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ABSTRACT

Context. Transition disks are circumstellar disks that show evidence of a dust cavity, which may be related to dynamical clearing
by embedded planet(s). Most of these objects show signs of significant accretion, indicating that the inner disks are not truly empty,
but that gas is still streaming through to the star. A subset of transition disks, sometimes called pre-transition disks, also shows a
strong near-infrared excess, interpreted as an optically thick dusty belt located close to the dust sublimation radius within the first
astronomical unit.

Aims. We study the conditions for the survival and maintenance of such an inner disk in the case where a massive planet opens a gap
in the disk. In this scenario, the planet filters out large dust grains that are trapped at the outer edge of the gap, while the inner regions
of the disk may or may not be replenished with small grains.

Methods. We combined hydrodynamical simulations of planet-disk interactions with dust evolution models that include coagulation
and fragmentation of dust grains over a large range of radii and derived observational properties using radiative transfer calculations.
We studied the role of the snow line in the survival of the inner disk of transition disks.

Results. Inside the snow line, the lack of ice mantles in dust particles decreases the sticking efficiency between grains. As a con-
sequence, particles fragment at lower collision velocities than in regions beyond the snow line. This effect allows small particles to
be maintained for up to a few Myr within the first astronomical unit. These particles are closely coupled to the gas and do not drift
significantly with respect to the gas. For lower mass planets (1 Mj,,), the pre-transition appearance can be maintained even longer
because dust still trickles through the gap created by the planet, moves invisibly and quickly in the form of relatively large grains
through the gap, and becomes visible again as it fragments and gets slowed down inside of the snow line.

Conclusions. The global study of dust evolution of a disk with an embedded planet, including the changes of the dust aerodynamics
near the snow line, can explain the concentration of millimetre-sized particles in the outer disk and the survival of the dust in the inner
disk if a large dust trap is present in the outer disk. This behaviour solves the conundrum of the combination of both near-infrared

excess and ring-like millimetre emission observed in several transition disks.

Key words. protoplanetary disks

1. Introduction

In recent decades, the observations of transition disks has lead
to a major step forward in our understanding of the physi-
cal processes of circumstellar disk evolution and clearing (e.g.
Najita et al. 2007; Williams & Cieza 2011; Espaillat et al.
2014). Transition disks were originally characterised by their
spectral energy distributions (SEDs), which show weak near-
and mid-infrared excess emissions (Strom et al. 1989; Skrutskie
et al. 1990) but substantial excess beyond 220 um. This type of
SED indicated the presence of a dust-depleted cavity in the inner
regions of the disk, which was recently confirmed by spatially
resolved images in the submillimetre continuum of the largest
cavities (e.g. Andrews et al. 2011; van Dishoeck et al. 2015).
Observations with Spitzer showed a broad diversity in the mor-
phology of the SEDs of transition disks (e.g. Cieza et al. 2007).

Article published by EDP Sciences

For instance, a subset of disks shows a strong excess in the near-
infrared (NIR) wavelength range (e.g. LkCa 15 or UX Tau A,
Espaillat et al. 2010) similar to the median SED of disks in the
Taurus star-forming region (D’ Alessio et al. 1999). A compact,
optically thick inner disk close to the sublimation radius where
dust is destroyed (at temperatures higher than ~1500 K) has
been evoked to reproduce this NIR excess (Espaillat et al. 2010).
In addition, interferometric observations at the NIR have spa-
tially resolved a compact inner disk in some transition disks (e.g.
Benisty et al. 2010; Olofsson et al. 2013). These disks are also
known as pre-transition disks, because they are thought to be at
an earlier evolutionary stage than transition disks, whose cavities
are completely empty of dust. Demographics of the well-known
transition disks have revealed that about half of the transition
disk population have a NIR excess (see Table 1 in Espaillat et al.
2014).
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Gas inside the dust cavities of transition disks has been de-
tected (e.g. Bergin et al. 2004; Salyk et al. 2007; Pontoppidan
et al. 2008), although it also appears depleted, albeit by a lower
factor and within a smaller cavity than the millimetre dust
(Bruderer et al. 2014; Zhang et al. 2014; van der Marel et al.
2015). The accretion rates in transition disks have values simi-
lar to those measured in full disks (~1071-10"7 Myyr!, e.g.,
Najita et al. 2007, 2015; Cieza et al. 2008; Sicilia-Aguilar et al.
2010), which means that significant quantities of gas are still
present in the inner regions.

The physical mechanism(s) responsible for the observed dust
and gas properties of transition disks is debated and it is still
uncertain whether multiple processes simultaneously occur or
whether a single process dominates the disk evolution. To date,
models have mostly focused on the properties of the outer disk
and it is still unclear why some disks have an optically thick
inner disk, and under which conditions it is maintained. For in-
stance, Birnstiel et al. (2012b) demonstrated that grain growth
alone can reproduce the near-/mid-IR dips of the SEDs of tran-
sition disks, but fails to reproduce the observed cavities in the
submillimetre continuum. Photoevaporation from far-UV and
X-ray radiation can dissolve the inner disk on short time scales
(~0.5 Myr) once accretion stops (e.g. Alexander et al. 2006),
and can explain transition disks with small cavities and low ac-
cretion rates (e.g. Najita et al. 2007; Cieza et al. 2008; Owen
et al. 2011; Owen & Clarke 2012). However, since accretion
effectively stops in photoevaporating disks, such models can-
not explain transition disks with signatures of on-going accre-
tion or the large fractions of large cavity sizes. Also, any dust
signatures linked to the inner disk should then disappear on an
accretion time scale. An alternative explanation invokes dead
zones. These are regions of low ionisation fraction that hin-
der the magneto-rotational instability (MRI) needed to drive the
turbulence necessary for the transport of angular momentum
(Balbus & Hawley 1991). Because the accretion rate onto the
star depends on disk turbulence, at the edge of a dead-zone a
pile-up of gas material forms, which can also lead to gaps as
observed at millimetre wavelengths (Regély et al. 2012; Flock
et al. 2015).

Dynamical clearing by planet(s) or massive companions can
also be a possibility for the origin of the cavities (e.g. Goldreich
& Tremaine 1980; Crida et al. 2006; Varniere et al. 2006). Dust
dynamics in the presence of embedded planets can lead to dust
filtration (e.g. Paardekooper & Mellema 2006; Rice et al. 2006),
creating a spatial segregation of small and large grains. This seg-
regation depends on the planet mass and disk turbulence, which
influence the gap shape and particle diffusion through the gap
(e.g. Zhu et al. 2012; Pinilla et al. 2012). The combination of
grain growth/fragmentation and filtration can predict two major
observational features: a ring-like emission at mm wavelengths
(tracing large grains), and either a smaller cavity, or no cavity
at all in NIR scattered light images (tracing small grains) (Dong
etal. 2012; de Juan Ovelar et al. 2013; Follette et al. 2013; Garufi
et al. 2013). If the embedded planets are not too massive, small
grains are not trapped in the pressure bump at the outer edge of
the gap, and can move inwards through the gap. In the inner disk,
these particles can grow again and be lost towards the star as a
result of their rapid inward drift. In mm and sub-mm images,
this component is not prominent, because it is only a fraction of
the dust material that makes it past the pressure bump, and be-
cause the fast drift leads to lower surface densities according to
M = 27Z4rvggs, where g4 is the dust surface density and vy
the radial drift velocity. In addition, if grain growth is very effi-
cient, the grains might even become too large for efficient mm
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Fig. 1. Sketch of particle trapping triggered by a planet located in the
outer disk (20 AU, vertical dash-dotted line), and the effect of the snow
line on the dust distribution. The partial filtration of dust particles at
the outer edge of the planetary gap and the change of the fragmentation
velocity of dust particles near the snow line (v, from 1 m s~! inside
versus 10 m s~' outside) allows the constant replenishment of small
particles in the inner disk. The vertical dashed line represents the snow
line position, which can vary within a certain range (horizontal arrow
for a typical T Tauri star).

wavelength radiation emission. To date, there is no conclusive
answer for the reappearance of the inner disk.

In this paper, we study the conditions for the reappearance of
such an inner disk after a massive planet has opened a gap in the
disk. We investigate the role of the water snow line for the sur-
vival of the inner disk in transition disks when a massive planet
is embedded in the outer disk regions (20 AU) and explore what
conditions are needed to produce both a significant NIR excess
and aring-like feature in the submillimetre. The snow line affects
the dynamics of the dust particles because grains with ice man-
tles (located outside of the snow line) are expected to stick more
efficiently than pure silicates (Chokshi et al. 1993; Schifer et al.
2007; Wada et al. 2009; Gundlach & Blum 2015), and therefore
the velocity thresholds (e.g. Dominik & Tielens 1997) for de-
structive collisions change (fragmentation velocities vf,) at the
snow line location. Birnstiel et al. (2010) showed the effect of
changing vge from 1 m s™! inside versus 10 m s™! outside the
snow line. Beyond the snow line, grains grow as a result of co-
agulation (from ~cm sizes near to the snow line to ~mm-sized
grains further out), they start to decouple from the gas, and there-
fore they drift efficiently inwards owing to their friction with the
gas (e.g. Weidenschilling 1977). However, inside the snow line,
because of the higher fragmentation velocities, the particles re-
main sufficiently small and so are not influenced by the radial
drift, and they remain closely coupled to the gas, producing an
accumulation of dust near the snow line!. In the case of planets
embedded in the disk, the amount of dust at the snow line loca-
tion would depend on how much dust is filtered by the planet in
the outer regions.

In this work we combine the effect of a massive planet em-
bedded in the disk together with the change of dust dynamics
near the snow line. Figure 1 represents the main idea addressed
in this paper: particle trapping triggered by a planet located in the
outer disk, together with the impact that the water snow line has
on the dust distribution. In Sect. 2 we explain the models used.

! For the purpose of this study, it is irrelevant whether aggregates re-

main intact while losing their ice component after passing through the
snow line or whether the ice sublimation disintegrates the aggregates
into silicate monomers that then grow again from scratch.
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In Sects. 3 and 4 we present the main results and discussion. We
finish with the main conclusions in Sect. 5.

2. Method

In this work we combined hydrodynamical simulations of
planet-disk interaction, dust evolution, and radiative transfer
models as in Pinilla et al. (2015).

For the hydrodynamical models, we used the 2D version of
the fast advection hydrodynamical code FARGO (Masset 2000),
with the same set-up as in Pinilla et al. (2012), i.e. a non-
migrating planet interacting with a flared disk, with an initial
gas density profile of Z, o r~!, and a disk scale height that
varies with radius as 4/r o r'/4. In terms of the planet posi-
tion (7planer) the radial grid logarithmically covers [0.1-7.0] x
Tplanet With 512 cells, and 1024 linearly spaced cells for the az-
imuthal grid (from O to 27). We performed the simulations un-
til 1000 planetary orbits assuming three values for the planet-to-
star mass ratio of g = [1.0 X 1073,5.0x 1073, 1.5 x 1072], which
corresponds to 1, 5 and 15 My, mass planets around a solar-type
star. The disk is assumed to have a mass of Mgjsx = 55 Myy.
We are mainly interested in the radial distribution of grains and
want to apply dust evolution including growth, fragmentation,
and erosion of particles as introduced by Birnstiel et al. (2010).
This can only be modelled in the radial direction. Therefore we
azimuthally averaged the gas surface density of the last 100 or-
bits and assumed this profile as background gas density for the
dust evolution. For this work, we assumed a single value of the
disk viscosity, parametrised by @y, (Shakura & Sunyaev 1973)
and taken to be = 1073,

For the dust evolution, we used the models explained in
Birnstiel et al. (2010), assuming a typical T Tauri star. The planet
is located at 20AU, and therefore the radial grid from the hydro-
dynamical simulation only covers a region from 2 AU to 140 AU.
Since we are also interested in the inner disk, we extrapolated the
results from FARGO to a grid from 0.1 AU (close to the dust sub-
limation radius) to 200 AU, where the gas surface density profile
follows the initial condition. In these models, radial drift, turbu-
lent mixing, and gas drag are taken into account for the grain
growth and dynamics. Initially all particles are 1 yum in size and
distributed with a dust-to-gas mass ratio of 1/100. The grid of
particle sizes ranges from 1 ym to 200 cm, divided into 180 log-
arithmic size bins.

To quantify the coupling of the dust particles to the gas, we
refer to the Stokes number (St), which is defined as a dimension-
less stopping time St = #; X Q (where Q is the orbital period,
is the stopping time of a particle), and in the Epstein regime (i.e.
Amfp = 4/9a, a being the particle size and Ay, the mean free
path of the gas molecules), St = ap,7/2%, (ps being the volume
density of a grain size and taken to be 1.2 g cm™).

The fragmentation threshold velocities for ices is about
ten times higher than for silicates (e.g. Blum & Wurm 2008).
By performing numerical simulations, Wada et al. (2013)
showed that vg,, can be 10-80 m s™! for ice aggregates
and 1-10 m s~ for silicates. Experimental work on collisions of
spherical, micron-sized water-ice particles showed lower values:
~1-2 m s7! for silicates and ~10-30 m s~! for ice monomers
of 21 um size (Gundlach & Blum 2015). In this work we assume
values oOf vfe from 1 m s™! inside to 10 m s™" outside the snow
line. We assume this change of v,g to occur smoothly within
a range of 2 AU. This transition is chosen to avoid numerical
problems in the simulations and to mimic a smooth vertical dis-
tribution of the temperature and distribution of ices in a turbulent

disk (Furuya & Aikawa 2014). Min et al. (2011) showed that the
location of the snow line (ry,0w) Strongly depends on the dust
opacities and the disk accretion rate, and found that for a typical
T Tauri star and accretion rates of ~107'°=1077 My yr™!, rgow
in the mid-plane is ~0.5-2 AU. Mulders et al. (2015) included
large grains in the calculation of the snow line location, finding
that it can be two times closer to the star. In our models, the
location of the snow line depends on the dust midplane temper-
ature profile, and it is assumed that rgow 1S at Tghow =~ 200 K
(e.g. Lecar et al. 2006). We have assumed two different tem-
perature profiles, such that rgye, is at 0.4 AU (reference model)
or at 1.2 AU. In summary, the reference models consider three
different planet masses (1, 5, and 15 My, mass planets around
a 1 M, star). For the 1 and 5 My, cases, an additional model is
shown where the snow line is further out.

In order to compare with observations, we input the verti-
cally integrated dust density distributions from the models af-
ter several million years ([1,5] Myr) to Monte Carlo radia-
tive transfer code MCMax (Min et al. 2009). For our models,
MCMax calculates the density and temperature structure in a
2D setup (r, z), but does 3D radiative transfer following the de-
scription in Bjorkman & Wood (2001). The @y, parameter is the
same in all three parts of the computation: hydrodynamics (vis-
cosity), dust evolution, and radiative transfer (diffusion and colli-
sion velocities, and vertical distribution). As scattered light con-
tributes significantly to the NIR flux, we also include anisotropic
scattering (Min et al. 2012; Mulders et al. 2013). For the dust
composition, we adopted the values from Ricci et al. (2010),
i.e. porous spheres made of astronomical silicates (~10% in vol-
ume), carbonaceous materials (~20%), and water ice (~30%).
Dust porosity can vary during the dust evolution process, for
example by porous coagulation (Ormel et al. 2007; Okuzumi
et al. 2009; Zsom et al. 2010), pressure compaction (Kataoka
et al. 2013), or erosion of the small grains (Krijt et al. 2015).
However, our interest is focused on the inner parts of the disk,
where particles already have passed the regions around a planet
where shocks and/or heating by the planet might cause further
compaction of the grains. Furthermore, in the inner few AUs,
sintering might affect the structure of the grains (Sirono 2011).
In this study, we assume the particle porosity to be constant.
Allowing for a varying porosity would cause particles to reach
larger Stokes numbers (e.g. Krijt et al. 2015), which would am-
plify the effects discussed in this paper. Hence, assuming a con-
stant porosity is a conservative approximation in this scenario.

3. Results

In this section, we present the results of particle trapping trig-
gered by a planet (1, 5, and 15 Mj,,) located at 20 AU, together
with the impact that the water snow line has on the fragmentation
velocity of particles, thus on the final dust density distributions.
For the explanation of the results, we first introduce the defini-
tions of the maximum grain size due to fragmentation or radial
drift as explained in Birnstiel et al. (2012a).

3.1. Maximum grain size due to fragmentation and radial drift

In dust evolution models, when particles start to decouple from
the gas the dominant sources for their relative velocities are tur-
bulence and radial drift, both depend on the Stokes number. The
maximum velocities by turbulence are given by Ormel & Cuzzi
(2007),

3
vt2urb = Eaturbst Cg (1
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Fig. 2. Vertically integrated dust density distribution after 1 (leff) and 5 (right) Myr of evolution, when a massive planet (1, 5, and 15 My, from
top to bottom) is embedded in the disk at 20 AU (vertical dash-dotted line). At the location of the snow line (vertical dashed line at ~0.4 AU), the
fragmentation velocity changes from 1 m s™! to 10 m s™! within a range of ~2 AU. The solid white line corresponds to St = 1, which is proportional
to Z,. The solid blue line corresponds to the maximum grain size due to fragmentation (Eq. (3)), while the dotted green line represents the drift

barrier (Eq. (4)).

with ¢y being the sound speed; the drift velocities are given by
(Weidenschilling 1977)
1 0P
St! + StpeQ’
with P the disk gas pressure, p, the volume gas density, and Q
the Keplerian frequency. When dust fragmentation mainly oc-

curs because of turbulence, the maximum grain size in the
Epstein regime (fragmentation barrier, af,) is given by

@

Udrift =

2
2 z Ufrag

37 PsQrurb Cg

Afrag = 3)
However, if particles reach values of St close to unity prior to
the fragmentation barrier (Eq. (3)), they can only reach certain
sizes (aqrife) before they drift (drift barrier), which in the Epstein
regime is given by

2%4 Vi [dIn P

2 |dlnr

-1
TPs Cs

Adrift =

“

A35, page 4 of 8

3.2. Impact of the water snow line on the dust distribution

Figure 2 illustrates the vertically integrated dust density distribu-
tion after 1 and 5 Myr of evolution, when a massive planet (1, 5,
and 15 Mjy,p) is embedded in the disk at 20 AU. At the location
of the water snow line, the fragmentation velocity (vgra) changes
from 1 m s~ to 10 m s~! within a range of ~2 AU. This tran-
sition is due to the lack of ice mantles in dust grains inside the
snow line, which decreases the sticking efficiency. Figure 2 also
shows the particle sizes that correspond to St = 1, the maximum
grains size due to fragmentation (ajae) or radial drift (agys). For
simplicity Egs. (3) and (4) assumed the Epstein drag regime;
however in the simulations the first Stokes drag regime is also
considered.

At the outer edge of the planetary gap, where the gas sur-
face density increases outwards and the pressure gradient is
hence positive, the particles drift outwards and they are trapped
at those locations (Eq. (2)). Irrespective of the planet mass,
the drift barrier at the outer edge of the gap is irrelevant because
the drift velocities are reduced or completely suppressed. In the
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pressure bump, the maximum grain size is determined by the
fragmentation barrier (Eq. (3)) and particles can reach centime-
tre sizes, but small particles are continuously reproduced. For
a more massive planet, the location of the pressure maximum
(and therefore the peak of mm dust concentration) occurs further
away at 30, 44, and 54 AU for 1, 5, and 15 My, respectively,
as previously shown by Pinilla et al. (2012). The radial range
in which mm-sized grains are concentrated becomes wider. For
the 5 My, case, the second peak is caused by a transient den-
sity feature that in reality would be short-lived and would not
function as a pressure maximum that can effectively concentrate
particles. This issue has no impact on our results since we focus
on the inner disk.

In the regions inside the planetary gap (r < 10 AU) where
the gas surface density steeply decreases outwards (and there-
fore the pressure gradient is negative), the maximum grain size
is determined by radial drift (Fig. 2), and only close to the snow
line (r ~ 0.7-0.8 AU) does the fragmentation barrier drop be-
low the drift barrier due to the change in vg,g at rgnow. With the
decrease in vg,g at roow, the maximum grain size is a few cen-
timetres and the Stokes number of the particles at that location
is much lower than unity (St ~ 1 x 1073=5 x 1073), thus they are
better coupled to the gas, their radial drift velocities are lower
(Eq. (2)), and they move with at a similar speed to the gas (see
also Brauer et al. 2008). If vg,, does not change at 70y, the max-
imum grain size is dominated by radial drift, reaching values of
the Stokes number of around 0.1, which would lead to very high
drift velocities (~1000 cm s™') depleting the inner disk on very
short time scales (~100-1000 yr). Therefore, when the inner disk
is constantly resupplied from the outer disk, the changes of vfy,,
at rspow allows replenishment of warm, small, and optically thick
dust near rg,0w, for which the drift velocities are slow.

In the case of a 1 Mjy,, mass planet, the micron-sized par-
ticles (1-10 um), are not perfectly trapped at the outer edge
of the planet-gap, and they move continuously through the gap
via turbulent diffusion. This partial filtration of dust grains sup-
ports a constant replenishment of dust from the outer to the inner
disk, which together with variations of vg,g at 7ow €xtends the
lifetime of a detectable inner disk reaching the life of the disk
(5 Myr).

In the cases of 5 My, and 15 Mj,, mass planets, there is more
efficient trapping of particles at the outer edge of the planetary
gap, filtering all particle sizes (from 1um, which is the mini-
mum grain size in our setup). The dust inside the planetary gap
(r £ 10 AU) is the dust that was initially within the gap. These
particles grow, drift and fragment when they reach the snow line.
Although there is a considerable amount of dust in the inner disk
for all cases (1, 5, and 15 My,,) after 1 Myr, after 5 Myr of evolu-
tion the inner disk is practically depleted of dust for a disk host-
ing a5 My, and a 15 My,p mass planet. The dust density distri-
bution after 5 Myr of evolution for » < 10 AU is almost identical
for 5 My, and 15 My, because the effectiveness of trapping at
the outer edge of the planet gap is similar (Pinilla et al. 2012).
However, the peak of the concentration of mm-sized grains in
the outer disk differs by around 10 AU (44 AU for a 5 My, ver-
sus 54 AU for a 5 Mj,, mass planet). Thus, the only effect of
growing the planet mass beyond 5 My, is to increase the sepa-
ration between the planetary orbit and the emission ring seen at
mm and sub-mm wavelengths.

3.3. Spectral energy distributions

Figure 3 shows the resulting SEDs obtained from the dust
density distributions illustrated in Fig. 2. We assumed a disk

107 -
10—10 ]

10-11 ]

AF) (erg cm 2 s71)

- - 1My, no snow‘L{ine effect
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Fig. 3. SEDs obtained from the dust density distribution after 1 Myr
(upper panel) and 5 Myr (lower panel) for the case of a 1, 5, or 15 My,
mass planet embedded at 20 AU. In the lower panel the dashed line
corresponds to the SEDs obtained by assuming a planet mass of 1 My,
but neglecting the effect of the snow line in the inner disk.

10°

inclination of 15° at a distance of 140 pc. The partial filtra-
tion and the change in v,y at rgow have a clear effect on the
shape of the SEDs. At 1Myr of evolution, independent of the
mass of the embedded planet, there is still a significant amount
of dust in the inner disk that contributes to the NIR emission, and
therefore all cases exhibit a NIR excess, typical of pre-transition
disks. This is the traffic jam effect: It slows dust down enough
to make a visible appearance in the innermost parts of the disk.
After 5 Myr of evolution, in the case of a 1 My, mass planet, the
NIR excess still remains owing to the constant replenishment of
dust from the outer to the inner disk, and the SED morphology
is similar to the status at 1 Myr. This is the tunnel effect: dust
travels through the gap as small grains, which grow quickly and
soon after drift inwards, remaining undetected. The small dust
that makes it through the gap has a small surface density and
is optically thin. It reappears at the end of the tunnel, because
the changed mechanical properties of dust aggregates replenish
small particles and slow down the radial drift motion, which is
the traffic jam at the end of the tunnel. In the 5 and 15 My, plan-
ets this never happens because the flux of dust into the gap and
inner disk is completely shut off at the trap. To identify the role
of the snow line on the SED, Fig. 3 also shows SEDs obtained
by assuming a 1 My, planet after 5 Myr of evolution and follow-
ing the same procedure as before, but neglecting the effect of the
snow line in the inner disk. In this case, there is no NIR excess.

3.4. Snow line located further out

To explore how the results are affected by moving the snow
line further out, we increased the dust temperature profile such
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Fig. 4. Vertically integrated dust density distribution after 5 Myr of evolution and the corresponding SEDs (after 1 and 5 Myr), considering a disk
with higher temperature (hence ryo, = 1.2 AU), for a planet mass of 1 My, (left) and 5 My, (right). For comparison, we plot the SEDs of the

reference models (referred to as “cold”).

that Tshow =~ 200 K is at 1.2 AU, in agreement with the result-
ing mid-plane temperature from the radiative transfer simula-
tions. Figure 4 shows the vertically integrated dust density dis-
tribution after 5 Myr of evolution and the corresponding SEDs
when rgow ~ 1.2 AU (“hot disk”) for 1 and 5 Mj,, mass plan-
ets. Because the variation of vg,e from 1 to 10 m s~! occurs
further out, the fragmentation barrier is below the drift barrier
at ~1.5 AU. As a result, the small grains produced in the inner
disk are distributed in a broader radial region. As in the case
of the snow line at 0.4 AU, the inner part of the disk is practi-
cally empty of dust for the case of a 5 My, mass planet. This
broader dust distribution in the inner part does not have a signif-
icant effect on the NIR emission, but slightly affects the mid-IR
(5-20 um), in particular for the case of a 5 My, mass planet
at 5 Myr (Fig. 4).

4. Discussion

In the context of planet-disk interaction combined with dust evo-
lution and including the effect of the water snow line on the
dust dynamics and growth, we showed that the NIR excess that
characterises a subset of transition disks known as pre-transition
disks is not necessarily an evolutionary eftect. When the embed-
ded planet causes partial filtration of particles (e.g. 1 Myyp), there
is a constant replenishment of small particles from the outer to
the inner disk. The small particles in the outer disk are continu-
ously reproduced at the pressure bump owing to fragmentation
by turbulent velocities. When these small particles pass through
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the gap, they grow efficiently and are influenced by radial drift.
However, as a result of the changes in the velocities of destruc-
tive collision in the absence of ice (inside the snow line), small
particles are produced again. They are closely coupled to the gas
and remain in the inner disk on long evolutionary time scales. As
a consequence, in the case of a 1 Mj,, mass planet the NIR ex-
cess remains for up to 5 Myr of evolution and the SED morphol-
ogy remains almost identical (Fig. 3). Nonetheless, in the case of
total filtration (5 Mjyp), the inner part of the disk evolves from
a filled to a practically empty dust cavity, completely removing
any detectable NIR excess.

Our results are sensitive to the level of turbulence. On the one
hand, with the same pressure gradient but higher disk turbulence,
it is more difficult to retain particles inside pressure traps because
of the stronger particle diffusion. On the other hand, increasing
the disk turbulence decreases the pressure gradient. Pinilla et al.
(2012) showed for instance that for a 1 Mjy,, mass planet and a
turbulence of @y, = 1072, trapping does not occur at the outer
edge of the planetary gap, hence a ring-shaped emission is not
expected at mm wavelengths and the SEDs do not show a mor-
phology typical of transition disks (see also Pinilla et al. 2015,
Fig. 6). Thus, for a more turbulent disk, a more massive planet
is required to enable particle trapping of the mm-sized grains.

The grain size distribution in equilibrium depends on the size
distribution of fragments after collision (Birnstiel et al. 2011),
which is usually assumed to be a power law, such that n(m)dm «
m~¢dm. Numerical and laboratory experiments have shown that
the typical values for & are between 1 and 2. In this work we have
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assumed the value of 1.5. One may think that the filtration effect
can be affected by the value of £. As an experiment, we lowered
the value of £ to one for the case of a 1 Mj,, mass planet. This
implies fewer small particles when fragmentation occurs. The
results do not significantly differ because small particles grow on
very short time scales and overall dust distributions are similar
after a million years of evolution. We presume that the reason
why we do not reproduce the 10 um feature is that at any radial
location the dust density distribution of the small grains is much
lower than the larger grains.

As another experiment we investigated how sharper varia-
tions of vg,e affect the dust density distributions and the SEDs.
We assumed that variations of vgae from 1 to 10 m s~ occur
in the range between 0.3-0.6 AU (versus a ~2 AU transition
in the presented models). In this case the fragmentation bar-
rier is below the drift barrier in a smaller location (only inward
of ~0.5 AU), narrowing the distribution of small particles in the
inner disk. This change has a marginal effect on the mid-IR emis-
sion, which decreases slightly.

One can think of other possible scenarios for the pre-
transition disk geometry of a large outer disk combined with a
tiny inner disk. One scenario could be that the inner disk region
has completed its planetesimal formation process and contains
hardly any dust. All the solids are in the form of planetesimals
and planets. However, as we know from debris disks, occasional
collisions can produce debris consisting of a collisional cascade
of ever smaller bodies. Once the bodies become as small as me-
tres, they drift rapidly towards the star. When they pass through
the evaporation radius, they evaporate. Some of this vapour may
be turbulently mixed outward, back behind the evaporation ra-
dius where it may condense out into micron-sized grains. This
might cause a puff of smoke right at the evaporation radius,
which would be detected as NIR flux. Models are needed to
test if enough material is produced in the puff to reproduce the
NIR excess.

5. Conclusions

We have studied the effect of changing the mechanical properties
of dust aggregates at the water ice snow line in transition disks
in which a gap has been carved out by a planet. Our findings are
as follows:

— When icy dust aggregates pass through the snow line, their
mechanical properties change. This might be due to the loss
of ice in existing aggregates or to a complete disintegration
of the aggregates followed by re-aggregation as ice-less ag-
gregates. In either case, the maximum size of particles that
is still stable against fragmentation in collisions strongly de-
creases, which causes all particles to be coupled to the gas
more efficiently. The strong coupling dramatically decreases
the inward drift motion of the particles, effectively leading
to a traffic jam of dust between the snow line and the silicate
sublimation point.

— In disks where a gap has been carved by a very massive
planet or companion (5 My, or larger at 20 AU from the
star), dust filtration at the planet-carved gap is very efficient
and the inner disk is depleted of dust and gas. In this case,
the traffic jam effect can maintain a detectable amount of dust
inside the snow line for about one million years.

— In disks where the gap has been carved by a lower-mass
planet (only 1 My,p), large grains remain trapped in the pres-
sure bump, but small grains make it past the planet. These
grains grow and drift quickly towards the star as relatively

large grains and remain undetected on their way through the
gap, as if they get to the snow line through a tunnel. Of
course, inside the snow line the change of sticking proper-
ties leads to the traffic jam described above, making a warm
component of dust visible. In the case of a low-mass planet,
the pre-transition appearance can be maintained as long as
the outer disk provides a source of dust and gas.

— Radiative transfer calculations show that the SEDs of these
models indeed resemble the overall appearance of pre-
transition disks. Disks with massive planets lose the NIR ex-
cess after a few Myr and look like true transition disks. Disks
with less massive planets look like pre-transition disks for
most of their remaining lifetimes.
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Appendix A: Synthetic images and radial intensity
profile

Figure A.1 shows the simulated images and radial intensity
profiles at 0.65 um and 850 um for the case of a 1 My, mass
planet embedded in the disk at 20 AU after 5 Myr of evolution,
and considering the effect of the snow line on the dust evolution
(Fig. 2). Large mm-sized grains only remain in the pressure trap
at the outer edge of the gap, showing a single ring-like emission
at mm wavelengths. The grains that go through the gap (tunnel)
remain invisible at mm wavelengths because they are small in
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Fig. A.1. Simulated images (top) and radial intensity profile (bottom)
at 0.65 um and 850 um, assuming a 1 Mjy,, planet at 20 AU after 5 Myr
of evolution.

size. The emission at R-band however is significant inside and
outside the gap, as was previously shown by de Juan Ovelar et al.
(2013). Assuming a constant gas surface density, Gonzalez et al.
(2015) show that if efficient growth happens at the location of the
pressure trap (e.g. when fragmentation velocities are 230 ms™!),
a second ring can be formed further out by considering the back-
reaction of the dust on the gas. The recent ALMA image of the
HL Tau disk (ALMA Partnership et al. 2015) show multiple gaps
and rings (~7), in which case multiple pressure bumps (which
may or may not originate via planet-disk interaction) are needed.
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