1 and 5, resp.). At sult, they are easier to detect in the simulated images veepte
850um, the 1M, planet gap is hard to detect due to the shalloiiere. In studying 3D disks it is also possible to investighte
(~15%) dip and mild slope of its brightness profile. Its locatio€ffect of disk inclination, see Sect. 3.6. In the rest of thisgvap
can however be inferred from to the20% brightness contrastWe Will no longer consider the well-mixed approximation and
between the fainter inner disk and the outer disk. On therotHly discuss images obtained from the dynamic case.
hand, the gap is well defined ard.9 times fainter than the inner
disk for the 5M; planet. The situation is less favorable at 350 i
where the 8Vl; planet gap is deep enough to be detectetd§ 3.4. Gap detectability
times fainter than the inner disk) but its edges are lesspshaiWe now assess the detectability of the planet gaps in sieullat
whereas it is hard to identify a gap in the shallow brightneg®ages using our optimal parameters. A single 1-hour ALMA
variations for the Mj planet. No additional details can be seeimage at a well-chosen wavelength (Figs. 6 and 7 show:850
to provide constraints on the underlying disk structure. to be a good choice) can befBuoient to detect a planet gap and
In the dynamic case, where the dust features are sharper,ittier the presence of an unseen planet. This is a definitenadva
planet gaps are very well defined. Th&3planet gap is clearly tage for future large surveys of star-forming regions. Hesve
detected at all wavelengths, with sharp transitions to tiahin- characterizing the planet which opens the gap will likely re
ner and outer disk (only at 3%0n is the transition to the outer quire multi-wavelength follow-up observations. First,igléng
disk smoother). The disk-to-gap contrast can be estimatend f the planet can not rely solely on the measure of the obsered g
the right column of Fig. 6 to be1.4 at 35Qum, ~1.6 at 85Qum  width, which does not depend strongly on the planet mass (see
and~2 at 1.3mm. For the Bl; planet, however, the fainter in- the right columns of Figs. 6 and 7), partly because it (as al|
ner disk is clearly visible only at 35@m, whereas it is very faint the gap-to-disk flux ratio) isféected by the beam size. One can
at 85Qum (as already seen in the upper right panel of Fig. bijse in addition the dierent wavelength dependence of other fea-
and barely detectable at 1.3 mm. This, combined with theagtrotures produced by planets offiéirent masses, such as the inner
contrast between the outer disk and the geh 1,~2.5 and~10 disk brightness. In our example with 1 and/5 planets, the in-
at 350um, 850um and 1.3 mm) constitutes a possible source ofer disk brightness decreases more rapidly towards longes-w
confusion with disks having cleared a large inner hole (se bdengths for the more massive planet. Furthermore, in the cas
low). Finally, the corotating 1 cm sized grain populatiomd@ine where the inner disk is too faint to be unambiguously detkdte
spiral wave are no longer visible in the ALMA simulated imis important to be able to fierentiate it from a disk with a large
ages, depriving us of a potential handle on the planet massirorer hole. In recent years, a growing number of disks withda
angular position. dust-free cavities around the central star have been obdésee
These notable dierences between images computed in bothg. Andrews et al. 2011). The clearing of the inner regidns o
cases constitute one of the main results of our study: thehmubese so-called transition disks is attributed either toaahyi-
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Fig.8. Simulated observation for theM,; planet with an integration Fig.9. Same as Fig. 8 for thed; planet.
time of 1 h and an angular resolution of0” in the dynamic case with
phase noise included. Left: PWA/1.08 mm, center: PW¥ 0.58 mm,
right: PWV=0.30 mm. From top to bottomi, = 350um, 850um, and
1.3mm. The scale on each image is in arcseconds, with the beam
represented at its bottom left corner, and the colorbarsgive flux in
mJybeam.

3.5. Effects of phase noise

The left columns of Figs. 8 and 9 show thiéeet of phase noise
on the ALMA simulated images for both planet masses, to be
compared to the center columns of Figs. 6 and 7, computed with
out phase noise. Note that the absolute flux scale fierént
cal interactions with a companion star (Artymowicz & Lubown both sets of figures. As expected, the image deterioragion
1994) or a massive planet (Varniére et al. 2006) or, mdite e strongest for the shortest wavelengths, to the point whese t
ciently, multi-planet systems (Dodson-Robinson & Salyk ) disk is no longer visible at 35@m. Despite some degradation
or to photoevaporative winds (Alexander et al. 2006; Garéle at 850um due to the higher noise level, both the disk and the
2009). Our simulated ALMA observations for theVg planet gap are still well detected, in fact with a very similar disk-
show that the inner disk, while fiiicult to detect at 850m and gap contrast to the images without phase noise. The image at
even more so at 1.3 mm, is easily seen at@8(QqFig. 7). Being 1.3mm is virtually un&ected by phase noise, and this wave-
able to image the disk at short wavelengths therefore seemslength appears to be the best to recover all the details afisie
sential to disentangle disks with planetary gaps from ttiams Figure 10 shows signal-to-noise maps in the outer disk imnthe
disks in the dust continuum. Even though the presence of waages with phase noise for the 1 anMplanets, to be compared
dust in the inner disk can be hinted at by an IR excess in tith the bottom panels of Fig. 5. Phase noise naturally resluc
Spectral Energy Distribution, imaging the inner disk iseediml theS/N more strongly as wavelength decreases, whatever the in-
to constrain the amount of dust it contains. In the case winere tegration time. The&s/N is almost unchanged at 2.7 mm, where
inner disk is present but too faint to be unambiguously detkc it was already very low, slightly reduced at 1.3 mm with value
in reconstructed images, visibilities may show emissiothim ~7-9 with an 1 h integration time, degraded at g&0to ~3—4,
regions close to the star, providing an alternate way ofrifisge and dramatically reduced to values well below unity at 380
nating disks with planetary gaps from transition disks. &edi Note that in the presence of phase noise, integrating locchoes
ent method for doing so has recently been proposed by Cleemesimprove the image, especially at short wavelengthsaitigp
et al. (2011), who claim that the heated inner wall of traosit ular, Fig. 10 shows that tH8/N at 350um even decreases above
disks would produce unique chemical features in the gasgphaah of integration.
potentially observable by ALMA. While the detection of planet gaps is still possible at &0

It is worth noting that gaps in protoplanetary disks can b&nd good at 1.3 mm, theftrential signal-to-noise degradation
created without the presence of a planet. Before clearirig-an hinders the possibility of using multi-wavelength obséioes
ner hole, X-ray photoevaporation opens a gap at a few AU froid characterize the gap-opening planet. In particulangighe
solar-type stars (Owen et al. 2011) but such a feature ig-shddwest wavelength to help separate disks with planet gags fr
lived (~5% of the disk lifetime, i.e. a few hundred thousanttransition disks is no longer possible with thfeet of phase
years) before the whole inner disk is drained on the stamin ¢ noise. However, this can be mitigated by the real-time cioa
trast, the planet gaps we consider here take less than 2@ 00wt will be available thanks to the use of WVRs (see Sec}. 2.3
to open (see Paper I) and survive until the disk is clearetll#i In practice, it is expected that observations at short wave-
et al. (2012) considered thdtect of a bumpy surface densitylengths, and especially at 3ath, will only be performed in
profile and showed that the accumulation of dust at local maxery dry weather. We now consider the best 25% and 10% of
ima would be seen with ALMA as a succession of rings argky conditions and present the corresponding images, cadpu
gaps. They speculate that such a density profile may be causgtth respectively PWV= 0.58 and 0.30 mm, in the center and
by the magneto-rotational instability, however this remsdb be right columns of Figs. 8 and 9. As mentioned earlier, thfea
tested. of phase noise is moderate-to-negligible at 860and 1.3 mm,
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Fig. 10. Same as Fig. 5 for the outer disk only, with phase noise irduteft: M, = 1 My, right: My = 5 M.

respectively, and drier conditions mostly increase3f thanks

to the associated decrease of the thermal noise. AtB50n the
other hand, even though decreasing the PWV to 0.58 mm bare
brings the disk out the noise, the improvement is dramatioén
driest case considered here, with P\W\0.30 mm, where both -1
the disk and the gap are clearly detected with a contrastasimi |
to the 85Qum image. In the best 10% of sky conditions, both the1
thermal and phase noises are so low that the shortest watleten
are accessible without any necessity for correction angpoan
vide the data needed to discriminate transition disks frisksd
with planet gaps even if the WVRs were ndfigent. In such ~ 0.0045
weather, the use of fully-functional WVRs and fast-switahi »

will still improve the S/N.

—0.009

3.6. Varying disk inclination
0.026
Since disks are not always viewed pole-on, we now invesigat
the efect of diferent disk inclinations. The images shown in 1
Fig. 11 are calculated at 10 inclinations equally spaced$ine,
i.e. for cos{) = 0.05, 0.15, ..., 0.85 and 0.95. This corresponds®
to disks randomly oriented in three dimensions, with irafions
to the line-of-sighi = 182, 31.8, 41.4, 49.5, 56.6, 63.3, 69.5,” 0.097
75.5, 81.4 and 87°. The planet gap is very easily seen for all | |
inclinations up tol = 75.5°, only hinted at fori = 814°, and
not visible fori = 87.1°. This is because the dust component
of the disk, responsible for the emission in the continuuas, h
efficiently settled to the midplane and is almost flat (see Fig. 1),
There is thus no flared regions in the outer disk that wouldkmas
the gap at high inclinations. Only when the disk is seen gearl -1 0
edge-on does the outer disk hide the inner regions. G""pm‘mecFig. 11. Simulated observations of disks of varying inclination floe

is therefore robust with respect to disk inclination. 1 M; planet in the dynamic case at= 850um with an integration time

of 1 h. The scale on each image is in arcseconds, with the bzam s
) ) o represented at its bottom left corner, the disk inclinaiiothe upper
3.7. Varying source distance and declination right corner, and the colorbar gives the flux in fiam.

ALMA simulated images are almost always shown in the most

favorable case of a source passing through the zenith at A& MA

latitude (as is the case for our reference disk) and for desitig-  tion of 14 AU at the distance to each star-forming region atd s
tance. We present in Fig. 12 simulated images where we vary the angular resolution accordingly.

declination and distance of the source, taking values feci§p For the most distant disks in Serpens at 260 pc, the small
star-forming regions listed in Table 3. The images are shimvn angular resolution required .@5”) is obtained by an extended
the 1M; planet at 85@m and for a 1 h observing time, withoutarray configuration, resulting in a low signal-to-noiséadsee
phase noise. In order to compare the gap detectability with Sect. 3.2). The gap is nonetheless detected, but characteri
reference disk at 140 pc observed with an angular resolafionthe planet responsible for it will likely be impractical Wwithese
0.10”, we chose to keep the same corresponding linear resablpserving parameters. The other four star-forming regames
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Fig. 13. Simulated observation for our reference disk with an irdégn
0.17 time of 8 h and an angular resolution aD8”. Left: M, = 1 M;, right:
’ Mp = 5 M;. From top to bottomg = 350um, 850um and 1.3 mm. The
Serpens 0.097 scale on each image is in arcseconds, with the beam sizesezpeel at
its bottom left corner, and the colorbar gives the flux in fhéam.
0.05" 0.024
-0.049
low elevation, like in Taurus (42 or Chamaeleon (3. The
0.62 beam is the most elongated for the latter (and as a resultisamp
Ophiuchus 0.42 a larger area of the source, making the disk appear brigher)
) not enough to smear out the sharp gap edges. This very good
0.12" 0.21 performance compared to disks reaching high elevationaas d
to the excellentiv coverage that ALMA provides even in an ob-
0.0039 serving time as short as 1 h and ensures that the disk-toegap ¢
1 0 1 trast stays high for a large range of source declinations.

, _ ) ) ) . The prospect of detecting planet gaps with ALMA in nearby
Fig.12. Simulated observations of disks located in the Star'fogn'rbtar-forming regions therefore seems excellent. Ophisihob-
regions listed in Table 3 for the M, planet in the dynamic case at,;, o\ most favorable as it is the closest star-formingargnd
A = 850 um with an integration time of 1. The angular IresOlu't'orllt culminates very close to the zenith at the location of ALMA
for each image is given on the left (it corresponds to an idehspa- y
tial resolution for all star forming regions), together kihe region’s
name. The scale on each image is in arcseconds, with the Heam
represented at its bottom left corner, and the colorbarsgive flux in
mJybeam.

3.8 Pushing ALMA further

The detection of planet signatures is a key science driver fo
ALMA, and one can reasonably expect that it will be possible
Table 3. Declinations and distances of the specific star-formingorey  to commit a substantial amount of time on promising sources,

used in our ALMA simulated images. which will be necessary as one wants to reach high angular res
olution and highS/N. In the context of trying to obtain the very

star-forming region ¢ (°) d (pc) best of what ALMA can er, we computed simulated ALMA
Reference -23 140 images of our reference disk for both planet masses witB%{ 0
Taurus +25 140 angular resolution, an integration time of 8 h, and no phaggen
Serpens +01 260 (assuming the WVRs will be able to correct most of it), shown
Ophiuchus -24 120 in Fig. 13. As expected, the images for both planet masseg sho
Lupus (1) -34 150 much more sharply defined gaps, allowing a more accurate mea-
Chamaeleon(I) 77 160 sure of their width, than for the observing modes discussed

above. For the M; planet, the improvement in the disk-to-gap
contrast is particularly striking at 3%0n, increasing from-1.4
to ~1.8, but no additional features are recovered. On the other
approximately twice as close, with similar distances of 120 hand, new details now appear for thé3 planet. At 85um
160 pc, corresponding to required angular resolutions @-0. and 1.3 mm, emission from the corotating grains can be seten bu
0.12”. These are close to our optimal value, and naturally pranfortunately remains too faint to be used as a constraithen
vide images where the gap is clearly seen. planet mass. However, the brightest parts of the outer digk n
Surprisingly, the source’s declination has very littleuisihce reveal the spiral wave, especially at 868, which can help con-
on the gap detectability, even for disks culminating at &emat strain the planet’'s angular position.

10
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13 length giving the bes$/N for our disks, even in the best 10% of
sky conditions.

0.30 mm

pwv

4, Conclusion

In a previous study (see Paper I), we have run 3D hydrodynamic

1.4 simulations of the gaps carved in a 02 disk of gas and dust
e by 1 and 9Vl; planets at 40 AU from the W, central star. We
3 07 followed consistently the dynamics of dust grains in theyeaof
Z 0.0053 sizes contributing the most to the ALMA wavelengths and de-
s scribed the distinctive, sharper features in the dust phagkis
—0.69 paper, we now provide predictions of observations with ALMA

and examine the detectability of these planetary gaps. \&k fir
. : _ M ... produce raw synthetic images by applying the radiativesfiem
';/'I‘?zldé a?mriéspw\}i%_f% r;"ﬁ,sggg]om%vbatb{\g%%#m fight: c_ode MCFOST to the hydrod_ynamic results. We produce two
kinds of images: the “dynamic” case where we use the true spa-
tial distribution of dust of diferent grain sizes obtained from the
) S hydrodynamic simulations and the “well-mixed” case whege w
__ Spiral features have already been detected in visible a¥ negimply use the spatial distribution of gas and assume thet th
infrared scattered-light images of disks a few hundred Anfr dust follows it in order to check the validity of the “well-xed”
their star, e.g. AB Aur (Grady et al. 1999; Fukagawa et al Q00 hypothesis.
HD 100546 (Grady etal. 2001) and HD 141569A (Clampin etal. we then produce simulated ALMA images using the CASA
2003). Subsequent mm observations of the well-studied AB Agoftware package. We investigate the choice of integraiiioe,
disk (Pietu et al. 2005; Lin et al. 2006) estimated the To®@r wavelength and angular resolution. We show that an integrat
parameter well above unity, ruling out the gravitationakabil-  time of 1 h is enough to ensure a firm detection of our planes gap
ity scenario that was proposed previously and favoringtetion  and that the gain in signal-to-noise as we increase theritieg
by a giant planet at several tens of AU+d00 AU. More re- time does not warrant the necessary extra observing time on a
cently, Hashimoto et al. (2011) obtained high-resolutiehand  facility that will be heavily oversubscribed. We also shdvatt
polarized intensity images of the AB Aur inner disk and d&tdc an angular resolution of 00” is optimal to resolve the gap with
two rings separated by a gap at 80 AU, possibly caused by best contrast in most nearby star-forming regions. \a th
Jupiter-mass planet, and concluded that the disk is prgbabl show that the use of small or large wavelengths combined with
an early and active phase of planet formation. The first eX@mphese optimal observing parameters give poor to bad results
of a direct constraint from observed spiral features com@s f average sky conditions, we find the wavelength giving the bes
Muto et al. (2012) who detected two spiralskitband polar- sjgnal-to-noise ratio to be 8%n when phase noise is neglected
ized intensity images of the HD 135344B disk: using spiral-deor 1.3 mm, with slightly lower performance, when it is incist
sity wave theory, they infer the presence of two unseen angjowever, the use of WVRs should provide real-time correctio
of ~0.5M,;. ALMA, observing at longer wavelengths, will probeof phase noise and favor 8ath as the wavelength of choice. In
structures closer to the midplane and bring additionalttaimss the driest weather, phase noise is negligible.
to such studies. A number of previous studies of planet gaps (e.g. Wolf et al.
To push ALMA performances even further, we also con2002; Wolf & D’Angelo 2005), and even recent work on Rossby
puted simulated images assuming drier conditions giviedlth vortices in protoplanetary disks (Regaly et al. 2012) ghaslied
and 25% best values of the sky opacity, corresponding to a PV hydrodynamic simulations of 2D gas-only disks to produce
of 0.30 and 0.58 mm, respectively (see Table 1). These avershaimulations of ALMA observations by reconstructing a three
in Fig. 14 fora = 350um only (images at longer wavelengthsiimensional distribution of dust that follows that of thesga
are virtually undfected). For these lower opacities, the thermahe midplane and is in hydrostatic equilibrium in the veatidi-
noise (as well as the phase noise, not included here) isgdyronrection before feeding it to a radiative transfer code. Iditoh
reduced, resulting in images with a much impro®&® at the to neglecting the vertical dust settling, this approach aésults
same angular resolution. Figure 15 shows signal-to-noiesmin smoother dust features, leading to more pessimisticipred
in the inner disk in the images with an angular resolution aiions for the detectability of the disk features. The corigmar of
0.05” and a PWV of 0.30mm for the 1 andMV planets.S/N  our simulated images in the “well-mixed” and “dynamic” case
values are lower than those in the top panels of Fig.5 in sp#Row that they are very fierent and that the more realistic case
of better sky conditions because the smaller beam collests |of including a self-consistent treatment of the dust dyramio-
signal in the same amount of tim®/N values above 3 are nev-duces much sharper features and more clearly defined gaps. We
ertheless easily reached in one hour, and Fig. 15 can be asedduld like to stress here that investigators need to be @asiti
determine the integration time needed to reach a g8/@&hat a when assessing the observability of a particular strudtutteeir
given wavelength. source from approximate methods and that a procedure simila
Pushing ALMA towards its limits therefore seems worthto our “dynamic” case should be used whenever possible.
while to better characterize sources of interest. Here u850 With our “dynamic” approach, we find that the gap carved
appears to be the most favorable wavelength in average $ikya 1M; planet orbiting 40 AU from its star is easily detected.
conditions, recovering the most details in the disk for botlmages for the B; planet show a high contrast between the
planet masses. In the driest weather, observations at tre shouter disk and the deeper and wider gap, but the fainter ihisker
est wavelength of 350m are optimal and allow the detection ofis barely seen with our standard observing parameters.deror
wavelength-dependent features such as the brightness of-th to detect the regions interior to the gap and remove the Iplessi
ner disk. However, Fig. 15 shows that 858 remains the wave- confusion with transition disks with large inner holes, oeeds
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Fig. 15. Same as Fig. 5 for the inner disk only, with an angular regwiutf 0.05” and a PWV of 0.30 mm. LeftM, = 1 My, right: M, = 5 M,.
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Fig.A.1. Map of the logarithm of the number of SPH particles
MCFOST grid cell in the meridianR, z/R) plane for the IM; planet.
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Fig.A.2. Same as Fig. A.1 in the horizontd&, () plane.

Appendix A: Dust density sampling in the MCFOST
grid
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Fig. B.1. Radial temperature profile at the disk surface (solid re€)lin
and in the disk midplane (black dashed line).

Appendix B: Impact of the disk inner radius on the
temperature structure

The inner radius of the disk models is set to 4 AU in the SPH
calculations, much larger than the characteristic innéiusaof
most T Tauri disks (usually located at the dust sublimaten r
dius~ 0.05 AU). The resulting temperature structure is therefore
incorrect in the central parts of the model, where the dudt-is
rectly heated by the star. Our disk models remain optichliykt

in the radial direction however. As a consequence the temper
ature in the outer parts is computed correctly in these regio
as the heating of the disk midplane (where most of the millime
ter emission is coming from) is due to reprocessing of the ste
lar light absorbed and scattered by the disk surface. Irethes
gions, the transfer of radiation is mostly vertical and graper-
ature structure does not depend on the details of the inskr di
Figure B.1 shows the radial profile of the surface and midplan
temperatures. In the inner region, the dust is heated Hirbgt
the stellar radiation and both temperatures are equal. Staely

to decouple at ~ 10 AU, when the disk midplane no longer
sees the star directly. The temperature structure andspmnel-

ing millimeter images can therefore be considered accinate

In order forMCFOST to produce accurate synthetic images frorh > 15 AU, corresponding to 0.1" in most of our simulations.

the output of SPH simulations, the dust density distributiast
be suficiently sampled with SPH particles in each cell of the r
diative transfer grid. Figures A.1 and A.2 show 2D maps of t

ﬁéppendix C: Additional figures

logarithm of the number of SPH particles per grid cell in thgve present here figures similar to Fig. 4 for other wavelesigth
(R z/R) and R ¢) planes respectively. In most of the disk, thel = 350um in Fig. C.1,4 = 1.3 mmin Fig. C.2, and = 2.7 mm
number of SPH particles contributing to the density in ang grin Fig.C.3.

cell varies from a few hundred to a few thousand (as a refer-

ence, SPH codes typically use a few tens of neighbouring part

cles to compute physical quantities). Only in the upperise
large distances from the star does this number fall to vadtias
few, because there is very little material in these regibrgeed,
as can be seen in Fig. 1, dust grains A00in size and larger

settle dficiently to the midplane and smaller grains follow the
distribution of the gas phase, which has a curved outer-rich a
therefore a very low density in these regions. Both maps show

smooth variations in the radial and vertical directionsevdas
azimuthal variations are negligible (note th&elient colorscale

in Figs. A.1 and A.2), and demonstrate the adequate samgiling

the dust distribution for the radiative transfer calculas.
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