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ALMA SIGNATURE OF CLOSELY-SPACED
PEBBLE-ACCRETING PROTOPLANETS IN
TRANSITION DISKS

Protoplanetary disks surrounding young stars are the birth places of planets. Among them,
transition disks with inner dust cavities of tens of au are sometimes suggested to host mas-
sive companions. Yet, such companions are often not detected.

Aims: Some transition disks exhibit a large amount of gas inside the dust cavity and rel-
atively high stellar accretion rates, which contradicts typical models of gas-giant-hosting
systems. Therefore, we investigate whether a sequence of low-mass planets can create the
appearance of cavities in the dust disk.

Methods: We evolve the disks with low-mass growing embryos in combination with 1D
dust transport and 3D pebble accretion, to investigate the reduction of the pebble flux at the
embryos’ orbits. We vary the planet and disk properties to understand the resulting dust
profile.

Results: We find that multiple pebble-accreting planets can efficiently decrease the dust
surface density, resulting in dust cavities consistent with transition disks. The number of
low-mass planets necessary to sweep up all pebbles decreases with decreasing turbulent
strength and is preferred when the dust Stokes number is 1072 — 10, Compared to dust
rings caused by pressure bumps, those by efficient pebble accretion exhibit more extended
outer edges. We also highlight the observational reflections: the transition disks with rings
featuring extended outer edges tend to have a large gas content in the dust cavities and rather
high stellar accretion rates.

Conclusions: We propose that planet-hosting transition disks consist of two groups. In
Group A disks, planets have evolved into gas giants, opening deep gaps in the gas disk. Peb-
bles concentrate in pressure maxima, forming dust rings. In Group B, multiple Neptunes
(unable to open deep gas gaps) accrete incoming pebbles, causing the appearance of inner
dust cavities and distinct ring-like structures near planet orbits. The morphological discrep-
ancy of these rings may aid in distinguishing between the two groups using high-resolution
ALMA observations.

S. Huang, N. van der Marel, S. Portegies Zwart (2024) Origin of transition disk cavities:
Pebble-accreting protoplanets vs super-Jupiters. A&A, 6914, 155
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6.1 Introduction

Since the discovery of the first exoplanet around a solar-type star (Mayor & Queloz 1995),
thousands of mature exoplanets have been confirmed, which keep challenging our under-
standing of planet formation. Planets are expected to form in protoplanetary disks. Thanks
to the Atacama Large Millimeter/submillimeter Array (ALMA), hundreds of planet-forming
disks have been imaged and studied (e.g., Andrews et al. 2018; Long et al. 2018).

A group of disks of particular interest is classified as "transition disks," featuring large
cavities in the dust continuum (e.g. Kenyon & Hartmann 1995; van der Marel 2023, and
references therein). Such large cavities in dust disks can indicate the existence of planets.
These cavities are potentially cleared by super Jovian planets, as they are able to perturb the
gas disk and create pressure bumps (Lin & Papaloizou 1979; Goldreich & Tremaine 1980),
leading to the convergence of dust and the formation of distinct ring-like structures within
the disks.

Some transition disks, including PDS 70, have much lower stellar accretion rates than
typical full disks with similar stellar mass as well as a deep inner gas cavity, as demonstrated
by spatially resolved 2CO and *CO images (Muley et al. 2019; Facchini et al. 2021). Disks
with giant planets (such as PDS 70) may have already evolve to the rather later stage of
giant planet formation. Other transition disks have more typical accretion rates, indicating
material transport across the gap. Possibly, their planet’s masses are not so high that only
shallow gas gaps are opened (Dodson-Robinson & Salyk 2011; Leemker et al. 2022).

It remains a question whether there are super-Jovian planets in most of the transition
disks. The confirmation of proto-planets through direct imaging within the circumstellar
disks was achieved only in three disks: PDS 70 (Keppler et al. 2018; Haffert et al. 2019), AB
Aur (Currie et al. 2022; Zhou et al. 2022), and HD 169142 (Hammond et al. 2023), whereas
most other targets do not show significant planet signals (Asensio-Torres et al. 2021).

Considering the lack of direct confirmation of massive companions in the disk gaps and
cavities as well as the difficulty of explaining giant planet formation on wide orbits, var-
ious other mechanisms have been proposed to explain gaps and cavities. With pressure
bumps, these mechanisms include disk dispersal through magnetohydrodynamic (MHD)-
driven winds (Takahashi & Muto 2018) or photoevaporative flows (Ercolano & Pascucci
2017), zonal flows in MHD disks (Johansen et al. 2009), mass pile-up at the boundary between
magnetically active and dead zones (Flock et al. 2015), and spontaneous ring formation due
to reduced accretion by concentrated dust (Dullemond & Penzlin 2018; Hu et al. 2019). More-
over, rings can form even without the presence of pressure maxima due to the condensation
fronts at icelines (Zhang et al. 2015), temperature dips (Zhang et al. 2021c), traffic jam effect
(Jiang & Ormel 2021), and grain growth processes (Ohashi et al. 2021).

Recent studies have revisited the possibility that most, if not all cavities are caused by
planets. On one hand, pebble accretion has been shown to efficiently grow planets even in
orbits wider than 10 au (Johansen & Bitsch 2019; Jiang & Ormel 2023; Gurrutxaga et al. 2024;
Huang et al. 2024). Also, the occurrence rate of giant planets exhibits a similar dependence
on stellar mass as the occurrence rate of structured protoplanetary disks (van der Marel
& Mulders 2021). This suggests that the disk substructures could be primarily caused by
planets.

Low-mass planets are not often considered as the initiator of disk substructures, since
they cannot generate pressure bumps. However, they may still alter the dust transport. In
disks hosting low-mass planets, dust tends to drift inward. When the inward pebble flux
intersects with a planet’s orbit, some of it can be accreted onto the planet’s surface — a
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process known as pebble accretion (Ormel & Klahr 2010; Lambrechts & Johansen 2012).
Consequently, the planet acts as a filter, reducing the inward pebble flux. In this paper,
we investigate whether multiple planets, from Neptunian up to Saturnian mass, can lead to
the formation of dust gaps and cavities due to pebble accretion only, without the aid of gas
pressure bumps.

The paper is structured as follows: We present the dust transport model and simulation
initial conditions in Sect. 6.2. In Sect. 6.3, we investigate and analyze dust transport and
its dependence on planet and disk properties. Following this, in Sect. 6.4, we compare the
morphology differences between the rings induced by Neptunian- and (super-)Jupiter-mass
planets and find observational consistencies with our theoretical understanding. We discuss
and summarize the results in Sect. 6.5 and Sect. 6.6, respectively.

6.2 Methods

6.2.1 Dust transport including pebble accretion

The dust surface density during its transport is modeled through the 1D advection-diffusion
equation (e.g. Birnstiel et al. 2012):

o> 10 10 s 0 [
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where %4 and %, are the dust and gas surface densities, respectively, and D is the dust diffu-
sivity. The dust loses angular momentum and drifts inward, due to the friction between the
gas in the sub-Keplerian rotation and the dust in the Keplerian rotation. The dust radially
drifts (Nakagawa et al. 1986) at the speed of:

2St
1+ St

Udrift = — 3 0K (6.2)

where St and vk represent dust Stokes number and local Keplerian velocity, respectively. The
mid-plane gas pressure gradient 7 is expressed as:

1810gP Hg 2
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(6.3)

and Hy = c,r /vy is the gas scale height, ¢ = \/kgT/ump is the sound speed at the mid-plane.
The gas mean molecular weight is taken to be 2.3.

We subtract the accreted pebble flux to account for pebble accretion during dust trans-
port. The numerical treatment is given in Sect. 6.A. We calculate the 3D pebble accretion
efficiency following Ormel & Liu (2018). This calculation depends on the planet’s eccentric-
ity, the dust Stokes number St, the local gas pressure gradient 7, the gas scale height H,, and
the vertical viscosity. The radial diffusion of the dust particles is ignored.

The diffusion process is ignored when including pebble accretion (Sect. 6.3 and Sect. 6.4.1).
The steep pebble profile driven by pebble-accreting planets induces unrealistic leaks of peb-

Zg 9 (2
g or \ Zg

consequence of such simplification is discussed in Sect. 6.5.1. We also assess that dust radial
diffusion can be negligible in the process of pebble accretion in Sect. 6.B, as the distance dust
particles diffuse is smaller than the planet’s Hill radius over one synodical timescale.

bles near planet orbits in the numerical simulation (D ) > —ogpf in Eq. 6.1). The
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6.2.2 Initial conditions

Since the dust radial drift timescale is much shorter than the disk typical disk lifetime, the
gas profile is fixed over time. We set up a protoplanetary disk with the usual power law plus
cutoff shape (Lynden-Bell & Pringle 1974),

My exp(—r/Rout)
27Rout (1 —e™1) r

Se(r) = , (6.4)

where My = 0.1M, is the disk mass and Ry is the disk characteristic radius. The initial dust
surface density distribution is set after assuming an initially constant dust-to-gas ratio:

Z4(t =0,r) = Z3(r), (6.5)
where Z stands for the metallicity. Then the dust can be transported in the fixed background

of gas.
The gas temperature profile is

T(r) = 200K (ﬁ)_o's, (6.6)

which also sets the gas scale height, as well as the dust scale height through:

St 1+ 25t) /2
: ©6.7)

Hy = (1 + —

a 1+5t
(Youdin & Lithwick 2007), where « is the gas viscosity parameter and St is the dust Stokes
number. The St is defined by St = zsp,/2%,, where s and ps are the dust grain size and
internal density. The choices of different temperature profiles hardly affect our calculations,
which is discussed further in Sect. 6.5.1.

6.3 Pebble flux reduction

In this section, we studied how much the Neptunian- to Saturnian-mass planets (which are
too small to open gas gaps 2 10 au at our disk conditions) reduce the pebble flux via pebble
accretion around a solar-type star without making pressure bumps. The simulations are
conducted using AMUSE (Portegies Zwart et al. 2009, 2013a; Pelupessy et al. 2013).

6.3.1 Pebble accretion efficiency

Once a planet grows sufficiently large to induce a pressure bump exterior to its orbit, it halts
the incoming pebble flux and, as a consequence, pebble accretion stops. The maximum mass
that one planet can reach before opening a gap is the pebble isolation mass, which is fitted
from 3D-hydrodynamical calculation (Bitsch et al. 2018):

dlnP/dlnr +2.5| My

1 .
6 Mo

(6.8)

ho\’ -3 \*
Miso =25Mg | ——| 10.34 +0.66( X
0.05 log,, o

Here oP/dr is the local pressure gradient of the radial gas disk. Planets at pebble isolation
mass can decrease the ambient gas density by 10-20% (Bitsch et al. 2018). The pebble isolation
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Figure 6.1. Pebble isolation mass around a solar-type star,

0 . . . . . . . .
¢ with varying viscosity-a (y-axis) at different orbits (x-axis).

& The color bar indicates the pebble isolation mass calculated
following Bitsch et al. (2018).

Table 6.1. Definition of quantities, symbols, and units.

Parameters Value(s) Description
a 107%,107°,10™* | Viscosity parameter
St 1073°,1073, 1072 | Stokes number of dust
My Miso 0, 0.5, 0.75, 1.0 Planet mass normalized by local pebble isolation mass

Z 0.0134 Disk metallicity

My 0.1M, Disk mass

Rout 200 au Disk characteristic radius
J7; 23 Gas mean molecular weight

M, Mo Star mass

Notes. The first three parameters separated from the rest by a horizontal line are the free parameters
of the simulations.

mass at different distances with different viscosities is shown in Fig. 6.1. The pebble isolation
mass increases toward high « and longer distance.

We calculated the pebble accretion efficiency epa, assuming planets are in circular orbits.
Remarkably, eccentric orbits (1072-107!) can enhance the pebble accretion efficiency by a
factor of up to 3-5 (Liu & Ormel 2018). The planet mass is fixed at the local pebble isolation
mass.

Our calculation in Fig. 6.2 shows the same results as Ormel & Liu (2018) found. When
a increases, the pebble accretion efficiency decreases. That is because higher « stirs up
more pebbles, especially with low St. This lowers epa as 3D pebble accretion becomes more
common. Efficiency increases and then decreases as St grow from 107> to 10! The accretion
efficiency peaks when the pebble accretion cross section matches the pebble height, signaling
the switch from 2D to 3D pebble accretion. As « drops, the peak shifts down because the dust
height decreases. Bigger pebbles (higher St) lose efficiency since they drift too fast, missing
the planet. Smaller pebbles (lower St) have a better chance of being captured because they
spread out more.

As a drops below 1074, the peak epa reaches 0.5. This sweet spot expands as « decreases.
At a = 1075, epp exceeds 0.9 around St = 1073 beyond 50 au. With a = 107, ep, hits unity if
St falls between 6 X 10> and 2 x 10~ at nearly all distances in the disk. The accretion sweet
spot (with high epa) area expands even more if lower « is used.

Pebble accretion is very efficient, with an efficiency always over 0.1, even at & = 1073,
This is because the planet mass we used is the maximum mass that the planet can reach before
opening a deep gas gap. The pebble accretion efficiency for smaller planets can be roughly
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10

Figure 6.2. Efficiency map illustrating pebble accretion onto a planet in a circular orbit. We manip-
ulated the planet’s semimajor axis (x-axis) and the dust Stokes number (y-axis). The planet’s mass
corresponds to the pebble isolation mass within its local disk. Variations in viscosity (@) are indicated
across four panels. Contours and the color display the values of the pebble accretion efficiency.

estimated. It shows a positive correlation with planet mass, following a power law ranging
from 0.5 to 1.0 (in the 2D and 3D regime, respectively Ormel & Liu 2018). For example,
a planet with half the pebble isolation mass exhibits roughly half the accretion efficiency
depicted in Fig. 6.2.

6.3.2 Dust cavity and ring structure

Efficient pebble accretion can shape the dust continuum profile noticeably due to planets.
This effect is expected to be more apparent in closely packed multi-planet systems. In this
section, we focus on understanding the geometry of the resulting dust substructures and
how they relate to disk and planet parameters.

Due to the angular momentum exchange between the gas disk and planets, planets can
migrate in the disk (Lin & Papaloizou 1979; Goldreich & Tremaine 1980). Mean Motion Res-
onance (MMR) is a natural outcome of planet migration (Terquem & Papaloizou 2007; Ray-
mond et al. 2008). This is consistent with exoplanet observations as we already found many
multi-planet systems in resonance chains. For instance, the two (possibly three Christiaens
et al. 2024) planets in PDS 70 are in MMR(s) (Wang et al. 2021a). The four directly imaged
planets in HR 8799 are in MMRs (Zurlo et al. 2022). There are more planets in MMRs in the
Kepler field (10-20%, Huang & Ormel 2023; Hamer & Schlaufman 2024).

Therefore, we begin with five planets arranged in a 3:2 resonance pattern, with their
orbital periods close to integer ratios. The innermost planet is positioned at 28 au, with sub-
sequent planets at 36.7, 48.1, 63.0, and 82.6 au. The mutual dynamical interactions are not
modeled, instead, we assumed they are stable at their orbits and then study the disk evolu-
tion using the 1D model. Simulations run until f.,q = 0.5(0.01/St) Myr, allowing sufficient
drift of dust particles with varying St. Extending the simulation duration does not alter the
normalized density distribution’s shape, only decreasing its absolute values.

We varied three parameters: planet mass, disk viscosity (), and the dust Stokes number
St. All the planets have the same mass ratio mp/mijs,, reflecting the ratio of the planet’s mass
to the local pebble isolation mass. The parameter values and ranges are shown in Table 6.1.
The ranges of « and St are further assessed in Sect. 6.5.2.
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Figure 6.3. Equilibrium dust surface density profiles across various planet masses, viscosities, and

Stokes numbers at different planetary orbits. There are five planets in a 3:2 MMR chain and dust
surface density drops at planets’ orbits due to pebble accretion. Each row corresponds to a different o
value, while each column represents a different Stokes number (St). The color distinguishes between

dust profiles associated with different planet masses, with the grey dashed line denoting the no-planet
case.

The resulting dust profile is shown in Fig. 6.3. Reductions in dust surface density appear
at all planetary orbits due to pebble accretion. Overall, the inward pebble flux decreases at
each of the planet locations, resulting in lower surface densities compared to scenarios with-
out planets. Notably, most disks in the simulations with planets show inner cavity features,
with their dust surface density peaking at ~ 80 au, far from the disk’s inner edge.

Our simulations are consistent with the efficiency map of pebble accretion discussed in
Sect. 6.3.1. The depth of the cavity increases as o decreases, corresponding to the rise in epa.
Furthermore, when « is fixed, the deepest cavity shifts toward smaller St values, mirroring
the movement of the high-efficiency sweet spot indicated by the deep-colored regions in
Fig. 6.2.

When the mass ratio my/mjs, = 1.0, the simulation with & = 10™* and St = 10737 is
particularly interesting. The simulation does not exhibit the cavity feature. Instead, the peak
dust surface density is near the disk’s inner edge. This occurs because of the combination of
small dust particles and high viscosity, resulting in a dust scale height much greater than the
planet’s accretion cross-section. Consequently, the efficiency of pure 3D pebble accretion is
insufficient to create a cavity-like feature in the dust profile with five planets.

The fraction of disks with a cavity is low in the simulations when the planets are rela-



128 6.3. PEBBLE FLUX REDUCTION

tively small my, /mpe, = 0.5. Essentially, the cross-section between the pebbles and planets
is proportional to the planet Hill radius (Ormel & Liu 2018), hence smaller planets induce
a lower net probability of pebble accretion and shallow cavity. In theory, a larger number
of planets in the system could still result in the formation of a cavity, with the depth of the
cavity increasing as the number of planets rises.

If the viscosity is at its minimum in our parameter space (@ = 107°), the deep cavity per-
sists. The cavity radius reaches ~ 80 au, at the orbit of the outermost planet when St = 1073
and 1073, because the efficiency of planet pebble accretion approaches unity with low tur-
bulence. In such cases, the outermost one or two planets can accrete the entire incoming
pebble flux, leading to the formation of the inner cavity. Lower viscosity facilitates the cre-
ation of deep cavities even in systems with fewer planets.

As the disk evolves and approaches the stage where the dust disk becomes optically thin,
the continuum intensity becomes proportional to the dust surface density. Consequently,
density drops at the orbits of planets manifesting as ring-like structures. These rings exhibit
a distinctive feature: the inner part of the ring appears sharp due to efficient pebble accretion,
while the outer part of the ring appears much smoother, as outer pebbles gradually and
smoothly drift inward. This special feature can be used to distinguish pebble accretion-
induced rings from others in observations, especially when the disk substructures can be
resolved to spatial scales of < 10 au with ALMA at high angular resolution.

Table 6.2. Source properties and information of the used ALMA observation.

Source | Inc[°] [ PA19[°] | Distance[pc] | FWHM][mas] | PA2?[°] | Band
GM Aur | 53.21 57.17 159 45%25 2.2 6
PDS 70 51.7 156.7 112.4 74X57 63 7

Notes. ¥ Position angle between the major axis of the disk to the North.
® position angle between the major axis of the beam to the North.

References. (1) Huang et al. (2020), (2) Keppler et al. (2018)
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Figure 6.4. Dust profile and the planet mass in the simulated GM Aur disk. The disk parameters used
are labeled on the top left. The solid line is the dust surface density profile and the values are shown on
the left y-axis. The black dashed line represents the pebble isolation mass at different locations (x-axis),
while the grey dashed line represents half of the pebble isolation mass. Black dots indicate the location
and the mass of the planets. The right y-axis shows the values of planet mass.
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Figure 6.5. Comparison between the dust continuum in the simulation (left panel) and observation
(right panel) for GM Aur disk from Huang et al. (2020), both of them are at 1.3 mm, in ALMA Band 6.
The intensities are normalized to the maximum values. We indicated the synthesized beam (lower left
corner) and the physical scale of the disk (lower right corner). The simulated dust continuum uses the
same dust surface density distribution as in Fig. 6.4, with the used disk parameters labeled on the top
left in the panel. The thin white dashed lines indicate the orbit of the imposed planets in the simulation.
We overplotted the orbits of the hypothesized four planets on top of the observed continuum.

6.4 Two groups of planet-hosting transition disks

In the previous section, we showed that pebble accretion is able to create the appearance of
an inner dust cavity without pressure bumps. Our scenario is consistent with the disks with
deep dust cavities but no apparent deep gas cavities, such as GM Aur (Huang et al. 2020).
This contrasts with disks hosting giant planets, such as PDS 70 (Keppler et al. 2018), where
a gas giant opens up a deep gap in the gas disk, trapping dust in the pressure maximum
outside the gas gap.

We propose that there are two groups of planet-hosting transition disks based on the
planet’s mass:

« Above pebble isolation mass: In this group, the planet(s) within the disk exceeds the
local pebble isolation mass. The presence of gas giant(s) disrupts the gas disk, leading
to pressure bumps that affect the dust profile.

« Below pebble isolation mass: Here, the planet(s) within the disk is below the local
pebble isolation mass. The gas disk remains undisturbed by the planet(s), while the
pebble flux is reduced at planet orbit(s) due to pebble accretion.

We selected two example sources, representing the two groups respectively, and compare the
simulated continuum with observations. The sources are GM Aur and PDS 70. The source
properties and the information of the used observational data are shown in Table 6.2.

The continuum image is generated using RADMC3D (Dullemond et al. 2012). We input
3D dust volume density distribution into RADMC3D. In the vertical direction, the dust den-
sity is assumed to follow Gaussian distribution with the scale height calculated via Eq. (6.7).
The 1D dust surface density distribution can then be projected to 3D volume density distribu-
tion. The DSHARP dust opacity (Birnstiel et al. 2018) is used and is calculated via optool
(Dominik et al. 2021). The dust follows the default power law distribution with a minimum
size of 0.05 ym, a maximum size of 3 mm, and a power law slope of 3.5.
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Figure 6.6. Similar to Fig. 6.5. Comparison between the dust continuum in the simulation (left and
middle panels) and observation (right panel) for PDS 70 disk from Keppler et al. (2018), all of them are
at 0.9 mm, in ALMA Band 7. In the left panel, the dust profile is from the dust evolution simulation.
In the middle panel, we added a small dust population onto the simulated dust profile, to simulate the
inner pedestal inside the ring.

6.4.1 Below pebble isolation mass: GM Aur

GM Aur is of particular interest for this paper as it is a transition disk with distinctive features
in its continuum. It exhibits two rings, with the inner ring displaying an outer "shoulder"
around R ~ 40 au. Notably, the inner part of this ring appears steeper than the outer part.
This characteristic draws our interest because rings induced by pebble accretion often exhibit
similar features — sharp inner edge but smooth outer edge. In addition, Zhang et al. (2021a)
ruled out a deep gas cavity in GM Aur using ALMA observations of CO isotopologues.

For these reasons, we tailored the planet and disk properties in the feasible range follow-
ing Table 6.1, to show the physical consistency between GM Aur and our proposed pebble
accretion scenario. Finally, we included four planets, with the inner three planets in a 3:2
resonance chain while the outermost planet does not join. The location of the outermost
planet is set to match the position of the observed outer ring in GM Aur. The planets are
at 20.0, 26.2, 34.3, 75.5 au orbits, respectively. The planet masses are no more massive than
half of the local pebble isolation mass, they are 16.1, 19.8, 24.4, 30.2 Mg, respectively. The
viscosity a is chosen to be 107¢ and St is 1073,

The resulting dust surface density profile is shown in Fig. 6.4. At each planet’s orbit, the
dust profile shows a cliff-like feature. The inner three planets are half of the local pebble
isolation mass. They are responsible for the inner dust cavity, as they accrete the drifting
dust efficiently. The efficient accretion is consistent with Fig. 6.3. The fourth planet is about
1/3 of the local pebble isolation mass. The mass of planet e is chosen such that the inner ring
is as bright as in the ALMA continuum image (Huang et al. 2020).

In addition, we find that the planet orbits always coincide with the inner edge of the
rings. This is because the inner edge of the rings is the location where the dust surface
density drops, which is caused by pebble-accreting planets in our scenario. This is different
from the gap opening scenario, where the planets are usually located at the center of the gap
(see e.g. Kanagawa et al. 2017).

The corresponding continuum image for the simulated dust profile is displayed in Fig. 6.5,
in comparison with the observed image of GM Aur (Huang et al. 2020). The orbits of the im-
posed planet are indicated by the dashed lines and overplotted on top of the observed con-
tinuum image. The longitudes of the planets on their orbits are consistent with the scenario
that they are connected by a Laplace resonance chain.
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After convolving the image with the beam, the two rings are still observed in the sim-
ulated continuum which is consistent with the observation. As expected, the inner ring in
the simulated GM Aur continuum has an extended outer edge than the inner, which is con-
sistent with the observations. ALMA also shows that there is an extended outer dust disk of
the second ring (Huang et al. 2020), indicating the ongoing dust drifting process.

The gap between the two rings is not as pronounced as observed. One possible explana-
tion is that planet e has grown beyond the gap-opening mass. The pressure bump created by
planet e prevents the inward drift of small pebbles, which could account for the deeper gap
between the two rings seen in observations. If this is the case, planet e must have reached
this size within the last few ~ kyr; otherwise, most of the dust would have been trapped in
the outer ring, making the inner ring significantly fainter due to dust radial drift.

The inner edge of the simulated ring is not extremely sharp because a small percentage
of the pebble flux bypasses the orbit of planet d without being accreted. Observations show
a similar feature, though with a shallower gradient. Increasing the mass or the eccentricity
of planet d would result in a sharper inner edge that is more consistent with observation.

We included three planets within the cavity to ensure that most of the dust pebble flux is
accreted. In Sect. 6.C, we also explored the scenario where planet b is removed, but find that
the resulting cavity is not as deep as observed. Enhancing the accretion efficiency of pebble
flux and clearing the cavity can be achieved by increasing the number of planets, increasing
planet mass, and putting planets on eccentric orbits (Liu & Ormel 2018).

We managed to explain the clear inner cavity along with dust drifting outer disk in GM
Aur by a sequence of pebble-accreting planets. A detailed fitting going through a larger
parameter space could still improve the match to the observed continuum image in the future,
and potentially give a firmer prediction of the properties of planet candidates.

6.4.2 Above pebble isolation mass: PDS 70

PDS 70 is known to host two directly observed giant planets that create a large gap in both
the gas and dust disks (Haffert et al. 2019). This system provides valuable insights into disk
structures with massive giant planets. Therefore, we selected PDS 70 as a representative disk
hosting giant planets with masses above the pebble isolation mass.

To simulate the outer ring in PDS 70, we imposed a 10 Mj mass planet at 34.3 au. We
adopted the analytical shape of the gas gap opened by the planet following Kanagawa et al.
(2017) and Pichierri et al. (2024). The detalil is illustrated in Sect. 6.D. The dust diffusion and
radial drift are considered during its transport. The dust ring structure does not sensitively
depend on the disk parameter we choose. As an example, we used & = 107 and St = 1073,
which is same as the values taken in Sect. 6.4.1.

The simulated dust profile is used to generate a continuum image through RADMC3D and
presented in the left panel in Fig. 6.6. The dust drifts inward and accumulates at the pressure
maximum outside the gap opened by the gas giant. The observed Band 7 high-resolution
continuum image (Keppler et al. 2018) is shown in the right-hand panel. The simulated dust
ring is located at the separation similar to the observation.

An apparent discrepancy between observation and simulation is that the observed con-
tinuum shows a pedestal at the inner edge of the dust ring while the simulated dust ring
is radially symmetric. We note that including small grains might be able to explain the
pedestal (Pinilla et al. 2024). We think that there are a couple of possible scenarios to explain
the pedestal. The pedestal may be composed of i) small dust grains following the gas gap
profile as they are too small to get trapped in the pressure bump; ii) small dust entrained by
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Figure 6.7. Ratio between outer and inner width of the dust rings in a sample of transition disks,
as derived in Sect. 6.E. The blue symbols correspond to the inner ring, and the orange symbols to
the outer ring, if present. Disks with an inner pedestal have been marked with a star. The targets are
sorted by the average value of the ratio. Lower values <1 are thought to correspond to Group A (Jovian
protoplanets with a dust trap), and higher values > 1 are thought to correspond to Group B (Neptunian
protoplanets which are creating an apparent cavity by pebble accretion.

the accretion flow onto the planet (Toci et al. 2020); iii) small dust entrained by the irradiated
flow from the inner gas wall (Franz et al. 2022).

While explaining the pedestal is out of the scope of this work, we here simply assumed
there is a population of small dust grains that are well-coupled with gas. The dust distributes
in the outer slope in the gas gap with a surface density of one percent of the gas:

0.01%4(r) forAr; < (r—rp) < Ary,

0g/cm?®  otherwise. (6.9)

Zd,sm(r ) = {
The planet’s orbit is r,, Ar; is the gap bottom radius and Ar; is the gap edge radius. The
simulated dust continuum image after adding the small dust population is shown in Fig. 6.6
middle panel. By construction, we now observe the inner pedestal within the main ring in
the generated continuum. Whether the protoplanetary disks with gas giants always exhibit
rings with pedestals outside the planets’ orbits needs to be examined in the future, when
more proto-giant planets are confirmed.

Regardless of the pedestal, the dust ring morphology outside a massive planet is distinct
from a dust ring outside a sequence of pebble-accreting planets. Compared to the dust rings
induced by pebble-accreting low-mass planets (e.g., in GM Aur), the dust rings trapped in
the pressure maximum caused by gap-opening planets have more radially symmetric rings
(maybe show even smoother inner edges in observation e.g., in PDS 70). This difference
arises from the physics involved: in PDS 70, the diffusion of the dust near the gas pressure
maximum results in a symmetric ring. Conversely, in GM Aur, the sharp cutoff of pebble
flux by the planet’s pebble accretion creates a cliff-like feature at the ring’s inner edge.

6.4.3 A sample of transition disks

Whether the planet in the disk is below or above the local pebble isolation mass results in
different radial ring morphologies. Motivated by the apparent morphologies of PDS70 and



133

CHAPTER 6

“(zz0z) T8 19 018010 (LT) £(q1202) Te 19 Sueyz (91) {(L102) Te 12 e[ruid (ST) {(¥202) Te 19 19qwadT (¥1) {(0202) Te 12 N10soy
(1) £(€207) Te 30 exRYUQ (Z1) (£202) T8 3 19§1oM (TT) (6102) Te 32 a3uid (0T) {(£202) T8 3 udMmuy (6) (£202) Te 3° B3[PS (8) {(q.102) Te 3 Suoq (L) {(1207)
Te 39 snssese)) (9) {(zz0z) T 12 1w () {(£202) Te 32 Suex (¥) «(9102) Te 12 [2Ie]y 19p ueA (g) (1202) Te 12 Turydoe] (z) (6102) Te 12 A3[nIN (1) *s9ouUaIajay

9qLeN=N ‘ON=N ‘Sax =% :[e1sopad e Jo aouasarg (v) "SPION

- - 94l d 6 - N - N - C0F0¢ ¢8dSM
€8- ST 9Ll d L1 - A - N - §0%07C BUOSO
9'8- 90 S¥l d - - - - N 8'0FC¢ €0+81 T0S00T9T[
€8- 0T 091 d 91 W N 9jeIspout N COFV'L  T0FST MYND
<L ST PII d Sr'6 N N - N 1'0F€'l  ¢0F91 Sveds
0°L- ¢e  OIT | ¢d/V 4! X N doap N - CO0FVI 9%S001dH

€8-> ST ¥0I d €1 - N - N - CO0FVI €5¥001dH
v6- 80 €81 d ¢l - N - N - 00F¢T BUDAS

'8 ¥¢ 68l v 1101 A A - N 0¥’ T0FC1 870L6dH
0°01- 80 IVl | ¢d/V 6 - A - W - TOFIT 6'€€91 XY
68 S0 ¥VL | (/Y 6 - N - W - TOFIT 2ydo-0sI
S01- ¢T  0SI v 8L N A doap N 1'0F80 ¢€0FI'T S912H091(
8- 0T 9¥1 v € A - doap A 1'0F6'0 ¢0F01 ¥rivod

VL 91T  9¢1 v 9°¢ A A doap A L'0FL0 20F6'0 | d¥PeSeIdH

¥'8- 80 8ST | ¢d/V G W W djerspow A 1'0F¢'T  20F%0 S1BOT

0°6- 1 091 v - - - - N - T0F80 BUOdH

L'8- 0¢c VIl v S X A doap N - C0F80 ¢v169TAH

6°L- 0¢ 8¢l v v'e A N doap W - TO0FL0 12dS
¢0T- 80 €Il \4 21 A A doaap A - T0FL0 0.5dd

(I8 °W) (W) (d) (de8  ;de§  sisA[eue

2P B0] ‘W P SSBD | P4 OO0¢ OOy O8] v P2d o Pl 198re],

‘sanyzadoid reypais pue ‘senpradoxd Q) ‘soryer Surr jsnp Yim SySIp uorjsuer) jo afdures ‘¢ 9 a[qelL



134 6.4. TWO GROUPS OF PLANET-HOSTING TRANSITION DISKS

Group A Group B

Neptunian planets

Jovian planet(s)

with Mp >> Miso 3 with Mp < Miso
% o
-] ] °
o
No gas gap,
Gas gap Dust ring but pebble accretion  puyst ring
(Dust trap) (Edge pebble filter)

Figure 6.8. Cartoon demonstrating the two proposed mechanisms responsible for the transition disk
cavity appearance. For disks classified as Group A it is thought that one or more Jupiter-like planets
with a mass well above the pebble isolation mass have carved a gas gap, trapping the millimeter dust
in a narrow ring outside its orbit, whereas for disks classified as Group B a number of Neptunian
planets with a mass below pebble isolation mass are still actively accreting pebbles, thereby creating
the appearance of a dust cavity as the inner edge of the dust ring is acting as a ’filter’ where pebbles
are accreted, and the pebbles in the dust ring are not trapped, but follow a smooth dust density pattern.
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Figure 6.9. Accretion rates of the transition disks in our sample (colored symbols) compared with
those of the larger disk population, taken from Manara et al. (2023); Wichittanakom et al. (2020). Group
A transition disks appear to have very low accretion rates compared to the general disk population,
whereas Group B transition disk accretion rates are more typical. For the Group A/B transition disks
the classification from dust and CO observations is still unclear.
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GM Aur, we calculated the ratio of the outer to inner width of dust rings (R = oouter/ Ginner)
in the radial profiles of a larger sample of ~20 transition disks (see Sect. 6.E). The results are
shown in Fig. 6.7. If two rings are present, both ring ratios are shown. We tentatively classify
the transition disks into two groups according to the dust ring structure:

« Group A: The width ratio of the ring is <1 and a pedestal may be present.

« Group B: The width ratio of the ring is >1 and no pedestal is present.

Group A is consistent with giant planet disks with the planet mass above the pebble
isolation mass. Group B is consistent with the disks with the planet mass below the pebble
isolation mass. The difference is illustrated in Fig. 6.8.

Furthermore, we searched the literature for information about the gas inside the cavity
through spatially resolved CO 3-2 or 2-1 isotopologue ALMA images. This helps distinguish
between cavities with a protoplanet massive enough to carve a deep gas gap (Group A) and
cavities with less massive protoplanets that cannot carve such a gap, like GM Aur (Group
B). Only CO data with sufficient spatial resolution to fully resolve the dust cavity by at least
three beams are considered. For half of our sample, physical-chemical modeling has been
used to derive the gas cavity depth (e.g. van der Marel et al. 2016), which is often found to be
at least two orders of magnitude depleted in density ('deep’), but sometimes just a factor of
a few ('moderate’). Deep gas cavities usually show a deficit of 2CO emission in the center
of the disk, as even the 2CO emission becomes optically thin. For transition disks without
physical-chemical analysis, it is still possible to assess the possibility of a deep gas cavity
considering the presence of a 12CO and/or *CO deficit. Table 6.3 summarizes the results for
all targets in our sample for both the dust ring ratios and the CO properties as well as its
stellar properties (taken from van der Marel 2023). Based on CO and dust ring properties,
each disk is then classified as either A-type or B-type. Some disks have inconsistencies when
considering the dust profile and the CO properties, or are on the borderline: these are marked
as A/B.

Using the classifications derived in Table 6.3, we finally explored the accretion rates of
the two groups. Figure 6.9 shows the accretion rates of the transition disks in our sample
compared with the accretion rates of all nearby T Tauri stars, using the stellar data from
Manara et al. (2023) as well as the accretion rates of all nearby Herbig stars, using the stellar
data from Wichittanakom et al. (2020).

When comparing the accretion rates of the two groups, Group A transition disks appear
to have very low accretion rates compared to the general disk population, whereas Group
B transition disk accretion rates are 1-2 orders of magnitude higher and more similar to
typical accretion rates. This is consistent with a scenario where the protoplanets in Group
A transition disks are almost finished accreting gas, as they have already grown to (super-
YJupiter sizes and cleared a gap in their gas distribution, whereas Group B transition disks
contain protoplanets that have not started runaway gas accretion yet, which is expected for
planets well below pebble isolation mass with high pebble accretion rates (Brouwers et al.
2021; Ormel et al. 2021).

6.5 Discussion

6.5.1 Model assessment

We have simulated dust transport, accounting for the reduction of pebble flux due to pebble
accretion. This approach enables us to analyze the resulting dust surface density profile
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across various disks hosting low-mass planets (below pebble isolation mass). The planets are
assumed to have zero eccentricities, while eccentric planets can increase the pebble accretion
efficiency by 3-5 (Liu & Ormel 2018).

We neglected the perturbation that the planet exerts on the gas disk. When a planet
approaches the pebble isolation mass, it can still create shallow gaps. Bitsch et al. (2018)
suggest that a planet at this mass can generate a gap with a depth of about 10-20%. Dust
may accumulate at such shallow pressure maxima. Additionally, gas polar inflow and radial
outflow induced by the planet’s gravity can inhibit pebble drift (Kuwahara et al. 2022; Bi & Lin
2024, and references therein), and possibly decrease pebble accretion efficiency (Kuwahara
& Kurokawa 2020; Okamura & Kobayashi 2021).

This work focuses on capturing the changes in pebble flux and surface density profiles
due to pebble accretion. Arguably, our model applies even to the planets with their mass
slightly above the pebble isolation mass because the timescale for gap opening correlates
with the viscous timescale. Therefore, when a planet doubles its mass, the gap-opening
process may not be complete (Bergez-Casalou et al. 2020), allowing dust to drift inward while
the pressure bump is forming.

The model is not very sensitive to the gas temperature profile. The dust scale height
and pebble isolation mass increase with the temperature increase. Increasing scale height
decreases the probability for the pebbles to hit one planet, which is lower in the 3D limit. In
contrast, larger pebble isolation mass makes the planets more difficult to open the gap, which
enhances pebble accretion efficiency because of the increase of the cross-section between the
larger planet and the pebbles.

We did not account for the radial diffusion of dust when studying the resulting dust pro-
file after pebble accretion. The inclusion of radial diffusion may have two main differences:
On one hand, dust diffusion could slow down the dust radial drift speed (Gerosa et al. 2024).
The random motion of dust particles could increase their chances of close encounters with
the planet and potentially enhance the pebble accretion rate. On the other hand, if the dust
is too diffusive, the dust may bypass the planet’s orbit rather than being accreted. We assess
that dust diffusion during pebble accretion is not important in Sect. 6.B, where we show that
the distance dust particles diffuse is smaller than the planet’s Hill radius. However, we ac-
knowledge that the full impact of radial dust diffusion on pebble accretion requires a more
detailed investigation.

6.5.2 Feasibility of the "sweet spot" on the accretion map

Low viscosity (¢ = 107> — 107°) is justified both theoretically and observationally. High
stellar accretion rates observed in protoplanetary disks have been interpreted as evidence
for @ = 1073 — 1072 in the classic viscous disk model (Lynden-Bell & Kalnajs 1972), where
viscosity may arise from magneto-rotational instability (Balbus & Hawley 1991). However,
in regions with low ionization and weak coupling between gas and magnetic fields, hydro-
dynamic or non-ideal MHD effects could dominate angular momentum transfer, resulting in
stellar accretion rates matching observations (Bai & Stone 2013; Flock et al. 2020). In such
scenarios, turbulent parameters can be as low as @ = 10™* — 107, as preferred in our study.
Observations of inclined protoplanetary disks, such as HL Tau and Oph 163131, reveal set-
tled dust profiles in the midplane, indicating low turbulence with a < 107> (Pinte et al. 2016;
Villenave et al. 2022). From line broadening, Flaherty et al. (2020) suggests weak turbulence
for MWC 480 and V4046 Sgr.

Recent simulations of dust size evolution suggest a near-monodisperse distribution cen-
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tered around St ~ 10~ (Dominik & Dullemond 2024). The maximum size of dust particles
is constrained by fragmentation, radial drift, and bouncing (Kelling et al. 2014; Kruss et al.
2016), limiting the dust Stokes number to ~ 107> (Dominik & Dullemond 2024). In low a
disks, the bouncing barrier primarily restricts the upper limit of the dust size distribution,
resulting in near-monodisperse size distributions in simulations. Notably, the Stokes num-
ber depends on the gas surface density, St ~ s/X5. Our Group B disks are likely in an early
phase with relatively massive gas disks, so the corresponding grain Stokes number (with the
same size s) could be relatively small compared to other more evolved disks.

6.5.3 Emerging the planet formation story in transition disks

Since the direct detection of proto-giant planets in the PDS 70 disk, (super-)Jovian-mass
planets have been favored for explaining transition disks. Their substantial mass allows
them to strongly perturb the disk and create cavities or gaps (e.g., Dong et al. 2015, 2017a; Li
et al. 2019; Garrido-Deutelmoser et al. 2023b; Wu et al. 2023, and references therein). In this
study, we proposed that a chain of planets below the pebble isolation mass could also account
for transition disks, named Group B disks. Group A disks are those hosting (super-)Jupiters.

Group A transition disk may evolve from B transition disks. If Jovian-mass planets form
through core accretion (e.g., Perri & Cameron 1974), they must first pass through a stage
where they are of Neptunian size. Our study shows that dust cavities begin to appear even
when planets are still low-mass and the gas disk remains largely unperturbed. As planets
grow, while pressure bumps form gradually, dust continues to drift and accumulate at these
pressure bumps. Over time, we expect the dust ring morphology to become more radially
symmetric (possibly even developing an inner pedestal, as seen in PDS 70, Sect. 6.4.2) and the
Group B disk to gradually transition into a Group A disk. However, Jovian-mass planets may
also form directly via Gravitational Instability (GI, Boss 1997). In such cases, the period of
maintaining Neptunian mass may be too short for dust to drift. Potentially, the Group B stage
is skipped in the case of GI and the two groups do not necessarily represent evolutionary
stages. It is worth noting that GI may also form super-Earth to Neptune mass planets (Kubli
et al. 2023), but this still needs further investigation.

Group B disks also do not necessarily evolve into Group A from the perspective of gas
accretion. The growth of Neptunian-mass planets via pebble accretion (Ormel & Liu 2018; Jo-
hansen & Bitsch 2019) and subsequent gas accretion (Ida et al. 2018) can lead to Jovian-mass
planets. Gas accretion is a complex process. It is initially governed by Kelvin-Helmholtz con-
traction but then limited by the amount of gas entering the Hill-sphere of the planet (Tani-
gawa & Tanaka 2016). The envelope contraction speed depends on the cooling timescale.
If the atmosphere opacity is high, or the atmospheric recycling is efficient (e.g. Ormel et al.
2015), the gas accretion can be prolonged. If the gas disk disperses before the runaway gas
accretion on the planet can happen, the Group B transition disk can never evolve to A.

In a Group B transition disk, the creation of a large dust cavity in the protoplanetary disk
necessitates a multi-planet system, typically comprising three or more planets. Such large
planet multiplicity aligns with observations of certain systems. For instance, the four gas
giants in the HR 8799 system (Gozdziewski & Migaszewski 2020) may grow from a sequence
of low-mass planets. Similarly, the PDS 70 system has two confirmed planets and possibly a
third one (Christiaens et al. 2024). However, it’s noteworthy that the observed multiplicity
of planets at wide orbits (beyond >10 au) might be lower than expected. Several factors
contribute to this trend. 1) The innermost planet may not have yet encountered the migration
barrier. Planets migrate inward to the region < 10 au in Type I or II regime (Paardekooper
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et al. 2010; Kanagawa et al. 2018). 2) Planets may undergo inefficient growth, and the disk
may dissipate before they enter the runaway growth phase, analogous to the giant planets
in our solar system (Gurrutxaga et al. 2024). Small planets on wide orbits are challenging
to detect. 3) As the number of planets in a system increases, the dynamical stability of the
system tends to decrease (Pichierri & Morbidelli 2020). Consequently, some planets may
become inclined or unbound from their host stars following the onset of instability, so a
multi-Neptunian protoplanet system may end up with a smaller number of bound Jovian
planets.

6.5.4 Consequence for planet detection

The planets in Group B disks are often Neptune-sized and located at the inner edge of the
dust rings. Current instruments are not sensitive enough to detect protoplanets below a few
Jupiter masses (Asensio-Torres et al. 2021; Choksi & Chiang 2024). Even with more sensitive
instruments in the future, detecting Neptunian protoplanets would still be extremely chal-
lenging due to their spatial proximity to the dust ring. Selecting the right targets (with a
Group A morphology) would thus be the best strategy for future direct imaging campaigns.

6.6 Conclusions

We used dust transport models to study the dust surface density profiles in pebble-accreting
multi-planet systems, in order to understand how the dust profile in protoplanetary disk
changes with planet mass, disk viscosity, and dust size. We then compared the dust sub-
structure morphology induced by pebble-accreting planets with those caused by pressure
bumps. These are our main findings:

1. Multi-Neptunian planets (below the local pebble isolation mass) can sculpt deep cav-
ities in the dust disk, potentially contributing to the appearance of some observed
transition disks.

2. Planet-hosting transition disks may consist of two sub-groups. In Group A disks, gas
giants open deep gas gaps and truncate the disk. In Group B disks, a sequence of
Neptune-mass planets accrete all the inward pebble flux, leaving the gas disk unper-
turbed.

3. Rings formed by pebble-accreting planets often feature sharp inner edges and smooth
outer shoulders (Group B disks), unlike the more symmetric rings induced by pressure
bumps exterior to the gas gaps carved by massive gas giants (Group A disks).

4. In Group B disks, planets harbor near the inner edge of the induced rings, whereas in
Group A disks the giant planets are located at the center of gaps or cavities.

5. Our classification of transition disks (Group A and B disks) is supported by observa-
tions. Transition disks with rings featuring extended outer but sharp inner edges co-
incide with higher stellar accretion rates and lack deep gas cavities inside the dust cav-
ity, likely hosting pebble-accreting planets. The other disks, characterized by smooth
rings, have lower accretion rates and deep gas cavities, likely hosting super-Jupiters.

Pebble accretion alters the dust profile in planet-forming disks, especially in low-turbulence
environments. Although Neptunian-size planets at tens of au orbits remain beyond current
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observational capabilities, they may yield dust rings with unique morphology in the con-
tinuum. Future high-resolution ALMA observations hold promise for expanding the sample
size and corroborating our findings with enhanced statistical confidence.

Appendix

6.A Numerical treatment of pebble flux reduction

Figure 6.10. Sketch of the dust transport calcu-
lation on the disk grid i, from the time t" to the
time t"*1, including pebble accretion. The disk is
segmented into N grids. We focus on the region
Vi Ui surrounding disk cell i in the zoomed-in view. Ar-

st rows depict the direction of various pebble fluxes.

AT B The flux going through the planet’s orbit r; is re-

i Fyo~ Far duced by a factor €pep,;, Which is the planet’s peb-
® ble accretion efficiency.

€peb, i €peb, i+1

To solve for dust transport, we considered a grid of N cells valued by the dust surface
density at their centers. An example of calculating the dust surface density in cell i from
time n to n+ 1 is a sketch provided in Fig. 6.10. the adopted differential form of the advection
term is

Ar
(ZEI - Zﬁ,i)—t =F+FR+F+F, (6.10)

A

where Zgi is the dust surface density in cell i at time n, and F, F,, F3, and F, are expressed
as:

Fi = (1= €pebb, i) - max[v;5q,-1,0], (6.11)
F, = min[—v;4124;, 0], (6.12)

F; =min[v;%4;, 0], (6.13)

Fy = (1 = €pebb, i+1) - max[—v;4124,i+1, 0], (6.14)

respectively. They represent the pebble flux from cell i — 1 to i (outward), from cell i to i — 1
(inward), from cell i to i + 1 (outward) and from cell i + 1 to i, respectively. The dust velocities
at the edges between cells i — 1, i and i, i + 1 are v; and v;11. To simulate the pebble accretion
effect on the dust, we reduced the incoming flux F; (Eq. 6.11) and F, (Eq. 6.14) by factors of
€pebb, i and €pebb, i+1, Which stand for the 3D pebble accretion efficiency on the planets at the
two edges. If no planet is included, the corresponding efficiency is set to zero. For example,
in Fig. 6.10, a planet is located at the inner boundary of cell i + 1 but not at i, S0 €pepb, i+1 is
calculated, while €,cpp,; remains zero. In this case, only Fy is reduced when determining the
dust surface density in cell i.

6.B Evaluating dust diffusion during pebble accretion

We evaluated the feasibility of neglecting dust diffusion in our simulations. If dust diffusion
is strong, dust particles may travel across the planet’s orbit without being accreted. To assess
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this, we calculated the distance over which dust diffuses during a synodical timescale with
the nearby planet and compare it to the planet’s Hill radius.
The synodical timescale between the planet and dust just outside the planet’s Hill radius
is given by:
_4roor
fom = 3Qx Ruit”

where Ry is the planet Hill radius and Qg is the Keplerian frequency at planet’s orbit. The
diffusivity of small dust particles can be approximated by the gas diffusivity:

(6.15)

D = aH;Qx. (6.16)

Thus, the distance dust diffuses over the synodical period is:

Argig = VDtsyn~ (6.17)

If Argi exceeds the planet’s Hill radius, the dust is less likely to be accreted due to strong
diffusion. Conversely, if Argir is small, the dust can still be accreted. We define the dimen-
sionless quantity C as:

0.5
_ Argg T rooa M

C= = =
2Ryin 100K 10 au g, Mo

, (6.18)

where g, is the planet-to-star mass ratio. The dust hardly diffuses across planet orbit if C is
smaller than unity. Dust diffusion can be considered negligible if C is smaller than unity. In
our simulations, with a ranging from 10™* to 107® and the planet about Neptune mass, the
value of C remains below unity. The dust diffusion can reasonably be ignored in our pebble
accretion simulations.

6.C Simulated continuum of GM Aur with three planets
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Figure 6.11. Similar to Fig. 6.4 but with three planets.

Similar to Sect. 6.4.1, we adopted three planets in the simulation by removing the inner-
most planet in Sect. 6.4.1. The planets are at 26.2, 34.3, 75.5 au orbits, respectively. The planet
masses are no more massive than half of the local pebble isolation mass, they are 19.8, 24.4,
30.2 Mg, respectively. The viscosity a is chosen to be 107 and St is 1073,
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Figure 6.12. Similar to Fig. 6.5 but with three planets.

The resulting dust surface density profile is shown in Fig. 6.4. The corresponding con-
tinuum image for the simulated dust profile is displayed in Fig. 6.5, in comparison with the
observed image of GM Aur (Huang et al. 2020). The orbits of the imposed planet are indicated
by the dashed lines and overplotted on top of the observed continuum image.

The inward pebble flux is not fully accreted by the planets. The dust surface density
grows as the semimajor axis decreases with conserving flux (34 ~ F/rogn). Consequently,
the simulated GM Aur has an inner disk, which is inconsistent with observation.

6.D Profile of the gap opened by planet

The gap shape is similar to the one shown in Kanagawa et al. (2017). The radial profile of
the surface density in the vicinity of the gap is:

Y min for |r — rp| < Ary,
Se(r) =1 Zgap(r) forAry <|r—rp| < Ary, (6.19)
>0 for [r — rp| > Ary.

The gas surface density at the bottom of the gap is:

2

=— (6.20)
1+ 0.04K3p

2min

where 3 is the initial gas surface density before the gap opening, and Kjp is the gap depth
factor fitted by 3-D hydrodynamical simulations by Pichierri et al. (2024):

Ksp = 28 h>*a™072, (6.21)
The surface density at the edge of the gap smoothly transitions to %, in the form

2gap(”) _ 4 |r_rp|
>0 WKgD p

where we scale Kj;, = h®*Ksp. The width of the gap excluding and including the transition
slop are

-0.32, (6.22)

2 .
Ary = | === +0.08] rp, (6.23)
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and
Ary = 0.33/Kj1p, (6.24)

with respectively.

6.E Quantify the morphology of dust rings

For the sample study of transition disks, we selected all known transition disks from van
der Marel (2023) at <200 pc with published high-resolution ALMA continuum observations
with a spatial resolution of 0.05" or better (<10 au resolution), so that the radial profile is
sufficiently resolved. Disks with strong asymmetries, high inclinations (>70° inclination) or
cavity size <30 au are excluded. This results in 19 targets, listed in Table 6.4, including their
beam size and reference to the origin of the data, as well as the parameters of our best fit.
Radial intensity profiles are extracted using azimuthal averaging of the images following the
original reference, and normalized to the peak.

The radial profiles of each target are fit using a 1D asymmetric Gaussian, or in case of two
rings the sum of two 1D asymmetric Gaussians with different peak values. Such a Gaussian
is described mathematically as follows:

(r ~T'peak ) 2
2
Oleft
(r— "peak ) 2

2
zo-righl

Iy exp (— ) forr < Tpeak>

I(r) = (6.25)

Lyexp |- for r > rpeak.

The parameter of interest is the ratio between the outer width and inner width:

Oright

R= (6.26)

Oleft

which can distinguish between profiles with a smooth, extended outer profile (like GM Aur)
and profiles with a sharp, narrow ring (like PDS 70). When calculating the ratio, we consid-
ered an error on the radial width based on the convolution with the beam size, normalized
by the number of beams along the dust ring, i.e. Rer = Rpeam/VNbeams. Although this is a
rather simple approach, it is sufficient for our purposes.

The best fits are determined using the curvefit procedure in scipy.optimize,
which is a non-linear least-squares fitting tool. Figure 6.13 shows the best fits and Table 6.4
includes the best-fit parameters as well as the resulting width ratios. The table also lists
whether an inner pedestal appears to be present. For HD100453 and HD100546 an inner
Gaussian was included in the fit to match the strong centrally peaked emission which is
thought to originate from free-free emission from the star (Rota et al. 2024).
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Figure 6.13. Radial profiles of the selected sample of transition disks. Data are shown in black, best
fits in red. The first 9 disks are fit with a single Gaussian, the next two disks with a single Gaussian
as well as a central peak, and the final 8 disks with two Gaussians, to match both rings. The best-fit

parameters of interest are given in Table 6.4.



6.E. QUANTIFY THE MORPHOLOGY OF DUST RINGS

Table 6.4. Gaussian fits of the radial profiles of the sample of transition disks considered in this study.

Target Gaussian 1 Gaussian 2 Ped?¢ Origin
Fpeak,1  Oleft,l  Oright,1 R, T'peak,2  Oleft,2  Oright,2 R, beam Ref.
(aw)  (au)  (au) (aw)  (aw)  (aw) (")

CSCha 35 5.4 11 2005 | - - - - N 0.05x0.03 1
HD169142 26 2.6 2 0.8+0.2 | - - - - Y 0.03x0.02 2
HPCha 45 10 8 08+0.1 | - - - - N 0.05x0.03 3
ISO-Oph2 68 4.3 6.9 1.1+£01 | - - - - M 0.03x0.02 4
PDS70 76 15 9.7 07+0.1 | - - - - Y 0.07x0.05 5
RXJ1633.9-2442 | 36 7.7 8.5 1.1+0.1 | - - - - M 0.02x0.02 4
SR21 58 8.1 5.5 0.7+01 | - - - - M 0.04x0.03 6
SYCha 99 19 25 1.3+£00 | - - - - N 0.04x0.02 7
WSBS82 48 6.6 20 30+£0.2 | - - - - N 0.03x0.02 4
HD100453 30 3.8 5.2 14+£02 | - - - - N 0.04x0.03 3
HD100546 27 7.1 10 14+02 | - - - - N 0.06x0.05 3
J16042165 85 4.9 5.4 1.1+03 | 104 10 7.7 08+01 | N 0.06x0.04 8
DoAr44 47 4 3.8 1.0+ 0.2 | 60 10 8.9 09+£01|Y 0.03x0.03 4
GMAur 40 7.6 11.4 1.5+02 | 84 6.8 9.7 14+02 | N 0.05x0.03 9
HD97048 63 19 22 1.2+£0.1 | 167 30.1 36.9 1.2+01 | N 0.06x0.03 3
HD135344B 51 6.9 6.3 09+0.2 | 82 9.1 6.6 07+01|Y 0.05x0.04 10
J16100501 30 7.1 13 1.8+03 | 41 3.3 7.3 22+08 | N 0.05x0.04 11
LkCal5 70 15 6.4 04+02 ]| 9 19.5 23.15 1.2+01 | Y 0.07x0.05 11
SR24S 29 4.9 8 1.6 £ 0.2 | 47 7.1 9.1 1.3+£0.1 | N 0.04x0.03 4

¢ Presence of a pedestal: Y=Yes, N=No, M=Maybe.
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Refs: 1) Kurtovic et al. (2022), 2) Pérez et al. (2019), 3) Francis & van der Marel (2020), 4) Cieza et al. (2021), 5) Facchini et al. (2021), 6) Yang et al.
(2023), 7) Orihara et al. (2023), 8) Stadler et al. (2023), 9) Huang et al. (2020), 10) Casassus et al. (2021), 11) Facchini et al. (2020)



