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Table A1. Basic parameters of the simulations

Temperature of the star (Tstar) 4730 K

Radius of the star (Rstar) 1.7R�

Mass of the star (Mstar) 1M�

Mass of the disc (Mdisc) 0.0525M�

Position of the planet (Rp) 20 AU

Fragmentation velocity (vf) 10 m/s

Inner disc radius (Rdisc,inn) 0.025Rp

Outer disc radius (Rdisc,out) 7.0Rp

Solid density of dust particles (ρdust) 1.2 g/cm3

Alpha viscosity (αturb) [10−2, 10−3, 10−4]

APPENDIX A: MODELLING APPROACH

A1 Gas and dust models

We use the hydrodynamical code FARGO (Masset 2000) to
study the evolution of the gas distribution on a 2-D (ra-
dial+azimuthal) disc set up with an embedded planet at
Rp = 20 AU. Table A1 shows the parameters used as input
to the code (these are the same as in de Juan Ovelar et al.
2013). We select open boundary conditions. The logarith-
mically extended radial grid has a resolution of 512 in
radius by 1024 in azimuth and is taken from Rdisc,inn =
0.05 AU to Rdisc,out = 140 AU. Here we consider Σ ∝ r−1,
a kinematic viscosity of ν = αturbc

2
s/Ω (Shakura & Sunyaev

1973), with cs and Ω being the sound speed and Keplerian
frequency respectably, and with αturb = [10−4, 10−3, 10−2].
The disk is assumed to be a flared disk with h/r ∝ r1/4 ,
such that the temperature scales as T ∝ r1/2. And the as-
pect ratio at the location of the planet is 0.05. We set the
mass of the disc to Mdisc = 0.0525M�. Stellar parameters
are those typical of a T-Tauri star.

Figure A1 shows the 2-D surface density distribution
of gas in all simulations run after 1000 orbits of evolution.
This distribution is azimuthally averaged and fed as input
to the 1-D dust evolution code. Note that this is an impor-
tant caveat of our method since by doing this we are as-
suming that the gas distribution remains quasi-static after
1000 orbits, which may not be the case in particular for the
cases with very massive planets where strong spiral shocks
and/or vortices still exist in the disk after this time. The
shape, depth and width of the gap is clearly dependent on
the mass of the planet. In addition, azimuthal structures are
also affected by the viscosity, as for instance the presence of
a vortex or eccentric shape of the outer edge of the plane-
tary gap, which existence depends on the planet mass and
disc viscosity (Kley & Dirksen 2006; Ataiee et al. 2013; Zhu
& Stone 2014; Fu et al. 2014).

Density waves are clearly appearing in almost all cases
but one should bare in mind that this is just a snapshot and
that these waves cannot act as dust traps.

To obtain the dust distribution, as we mentioned ear-
lier, we take the evolved gas surface density from the hy-
drodynamical simulations and then compute grain growth
and fragmentation in the dust due to radial drift, turbulent
mixing, and gas drag forces. We use the 1-D (radial) code
described by Birnstiel et al. (2010). The dust is initially dis-

tributed such that the dust mass is 1% that of the gas (after
1000 orbits), with an initial size for the grains of 1µm and
evolving the distribution for 1 Myr. For the dust, we have a
logarithmically spaced grid of the grain size with 180 cells
covering sizes from 1µm to 200 cm, and dust densities for
each grain size.

Note that we do not take into account feedback from
the dust onto the gas which becomes non-negligible when
the dust-to-gas ratio approaches values close to unity. This
effect could cause a secondary ring at mm-wavelengths (re-
sult of a secondary pressure bump) even in the case of a disc
hosting a single planet, as shown in Gonzalez et al. (2015).
Other processes that we do not take into account are planet
migration and accretion of dust onto the planet. Regarding
the latter, Owen (2014) showed that the luminosity created
by the process could affect the SED of the source, but to our
knowledge no study has investigated its effect on the gen-
eral distribution of dust in the disc. In the absence of such
study, other than the distribution of dust in the surround-
ings of the planet and possibly streams connecting the edges
of the gap with the planet, we have no reason to believe that
the overall morphology of the distribution of dust in the disc
(i.e. radial location of pressure maxima, gap wall, etc...) will
be drastically affected. We do not expect any changes due
to migration either, since the timescales for planet migra-
tion for such high mass planets will be similar to viscous
timescales, meaning that the trap will move as the planet
migrate (as explained in Pinilla et al. 2015) which will cause
the relative radial location of small and big grains to remain
constant. We also performed a test run using typical pa-
rameters of a Herbig star instead of a T-Tauri one, finding
that the basic morphology of the gas/dust distribution re-
mains the same as in the cases presented here and only the
brightness of the images changes.

A2 Radiative transfer and synthetic observations

We compute full resolution1 emitted and scattered flux im-
ages of the dust distribution in the disc at wavelengths
of λ = [0.65, 850]µm to use them as a model input for
SPHERE-ZIMPOL and ALMA simulators in bands R and
7, respectively. The radiative transfer is carried out using
the Monte-Carlo radiative transfer code MCMax (Min et al.
2009), which self-consistently solves the temperature and
vertical structure of the distribution of gas and dust in the
disc, provided as an input, including the effect of dust set-
tling.

For the opacities of the dust we use a mixture of sili-
cates (∼58%), iron sulphide (∼18%), and carbonaceous dust
grains (∼24%) with an average density of ρmix = 3.2 g/cm3

(Min et al. 2011) and a porosity of p = 0.625, correspond-
ing to the density ρ = 1.2 g/cm3 used in the dust evolu-
tion simulations. The indices of refraction are obtained from:
Dorschner et al. (1995); Henning & Stognienko (1996) for the
silicates, Begemann et al. (1994) for the iron sulphide, and
Preibisch et al. (1993) for the carbonaceous dust grains. For

1 (In these images the resolution is not limited by the capabilities
of a particular instrument; they are the direct output from the

MC Radiative transfer simulation)



Figure A1. 2-D Gas distributions for all cases studied after 1000 orbits of evolution. The colorbar shows the surface density distribution

of gas in the disc normalised to the initial distribution (i.e. at orbit zero)

each value of the viscous turbulence (αturb), MCMax self-
consistently solves the vertical structure of the gas in the
disc iteratively assuming vertical hydrostatic equilibrium.
The vertical structure of the dust is then computed consid-
ering settling and turbulent mixing.

We simulate polarimetric and interferometric observa-
tions with SPHERE and ALMA at λ = [0.65, 850]µm with
the SPHERE-ZIMPOL (Thalmann et al. 2008) and CASA
(McMullin et al. 2007)2 simulators, respectively. We assume
one hour of total observing time with both instruments. In
the SPHERE-ZIMPOL simulator we select the RI filter and
process the full resolution Stokes Q, and U images obtaining
the final polarised-intensity image as PI =

p
Q2 + U2. To

obtain synthetic observations with ALMA in Band 7 we pro-
cess the 850µm images with the CASA simulator specifying
a center frequency of νobs = 345 GHz, and a band width of
∆νobs = 7.5 GHz. As for the ALMA configuration used, we
specify a desirable resolution of 0, 1′′3 and include the effect
of atmospheric noise.

2 http://casa.nrao.edu/
3 The CASA simulator accepts this as an input and then searches

for the available configuration that achieves the specification.

APPENDIX B: ADDITIONAL SYNTHETIC
IMAGES

Figure B1 shows how the cases of planets of masses 5 and
15MJup follow the same trends pointed out in Section 3.
Only the cases of αturb= 10−3 show the missing cavities
feature, i.e. no gap (or small gap) in NIR-scattering images
while large gap in sub-mm ones.

Figure B2 show the synthetic observations for the case
of 1MJup and αturb= 10−2 when the gas velocity considered
for the dust evolution inside the gap is vgas ∗ Σgas/Σgas in-
stead of the one set by viscous accretion (see Section 3.1).
This prescription prevents the small grains from piling-up
at the position of the planet as a consequence of the vis-
cous velocities pushing them towards this position. However,
this is a manual adjustment, and a physically reasonable ap-
proximation for cases of a low mass companion (. 1MJup

planet), while it becomes more of a challenge for more mas-
sive planets because of the large velocity fluctuations close
to the planet. For consistency with our modelling approach,
we keep the results from all our models in the main text
and only show here the alternative image for clarification
purposes. When the artifact is removed, the observations
clearly show the otherwise continuous dust distribution in
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Figure B1. R-band SPHERE and ALMA Band 7 synthetic observations of a protoplanetary disc with a 5 and 15MJup planet embedded

at 20 AU for the three values of αturb considered. The flux in the case of αturb = 10−4 has been increased by of 2 and 5 for the SPHERE

and ALMA images, respectively.

both SPHERE-ZIMPOL and ALMA observations at NIR
and sub-mm wavelengths, respectively.
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Figure B2. R-band SPHERE and ALMA Band 7 synthetic
observations of 1MJup planet and αturb= 10−2 case with the

vgas ∗ Σgas/Σgas prescription considered for the gas velocity in
the gap instead of the viscous accretion one (see Section 3.1).


