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ABSTRACT

We present Atacama Large Millimeter/sub-millimeter Ar@tMA) Cycle 2 observations of the 1.3 mm
dust continuum emission of the protoplanetary disc suogthe T Tauri star Elias 24 with an angular
resolution of~ 0.2” (~ 28 au). The dust continuum emission map reveals a dark ring adialrdistance
of 0.47"” (~ 65 au) from the central star, surrounded by a bright rin§.a8" (~ 81 au). In the outer disc,
the radial intensity profile shows two inflection pointsiet1” and0.87” (~ 99 and121 au respectively).
We perform global three-dimensional smoothed particlebgignamic gas/dust simulations of discs hosting
a migrating and accreting planet. Combining the dust dgemsaps of small and large grains with three
dimensional radiative transfer calculations, we prodyctletic ALMA observations of a variety of disc
models in order to reproduce the gap- and ring-like featoteserved in Elias 24. We find that the dust
emission across the disc is consistent with the presence effdedded planet with a mass-of0.7 M at

an orbital radius ofv 60 au. Our model suggests that the two inflection points irrddel intensity profile
are due to the inward radial motion of large dust grains froenduter disc. The surface brightness map of
our disc model provides a reasonable match to the gap- agdikimstructures observed in Elias 24, with an
average discrepancy ef 5% of the observed fluxes around the gap region.

Key words. protoplanetary discs — planet-disc interactions — dugtnetion

1 INTRODUCTION field is the characterization of substructures within pptdaaetary
discs. Among the wide range of morphologies of substrustime
aged recently, the most fascinating and elementary onegagre
and ring-like structures, that might be linked to ongoingl/an a
subsequent formation of one or more planets.

With the advent of the new generation of radio interferomseted
improvements in near-infrared imaging, the field of protogtary
discs is currently being revolutionized. Our ability to ipgestar for-
mation regions has dramatically increased, offering usrgmace-
dented opportunity to gain insight into protoplanetarycdisolu- Dust rings have been detected in a number of young and
tion and planet formation. A recent active topic of reseancthis evolved protoplanetary discs by high-fidelity and highetetion
observations both in scattered light emissiode Boer et al.
2016 Ginskietal. 2016 van Boekel etal. 2017 Pohl et al.
* giovanni.dipierro@leicester.ac.uk 2017 and dust thermal emissioMLMA Partnership et al. 2015
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2 Dipierro et al.

Canovas etal. 2016 Andrews et al. 2016 Isellaetal. 2016
Pérez etal. 2016van der Plas et al. 2017Loomis etal. 2017
Fedele etal. 2017k; Hendler etal. 201)¢ The origin of these
structures and their link to the planet formation processtiis
debated. There are currently two classes of scenarios theg h
been proposed to explain their origin, differing from onether

star Wilking etal. 2005, harbouring one of the brightest mil-
limeter continuum discs in the-Ophiucus Star Forming Region
(SFR), located at a distance 89 + 6 pc (Mamajek 2008 A
better estimate of the distance of the Ophiucus SFR has been
recently presented b@rtiz-Leon et al.(2017), finding a value of
137.3+ 1.2 pc. However, we adopt hereafter the measurement

by the presence of a planet embedded in the disc. According to found by Mamajek (2008, that is consistent within one sigma

the first scenario, rings originate from self-induced dubst-pps
(Gonzalez et al. 20)5dead zonesRuge et al. 2015 rapid peb-
ble growth around condensation fronghéng et al. 2015 aggre-
gate sintering @kuzumi et al. 201 large scale instabilities due
to dust settlingl(orén-Aguilar & Bate 201§ secular gravitational
instabilities {Takahashi & Inutsuka 20}6or large-scale vortices
(Barge et al. 201)¢ In some of the previous models, the evidence
of a gap in the emission disc maps might be the sign of a vanati
of the optical properties of the dust, which in turn might bated
to a variation of the sticking efficiency of dust grains. Qtheech-
anisms in this class of scenario rely on the presence of ymess
bumps that can be induced by (magneto)hydrodynamics sffect
curring in protoplanetary discs. In either case, the presedf a
gap may indicate grain segregation, which is possibly a efga
subsequent planet formatioZhang et al. 201p In this context,
by analyzing optically thin continuum observations of HLuUTat 7
mm, Carrasco-Gonzalez et 2016 suggested that the high dust
densities measured in the inner rings of HL Tau might be asign
the formation of gravitationally bound fragments in thegsn

The alternative scenario invokes discs that are dynaryicall
active, in which planets have already formed or are in the act
of formation. An embedded planet will excite density waves i
the surrounding disc, that then deposit their angular memen

tum as they are dissipated. If the planet is massive enough,

with the value found byDrtiz-Leon et al(2017). The Spectral En-
ergy Distribution (SED) of the disc around Elias 24 is consis
tent with a Class Il Young Stellar ObjecBd#rsony et al. 2005
Due to its brightness, Elias 24 has been the subject of many
observations at sub-millimeter and millimeter wavelesgtbs-
pecially focused on the inference of disc properties andngra
growth processes (e.g\ndrews & Williams 2007 Andrews et al.
2010 Ricci et al. 2010. In particular,Andrews et al.(2010 and
Andrews & Williams(2007) reported observations of Elias 24 with
the Submillimeter Array (SMA) interferometer &80 ym and 1.3
mm, respectively. These observations revealed a comparinth
a gas mass of the order 6f 0.12 M, and a size of- 130 au sur-
rounded by a fainter, extended, and apparently asymmetris-e
sion halo. Both observations did not reveal any substrastait
their resolution £ 0.6"”) and were well described by a smooth
and axisymmetric distribution of material in the disc witbrd
sity monotonically decreasing with distance from the sStdhile
this paper was being referee@px et al. (2017 and Cieza et al.
(2017 published new ALMA continuum observations of Elias 24
at 870um and 1.3 mm, respectively. The disc was observed adopt-
ing shorter integration time (about 45 seconds), produiitages
with a root mean square noise three times larger compardteto t
observations shown in this paper.

The ALMA image presented here reveals a couple of bright

the exchange of angular momentum between the waves createdand dark rings that might be produced by the combination ef du

by the planet and the disc results in the formation of a sin-
gle or multiple gaps, whose morphological features areetyos
linked to the local disc conditions and the planet propsrtie
(e.g. Goldreich & Tremaine 1979Lin & Papaloizou 19861993
Crida & Morbidelli 2007 Kley & Nelson 2012 Baruteau et al.
2014 Baeetal. 2017 Dong etal. 201y, Recent studies have
shown that the resulting gaps carved by Saturn-mass plaaats
reproduce the structures observed in HL Taip{erro et al. 2015p
Jin et al. 201pand HD 16329616ella et al. 2015

From an observational point of view, while the emission ob-
served at a given wavelength most efficiently probes pattiof a
similar size Draine 2008, the distribution of small dust grains reg-
ulates the disc’s temperature due to their high absorpipaity at
optical and infrared wavelengths. Therefore, the invesiog of
the dynamics of dust grains with a large range of sizes ireidifit
disc models is crucial to investigate the nature of thesetires.
Importantly, the morphology of the gap in the large and shadit
grains is different: small dust grains up+t010 um are expected to
be strongly coupled to the gas (except in the very top layktiseo
disc), so the width and depth of the gap in the micron-sizest du
is the same as the gas. By contrast, dust grains in the mmzam si
range experience a significant radial drift and tend to cotnate in
regions of pressure maxima that, for massive planets, rbigpto-
duced at the gap edges (elambrechts et al. 2014Rosotti et al.
2016 Dipierro & Laibe 2017.

In this paper we present Cycle 2 ALMA observations of the
protoplanetary disc around Elias 24 in dust thermal emissib
a wavelength of 1.3 mm with a resolution ef 0.2” x 0.17”.
Elias 24 (also known as WSB 31, YLW 32) is a young 0.4
Myr), pre-Main Sequence (spectral type of K5) opticallyilvis

radial migration and disc-planet interaction. We expldris thy-
pothesis by combining global three-dimensional Smoottetidre
Hydrodynamics (SPH) gas and dust simulations of a disc fgpsti
a planet with three-dimensional radiative transfer calttaohs. The
main aim is to reproduce the gap and ring-like structuregmesl
in Elias 24 and provide an estimate of the properties of theel
and the gas and dust disc.

This paper is organized as follows. In Segtwe summarize
the details of the ALMA observations and imaging. S8gresents
the modelling of the data and the comparison between thecteghe
emission maps from our models and the real ALMA observations
In Sect.4 we discuss our results and, finally, in Segtwe sum-
marise our findings and conclusions.

2 OBSERVATIONSAND DATA CALIBRATION

Elias 24 was observed with ALMA during program
2013.1.00498.S (P.l. L. Pérez), as part of a follow-up of
discs with strong long wavelength emissiokh ¢ 7 mm) from
the Disks@EVLA collaboration (e.gPérez etal. 20122015
Tazzari et al. 2016 ALMA Band 6 observations at a wavelength
of 1.3 mm were obtained with 44 antennas, with baselinesdmtw
15.1 mto 1.6 km and a total integration time of 12.5 min. The co
relator was configured to deliver 6.56 GHz of aggregate naaotin
bandwidth using eight spectral windows. Five spectral wwsl
were used for continuum observations with coarse specsalu-
tion, while spectral line observations 65tCO and isotopologues
(**CO, C'®0) were obtained with three additional windows whose
line-free channels were used for aggregate continuum biditdw
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Rings and gaps in Elias 24 3

The setup is as follows: two wide-bandwidth spectral winslow

with 1.875 GHz of bandwidth centered at 216.975 and 232.350 L0
GHz, three medium-bandwidth spectral windows with 468.75
MHz of bandwidth centered at 218.777, 219.246 and 231.181
GHz, and three medium-bandwidth spectral windows with 458.
MHz of bandwidth centered at 230.715, 220.183, and 219.715
GHz, which cover thel = 2 — 1 transitions for*2CO at 230.538
GHz, *CO at 220.399 GHz, and '®0 at 219.560 GHz. The
observations of2CO and**CO J = 2 — 1 suffered from fore-
ground contamination, while €0 J = 2 — 1 observations had

a low signal-to-noise ratio, these observations will notfumther
discussed. To calibrate the complex interferometric liids the
following calibrators were observed: J1517-2422 for basdp
calibration, Titan for absolute surface brightness catibn, and
J1627-2426 for gain calibration. Standard calibration wasied

out using the ALMA pipeline Iittps://al masci ence.
nrao. edu/ processi ng/ sci ence- pi pel i ne) inside the
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(McMullin et al. 2007. Imaging of the interferometric observa-
tions was carried out with the CASA tasitean using Briggs
weighting of the visibilities with a robust parameter of Odan  Figure 1. ALMA map of the dust thermal continuum emission of the disc

multiscale deconvolutionRau & Cornwell 201}, resulting in a around Elias 24 at a wavelength of 1.3 mm. The adopted cokle ss
root mean square (rms) noise level&if.7 ;Jy beam~!. For the shown on the right. The white ellipse in the lower left corinaticates the
multiscale algorithm we selected scales of 0 (point soyurk@gnd size of the synthesized beam: 0.20'0.17", P.A. = 62°.

30 pixels for deconvolution, with a pixel size 6f02”. Since the
signal-to-noise ratio (SNR) of the continuum observatioves

high, self calibration (first in phase, then in amplitude)sveiso by Ricci et al.(2010. The low value of the spectral index could re-
carried out, improving the dynamic range of the image from an flect the presence of regions of high optical depth, whichavive
initial SNR value of~ 350 to an SNR of- 710 in the final image. the dust emission Spectrum to be closefto « 1/2 (RlCCl et al.

2012, similar to what has been measured in the inner disc region
and in the bright rings of HL TauALMA Partnership et al. 201,5
2.1 Continuum emission Carrasco-Gonzalez et al. 2QMinte et al. 2016
] o ] In order to infer precise morphological properties of the ob
Fig. 1 shows the dust thermal emission map of Elias 24 at the wave- served features and the disc on larger scales, we first detiinea

H H 11 11 —_
length of 1.3 mm with angular resolution 62" x 0.17" (P.A. = disc viewing geometry by analyzing the disc continuum eiuiss
62°), corresponding to a physical scale 2§ x 24 au at a dis- a5 |y detail, we estimate the disc inclination with respeour
tance of139 pc. The dust contlnugm emission map revea&l/s abright |ine of sight (defined as = 0° for face-on) and its position angle
central core and a dark and bright rings located-a.5" and (P.A.),i.e. the amount of disc rotation measured from NutBast.
~ 0.6” from the central star, respectively. These features can be We start our analysis by considering an ellipse with geoynedr
considered, to a first approximation (the average deviatioom rameters found byAndrews et al(2010), that has been computed
axisymmetry are of the order of 0.4%), centrosymmetric BOU  py fitting the visibility measurements with those expectgaib el-
the Iocatl_on of the _contlnuum peak position. Compared toipues liptical Gaussian brightness distribution £ 24°, P.A. = 50°).
observations of Elias 24 at sub-mm wavelengths, the angesar 14, refine these parameters, we define a set of elliptical @t
olution of our observation is three and ten times higher B around the location of the continuum peak position and cdenpu
observations as80 ym and at the same wavelength, respectively g gispersion of the flux measurements inside each of theen. W
(Andrews & Williams 2007 Andrews et al. 2010 Moreover, the therefore evaluate the best fitting ellipse by computing etie-
880 wm SMA continuum observation revealed a bright central core . aperture where the spread of the intensity valuesiénghie
surrounded by extended and asymmetric emission on [arg@SSC  4artyres reaches the minimum value. In other words, weedéiTe
(Andrews et al. 201 By contrast, Fig1 does not show any evi-  ghane of the isophote elliptical contours across all the eligent.
dence of a significant deviation from the symmetry arounctére The weighted average of the best fit inclinations and positio-
tral peak position in the dust continuum. gles isi = 28.5° +3.8° andP.A. = 46.7° +6.5°. Both values are

We measure the total flux by summing the disc emission with ¢ngjstent with the geometry parameters foundAbglrews et al.
values of the surface brightness within two times the rmsendihe (2010.

measured total flux i868.1 4 0.9 mJy,~ 10% larger than the one
measured by the previous SMA observation at the same waytalen
(Andrews & Williams 2007 Andrews et al. 2010 Comparing the
measured total flux witB80 m SMA emission maps, we obtain a
spectral index of- 2.27 4 0.01', consistent with the value found

Starting from the measured geometry parameters, we catry ou
elliptical aperture photometry for a given set of elliptieanuli.
Due to the asymmetry of the synthesized beam, we adopt & repr
sentative angular resolution for the aperture photoméieyradius
of the circle with the same area of the beam. The aperturepthot
etry is carried out by considering elliptical annuli with extent of
a quarter of the linear resolution of the observation. Righows
1 The error on the spectral index is computed by propagatiegtiserva- the azimuthally averaged profiles of the dust continuum siars
tional uncertainties on the fluxes (e.g. see Eq. A.®iftello et al. 2013. normalized to the peak intensity. The intensity profile shanpair

Downl oaded from https://academ c. oup. coni mr as/ advance-articl e-abstract/doi/10. 1093/ mras/ sty181/ 4822167
by Cardiff University user
on 14 February 2018


https://almascience.nrao.edu/processing/science-pipeline
https://almascience.nrao.edu/processing/science-pipeline

4  Dipierro et al.

of dark and bright rings at 0.5"” and~ 0.6” with a ratio of the
continuum intensity of the order ef 0.8. However, since the an-
gular resolution is not small enough to well resolve the dap@g
the radial direction (see Fid. and 2), it is reasonably expected
that the emission coming from the gap is significantly coritam
nated by the surrounding emission. We note that beyond #iis p
of rings, the radial intensity profile appears to change avity at

~ 0.7"” (from downward to upward) ang 0.9” (from upward to
downward) from the central star. Strictly speaking, théelatwo
features are very shallow and cannot be classified as regd,rin
since the radial profile of the intensity appears to monailhy
decrease with radial distance. However, we include theakosh
features in our analysis, since the switch of concavity@ddicate

a change of dust density distribution induced by the dynarofc
large grains. The two pairs of low and high brightness rirays loe
fitted by a combination of Gaussian functions to a first apipnex
tion. We carry out a nonlinear least-squares Levenbergyiveadt
minimization (evenberg 194)taking into account the uncertain-
ties on the flux measurements in order to compute the best-fit pa
rameters. Due to the degeneracy on the number of Gaussien fun
tions used for the fit, we fix a combination of three Gaussiaitfu
tions f () = >3, aiexp [— (6 — 6:)* /207 ], where we assume
01 = 0. The values of the best fit parameters are listed in Taple
and the comparison between the model and observationsvsisho
in Fig. 2. The best fit function is the sum of a Gaussian function
representing the central bright core with two Gaussian tfans
centered nearly at the location of the two bright rings. The§
function allows better measurement of the radial locatibithe
four features: the dark rings are located)at7” and0.71” while
the bright rings have a semi-major axis @68” and0.87", cor-
responding to physical radii @5.3, 98.7, 80.6 and120.9 au, re-
spectively, assuming a source distancd & pc. The location of
the two most extended features is evaluated by finding thegeha
of the concavity of the fitting function of the radial intetysprofile.
The radial profile of the dust continuum emission decreaséset
value of the rms noise at 1.3"” from the star, which corresponds
to a physical outer radius e 180 au.

Cieza et al.(2017) reported three gap-like structures in the
disc around Elias 24 located at 0.18"”,0.42" and 0.7”, from
ALMA observations at 1.3 mm with a spatial resolutiorDd5” x
0.2" obtained with a uniform weighting of the visibilities, wail
Cox et al.(2017 reported the presence of one gap in Elias 24 at
~ 0.42" from ALMA observations a870 xm with a spatial reso-
lution of 0.21” x 0.18” and a natural weighting of the visibilities.
The singular gap observed Box et al.(2017) and the second gap
observed byCieza et al(2017) roughly match the gap presented
in this paper ab.47”, while the inflexion point ad.71” matches
with the third gap reported b@ieza et al(2017). As in Cox et al.
(2017, we also do not find evidence for the annular gap.ag8”
reported byCieza et al(2017). We note that these previous stud-
ies collected observations in “snapshot” mode, with ab&st @f
integration time for each target. This results in sparseaxerage
and lower image fidelity compared to the observations pteden
here, which havex17 longer integration time, a factor of 3 better
sensitivity, and better spatial resolution, and thus pteva more
accurate determination of the structures of the disc ardtlias
24.
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Figure 2. Azimuthally averaged profiles of the dust continuum emissio
(symbols) normalized to the value of the peak intensity. fEgedashed line
indicates the fitting model based on a combination of Gandsiactions.
The error bars are calculated by dividing the rms noise obtiservations
by the square root of the number of independent beams in eexhus, in
order to take into account the increase of the pixel numbtr the aperture
extent. The vertical lines indicate the position of the d@and bright (B)
rings observed in the continuum map, while the horizontalrbthe bottom
left corner indicates the angular resolution of the obdema, defined as
the radius of the circle with the same area as the beam.

3 MODELLING THE CONTINUUM DUST EMISSION

We model the dust continuum emission by assuming that the ob-
served gap corresponds to a dip in the dust density disivibaf
large grains induced by the presence of an embedded partibe
explore this hypothesis by performing 3D simulations of a-va
ety of dust/gas disc models hosting an embedded protoplahet
resulting dust density distribution is taken as a disc mdaieta-
diative transfer simulations in order to compute the moyettsetic
images for the dust thermal emission at the wavelength oblthe
servations. Finally, in order to compare the numerical ltsswith
the ALMA data, we simulate observations of our disc modekhwi
similar characteristics as our ALMA observations.

Our aim is to obtain an estimate of the main physical proper-
ties of a planet able to carve such a gap in the dust density-dis
bution of millimetre grains and infer the disc conditionattimight
produce the shallow ring-like feature in the outer disc.dBithe
large number of parameters involved in our analysis and ohe-c
putationally expensive approach, the fitting procedureoisedby
eye without performing any statistical test to quantify fe®dness
of the fit.

3.1 Methods
3.1.1 Dust/gas numerical simulations

We perform a set of 3D SPH simulations of gas and dust disc with
an embedded protoplanet using thEANTOM code Price et al.
2017. We approximate the dust disc as a two component system in
terms of dust species: a population of micron-sized graémfeptly
mixed with the gas and responsible for the thermal struattitke
disc and a population of millimetre-sized dust grains whega-
tial distribution regulates the disc appearance at millimgave-
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Parameter Value
a1 0.955 =+ 0.005
o1 0.194"” 4 0.001”
az 0.072 £ 0.007
02 0.578" 4 0.004"
o9 0.086"" £ 0.006"
as 0.069 + 0.002
03 0.816" £0.017"
o3 0.173"” £0.011”

Table 1. Best fit values of the parametric model of the radial profile of
the dust continuum emission computed by carrying out a neali least-
squares Marquardt-Levenberg minimization accountingtieruncertain-
ties on the flux measurements.

lengths. Since our ALMA Band 6 image essentially tracesipart
cles with a size comparable to the observing wavelenDtaifie
2006, we focus our analysis on the dynamics of millimetre dust
grains. Due to the tight aerodynamical coupling betweerranic
sized grains and the gas, we do not perform any simulatioh wit
smaller dust grains and assume that their 3D spatial dedisitr-
bution matches that of the gas.

In the PHANTOM code the dust dynamics can be computed
using two different approaches: the two fluid algorithm ditsd
by Laibe & Price(20123b), typically used for large grains in weak
drag regime (i.e. large Stokes numbers) and the one-fluatiign
(Laibe & Price 2014 Price & Laibe 201% based on the terminal
velocity approximation (e.gYoudin & Goodman 200pand best
suited to simulate particles tightly coupled with the gas.(mall
Stokes numbers). In terms of dust-gas modelling, the twal flui
algorithm treats the dust and gas as two interacting fluidiewh
in the one-fluid approach the SPH particles represent thdewho
gas-dust mixture and the dust fraction is evolved as a loca-p
erty of the mixture. Both algorithms have been extensivelydh-
marked on simple test problems including waves, shocks kmd p
ets in dust/gas mixturetdibe & Price 2012bPrice & Laibe 2015
Dipierro & Laibe 2017 Price et al. 201} In most of our simula-
tions millimetre dust particles are characterized by a &akum-
ber of the order o~ 0.01 in the midplane, increasing to values
close to~ 0.08 in the disc surface layers aH,, where H, is
the gas pressure scale height. Therefore, we adopt thewdesfl
gorithm to compute the dust evolution. Moreover, as desdrity
Price & Laibe (2015, we adopt an alternative implementation of
the one fluid algorithm based on the evolution of the quanyipg,
wherep = ps + pq is the total density of the mixture ards the
dust fractione = pq4/p. This new implementation gives better re-
sults in the outer disc regions and the upper surface laybesen
the dust radial inward motion and settling reduce the dasttifon
(Price & Laibe 2015Hutchison et al. 2016

In all our simulations we set the dust grain size tsbgin =
1 mm in order to focus our analysis on the dust density distrduti
probed by the ALMA observations. For the adopted disc models
millimetre grain sizes fall into the Epstein regime, implgithat
the Stokes number is given Byrice & Laibe(2015

St = z pgrainsgraian 7
8 pesf

where pgrain is the intrinsic grain density;s is the sound speed,
Qy is the Keplerian angular velocity anfdis a correction factor for
supersonic drag. We represent the protoplanet and theatstdr
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using sink particlesRate et al. 1995 The sinks are free to migrate
due to their interaction with the disc and are able to ac@asesand
dust particlesBate et al. 199%

3.1.2 Radiative transfer and synthetic ALMA observations

We computed synthetic ALMA observations of our models using
the RADMC-3D Monte Carlo radiative transfer codeu{lemond
2012 together with the CASA ALMA simulator (version 4.7.1),
focusing on ALMA Band 6 (continuum emission at 230 GHz). The
main inputs for the radiative transfer modelling are thet dies-
sity structure of large and small grains, a model for the dpsic-
ities and the source of luminosity. We adopt the dust modetius
by Andrews et al(2010, assuming an InterStellar Medium (ISM)
composition Draine & Lee 1984 Weingartner & Draine 2001
with a power-law grain size distribution given by(sgrain) o
Srain PEtWEErD.005 im and1 mm, withm = 3.5.

The first step is to run radiative transfer simulations to €om
pute the dust temperature as the result of a balance betwdin r
tive absorption and re-emission assuming that the starisiy
source of luminosity. We model the emission of the centraltc®
as a black body, using the star properties adoptefifarews et al.
(2010, i.e. a pre-main sequence star of spectral type K5, radius o
4.2 R and an effective fixed temperature of 4250Wilking et al.
2005. Our analysis does not include the gas as a source of radia-
tion and assumes that the gas temperature only influencelsthe
vertical geometry.

We then create full-resolution images by performing ray-
tracing using10® photon packages. For the comparison with the
results of the ALMA observations of Elias 24 we first appliedur
models the same disc inclination and position angle as @nst
for the Elias 24 disc (SecR). We then calculated the predicted
visibilities from our models by Fourier transforming the debim-
ages and sampling the visibility function on the samgv) points
as probed by our ALMA observations. We then imaged the model
visibilities using the same procedure outlined in Secidor the
imaging of the ALMA observed visibilities. In this way, thesult-
ing model map has the same characteristics, in terms of angul
resolution and sensitivity to emission on different anguaeales,
as the observed map. For each model, the disc was centettegl to t
position in the sky as measured at the brightest pixel in bsexved
ALMA map. This was done using tHe xvi s task in CASA.

3.2 Initial conditions

Due to the large number of degrees of freedom in our modelling
we fix a subsample of the initial disc parameters: the pragedf
the central starWilking et al. 2003, the total dust mass and the
vertical geometry of the gas disc. The free parameters innihe
tial disc properties are therefore the axisymmetric serf@density
profile of both phases and the perturber properties. Ouraete
model for the total dust mass (see S&cR.1) and the disc verti-
cal geometry are taken frosmndrews et al(2010), following the
formalism introduced byAndrews et al(2009.

The system consists of a central star of malsa/g
(Wilking et al. 2005 surrounded by a gas and dust disc extend-
ing fromri, = 1 au tor.u: = 180 au and modelled as a setlof
SPH gas/dust particles. The disc is vertically extendeddsyia-
ing Gaussian profiles for the volume density in the vertigaation
with a thickness o, (1) = Hin (r/7in) "% whereHi, = 0.075
au is the height at the inner radius,. The value of the flaring
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index has been inferred byndrews et al(2010 by fitting the ob-
served continuum visibilities and the broadband SED of tise d
around Elias 24. We adopt a vertically isothermal equatiostate
P = Zpg With ¢s (1) = cs,in(r/rin) ~? with a valuecs i, and
q computed by assuming vertically hydrostatic equilibriuonogs
the disc, i.eHy = ¢s/Q. We set the SPi av viscosity parameter
to 0.1, resulting in an effectivBhakura & Sunyae{1973 viscos-
ity ass = 0.003 Stoll & Kley 2014; Meheut et al. 2015

We run simulations adopting different planet mass and tadia
distance from the central star. The ring-like features @t6" from
the central star (see Se@). might suggest that this structure is a
trap of millimetre sized grains due to the presence of a press
maximum at the outer edge of the gap carved by the planeteTher
fore, we consider a range of planet mass around the expeaiee v
able to affect the gas pressure structure,i&g. ~ 0.19 M; (see
Eq. 7 below). Since we expect a radial inward migration of the
planet due to its interaction with the disc, we run simulagidoy
locating the planet far from the central star with respe¢h®po-
sition of the minimum of the intensity profile in the gap regi@e.
rp 2 65 au). Each simulation is evolved for a maximum time of
100 orbits at the initial planet distance from the centrat étorre-
sponding to~ 5.2 x 10* years). However, we analyze the result
of the simulations at the end of every orbit in order to findllest
model that matches the observations.

3.2.1 Models for the disc surface density structure

We explore different initial disc conditions by varying tebape

of the gas and dust surface density profiles, adopting thes sam
dust mass and the disc vertical geometry founddbgrews et al.
(2010. In the model presented dndrews et al(2010, the dust
and gas surface density profile are assumed to be power laws wi
an exponential taper at large radii, i.e.

() ()]

where the normalization factdt. can be computed by integrating
Eq. 3 over the disc (fop # 2),

Md Tin 2p
o[ (22)7)
where My = 0.0017Mg is the dust disc mass, = 127 au is a
characteristic scaling radius apd= 0.9 is the gradient parame-
ter. Gas and dust are assumed to be initially well mixed adtues
disc, with a total gas mass scaled by a constant factor giye¢heb
typical ISM dust-to-gas ratios = 0.01 (Mathis et al. 197). The
motivation behind this approach is that the gas and dusaceirf
density profile are assumed to be described by a class ofawut
of the gas viscous diffusion equation assuming a staticsteon
with time) viscosity that follows a simple power-law depende
with radius,v « r? (Lynden-Bell & Pringle 1973 and requiring
that the system is older than the viscous timesddetfnann et al.
1998 Lodato et al. 201). The latter assumption seems not to be
the case for Elias 24, due to the relatively young age of tiseegy
(~ 0.4 Myr). However, while the adoption of this gas surface-den
sity is physically motivated, the assumed profile for thet desisity
structure is physically inaccurate due to the stronglyedéht dy-
namics between large dust grains and gas. To simply account f
this kind of deviation from the standard approach, in our etiitly

we also include pure power law surface density profileswith-

out the tapering at. shown in equatiol, and different dust-to-gas

Ba(r) 2

262(2_17)

®)

ratios across the disc. However, as we show below, the tapari
the outer disc region is a natural consequence of the dyisanfiic
large grains. Our simulations produce at the late stagedyrtbe
same shape of the dust density distribution in the outerrdigion,
regardless our choice for the shape of the initial surfacesitiein
the outer disc (between power law or tapered power law).

3.2.2 Dust-to-gas mass ratio

One of the key parameters in disc modelling is the mass ofdke g
The local gas surface density regulates the aerodynantaaling
between the gas and the dust and the accretion and migration
efficiency of the planet. The typical approach is to assumgeda fi
value across all the disc given by the typical ISM dust-te-gio

of 0.01 Mathis et al. 197Y. However, recent high sensitivity and
high resolutions disc observations have revealed a dianmgpbe-
tween dust and gas disc sizes, showing also that the maxinzem s
of dust grains is a function of distance from the staaric et al.
2009 Andrews etal. 2012 Pérez etal. 2012 Rosenfeld et al.
2013 de Gregorio-Monsalvo etal. 2013 Pérez etal. 2015
Guidietal. 2016 Canovasetal. 2016 Tazzarietal. 2016
Carrasco-Gonzalez et al. 2016

This discrepancy might be explained by a combination of ra-
dial drift, grain growth processing and differences in cgtidepth
of the two phases (e.dutrey et al. 1998 Birnstiel & Andrews
2014 Facchini et al. 201 In most invoked scenarios, the loca-
tion of the outer edge in the dust radial distribution clgsipends
on the local gas and dust properties, particularly the gasmne
density, the dust grain size, the local pressure profile tuheu-
lence and the dust-to-gas ratio. In most cases, using rddfal
or optical depth effects to account for the different appree of
the disc in different tracers, the gas outer radius probef &0
emission might differ by a factor o2 — 4 from the dust outer
radius probed by millimetre emissioBifnstiel & Andrews 2014
Facchini et al. 201y It is therefore reasonable to expect that the
local (i.e. in the dust disc) dust-to-gas ratio is largemnttze typ-
ical 1% of the interstellar medium, as recently found in otae
tions of CO isotopologues emission line and dust continuum (e.qg.
Panic et al. 2008Pinte et al. 2016Ansdell et al. 2015 However,
the conversion from CO molecular emissionHg mass is ham-
pered by a large range of uncertainties in the exact valuésaf
density and temperature in gas and dust phase, which sgrafigl
fect the chemical reactionQ( et al. 2019, leading to a significant
overestimation of the dust-to-gas ratMiftello et al. 2017.

Using simple physical arguments, a rough estimate of thie dus
to-gas ratio enhancement induced by radial drift can bemdxdeby
comparing the radial extent of the gas and dust disc. Letsimas
that dust-to-gas ratio in millimetre grains of the disc attb{when
the gas and dust were well-mixed)kis= 10~2. We assume that at
the age of the disc the outer radius of the gas,; is~ 2—4 times
larger than the outer radius of the millimetre dust digc.; due to
the radial dust drift. We caution that this approach is toomified
due to the large number of caveats involved but allows usve ha
estimate of the resulting dust-to-gas mass ratio. Thetiegudust-
to-gas ratio in the dusty disc due to the radial dust driftveig by

4)

T t

g,ou

€drift = €0 (r—
d,out

2
) ~ 0.04 — 0.16.

Moreover, long-wavelength observations of Elias 24 havevsh
that the spectral index of the millimeter dust opacity is dow
than the typical value found for the ISMR{cci et al. 201(. This
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is strong evidence for the presence of largerim) dust grains we present the disc structure and the simulated ALMA obsierva
in the outer disc regions. Importantly, the SED fitting shaan of our best model.

Ricci et al.(2010 is consistent with a power-law index of the grain

size number densityn = 3, suggesting that the dust mass in the

Elias 24 disc is dominated by the largest grains in the dustijge 3.3.1 Disc structure

tion, likely with sizes of the order & 1 mm.

An additional reason why we adopt a different value for the OUr best model consists of an initial gas and dust surfacsityen
initial dust-to-gas ratio is that the gas model for Elias 2dspnted W!th apower law function W'th_r"’_“?'“§ o™, h°5t_'”9 aplanet
by Andrews et al(2010) shows a relatively high disc-to-star mass with an initial mass of).15 My, initially Io_cated _at a distance qf 65
ratio of ~ 0.12, which might indicate a gravitationally unstable gas au from the central star. We stop the simulations afte85 orbits

disc. Adopting the same disc model as Aydrews et al(2010), at the initial location of the pla_net (corresponding~to4.4 X 1_04 _
we compute the stability parameter with respect to grduttally years) and we use the resulting dust surface density foatraeli
instabilities Toomre 1963 transfer simulations. At this stage of the simulation, ttenpt is at
61.7 au from the central star and its mas$.i8M;. The surface

Q= ﬂy (5) density structure of both phases (see Bjgshows an annular gap
TG, around the planet location and a spiral structure acrossligtee

where G is the gravitational constant and is the epicyclic Due to the tight coupling between the gas and dust phase ih mos

frequency (equal td2. in Keplerian discs). We found that in of the _disc, these feature_s are common in both phases. _

the outer disc, the value of th€)-parameter reaches values Fig. 4 shows the azimuthally averaged surface density of the
close to 2, which is close to the expected limitiggvalue for gas and .dust at the end. of the S|mullat|on. It can be noticed tha
the onset of gravitational instability in geometricallyick discs the gap in the gas density structure is very shallow: thegptan
(Kratter & Lodato 201§, In this case, the disc would show the co-orbital surface density drops to only60% of its initial value.
development of large-scale density fluctuations in the fofna As expected, the gap depth in the dust is larger than the one in
spiral pattern with a low number of spiral armisofiato & Rice the gas due_ to bOt_h the higher efficiency of the tidal torque an
2005 Cossins et al. 2009which should be unambiguously iden- the dust radial motion induced by dragaardekooper & Mellema
tified through (sub-)millimetre observationBipierro et al. 2014 2004 2006 Fouchet et al. 20QDipierro et al. 201§ In detail, our
20153 Dong et al. 2015Hall et al. 201§. Therefore, the absence ~ Simulation shows that the planet is able to perturb the Ipoes-

of any deviation from axisymmetry might suggest that thedjss sure profile and create a pressure maximum at the gap outer edg
might be not as massive as shown/ydrews et al(2010). In our (see Sectd.1). As a result, mm grains accumulates at the location

modelling, we therefore adopt a total initial dust-to-gaia for of the pressure maximum, forming a deeper dust gap than in the
millimetre grains of 0.1. gas. At the inner edge, we find that the perturbation of the-pre

sure profile induced by the tidal torque does not exceed tbk-ba
ground pressure gradient, leading to a weak pile up at therinn
gap edge and an accelerated radial inflow toward the cenémal s
3.3 Results (Crida & Morbidelli 2007 Fouchet et al. 2010
We infer the width of the gap in the gas by computing the
location of the inner and outer gap edge. We adopt the approac
by Dong & Fung(2017), which appears to work better for shallow
gaps where the density does not drop below an empiricallthres
old (see als&anagawa et al. 20}6The gap outer and inner edge
Tout,gap @NA7in gap are defined as the locations outside and inside
the planet orbit where the dust surface density reachescimaet-
ric mean between its minimum value in the g8p(rmin) and its
unperturbed value (i.e. computed from the initial gas dgnsio-
file) at the same locatioBg o (7'min), i.€.

We have carried out a large number of disc+planet gas/dusisi
tions in order to determine the disc models that provide iafaat

tory match with the radial intensity profile of the dust contim
emission as observed by ALMA. We caution that the gas and dust
density distributions at the end of our simulations are natsteady
state. This is related to the fact that in our simulationslaeet is
allowed to migrate and accrete due to the tidal interactiih the
surrounding disc. As we will describe below, the planet raiign

and accretion lead to the formation of an unsteady gas and dus
density structure around its orbit. If we assume that thélsha
gap observed by ALMA corresponds to a shallow gap in the dust ) _ — ) -

density distribution created by a low mass planet, we casorea Va(rinzap) = Va(rout.zap) = V/¥e(rmin) x Vo (rmin). (6)
ably expect that the planet is still largely embedded in theg We infer a gap width of 27.7 au, which is consistent with thieiea
planetary disc, migrating and accreting mass due to the lgag of ~ 5.8 H, found byDong & Fung(2017). Fig. 4 shows that the

density around its location. Therefore, since the planetsnand location of the minimum of the gas surface density-ig au from
location are not fixed in our simulations, the gas and dussitlen  the location of the planet. This difference might be related
will evolve accordingly. Due to the fact that the gas and destsity combination of the initial non-uniform surface density fileoand
are not in steady state, we have chosen a simulation snahstiot ~ the fast planet migration in the last stages of the simulafsze
best fits the data. It is therefore reasonable to expect @dedde- Sect.4.2). The shape of the gas gap carved by a migrating and ac-
generacy with the simulation parameters. Given the largge@f creting planet has been investigatedjngelo & Lubow (2008,
parameters involved in the fitting procedure, we cannotaresisly finding a shape similar to that shown in our simulations (3gel5
quantify this degeneracy (see Setp). by D’Angelo & Lubow 200§.

In any case, although our approach introduces degeneiacies Interestingly, in the low density outer disc regions, milétre

the disc model parameters, our simulations show a good ni@atch  grains become less strongly coupled, producing a fastlriadiard
the observation in a small range of disc model parametetsdro  drift toward the pressure maximum at the outer gap edge.eSinc
the ones that best reproduce the data, especially regattingas the aerodynamical coupling depends on the gas surfacetylghsi
mass and the shape of the gas surface density profile. Iretttios non uniform gas distribution across the outer disc regieasl$ to
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Figure 3. Rendered images of gas (left) and millimetre dust grairhgjigurface density (in units @fcm—2 on a logarithmic scale) of a dusty disc hosting a
planet with an initial mass df.15 My and initially located at a distance of 65 au from the cential. s
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Figure 4. Azimuthally averaged dust (dashed) and gas (solid) sudace
sity for our best disc hosting a planet with an initial mas$.df5 M, ini-
tially located at 65 au from the central star. The dust sertiEmnsity is scaled
by a factor of 10 at the end of the simulation, for direct corgma with the
gas phase. After 85 orbits (measured at 65 au), the planeéisaau from
the central star and its mass0i¥ M. The dotted line indicates the Stokes
number multipled by 100. The vertical line indicates thenpteorbit.

a gradient in the dust radial velocities. This produces #eflab-
dial profile of the dust surface density that eventually ¢esnthe
profile monotonicity, resulting in ring-like structures the outer
disc. The shape of the dust surface density in the outer disc r
gion can be explained by the drift-dominated dynamics of-non
growing grains withSt < 1 described byyoudin & Shu (2002
andBirnstiel & Andrews(2014). The bumps in the dust density in

by Birnstiel & Andrews(2014), i.e. the radial drift of non-growing
grains from the outer disc region produces a distinctivedfipgnt
in the dust surface density profile in the outer disc region.

It can be seen that the disc insidel5 au has a significantly
low mass. This occurs due to the resolution-dependent SPH nu
merical viscosity, which causes a high accretion rate dmtostar
(Lodato & Price 201D

3.4 Comparison with ALMA observations

For the comparison of our model predictions with the rexfithe
ALMA observations we adopted the procedure described in Sec
tion3.1.2

Fig. 5 shows the comparison between the observed ALMA im-
age and the simulated observations of our best model at the sa
wavelength. We note that the spiral structure observedrihyaro-
dynamic simulations (see Fig) is not observed by ALMA due to
the limited angular resolution of the observations. Théatriganel
in Fig. 5 shows the map of the data model residuals. The resid-
uals map was obtained by first deriving the residuals for &z r
and imaginary parts of the visibility function on the saiig v)
points as in the ALMA observations, and then imaging ther, us
ing the same procedure as for the imaging of the ALMA observed
visibilities (Section2).

In Fig. 6 we show the data vs model comparison in terms of the
azimuthally averaged surface brightness at different mangepa-
rations from the disc center. This plot was obtained by ¢agrput
aperture photometry on both the ALMA map and the model syn-
thetic image using the geometry parameters reported in 3dct
for the Elias 24 disc.

Apart from the bright central core, the surface brightness i
our model provides a reasonable match to the gap and ring like
structure observed in Elias 24. Starting from the radiafil@® of
the surface brightness, we can measure the discrepancias of
model with respect to the observed data, taking into accthent

outer gap edge and in the outer disc produce a double-hurmp fea error on each value of the surface brightness profile. Ther-err
ture that will evolve to create an additional accumulatidérdast bars are calculated by dividing the rms noise of the obsienst
at the outer edge of the gap. This confirms the analysis shown by the square root of the number of independent beams in each
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Figure 5. Comparison between the ALMA map of Elias 24 (left) and theudated observation of our best model (middle). The rightgbahows the map
of the data— model residuals, obtained by imaging the residuals foréléand imaginary parts of the visibility function on the gam, v) points as in the
ALMA observations.
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Figure 7. Optical depth map at 1.3 mm of our model. Most of the disc is
Figure 6. Comparison of the surface brightness of our model and tHe rea marginally optically thick, apart from the outer ring regio
ALMA observation using a line cut along the major axis of th&cdin an
annulus between 0.4” and 1” from the central star, the mearevaf the

absolute values of the residuals~is5% of the observed fluxes. ] B ) ]
into account the additional pile up of larger graigg.{i» > 1 mm)

coming from the outer disc. Larger grains are expected todm@m
trapped at the pressure maximum, resulting in an additismelll

annulus, in order to take into account the increase of thel pixm- flux at the gap outer edge (see Sé&cg).
ber with the aperture extent. In the outer disc (Rel” from the The measured total flux of the disc from the simulated model
central star), the mean value of the absolute values of giduals map is309.2 + 1.1 mJy, ~ 16% lower than the total flux of the

is (7.3 + 1.9)% of the observed fluxes, while for the inner cen- real observation. However, most of the difference comes fitee
tral core € 0.3") the difference i39.8 + 0.2)% of the observed bright central core. Fig7 shows the map of the optical depth of
fluxes. In the gap and outer disc edge region, i.e. in an asnulu our model. Most of the disc is marginally optically thick, ieh
between 0.4 and 1’ from the central star, the mean value of the the ring in the outer region is characterized by a slightighler
absolute values of the residuals(is1 + 0.4)% of the observed optical depthr ~ 2, which is related to the pile-up of large grains
fluxes. Importantly, we reproduce the change of concavitthin spiralling inward from the outer disc (see S&8.J).

outer disc at~ 0.8”. This change of concavity can be explained

by the differential radial motion of large dust grains frame outer

radius (see Sec8.3.1). Beyond~ 1.15’ from the central star the

relative difference between our model and the observatioreases 4 DISCUSSION

with distance from the central star. This mismatch mightdiated
to areduced dust density in the outer region due to the randliaiv
of dust grains. Moreover, this slight mismatch might be tedao Our simulations show that, consistent with different nuicar
the fact that the simplified two-grain-size treatment doetstake works (Rosotti et al. 2016Dipierro & Laibe 2017, once the planet

4.1 Gap opening
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Figure 8. Evolution of the azimuthally averaged profile of the pressar
dial gradient. The solid line indicates the profile at thetstthe simuala-
tion. Different lines correspond to different times alohg simulations at
which the planet mass reaches a value of (dasiiégd).., (see Eq.7),
(dotted-dashed M, ¢ap and (dotted).7 M.

mass reaches a value of

Mp,gap =~ 0.1 My, tn ~ 0.19 My, )

where (in & Papaloizou 1993

Mp th Hp 3

2 = p 8
M, o ° ( . ) ! ®)

the planet starts to weaken the pressure profile in its neighb
hood. Fig.8 shows the evolution of the radial profile of the pres-
sure gradient along the simulation. The planet reaches a pfas
My, ¢ap after~ 20 orbits, keeping carving the gap along the sim-
ulation and leading to a local reduction of the inward radieft

of dust grains from the outer disc region. Once the planethes

a mass of~ 0.45 M; (after ~ 60 orbits), a pressure maximum
at the gap outer edge is created, leading to a further aceumul
tion of particles (e.gLambrechts et al. 201Dipierro et al. 2015
This value for the minimum planet mass able to create a pres-
sure maximum outside the planetary orbit is consistent with
expectations of the gap opening process limited by predetres
My ~ 2Mp gap ~ 0.4Mj. In detail, the minimum planet mass
able to create a pressure maximum in the outer disc is expéste
be~ max (2Mp, gap, Mp visc), Where

(%) (%)

is the limit planet mass under which the viscous refillinghaf gap

is faster than the gap openingir(nitage 2010. In our model, due to
the relatively high thickness of the disc (the height at tlaaet po-
sition isHy, /rp, ~ 0.08), the pressure forces are the dominant ones
trying to close the gap, i.enax (2M, gap, Mp visc) = 2Mp gap-

We stress that there is no universally accepted criteriothtogap-
opening planet mass. The widely used gap-opening critéden
mulated byCrida et al.(2006 gives a mass of.8 M, which is
expected to correspond to the case when planet’s co-ogaisaur-
face density drops to 10% its initial value.

Mp,visc
M,

2
8

Hy

Tp

1/2
SS

(©)

4.2 Planet migration

The planet migrates from a radial distance of 65 to 60.4 aWt 1
orbits (measured at 65 au, the initial planet location) tolsahe
central star. Since the gas gap carved by the planet is ghitlis
reasonable to expect that the planet migration is desctilgettie
Type | regime Kley & Nelson 2013. Assuming a gas disc model
with a power law surface density and temperature radiallprofe.
Ye x r P andT « r~ 9, the total tidal torque, given by the contri-
bution of the Lindblad and the unsaturated static lineaotation
torque (Egs. 14 and 17 Bfaardekooper et al. 2000 Egs. 3, 6 and
7 of Paardekooper et al. 20,1s given by

[ = —4T, (10)
where

¥=254+09¢—0.1p—0.7 (gfp> 11)
and

P = <A]§> <i>_ 502, 12)

where ¥, and 2, denote the gas surface density and Keple-
rian angular frequency at the planet locatiop, respectively.
The formula expressed in EG2 has been tested against 2D and
3D numerical hydrodynamical simulations of locally isathel
discs Paardekooper et al. 201D’Angelo & Lubow 2010, find-

ing good agreement in viscous discs, where non-linear tsffae
strongly damped (for more details s&éey & Nelson 2012and
Baruteau et al. 2094 The migration timescale is simply given by

(%)

whereJJ, is the angular momentum of the planet, dé,r2$,. We
measure the migration timescale in our simulations and eoenip
with the theoretical estimates, by taking into account libthde-
crease of the gas density at the planet location and theaseref
the planet mass due to accretion onto the planet (see&8ctTo
avoid numerical artifacts related to the initial condisonve start
measuring the migration timescale after 10 planetary arbig.9
compares the migration timescale of the planet predictedusy
model and the typical Type | migration timescale (Eg). Shortly
after the start of the simulations, the migration timesoateeases
and oscillates around a value that decreases with time. riitia! i
trend might be ascribed to the strong time evolution of the-no
linear corotation torque (notincluded in Ekg, Paardekooper et al.
201Q 2011J). In detail, at the beginning of the simulation, the initial
gradient in specific vorticity and entropy generates asytriggein
the torques at the two horseshoe U-turns close to the plameet,ic-
ing a strong positive corotation torque which leads to a ldeaton

of the classical Type | inward migration. Afterwards, theitiation

of the migration timescale might be related to the oscdlatf the
corotation torque induced by the flattening of the originaticity
and entropy gradient, a phenomenon mostly referred to as sat
ration of the corotation torqueMasset 2001 Paardekooper et al.
2011). The oscillation period is roughly equal to the libration
timescale of the material near the outer edges of the hareagh
gion, which is around 15 orbits. Importantly, by comparihg &x-
pected libration and viscous timescales across the cabrune,
we find that, after the planet reached).2 M; (after~ 25 orhits),
the libration timescale becomes lower than the viscoussiae,
implying that viscosity is not efficient enough to re-eslishithe

1 M?
MyQyp Spr2’

o _ Jp 1
[7/o]  2IT 2y

Hy

p

(13)

tmigr,l =
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Figure 9. Comparison between (solid) the migration timescale of thegi Figure 10. Comparison between (solid) the accretion rate of the plamet
in our model and (dashed) the expected Type | migration tales our model and (dashed) the expected runaway accretion xptessed in

Eq. 16. The vertical line indicates the transition planet massvbeh the
Bondi- and Hill-type gas accretion regimes (HEg).

vorticity gradient and prevent saturatiddgsset 2002 The oscil-
lations on a typical libration time observed are similarhie bnes
found for non-accreting planets (see Fig. 2Rgardekooper etal. IS the exponent that characterises the steepness of tia paels-
2010. The only noticeable difference is the decrease of thetijyan ~ Sure profile of the disc. The second term in Hé.is related to
rp/|75 |, which might be related to the increase of the planet mass the halting of uncoupled dust grains by the balancing efié¢he

sustained by accretion (see B@ and Sect4.3). Importantly, af- tidal and drag torque outside the planetary orbipferro & Laibe
ter a few oscillations the migration time approaches atatyy 2017. Due to the low Stokes numbers of pebblédy, s, =
state, close to the nominal Type | migration expressed in1Bg.  Mp.gap- Therefore, since after the first 20 orbits the mass of the

Moreover, we do not see any sharp transition to the slowee Typ Planetreachesf,, iso, most of the accreting flow is in the gas phase.
Il migration, probably due to strong feedback from the citatb ~ Moreover, since for most of the simulatiahl, > v2Mo,iso,

mass in the horseshoe regidvigsset & Papaloizou 2003which it is reasonably expected that the planet accretion is inrtine

is around 60% of the initial value at the end of the simulatiéow- away phaseRollack et al. 1996Helled et al. 201} In detail, while
ever, an accurate analysis of the tidal interaction betvikerisc for low mass cores the accretion is limited by the cooling ftat
and an accreting and migrating planet is beyond the scobe qfa- evacuate the energy of the accreting flaubickyj et al. 2005

per, due to the complexity involved (e Baardekooper & Mellema Ayliffe & Bate 2009), more massive cores essentially accrete at the
2006 Kley et al. 2009 Paardekooper 201Benitez-Llambay etal. ~ 'unaway rate where gravity dominates the effects of thesupt
2015 Lega et al. 2015 port. In our locally isothermal simulations, the extra hgenerated

by compression of the collapsing over-density is instagwasly
radiated away and the accretion flow of the gas on the plaset is
by the properties of the disc in the vicinity of the planet.
We can compare the mass accretion rate measured in the simu-
The planet accretes from the surrounding gas and dust dise; g lation with the expectation of the typical disc-limited eetion rate
ing along the simulation fron®.15 Mj to ~ 0.9 Mj in 100 or- given by the flux of gas in the planet’s cross section. The ebgoke
bits (at 65 au). Planet accretion can be simply modelled by a accretion rate is given byd){Angelo & Lubow 200§
sequence of stages related to the efficiency of pebble and gas . 3
accretion (e.gHelled etal. 201% Concerning pebble_ accretion, CpQypSpr? (T_p) (Mp) , M, < My,
when the planet affects the local gas pressure profile oridaé t . Hy M,
torque is high enough to affect the inward drift of uncoupdeains My, = (16)
(Dipierro & Laibe 2017, the accretion of pebbles is expected to

4.3 Planet accretion

CH

M,
_QPZPTIQD (;[_p> (Mp) s My > M,
be strongly reducedLémbrechts & Johansen 2Q1Bitsch et al. 3 P *
2019. This mass, mostly known as isolation mass, is given by (as- where Cg and Cy are dimensionless coefficients of order unity,

suminge < 1) and
/2 3 3

Mp\ o | Mezar S\ (Hyp My = M= @<ﬂ) ~0.22M 17
(M*>iso ~ min [ R ,1.38 St . , (24) t BV 7 J (17)
where indicates the mass transition between the Bondi- and fie-tgas

accretion regimes, differing from each other by the charéstic

(=-— Olog P (15) planet’s accretion radii (for more details de@&ngelo et al. 2010.

— Ologr

p
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Fig. 10 shows the accretion rate of the planet along the simu-

lation. The accretion rate is measured as the rate at whiglaga
dust particles pass into the radius of the sink, which is @25-

9 (5) and 16 (28) times smaller than the Hill (Bondi) radiug
the beginning and at the end of the simulation, respectividtis
choice for the value of the sink radius ensures a good levahys-
ical accuracy Ayliffe & Bate 2009, Machida et al. 201D Fig. 10
shows that the accretion rate computed in our simulationerig
close to the expectation of the disc-limited accretion.réfe have
used the same values 6 andCy found byD’Angelo & Lubow
(2008 scaled by a factor of> 2 (i.e., we useCg = 5.13 and
Cu = 1.75), given by the different amount of physical viscosity
adopted in this work$zulagyi et al. 201¢ In the initial part of the
simulation, the accretion rate increases with the planasratil it
reaches a nearly constant valuedf x 10~° M; yr~*. The trend
of the accretion rate with planet mass seen in E@is consis-
tent with the typical one of the disc-limited accretion ralese to
the transition between the Bondi- and the Hill-type acoretiate
(see EQ.17). The transition mass (see Efj7), corresponding to
the mass at which the Hill radius becomes smaller than thelBon
radius (see Fig. 4 bip’Angelo & Lubow 2009, occurs when the
mass reaches 0.22 M; (after~ 27 planetary orbits). Our simu-
lation does not show any decreasing planetary accretierimahe
late stages, since the gas gap is very shallow at the end sifithe
lation, so that the surrounding disc is still able to sup@s tp the
planet’s vicinity.

4.4 Thefate of the planet

In order to predict if the planet will survive to its migratiowe can
compute the reduction of its semi-major axis after the enthef
simulation. Let us consider a planet migrating from a distaof
rp,i ~ 60.4 au from the central star and growing from the mass
My ~ 0.9M; to a massM,, ¢ given by the gap-opening mass,
when the planet migration is expected to be significantlyvetb
down Kley & Nelson 2012. We assume that the gap-opening mass
is given by theCrida et al.(2006's criterion, corresponding to a
drop of the local surface density to a facter 10% of the initial
value, i.e. Baruteau et al. 2004

% = 100ass

*

p
with

x= 14 2t
800ass Tp

The gap opening mass4s 3.4 M. Assuming that the planet is in
Type | migration followingr, = —7p/tmigr With tmier €Xpressed

in Eq. 13 and accreting in runaway mode following the second ex-
pression of Eql6, the reduction of its radial location is given by

/rp,f dT'p /Mpf€
Tof P M

p,f
where( is ratio between the typical growth timescalgowtn =
M., / M, and migration timescalgyig:, i.€.

(19)

dM,
M, ’

(20)

€ _ tgrowth

tgrowen _ 37 (ﬂ)
tmigr,I CH Tp '

2 Lissauer et al(2009 found that the gas gets accreted onto the planet if it
flows through a sphere around the planet of radiu8.25 Ry .

(21)

Since the disc aspect ratio has a weak dependence,one.
Hy/rp o< r3%% (see Sect3.2), we assume that is constant with
rp. The integration expressed in Ef) yields

Tp,f = Tp,i €XP |:7£ (W)} ~ 53 au.

It is worth remarking that, before the planet reaches thesigss,

it is expected that the gradual depletion of the coorbitadsiaads

to a reduction of the planet accretion rate and migratioe Fsgs. 4
and 6 byD’Angelo & Lubow 2009. Therefore, the value given in
Eq. 22 can be considered an underestimation of the final radial lo-
cation of the planet. Once a deep gap is carved, assuminmtisit

of the angular momentum content is in the gas rather thanen th
planet, the viscous evolution of the disc drives the planigrran
tion (Baruteau et al. 2094 In this Type Il regime, the migration
timescale is given bylyanov et al. 1999

(22)

) _ My + Mg (rp) .
tmlgr,H - Mg (Tp) tv1sc (rp) ) (23)
where
2 rf,
tvisc (T.p) - 3y (Tp) (24)

is the viscous timescale aid,, (r,) = 47r2%, is a measure of the
local gas disc mass. Assuming a planet with mass equal taihe g
opening mass (EdL8), the Type Il migration timescale is 3.2

Myr. This result confirms the analysis shown Byida & Bitsch
(2017), i.e. a planet in the runaway accretion embedded in thick
discs is saved from Type | migration without being lost intotiost
star.

45 Theorigin of the gap structure

Gap like features can be explained by a variety of phenomena o
curring in protoplanetary discs, each of which requiresipar

lar conditions on the gas structure, optical, physical amehdcal
properties of dust grains and, in some cases, on the steuattine
magnetic field and the ionization of the disc. Among all thelelse
proposed to explain gaps in protoplanetary disc, the plandty-
pothesis is the most important to test and eventually rutesimee

it may put strong constrains on formation timescales andteve
ally explain characteristics of observed exoplan8ishpulan et al.
2017. Moreover, the planetary hypothesis has been invoked in
most of the recent investigations on substructures in ptatetary
discs (e.gAndrews et al. 2016~edele et al. 2017l; Ragusa et al.
2017. Assuming that the features observed in Elias 24 are due to
an embedded protoplanet, our modelling shows a reasonattdgnm
with the ALMA observations, providing strict constrainta the
gas structure of the disc. In detail, since the dust dynaraies
heavily dependent on the gas surface density (sed)Edifferent
choices for the steepness of the gas surface density oreaatiff
value of the gas mass would produce a different efficiencyef t
radial dust migration, leading to a different profile of tlaglial in-
tensity in the gap and outer disc region. Regarding the plaass,

our simulations shows that the morphology of the gap indumed
the planet, although hampered by the low resolution of theeb
vation, is consistent with the gap shape produced by a lonsmas
planet able to marginally perturb the local pressure prefithout
creating a deep gap. Importantly, while most of the modgkitud-

ies in recent years assume that the planet properties @ss and
radial position) are fixed along the simulations, we let ttamet to
migrate and accrete, providing further constraints on the djsc
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Figure 11. Comparison among synthetic observations in different ALB&nds of our model of Elias 24. A zoom-in view of the circunm@tary disc is
shown in the lower left corner of each panel. The white edlipsthe lower right corners indicates the size of the syiizhesbeam: (top-left) 0.05% 0.037”,

P.A. = —88°, (top-center) 0.036x 0.026", P.A. = 87°, (top-right) 0.042"x 0.03", P.A. = 87°, (bottom-left) 0.035"x 0.024", P.A. = —86°,

(bottom-center) 0.057% 0.039",P.A. = —86° and (bottom-right) 0.082% 0.055",P.A. = —86°.

model. Since the migration and accretion rate depend onlénefp the physical conditions of the Elias 24 disc is necessarggbthe

mass and local gas surface density (see E§and16), the adop- availability of this effect to explain the Elias 24 gap.

tion of a particular gas surface density profile and gas mess p The gap can also be explained by a radial variation of ion-
vides strict constraints on the mass of the planet able extfhe ization, that in turn generates a gradient of the angular emm
local pressure profile and subsequently produce the suiifatsty tum transport induced by magnetorotational instabikipk et al.
bump at the outer gap edge. Moreover, as described in &dcif 2015. This creates a gas pressure maxima at the edge of this so-

we run the simulation for longer, the gas and dust densiticaires called “dead zone”, leading to a strong accumulation ofdatgst
reach a steady state when the planet carves a deep gapgléadin grains Pinilla et al. 2018.

a strong reduction of its migration and accreti@iAngelo et al.

2010. In this case, we cannot reproduce the shallow gap strictur

observed by ALMA. Future high resolution and high fidelit-ob 4.6 Detectability of thecircumplanetary disc

servations over a large range of wavelengths will allowingsof

this hypothesis by detecting the emission from the circamgiary
disc in the gap (see Sedt6, Szulagyi et al. 201;7Zhu et al. 201Y.

One of the recent active topics of research in the field ofgmian-
etary discs is the direct detectability of forming planets éheir
associated circumplanetary discs still embedded in theient
Among the alternative scenarios for the origins of gaps@ pr  protoplanetary discsSzulagyi et al. 2017Zhu et al. 201Y. Since
toplanetary discs, a frequently invoked model is relatetiéqres- the first detection in the LkCal5 systermdréus & Ireland 2012
ence of ice snow lines of molecular species. The locatiorhef t  Sallum etal. 201f inconclusive evidence for circumplanetary
gap in Elias 24 might suggest that the latter might be duedo th discs has been found in a number of sources using high-sbntra

existence of a CO snhow line at the location of the gépahg et al. imaging techniques at mid infrared wavelengths, whereetidescs
2015 Pinilla et al. 2017. Recently Stammler et al(2017) investi- are expected to emit mosRéggiani et al. 2014QQuanz et al. 2016
gated how the CO ice line can affect the particle growth amédy Moreover, the first candidates for circumplanetary disagtmeen
ics, finding a depletion in the dust density structure of imiitre detected by ALMA around a free floating planetary mass object

grains at the ice line. Although th&tammler et al(2017) models OTS 44 Bayo et al. 201yand inside the disc cavity in HD 142527
can produce gaps i mm-sized grains with a depth comparable (Boehler et al. 201)7

with the one constrained for the Elias 24 disc, the predicaeihl As recently found byZhu et al. (2017 and Szulagyi et al.
widths are of the order of 5-10 au, therefore narrower tharElras (2017, the detection of circumplanetary discs requires deep ob-
24 case $tammler, priv. comm. Further modelling of the evolu-  servations at extremely high resolution. In the case of th®A

tion of dust particles in the presence of the CO snow lineiagpb image of Elias 24 presented here, the detection of a disodrie
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planet is hampered by the low resolution of the ALMA obseprat
As can be observed in Fi@i.and2, even the gap is only marginally
resolved by our observations and any potential circumpéape
disc emission would be strongly contaminated by the backgto
circumstellar disc flux. However, we can use our models ionese
the detectability of the circumplanetary disc in the gap byput-
ing synthetic ALMA observations with higher resolution aseh-
sitivity. The resolution needed to detect the circumplanetlisc is
of the order of the size of the disc, i.e. 0.025", consistent with
the typical disc diameter Ry found in many theoretical and nu-
merical studies (e.dartin & Lubow 2013 Szulagyi et al. 201y
Moreover, we can estimate the flux of the circumplanetary dis
at 1.3 mm by adopting the same approacZlas et al.(2017). We
consider a planet of mags7 M; at61.7 au from the central star ac-
creting at arate df.5 x 107° My yr~*, surrounded by a disc with
an outer radius of> Ry /2 = 1.88 au. In addition to the viscous
heating, we also consider the emission given by the relefaae-o
cretion energy at the disc boundary layesi = GM, M, /2rin cpa
whererin cpa IS the inner radius, assumed equal to the Jupiter ra-
dius (Armitage 201Q. Moreover, we take into account both the
heating from the ISM external radiation and the irradiatitom
the central protostar, which is the only heating term inetlich
our radiative transfer calculations. Since the circumgtary disc
is mostly optically thick at 1.3 mm (see Fig). the effective bright-
ness temperature can be roughly estimated as follows

3 KR

8K mm

Té = Te4€f + Tél + T145M + Te4xt7 (25)

where kr 10cm? g~ ! is the Rosseland mean opacity and
kmm = 0.25 cm? g1 is the opacity at 1.3 mm (expressedkin>

values at shorter ALMA wavelengths (s8eulagyi et al. 2017or
a more detailed analysis). In other words, the brightnesiseo€ir-
cumplanetary disc is only given by the reprocessed lightisgm
from the circumstellar disc directly irradiated by the cahsource.

4.7 Planet origin

The recent detection of gaps and rings in protoplanetagsdigg-
gests that small-scale axisymmetric dust structures amamm
and may be interpreted as a result of ubiquitous processdisdn
evolution and planet formation. Regardless of the mechaiie-
hind their origin, rings and gaps are found in young (HL Tad an
Elias 24) and evolved (TW Hydrae, HD 163296 and HD 169142)
sources. Importantly, these structures are observed ge Igis-
tances £ 10 au) from their star and, although the measurement of
the gap shape is mostly hampered by the resolution of thenabse
tions, their typical size is in the range 5-30 alhéng et al. 2016
Recent studies have shown that these detections can beewed}r
duced by assuming the presence of planets with mass in tge ran
[0.1,0.8] M; (Dipierro et al. 2015blsella et al. 2016Fedele et al.
2017ab). However, assuming that these gaps are carved by planets,
the question about the mechanisms behind the origin andigaiw
this kind of planets in young protoplanetary discs is sfin.

The conventional core accretion theory fails to produce
Saturn-mass planets at large distances from the star icatygisc
lifetimes due to the rapid decline of planetesimal and gasitie
(e.g.Helled et al. 2014Baruteau et al. 2096 One possible alter-
native to form giant planets at large orbital separation {4@0
au) is by the gravitational instabilityBpss 1997 Clarke 2009.
The threshold for the growth of density perturbations iretlby

per gram of gas mass, assuming a dust-to-gas mass ratio)of 0.1 gravitational instabilities and the exact conditions tleaid to the

The temperaturé.s is related to the heating produced by the dis-
sipation of the gravitational potential energy due to thezwis ac-
cretion (Eqg. 1 oZhu et al. 201y while T, is the contribution from
the boundary layer (Eq. 3 dthu et al. 201). The external tem-
peratureTisy of the ISM is assumed to be equal to 10 K and the
contribution in temperaturé.y: given by the irradiation from the
central source has been computed by the radiative transfatas
tions (~ 20 K). Starting from the effective brightness temperature
expressed in E®5, the total flux at 1.3 mm emitted by the circum-
planetary disc inclined by an angle 28.5° at a distance o139
pcis~ 1.1mJy. If we take into account only the external irradi-
ation (following our assumptions in radiative transfer giations)
we obtain a flux of~ 336 uJy at the same wavelength. There-
fore, according to the Online ALMA sensitivity calculatartotal

on source integration time ef 20 min would be enough to detect
the disc at 16.

Fig. 11 shows the synthetic observations of our model at
ALMA Bands 10, 8, 7, 6, 4 and 3, corresponding to the wavelengt
of 0.35, 0.75, 0.87, 1.3, 2.1 and 3 mm, respectively. We adopt
tal on source time of 10 hours and Cycle 4 antenna configumstio

disc breaking and formation of bound clumps is still undevade
(Meru & Bate 2012. However, even in the most favourable cir-
cumstances, the typical masses of these clumps are of tlee ord
of ~ 10 M; (Kratter & Lodato 201%.

One of the possible explanations for the presence of Sub-
Jovian mass planets at large orbital distances is to asshate t
fast planetary formation occurs in the inner disc region Hreh
the forming protoplanets undergo migrations towards oditar re-
gions. Recent studies have shown that outward migratiorbean
induced by a large range of mechanisms, mostly related fotée
action between the planet and the coorbital mass (see Skt by
Baruteau et al. 2096In any case, if these structures are low density
dust regions carved by planets, the main picture that isgingrs
that planet formation occurs much faster than expected.

4.8 Limitations

The greatest challenge in the interpretation of disc olagiems is
to develop a single model capable of reproducing high réisolu
multi-tracer and multi-wavelength observations of a giyzato-

(alma.cycle4.6 in Band 10, alma.cycle4.8 in Bands 8 and 7 and planetary disclaworth et al. 201p In this paper, we focus on a

alma.cycle4.9 in Bands 6, 4 and 3), which offer a spatiallteso
tion high enough to resolve the circumplanetary disc. Oattsstic
observations show that the circumplanetary disc is mallgidae-
tected in all the ALMA Bands, especially from Band 8 to Band
4. Contrary to what observed Wyzulagyi et al.(2017), the disc
mostly emits at longer wavelengths due to its lower tempeegat
However, as already remarked, our simulations do not irchrd/
form of heating related to the disc formation and accretioto the
planet. Therefore, both the disc temperature and emissiowrs

in our multi-wavelength simulations are underestimatethefreal

part of the full disc modelling, based on computing the dyitam
of gas and a pressureless dust fluid made of non-growingispher
grains in non-magnetized discs and a post-processingagi@iLof
the temperature structure and disc emission due to theatiaial
from the central star. Although we use state of the art dynahaind
radiative transfer modelling of protoplanetary discss tpproach
suffers from some uncertainties that might affect our tasul

The primary source of uncertainty comes from the assump-
tion that the disc substructures observed at (sub-)mitleneave-
lengths are related to variations of the dust density angéeature
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structure across the disc, assuming a uniform choice fostiape, (~ 99 and~ 121 au, respectively). We explore the hypothesis that
porosity and chemical composition of dust across all thesdiany the dust continuum emission map is shaped by the presence of a
structure detected in optically thin disc emission can lz® aé- planet embedded in the disc. We have carried out 3D SPH simula
lated to changes in the optical properties of dust grainthotigh tions of disc gas+dust evolution in a variety of disc modelstimg

this approach is mostly adopted in literature, a self coastsnodel an embedded migrating and accreting planet. The resultisg d

of the structural and chemical composition of the dust isireq| density distribution is then used to carry out 3D radiatiansfer

to better compute the observational predictions of our disd- calculations in order to produce synthetic ALMA observatiof

els. A second limitation of the model is based on the computa- our disc model. By comparing our synthetic emission map# wit
tion of the evolution of a single species of dust grains. ¢tenf the observations, we find that the observed features caraberre

ing multiple grain species simulations would allow us tdyfaap- ably well reproduced by a planet with mass~of0.7 M; at ~ 62

ture the aerodynamical coupling between the dust and gasedfad au from the central star. The pile-up of dust grains in the@apr
consistently compute the spatial distribution of solidarsgpng an edge and the radial gradient in the inward dust drift fromdbter
entire grain size distributiorRicci et al. 2018. Thirdly, we assume disc produce a double-hump feature in the dust densityitoligion,

that the presence of the planet does not affect the thernatste which is detected in the dust continuum.
of the gas. The temperature of the gas in the code is predcribe The picture that is emerging from the recent high reso-
and not self-consistently computed. This simple presonipfor lution and high sensitivity observations of protoplangtdiscs

the disc thermal response, recently investigatetsbifa & Turner (ALMA Partnership et al. 2015Andrews et al. 2016lsella et al.
(2016, could lead to erroneous computation of the disc thermal 2016 Loomis et al. 2017 Fedele et al. 2017b) is that gap and
emission around the planet location, especially for thdaegts ring-like features are prevalent in a large range of disdh differ-
able to carve a gap in the gas diSalig-Condell & Sasselov 2003  ent masses and ages. New high resolution and high fidelity ALM
Jang-Condell & Turner 20)2By analyzing the results presented images of dust thermal and CO line emission and high quadis
by Isella & Turner(2016), due to the shallowness of the gap carved tering data will be helpful to find further evidences of theaima-
by the planet in our simulation, the disc is expected to bdetoo  nisms behind their formation.

in the gap by about- 10% and warmer at the gap outer edge by

a similar factor (see Fig. 6 and 8 bgella & Turner 201%. Such

a small effect will marginally affect our results and migkea re-

produce better the observations (see S4d}. In detail, Fig.5 and ACKNOWLEDGEMENTS

6 show that the emission coming from the gap outer edge issfiaint
than the real disc emission at the same location. An increftbe
temperature by~ 10% would produce a better match between our
simulation and the real image. Moreover, we show that thesmas
of the planet inferred by our analysis is well below the lipianet
mass needed to carve a deep gap in the gas disc. Therefdneathe
ing produced by the very weak shocks induced by such a low mass
planet is expected to be negligiblRi¢hert et al. 2015Hord et al.
2017. Fourthly, the contributions to the dust temperature @& th
heating due to gas and dust accretion onto the sinks, videeats

ing and the cooling mechanisms are not included in our wohis T
simplistic approach might affect the observational préalis of
the circumstellar and circumplanetary dis&z(lagyi et al. 2017
Zhu et al. 201Y. Finally, there remain uncertainties in the exact
gas properties in Elias 24. Our observations do not give any d
rect indication on the 3D gas structure and the gas visco&gy
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