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ABSTRACT

Vertical gas and dust flows in protoplanetary discs waft material above the mid-plane region in the presence of a protoplanet.
This motion may alter the delivery of dust to the planet and its circumplanetary disc, as well as through a planetary-induced
gap region and hence the inner disc chemistry. Here, we investigate the impact of a massive embedded planet on this material
transport through the gap region. We use 3D global hydrodynamic simulations run using FARGO3D with gas and dust species
to investigate the dust filtration and the origin of material that can make it through the gap. We find small dust particles can pass
through the gap as expected from results in 2D and that this can be considered in two parts — filtering due to the planetary-induced
pressure maximum and filtering due to accretion on to the planet. When gas accretion on to the planet is included, we find that
the larger dust grains that cross the gap (i.e. those with St ~ 10~*) originate from regions near the mid-plane. We also find that
dust and gas that enter the planet-carved gap region pass through the Hill sphere of the planet, where the temperature is likely to
be strongly enhanced compared with the mid-plane regions from which this material originated. Considering the application of
our simulations to a Jupiter-mass planet at ~ 100 au, this suggests that CO ice is very likely to desorb from grains in the close

proximity of the planet, without requiring any fine-tuning of the planet’s location with respect to the CO snowline.
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1 INTRODUCTION

Recent confirmations of protoplanet candidates such as PDS 70 b and
¢ with mass estimates of several Jupiter masses each (Keppler et al.
2018; Haffertet al. 2019; Mesa et al. 2019) and their associated rings,
continue to strengthen the theory that protoplanets can form structure
in protoplanetary discs (PPDs). Understanding material transport to
the planet and through the disc in the presence of massive embedded
planets such as these then becomes crucial to understanding what
consequences this has on the disc and planetary formation. Not only
does studying this motion allow us to comment on the origin of
material that comprises the inner disc regions available for further
planetary growth, but it also provides the first steps in understanding
the processes this material experiences on its journey to the inner disc
region, important for understanding the complex chemistry present
in terrestrial planets.

It is well known that the presence of a massive embedded planet
can lead to the formation of a gas gap in the disc (Lin & Papaloizou
1986), which subsequently inhibits the movement of large dust grains
through the gap region as the dust becomes stuck at the planet-
induced pressure maximum (Paardekooper & Mellema 2004, 2006).
This filtering is well studied in 2D where it has been shown that
dust with Stokes numbers less than the prescribed alpha viscosity
(Shakura & Sunyaev 1973) in the disc, St < «, are able to flow
through a gap (Rice et al. 2006). However, 2D simulations are perhaps
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no longer sufficient to model this behaviour. Studies have shown
there are significant vertical gas flows in these discs, including the
meridional gas flows that transport material into the circumplanetary
disc (Tanigawa, Ohtsuki & Machida 2012; Morbidelli et al. 2014;
Szuldgyi et al. 2014), and these are likely to change the flow of dust
through the planetary-induced gap region.

As seen in pre-ALMA theoretical studies, vertical settling of dust
grains is also an important factor for dust evolution in these discs,
implying that mm-sized dust strongly settles to the mid-plane while
smaller um-sized dust is present over several scale heights (Dubrulle,
Morfill & Sterzik 1995; Takeuchi & Lin 2002; Fouchet et al. 2007).
This has since been verified in ALMA observations of edge-on discs
showing this mm-sized dust settled in the mid-plane (Villenave et al.
2020). However, Bi, Lin & Dong (2021) show that massive planets
can stir small dust grains to high altitudes near the gap edges, thought
to be due to the planet-induced meridional flows. Szuldgyi, Binkert &
Surville (2022) and Karlin, Pani¢ & van Loo (2023) support this,
showing that accretion into the circumplanetary disc region occurs
through the poles, with outflow of material away from the planet in
the mid-plane. In each case, these papers present facets of the gas
and dust motion that support the need for 3D simulations to most
accurately model their behaviour in these discs.

Recent studies have also proposed a correlation between super-
Earths in systems with a cold Jupiter (Zhu & Wu 2018; Bryan et al.
2019; Rosenthal et al. 2022; Bryan & Lee 2024) suggesting that a
formation pathway for these planets is needed, while the formation
of a Jupiter-mass planet is typically thought to disrupt the availability
of material inside its orbit due to trapping. While this is still under
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debate (Barbato et al. 2018; Schlecker et al. 2021; Bonomo et al.
2023), it is important to understand the impact of a giant planet on
the flow of material through the disc as a result. The presence of an
inner dust disc inside the radial locations of PDS 70 b and c further
supports the idea that material can pass through a planetary-induced
gap region from the outer disc into the inner disc region (Pinilla et al.
2024). Although Best, Sefilian & Petrovich (2024) suggest transport
inwards in discs with massive embedded planets could be explained
by secular resonance sweeping that can move planetesimal rings
inwards by increasing their eccentricities, subsequently enhancing
the planetesimal surface density in the inner disc, it is important
to consider the motion of smaller dust through the disc that could
address this problem.

In this paper, we conduct 3D global hydrodynamic simulations of
gas and dust in PPDs with an embedded planet with planet-to-star
mass ratio of 1073 and a disc aspect ratio (h/r) of 0.1 at the planet
location. This latter choice is motivated by the increasingly stringent
resolution requirements for thinner discs and the fact that our long
time-scale integrations (thousands of orbits at the planet location) are
computationally expensive. Such a choice means that the calculations
are most directly comparable to the case of planets located at large
radii in the disc (30-100 au). For a solar mass star, the planet mass
is close to one Jupiter mass and corresponds, for this disc aspect
ratio, to a planet mass that is twice the pebble isolation mass. The
pebble isolation mass describes the minimum mass of an embedded
planet required to create a pressure maximum in the disc that can
inhibit the movement of typically mm-sized grains through a gap and
their accretion on to the planet (Lambrechts, Johansen & Morbidelli
2014). We explore the implications of dust filtering due to the planet-
induced pressure maximum, investigating which dust species are able
to permeate through the gap region, considering a range of simulation
parameters. Through tracking of particle paths, we study the origin
of material that can reach the inner disc, potentially being available
for further planet building in the inner disc.

The paper is organized as follows: in Section 2, we describe
the numerical setup in our simulations, including the accretion
prescription applied, the simulation parameters, and a description of
the Lagrangian particle tracking method used to further investigate
the motion through the disc. In Section 3, we present the results. We
consider the implications of these results and include a discussion
in Section 4 with a focus on the significance of the paths taken for
material that is able to make it through the gap within our evolved
discs, before concluding in Section 5.

2 METHODS

Here, we describe the simulation setup and parameters used, along
with the accretion algorithm added to compute accretion on to the
planet. We detail the simulation parameters used and a description of
additional test particle tracking from the outputs of these simulations.

2.1 Numerical model

2.1.1 Simulation setup

We use the hydrodynamics code FARGO3D (Benitez-Llambay &
Masset 2016) including treatment of dust dynamics (Rosotti et al.
2016) with the orbital advection algorithm (Masset 2000). The
accretion prescription described later in Section 2.1.3 has been
added in this work to include the accretion of gas and dust on
to the planet. Dimensionless units are used throughout such that
G = M, = ry = 1, where G is the gravitational constant, M, is the
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mass of the central star, and r is the fixed radial orbit of the planet,
ro=rp,=1.

FARGO3D solves the hydrodynamic equations, having first sub-
tracted the Keplerian velocity field, on a fixed mesh. The equa-
tions solved are the continuity and momentum equations

0p

— 4+ V- =0, 1
3 + V- (pv) ()
ov VP

— +v-Vv4+ — =g, 2)
ot P

where v is the velocity in a cell, p is the density, P the pressure, and
g a gravity term. The Navier—Stokes equation,

0
p(a—: +V~VV> =—-VP+V -THFex
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is also solved where F.y, is an external force due to gravity and T
is the viscous stress tensor. A pressure—density relation for a locally
isothermal equation of state with the form P = pc? is used, where
¢, is the local sound speed. No magnetic fields are included.

Running these simulations in 3D, reflection symmetry about the
mid-plane is assumed such that only one side of the disc is modelled
using spherical coordinates (r, 6, ¢). In post-processing, cylindrical
coordinates in (¢, R, z) are also used to show the results. We use a
domain of r € [0.3, 3.0] in radius, with cells spaced logarithmically,
apolar extent of 6 € [/2 — 3H,, /2], where 6 is defined from the
axis of symmetry and H, is the scale height of gas in the disc at the
planet location, and ¢ € [—m, ] in azimuth. Both the azimuthal and
polar cells are spaced uniformly, and we use code units throughout.
A resolution of (N,, Ny, Ny) = (512, 60, 1024) is chosen resolving
the scale height in the disc polar direction by 20 cells at the planet
radial location.

Closed boundaries are used for the radial boundaries and for
the surface of the disc to prevent additional inflow of material.
In particular, re-supply of dust through the outer radial boundary
is prevented in this way in order to allow us to investigate the
differences between motion of various dust species into the inner
disc as we initialize each dust species with the same initial mass in
the disc. This lack of re-supply from large radii means that at any
subsequent time in the simulations, this fixed initial dust budget is
divided between fractions that are (a) still in the disc and (b) accreted
by the planet. The mid-plane boundary is reflecting to mimic the full
disc behaviour in our half disc. Stockholm damping is prescribed
for the radial velocity of the gas in the inner and outer boundary
regions to prevent the production of artefacts from reflection at the
boundaries (de Val-Borro et al. 2006; McNally et al. 2019). This
damping is not applied for the dust species.

The disc itself is modelled using a flaring index of f = 0.25,
where the disc aspect ratio is described by i = hor/, where hy is the
aspect ratio initialized at the planet location, , = 1. The aspect ratio
is also described by h = H /r with H, the disc scale height, defined
by H = ¢,/ 2, where the sound speed c; is a function of cylindrical
radius R. Here, we use a disc with H/R = 0.1. The flaring increases
the disc thickness with distance from the star (Kenyon & Hartmann
1987), such that the temperature profile follows:

R\ 12
T(R)oc(R—) . )

0

From Shakura & Sunyaev (1973), the kinematic viscosity is
described as

v=oqacH, 5)
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Table 1. Simulation parameters. Note that the name of each simulation used illustrates the key simulation parameters starting with the equivalent to a
Jupiter planet mass for a solar mass star, and noting the Schmidt number (Sc) used for dust diffusion, the disc alpha viscosity («), and whether gas accretion
is included should these values vary from the fiducial model. The table includes these values of «, Sc, the total number of dust species run, and the Stokes
numbers of these dust initialized at the planet location at simulation setup. The last column specifies whether gas accretion is included alongside the dust

accretion that is included for all simulations.

Simulation o Sc  # Dust species Stokes numbers Gas accretion
Fiducial 1073 1.0 5 1071,1072, 1073, 1074, 107> Yes
Jup_Sc10 1073 10.0 4 1072,1073, 1074 Yes
Jup_alpha3_3 3x 1073 1.0 5 1071,1072, 1073, 1074, 1073 Yes
Jup_no_gasacc 1073 1.0 8 1071,1072,7 x 1073,5 x 1073,3 x 1073, 1073, 107*, 1073 No
Jup_Sc10_no_gasacc 1073 10.0 4 1072,5 x 1073, 1073, 10~* No
Jup_alpha2_no_gasacc 102 1.0 5 1071,1072, 1073, 1074, 107> No
Jup_alpha3_3_no_gasacc 3x 1073 1.0 5 1071,1072, 1073, 1074, 1073 No

using the alpha viscosity, «. For our fiducial setup this is set to
a = 1073; however, we include simulations with larger alpha values
for comparison. Dust diffusion is also included with a default Schmidt
number (ratio of kinematic viscosity to diffusivity) of Sc = 1.0
unless stated otherwise. Diffusion is applied by modifying the speed
at which the dust density and momentum are advected at, using
diffusive velocities computed with vp = Fp/ X, where Fp describes
the diffusive mass flux as Fp = —(v/Sc)%,V(Z,/%,). Here, &
describes the surface density of the dust (d) or the gas (g). A weaker
dust diffusion using a value of Sc = 10.0 is also investigated.
The initial density profile in the gas follows:

R\’ GM, /1 1 ©
= ref | &5 X ex D s
Pg0 = Pg0,ref R p 2 \r R

such that the density in the gas has an approximately Gaussian profile
in the vertical extent of the disc, and a power-law dependence on
cylindrical radius, R. Here, p = —1 is adopted and o0 rcf is related
to the surface density, at the reference value ry = R,f = 1 according
to,

o 250
0,ref — .
e V2 H

The value of Zgg is 6.3 x 107 in code units, resulting in a gas disc
mass of M, = 0.01M,, in the case that r = 1 corresponds to 100 au.

We investigated the transport and accretion of grain sizes with mid-
plane Stokes numbers at the planet location between 107> and 10~.
The initial dust density is assumed to follow the above density
distribution, adopting an initially fixed dust-to-gas ratio of 0.01. The
choice of this dust-to-gas ratio is arbitrary since we neglect feedback
from the dust on the gas in these simulations.

As described in Section 1, we focus on a planet mass that exceeds
the pebble isolation mass. We use the equivalent of a Jupiter mass
planet in our code-unit simulations such that M, = 0.001M,, which
is kept fixed. The planet is kept on a fixed circular orbit with a gravita-
tional smoothing parameter of 0.1r, the value of which is the same
as for the sink region used in our accretion prescription described in
Section 2.1.3, so as to avoid smoothing beyond the accreting region.
Here, ry is the Hill sphere of the planet, described by

1
M, \3
rH=T) (73Mp> . 8)

The simulations are allowed to run for a minimum of 1000
planetary orbits for the large dust species that evolve quickly, with
longer run times up to 2000 orbits used for the smallest dust grains
that take longer to reach a quasi-steady state. This quasi-steady state
is determined such that the azimuthally averaged surface profiles

O]
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show only small variations over several hundred orbits. Since Bi et al.
(2021) show that the azimuthally averaged gas profile is still evolving
at 1000 orbits in 3D simulations, but the profiles at 2000 and 3000
orbits show good agreement, we run the gas in each case for 2000
orbits and as such suggest this should also be sufficiently long for the
well-coupled small dust grains above. Since the total duration of the
simulation is a small fraction of the viscous time-scale at the location
of the planet, one therefore expects the gas to evolve only as a result
of the localized changes induced by the planet. The full set of simula-
tions run and their key disc and dust parameters are shown in Table 1.

2.1.2 Dust dynamics

We treat the dust as a pressure-less fluid such that it would describe
Keplerian orbits in the absence of gas in the disc. The presence of
gas therefore influences the dynamics of the dust, with the impact of
this effect determined by the Stokes number in terms of the stopping
time of the particles, z,, as

St = 1,Qk, )

where the stopping time characterizes the drag force experienced by
the dust grains as described below.

We assign fixed particle grain sizes to each dust fluid across the
domain. These are specified in terms of the initial mid-plane Stokes
number at the location of the planet at 7, = 1 as shown in Table 1.
The drag is then modelled assuming the particles are in the Epstein
regime, such that in the limit of Epstein drag the Stokes numbers are
given by
ap; 2k

PgCs '
Here, the dust grain internal density, p;, is set to a constant value of
p; =1 g cm™ to represent approximately micron-sized grains for
St = 107! initialized at the planet radius in the mid-plane. a denotes
the radial size of the grains, and p, the surrounding gas density. The
stopping time of these particles is computed through,

_ ng.ref Cs, ref StOA,ref
- bl
Pg Cs K ref

2 (1)
using reference values in the mid-plane at r,, denoted with ref, and
is used in the equation for the dust velocity, given by

an

1
S Ve VVg=——(Va—V,) + g, (12)
ot t

where v, specifies the dust velocity and v, is the gas velocity.
The effect of drag is to cause dust to drift towards a pressure
maximum (Whipple 1972; Weidenschilling 1977), which is typically
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the disc inner edge in the case of a smooth disc. Hence, in the case of
a massive embedded planet that can alter the gas density, depleting
the gas density at its radial location to create a gap, the dust can be
stopped beyond the radial orbit of the planet at the planet-induced
pressure maximum. The minimum mass for a planet to create a
pressure maximum is known as the isolation mass, Mjs,, which is
approximately given by

H/r 3
Miso ~ 20M gy 005 ) 13)

determined using hydrodynamical simulations in 2D in Lambrechts
et al. (2014), and in 3D in Bitsch et al. (2015). We use H/R =
0.1 throughout, resulting in M5, = 0.5M . For our simulations, the
planet mass is therefore twice the isolation mass, such that a deep
gap similar to those observed is formed.

2.1.3 Accretion prescription

Accretion on to the planet was included following the method from
Li et al. (2021) and previously in Tanigawa & Watanabe (2002),
D’Angelo, Kley & Henning (2003), and Dobbs-Dixon, Li & Lin
(2007). This method uses a sink at the planet location from which
the mass accretion rate on to the planet is determined via,

A
h, = { /0 Amp(r)rtdr. (14)

Here, f/t describes the fraction of mass that is accreted per unit time
within the sink region, as f describes the accretion factor and t the
time-scale for the removal of this mass. We employ f/t = %Q p for
the gas, where €2, is the Keplerian angular frequency of the planet.
We used f/t = ZU—OQ p for the dust, which was found to be robust
(in the sense that the resulting accretion rate being insensitive to the
value of f/t from the investigation in Appendix A). The integral in
equation (14) is the mass of material in the sink region which has
radius A = 0.1ry.

As giant planets typically have circumplanetary discs (CPDs)
of size of ~ 0.3 —0.5ry (Quillen & Trilling 1998; Ayliffe &
Bate 2009; Martin & Lubow 2011), the simulations here include
the circumplanetary disc in the computational domain, within the
planetary Hill sphere, but it is poorly resolved (see below).

The simulations have a resolution high enough to resolve this
sink radius such that at the location of the planet the cells have
lengths dr, rd6,rd¢ ~ 0.65A, 0.72A, and 0.88 A, respectively. The
accretion rate is computed by summing the contributions to this value
from all cells that lie within the sink region. To prevent overestimation
of the accretion rate due to cells with large volumes beyond the sink
region, the mass of each cell contributing to accretion on to the planet
is adjusted to take into account the proportion of the cell inside the
sink region, P., such that

ip=1 3 B (1s)

cells
in sink

where V, is the volume of the cell and p, is its density. Convergence
in the accretion rates over different resolutions in 3D can be seen in
Appendix B.

The accretion prescription is applied to both the gas and dust for
three of these simulations, with four simulations run excluding gas
accretion. Since it is known that the gas accretion impacts on the
gap structure formed (Bergez-Casalou et al. 2020; Rosenthal et al.
2020), this allows us to bracket the range of possible accretion rates
of the dust, where excluding gas accretion essentially creates an
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environment where the gas accretes at its slowest, and including gas
accretion forms an upper bound on the gas accretion, with potential
consequences on the dust accretion rate.

2.2 Post-processing of particle trajectories

We post-processed the simulations using a Lagrangian particle
tracking method to investigate the evolution of material once the
simulations had reached a quasi-steady state. Both forwards and
backwards tracking of particles in time was conducted to check the
method works as intended.

This was conducted by tracking a total of 3120 particle paths with
initial positions evenly distributed along the polar and azimuthal
domains at a fixed selected radial location. A time-step was chosen
such that this was less than the crossing time of a particle across a cell
to ensure the movement of a particle during each step was fine enough
to provide accurate tracking. When computing the updated locations
at each time-step, the velocities of particles used are computed by
interpolating the velocities in each axis from the FARGO3D outputs.
These velocity arrays are averaged over an additional 100 planetary
orbits from the end of the simulation since, although the simulation
has reached a quasi-steady state by this point such that the average
velocities are not changing, there may be fluctuations in these velocity
arrays over short time-scales captured in individual outputs. This
averaging is designed to mitigate the effect of these fluctuations on
the computed trajectories. The particles were integrated in a frame
co-rotating with the planet, and in each case, particles are allowed
to evolve until they reach the location of the damping zone, or until
a fixed r = 4000 in dynamical time (where the orbital period of the
planet is 27 in these units).

3 RESULTS

Initially, we study the impact of the planet on the dust filtration into
the gap region, before moving on to present a more detailed analysis
of particle trajectories through the gap considering starting positions
at different heights in the disc.

3.1 Dust filtration

As in the case of previous 2D simulations, we find in our 3D
simulations that the dust flux through the gap continues to be
dependent on Stokes number, with the well-coupled, i.e. lower Stokes
number dust, able to make it through a planetary-induced pressure
maximum while larger dust is inhibited in its inwards motion into
the gap. This can be seen in Fig. 1, where the ratio of the minimum
surface density in the gap region between the planet and the outer
disc to the maximum surface density in the outer disc is shown. Here,
it is clear that with increasing grain size (initial Stokes number),
the proportion of dust that is prevented moving inwards increases,
leading to a deeper gap region. The dust gap depth is also affected by
the inclusion (exclusion) of gas accretion, where shallower (deeper)
gaps are shown for small grain sizes, while larger dust grains have a
deeper (shallower) gap. While this increased filtering of large grains
is expected when gas accretion is included due to the deeper gas gaps
and therefore filtering on these grains at the pressure maximum, the
small grain result is unexpected but arises from a small difference
in the gas disc structure, where excluding gas accretion leads to a
higher gas surface density at the outer gap edge where the evolution
of small grains into the gap region is slowed leading to deeper gaps.
We have not included the & = 1072 results here as the larger alpha
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Figure 1. Ratio of dust surface density in the gap (excluding azimuths within
2ry either side of the planet azimuth ¢,) to the maximum in the outer disc
as a function of the initial Stokes numbers for the dust in each simulation:
simulations with @ = 1073, Sc = 1.0 (blue), with @ = 3 x 1073, Sc = 1.0
(orange), and @ = 1073, Sc = 10.0 (red). In each case, a solid line indicates a
simulation including gas accretion, while a dashed line indicates a simulation
without. The o = 10~2 simulation has values close to 1 and are therefore not
plotted.

viscosity prevents the formation of a pressure maximum beyond the
planet allowing all particles with St < 1 through.

By taking the radial fluxes computed for all cells, and summing
over the polar and azimuthal domains, we can show the impact of
this pressure-maximum filtering on the radial flux in the gap region.
We find that in the fiducial setup, with o = 1073 and Sc = 1.0,
the largest grains able to make it into the planetary-induced gap
region in non-negligible proportions have initial Stokes numbers of
St < 1073 when gas accretion is included, and between 5 x 1073 <
St <7 x 1073 for the more finely simulated range of dust without
gas accretion. This is shown in Fig. 2, where the radial flux values just
beyond the planet location at r, + ér are plotted. Here, ér = 0.02
such that this radial value is well in the gap region whilst remaining
beyond the planet accretion sink. This radial flux includes both the
flux that is later accreted by the planet and that which makes it into
the inner disc. In each parameter setup with Sc = 1.0, we find that
for St < « a significant flux of material is able to make it into the gap
region. The Sc = 10.0 simulation shows a similar trend; however,
we do not present results for Sc = 10.0 and St = 10> due to the
prohibitively long time-scale required to achieve a steady state.

We can also consider the filtering in the gap region itself due to
the accretion on to the planet as seen in Fig. 3. Here, the trend for all
simulations is that whereas dust with smaller initial Stokes number
passes more readily into the gap region (Fig. 2), it is more likely, once
it has entered the gap region, to be accreted by the planet. On the
other hand, dust with higher Stokes number is preferentially trapped
exterior to the planet; however, grains with higher Stokes number
that do succeed in entering the gap are more likely to traverse the gap
without being accreted by the planet. This proportion is computed by
taking the radial flux, summed over polar and azimuthal domains, at a
distance dr either side of the planet radially and from this quantifying
the proportion unable to pass through the location of the planet.
We verify that this difference matches the accretion rate on to the
planet computed with our accretion prescription. In the case where
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Figure 2. Radial flux of dust in the gap at r, 4+ dr as a function of initial
Stokes numbers for the dust in each simulation. Labels are the same as
described in Fig. 1, with the addition of the Sc = 1.0, « = 1072 simulation
(green).
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Figure 3. Proportion of dust radial flux reduction due to planetary accretion
taken from flux measurements a distance 6r either side of the planet radially
as a function of their initial Stokes numbers. Labels are the same as described
in Figs 1 and 2.

material is seen to be stuck beyond the planet from surface density
profiles, these values are set to 0.0. The trends seen in Fig. 3 can be
explained considering the drift time-scales of the dust species — those
that are well-coupled to the gas will drift on longer time-scales, a
consequence of which is spending a longer time in the region from
which the planet is able to accrete. Conversely, the larger grains
that drift more quickly, have a shorter available time when they are
within the accretion region of the planet, and therefore have a reduced
accretion fraction and filtration through the planetary location.

This trend is evident regardless of the inclusion of gas accretion.
However, it should be noted that when including gas accretion a
greater proportion of the small dust that is able to reach the planet is
accreted. This, combined with the greater amount of this small dust
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Figure 4. Streamline plots for dust particles with initial Stokes numbers of St = 10~2 (top) and St = 103 (bottom) in the fiducial simulation with gas accretion
at 2000 orbits. Arrows show the motion in the (log;y(r), 6) plane at the azimuthal location of the planet, ¢ = 0.0, where the planet is denoted by a star symbol,
with two surrounding dashed circles for the sink and Hill sphere of the planet, respectively. The background colourmap shows the density in the slice at the same
location for each species. In each case, meridional flows are shown with motion towards the planet vertically, while outwards flows radially from the planet

move material away from the planet.

that can pass through into the gap region, leads to a greater proportion
of material accreted by the planet for these species.

3.2 Meridional motion

Here, we find that meridional motion flows in the fiducial simulation
are induced by the presence of a planet across essentially all grains
simulated; the exception to this is the largest St = 0.1 dust grains,
where the gap region is significantly depleted in these grains and
vertical settling dominates over any radial motion. We show the
meridional flow patterns for St = 1072 and St = 1073 grains in
Fig. 4, and note that the profiles for the St = 10~* and St = 1073
are similar in morphology. The gas morphology for this fiducial
simulation including gas accretion is also similar to the smaller dust
species St = 1073 shown in Fig. 4 at 2000 orbits, and this motion is

largely unchanged from the flow at 1000 orbits as shown in Fig. 5.
However, in the case without gas accretion included, the meridional
flows show a notable evolution from 1000 orbits to 2000 orbits,
moving away from the standard meridional motion, to one where
the inner flow dominates such that the vertical flow does not reach
as far into the planetary Hill sphere. This difference is presumably
because the density in the Hill sphere reaches a steady state and
stops accreting in the case without gas accretion, while it continues
circulating and accreting when gas accretion is included.

While these profiles are expected for our planet and disc pa-
rameters, we can also consider how the morphology changes in
simulations with varying disc turbulence, and weaker dust diffusion.
We find that in both the « = 1072 and o = 3 x 10~ simulations,
signatures of the meridional circulation also manifest for the St = 0.1
particles that are no longer significantly depleted in this region. These
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Figure 5. Streamline plots for gas in the simulations with standard parameters, @ = 1073 and Sc = 1.0 for, left: simulations including gas accretion, right:
simulations excluding gas accretion, where the top row shows results at 1000 orbits, and the bottom at 2000 orbits. As in Fig. 4, arrows show the motion in the
(logy(r), ) plane at the azimuthal location of the planet, ¢ = 0.0, where the planet is denoted by a star symbol, with two surrounding dotted circles for the
sink and Hill sphere of the planet, respectively. The background colourmap shows the density of the gas in the slice. While the radial location further from the
star (right) has signatures of the meridional motion, this feature is not seen on the other side.

have the form of a full meridional morphology either side of the planet
for the simulations excluding gas accretion, and a weaker meridional
flow for the & = 3 x 10~ simulation with gas accretion included.
This is unlike that of the St = 0.1 grains in the « = 1073, Sc = 1.0
simulations where the vertical motion dominated in the case of the
severely depleted gap region. The fact that this meridional circulation
is apparent in all dust species run with these larger alpha parameters,
suggests that the meridional motion should be present where the gap
region has a non-negligible dust density, depending on the dust grain
size and the turbulence of the disc for this planetary mass.

In our weaker dust diffusion simulations with Sc = 10.0, the
gas motion is unchanged from the fiducial Sc = 1.0 case, and we
continue to see the meridional circulation across the dust simulated
here with 10~ < St < 1072. We do, however, note that although
the streamline morphology is similar to the Sc = 1.0 simulations
with and without gas accretion, respectively, the dust density is more
depleted within this gap region, especially at higher latitudes where
St = 1072 grains have densities close to the density floor. Running
these grains for longer time-scales would result in the complete
depletion of this species in the vicinity of the planet and as a result
this motion would no longer be seen.

Recent 3D simulations have highlighted that material passing into
the circumplanetary disc, and potentially accreting on to the planet,
does so via this meridional motion, such that it will travel via the poles
of the circumplanetary disc to the planet, and away from the planet in
the disc mid-plane. While this was previously shown for St = 1073
dust by Bi et al. (2021) and in St = 2 x 1072 dust in Szul4gyi et al.
(2022), we show this here over a wider range of particle sizes and
under different disc parameters.
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3.3 Inner disc material origins

Material that makes it through to the inner disc is material that will
be available to potentially contribute to the formation of terrestrial
planets. Hence, in order for us to understand more about their origins
and any implications of the paths taken through the gap, we need
to determine the origins of this material in the disc. Furthermore,
investigating the trajectory of particles through the gap is important
due to the impact that heating along their journey, such as from
the accretion luminosity of the planet, may have on the chemical
composition of these grains.

To do this, we tracked particles from a location outside the outer
gap edge but inside the location of the pressure maximum forwards
in time. Of particular interest are the paths of material from the outer
disc whose final tracked positions lie in the inner disc.

3.3.1 Gas motion through the gap

Splitting the initial heights of particles in the outer disc into windows
of 0.5H, a proportion of gas particles from all initial disc height
windows in the fiducial simulation, with Sc = 1.0 and @ = 1073, are
able to cross the gap. A sample of this behaviour is seen in Fig. 6
for gas particles originating from 1.5to 2.0H that make it through
the gap region. Examining this behaviour more closely, this material
ends up close to the mid-plane in the inner disc, with final vertical
positions between 0.0 and 1.0H for all gas particle paths that make it
through. This result implies that the inner disc gas is composed of a
mix of gas originating in the outer disc, and the gas that was already
available in this region prior to planetary gap formation.
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Figure 6. Gas particle tracks for material that is able to make it into the inner
disc in the fiducial simulation including gas accretion for particles starting
with initial heights between 1.5 and 2.0H. Each line, and also colour, shows a
different particle path, with the general trend being that particles drop a scale
height towards the gap region before crossing the gap, falling in altitude. The
dotted lines indicate the 1H and 2H scale heights of the disc. The paths are
tracked to a radial value minimum of r = 0.4 so as not to include motion
within the Stockholm boundaries.

Regardless of initial height in the outer disc, all gas particles that
traverse the gap do so via horseshoe orbits, an example of which is
shown in Fig. 7(a). In addition, all particles that make it through the
gap region with initial heights below 2.0H do so passing through the
Hill sphere of the planet, as seen in Fig. 8(a). For higher initial heights,
this proportion of trajectories passing through the Hill sphere of the
planet decreases, with cumulative frequency values of 0.79 for gas
with initial heights 2.0H < H; < 2.5H, and 0.22 for initial heights
2.5H < H; < 3.0H.

The proportion of gas particles from this initial radius outside
the planet that make it through the gap region generally increases
with distance above the mid-plane. From this, we can determine
where most of the material that makes it through the gap comes
from by multiplying the probability of success with the half scale
height window averaged density at the initial radial location in the
outer disc. From this, we find that the greatest amount of gas passing
through the gap originates from scale heights H; < 1.5H, as seen in
Fig. 9(a).

3.3.2 Dust motion through the gap

As expected when investigating the dust species that make it through
the gap region, the small grains have behaviour similar to the gas,
being much more efficient in passing through the gap than large dust,
as previously seen when examining the dust filtration in Section 3.1.
As with the gas, the small grains, with St = 10™* and St = 107>,
that make it through the gap do so following the horseshoe paths in
agreement with Binkert, Szuldgyi & Birnstiel (2023). These do so
largely passing through the Hill sphere of the planet when considering
the face down view of the disc, an example of which is shown in
Fig. 7(b) for the St = 107> dust.
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Figure 7. Particle paths of material that successfully makes it from the outer
disc into the inner disc region, for gas (top) and St = 1073 dust (bottom).
Each line shows the path taken by a particle passing through the gap region,
displayed over the density of the same species at 2.0H in the disc, with
all particles shown originating from initial heights between 1.5and2.0H.
Ellipses depicting the planetary Hill sphere and sink radius are shown above
the planetary location at ¢ = 0, = 1. The y-axis is sliced to zoom in on
these paths through the gap region, therefore this does not span the entire
radial domain.

It can be seen in Fig. 8 that most particles with St < 10~ that move
through the gap region pass within this planetary Hill radius. Here,
the particles starting from higher scale heights in the disc do not pass
through the gap as closely to the planet as those originating from
lower scale heights. Particles that pass through the gap with initial
heights H; < 2.0H all pass through the Hill sphere of the planet,
with 94 per cent of particles from initial heights 2.0H < H; < 2.5H
and 62 per cent of particles from initial heights 2.5H < H; < 3.0H
passing through the Hill sphere. Note that this is a larger proportion
through the Hill sphere for these higher initial scale heights than
for the gas above. Furthermore, for the larger St = 10~ dust, all
particles that make it through the gap region pass through the Hill
sphere of the planet.

Considering the proportions of this dust through the gap region
referring back to Fig. 9(a), we can see that the flux through the
gap as a function of original height is broadly similar for these
dust species as for the gas. The proportion through the gap region
computed using our tracking method shows a tendency for reduced
transport in trajectories originating near the mid-plane as the Stokes
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Figure 9. Red histogram: histogram of fraction of particles in each bin of initial half scale height that make it through the gap. Blue histogram: histogram of
fraction of total flux of particles that make it through the gap that originate in each bin of initial height, obtained by weighting by the density average in each
initial scale height bin and re-normalizing to unity. The results for the fiducial simulation with gas accretion are shown on the left, and that of the simulation
excluding gas accretion on the right, where the dust of St = 10~* is shown on top, St = 107 in the middle, and gas results on the bottom in each case.

number is increased. Multiplying by the average density in the
half scale height window, however, returns the highest mass flux
through the gap region for the St = 10~ grains for H; < 0.5H, and
for St =107 grains between 1.0H < H; < 1.5H, with mass flux
through the gap for both species being markedly reduced for initial
heights H; > 2.0H.

Conversely, for the same simulation without gas accretion, the
small dust grains St = 107> and 10~ cannot make it through the
gap region from initial heights in the outer disc of H; < 1.0H. Sub-
sequently multiplying by the average density in the half scale height
window shifts the highest mass flux through the gap for these particles
to higher initial scale heights between 1.5H < H; < 2.0H for the
St = 10"* grains, and between 1.0H < H; < 2.0H for St = 1073
grains as shown in Fig. 9(b).
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In both cases, the transport of large dust across the gap is strongly
inhibited. Tracking paths of 1073 < St < 0.1 dust from the outer disc
inwards returns no particles across the range of initial positions run
that successfully make it into the inner disc. Instead these get stuck
beyond the planet in the pressure maximum region.

3.4 Dust diffusion versus disc viscosity

To consider whether the dust diffusion or viscosity has a greater
impact on the dust filtering through the gap region formed in the
presence of an embedded planet, we explore the behaviour varying
these parameters.

Referring back to Figs 1 and 2, it is clear that reducing the
dust diffusion, through the use of a larger Schmidt parameter of
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Sc = 10.0, results in a dust filtering effect that is more prominent
than in the fiducial case, with dust being easily prevented from
making it into the gap region. Consequently these simulations have
a deep gap region, with less dust flux reaching the planet and a
decreased proportion of this dust accreted in Fig. 3.

Varying the viscosity parameters from the fiducial o« = 1073,
again referring to Figs 1 and 2, show that a smaller alpha viscosity
parameter leads to a greater filtration of large dust grains into the
gap region, with the fiducial value of alpha resulting in the greatest
prevention of transport though the gap region for the largest grains
with initial St = 0.1. At the largest alpha parameter value considered
here of & = 1072, the large dust has behaviour against the trend in
other simulations, with the largest dust being able to pass into the
gap region entirely as the viscosity acts to fill in the gap region. This
behaviour is expected as the lack of a pressure maximum formed
allows the large dust to move inwards without experiencing trapping
beyond the planet, where deeper gaps result in greater filtration
of larger dust grains. The impact on the small Stokes numbers is
less significant, with values of the St = 10~ dust prevented getting
through the gap region due to accretion on to the planet converging to
0.82,0.76, and 0.59, for the alpha parameters (without gas accretion),
a =1073, 3 x 1073, and 1072, respectively. This can be explained
by the time required for particles to cross the accretion region of
the planet since the radial speed of tightly coupled grains has a
linear dependence on the disc viscosity. Therefore the grains in the
o = 1072 case cross the accretion cross-section of the planet on the
shortest time-scales, leading to the least time spent in this region and
less accretion on to the planet as a result.

3.5 Gas accretion versus no gas accretion

Our standard simulation includes gas accretion on to the planet,
however, since gas accretion changes the gap structure in these discs,
we include a set of simulations without gas accretion to directly
examine the influence that gas accretion has on the transport of
material through the disc.

Excluding gas accretion both increases the surface density of the
gas in the gap region and the pressure support at the location of the
planet, resulting in a difference in the transport through the disc for
both the gas and dust. We find the proportion of particles crossing the
gap to be much higher than in the simulation including gas accretion
on to the planet, as shown in Fig. 9. This is likely due to stronger gas
flows from the outer disc to the planet’s radial location in this case.
We also find that excluding gas accretion, and therefore increasing the
pressure support at the planet location, prevents particles originating
from lower initial scale heights in the disc from passing through the
gap region, shifting the highest mass flux through the gap region
away from the mid-plane when accounting for the densities in the
outer disc. This is demonstrated in Fig. 5(d) where flow into the
planetary Hill sphere from the side further from the star enters from
higher scale heights. This can be compared to the simulation with
gas accretion (see Fig. 5c) where the gas flow is similar to the flow
patterns shown for small dust particles in Fig. 4 with motion into the
Hill sphere from closer to the mid-plane. As a result, excluding gas
accretion shifts the flow of gas that enters the planetary Hill sphere
and through the gap region to higher scale heights, and likewise this
expands to the small dust grains that are well-coupled to the gas.

4 DISCUSSION

Here, we discuss the implications of our results on the potential
chemistry of the inner disc region. In what follows, it should be kept
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in mind that the simulations presented here have been conducted
assuming a locally isothermal disc, and the exclusion of a more
detailed temperature structure and additional physics may change
the dust filtering and motion through the gap region.

4.1 Implications of grain transport for the chemistry of the
inner disc

To understand the impact of this movement of grains across the
region of the planet in terms of the composition of the disc, we need
to consider what gets through the gap region and in what quantities.

Dust particles with St < o have been shown to make it through
the gap in 2D, and most recently in 3D as Karlin et al. (2023) showed
that large dust grains have inefficient accretion into a circumplanetary
disc due to dust filtration at the pressure maximum at the outer edge of
the gap. Here, our simulations are run for longer time-scales and we
investigate the dominant mechanism behind this transport through the
gap region by varying our disc diffusion and disc viscosity parameters
separately, as seen in Section 3.4.

Whereas the simulations that do not account for gas accretion
on to the planet show that the material that flows through the
gap preferentially originates from the upper layers of the disc,
once planetary gas accretion is included this tendency is weakened
(Fig. 9). Indeed, the largest particles that flow through the gap (see
Fig. 2), which can be expected to contain the majority of the dust
mass flowing through the gap, predominantly originate from less
than 0.5H. Given that the disc aspect ratio used in the simulations
corresponds to placing the planet at around 100 au, such grains
originate from regions that are well below the CO vertical snowline
(Dutrey et al. 2017; Pinte et al. 2018) and it can thus be expected
that these grains arrive in the planet induced gap region with icy CO
mantles.

With the influence of dust filtering on large grains, we should
expect a reduced dust-to-gas ratio of material accreting on to the
planet as a result, and would hence have lower metallicity material
accreting on the planet and moving to the inner disc regions.
However, Szulagyi et al. (2022) find that mm-grains can get trapped
more easily in the CPD than the gas suggesting that this could
lead to an enrichment in solids within this region compared to the
circumstellar disc. Due to resolution limitations in both their work
and ours, monitoring the CPD mass itself will not produce correct
results. Instead they monitor the change in the Hill sphere mass over
a planetary orbit. Doing the same here over the last 15 planetary
orbits, we find that our smallest dust grains have lower Hill sphere
masses than the gas mass divided by the initial gas-to-dust ratio of
100. Larger dust grains are increasingly depleted in this region, and
there are no significant changes over the time period monitored, a
result of reaching a near-steady state. Consequently the Hill sphere
appears to be less enriched in solids than the outer disc region as
a result of the dust filtering, the difference of which may be due
to the longer run times used here that are an order of magnitude
longer.

4.2 Accretion luminosity impact on chemistry

It is important to investigate how the dust crosses the gap to
understand the potential consequences this has on the chemical
composition of this material, considering the processes that this
material may be subject to on its journey. For example, additional
thermal processing from the accretion luminosity of the planet can
lead to sublimation of volatiles originally stored in ice on dust
particles en route to the inner disc.
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We have previously (Section 4.1) argued that the bulk of grains
arriving in the gap region for the planet modelled (corresponding
to a Jupiter mass planet at ~ 100 au) would be coated with icy
CO mantles. Cleeves, Bergin & Harries (2015) explored the thermal
influence of such a planet in the case of an accretion rate on to the
planet of M, = 1078 M, yr~! which is similar to that of our fiducial
simulation of M p~2X 108 M, yr~'. Cleeves et al. (2015) showed
that the temperature in the gap region is around 50 per cent larger
than that of the ambient mid-plane disc and that moreover, within
the planetary Hill sphere the temperature is enhanced by a further
~ 30 per cent. When this is combined with the result from our
simulation that the majority of paths crossing the planet-carved gap
have passed through the Hill sphere of the planet, it is inescapable
that CO will come off the grains at this point. The ultimate fate of
CO vapour being released within the planetary Hill sphere cannot,
however, be addressed by our simulations since they do not track
diffusive motions in the gas. Future implementation of live volatiles
within our simulations would be needed to determine whether the
released CO is predominantly accreted on to the planet or conveyed
to the inner disc where it would re-condense on grains.

4.3 Simulation caveats

Work has been done to highlight the importance of including radiative
transfer in these models. Szulagyi et al. (2022) include radiative
transfer in their simulations and find that the gap width varies
at different heights due to the vertical temperature gradient. They
comment that this effect also influences the dust distribution at
different heights in the disc, and therefore without taking into account
all heating and cooling mechanisms here as they conducted, the dust
filtering may be subject to change. This is supported by work done
iterating between hydrodynamic and radiative transfer simulations
by Chen et al. (2024), finding that deeper and wider gaps are found
compared to the case without iterative radiative transfer. Ziampras,
Nelson & Rafikov (2023) further stress the importance of realistic
cooling in their simulations, showing that radiative cooling affects
the structure of the gaps formed. We note that Cummins, Owen &
Booth (2022) show with sub-isolation mass planets that the presence
of vortices may make a difference to the dust accretion, however, we
would need to include the luminosity from the planet to determine if
they are present here.

The exclusion of dust coagulation and fragmentation is also likely
to impact the total amount of material that makes it through the gap.
Stammler et al. (2023) suggest that dust fragments in the outer disc
beyond the gap region, and find that in fragmenting, this smaller dust
is then able to pass through the gap region into the inner disc. They
find that even in the presence of a Jupiter mass planet, the entire dust
mass reservoir from the outer disc is able to filter through into the
inner disc in their 1D models, with larger planet masses inducing
deeper gaps that subsequently require longer times for this process
to occur. While we don’t include dust growth and fragmentation
within our simulations, the result Stammler et al. (2023) find would
suggest that eventually all the dust that appears to be stuck in the
outer disc in our simulations would fragment to smaller sizes that
are able to pass through the gap region, depleting the outer disc.
Providing this fragmentation occurs in the 3D case, our simulations
agree that the outer dust disc will be depleted through the transport
of small grains through the gap region, albeit with a large proportion
of this small dust being accreted by the planet. Since the larger
dust grains will fragment, adding to the mass of the smaller grain
populations, Stammler et al. (2023) also suggest that the presence of
a giant planet is therefore not sufficient to explain the dichotomy of
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non-carbonaceous and carbonaceous chondrites in our Solar system,
and that there would need to be other contributing factors.

Finally, our planetis kept on a fixed, circular orbit with no planetary
migration included. For massive planet masses, we expect Type
II planet migration to play a part in their orbital evolution. Meru
et al. (2019) found that planet migration changes the gap structure
compared to a non-migrating planet. Their study was conducted for
sub-isolation mass planets, however, in a similar way, varied gap
structure may be seen for more massive planets. Consequently, one
might expect different results including this migration.

5 CONCLUSIONS

In this paper, we have studied the impact of a massive embedded
planet in a PPD on the surrounding material using 3D global
hydrodynamic simulations conducted with FARGO3D including gas
and multiple dust species. We included a planet with a mass of
twice the pebble isolation mass for the aspect ratio run of 7y = 0.1,
such that the planet mass is M, = 0.001M,. A range of fixed dust
grain sizes in each simulation are run, and we refer to these by
their initial Stokes numbers set at the planet location at the start of
the simulations. We include dust accretion on to the planet in all
simulations, with a set including gas accretion and a set excluding
gas accretion to compare the impact this has on material evolution in
the disc.

We find meridional motions in the planet vicinity are present
for all gas and dust species providing that the gap region is not
completely depleted. Furthermore, we investigated the impact of
varying the dust diffusivity and alpha viscosity on the dust filtering.
Reducing the dust diffusivity (Sc = 10.0) significantly increased the
amount of dust trapped beyond the planetary gap while increasing
the alpha parameter allows larger dust grains to flow through the gap
in agreement with simple expectations based on comparing St and «.

Once the simulations had evolved to a near-steady state, we con-
ducted particle tracking to follow the average motion of both gas and
dust. We find that for the fiducial simulation with Sc = 1.0 and @ =
103, small grains and gas are able to traverse through the gap region
from all initial heights in the outer disc with maximal flux of material
between 0.0and 1.5H for the case with gas accretion, to higher
initial scale heights between 1.0 and2.0H without gas accretion.
Considering the closest distances particles get to the planet on their
journey through the gap, these particles do so largely passing through
the planetary Hill sphere. Therefore, large proportions of this material
flowing through the gap region would experience heating due to the
accretion luminosity incident from the planet on their journey through
the disc. On the other hand, the larger dust grains with St > 1073
become stuck beyond the planet location for all initial heights.

This key result that small grains can still make it through a
planetary-induced gap, and do so largely by passing through the
Hill sphere of the planet has consequences for the composition of
material that is able to both accrete on to the planet itself, and the
composition of material that is able to make it into the inner disc
for further planetary growth. We conclude that material available
in this region for additional planetary growth should be formed of a
mixture of material present in the inner disc during the gap formation,
and material that has been able to permeate through the gap region
from the outer disc, composed of smaller dust grains. Since larger
dust grains do not make it into the inner disc, we have a reduced
dust-to-gas ratio of material making it into the gap, accreting on the
planet and also in the inner disc. However, since these simulations are
run without including dust growth and fragmentation, it may be the
case that large dust grains trapped beyond the planet fragment, and
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subsequently a larger proportion of the total dust could pass through
as seen in the 1D simulations run by Stammler et al. (2023). The
addition of dust coagulation and fragmentation will be necessary to
investigate this.

Finally, we note that our simulations with H/R = 0.1 correspond
to a planet at ~ 100 au, which allows us to comment on the influence
of the planet on the disc thermochemistry. At this radius, the planet
is located outside the radial CO snowline; moreover, we have shown
that the upper size range of the grains that can pass through the gap
originate in the cold mid-plane regions of the outer disc, below the
vertical CO snow-line. On the other hand, the significant (factor two)
boost in temperature expected within the Hill sphere of the planet,
combined with the fact that the flow trajectories are concentrated
in the Hill region, implies that CO is very likely to be evaporated
from the grains as they pass through the Hill region. This injection of
large quantities of CO vapour in the Hill region is likely to be a key
factor in setting the C/O ratio of the nascent planet and the inner disc.
However, further simulations, employing tracer particles for volatile
species, are required in order to assess whether the CO released in
this region is accreted by the planet or instead recondenses in the
disc interior to the planetary orbit.
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APPENDIX A: DUST ACCRETION FRACTION

Here, we describe the method and result determined from an
investigation into the appropriate value to use for the fraction of
material accreted per unit time, f/t for the dust. As mentioned
in Section 2.1.3, we use a fixed value for the gas of f/7 = %QF,
noting that Li et al. (2021) found accretion rate convergence in the
gas for different f/t values providing the sink radius A < 0.1ry.
An investigation for the dust, however, has not previously been
conducted.

For this investigation, we used 2D simulations, and varied the f /7
factor, for planet masses in the sub-isolation, and super-isolation mass
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Figure Al. Dust accretion rates, 7z, as a function of time in the Jupiter mass simulation, with dust of St = 0.1 (top left), St = 1072 (top right), St = 10~ (bottom
left), and St = 1074 (bottom right). For each dust species, several lines are plotted for the accretion rates with varying f/t values, from %) Q< f/t = %OQ P
as denoted in the top right corners. For all but the largest dust species, with St = 0.1, the dust accretion rates are unaffected by the varying the dust accretion

factors, and in this largest dust the general trends remain similar.

regimes, with the equivalent of an 5M gy, and 1M for a central star of
solar mass. In these simulations, the aspect ratio of the discs are & =
0.056, and i = 0.05, respectively. To determine the most appropriate
value, we varied the factor f/t and examined the accretion rate on
to the planet for several dust species once the system has reached a
quasi-steady state.

Running this for the 1M planet mass, we examined values either
side of the gas value above, testing values for the dust of f/7 =
%Q,,, 2759,,, %QP, %Qp,and 2?1—'052,,.Fig.A1 shows the accretion
rates as a function of time for these different factors across four dust
species with Stokes numbers St = 0.1, 1072, 1073, 10~*. Only the
largest dust shows small variations between the accretion rates, but
we consider this to be acceptable given that we use the same value
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of the accretion factor, f/t, throughout and we are interested in
understanding differences in this rate with varying planet and disc
parameters. The other dust sizes show close agreement at all times
and thus we could choose any of the values of f/t for simulations
in this regime.

The apparent blip in the accretion rates starting around 1000 orbits
and seen in all dust species here is likely a consequence of the lack
of dust diffusion in these simulations, where this would usually clear
out the horseshoe region. Instead, after the initial clearing of the gap
due to accretion and planet—disc interactions, the Stokes number of
the dust in this region increases due to the depletion of gas, leading to
high Stokes numbers. In this regime, the dust is poorly approximated
as a fluid and consequently scatters within the region causing an
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Figure A2. Dust accretion rates for dust with initial Stokes numbers,
St = 0.22,0.017, 1073, and 10™%, as a function of accretion factor taking an
average of the last 300 orbits of each simulation. We see negligible difference
in the accretion rate for the larger particles, while the two smaller species
converge towards large accretion factors.

increase in accretion as this material moves within the accretion
sink. This blip in the accretion rate then slowly decreases for all
species as the material is accreted.

We then consider the equivalent of a 5 Mgy planetin our simulations
to consider smaller planetary masses, with 5M g being 0.25M;,, for
the disc aspect ratio & = 0.05. In this case, there are differences
in the returned accretion rate values for dust with smaller Stokes
numbers across the range of f/r. Therefore we instead took an
average of these accretion rate values for the last 300 planetary
orbits to reduce the effects of small fluctuations where the accretion
rate as a function of f/7 is needed to make comparisons. We then
plot the accretion rate as a function of f/t for different Stokes
numbers, St = 0.22,0.017, 1073, and 1074, in Fig. A2 to investigate
this variability. As a result, it is clear that the choice of f /7 has less
effect on the accretion rate for the larger dust grains; however, we
can see the difference for the two smaller species. In this case, we
ran an additional simulation with a larger f/t = IHEQ »» to check
for convergence, and we find that the accretion rates do converge
towards these larger values.

From this investigation, we conclude that in this lower mass
regime we require factors f/t > ;—OQ p to get convergence in the
dust accretion rate for the smallest grains. Since we also confirmed
above that the dust accretion rate in the large planet mass regime is
largely unaffected by the differing accretion factors, we opt for an

© 2024 The Author(s).
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accretion rate of f /7 = %O 2, for the dust that can be applied to all
dust grains.

APPENDIX B: GAS ACCRETION RESOLUTION
CHECK

Testing of the accretion routine across different resolutions is
conducted in 3D to confirm it is robust independent of grid resolution.
This is carried out by tracking the gas accretion rate across three
different resolutions with grid sizes, using the grid resolution used
throughout this work, (N, Ny, Ng) = (512, 60, 1024), 1.5 times this
resolution with (768, 90, 1536), and 2.0 times this resolution with
(1024, 120, 2048) as shown in Fig. B1. The accretion rate is tracked
for 680 orbits for the two coarser grids, while due to the prohibitively
long run times, the highest resolution grid is only run for ~ 400 orbits.

Despite the shorter run time for the highest resolution, this test
confirms there is little variation across the computed accretion rates
using our algorithm, with mean ratios between the high and standard
resolution of 1.04, between the high and mid resolution of 1.06 and
between the mid and standard resolution of 0.99. With differences
of only several per cent between resolutions the standard resolution
is therefore suffice for the purposes of this work.

| = Std Res
1.5 x Std Res
= 2.0 X Std Res
1073} b

s
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©
Q
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Figure B1. Gas accretion rate as a function of time in planetary orbits for
simulations with three different resolution grids, the standard resolution (Std
Res, blue) with (N, Ny, Ng) = (512,60, 1024), 1.5 times this resolution
with (768, 90, 1536) (orange), and 2.0 times this resolution with (1024, 120,
2048) (green). Due to the long time-scales required, the highest resolution is
only run for ~ 400 planetary orbits.
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