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Azimuthally averaged gas density (left) and gas radial velocity relative to the planet
(right) for our FARGO3D disk model containing a Jupiter mass planet at 75 au. The
CO sublimation surface at 30 K recovered from our RADMC-3D model is indicated in
both panels by the red dashed line. The region near the embedded planet is heated from
a combination of accretion heating onto the planet, disk viscous heating, and radiative
heating from the star, resulting in higher temperatures at the midplane in the gap.
Gas advection relative to the local sound speed is also indicated by white arrows. Gas
advection is primarily outward along the midplane near the planet, with significant
vertical flows away from the midplane at the gap edge and in the pressure bump at 100

Dust distribution as a function of size and radius from DustPy simulations showing the
initial conditions of the dust size distribution (top row) and after 1 Myr of evolution
(center row) for a disk containing a Jupiter mass planet located at 75 au. We examine
disks with particle fragmentation velocities of 1 m s™! (left column) and 10 m s~! (right
column). The grain size distribution in the pressure bump at 101 au is shown in the
bottom row. Regardless of dust fragmentation velocity, we see an enhancement of small
dust less than St = 1073 (dotted line) in the pressure bump. The total dust-to-gas mass
ratio, €, is labeled in each plot, where the initial dust-to-gas is € = 0.01 in the outer
disk. The dust-to-gas mass ratios for grain with St < 1073, ,,,, and St > 1073, Elg are
also shown. For the case with larger fragmentation velocity, while the total dust mass
is higher and grains reach much larger sizes, the total mass of dust with St < 1073 is
about 0.01 in both cases. . . . . . . . . . . .
Cartoon schematic of the DRIVE effect enriching the atmosphere of a giant planet with
volatiles. Larger pebbles trap volatiles from the outer disk and transport them to the
pressure bump created by the giant planet via radial drift. Here, fragmentation creates
fine dust, which can be lofted away from the midplane, leading to sublimation of ice
mantles on the dust and enriching the gas above the snow surface with volatiles. This
volatile rich gas can then be accreted onto the planet, resulting in a volatile enriched
atmosphere. The dust, due to the lower gas density at the surface of the disk, decouples
from the gas and can settle back to the midplane as a bare grain, fractionating the
volatile elements from the more refractory solids. Here, the color shows the azimuthally
averaged gas density from our FARGO3D simulations. The solid black contour outlines
the region of the disk where total dust-to-gas mass ratio is equal to 0.01 in our DustPy
simulations, with higher dust-densities below this contour. The transport of icy pebbles
is represented by the black and red solid arrows, while black arrows represent bare grains
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CO gas are illustrated by the red and black dashed arrows. The approximate location
of the CO snowline at 30 K is also included. . . . . . . . ... ... ... ... ......
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(Top) Particle trajectory of the tracer particle reaching the maximum temperature, with
the hottest point labeled with a red dot. The background color and arrows show the
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(a): Schematic diagram illustrating the vertical stirring of dust and expected CO en-
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indicated by the hatched region. (b): Expected CO abundance relative to the initial
abundance, fco, as a function of Zg, and f,. fco is calculated from the DustPy
simulation after 1 Myr of evolution in the pressure bump for fragmentation velocities of
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ABSTRACT

With over 6,000 confirmed exoplanets, numerous high angular resolution protoplanetary disk sur-
veys, and multiple sample return missions from meteorites, the field of planet formation has a wealth
of data on different stages of planet formation, yet still no clear pathway to fully connect these data.
One of the most striking discoveries of the past decade is the dynamic natures of protoplanetary
disks, with evidence of dust growth, drift, and substructures appearing ubiquitous in disks. These
substructures include rings, gaps, spiral arms, and azimuthal asymmetries in both the dust and gas
emission from the disks, with some such substructures directly linked to the forming planets em-
bedded in the disk. At the same time, isotopic measurements of meteorites and, recently, asteroids,
show that parent bodies in our own solar system formed from two spatially distinct reservoirs, that
persisted throughout the millions of years of prolonged planetesimal formation.

While this dichotomy has been explained by invoking substructures, it is unclear how these
reservoirs might remain separated over the lifetime of the disk while still allowing for some degree
of transport of calcium-aluminum-rich inclusions and chondrules. While it is often proposed that
ongoing planet formation may affect the remaining solids within a disk through dust growth, frag-
mentation, stirring, mixing, and pileups, it is not yet clear how the creation of these planet-induced
disk substructures influence the composition of the growing planet, nor how they may affect the
formation of subsequent planets.

In this thesis, I examine the feedback of planet formation on the protoplanetary disk, and how
the composition of both the disk and the planets that grow there influence one another over the disk
lifetime. I explore these feedback mechanisms — including planet-induced disk substructures, grain
growth and fragmentation, and planetary heating — using a variety of computational techniques
to constrain the effects on the composition of embedded planets in self-consistent ways. I compare
the results of these computational models with meteorite compositions to place constraints on the
Solar Nebula, but also more broadly with detected disks and exoplanets.

First, I present the results of a newly developed chemical model that simultaneously solves the
chemical composition of the ice and gas in a protoplanetary disk while accounting for grain growth

and ice sequestration. I show that while depleting small grains from the disk by growing larger
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pebbles accelerates photon-driven chemistry throughout the disk, the bulk of solids in the midplane
retain their inherited composition from the protostellar cloud. As such, early forming solids in the
outer disk, including some meteorite parent bodies in our solar system, were impacted by chemical
processing during the protoplanetary disk phase less than previously recognized. The new CANDY
model (Chemistry ANd DYnamics) is freely available on github! and is distributed under an open
source MIT License.

Second, I examine the extent of radial mixing in a protoplanetary disk containing a growing
giant planet. These results are presented within the context of the observed meteorite isotopic
dichotomy, for which it has been proposed that Jupiter acted as a physical barrier between the
inner and outer solar nebula, preventing mixing of carbonaceous and non-carbonaceous material.
While a massive giant planet is capable of halting the inward drift of large pebbles in the disk, I
show that small dust is capable of filtering past the embedded planet, and the efficiency of this
passing varies as the planet grows in mass. Further, the planet can affect transport and mixing at
more distant regions in the disk. As such, the extent of radial mixing in the solar nebula evolves
dramatically over time, varying with time and location, leading to a complex means of exchange
across different spatial reservoirs. The particle tracking algorithm used in the model presented in
this chapter is also available for download online via github?,

Finally, I examine how the stirring of small dust by a growing giant planet may act to enrich the
atmospheres of the planet with volatile ices after it reached its pebble isolation mass, a point where
accretion of solids is expected to stall or significantly slow. As giant planets accrete gas from the
disk, they stir small dust to upper layers of the disk where temperatures are higher than the disk
midplane. If these small grains are abundant as a result of particle fragmentation outside the disk
gap carved by the planet, then this may be a promising mechanism to enrich these atmospheres in
carbon, oxygen, and nitrogen, explaining observed enrichments in both Jupiter and directly imaged

giant exoplanets.

1. https://github.com/erve/newcandy
2. https://github.com /ervc/cpartrace
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CHAPTER 1
INTRODUCTION

During the 21st century, our understanding of planets and planet formation has drastically changed.
Since the first confirmed detections of planets orbiting other stars in the 1990s (A. Wolszczan &
D. A. Frail, 1992; M. Mayor & D. Queloz, 1995), the number of known exoplanets has grown to
over 6,000 as of 2026'. Surprisingly, many of these planets are unlike anything known in our Solar
System, including, for example, hot Jupiters, super-Earths, sub-Neptunes, and water worlds. As
observational techniques have developed, astronomers have characterized the atmospheres of some
of these exoplanets, once again observing a wide variety of atmospheric compositions unlike any
planets in our Solar System (see, e.g., N. Madhusudhan, 2019, for recent a review).

Despite these many observations, astronomers have yet to find a truly Earth-like planet, much
less an unambiguous signature of life on another planet. The question arises: What makes Earth
unique in its ability to host life and how did the formation of our Solar System shape the composition
of the Earth?

One way to attempt to answer this question is to examine the environment in which these planets
form, the protoplanetary disk. By combining cosmochemical knowledge of the Solar System with
astronomical data of extra-solar disks, a more cohesive picture of planet formation can be made. In
this thesis, I outline novel approaches including a combination of physical and chemical numerical
modeling techniques to better understand this planet formation process, directly comparing models

of Solar System formation with observations of other disks and the planets within.

1.1 Planet Formation Theory

Planets form within a protoplanetary disk surrounding a young star. Despite the fact that all planets
form within these disks, planets can show a wide diversity of sizes, orbits, and compositions; both
between different planetary systems and within a single system. Thus, we must look to processes
within the protoplanetary disk to understand the nature of the planets forming within. Here, I

briefly review the theoretical framework of our current understanding of planet formation, from

1. https://exoplanetarchive.ipac.caltech.edu/



dust and gas to planetesimals and planets.

1.1.1 Disk Physical Evolution

The planet formation processes begins with the formation of the host star. As a star forms form the
gravitational collapse of the interstellar medium (ISM), conservation of angular momentum results
in the formation of an accretion disk around the young stellar object. This disk is also known as the
protoplanetary disk (PPD) as this is the location where planet formation occurs. PPDs have average
lifetimes on the order of ~1 — 10 Myr (K. E. Haisch et al., 2001; E. E. Mamajek et al., 2009). Over
this time, solids in the disk grow into planetesimals and planets, while gas is left gravitationally
bound to giant planets or is removed from the disk by accreting onto the star or removal to space
via photoevaporation and stellar winds (I. Pascucci et al., 2025; B. Tabone et al., 2025).

PPDs initially form from a gas and dust mixture reflecting the ISM composition, about 1% solids
by mass. These solids are a combination of small, sub-micron refractory dust grains (J. S. Mathis
et al., 1977; T. Birnstiel, 2024) and ice mantles made up of more volatile molecules containing
carbon, oxygen, nitrogen, and sulfur (though the exact composition of these ices will depend on
the local conditions of the ISM, see, e.g. D. Bockelée-Morvan et al., 2000; A. C. A. Boogert et al.,
2015; S. Krijt et al., 2023; M. L. R. Van T Hoff et al., 2023). Once in the disk, if the relative
velocity between particle collisions is sufficiently low, they may stick together to grow into larger
dust conglomerates, or pebbles, and settle to the midplane. The relative velocity between grains
typically increases with grain size, setting an upper limit on the size grains can grow to before
collisions lead to fragmentation or bouncing (neither fragmentation nor growth) (A. Zsom et al.,
2010; T. Birnstiel et al., 2012, e.g.). The exact velocity at which collisions no longer lead to growth
will depend on the dust composition (C. Giittler et al., 2010), but typical values of this fragmentation
velocity place upper limits on pebble size on the order of mm - cm (J. Drazkowska et al., 2023).

In addition to this limit on solid size due to collisions, dust grains and pebbles are also constantly
drifting radially inwards through the disk. This is due to the fact that the surrounding gas is
supported radially via gas pressure, leading to a slightly sub-Keplerian orbital velocity. The solids,
on the other hand, do not feel this pressure support and orbit at Keplerian velocity. As a result,
the dust grains feel a constant headwind from the surrounding gas. This gas drag slows the dust
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grains and leads to a net radial velocity inwards (S. J. Weidenschilling, 1977). The resulting inward
radial velocity is a function of the grain size and pressure gradient of the gas, with radial velocities
increasing with grain size up to about cm in size (S. J. Weidenschilling, 1977; T. Takeuchi & D. N. C.
Lin, 2002; J. Drazkowska et al., 2023). As a result, even in the absence of the fragmentation barrier
discussed previously, the time for grains to drift to the inner edge of the disk is shorter than the
timescale needed for further growth. This size where radial drift is more efficient than growth is
known as the “drift barrier” and provides another an upper limit on the size to which dust grains
may grow (T. Birnstiel et al., 2012).

As a combination of these fragmentation and drift barriers, it is impossible to grow solids past a
few cm in size in a typical protoplanetary disk through collisional growth of dust aggregates. There
are several proposed solutions to this problem, such as the gravitational instability (A. Toomre,
1964; A. P. Boss, 1997; R. R. Rafikov, 2005), streaming instability (A. N. Youdin & J. Goodman,
2005; A. Johansen et al., 2007), and vortex dust trapping (P. Barge & J. Sommeria, 1995; S. Inaba
& P. Barge, 2006). These processes have different mechanisms, but in general allow a large number
of small grains to to form a single, larger kilometer-sized planetesimal by locally reducing relative
velocities between grains, avoiding the fragmentation limit and skipping over the drift limit.

Another possible solution to overcome the drift barrier is the creation of local pressure maxima.
Because the source of radial drift is the gas pressure gradient, inwards drift will halt and dust grains
will concentrate in regions of the disk where the disk pressure has a local maxima, also known
as a “pressure bump” or “pressure trap”’ (P. Pinilla et al., 2012; C. P. Dullemond et al., 2018).
There are many possible origins of these pressure traps that may lead to either radial or azimuthal
concentrations of dust (see recent reviews by J. Bae et al., 2023; T. Birnstiel, 2024). One example is
the creation of local pressure maxima due to tidal interactions between the disk and an embedded
giant planet. When a planet becomes massive enough it carves a gap in the disk, lowering the disk
surface density at the orbital radius of the planet (R. R. Rafikov, 2002). At the edges of this gap,
the local pressure gradient becomes zero, trapping dust grains in a dust ring exterior to the planet’s
orbit (P. Pinilla et al., 2012; C. P. Dullemond et al., 2018). The critical mass for a planet to do this,
known as the pebble isolation mass, is ~30Mg, for typical disk conditions (M. Lambrechts et al.,
2014; B. Bitsch et al., 2018). In this way, the formation of a giant planet may trigger subsequent
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planet formation in the disk by concentrating dust grains in pressure maxima (e.g. L. E. J. Eriksson

et al., 2020; D. Carrera et al., 2021; T. C. H. Lau et al., 2022, 2024; H. Zhao et al., 2025).

1.1.2 Disk Chemical Evolution

Protoplanetary disks are chemically active, with temperature and density gradients throughout the
disk leading to both gas phase and grain surface reactions. The disk is also subject to interstellar
irradiation including cosmic rays, X-rays, and UV photons, which all penetrate different regions of
the disk (E. A. Bergin, 2009). The composition of the disk is approximately 99% hydrogen and
helium by mass; elements with higher mass than helium are often referred to collectively as metals,
with the mass fraction of these heavier elements defining the disk metallicity. The metal composition
of the disk is split between refractory species, making up the solid dust grains, and volatile species
which may be present as ice mantles on the grain surfaces or in the gas phase depending on local
temperature and pressure in the disk.

As a consequence of these differing chemical environments, the volatile composition of the disk’s
gas and solid phase varies both radially and vertically throughout the disk. Snowlines, for example,
are locations in the disk where specific molecules transition between solid to gas. In addition to
these phase change reactions, gas and grain surface chemistry can create or destroy more complex
macromolecular species, which are not typically found in the ISM (see Figure 3 of K. I. Oberg
et al., 2023, and references therin). These different molecules will have unique binding energies to
the surface of the grains, creating their own snowlines. As a result, the elemental composition of
the refractory solids, volatile ices, and gas may evolve over time as disk chemistry and conditions
vary. Because planets form within this disk, it is assumed that their composition should reflect the
composition of the disk at which they form (K. I. Oberg et al., 2011).

From this, a simplified model of planet formation can be created, where in solids grow from dust
to planetesimals to create planetary cores. These cores may continue to grow and evolve after the
disk dispersal to become terrestrial planets, inheriting the composition of the solid planetesimals
from which they formed. If these cores grow massive enough to carve a gap in their disk (i.e. the
pebble isolation mass), they begin runaway growth (J. B. Pollack et al., 1996) and accrete gas from
the disk to form a gas atmosphere. The composition of the solid core and gaseous atmosphere

4



are set by the disk composition at the formation location (K. I. Oberg et al., 2011). Observations
of exoplanets, protoplanetary disks, and meteorite records, however, all point to a more complex

picture that cannot be explained by this simple story.

1.2 Observed Planet Formation Constraints

1.2.1 Astronomical Observations

By comparing observed spectra of planetary atmospheres with models, the composition of planetary
atmospheres can be inferred (e.g. N. Madhusudhan, 2019; T. Currie et al., 2023). Such techniques
provide powerful insights to the composition of other planets, allowing for large scale surveys of
planetary oxidation states, metallicities, and the potential for life-relevant molecular tracers (JWST
Transiting Exoplanet Community Early Release Science Team et al., 2023; E. Nasedkin et al., 2024;
Y. Chachan et al., 2025). While planet formation theory suggests that the atmospheres of these
planets should reflect the composition of the gaseous disk, recent observations point to an increased
metallicity in giant planets relative to what is expected in the disk where they form (C.-C. Hsu
et al., 2024; E. Nasedkin et al., 2024; E. A. Bergin et al., 2024; W. O. Balmer et al., 2025; J. D.
Lothringer et al., 2025). Similar to giant exoplanets, measurements of Jupiter’s atmosphere taken
during the Juno mission revealed an excess of volatile metals (carbon, oxygen, and nitrogen) relative
to the Sun, pointing to a similarly elevated metallicity in our solar system as in other extrasolar
systems (S. K. Atreya et al., 2020; C. Li et al., 2020).

Exoplanet observations can tell us about these planets today, but they have evolved over millions
to billions of years. As a result, observed compositions may be altered by later planetary evolution,
such as exchange with the planet mantle or atmospheric chemistry and loss. Given this planetary
evolution, how can we connect planets’ current day composition with the environments in which they
formed? One method is to observe protoplanetary disks themselves. A major recent advancement
in the observations of disks came in 2015 when the Atacama large millimeter/submillimeter array
first observed the HL tau disk at high resolution (ALMA Partnership et al., 2015). For the first
time, the disk structure was resolved showing distinct rings and gaps in the distribution of solid

dust. In the follow up DSHARP survey (Disk Substructure at High Angular Resolution Project),



S. M. Andrews et al. (2018) showed that many different types of substructures — rings, gaps, spirals,
and asymmetries — are not only present, but common in disks surveyed.

In addition to observations of the dust continuum (thermal emission from solid grains), ALMA
can also observe molecular line emission, enabling observers to determine the molecular composition
of the gas in disks. The MAPS survey (Molecules with ALMA at Planet-forming Scales, K. I. Oberg
et al., 2021) showed that in addition to substructures in the dust, gaseous molecules showed similar
variety of rings, gaps, and asymmetries. Interestingly, while both the dust continuum and molecular
emission show ring and gap substructures in some disks, these do not necessarily align with one
another (C. J. Law et al., 2021) pointing to a complex interplay between the chemical emission and
solid dynamics.

The origin of these substructures may, in some cases, be the result of ongoing giant planet
formation. As discussed earlier, giant planets can carve a gap in the disk, concentrating dust into
an outer ring and creating a gap at the orbit of the planet. These giant planets also create large scale
gas velocity perturbations, both in the accretion flows onto the planet and within the planet-induced
spiral arms in the disk (W. Kley, 1999; W. Kley et al., 2001, see Section 1.3 for further discussion of
these planet-induced gas kinematics). In these cases, the doppler shift of specific molecular tracers
can be used to detect velocity perturbations in the gas as a result of gravitational interactions with
the embedded planet. While these signatures have not been found in all gaps seen by ALMA, they
have been used to confirm the presence of embedded giant planets in some disks (C. Pinte et al.,
2018; R. Teague et al., 2019), with the recent exoALMA survey probing for further kinematic signals
in molecular line emission (R. Teague et al., 2025).

While ALMA has been revolutionary for the understanding of disk structure, substructure, and
composition, the spatial resolution of even the highest resolution surveys is limited to about 10 au
(S. M. Andrews et al., 2018; K. I. Oberg et al., 2021; R. Teague et al., 2025). This means that
observations of disk structure and composition using ALMA are limited to large-scale structures
in the outer disk. While this is in part a technical limitation on angular resolution, the inner disk
is also much hotter, and thus primarily emits in infrared wavelengths, rather than the millimeter
and sub-millimeter observed with ALMA. To resolve the composition and structure of the inner

disk, where terrestrial planet formation is thought to occur, instruments will not only need higher
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resolution, but also to observe in the shorter infrared wavelengths.

Fortunately, the recently launched James Webb Space Telescope (JWST) is equipped to observe
in the near-infrared, allowing for the measurement of emission and absorption spectra from the
inner regions of these disks. Although spatial resolution is still limited, spectroscopy of the inner
disk allows for characterization of both the gas in the inner disk and the composition of the ice
and grains themselves (see, e.g., J. B. Bergner et al., 2026). These observations have revealed
that some disks show warm and hot water emission from the inner disk (G. Perotti et al., 2023).
Interestingly, this water emission appears to correlate with large scale substructures observed with
ALMA, pointing to a connection between disk structure, dynamics, and composition (A. Banzatti
et al., 2025). By combining observations across wavelengths and spatial scales, we can begin to
connect these observational snapshots of disks with models of planet formation to form a more

cohesive picture of planet formation.

1.2.2  Solar System Observations

In addition to observing PPDs, which can provide insight into planet formation around other stars,
meteorites provide clues to the formation of our own solar system. Meteorites and their parent
bodies, asteroids, are the remains of planetesimals formed in the first few million years of our Solar
System (A. Krot et al., 2009; J. N. Connelly et al., 2012; M. Bizzarro et al., 2025). By analyzing
these remnants of the early Solar System, we can infer the conditions of the beginning of our own
protoplanetary disk.

Meteorites can be split into two broad categories, chondrites and achondrites, which come from
undifferentiated and partially or fully differentiated parent bodies respectively. The undifferentiated
chondrites are made up of a combination of chondrules, refractory inclusions, and matrix, each of
which reflect the composition of the disk in the time and place in which they individually formed.
Refractory inclusions, such as calcium-aluminum-rich inclusions (CAIs), are believed to be the first
solids to solidify in our Solar System, setting the “Time Zero” of the Solar System (A. Davis & F.
Richter, 2007; J. N. Connelly et al., 2012; G. MacPherson et al., 2012). Chondrules, small silicate-
rich spherules, and meteorite parent bodies then formed 2-4 Myr after the first CAls condensed
(R. H. Hewins et al., 2005; J. N. Connelly et al., 2012; A. M. Davis, 2022).
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The composition of these different meteorite components — their isotopic ratios, mineralogy, and
bulk elemental composition — can inform us as to the condition in the disk when and where these
different components formed. One striking difference that has been observed is in oxygen isotopic
ratios between CAls, bulk meteorites, and hydrated minerals in chondrules (K. D. McKeegan et al.,
2011, and references therein). While bulk meteorites tend to have oxygen isotopic ratios within
+10%o of Earth, CAls are depleted in heavier 7O and 8O relative to 'O by up to 60%o . Hydrated
minerals, on the other hand, can be enriched in isotopically heavy oxygen by up to 180%0 (N.
Sakamoto et al., 2007). This indicates a wide range of oxygen isotopic signatures throughout the
disk and points to an active chemical environment in the disk and, likely, pre-solar cloud to create
these distinct isotopic signatures (R. N. Clayton, 2002; H. Yurimoto & K. Kuramoto, 2004; J. R.
Lyons & E. D. Young, 2005; J.-E. Lee et al., 2008; A. N. Krot et al., 2010).

In addition to the isotopic variations in oxygen observed between CAls, chondrules, and included
water, measurements of isotopic ratios of various refractory isotopes have revealed two distinct
trends, with carbonaceous meteorites (CC) showing a distinct excess in r-process isotopes relative
to the non-carbonaceous meteorites (NC) (P. H. Warren, 2011; G. Budde et al., 2016). Given this
difference between meteorite types is nucleosynthetic in origin, and thus cannot be explained by disk
chemistry, it is suggested that this isotopic dichotomy is the result of a difference in the composition
of infalling material to the disk (J. A. Nanne et al., 2019; G. A. Brennecka et al., 2020). The nebular
gas was then preserved as distinct spatial reservoirs with different compositions a result of Jupiter’s
formation creating a gap in the disk, with NC material in the inner disk and CC material in the outer
disk (T. S. Kruijer et al., 2017, 2020). It was only after these meteorite parent bodies had formed
and the dispersal of the gaseous disk that gravitational interactions with the gas giant planets mixed
these two populations together, implanting CC parent bodies interior to Jupiter’s orbit along side
the NC parent bodies in the current day asteroid belt (K. J. Walsh et al., 2012; S. N. Raymond &
A. Izidoro, 2017).

This dichotomy between meteorite parent bodies points to a long-lived separation between spa-
tial reservoirs in the early solar nebula. Because achondrite parent bodies were differentiated, it
is believed that they must have formed early while 26Al, a short-lived radioactive isotope, was still
present in the solar nebula to act as a heat source for differentiation (T. S. Kruijer et al., 2014;
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A. M. Davis, 2022). Despite this early formation, within ~1 Myr after CAI formation (T. S. Kruijer
et al., 2014), show the same nucleosynthetic isotopic dichotomy as chondrites which formed much
later, 2-4 Myr after CAIs (N. T. Kita & T. Ushikubo, 2012; T. S. Kruijer et al., 2017).

Despite this long lived and apparently early separation, there is also evidence for widespread
mixing in the early solar nebula. Given their high condensation temperature, CAls are inferred
to have condensed near the young sun in the inner disk (G. J. MacPherson et al., 2005). Despite
this, CAls are predominantly found in CC parent bodies (e.g., E. T. Dunham et al., 2023), which
are thought to have formed in the outer disk due to their elevated water and volatile content (T.
Kleine et al., 2020). This fact points to wide spread outward transport of CAls early in the disk’s
lifetime, from their condensation location near the protosun to the outer disk, into the CC reservoir
including cometary parent bodies (M. E. Zolensky et al., 2006; F. J. Ciesla, 2007; L. Yang & F. J.
Ciesla, 2012).

In addition to this early transport of CAls in the solar nebula, individual inclusions also appear
to have crossed the NC/CC boundary. While CAls are primarily found in outer disk CC parent
bodies, some smaller CAls have also been discovered in NC chondrites (e.g. A. Bischoff & K. Keil,
1983; R. W. Hinton & A. Bischoff, 1984; T. Haugbolle et al., 2019; E. T. Dunham et al., 2023). This
may be explained by a pileup of CAls in the outer disk with selective filtering of the smaller grains
(T. Haugbolle et al., 2019, and discussed in Chapter 3). Conversely, there has also been evidence
for NC-like chondrules in CC parent bodies (D. L. Schrader et al., 2020; E. Van Kooten et al., 2021;
D. L. Schrader & J. Davidson, 2022). Together, these inclusions point to some degree of mixing in

the solar nebula including mixing both inwards and outwards across the NC/CC barrier.

1.3 Planet Formation Models

Computational models can be used to predict the evolution of both the chemistry and dynamics of
disks over their lifetime, connecting these theories of planet formation to the observations of planets,
disks, and meteorites today.

One common way of simulating PPD evolution is with the use of hydrodynamic simulations.
Where simple, axisymmetric disks can be described analytically (D. Lynden-Bell & J. E. Pringle,

1974), the formation of a planet inherently breaks this symmetry, relying on numeric simulations
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Figure 1.1: Cartoon slice of a protoplanetary disk showing three-dimensional gas advection around
an embedded giant planet. Solid lines demonstrate typical gas advection patterns in the R— Z plane,
with meridional flows driving gas away from the planet at the midplane and vertically upwards. Gas
tends to be accreted onto the planet from higher elevations near the poles of the planet. Dashed
arrows show the azimuthal rotation of the gas relative to the planet, with horseshoe filtering flows
passing the planet. Gas flows are simplified from E. R. Van Clepper et al. (2025b).

to analyze planet-disk interactions. While 1D (radial) numerical simulations can approximate the
depth and width of the gap formed around a planet (T. Takeuchi et al., 1996), 2D (R—¢) simulations
reveal that planets can not only carve a gap in the disk, but also create global spiral arms (W. Kley,
1999; J. Bae & Z. Zhu, 2018) and vortices at the gap edges (M. De Val-Borro et al., 2007). In 3D
simulations, planets create meridional flows in the disk, driving gas advection vertically away from
the midplane near the planet as shown in Figure 1.1 (W. Kley et al., 2001; A. Morbidelli et al.,
2014; J. Szulagyi et al., 2014; E. Lega et al., 2024). Each of these dynamic effects of planet growth
can feedback onto dust transport and growth throughout the disk as local changes in disk density
and velocity affect dust aerodynamics.

One finding of these higher dimensional models is the prevalence of "filtering" of small dust
through gaps created by giant planets (P. Weber et al., 2018; T. Haugbglle et al., 2019; S. M.
Stammler et al., 2023). While filtering has been characterized in 2D models, it is still unclear
to what extent the 3D meridional flows might facilitate, or hinder, this filtering effect. Recent
observations have provided some evidence that filtering may indeed be common in disks, with some
dust traps being "leaky" rather than hard barriers to inward drift (A. Banzatti et al., 2025; N. T.

Kurtovic et al., 2025; A. Sierra et al., 2025). Despite these observations, a theoretical modeling
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framework to characterize this leakiness remains elusive (A. Houge et al., 2026). In addition to
filtering, planets also vertically stir both gas and dust away from the midplane (J. Bi et al., 2021).
This not only lofts grains to higher temperature regions where ice may sublimate, but feeds back
on temperature and irradiation structure of the disk as this dust is the primary source of opacity
in the disk.

These dynamic models are often complimented by chemical models, which typically solve a
network of astrochemical rate equations to determine the evolution of molecular abundances over
the lifetime of the disk. While observations can be used to determine the molecular composition
at the surface of disks and cosmochemical measurements of meteorites reveal the composition of
solids at the midplane, chemical models must be used to connect these two reservoirs and show how
they change over the lifetime of the disk. Disk chemical models must consider not only the evolving
temperature and density structure, but also UV, X-ray, and cosmic ray radiation fields (see K. L.
Oberg et al., 2023, for a recent review). All of these factors can drastically affect the composition
of the disk with UV and temperature particularly sensitive to the dust distribution in the disk.

This is because small dust can act as the primary source of opacity in the disk, limiting the
optical depth of UV-photons to the surface. As a result, a disk where solids are mostly settled near
the midplane will have much deeper penetration of UV-photons and thus a higher proportion of
photo-processed material in the gas than a disk with solids distributed vertically away from the
midplane. Additionally, as discussed previously, dust grains contain an ice mantle and drift radially
through the disk. As they do so, they cross snowlines in the disk, sublimating ice phase volatiles
into the gas (J. N. Cuzzi & K. J. Zahnle, 2004; R. A. Booth & J. D. Ilee, 2019; K. Zhang et al.,
2020). This ice may otherwise be sequestered into larger pebbles, as dust grains grow and settle,
removing oxygen-rich ice from the upper layers of the disk (S. Krijt et al., 2018).

Given the connection between disk chemistry and structure, and the dramatic effects planet
formation has on the structure of the disk, it is a natural question to ask: How does the chemistry
of the disk respond to planet formation?. Dust growth, settling, transport, and stirring all feedback
into the local environment and composition of the disk. Despite this, chemical and dynamic models
are often handled separately. Typical chemical models assume a constant disk structure over 1 Myr,
although some chemical models may include vertical mixing and radial diffusion (Y. Aikawa & E.
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Herbst, 2001; D. Semenov & D. Wiebe, 2011; K. Furuya & Y. Aikawa, 2014). Dust transport, in
particular, can have important feedback effects on the gas composition, through settling and ice
sequestration in addition to pebble drift and sublimation across snowlines (as discussed previously).
Recently, models have begun to include temperature effects from an accreting embedded planet (F.
Alarcon et al., 2020; F. Alarcon & E. A. Bergin, 2024; H. J. Petrovic et al., 2024; A. Krieger et al.,
2025; A. J. Cridland et al., 2025), however these often assume a constant temperature structure and
may or may not include dust transport. A self-consistent handling of the chemistry and dynamics

as a consequence of planet growth has yet to be modeled.

1.8.1 A Holistic View of Planet Formation

Putting together theoretical models of planet formation with constraints from both astronomical
and cosmochemical observations allows for a fully comprehensive model of planet formation, placing
our Solar System in the context of planet formation broadly. From astronomical observations, we
know that disks have active chemistry, with chemical observations showing ice and gas compositions
differing based on location and over the disk lifetime. These observations have also shown that dust
substructures, including rings and gaps, are common, and some may indicate ongoing giant planet
formation.

While astronomical observations can inform gas phase composition and large scale disk struc-
tures, meteoritic measurements tell us about the timing of planet formation and the degree of mixing
and processing in planetesimals. Detailed isotopic analysis of meteorites have revealed a seemingly
contradictory picture, where CAls and chondrules appear to have mixed through the solar nebula
despite, on the whole, meteorites appearing to have formed in spatially distinct reservoirs over the
lifetime of the disk.

Combining these constraints allows for a more complete picture of planet formation, accounting
for both the evolving disk, ongoing planet formation, and how these may feedback on each other.
Planets reflect the composition of the disk when and where they form, but the act of planet growth
fundamentally changes this disk composition. In order to connect planetary compositions back to
their formation history in the disk, the evolving chemistry of the disk, including feedback from
planet formation, must be accounted for.
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1.4 Chapter Summaries

Given the overarching goal of connecting planet formation observations to evolved planetary systems,
the complicated relationship between chemistry and dynamics must be considered in a self-consistent
manner. In this thesis, I lay out my work connecting the physics and chemistry of disks and how
they are both affected by and feed back onto forming planets.

In Chapter 2, I describe a novel approach to coupled physical and chemical modeling using
a newly developed software, CANDY. Using this approach I examine the feedback of dust growth
and settling with UV-photon driven chemistry in the surface of the disk. I show that through a
combination of both physical sequestering and chemical destruction, gaseous CO abundances may
be lowered by 1-2 orders of magnitude, consistent with disk observations. The work in this chapter
is published in E. R. Van Clepper et al. (2022).

In Chapter 3, I present results of 3D Monte Carlo particle tracking simulations in the context
of the proposed role of Jupiter to physically separate the inner and outer NC and CC reservoirs. |
show that as a giant planet grows its 3D gas advection can actually increase the degree of mixing for
small solids, challenging the assumption that Jupiter acted as a barrier of distinct isotopic reservoirs.
This work is published in E. R. Van Clepper et al. (2025b).

In Chapter 4, the 3D stirring of these small dust grains is explored in more detail, accounting
for heating from the embedded planet and central star. I show that as grains are lofted in the
planet-induced meridional flows, they are exposed to increased temperatures, processing ice present
on grain surfaces. If this ice sublimates, it may be accreted into the atmosphere of the giant planet,
increasing the volatile content of the giant planet atmosphere. I call this effect the dust recycling
and icy volatile enhancement (DRIVE) effect, which may explain enhanced metallicities in observed
giant planets. The results in this chapter have been published in E. R. Van Clepper et al. (2025a).

In Chapter 5, I summarize these results and argue for a more holistic view of planet formation,
accounting for the ongoing evolution of the physics and chemistry within PPDs and how these
influence on another. I briefly discuss future work and implications for the ice processing in leaky

dust traps around giant planets.
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CHAPTER 2
CHEMICAL FEEDBACK OF PEBBLE GROWTH USING CANDY:
IMPACTS ON CO DEPLETION AND C/O RATIOS

This chapter has been published as the following:

Van Clepper, E., Bergner, J. B., Bosman A. D., Bergin, E., & Ciesla, F. J. 2022, “Chemical
Feedback of Pebble Growth: Impacts on CO depletion and C/O ratios”, The Astrophysical Journal,
927, 206, doi: 10.3847/1538-4357 /ac511b.

2.1 Chapter Abstract

Observations of protoplanetary disks have revealed them to be complex and dynamic, with vertical
and radial transport of gas and dust occurring simultaneously with chemistry and planet formation.
Previous models of protoplanetary disks focused primarily on chemical evolution of gas and dust
in a static disk, or dynamical evolution of solids in a chemically passive disk. In this paper, we
present a new 1D Chemistry ANd DYnamics (CANDY) model for modelling pebble growth and
chemistry simultaneously. Gas and small dust particles are allowed to diffuse vertically, connecting
chemistry at all elevations of the disk. Pebbles are assumed to form from the dust present around
the midplane, inheriting the composition of ices at this location. We present the results of this
CANDY model after 1 Myr of disk evolution around a 1M, star at various locations both inside
and outside of the CO snowline. We find that for a turbulent disk (o = 1073), CO is depleted
from the surface layers of the disk by roughly 1-2 orders of magnitude, consistent with observations
of protoplanetary disks. This is achieved by a combination of ice sequestration and decreasing
UV opacity, both driven by pebble growth. Further, we find the selective removal of ice species via
pebble growth and sequestration can increase gas phase C/O ratios to values of approximately unity.
However, our model is unable to produce C/O values of ~1.5-2.0 inferred from protoplanetary disk

observations, implying selective sequestration of ice is not sufficient to explain C/O ratios > 1.
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2.2 Introduction

Planets form in the cold, dense midplanes of accretion disks around nascent stars. Recent observa-
tions of protoplanetary disks have provided a wealth of constraints on the physical and chemical pro-
cesses associated with planet formation. Interferometric observatories, such as the Atacama Large
Millimeter /submillimeter Array (ALMA), have probed the chemical compositions of the gaseous
disks (K. I. Oberg et al., 2021) and physical structures of the small dust (S. M. Andrews et al.,
2018) at high angular resolution. Such observations have revealed that the chemical inventories in
disks are markedly different from those seen in molecular clouds, indicating significant processing
in the solids and gas that eventually are incorporated into planets. Notably, the CO abundance
observed across protoplanetary disks is consistently found to be a factor of 10-100 lower than the
canonical interstellar medium (ISM) value of ~10~* (C. Favre et al., 2013; K. R. Schwarz et al.,
2016; A. Miotello et al., 2017; K. Zhang et al., 2019, 2021). Additionally, the bright emission of
hydrocarbons in disks points to significantly elevated gas-phase C/O ratios (>1) compared to the
interstellar value (~0.4; E. A. Bergin, 2016; L. I. Cleeves et al., 2018; A. Miotello et al., 2019; A. D.
Bosman et al., 2021a). Understanding the origin of these chemical patterns is critical to under-
standing what sets compositions of incipient planetesimals and planets that are forming in these
disks.

Protoplanetary disks are dynamic objects, within which a variety of chemical and physical
processes are at work to transform the raw materials inherited from molecular clouds into the
building blocks of planets. The process of planet formation begins with the coagulation of dust
grains, and their subsequent redistribution throughout the disk via settling and radial drift. This
leads to constantly changing physical conditions within the disk (e.g. density, temperature, UV
fields), which in turn drives an evolving disk volatile chemistry (e.g. J. B. Bergner et al., 2020). Thus,
planet forming environments are characterized by co-evolving dynamics, physics, and chemistry.

Various models have attempted to explain the low observed CO abundances in disks, generally
invoking either physical or chemical processes. Physical models of CO removal consider sequestration
of CO ice around the midplane: as small dust grains grow into larger pebbles, they settle to the

midplane and trap the ice reservoirs in larger bodies (M. Kama et al., 2016; S. Krijt et al., 2020).
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Such models can explain a factor of ~10 decrease in the gas-phase CO abundance over ~3 Myr
timescales. Chemical models of CO removal account for the processing of CO into larger, less volatile
organics in the photon-dominated and warm molecular layers of the upper disk (L. Reboussin et al.,
2015; C. Eistrup et al., 2017; K. R. Schwarz et al., 2018). These models can also achieve a factor
of 10 depletion in CO for high cosmic ray ionization rates, but only in cold disk models. In both
cases, the depletion levels are on the low end of what is observed in disks, and on longer timescales
(~3 Myr) than suggested by observations (~0.5-1 Myr J. B. Bergner et al., 2020; K. Zhang et al.,
2020). As considering dynamics and chemistry independently cannot reproduce observations, more
recent models have considered the combined effects, though so far only in simplified ways due to the
computational demand of such efforts. For instance, S. Krijt et al. (2020) explored CO depletion in
a dynamic disk with a simplified chemistry of CO hydrogenation on grains.

Chemical and dynamical effects may also be responsible for producing high gas phase C/O ratios
within a protoplanetary disk. To achieve high C/O ratios in the gas via chemistry alone requires C to
be incorporated into volatile, gaseous species while O is incorporated into solids. Correspondingly,
selective sequestration of oxygen bearing ices (e.g. H20) via pebble growth and settling has been
invoked as a means of producing a carbon-rich gas (E. A. Bergin, 2016; K. Zhang et al., 2020; A. D.
Bosman et al., 2021b). In this scheme, chemical destruction of CO is followed by formation and
sequestration of HoO, leading to an excess of carbon in the gas over the starting value. Alternate
sources of carbon exist, such as photoablation of small carbonaceous grains (e.g. J.-E. Lee et al.,
2010; D. E. Anderson et al., 2017; A. D. Bosman et al., 2021a); but these also rely on the presence
of UV photons to power the chemistry. Thus, pebble growth and chemical processing may both be
necessary to reach high C/O ratios.

To date, few models have explored the detailed feedback that exists between pebble growth
and chemistry in protoplanetary disks. D. Semenov & D. Wiebe (2011), K. Furuya et al. (2013),
and K. Furuya & Y. Aikawa (2014), have studied chemistry in a turbulent disk, but not including
dust dynamics. R. A. Booth & J. D. Ilee (2019) combined chemistry with pebble dynamics, but
focusing only on the radial movement of large pebbles at the midplane. However, the growth of
pebbles and removal of small dust will have an effect on chemistry throughout the entire column

of the disk. Because small dust is the primary source of UV opacity, its removal leads to greater
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penetration of UV radiation in the disk, initiating photochemical reactions deeper in the disk. Thus,
as grain growth proceeds, the removal of ices and the increasing UV penetration will lead to changing
physical conditions and initiation of new chemical pathways throughout a vertical column of the
disk over time.

In this paper, we present a new model including a full chemical network along with pebble
growth and ice sequestration, within a 1D vertical slice of a protoplanetary disk. We call this
the Chemistry ANd DYnamics (CANDY) model. With CANDY, we explore the feedback of small
dust removal and ice sequestration on gas phase chemistry as these processes occur concurrently.
Here, we focus on the effects of the coupled chemistry and dynamics on CO depletion and elevated
C/O ratios. Previous studies have linked these features of protoplanetary disks to both chemical
processing and dust evolution, and recent observations have shown that these outcomes are robust
across protoplanetary disks (A. D. Bosman et al., 2021b; K. Zhang et al., 2019). In Section 2.3 we
describe the disk structure and model details used for this paper, and compare the results of our
new model with static and diffusive disk models in Section 2.4. Sections 2.5 and 2.6 examine the
effects of pebble growth on CO depletion and C/O ratios respectively. Finally, a discussion of our
results in Section 2.7 compares our findings to those from previous modeling efforts, and describes

how these results should be used to interpret disk observations.

2.3 Methods

Fig. 2.1 illustrates the physical processes investigated in our model. We begin with a vertical column
of the disk, in which fine dust is well-mixed with the gas at all heights (Fig 2.1, left). Chemistry
occurs at all elevations as determined by the local conditions: the temperature, density, and local
UV flux. Dust and gas is able to diffuse throughout the column, being exposed to the different
conditions in the column, rather than staying fixed in place (Fig 2.1, middle). Pebbles are created
around the disk midplane via coagulation of the dust (Fig 2.1, right). The creation of the pebbles
removes dust from this region of the disk, which is then resupplied by diffusion from the upper
layers. As pebbles are created, the abundance of dust in the column decreases, allowing ambient
radiation to penetrate deeper into the disk over time.

In this section, we describe in detail the various components of this framework and how they are
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Figure 2.1: A cartoon diagram showing some of the feedback mechanisms between pebble growth
and gas phase chemistry. Early in the disk lifetime (left), small dust is well coupled with the gas
at all elevations throughout a vertical slice of the protoplanetary disk. UV radiation penetrates
into the uppermost layers of the disk in the PDL, but are attenuated by the small dust. At later
stages (middle), small dust has begun to form into larger pebbles. These pebbles inherit the icy
composition of the dust from which they form. As pebbles form, dust grains settle towards the
midplane, allowing radiation to penetrate deeper into the disk. As the disk continues to age (right)
pebbles drift out of the vertical column considered, taking any frozen ice with them. This acts to
selectively remove ice phase species from the column, and combined with increased UV radiation
can significantly alter the chemistry in the disk.

treated in CANDY. We begin by describing the physical environment within which the processes
are considered to operate. We then describe how we treat the dynamical evolution of the gas and
dust, and the assumptions made around the growth of pebbles. We then outline the chemical model
and network used in this study. Finally, we describe how the various components are integrated to

evaluate the chemical evolution that occurs within the described framework.

2.3.1 Disk Structure

Because our model is 1D, we explore how these processes work across the disk by modeling vertical
slices at various disk radii. We define a disk structure that is similar to S. Krijt et al. (2018) for a

disk around a 1 Mg star. The radial surface density is given by

$y(r) = %o <:>  exp [— <:) H] : (2.1)
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For our model, we choose Mgisx = 0.05Ma, p = 1, and r. = 100 au. The midplane temperature

follows the power law:

py(r,z) = 200 o {—1 (2)2} (2.4)

where z is the height above the disk midplane, H = ¢,/ is the scale height of the gas and

_ [kBTmia(r)
cs = BT (2.5)

is the sound speed for a given midplane temperature, T},;q with a mean molecular weight u = 2.3,
Q= \/W is the Keplerian orbital frequency and kg is the Boltzmann constant.

The surface layers (higher altitudes) of the disk are directly heated by radiation from the star, and
thus reach higher temperatures than the midplane, which is only heated by reprocessed radiation.
To describe this structure, we follow E. Dartois et al. (2003) and set the temperature in the surface

layers as twice that of the midplane. That is:

T(r,z) = Tatm(r) = 2T mia(r). (2.6)

above a height z = z, . Below this height, the temperature is given by:

T(r,2) = Toma(r) (1 + [sin 2;’;] 26) , (2.7)

where AT(r) = Tyotm(r) — Tmia(r) and we choose 2z, = 3 and § = 2. The temperature and density
structure for a column located at r = 30 au is shown in Figure 2.2.

We also assume that the disk is exposed to an external UV radiation field. As described above,
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Figure 2.2: Temperature and density structure of the considered disk at 30 and 40 au. CO begins
to freeze out at 21 K, so the midplane CO snowline lies between these two radii.

the depth of UV penetration is controlled by the dust abundance. The optical depth into the disk

at each location in the column, 777y (z), is found via numerical integration:

Tov(z) = /00 (2 ) rapg(2') d2’ (2.8)

where €(z) is the local small dust-to-gas mass ratio and the dust opacity is picked to be kg =
10° cm? g=! to agree with the extinction-column density relationship of Y. Aikawa & E. Herbst
(2001). Here, the UV optical depth is assumed to be dominated by extinction from the small dust,
with the gas opacity kg &~ 0 such that ki =~ €rg.

Likewise, we determine the column density of CO above each given vertical height by inte-

grating the abundance of the molecule relative to the number density of hydrogen X(CO,z) =

nco(z)/nu(2), where ng(z) = 2pq(2)/pmu

Nco(z) = /OOX(CO,Z')nH(z') dz’. (2.9)

A similar methodology is used to determine the column abundance of Hy above a given location.

These column densities are used to account for self-shielding by these molecules, as discussed in
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Section 2.3.4.

While we allow the dust and UV vertical profile to evolve over time, the temperature and
density structure remain fixed throughout our simulation, following S. Krijt et al. (2020). In future
implementations of this model, we will include evolving density and temperature structures with

the evolving UV radiation.

2.3.2  Turbulence and Diffusion

While the temperature and density structures remain constant throughout our simulations, we
assume that materials are able to diffuse due to the presence of some background turbulence. We
define the diffusivity of the gas as D = acsH, and take it to be constant throughout the slice of the
disk, with ¢, evaluated at the midplane. The value of « in disks is uncertain; we assume a value of
a=1072 for our fiducial case, but also investigate other values as described in Section 2.5.

For a chemical species mixed within the gas and abundance, X;, the vertical transport of that

species is given by:

oX; 10 0X;
= ——— D;— 2.1
ot pg 02 <pg 0z ) (2.10)

for all species considered (S. Krijt et al., 2018).

Although settling of dust is not directly considered, dust (and ice) species are removed near the
midplane in pebble growth. As a result, there is a net downward diffusive transport of dust and ice,
effectively leading to dust settling in the column. The net effect is a reduction in fine dust in the

upper layers and a concentration of solid mass in pebbles at the midplane.

2.3.8 Dust Growth and Pebble Formation

The solids in our model consist of two populations as in T. Birnstiel et al. (2012): small grains that
are coupled to the gas and larger pebbles that decouple and are removed from our simulation after
they form. The small grains interact with the gas, serving as sites for freeze-out and chemistry as
well as being a source of gaseous species as they desorb from grain surfaces. The small grains are

assumed to have radii s = 0.1um and are initially present at a dust-to-gas mass ratio, €, of 1072
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everywhere in the column. We set the initial abundance of grains, X (grain) = 2.2 x 102 following
A. D. Bosman et al. (2018), setting a material density of py,, = 1.81 g cm™3. The small sizes and
low densities imply that these grains are fully coupled to the gas and thus their abundance over
time is described by Eq. 2.10, with the same diffusivity.

Pebbles form from the small dust grains via collisional growth. In detail, this would result from
incremental growth of monomers and smaller aggregates over time. Rather than investigating this
computationally intensive process here, we follow S. Krijt et al. (2020) by defining a timescale for
pebble formation motivated by previous detailed studies of the process (e.g. T. Birnstiel et al.,
2012):

1
Tgrow = aQ—6 (2.11)

where a is a scaling factor of order unity. This is used to define a loss of dust in a given cell to
pebble formation that is described by:
e €

— = — 2.12
ot Tgrow ( )

As growth via collisions will be most efficient where dust densities are highest, pebbles are largely
expected to form around the disk midplane. In our model we thus limit pebble formation to within
one scale height of the disk midplane. We explore impacts of allowing pebbles to grow at all
elevations in the disk in Sections 2.5 and 2.6.
The pebbles that form at a given time reflect the composition of the dust that is present. Thus
we likewise adjust the abundance of any species that is frozen out onto the dust similarly to Eq. 2.12:
0X (ice) X (ice)

= — . 2.13
ot Tgrow ( )

In this treatment, we assume that once pebbles form, their ices are locked away and removed
from interacting with the gas and dust in the column. This assumption is valid provided that
pebble formation is limited by the drift or bouncing barriers, rather than fragmentation barriers,

appropriate for the outer regions of a protoplanetary disk considered here (T. Birnstiel et al., 2012;
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W. Misener et al., 2019).

2.3.4  Chemical model

Chemical evolution is modeled using a modified version of the publicly available astrochem solver
(S. Maret & E. A. Bergin, 2015). For the gas phase reactions, we use reaction rate coefficients
from the UMIST 2012 database (D. McElroy et al., 2013). Self shielding of CO and Hsy were also
included following R. Visser et al. (2009). Additionally, we also account for chemistry with excited
Hy molecules (R. Visser et al., 2018, see Section A.1).

Thermal and photodesorption rates are determined following R. Visser et al. (2011). This limits
the desorption rate by ensuring that each species desorbs as a function of its solid-phase abundance
in the ice mantle. Binding energies are also taken from the UMIST 2012 database (D. McElroy
et al., 2013). In addition, hydrogenation reactions were added to the chemical network also following
R. Visser et al. (2011). Reactions with hydrogen dominate gas grain chemistry on short timescales
(T. I. Hasegawa et al., 1992) and as such, hydrogenation of atomic species considered in R. Visser
et al. (2011) is the only gas-grain process considered here beyond freeze-out and desorption. A list
of hydrogenation reactions considered is given in Table A.1 in the appendix. As a result, CO does
not react with other species when present as an ice.

These modifications make the gas and grain chemistry more similar to the chemical calculations
of the DALI code (S. Bruderer et al., 2012). A detailed description of our network and chemical
model is given in the appendix Section A.1. Our complete network includes 6830 reactions including

741 species.

2.3.5 Numerical Model

Within the CANDY model, we define a vertical column from the midplane (z = 0) to 5 scale heights
(z = 5H) at a given stellar distance, R. The vertical column is divided into 50 cells, each with a
height dz = 0.1H. Initially each cell has molecular abundances modified from A. D. Bosman et al.
(2018) given in Table 2.1. For each cell, the initial density, temperature, column densities, optical
depth, and dust-to-gas ratio are calculated.

The subsequent calculations are then carried out as illustrated in Figure 2.3. We begin by
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Molecule Abundance Molecule Abundance

H, 5.00(-1) He 9.75(-2)
NH; 1.45(-6) H,0 1.18(-4)
o 6.00(-5) Ny 2.00(-5)
CH, 2.00(-6) CH;0H 1.00(-6)
H,S 1.91(-8) COs 5.00(-5)
HCN 3.50(-7) grains 2.20(-12)

Table 2.1: Initial abundances in each cell. Modified from A. D. Bosman et al. (2018).

running our modified astrochem model on each cell for a time, fehem Where tepem < tror and tiog 1S
the total simulation time. Once the chemical calculations are completed, the abundances of each
species are updated. We then calculate the diffusion of each individual species through the disk
over a diffusion time step, tqif, using an Euler approach and ensuring that:

(0.1H)* 1

tai ) () 2.14
diff < D 100(04 K) ( )

Once species abundances are updated via diffusion, pebble growth occurs, reducing the abun-
dances of frozen-out species within one scale height of the disk midplane following Eqn. 2.13 for the
same length of time, tg;¢. The diffusion and growth calculations are repeated again until a total time
interval of tchem Was reached. While setting tchem=tqir would be ideal, it can be computationally
expensive; we find tehem = ntqig with n=>5 yields convergent results while still giving reasonable run
times.

After repeating the diffusion and dust growth step n=>5 times, new column densities, optical
depth, and dust-to-gas ratios are determined for each cell. The chemistry is then run again at each

location and the process repeats until the cumulative time reaches tiqt.

2.4 Fiducial Cases

To begin, we consider the chemical evolution that occurs in our model disk at 30 and 40 au from
the central star, regions that are just inside and outside of the CO snow line respectively. We pick
these locations as we expect significant differences in carbon chemistry as a result of freeze-out of
CO at the outer location. In order to isolate the consequences of pebble growth on the chemistry

that occurs, we first consider two simpler disk dynamic scenarios: a static model and a diffusive
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Figure 2.3: A schematic diagram of the process of the CANDY model presented in this paper. We
run our models for a total of tiot = 1 Myr with tehem = 500 yr and tgig = 100 yr. In other words,
the chemical model is run a total of 2000 times (m=2000) for each cell, and the diffusion calculation
is done 5 times (n=>5) between each chemical model.

Parameter Symbol Value

UV Flux X 50
Cosmic-ray ionization rate ¢ 1.3x 10717 g1
Disk turbulence parameter « 1073
Dust growth timescale parameter a 1

Table 2.2: Fiducial model parameters. UV fluxes are given in Draine units (B. T. Draine, 1978).

model. Static modeling is the simplest and most common approach used in disk chemistry studies,
in which the chemistry evolves at all heights of the disk under fixed conditions (e.g. S. Bruderer
et al., 2012; F. Du et al., 2015; L. Reboussin et al., 2015; C. Walsh et al., 2015; I. Kamp et al.,
2017; L. I. Cleeves et al., 2018; K. R. Schwarz et al., 2018; R. Le Gal et al., 2021; A. D. Bosman
et al., 2021b). In a diffusive model, chemistry occurs while all materials are simultaneously able to
diffuse through the column (e.g. D. Semenov & D. Wiebe, 2011; M. Kama et al., 2016). We present
these models to compare with our growth model, which includes both pebble growth and diffusion

as outlined above. The parameters used in these fiducial models are given in Table 2.2.

2.4.1 Static and Diffusive models

Figure 2.4 shows the distribution of CO and H3O in the static and diffusive models. We focus on
these two species to explore the differences in the behavior of key molecules with different volatilities.

The initial distributions of each species in the ice and gas are also shown for reference; these are
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found by balancing thermal and photo-desorption with adsorption onto the grains in the absence
of any other chemistry. At the locations considered here, temperatures are low enough that water
is initially frozen out onto dust grains throughout most of the column, with the exception of the
upper 0.5 scale heights of the disk where photodesorption is efficient. At 30 au, CO is entirely in
the gas phase except for a very minor amount of CO ice that forms on the grains. At 40 au, CO
is nearly completely frozen out as an ice around the midplane, but as temperatures rise at higher
elevations, it returns to the gas phase.

Within the static models, we see a significant drop in the water abundance above the 7y = 1
surface (which we refer to as the “photon dominated layer” or “PDL” in subsequent discussion). This
is due to the high flux of UV, which leads to photodesorption off of the grains and photodissociation
in the gas. Water is not completely destroyed in this region, however, as water can reform via
reactions involving vibrationally excited Hy and gas phase nitrogen (see R. Visser et al., 2018, A.1).
Deeper in the disk, below the photon dominated layer, water largely remains on the ice due to the
low temperatures and low photon fluxes present.

Similarly, the CO abundance and distribution between the gas and solid phases remains largely
unaffected below the photon dominated layer. Above this, CO is destroyed by photodissociation
but also produced by the photodesorption of CO4 and its subsequent chemical processing. The net
result is a slight increase in the CO abundance around the PDL.

When diffusion is considered, we see only slight changes in the HoO and CO distributions when
compared to the static cases. The net effect of diffusion is to smooth out concentration gradients.
This is clearly seen in the HoO distribution around the 7=1 line, where diffusion carries water-
ice bearing grains to higher altitudes than in the static model. This occurs because the chemical
timescales are finite, rather than instantaneous. For example, around the PDL the timescale for
removing all the water from the grains is on the order ~1000 years, which is longer than the residence
time of grains in this region. As a result, ice-covered grains can move to higher altitudes compared
to the static model. Where there is little difference between the diffusive and static cases, the

timescales for reactions are short compared to the residence times.
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Figure 2.4: Comparison of initial conditions (left) inside (30 au, top) and outside (40 au, bottom)
the CO snowline. Results after 1 Myr evolution for the static (middle) and diffusive (right) are
also shown. The static evolution model is also shown as transparent lines in the final panel to help
compare results.
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2.4.2 Pebble growth model

Figure 2.5 shows the time evolution of CO and H2O distributions in our pebble growth models for
the same locations considered for the static and diffusive models previously.

As dust is removed, pebble formation acts as a physical sink for icy molecules around the disk
midplane. Here, any species that are frozen out onto dust grains are sequestered, removing them
from the active chemistry and dynamical redistribution occurring in the disk. As ice and grains
are removed from the midplane, diffusion acts to transport material downward through the column,
replenishing the midplane in new ices, and depleting the upper layers of the disk, even though
pebbles are not forming there. In the case of HoO, this results in its total abundance dropping by
1 to 2 orders of magnitude throughout the column at both 30 and 40 au.

Similarly, diffusion and pebble growth deplete the fine dust abundance in the upper layers
of the disk. As the fine dust is the major source of UV opacity, the photon dominated region
migrates deeper inside the disk, much closer to the midplane. The increased extent of the PDL
drives photochemistry in denser regions of the disk, leading to the increased destruction of CO and
chemical processing via excited Hy chemistry compared to the static or diffusive models.

Figures 2.6 and 2.7 show the primary carbon carriers, and their distribution across the different
reservoirs of carbon. Species in the gas and ice reservoirs are active in chemistry, and represent
the gas phase or ice frozen to small dust grains, while the pebble reservoir contains the ice that
has been sequestered into larger pebbles. For species that were present initially, the black dotted
line shows the initial fraction of the total carbon. Both inside and outside the CO snowline, dust
depletion and increased UV-radiation in the growth model increase production of HCN and HNC
compared to the diffusive model. As dust is removed, increased UV-radiation excites Hy in denser
regions of the disk. This excited Hy can react with atomic N (dissociated from Ny, again due to
higher UV radiation) to create NH, in an otherwise endothermic reaction (R. Visser et al., 2018).
The NH molecule can then react with atomic C, produced from the dissociation of CO, to create
the cyanides HCN and HNC.

The carbon that winds up in HNC, HCN, and other secondary carriers is largely sourced from the

destruction of gas phase CO. Given their lower volatilities relative to CO, this processing increases
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Figure 2.5: Comparison of the time evolution of CO and HyO abundances inside (top) and out-
side (bottom) the CO snowline for growth models including pebble growth and diffusion. Static
abundances are shown as transparent lines in the rightmost panel as a comparison.

the carbon sink that occurs via pebble formation. At 40 au, CO is largely removed via pebbles
directly, limiting the amount of secondary materials produced when compared to 30 au.

The net effect of pebble growth on the CO distribution is very different at the two locations
considered here. At 30 au, CO remains largely in the gas phase even close to the midplane, so pebble
formation does not significantly contribute as a sink for the molecule. As a result, CO is primarily
destroyed by photon-driven processing in the PDL. It is important to note that this does not occur
throughout the entirety of the PDL, as CO self-shielding limits CO dissociation to the upper-most
layers of the disk. The story is different at 40 au, however, as CO is frozen out at the disk midplane,
and thus removed from the column via pebble formation. Diffusion from upper layers of the disk
continuously replenish the midplane region with additional CO to be sequestered into pebbles. This
effect, combined with the increased penetration of UV in the disk (due to removal of both dust and
CO) leads to a decrease in CO throughout the column by at least 2 orders of magnitude after 1
Myr, with the greatest levels of depletion at higher altitudes (see fig 2.5).

Thus, the interplay of chemistry, diffusion, and pebble formation is critically important in shap-
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Figure 2.6: Fraction of carbon present in secondary species for the diffusive (top) and pebble growth
models (bottom) at 30 au after 1 Myr. The distribution of each species into the gas, ice on small
dust, and ice in pebbles is also shown. For species where the initial abundance was not zero, the
black dotted line shows the initial carbon fraction. Compared to the diffusive model, about an order
of magnitude more carbon is incorporated into the products HCN and HNC in the growth model.
This is due to increased UV-driven chemistry in the disk as a result of the removal of small dust.
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Figure 2.7: Same as Figure 2.6 but at 40 au, outside the CO snowline. Relative fractions of all
secondary carbon carriers is lower than in the 30 au case, as CO is primarily in the ice phase, and

R =30 au

[ Pebbles
 ce
E Gas

HNC
HCN
CHa
CO,

co

HNC
HCN
CH,

CO,

co

10~ 1073 1072 107!
Fraction of total Carbon

R =40 au

10°

[ Pebbles
 ce
E Gas

HNC
HCN
CH,
CO,

co

HNC
HCN
CH,y
CO,

co

107 1073 1072 1071
Fraction of total Carbon

thus is not as readily processed.

30

10°



ing the distribution of molecules throughout a column of the disk. In the next sections we explore
how this interplay depends on the conditions present in the disk by focusing on two important

themes related to protoplanetary disk observations: CO depletion and the C/O ratio.

2.5 CO Depletion During Pebble Growth

As discussed in the previous section, the depletion of CO in a column will arise due to two active
sinks: chemical processing of CO gas that largely occurs in the PDL, and pebble formation around
the midplane that sequesters CO ice into large dust aggregates. The extent and time over which
these processes operate will determine the amount to which CO is depleted in the column and
timescale over which this depletion occurs. Figure 2.8 shows the CO depletion within the emissive
layers of the disk, defined as T > 21 K (S. Krijt et al., 2020), after 1 Myr at various radial locations

in the disk. The depletion factor is given by

Xo

X, (2.15)

f depl =

where Xy is the abundance of CO or small dust grains after 1 Myr evolution, and Xy is the initial
abundance: 10* for CO and 2.2 x 107!2 for small dust (small dust-to-gas ratio of ¢ = 0.01).
In each panel, different sets of parameters are considered. We compare the modeled depletion
levels to observed CO depletion factors, which are on the order of 1-2 orders of magnitude below
interstellar C. Favre et al. (2013); K. Zhang et al. (2019). Notably, CO depletion is a robust outcome
independent of our model assumptions, though the extent of depletion is sensitive to the different
conditions present within the disk.

For the fiducial model, we find that the greatest CO depletion occurs in the region just beyond
the CO snow line (40-60 au), while the CO abundance rises again at larger distances (100 au).
This indicates that the formation of pebbles and sequestration of ices plays a critical role in CO
depletion; if photo-processing alone were more important, we would expect higher depletion levels
in the outer disk where UV can penetrate more deeply. The lack of CO depletion inside the CO
snow line is further evidence of the importance of pebble formation in reducing CO levels in the

disk.

31



100 =
_________ =
[ ‘§=§ --------------- ‘———‘.
S b L T
& \ [ -=="
'-'L: \\\ - ,/.'
S 10 1 W T
2 \\‘. 7 ~®
° \ s Pracll
o \ i anT
8 \i r‘f‘ﬂﬁ‘-
a0 ane”
Lol
. . .0
102 4 S
| o
T T T T T T
20 30 40 50 60 100
Radius (au)

Figure 2.8: CO and dust depletion relative to ISM abundance of 10~* and small dust-to-gas ratio
of 0.01 in the warm molecular region (7" > 21K) as a function of radial distance after 1 Myr of
evolution. CO abundance generally follows the evolution of small dust, shown in black, outside of
the CO snowline (~35 AU). Observed CO depletion ranges of 1-2 orders of magnitude are shaded
in grey.

The higher depletion levels around the CO snowline compared to the outer disk is due to the
shorter time scales associated with dust growth and diffusion of small gas. As the growth time
scale of pebbles scales with orbital period (see Eq. 2.11), a greater fraction of dust is converted
into pebbles within 1 Myr at smaller radii, corresponding to more efficient removal of CO ice.
The slightly lower depletion of CO at 40 au instead of 50 au in some cases is due to the shallow
temperature gradient in the disk: there is a non-trivial amount of CO that remains in the gas phase
at the disk midplane at 40 au despite the ice being the dominant form there. At larger distances,
the amount of gas phase CO at the midplane is negligible.

Diffusion plays an important role in setting the level of CO depletion that occurs in the disk.
The effect of different o values on the extent of CO depletion after 1 Myr is shown in Figure 2.8.
In our model, pebble formation only occurs around the disk midplane; diffusion of dust downward
reintroduces solids and allows ices to be further sequestered in the model. For pebble formation to
be an effective sink for the CO, diffusion is necessary to carry the CO to greater depths where it can
freeze out as an ice. Thus, the extent and timing of depletion is intimately connected to the level of

turbulence present. The timescale for vertical diffusion is tg;rf = H?/D = ()~ At 40 au, this
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gives tg;fp ~ 4% 10* years for a=1073, and 10x greater for a=10"%. Faster diffusion results in more
efficient removal of CO when there is an active sink around the midplane. Given that significant
CO depletion is seen across a wide variety of disks, including young disks, this points to an active
environment that enables efficient vertical transport of gases in disks.

The relative roles of dust dynamics and chemical processing in shaping the CO distribution can
be seen when comparing the level of CO depletion to the level of dust depletion in Fig. 2.8. In the
a=1073 case, the level of CO and dust depletion are nearly identical at 50 AU or beyond, indicating
that CO depletion is most strongly controlled by pebble formation. Closer in, because much of the
CO remains in the gas phase, even around the midplane, the dust is depleted to a greater level than
the CO. However, in the a=10"% cases, the dust is depleted to a lesser extent than the CO. This
indicates that chemistry and photo-processing contribute more to CO depletion than in the more
turbulent cases.

The extent of CO depletion in our models depends somewhat on the physical parameters of the
disk. The details of these differences are discussed in the appendix A.2.1. However, regardless of
physical parameters, CO depletion is a robust outcome of our model, although to match observed

depletions of 1-2 orders of magnitude high turbulence (o = 1073) is necessary.

2.6 C/O Response to Ice Sequestration

As discussed in the previous section, pebble formation aids in the depletion of volatiles in a disk
by the removal of ices around the midplane. The removal of ice species may impact subsequent
gas-phase chemistry by changing the abundances and proportions of various reactants. For example,
E. A. Bergin (2016) suggested that preferential removal of O-bearing species on pebbles may produce
high C/O ratios, leading to the formation of hydrocarbons such as CoH. Indeed, CoH formation is
favored by C/O values > 1.5-2, approximately 4-5x the canonical value to be inherited from the
ISM (A. D. Bosman et al., 2021a).

Figure 2.9 shows the evolution of the major carbon- and oxygen-bearing species at 30 au along
with the bulk C/O ratio in ice and gas. While water is initially the most abundant oxygen carrier,
its abundance drops rapidly due to the formation and removal of pebbles. The next most important

oxygen bearing species from our starting inventory is CO2; while CO is more abundant, COs carries
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Figure 2.9: Most abundant column averaged carbon (top) and oxygen (middle) bearing species in
the gas and ice. Dashed lines indicate ice phase abundances and solid lines represent gas phase
abundances. Bulk C/O of the gas, ice, and ice and gas combined (bottom)

twice the amount of oxygen (see Table 2.1). At 30 au, COq is largely present as an ice and is
removed from the column along with water. The loss of HoO and CO3 ice leads to a net increase in
the C/O ratio in the remaining gas + ice. As pebble growth removes ice, the total gas + ice C/O
ratio becomes weighted more heavily towards the gas C/O, which is now dominated by CO, leading
to C/O~ 1. As oxygen carriers become less and less abundant, the ices become increasingly rich in
carbon and nitrogen, with cyanides the dominant carbon carriers in the ice by 1 Myr.

The evolution of the C/O ratio in the column will thus be sensitive to the partitioning of C and
O into carriers with different volatilities, which will vary strongly with location. This is illustrated
in Figure 2.10 which shows the C/O ratio of the gas and ice, as well as the total (gas+ice) C/O
ratio throughout the column after 1 Myr of evolution at various locations in the disk. With the
starting abundances in our model,the column begins with a C/O ratio of ~0.4 throughout. Inside
of the CO snow line, the C/O ratio increases everywhere as O-rich ices, notably HoO and COy are
removed via pebble growth as described above, but CO gas remains behind. This allows C-rich ices,
such as HCN, HNC, and CHy, to develop later in disk evolution. While this creates ice C/O ratios

> 1 in some regions of the disk, the ice abundances in these regions tend to be low, and the total
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ice+gas C/O ratios closely follow the gas C/O. Outside of the CO snow line, CO, COg, and HyO
are all removed equally, resulting in a negligible net effect on the bulk C/O ratio in the column.
C/O ratios are higher in the gas around the disk midplane, but this is due to the small amount of
CO left in the vapor phase.

In none of our cases, do we see C/O ratios that rise above ~1, reaching the levels that have been
inferred from disk observations of hydrocarbons. The key to reaching high C/O ratios is for oxygen
to be incorporated into ices while carbon remains in the gas phase. The loss of HoO and COs via
pebble growth produces C/O ratios of ~1 within the CO snow line. Going beyond this value is a
challenge, and seemingly can only be achieved if CO is dissociated and the carbon is partitioned into
a more volatile carrier than HoO. However, as discussed in Section 2.4.2; the majority of secondary
carbon species are present as ices, and so both the carbon and oxygen from any dissociated CO is
removed from the gas phase, leaving the total C/O unaffected.

This result is robust across the physical conditions considered, though the details are discussed
in Section A.2.2. In general, the chemical processing of gas phase CO is too slow to raise C/O ratios
above unity inside the CO snowline despite the removal of the oxygen rich ice. Outside of the CO
snowline, carbon and oxygen are removed equally and there is no net change to the C/O ratio in

the column.

2.7 Discussion

The growth of small dust into larger pebbles has two main effects on the gas phase chemistry of the

disk
1. removal of small dust from upper layers of the disk extends the photon dominated layer, and
2. selective sequestration of ices can affect elemental abundances in the gas phase.

These two effects occur simultaneously with the ongoing chemical evolution in the gas. Col-
lectively, this leads to an important feedback, altering the chemistry that occurs over million year
timescales compared to static or diffusive disk models. Here we review our main findings and discuss

how they can be used to interpret ongoing observations of protoplanetary disks.

35



1.0 Myr evolution
20 au 30 au 40 au 50 au

5 - -
4 - -
3] '
N o dra i
1 - -
@)
0 ] T T ] T T T T T T
0 051005 100510 051
C/O C/o C/0 C/O
Initial C/O — Gas - Tuv=1
—-- Gas + Ice Ice © Pebbles

Figure 2.10: C/O ratios of the disk profiles at 20 au (left), 30 au (middle left), 40 au (middle right)
and 50 au (right). Locations inside the CO snowline (30 and 40 au) tend to have C/O ratios close
to unity throughout the column, while regions outside the C/O snowline (40 and 50 au) do not have
C/O ratios above the inherited value. The initial C/O of 0.4 is shown by the green vertical bar.

2.7.1 CO Depletion

We find that CO depletion is ubiquitous outside of the snowline. For our fiducial model we find
depletion factors from ~10-100 in the outer disk, with comparable or lower depletion factors (2—
100) seen for different assumptions of turbulence, growth timescale, or dust formation height. This
result is particularly important in light of the wealth of observational evidence that gas-phase CO is
under-abundant by up to 2 orders of magnitude in protoplanetary disks compared to the interstellar
medium, on timescales of only ~1 Myr (J. B. Bergner et al., 2020; K. Zhang et al., 2020).

This finding expands upon previous studies, which showed that CO can be depleted up to
a factor of 10 in static chemical models (L. Reboussin et al., 2015; A. D. Bosman et al., 2018;
K. R. Schwarz et al., 2018), or by a factor of ~10 by freeze-out onto dust and pebble formation
(M. Kama et al., 2016; S. Krijt et al., 2018). As these studies treated either just chemistry or
dust growth, it was suggested that the combined effects of both may be necessary to explain the
observed depletions in disks. S. Krijt et al. (2020) was the first to combine physical and chemical
processes, by including a simplified carbon chemical network in a pebble growth model. They found

that CO could be depleted by 2 orders of magnitude on a 3 Myr timescale in this framework. Our
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model extends the chemistry beyond 5 carbon-bearing species and considers a full astrochemical
network. With this update, our model can achieve 2 orders of magnitude depletion of CO on a
faster timescale (~1 Myr). This is likely due, in part, to the inclusion of photochemistry in our
model, which results in CO destruction in the disk surface layers in addition to ice sequestration
in the midplane. Although our model does not include hydrogenation of CO on the grains, further
processing of CO ice would not greatly affect the gas abundance of CO in our vertical diffusion
model on 1 Myr timescales. In our model, gas phase CO is quickly sequestered into the pebbles,
and so the growth mechanism presented here is the dominant source of CO depletion on shorter
timescales (< 1 Myr). However, this secondary processing of CO ice would further reduce the CO
gas abundance on longer timescales and may be more important in inner regions of the disk (inside
the CO snowline) and when considering the inward drift of pebbles. Our model can thus explain
observations of CO depletion even in young (<1 Myr) disks (L. I. Cleeves et al., 2018; J. B. Bergner
et al., 2020; S. Krijt et al., 2020).

We also explored various physical parameters to test the robustness of these results. Interestingly,
we find that high values of a (1073) are required to explain CO depletion factors of 10-100 on 1
Myr timescales throughout much of the disk. Models with o = 10™* show less depletion, around ~
30x immediately outside the CO snowline, and even lower (2x) in the outer disk. This is because
diffusion is necessary to carry CO gas from the surface regions of the disk to the deeper interiors
where it can freeze out and be incorporated into growing pebbles. This helps explain why S. Krijt
et al. (2020) were able to reach similar levels of depletion, but on longer timescales,as they used
a=10"% « values around 10~ are consistent with, if on the high end, of the range inferred from
observations of mature protoplanetary disks (K. M. Flaherty et al., 2017; C. P. Dullemond et al.,
2018; R. Teague et al., 2018b).

2.7.2 C/O ratios

In our models, the selective removal of oxygen through ice sequestration within the CO snowline
enhances the C/O ratio to about unity. This is still below the C/O ratios (2 1.5) inferred for disk
surface layers via observations of CoH (E. A. Bergin, 2016; A. D. Bosman et al., 2021a). Indeed,
in our fiducial model the CoH column density peaks at 3x107! em=2 (Figure 2.11) as compared
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Figure 2.11: CoH column density at different radial locations for the fiducial model. Modeled CoH
column densities remain 1-2 orders of magnitude below observed values of 104 - 10'® cm™2.

to observed CoH column density peaks of 10'* — 10'® cm~2 (J. B. Bergner et al., 2019; V. V.
Guzman et al., 2021). Moreover, we achieve a high C/O only interior to the CO snowline, whereas
observations of CoH emission probe disk regions beyond the snowline. Thus, our model does not
reproduce the carbon-rich chemistry observed in disk surface layers.

While CoH is primarily a tracer of UV chemistry and C/O ratios (A. D. Bosman et al., 2021a),
X-ray chemistry may further drive CoH production in surface layers of the disk (H. Nomura et al.,
2007; T. Henning et al., 2010). In our models we have included cosmic ray ionization, which behaves
similarly to X-rays in mechanism (e.g. ionization of molecular hydrogen). X-ray induced chemistry
can be important on the surface layers and can be considered in further implementations of the
model.

In our model, CO destruction results in the formation of O-bearing and C-bearing species with
comparable volatilities (e.g.HoO and midsize hydrocarbons), which freeze out onto grains at similar
temperatures. CO remains the main gas-phase carrier of C and O, resulting in a gas-phase C/O
of unity. Unless our model over-predicts the formation of large carbon chains at the expense of
more volatile carbon carriers like CHy, a combined chemistry and pebble growth framework cannot
explain the C/O levels >1 inferred from disk observations. Additional carbon insertion, i.e. from

photoablation of grains (A. D. Bosman et al., 2021a), is then necessary to explain C/O ratios above
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unity.

The carbon abundance in refractory grains is 10™* x 100¢, where € is the dust to gas ratio
(A. D. Bosman et al., 2021a). After 1 Myr of evolution at 30 au, dust is depleted by a factor of
50, such that ¢ = 2 x 1074, resulting in a carbon abundance in grains of 2 x 107%. The ablation
of 100% of these remaining small grains would be necessary to raise the C/O ratio to ~2. This
scenario is not realistic, implying that carbon grain destruction should be ongoing over the course
of grain growth and disk evolution. Additionally, grain ablation would provide a similar feedback
on the chemistry as grain growth, via the removal of UV opacity and the increase in gas-phase C/O.
Further implementations of this model will be able to capture grain ablation simultaneously with

growth and chemistry.

2.8 Conclusions

We have developed a new technique to self-consistently model the growth and dynamics of small
dust with a full gas and grain chemical network in a 1D vertical column of the protoplanetary disk.
Using this new approach, we have explored in detail the influence of dust growth on CO depletion
and C/O ratios in the disk. We find that a disk turbulence parameter of a = 10~ is most closely
able to match observed CO depletions of 10-100 below ISM abundances (C. Favre et al., 2013;
K. Zhang et al., 2019). Additionally, we find that selective removal of H2O ice inside of the CO
snowline is able to increase C/O to unity, but are unable to reach higher C/O values implied by the

observations of CoH in disks (E. A. Bergin, 2016; A. D. Bosman et al., 2021a).
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CHAPTER 3
THREE-DIMENSIONAL TRANSPORT OF SOLIDS IN A
PROTOPLANETARY DISK

This chapter has been published as the following:

Van Clepper, E., Price, E. M., & Ciesla, F. J. 2025, “Three-dimensional Transport of Solids in
a Protoplanetary Disk Containing a Growing Giant Planet”, The Astrophysical Journal, 980, 201,
doi: 10.3847/1538-4357/ada8a4.

3.1 Chapter Abstract

We present the results of combined hydrodynamic and particle tracking post-processing modeling
to study the transport of small dust in a protoplanetary disk containing an embedded embryo in
3D. We use a suite of FARGO3D hydrodynamic simulations of disks containing a planetary embryo
varying in mass up to 300 Mg on a fixed orbit in both high and low viscosity disks. We then
simulate solid particles through the disk as a post-processing step using a Monte Carlo integration,
allowing us to track the trajectories of individual particles as they travel throughout the disk. We
find that gas advection onto the planet can carry small, well-coupled solids across the gap opened in
the disk by the embedded planet for planetary masses above the pebble isolation mass. This mixing
between the inner and outer disk can occur in both directions, with solids in the inner disk mixing
to the outer disk as well. Additionally, in low viscosity disks, multiple dust pile-ups in the outer
disk may preserve isotopic heterogeneity, possibly providing an outermost tertiary isotopic reservoir.
Throughout Jupiter’s growth, the extent of mixing between isotopic reservoirs varied depending on

dust size, gas turbulence, and the Jovian embryo mass.

3.2 Introduction

As giant planets form, they sculpt their surroundings through gravitational interactions, creating
rings, gaps, and spiral structures throughout the protoplanetary disks (PPDs) in which they are
embedded. Such rings and gaps have been observed in numerous extrasolar PPDs (e.g. S. M.

Andrews et al., 2018; K. I. Oberg et al., 2021), and in some cases the observed gas dynamics have
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been used to infer the existence of exoplanets in these disks (C. Pinte et al., 2018, 2019; R. Teague
et al., 2018a; A. F. Izquierdo et al., 2022). The flows of gas that develop as a result of these
interactions play important roles in the dynamics of small dust and pebbles in the disk, as their
trajectories are closely tied to the gas structure. Modeling these interactions in detail is key to
understanding the formation history of planetesimals and planets in (extra-)solar systems.

The role that these substructures play in the compositional diversity of planetary materials is
uncertain. In our own solar system, measurements of multiple isotopic systems have revealed a clear
dichotomy between the carbonaceous (CC) and non-carbonaceous (NC) meteorites, including both
chondritic and non-chondritic meteorites (P. H. Warren, 2011; G. Budde et al., 2016; T. S. Kruijer
et al., 2017). This dichotomy has been hypothesized to be the result of the preservation of two
distinct compositional reservoirs in the solar nebula via a gap opened by a growing Jovian embryo
(T. S. Kruijer et al., 2017; S. Gerber et al., 2017; S. Ebert et al., 2018; T. S. Kruijer et al., 2020).
Such a gap can create a pressure “bump” (a local pressure maximum) exterior to the planet where
the gas pressure gradient is zero and the orbital velocity is Keplerian. In this region, solids and
the surrounding gas co-orbit at the same speed, and the drag induced inward drift of solids halts.
This can result in the creation of ring-like structures exterior to the planet at the local pressure
maximum as solids drift into this region from beyond, depleting the exterior regions of the disk
as solids pile up at the bump (see e.g. P. Pinilla et al., 2012; C. P. Dullemond et al., 2018). In
the solar system, this ring and gap substructure may be responsible for halting the inward drift
of CC-like material and calcium-aluminum-rich inclusions (CAIs) from the outer disk to the inner
disk, preserving the isotopic dichotomy observed in the meteorite record (M. Lambrechts et al.,
2014; T. S. Kruijer et al., 2017; S. J. Desch et al., 2018; T. S. Kruijer et al., 2020). While today, NC
and CC parent bodies coexist in the asteroid belt interior of Jupiter’s orbit it is assumed that they
formed in these spatially distinct reservoirs separated by Jupiter during the disk’s lifetime. After
the dispersal of the disk, both asteroid families could be scattered to their current day locations,
mixing the NC and CC parent bodies (e.g. K. J. Walsh et al., 2012; S. N. Raymond & A. Izidoro,
2017).

In addition to the bulk isotopic differences measured in meteorites, isotopic differences have
also been measured in individual refractory inclusions within meteorites. For example, CAls and
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sodium-aluminum-rich chondrules, two types of refractory inclusions found in both ordinary and
carbonaceous chondrites, show distinct Ti isotopic ratios from one another, further indicating two
reservoirs in the disk from which these refractory inclusions may have formed (S. Gerber et al.,
2017; S. Ebert et al., 2018). In addition to these isotopic differences, NC and CC meteorites have
different distributions of CAls, with CC chondrites tending to have both larger and a higher volume
percent than NC chondrites (E. T. Dunham et al., 2023).

Although Jupiter is often invoked as the separator of these two reservoirs, some studies have
brought into question the extent to which the embedded Jovian embryo could have prevented the
exchange of material between them. In 1D models, while large solids remain trapped at pressure
bumps, accretion flows onto the star through the disk may drag sufficiently small particles across
pressure bumps, mixing outer and inner reservoirs (J. Chambers, 2021). In 2D, the interactions
between the planet and disk result in non-axisymmetric substructures in the disk that further affect
the trajectories of small solids in the disk. For example, interactions between the embedded giant
planet and surrounding disk can create more complex substructures than a simple ring and gap,
such as spiral wakes and vortices (Z. Zhu et al., 2014; J. Bae et al., 2017; J. Bae & Z. Zhu, 2018).
The asymmetry in the disk near the planet can have important implications for dust dynamics, in
particular the transport of smaller solids from the outer reservoir to the inner nebula, also referred
to as the “filtering” of material across the planet (P. Weber et al., 2018; T. Haugbglle et al., 2019;
S. M. Stammler et al., 2023). Such filtering also depends on the gas advection through the disk
and the planet’s migration through the disk (A. Morbidelli et al., 2023). In 3D, the planet creates
meridional flows, driving gas away from the planet at the midplane and onto the planet from the
upper regions of the disk, such flows have been observed in real protoplanetary disks, indicating a
promising method for identifying new embedded planet candidates (A. Morbidelli et al., 2014; J.
Szulagyi et al., 2014; J. Fung & E. Chiang, 2016; R. Teague et al., 2019; J. Szulagyi et al., 2022).
The consequences of this 3D structure created by an embedded planet on the subsequent transport
of solids in the disk remains uncertain.

To date, models investigating the dynamics of solids in PPDs generally treat both the gas and
dust as fluids, solving the continuity equations on a grid, giving gas and dust densities and velocities
at fixed locations throughout the disk (J. Szulagyi et al., 2014; L. Krapp et al., 2022; J. Szulagyi
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et al., 2022; F. Binkert et al., 2023). While these approaches are useful for determining large scale
gas and dust structures through the disk, it is difficult to determine the detailed histories — that is,
the physical conditions experienced — of individual particles through the disk, and the pathways
through which material may or may not cross the gap opened by an embedded giant planet.

Here, we use a particle tracking technique to study the 3D dynamics of small solids in a disk
containing an embedded planetary embryo. This approach allows us to track the histories of small
dust and pebbles in a protoplanetary disk during different stages of a Jupiter-like planet’s growth.
Specifically, this approach allows us to connect different regions of the disk, identifying not only
regions of the disk where solids concentrate, but also from where those solids may have originated
in the disk. We can also identify the mechanisms by which potential mixing between reservoirs in
the disk occurs and the extent of mixing based on disk and grain parameters.

While we focus specifically on an embedded Jovian embryo and implications for planetesimals
in the solar nebula, the results presented here are applicable to protoplanetary disks broadly. In
Section 3.3 we describe the hydrodynamic simulations of the gaseous disk containing the embedded
planet and the Monte Carlo integration technique used to track the solid particles. In Section 3.4
we present the results of this suite of models and discuss their implications within a Solar System
context in Section 3.5. In Section 3.6 we summarize our results and present avenues for future

research.

3.3 Methodology

In this work, we combine FARGO3D hydrodynamic simulations (F. Masset, 2000; P. Benitez-
Llambay & F. S. Masset, 2016) with the particle tracking technique of F. J. Ciesla (2010, 2011)
to track the evolution of small dust through a PPD sculpted by an embedded planetary embryo.
We first simulate the gas disk as a single fluid in FARGO3D until a steady state is reached. We
explore a variety of disk conditions including a range of planet masses and disk viscosities. We
then simulate a population of dust particles in a post-processing step, holding the gas density and
velocity field constant over the particle integration. Particle sizes studied here range from 10 pm
to 1 cm, corresponding to small, well coupled solids up to largest inclusions found in meteorites,

including CAls and other meteorite constituents (see e.g. E. T. Dunham et al., 2023). Thus, we
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Planet Mass, M, Viscosity  Particle Sizes, s

Mg logq o cm
0 -3, -4 1, 0.1, 0.01, 0.001
1 -3 1, 0.1, 0.01, 0.001
-3 1, 0.1, 0.01, 0.001
10 -3, -4 1, 0.1, 0.01, 0.001
20 -3, -4 1, 0.1, 0.01, 0.001
50 -3, -4 1, 0.1, 0.01, 0.001
100 -3, -4 1, 0.1, 0.01, 0.001
200 -3 1, 0.1, 0.01, 0.001
300 -3, -4 1, 0.1, 0.01, 0.001

Table 3.1: Model parameters for simulations.

expect these results to be informative of the dynamics of the range of dust sizes in the solar nebula.

A full list of all the different models considered is given in Table 3.1.

3.8.1 Hydrodynamic Simulations

Using the publicly available version of FARGO3D (F. Masset, 2000; P. Benitez-Llambay & F. S.
Masset, 2016), we use a 3D, spherical mesh to simulate a gaseous disk around a solar-mass star.
The mesh has 2048 x 256 x 32 (Ng x N, x Np) cells, with logarithmic spacing in the radial direction,
and the mesh being defined on ¢ € (—m,7), r/Ry € (0.5,3.0), and 6 € (7/2 — 0.15,7/2). Within
each mesh, we include an embedded planet with constant mass, M, varying from 0 to 300 Mg.
In all cases, we place the planet at the midplane, §# = 7/2, and at the azimuthal angle ¢ = 0. We
define the physical radius of the planet’s orbit to be R, = Ry = 5.2 au. The planet’s orbit is held
fixed at this location throughout the hydrodynamic simulation and particle integration. We use a
rotating reference frame such that the planet remains at ¢ = 0 throughout the simulation.

The initial surface density of the disk at r = Ry is £ ~ 210 g cm™2, and it scales radially as

r

S(r) = Do (R())_l. (3.1)

We set the temperature in the disk to be T(Ro) = Tp ~ 118K, and it scales radially as T oc 71/2.
These values correspond to a surface density and temperature at 1 au of (1 au) = 1088 g cm™?

and T'(1 au) = 270 K respectively. The scale height of the disk at r = Ry is H(Ry) = Hy = 0.05Rg
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with a flaring index of 1/4; that is, the gas scale height is given by

c r\ M4
H(r) = =>=0.05r  — 3.2
1) = g =005 () (3:2)
where ¢, is the sound speed of the gas and Qg = /GM/r3 is the Keplerian orbital frequency.

As such, the FARGO3D mesh extends approximately 3 scale heights above the midplane. The
kinematic viscosity of the disk is then given by v = acsH as in N. I. Shakura & R. A. Sunyaev
(1973), where we use o = 1072 and 10~* in our models. The temperature profile is held constant
throughout the simulation and the disk is vertically isothermal.

The disk is initially axisymmetric and in hydrostatic equilibrium, with the equation for density
throughout the disk given in the appendix B.1. In the co-rotating frame with the planet, the rotation
rate of the frame, 1y, is equal to the orbital frequency of the planet, €.

Each model is integrated for at least 500 orbits of the planet (~ 5900 years), or until a steady
state in gas density is reached. We define a steady state in the disk as being reached when the
azimuthally averaged midplane density everywhere in the disk changes by less than 1% over the
course of one orbit. For some models a steady state is not reached before 1000 orbits, and the
midplane experiences small oscillations over orbital timescales. For these cases, we use a time
average of the ten orbits from 990 to 1000 for the particle integration, following J. Fung & E.
Chiang (2016). Although this approach may ignore some transient structures such as vortices at
the gap edges, the timescale of these orbit-to-orbit variations are short compared to the integration
time of the particles, and vortex lifetimes for planets smaller than 1M}, tend to be shorter than
the timescales considered here (M. Hammer et al., 2017). The effect of this time-varying density on

particle transport can be explored in future work.

3.3.2  Particle Integration

Particles are taken to be compact spheres with a given constant size, s, and solid density, ps =2 g
cm™3. This choice of solid density corresponds with fluffy dust aggregates. Each particle’s initial
radial and azimuthal velocity is determined from analytic particle velocities for an axisymmetric

disk based on the surrounding gas velocity (T. Takeuchi & D. N. C. Lin, 2002; P. J. Armitage,

45



2017).

The particle is forward integrated following the technique of F. J. Ciesla (2010, 2011) extended
to 3D, non-axisymmetric structure. The particle tracking is done in Cartesian coordinates, with the
gas density and velocity at the position of the particle interpolated from the FARGO3D outputs.
Using this particle tracking technique, as opposed to fluid or dye-tracking approaches, allows us to
follow the trajectories of individual particles, seeing how solids may transit across different regions
of the disk. In the current public release of FARGO3D, solids are treated as pressureless fluid of
constant Stokes number. Here, we use a constant particle size in the integration, thus the drag on
a given particle can be consistently determined at each time and location, adjusting the particle’s
Stokes number as it moves through different environments. As a particle moves through the disk, the
surrounding gas density, and thus particle Stokes number, can vary by multiple orders of magnitude,
and accounting for this difference can have important consequences for resulting solid dynamics (P.
Weber et al., 2018, Price et al. in press).

In our model, each particle’s location and velocity is integrated forward in time using an Eulerian
approach:
1/2

_ _ o .
Y=Y+ YAt + R[6D(x))At]

= (3.3)

where

Yi

I
—
w
=~
~—

v

N

is a 6D Cartesian position and velocity vector. We can also write Y = [z!, v] where ¢ = [2¢, ¢, 2]
and v’ = v}, v;, vi], giving the Cartesian position and velocity (respectively) of the particle in the

co-rotating frame centered at the center of mass of the system. The superscript ¢, denotes the values

of Y at the i-th timestep. Where it is not necessary, we drop the ¢ superscript for simplicity. The last
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term in equation (3.3) represents a random displacement over timestep At associated with diffusion,
with R = [ps,py, D-,0,0,0] where Ple,y,z] 18 a random number drawn from a uniform distribution
ranging from [-1,1]. @’ is a location chosen near '~ offset toward increasing diffusivity and is given

by

. 1 .
x =x+ §VD(w’_l)At (3.5)

and D(ax) is the diffusivity of the particle at a given location (see discussion in F. J. Ciesla, 2010).
Thus, we assume diffusion leads to a random displacement of the particle without changing its
velocity. The particle diffusivity is related to the gas diffusivity using the relationship given in A. N.

Youdin & Y. Lithwick (2007):
D

= J__. 3.6
1+ St? (3:6)
where

St = tstopQK (37)

is the Stokes number and

PsS

t = 3.8
stop PgCs ( )

is the stopping time of the particle. The gas diffusivity is the same as the kinematic viscosity
Dy, =v =acsH, e.g. we assume a Schmidt number of unity.

The time derivative of Y 1is

Veff 2 Veff

Gz

The effective velocity, Ve = [Vt 2, Veff,y s Veff, -] accounts for the actual velocity of the particle plus

effects due to the spatially varying density and diffusivity throughout the disk (see F. J. Ciesla,
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2010, 2011),

Vet = v + Z ((Zi Vp,(x) + VD(z). (3.10)

The acceleration, a = [a, ay, a], is determined from the gravity due to the planet, gravity from

the central star, drag with the surrounding gas, and the centripetal acceleration in the rotating

frame. That is, the total acceleration of the particle is

a = Qgray + Qgrav,pl + Qdrag + Qo (311)

Tracer particles do not interact with one another, nor do we account for back reactions of the dust
on the gas.

The gravitational acceleration due to the central star is given by:

G M,
r T3\ ) 3.12
Qgrav ’:B—.’L'*‘g(m ZL'*) ( )
and the gravitational acceleration from the planet is:
GM,,
agrav,pl - —m(m — a:pl), (313)

where M, and x, are the mass and position of the central star, and M and x are the mass and
position of the planet respectively.
The drag acceleration of the particle is determined following the methodology of T. Tanigawa
et al. (2014):
Faag _ (Cp/2)ms’pglulu

@drag m (4/3)7s3ps (3:.14)

where Cp is the drag coefficient, py is the local gas density, u = v — vgas is the relative velocity of
the particle, and m is the mass of the particle.

Equation 3.14 simplifies to the following form:

Qdrag = — 5 Uu. (3.15)

BQ@M
8 s ps
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In the Epstein drag regime, which we use for all cases as the particle sizes are less than the mean
free path in the gas, this is further simplified to:

Qrag = Pl % (3.16)

PsS tstop

Finally, the acceleration due to rotation, including the Coriolis and centrifugal forces is given by
amt:—QQfxv—Qfx (Qfxa:) (3.17)

or, in expanded vector notation
20, ¢ + mee
Arot = | 20,8 + yQ% (3.18)
0

where the Q¢ = [0,0, Q] is the rotation rate of the frame.

While particles are integrated forward in time, their positions, velocities, and Stokes numbers
are recorded at each timestep. If particles leave the bounds of the mesh (i.e. drift to the inner edge
or are lofted such that their polar angle exceeds 7/2+0.15), they are removed from the simulation.
Additionally, any particles that pass within the planetary envelope are considered accreted by the
planet, and removed from the simulation. Following J. Chambers (2017) and M. N. Barnett & F. J.

Ciesla (2022), the planetary envelope radius is given by
. [THI
Tepy = Min [T, rBondi} (3.19)

where 7y = apl(Mpl/3M)1/3 is the Hill radius of the planet and rgongi = 2GMpl/c§ is the Bondi
radius of the planet.
We use a Runge-Kutta 4" order method for integration, with the timestep, At, chosen to ensure

numerical stability. The timestep is defined as
At = min(0.1 yr, Atorpit, Atdraga Atqifr, Atrho) (3.20)

where
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Atorbit = N—r, 3.21
bit nQK ( )
x
Atgir = €||Vl|)|’ (3.22)
pg |z
Atrho — C* . 3.23
D ‘Vpg| ( )

Here, each expression represents a step-size limit to ensure numerical stability. In Atgpi, we
limit the timestep to be a sufficiently small fraction, n = 1/50, of the orbit, to account for changes
in v, and v, with location. Additionally, we limit the step size of the particle during the integration
dependent on the components of the effective velocity, where Atqs and At., are based on the
diffusive terms of the effective velocity in equation (3.10). We also include an upper limit of 0.1
yr in all cases, to prevent unphysical displacement due to turbulence, even in smooth regions of
the disk. The coefficients ¢ and ¢ in Atgig and At,p, are chosen to be 1076 and 1075 respectively
to ensure these timesteps remain small relative to the stopping time of moderately coupled solids.
As the effective velocity of the particle depends on Vp, and VD, the timestep of the integration
is decreased where the magnitude of these values is large. This ensures particles only move small
distances in a given timestep when in regions of sharp density or diffusivity gradients. This was
tested using values of £ and ¢ an order of magnitude smaller and there was no significant difference
to the integration results.

In testing, we found that particles with Stokes number less than about 10~ were always strongly
coupled to the gas, that is, u &~ 0. However, these particles tended to have long integration times
as tstop Was small, limiting A¢. To allow for reasonable integration times, we use an adjusted Atgrag
in equation (3.20). The adjusted Atgrag is given by the equation

tstop 5pPs 1

Atgrag = = , 3.24
droe o(logipSt)  cspg o(logiSt) ( )

where o is a sigmoid function centered at —3

B 1
S l4e @)’

o(x) (3.25)
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Figure 3.1: Surface density maps for FARGO3D simulations containing embedded planets of mass
0 (no planet), 20, 100, and 300 Mg. Results are shown in the co-rotating frame with the planet,
with the planet located at = 5.2 au and the central star at the origin. At 20 Mg a small gap can
be seen, although the planet has not yet reached the pebble isolation mass. At 100 and 300 Mg,
the co-rotating spiral arms can be seen coming off the planet, with density perturbations from the
initial surface density increasing with embryo mass.

Thus, for particles with Stokes number greater than 1073, Algrag = tsiop. Alternatively, for
particles with Stokes number much less than 1073, Atgrag is large and integration steps can be
much longer as particles follow the flow of the gas. When a particle’s Stokes number is less than
1073, the drag force is assumed to be zero and the particle velocity is set to the same as the
surrounding gas, that is, v = vgas. We tested different limits of this coupling Stokes number, and

found no significant difference in results when this value was lowered by an order of magnitude.
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Figure 3.2: Azimuthally averaged densities for the same set of embedded planets as Figure 3.1. The
density is averaged over the full disk, ¢ € [—m, 7]. The gap opened by the planet extends from the
midplane (Z/R = 0) to the upper layers of the disk. The dense planetary embryo can be seen at
the location of the planet.
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3.4 Results

3.4.1 Hydrodynamic Simulations

The results of the FARGO3D simulations for several embedded planet masses are shown in Fig-
ures 3.1 and 3.2. The results shown here and in the following sections are using the fiducial disk
viscosity of @ = 1073; we discuss the effects of lowering disk viscosity in Section 3.4.5. The gap
opened by the planet and spiral arm structure can be seen in the figures. As in previous studies
(e.g. K. D. Kanagawa et al., 2016; J. Fung & E. Chiang, 2016; P. C. Duffell, 2020), the gap grows
wider and deeper for more massive planets and with disk decreasing viscosity.

Figure 3.3 shows the azimuthally averaged deviation from Keplerian velocity and surface density
depletion relative to the initial disk that develops as a result of the planet-disk interactions. In our
model with & = 1073, a planet mass > 30Mg is necessary for gas velocities to reach Keplerian
at the pressure maximum exterior to the planet, in good agreement with typical pebble isolation
masses in the solar nebula found in other studies (M. Lambrechts et al., 2014; B. Bitsch et al., 2018).
Here, we define the gap as the region of the disk where the azimuthally averaged surface density is
depleted by at least 50%. While planetary masses greater than or equal to 30Mg are required to
deplete the gas by more than 50% to create a gap, we note that the gas is still depleted around the
planet for smaller embryo masses, just not to a sufficient level to halt the inward drift of solids. The
location of the gap edge is highlighted in Figure 3.3. In our simulations, we find that gap width,
scales as M;l/2 as in other studies (e.g. P. C. Duffell, 2015; K. D. Kanagawa et al., 2015, 2016; P. C.
Duffell, 2020).

The gas density and velocity around the embryo for three simulations with the largest masses,
100, 200, and 300 Mg, are shown in Figure 3.4. As the mass of the planet grows, the strength of
the advective flows in the disk increase, with clear meridional flow circulation patterns developing
around the embedded embryos. This outward flow can be seen along the spiral arms in the left
side of Figure 3.4, and at the midplane near the planet in the right column. The increased strength
of these flows outward along the midplane result in both faster gas velocities and a greater radial
extent of the transport of material away from the planet, in agreement with previous 3D studies of

embedded disks (e.g. A. Morbidelli et al., 2014; J. Fung & E. Chiang, 2016; J. Szulagyi et al., 2022;
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Figure 3.3: Azimuthally averaged midplane azimuthal velocity (top) and surface density relative to
a disk with no planet (bottom). The azimuthal velocity is given as percent deviation from keplerian,
dVkep = (Vg — Vkep)/Vkep, and the horizontal dashed line is at dvkep = 0%. In the bottom panel, the
gap edge is defined as where ¥/3y = 0.5. The region where we start particles in our simulation is
shown between the two vertical dotted lines at 7 and 12 au, chosen to be outside the gap for all
planet masses considered.

L. Krapp et al., 2022).

3.4.2  Particle Crossing From Outer Nebula to Inner Nebula

In the absence of any planet, the transport of mm- to cm-sized solid particles is largely dominated
by inward drift due to gas drag (e.g. S. J. Weidenschilling, 1977). As the growing embryo opens a
gap in the nebula, the inward drift of solids can be halted in the resulting pressure bump. However,
as has been shown in previous 2D simulations (e.g. P. Weber et al., 2018; T. Haugbolle et al., 2019)
small particles (< 1 mm) can filter past Jupiter-mass embedded embryos, replenishing the inner
nebula with solids. Here, we consider particle movement in 3D to understand the details of these
motions in the presence of an embedded planet.

To explore the trajectories of these crossing particles and identify the size and provenance of
such grains, we track the evolution of different sized particles that begin evenly distributed in the
7 to 12 au region through all disks considered here. We consider the outer disk to be the region
exterior the orbit of the embryo at 5.2 au, and the inner disk the region interior to the orbit of the

embryo. We choose this initial location for the particles as it is just exterior to the gap opened by
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Figure 3.4: Results of FARGO3D simulation of disks containing a 100, 200, and 300 Mg (top to
bottom) embedded planet showing the gas density and velocity. The left panels show the Cartesian
midplane gas structure of the disk. The right panels show the radial and vertical gas density and
gas advection near the planet, averaged over ¢ = 0 & 7/8. Here, the arrow color corresponds to the
advection of the gas relative to the planet, with blue indicating flows towards the planet and red
away. As the planetary embryo grows, the magnitude of the gas advection velocities grow while the
width and depth of the gap deepens.
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the 300 Mg embryo, the most massive planet and widest gap considered (see Figure 3.3).

Sample trajectories of particles of different sizes for a variety of embryo masses are plotted in
Figure 3.5, showing the radial movement of 20 illustrative particles over their 100 kyr integration
time. As can be seen, the efficiency at which particles move from the outer disk to the inner disk
depends on both grain size and embryo mass. Below the pebble isolation mass (< 30Mg) the
planetary embryo does not create an effective pressure bump outside of its orbit, allowing the 1 cm
size particles to efficiently drift from the outer disk to inner disk. Smaller particles are well coupled
with gas and have much longer drift timescales, and thus do not significantly drift inward over the
100 kyr simulated here; and instead their dynamics are dominated by diffusion. Once the embryo
is massive enough, inward drift is halted for all particles larger than 1 mm in size.

However, once the planetary embryo reaches 2 100 Mg, the mass corresponding to the runaway
accretion phase of giant planet formation (R. Helled et al., 2022), particles smaller than 100 pm
that are well coupled to these strong advective flows can pass the orbit of the embedded embryo.
The path of a 10 pm sized particle that moves past a 100 Mg embryo is shown in Figure 3.6. At
the first time shown, the particle is exterior to the planet and approximately one scale height away
from the midplane. Here, the gas advection is towards the planet, pushing the particle both inward
and downward. The particle passes nearby the planet, ~ 200R;,p, or about 1.57¢,y, before moving
to an orbit interior to the planet. Although the flow of gas at the midplane near the embryo is
outward, if the solids diffuse to a high enough elevation, they can be entrained in the inward flowing
gas. This favors crossing for small particles or disks with high a.

To explore the fraction of solids able to cross the planet, we extend the integration of 1000
particles starting at 7 au to 1 Myr. We note here that over 1 Myr timescales, our assumptions
that the disk structure and planet mass remain constant likely break down. However, the results
presented here still give us a good insight to the total crossing efficiency for dust grains. While
the fraction of solids crossing depends on time, shown in Figure 3.7, we give the final fraction of
solids that cross the orbit of the planet in Figure 3.8. In each figure, we show the fraction particles
simulated that are either accreted by the protoplanet or cross from the outer disk to the inner disk.
We also show the fraction particles that leave the bounds of our simulation, either by diffusing

outward to the maximum radius of the simulation or by diffusing above or below 7/2 £+ 0.15 in
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Figure 3.5: A selection of particle trajectories, showing the radial location of 20 particles as a
function of time. Each subplot represents the evolution of particles in a disk containing different
mass planetary embryos (columns) and different size grains (rows). Each line is colored according
to the particle’s initial location, ranging from 7 to 12 au, with bluer lines representing particles
starting at 7 au and redder lines showing particles starting at 12 au. The location of the planet at
5.2 au is marked in each subplot by the horizontal dashed line. Broadly, large grains with in disks
containing small embryo masses efficiently drift from the outer disk to the inner disk, while this
inward drift is halted above the pebble isolation mass. Small particles may cross the planetary for
large planetary embryo masses as a result of strong advection, either bringing the solids into the
gap in a horseshoe orbit, to be accreted, or past the gap into the inner disk. In cases where particles
do not survive for the full 100 kyr, they may be accreted onto the planet or diffuse outside of the
domain of the simulation.
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Figure 3.6: An example trajectory of a solid particle that crosses from the outer disk to the inner
disk. The top panel shows the path followed by the particle as the black dashed line projected onto
the midplane of the disk, with 4 locations and particle velocities labeled. The particle velocity and
surrounding gas density and advection in the R-Z plane is shown below for each of the highlighted
times in the top panel. For this particle, the inward advecting gas pulls the solid particle towards
the planet (¢; and t3) following the meridional flow. The particle comes close to the planet, but
remains outside of the accretion envelope (¢3). Then, the particle follows the outward meridional
flow along the midplane to the inner disk (t4).
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polar angle, the upper and lower bounds of our simulation. For the 10 and 100 pm particles where
particles diffuse out of bounds in the no planet case, additional particles are integrated for each
planet mass until 1000 total particles drift inwards of 5.2 au by 1 Myr. Consistent with previous
work, we find that while the planetary embryo is less about 30 Mg, particles larger than 1 mm drift
inward past the growing protoplanet, while smaller particles tend to stay in the outer nebula for
longer times, with about 30% eventually diffusing inward. For more massive embryos, the larger
particles are entirely trapped at the pressure bump exterior to the planet due to the local pressure
maximum. However, up to 30% of particles smaller than 100 pm filter from the outer disk to the
inner disk by 1 Myr, slightly increasing the crossing efficiency of these small particles as the planet
grows.

At more massive embryo masses, small particles cross at higher efficiency than than low mass em-
bryos because larger embryo masses drive stronger advective flows around the embryo (Figure 3.4).
Small particles are well coupled to the gas and follow this advective flow past the embryo and across
the gap. As such, the meridional flows onto the embedded planet increase the relative crossing rate
of these small particles. Note that at the largest planetary embryo only the smallest 10 pm sized
dust crosses the orbit of the planet. This is due to the increasing depth and width of the gas gap
surrounding the planet. As the gas density around the embryo decreases, particle stokes numbers
increase, such that only the smallest dust remains well coupled with the gas to follow the gas flows
through the gap. Larger dust decouples from the gas before crossing into the gap.

We also find that a fraction of solids pass within the planetary envelope, given in equation
3.19, meaning they are accreted by the planet. While the planet is below the pebble isolation mass,
approximately 1 to 10% of millimeter and centimeter sized pebbles are accreted, dependent on grain
size and embryo mass, consistent with previous theoretical and modeling work on pebble accretion
(C. W. Ormel & B. Liu, 2018; B. Liu & C. W. Ormel, 2018; J. Drazkowska et al., 2021; M. N.
Barnett & F. J. Ciesla, 2022). Above the pebble isolation mass, the accreted solids come from
the population of small dust in the disk, as these solids follow the meridional flow away from the
midplane and onto the planet at higher altitudes. These results are supported by the findings of
J. Szulagyi et al. (2022) and N. Maeda et al. (2024), which show the primary accretion of material

to an embedded giant embryo occurs through accretion of small dust at the polar regions of the
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Figure 3.7: The fraction of solids starting at 7 au that cross the orbit of the planet. For the 1 cm
and 1 mm sized pebbles, drift across the orbit of the planet occurs over longer timescales as the
planet mass increases. Some grains are lost to accretion onto the planet, indicated by the cross
hatched regions. Other grains diffuse outside of the domain of the integration, and are shown by
the light gray region of the plots. For the smaller 100 and 10 pm sized dust, which is well coupled
to the gas, the fraction crossing increases with increasing planet mass. This is because the larger
embryo creates advective flows through the gap, carrying the small dust with the gas.
percentages for each planet mass and grain size are shown in Figure 3.8.

Il Cross Orbit
20M 4

I Out Of Bounds

50M ¢

300M 4

T

Time [yr]

60

The final



Out of Bounds

1.0 ¢-- Crossed
o Accreted
‘% 0. 1cm
§ 1 mm
‘-C’ 0 100 um
-% 10 um
© 0.
L

0 10 20 50 100 300
Embryo Mass [Mg ]

Figure 3.8: Of solids initialized at 7 au (the same population as shown in Figure 3.7), we show
the fraction of particles either accreted by the planet or crossing the orbit of the planet after 1
Myr of integration. While the planet is below the pebble isolation mass, the fraction of 1 cm
particles crossing the orbit of the planet is near unity, with up to ~ 10% accreted by the planet, as
their dynamics are primarily driven by inward drift over the timescale of the integration. Smaller
particles have much lower crossing fractions until the mass of the planet grows to facilitate advection
mediated crossing. A fraction of these crossing solids are accreted by the planetary embryo, as they
follow gas streamlines onto the accreting planet.
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embryo. Thus a growing Jovian-like planet regulates what solids it can accrete as it grows.

3.4.8  Outward Transport of Solids

Thus far we have focused on inward transport through the disk and across the planet’s orbit, but
outward transport of dust can occur as well. To investigate the importance of such movement we
simulated the trajectories of 1 cm and 10 pm sized grains (the largest and smallest sizes considered
here) that originate in the range of 3.0 to 4.2 au and 6.2 to 7.4 au, considering particles that begin
both inside and outside of the planetary embryo. While this ensures no particles begin within 1
au of the embryo, and thus outside the planetary envelope, some particles do begin in the gap
opened by the most massive embryo. Such dust could be generated by collisions of dust aggregates
or planetesimals present at these locations. We also choose to focus only on embryo masses above
the pebble isolation mass, as this is where we expect the accretion flow mediated transport of small
dust to be most prevalent.

The initial radial locations of each particle and their positions after 100 kyr of evolution are
shown in Figure 3.9. In the outer disk, 1 cm sized particles for each planet largely clump together
at the pressure maxima where the gas flow is Keplerian. Particles of this size that start in the inner
disk drift to the inner edge of the disk, and are removed from the simulation. The dynamics of
these grains are largely dominated by gas drag induced drift. No cm sized grains cross the orbit of
the planet for the embryo masses considered here.

The smaller, 10 pm grains, shown in the bottom row of Figure 3.9, behave quite differently. For
all embryo masses considered, the vast majority of small dust particles survive in the inner disk for
the full 100 kyr due to their much longer drift timescales compared to the larger 1 cm size particles.
In general, these smaller particles are dominated by diffusion rather than drift and tend to spread
out through the disk rather than concentrate at a single location. These solids are much more likely
to cross the orbit of the growing planetary embryo in both directions, both moving inward from
beyond the orbit of the planet as discussed above, but also outward from the inner disk to the outer
disk. This effect can also be seen in 3.5, where 10 and 100 pm sized grains can be seen to move
between the inner and outer disk even in the presence of a 100 Mg embryo. Thus, we find that
some amount of small solids can be transported from the inner disk to the outer disk throughout the
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Figure 3.9: The starting and ending locations of solid particles that begin both inside and outside
of the planet after 100 kyr of evolution. The planet location is shown by dashed grey lines, with
the gap shown by the thick grey regions. A 1:1 line is shown by the black dotted line. Particles
above this line moved outward in the nebula, while particles below this line moved inward. Points
are colored according to the quadrant they are in, with darker colors indicated a higher density of
points in that region of space. The upper right quadrant of each subfigure represents solids that
start and end in the outer disk, while the bottom left are solids that start and end in the inner
disk. The upper left and lower right quadrants show material that crosses the orbit of the planet,
from the inside out or outside in respectively. Points in red show solids that are accreted by the
planetary embryo.
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growth of the embedded embryo resulting in additional mixing of materials across the gap opened
by the embryo.

As expected, the 1 cm particles tend to concentrate at the pressure bump where the solids move
at the same speed as the gas resulting in no drag. These locations are at about 6.5, 7, and 8 au for
the 50, 100 and 300 Mg cases respectively (see Figure 3.3). In the outer nebula, the smaller solids
show a much wider distribution for the 50 and 100 Mg cases, although tend to concentrate at the
gap edge for the 300 Mg case. This concentration of 10 pm dust is due to the increased strength
in gas flow due to gravitational interactions between gas and the massive embedded embryo. These
dust concentration points are discussed in more detail in Section 3.4.4. Interestingly, these 10 pm
solids also tend to concentrate at the inner gap edge, at about 4 au. At this location, the gas
azimuthal velocity approaches Keplerian, although it is still slightly sub-Keplerian (see Figure 3.3).
Additionally, at the gap edge, gas is flowing into the gap, radially outward at the inner gap edge.
Because the gas is relatively depleted at this point in the disk, the small dust has a larger Stokes
number than in the outer disk. As such, the dust do not diffuse as readily away from this region as
would be expected in an unperturbed case. Combined, these effects result in a low radial velocity
for the small dust, leading to an increase in concentration of small dust at the inner edge of the gap

in addition to the outer edge.

3.4.4 Dust Concentration Points

In the limit of many particles over long timescales, the residence times of the particles mirror the
spatial density of particles at a given location. These regions of high dust concentration (long
residence times) may be important growth regions, as the resulting elevated dust-to-gas ratios may
lead to more frequent collisions (T. Birnstiel et al., 2012) and/or the initiation of the streaming
instability (A. N. Youdin & J. Goodman, 2005; A. Johansen et al., 2007).

The average residence time of a particle between radial location R; and Rj;1, where R; is the

inner bin edge, is given by

Npart
1
res(By) = 5 ; At;8(ri), (3.26)
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Figure 3.10: Average residence time for different sizes of solids as a function of radial location
in the disk. Residence times are shown for disks containing planetary embryos of mass 100 Mg
(left) and 300 Mg (right). For particles smaller than 1 mm, residence times show a two peaked
distribution in the outer disk when M = 300 Mg, but a smooth, single peaked distribution when
M =100 Mg. The location of the planet at 5.2 au is indicated by the vertical dashed line in both
plots. Thus, solids may form two distinct rings outside of the planet when the embedded Jovian
embryo is massive enough.

where Npq¢ is the number of particles, At; is the timestep of the integration, r; is the particle

location at the start of the timestep, and

1, if Rj <r; < Rj+1

5(7‘1) = (3.27)

0, else

This can also be expanded to 2 or 3D residence times in Cartesian or spherical coordinates. The

residence time in a given cell in the RZ plane is given by

Npa'rt

L At3(rs)5(2:), (3.28)

Tres(Rj7 Zk) =

part =g
where §(z;) is defined similarly to d(r;) for a z-coordinate with bin edges at Zy and Zjy;. These
residence times are then normalized to the total integration time to give the fractional residence
time.

We use the same bins for the residence times as are used for the FARGO3D mesh. The radial
residence times for the different sizes of particles considered for planetary embryo masses of 100 and
300 Mg are shown in Figure 3.10. We use the same population of particles from Section 3.4.2, that
is, solids initialized between 7 to 12 au over 100 kyr.

In both cases, 1 cm size particles tend to pile up in a narrow region just outside of the gap
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opened by the embryo, while the solids less than 1 mm in size are more spread out through the
outer disk. While the smaller solids have a single peak distribution for the planetary embryo of 100
Mg around 7 au, the 300 Mg embryo creates a bimodal distribution of the small solids in the outer
disk. This can be seen in the right panel of Figure 3.10, with a sharp peak in residence time at
about 7 au for all particles, (although the smaller particles tend to have their longest residence times
closer to the planet). The solids smaller than 1 cm then also have a secondary broad peak centered
at 10 au. The massive planetary embryo creates global substructures throughout the disk, which
can create concentric rings and gaps, as has been inferred for disks around other stars (D. Fedele
et al., 2018; S. Pérez et al., 2019). As such, a single giant planet may create multiple dust pileups in
a single disk, explaining the observation of multiple ring and gap systems in other protoplanetary
disks.

As shown in Figure 3.3, for embryo masses 30Mg > My < 100Mg, the azimuthal gas velocity
is exactly Keplerian in only one location, corresponding to the pressure bump outside of the gap
opened by the planet. But when My 2 200Mg, there are multiple locations where dvkep, = 0, and
two locations where particles may concentrate. For a roughly Jupiter mass embryo of 300Mg,, these
locations are at about 7.5 au, and 10 au.

We note that in the higher turbulence case shown here (o = 1073), the outer pressure bump
is not sufficient to trap the largest centimeter sized dust. However, smaller dust is more efficiently
trapped in this outer pressure bump. This is because the larger dust is more vertically settled,
and the dynamics are driven primarily by drift through the midplane of the disk (see also C. P.
Dullemond et al., 2018). Thus, given the turbulence of the disk, a small diffusive “kick” can free the
larger pebbles from the region where the gas velocity is Keplerian, and they rapidly drift inward.
The smaller dust, on the other hand, is more vertically distributed and concentrates where the gas
radial velocity is low or slightly outwards (offsetting inward drift). The small dust is much more
sensitive to the radial gas advection not just along the midplane, but also up to a few scale heights

in the disk.
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Figure 3.11: Comparison of azimuthally averaged disk structure for o = 1073 (solid lines) and
10~* (dashed lines). In general, gaps in disks with lower a values are both deeper and wider. In
both cases, variations in the density remain in the outer disk, leading to multiple areas in the disks
where azimuthal velocity is Keplerian. We note that while the region around the planet in the lower
viscosity case always has lower density compared to the higher viscosity case, The 300 Mg, case
does not fully clear all of the gas from the gap in the timescales considered. The gas present in the
gap is primarily opposite the planet (that is, ¢ = ). As particles crossing the orbit of the planet
generally do so at the location of the planet, this gas present in the gap does not affect the crossing
of particles.

3.4.5 Dependence on Disk Viscosity

Although the level of turbulence in disks is uncertain, observations of PPDs have shown that tur-
bulence can generally be modelled using an a-disk approximation with o ~ 1073 — 107 (e.g. K.
Doi, 2021; K. Flaherty et al., 2020, 2024; T. Paneque-Carrefio et al., 2024). Here, we also explore a
lower viscosity disk (i.e. lower turbulence) with o = 10~*. The lower viscosity affects the particle
trajectories in two major ways. First, planets open deeper and wider gaps in the disk, as has been
described in analytic and numerical studies (e.g. P. C. Duffell, 2015; K. D. Kanagawa et al., 2015,
2016). The resulting azimuthally averaged gas structure of these a = 10~* disks are shown com-
pared to the fiducial o = 1073 disks in Figure 3.11. Second, the diffusivity of the particles is also
decreased, as the particle diffusivity is proportional to the gas viscosity (Equation (3.6)).

The resulting trajectories of several particle integrations using o = 10~* are shown in Figure 3.12.
Here, similar to as in Section 3.4.2, we focus on solids in the outer disk. As can be seen, the lowered

viscosity results in much less solid material crossing the orbit of the embedded embryo. This finding
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is consistent with previous 2D models, which have shown the fraction of material crossing the gap
opened by the planet decreases as the gas viscosity decreases (P. Weber et al., 2018; T. Haugbglle
et al., 2019). This is because the gas density at the edge of the gap is much lower than the o = 1073
case with a steeper density gradient, and so the grains decouple from the gas and no longer follow
the gas advection across the gap. These solids are also unable to diffuse closer to the planet, where
the gas advection and gravitational interactions may pull the solids towards the inner disk, as in
the o = 1072 cases.

Another feature of the lower viscosity cases is that the solids tend to concentrate at multiple
locations at lower embryo masses when compared to the higher o = 1073 case. The lower viscosity
leads to less damping of density and velocity perturbations in the outer disk, resulting in more
pronounced substructure, as seen in the disk’s azimuthal velocity and density shown in Figure 3.11.
As a result, there are several regions of the disk that are at or near Keplerian velocity, leading
to multiple pileups of all solids, including the drift-dominated, 1 cm size solids. Small dust that
is well-coupled to the gas can also concentrate away from the midplane, as seen in Figure 3.13,
leading to concentrations of the smaller 10 and 100 pm dust. In lower viscosity disks, the embedded
embryo can create large scale gas advection throughout the disk, with gas moving away from the
midplane and through the upper layers of the disk. For sufficiently small solids, they can become
well entrained with these flows and concentrate at the center of these 3D gas circulation patterns,
as shown by the regions of longer residence time in the lower right plot in Figure 3.13. Additionally,
due to the lower particle diffusivity, the solids cannot easily diffuse away from these regions, and

thus remain much more concentrated in space over the length of the particle integration.

3.5 Discussion

Given our results, we now explore how the growth of a giant embedded planet may affect the distri-
bution of small dust grains and pebbles, including CAls and other inclusions not yet incorporated
into parent bodies, throughout the surrounding disk. In particular, we place these results in the
context of Jupiter in the solar nebula and how the movement of solids around the embedded Jovian
embryo can be reconciled with the meteoritic record as well as implications for other disks.

Jupiter is typically thought to serve as the barrier of NC and CC reservoirs in the disk, with
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Figure 3.12: Some example trajectories of particles in a disk with an alpha of 107, as in Figure 3.5.
When compared with trajectories of solids in the o = 1073 disks, these solids are much more
concentrated radially, and tend to group in multiple radial locations in the outer disk. Additionally,
filtering from the outer disk to inner disk is much rarer, as particles become decoupled from the
gas advection due to lower gas densities. We note that in some cases, all particles reach the edges
of the simulation before the 100 kyr integration time. In these cases of low viscosity, this is due
to large scale coherent flows in the disk, eventually bringing all particles above 3 scale heights, the

upper-limit of our simulation.
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Figure 3.13: Azimuthally averaged residence times for the largest (top) and smallest (bottom) solids
considered in high viscosity (left) and low viscosity (right) disks containing a 300 Mg, planet. The
contour lines show the surrounding gas density and are placed logarithmically, with contour labels
indicating the log;, of the gas density. In the high viscosity case, the solids diffuse more vertically
and tend to concentrate near the gap. In the high viscosity case, solids much more closely follow the
gas advection, and are concentrated in much smaller areas. The small solids can spend significant
amounts of time away from the midplane.
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NC interior to the Jovian embryo and CC exterior (e.g. T. S. Kruijer et al., 2017, 2020). However,
we have shown here that solids are able to mix between the inner and outer reservoirs, depending
on the dust grain sizes and the mass of the growing embryo. Not only can small solids can drift
inwards past the embedded embryo, consistent with previous results, but we have also shown that
there can be outward mixing through the nebula throughout the growth of Jupiter. We explore
how the results of the Monte Carlo technique presented here may relate to the mixing of isotopic
reservoirs in the disk and the benefits of the Monte Carlo method presented here over alternative

fluid-based simulations.

3.5.1 Growth to the Pebble Isolation Mass

We first consider the earliest stages of Jupiter’s growth, when it was below the pebble isolation
mass. In this early stage of growth, the embryo provides very little barrier to inward drift, with
solids of all sizes crossing from the outer to the inner disk. As the embryo grows more massive, the
transport of grains from the outer disk inward is slowed, with larger centimeter and millimeter sized
grains completely trapped in the outer disk, while smaller sub-millimeter grains are able to cross
the orbit of the planet even after the embryo has reached it’s full Jupiter mass. The question arises,
then, how Jupiter might act as a barrier between the inner NC and outer CC reservoirs throughout
this time. This is only possible if 1) dust growth is limited such that drift-dominated pebbles do not
grow and 2) gas viscosity is low, preventing turbulent mixing of small grains (See Figures 3.5, 3.7,
3.8, and 3.12). Given the ubiquity of millimeter-sized particles observed in other protoplanetary
disks (e.g. S. M. Andrews et al., 2018), the presence of CAls in meteorites in this size range, and
the need for Jupiter’s core to grow to tens of Earth masses, this scenario seems unlikely.
Considering the presence of drift-dominated pebbles in the outer disk, transport of outer disk
material to the inner disk is problematic for a number of reasons. If pebble accretion rates are
indeed 1-10% for large pebbles, as shown here and found in previous work (C. W. Ormel & B. Liu,
2018; B. Liu & C. W. Ormel, 2018; J. Drazkowska et al., 2021), this implies at least 100 Mg of
solids must drift past the proto-Jovian core before reaching 10 Mg. Not only would this present
a significant source of pollution for the the inner isotopic reservoir, but this would also supply the
inner disk with much more mass than expected given the mass of the inner terrestrial planets (R.
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Brasser, 2020).

We note that there are other models for Jupiter’s formation beyond pebble accretion. Formation
via gravitational instability has been suggested, but points to a highly dynamic environment where
large-scale mixing across the disk would occur (e.g. A. P. Boss, 2017, 2019), again making the
preservation of separate isotopic reservoirs a challenge. Accretion of Jupiter’s core via planetesimal
collisions could also occur, but the question remains as to how to prevent the inward drift of solids
during the ongoing growth of planetesimals, which we know formed over the course of millions of
years (e.g. J. N. Connelly et al., 2012).

Given the challenge of preventing the inward drift of such a large amount of solids before Jupiter
reached its isolation mass, we must consider that some other feature in the disk may have been
responsible for creating a pressure bump in the disk early in its history. A number of mechanisms
have been proposed to explain the ring structures observed in disks beyond planets. For example,
snowlines may facilitate the growth of Jupiter while separating inner and outer reservoirs (R. Brasser,
2020; A. Izidoro et al., 2021; A. Morbidelli et al., 2021). As shown in T. Lichtenberg et al. (2021),
snowlines may also act as the seed locations for the NC and CC planetesimals, without the need
for a gap carved by Jupiter. The formation of such a bump early on in the disk lifetime may indeed
aid in the formation of giant planets such as Jupiter (T. C. H. Lau et al., 2024). Thus, the isotopic
dichotomy in the Solar Nebula may have been preserved by another process, and the formation of
Jupiter was not the cause of the dichotomy, but an additional consequence of some other process or
processes. More work considering the dynamical evolution of solids in such disks affected by these

processes is needed.

3.5.2  Growth Beyond the Pebble Isolation Mass

We can also consider what the continued growth of Jupiter after it reached its isolation mass
would mean for the preservation of the observed isotopic dichotomy. After the embryo reached
the isolation mass, the inward drift of large pebbles was halted in the outer disk, leading to a
pileup of millimeter and larger solids. If at this time most of the solid mass was contained in these
drift-dominated pebbles, then leaking between reservoirs would be limited. Exchange of small dust,
however, is possible in cases of high disk viscosity and turbulence. As shown in Figure 3.8, we find
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that upwards of 10% of small dust may have filtered from the outer disk to inner disk during this
phase of Jupiter’s growth for the case of @ = 1073, Additional transport of material from the inner
reservoir outward may continue as shown in Figure 3.9 and discussed in Section 3.4.3.

Some amount of mixing between the inner and outer reservoirs at later stages of planet formation
may help to explain various observations from the meteoritic record. Previous work has found
evidence of NC-like material in CC meteorites (D. L. Schrader et al., 2020; D. L. Schrader & J.
Davidson, 2022; E. Van Kooten et al., 2021) and interpreted this as a record of outward transport
across Jupiter’s orbit. Further, presence of only the smallest CAls in NC meteorites compared
to CC meteorites (E. T. Dunham et al., 2023) could be consistent with the leakage of only small
particles from the outer disk to the inner disk. Such outcomes are dependent on the turbulence in
the disk, and as such we cannot rule out alternative explanations, for example, CAI storage in early
forming planetesimals (S. Ebert et al., 2024).

It is important to note that the later-crossing small dust is facilitated by the growing embryo,
and, as a result, any dust that crossed the orbit of Jupiter at this later period did so by passing
nearby the accreting planet. We call this the “funneling effect,” as solids passing between inner and
outer reservoirs are funneled past the embedded embryo. In some cases, we found particles moving
within only a few hundred Jupiter radii of the embryo, just outside the planetary envelope (see
Figure 3.6). While the details of the circumplanetary disk (or circumplanetary envelope) are not
resolved here, the temperatures are expected to be elevated by ~ 100 to 1000 K depending on the
mass accretion rate of the embryo (see, e.g., J. Szulagyi et al., 2014, 2016; E. Lega et al., 2024; L.
Krapp et al., 2024; F. Alarcon & E. A. Bergin, 2024). As such, later crossing dust may have lost
volatiles as a result of thermal processing from the embedded embryo core (M. N. Barnett & F. J.
Ciesla, 2022). If volatile ices and organics are the carriers of the supernova-derived isotopes (e.g.
B. Liu et al., 2022), then this could provide a means of changing the isotopic compositions of the
transported solids. The chemical implications of small grains passing by giant planets in the outer

disk has recently been explored in H. J. Petrovic et al. (2024).
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3.5.8  Global Effects and the Potential Trichotomy

In addition to the dichotomy between NC and CC meteorites, Ti and Fe isotopic measurements of
CI chondrites and recently returned samples from the asteroid Ryugu have revealed a third potential
isotopic reservoir in the solar nebula (S. Tachibana et al., 2022; T. Hopp et al., 2022; T. Yokoyama
et al., 2023; E. Siciliano Rego et al., 2025). As such, an alternative model of meteorite formation
may be a trichotomy model, requiring further separation of dust into at least three distinct regions
in the disk.

In our models, we see that as Jupiter grew, the embedded planet can create multiple concentric
rings in the disk beyond the pressure bump immediately outside of the planetary gap. In our
simulations this secondary pileup occurs at about 10 au, though its exact location will depend on
where Jupiter formed. This secondary pressure bump can either slow the inward drift, or halt
it completely depending on the viscosity of the disk and size of the grains. Importantly, this
bump and the one immediately outside the planet source solids from distinct regions in the disk,
as in Figures 3.5 and 3.12. If there was a compositional gradient in the initial distribution of
solids then these multiple dust reservoirs in the outer disk may remain compositionally distinct
from one another, though mixing between these outer disk reservoirs may occur depending on disk
viscosity and turbulence. These rings and the limited exchange of material between them may offer
an explanation for the observed tertiary isotopic reservoir observed in CI meteorites and Ryugu
samples.

Interestingly, we see that where grains do move between these reservoirs, they are transported
quickly, moving multiple au through the disk on timescales much shorter than expected by drift.
This can be seen in Figure 3.12 for 1 mm sized grains in disks containing 50 and 100 Mg embryos.
This rapid transport may have important implications for understanding the chemistry of these
solids as they change environments within the disk. The effects of UV radiation on ice-mantle
chemistry of grains has been explored recently in, e.g. J. B. Bergner & F. Ciesla (2021) and L.
Flores-Rivera et al. (2025) using similar techniques.

The dynamical separation that develops at more distant regions from the planet is most effective

when the viscosity of the disk is low, as higher disk viscosities both broaden pressure bumps in the
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disk and enable greater diffusion of solids out of these pressure bumps. This is in contrast with the
hypothesized late inward exchange of CAls and outward transport of NC material described above,
which relies on a higher disk viscosity. If this transport did occur, preservation of the trichotomy
may require additional effects or substructures. The subsequent formation of Saturn and the ice
giants may act to further separate the CI reservoir in the outer disk (T. Hopp et al., 2022; D.

Nesvorny et al., 2024).

3.5.4  Future Work and Caveats

While we have mainly focused on the role of Jupiter in the solar nebula, these results are also
applicable to PPDs more broadly. For example, the mass available for planet formation is dependent
on the pebble flux through the disk (M. Lambrechts et al., 2019; B. Bitsch et al., 2019; G. D.
Mulders et al., 2021). Thus the presence of an outer giant planet may limit the pebble flux through
the disk, reducing the occurrence of super-Earth planets in the inner disk. However, observations
of exoplanetary systems reveal that systems with Jupiter-like exoplanets often also contain inner
super-Earth planets (W. Zhu & Y. Wu, 2018; M. L. Bryan et al., 2019; M. L. Bryan & E. J. Lee,
2024), although this correlation may not be conclusive (D. Barbato et al., 2018). The late, accretion-
mediated filtering of small solids past an outer giant planet may allow enough small dust to pass
that can then grow to pebbles, providing feedstock that would otherwise be shut off. We note that
the exact size of solids that may pass the planet depends on the aerodynamic interactions between
the gas and solids — as such the density of solids and density of the disk gas may change the size of
solids capable of crossing the orbit of the planet proportional to these densities (see Equation 3.8)

Although this work assumes constant gas density and velocity structure, this may be expanded
in the future to allow for time varying disk conditions. This will allow for the study of the effects
of migration, disk dissipation, and multiple planets. For example, the early disk may have been a
more turbulent decretion disk, as opposed to the assumed standard accretion disk. Such structure
may have been important for the early outward transport of CAls (J. N. Cuzzi et al., 2003; F. J.
Ciesla, 2007; L. Yang & F. J. Ciesla, 2012; B. Liu et al., 2022).

Migration, in particular, may affect the fraction of material able to cross the orbit of the planet
in either direction. In the regions of the disk explored here, planets tend to migrate inward faster
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than the unperturbed radial velocity of the gas (P. C. Duffell et al., 2014; C. Diirmann & W. Kley,
2015). If the planet migrates faster than the surrounding gas, then the relative velocity of the gas
with respect to the migrating planet should be negative, that is, from the inside the planet’s orbit
to outside. This relative outward gas velocity would inhibit the inward transport of small particles
across the planet gap, and increase the outward transport of solids (A. Morbidelli et al., 2023).
This may increase the number of solids observed to migrate outwards as reported in Section 3.4.3,
providing a mechanism for introducing NC like material to the outer CC reservoir. We note,
however, that small particles tend to cross the orbit of the planet nearby the planet (Figure 3.6),
where the gas flow is onto the planet and into the gap, as shown in Figure 3.4, rather than the gas
velocity being only inward. As such, even with migration, we would still expect to see some amount
of material crossing the orbit of the planet in both directions. That said, the effects of including a
migrating planet with the particle tracking techniques presented here should be explored further in
future work to address these questions on the filtering and accretion percentages. Migration would
also affect the location in the disk where Jupiter is expected to form. For example, if Jupiter formed
much further out in the disk than its current location (i.e. beyond the Ny snowline; K. I. Oberg &
R. Wordsworth, 2019; A. D. Bosman et al., 2019) then gas densities would be lower than explored
here, affecting the meridional flows around the planet and the size of solids that remain well coupled
to the gas.

Grain growth and fragmentation may have important implications for the transport of solids
though the disk, as has been explored in, e.g.,J. Drazkowska et al. (2019); S. M. Stammler et al.
(2023). For example, fragmentation near the planet may increase the density of small particles,
providing a source of small dust which could migrate across the planet’s orbit, as has recently been
shown in L. E. J. Eriksson et al. (2024). Here, we do not explore the origin of the small dust. The
consequences of the size evolution of solids should be explored more in future work, but it seems
that fragmentation of large solids would increase the rate of solid mass transport across the planet’s
orbit.

As with all Monte Carlo methods, the results presented here are limited due to the finite number
of particles integrated. In all cases, we explore a representative sample of a large number of particles
originating in a small region of the disk. While we are not able to explore, for example, expected
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dust densities throughout the disk, this method excels in connecting regions of the disk, that is,
understanding how particles from one region of the disk mix with material from other regions of
the disk. Using the particle tracking technique presented here, we can begin to quantify the degree
of radial mixing throughout the disk, as is discussed in Sections 3.4.2, 3.4.3, and 3.4.4. Although
integrating a larger number of particles would enable us to better probe the low probability events
(for example, accretion onto the planet or outward crossing particles), it would be computationally
prohibitive to increase the number of particles explored. In its current implementation, the compu-
tation time scales linearly with the number of particles. As such, an order of magnitude increase
in the number of particles integrated would require an order of magnitude increase in computation
time.

Similar to limits on the number of particles, the computational time also scales linearly with the
time of integration. As such, our simulations here are limited to less than 1 Myr, likely less than the
age of the disk. However, it is important to note that throughout its lifetime, the disk and embedded
planet are both constantly evolving. As such, the “snapshots” of constant disk and embryo mass are
approximations, and such disk conditions are not expected to exist over million year timescales as
considered. The results shown here, however, are useful limiting cases to demonstrate how mixing
around the embedded planet changes over time.

Despite these drawbacks of Monte Carlo simulations, we believe there are benefits and novel
insights of the techniques presented here compared with typical fluid-based studies. For one, we are
able to study the dust evolution for a wide range of models out to 1 Myr. For our case with the planet
at 5.2 au, this is equivalent to just under 100,000 orbits of the embryo, much longer than typical
for hydrodynamic simulations. This is particularly true for the high resolution 3D hydrodynamic
models we use for the gas structure here. Additionally, we are able to connect regions of the disk,
quantifying mixing and accretion of solids onto the embedded embryo. While fluid approaches can
identify regions of the disk where solids concentrate, similar to the residence time calculations in
Section 3.4.4, we have shown here that solids in a given “clump” tend to be sourced from nearby in
the disk (see, Figures 3.12 and 3.13 and discussion in Section 3.4.5) and, when they do move between
reservoirs, do so quickly. These results are new findings of this technique and are not apparent from

fluid approaches. Using these techniques we can begin to understand the chemical environments
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and residence times in those environments these are particles are expected to experience.

3.6 Conclusion

In this work, we have combined 3D hydrodynamic simulations of a disk containing an embedded
planetary embryo with particle tracking techniques to model the transport and trajectories of solids.
We place the histories of these small solids within the context of the meteoritic record of the Solar
System, to constrain the timing and environment of Jupiter’s formation.

We find that there was a significant evolution and change in the dynamical behavior of dust
as Jupiter grew. Early on, before reaching the pebble isolation mass, solids were able to drift and
diffuse from the outer disk to the inner disk freely and from all azimuthal angles. Given the large
flux of solids expected in the disk at this time, preserving the NC-CC dichotomy across the orbit
of the planet would be challenging. Instead, if some process or feature was already present that
prevented or limited the drift of solids, then this would make preservation of the dichotomy possible
and also could facilitate Jupiter’s growth.

Once Jupiter grew to and beyond the pebble isolation mass, gas-drag-induced drift became
inefficient, and the only solids that were capable of crossing the planet’s orbit were small dust
particles which were funneled from the outer disk to the inner disk, or from the inner to outer
disk, immediately around the growing planet. Given the presence of NC materials in CC meteorites
(D. L. Schrader et al., 2020; D. L. Schrader & J. Davidson, 2022; E. Van Kooten et al., 2021), and
that the only objects in the NC meteorites that are genetically linked to those in the CC meteorites,
CAlIs, are smaller and less abundant than found in their outer disk counterparts (E. T. Dunham
et al., 2023), it has been suggested that such crossing did occur. If true, then this implies that
the disk was sufficiently turbulent or viscous around the orbit of the planet. Further, due to the
funneling effect, any crossing solids passed nearby a luminous protoplanet, leading to some level of
thermal processing of those solids.

Jupiter’s growth would also impact the dynamics of dust particles at more distant regions of the
solar nebula. At sufficient mass, it could create an additional pressure bump in the outer disk, which
would collect solids and source them from a different region than the bump immediately exterior to

the planet’s orbit. This may further lead to compositional zoning of materials in the outer disk and
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may be recorded in the trichotomy suggested by analyses of CI meteorites and Ryugu samples.
Using the techniques presented here, we are able to identify individual grains that may cross
the orbit of the embedded planet. Understanding the paths traveled by these solids will allow
us to better understand the chemical processing expected to occur, as these solids move through
drastically changing temperature and radiation environments throughout the disk. This technique
also allows us to begin to quantify the extent of mixing between reservoirs in the disk and accretion
onto the growing envelope and how these effects change over time as embedded planets grow. Thus,
we can begin to study how planets sculpt their own environment during formation and affect the

composition of the surrounding disk.
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CHAPTER 4
DUST RECYCLING AND VOLATILE ENHANCEMENT

This chapter has been published as the following:

Van Clepper, E. R., Alarcon, F., Bergin, E., & Ciesla, F. J. 2025, “Dust Recycling and Icy
Volatile Enhancement (DRIVE): A Novel Method of Volatile Enrichment in Cold Giant Planets”,
The Astrophysical Journal Letters, 994, 1.44, doi: 10.3847/2041-8213ae1d81.

4.1 Chapter Abstract

Giant planet atmospheres are thought to reflect the gas phase composition of the disk when and
where they formed. However, these atmospheres may also be polluted via solid accretion or ice
sublimation in the disk. Here, we propose a novel mechanism for enriching the atmospheres of
these giant planets with volatiles via pebble drift, fragmentation, and ice sublimation. We use a
combination of 3D hydrodynamic simulations, radiative transfer, and particle tracking to follow the
trajectories and resulting temperatures of solids in a disk containing an embedded planet forming
outside the CO snowline. We show that small dust can become entrained in the meridional flows
created by the giant planet and advected above the disk midplane where temperatures are well above
the sublimation temperature of CO. This transport of small grains occurs over 10 kyr timescales,
with individual micron-sized grains cycling between the midplane and surface of the disk multiple
times throughout the planetary accretion stage. We find that this stirring of dust results in sublima-
tion of CO gas above the snow surface in the dust trap created exterior to the giant planet, leading
to super-solar CO abundances in the pressure bump. This mechanism of Dust Recycling and Icy
Volatile Enhancement in cold giant planets, which we call the DRIVE effect, may explain enhanced

metallicities of both wide separation exoplanets as well as Jupiter in our own Solar System.

4.2 Introduction

A major goal of studying protoplanetary disk (PPD) evolution is to connect observed exoplanets
with their formation regions within the disk. Observations of young giant planets and PPDs,

however, have revealed an unexplained mismatch between disk and planetary compositions. Cold
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giant planets have been observed to have an enriched metallicity compared to their host star, both
in our solar system and around other stars (S. K. Atreya et al., 2020; C. Li et al., 2020; C.-C. Hsu
et al., 2024; E. Nasedkin et al., 2024; E. A. Bergin et al., 2024; W. O. Balmer et al., 2025; J. D.
Lothringer et al., 2025). The gas phase metallicity in the outer disk, however, should be low, with
the majority of major C- and O-bearing molecules frozen out onto grains (K. I. Oberg et al., 2011;
E. A. Bergin et al., 2024). While the gas in the cold outer regions of PPDs is carbon rich and
low metallicity, the atmospheres of giant planets that are inferred to form in these regions of the
disk have lower C/O and higher metallicity than their host star. Understanding the composition
of the disk gas during the formation of these giant planets, and possible enrichment in volatile
elements, is necessary for connecting observed compositions and metallicities of giant planets to the
disk conditions in which they form.

One of the current leading theories for giant planet formation is pebble accretion, wherein
planetary cores grow by accreting drifting pebbles through the disk (M. Lambrechts & A. Johansen,
2014). In this model, planetary core composition is set by the composition of these solids, both the
refractory grain as well as any volatiles that may be present as an ice mantle. Once the core grows
large enough, it opens a gap in the disk, halting the inward drift of solids and shutting off pebble
accretion (M. Lambrechts et al., 2014). Though the pebble isolation mass depends on the gas scale
height and turbulence, typical masses are on the order of a few 10s of Earth Masses (B. Bitsch
et al., 2018). At this stage, the core accretes gas from the disk, undergoing a runaway growth phase
until the gas disk dissipates (J. B. Pollack et al., 1996). During this runaway growth phase, the
atmosphere of the planet should accrete primarily gas, with the planet becoming more metal poor
as it grows in mass, reflecting the metallicity of the PPD gas (D. P. Thorngren et al., 2016). So
while the core of the planet may initially be metal rich, once the planet reaches the pebble isolation
mass the atmosphere should largely reflect the relatively metal poor composition of the gas where
the planet formed.

One way to alter the composition of a giant planet atmosphere is if the planet grows inside of
a snowline in the disk. As pebbles drift from the outer disk, they will pass snowlines, enriching
the region interior in volatiles (J. N. Cuzzi & K. J. Zahnle, 2004; F. Ciesla & J. Cuzzi, 2006; K. I.
Oberg & E. A. Bergin, 2016; R. A. Booth et al., 2017; C. Danti et al., 2023). If a planet grows just
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interior to one of these snowlines, then its atmosphere should become enriched in those volatiles
(A. D. Schneider & B. Bitsch, 2021a,b). Additionally, if the ice present on these grains carries with
it trapped noble gasses, this sublimation may explain the enrichment of both volatiles and noble
gasses in Jupiter’s atmosphere (N. Monga & S. Desch, 2014; O. Mousis et al., 2019; S. K. Atreya
et al., 2020). This model is particularly attractive as snowlines can also create local pebble pile-ups,
which may help to initiate core formation (J. Drazkowska & Y. Alibert, 2017; G. Andama et al.,
2022; T. C. H. Lau et al., 2022). This, however, requires the planetary core to accrete gas from the
region just interior to the snowline, and cannot explain any enrichment of a given species exterior
to its respective snowline.

Recent models have shown that the growing planetary embryo, surrounding gas, and smaller
solids all interact with one another, complicating the otherwise simple picture of giant planet forma-
tion. One such complication is the meridional flow patterns of gas accretion onto the planet in 3D
(W. Kley et al., 2001; A. Morbidelli et al., 2014; J. Szulagyi et al., 2014; J. Fung & E. Chiang, 2016;
R. Teague et al., 2019; E. Lega et al., 2024). Hydrodynamic simulations of gap opening planets
in 3D show that gas moves outward, away from the planet along the spiral arms at the midplane.
Gas flows are away from the midplane at the gap edges and fall onto the poles of the planet from
1-3 scale heights above the midplane. Such 3D stirring can entrain small dust, increasing the dust
scale height near the planet (J. Bi et al., 2021) and even lead to the accretion of small dust onto the
planet (J. Szulagyi et al., 2022; N. Maeda et al., 2024; H. J. Petrovic et al., 2024; E. R. Van Clepper
et al., 2025Db).

In this work, we examine the chemical consequences of the vertical stirring immediately outside
a growing planet, and the delivery of volatiles to the planetary atmosphere. First, we describe
our methodological approach, including disk hydrodynamic simulations, radiative transfer model-
ing, Monte-Carlo particle integrations, and dust growth and fragmentation simulations. Using the
results of these combined modeling techniques, we show that the Dust Recycling and Icy Volatile
Enhancement (DRIVE) effect can lead to an enhancement of the gas phase abundance of volatiles,
even exterior to the their respective snowlines. Here, we use the enrichment of CO exterior to the
CO snowline as an example, though the DRIVE effect can work in general, and is expected to

function in a similar manner for other volatile ice species. We discuss these results in the context
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Figure 4.1: Azimuthally averaged gas density (left) and gas radial velocity relative to the planet
(right) for our FARGO3D disk model containing a Jupiter mass planet at 75 au. The CO sublimation
surface at 30 K recovered from our RADMC-3D model is indicated in both panels by the red dashed
line. The region near the embedded planet is heated from a combination of accretion heating onto the
planet, disk viscous heating, and radiative heating from the star, resulting in higher temperatures at
the midplane in the gap. Gas advection relative to the local sound speed is also indicated by white
arrows. Gas advection is primarily outward along the midplane near the planet, with significant
vertical flows away from the midplane at the gap edge and in the pressure bump at 100 au.

of Jupiter and other directly imaged exoplanets and compare with other mechanisms of volatile

enhancement in giant planet atmospheres.

4.3 Methodology

To explore the consequences of dust stirring near an embedded giant planet, we model the gas disk
using single-fluid FARGO3D hydrodynamic simulations (F. Masset, 2000; P. Benitez-Llambay &
F. S. Masset, 2016) with 256 radial cells ranging from 30 au to 337.5 au, 512 cells in azimuth from
0 to 2m, and 32 cells in colatitude spanning from 1.32 rad to the disk midplane. We simulate a
0.05 Mg disk around a 1 Mg star. We include a 318 Mg giant planet at a fixed separation of 75
au using a mass taper over the first 100 orbits. The disk aspect ratio at the planet separation was
set to 0.05. The disk is simulated for 1000 orbits, and the resulting structure is used to determine
the dust temperature in post-processing, following F. Alarcon & E. A. Bergin (2024). The resulting
gas density and velocity structure are shown in Figure 4.1, with the velocity shown relative to the
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planet, v, with 9, < 0 indicating gas flow towards the planet. Near the midplane, gas is primarily
flowing away from the planet along the spiral arms. Gas accretion tends to be onto the poles of
the planet, as is expected from meridional flow patterns (W. Kley et al., 2001; A. Morbidelli et al.,
2014; J. Szulagyi et al., 2014). Within the pressure bump near 100 au, gas advection tends to be
vertically away from the midplane.

The temperature within the disk is determined using RADMC-3D (C. P. Dullemond et al., 2012)
including radiation from the central star, emission from the embedded planet, and viscous heating
(see F. Alarcon & E. A. Bergin, 2024). For the temperature structure, we assume a constant dust-
to-gas mass ratio of 0.01, with the solid mass entirely in small dust. The outer disk is characterized
by passive heating, with the upper layers of the disk being hotter than the regions close to the
midplane (E. I. Chiang & P. Goldreich, 1997). In the gap, a combination of accretion heating from
the planet, viscous heating at the midplane, and asymmetric dust scattering results in increased
temperatures near the midplane, as shown via the isothermal contour in Figure 4.1.

As an example of a volatile species, we track the sublimation of CO from the grains at this
location in the disk. CO is highly volatile in protoplanetary disks; the temperature at which it
begins to appreciably come off the grains depends on the CO binding energy and surface area of
grains available. The binding energy of CO is uncertain and depends on the ice mixture on the
mantle of the grain, with literature values ranging from 855 K (D. McElroy et al., 2013) up to 1500 K
(E. C. Fayolle et al., 2016), suggesting freeze-out temperatures of ~20 - 30 K. Throughout this work,
we use a conservative assumption for the CO sublimation temperature of 30 K, corresponding to
a midplane snowline location of 45 au, interior to the planet location of 75 au modeled here. The
location of the CO snowline is shown by the red dashed line in Figure 4.1. While this temperature is
an approximation, the results presented here do not depend the exact temperature, and we discuss
differing heights of the CO sublimation surface later. Although, heating from the embedded planet
increases the midplane temperature above the CO sublimation temperature near the edge of the
gap, the main region of the pressure bump that is above 30 K is above Z/R =~ 0.1, slightly above 1
scale height at this location of the disk.

Small solids in the disk, which serve as the feedstock of planetesimals and planets, can be grouped
via their aerodynamic properties and interactions with the gas. These aerodynamic properties are
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defined via the Stokes number, St, which is the dimensionless ratio of the stopping time to the
orbital period of the solid. Throughout this work, we refer to two main populations of solids, the
small dust and larger pebbles (as in, e.g. T. Birnstiel et al., 2012). Small dust (St < 1073) is defined
as those solids which are primarily coupled with the gas, and whose dynamics are strongly affected
by gas advection and turbulence. The dynamics of larger pebbles (1073 < St < 1) are mainly driven
via gas drag-induced radial drift (S. J. Weidenschilling, 1977). Pebbles also experience significant
settling, with typical scale heights much less than that of the gas, in contrast with the smaller dust
which has a comparable scale height to the gas (A. N. Youdin & Y. Lithwick, 2007).

Once the physical conditions within the disk are known, we track the location and temperature
of pebble and dust tracer particles of constant size using the 3D Monte-Carlo particle tracking
technique described in E. R. Van Clepper et al. (2025b). Particles are started at the midplane
exterior to the gap opened by the giant planet, here at about 100 au. We examine particle sizes
ranging from sub-micron, St < 1075, up to 1 cm in size, St ~ 1. Because the solids are integrated
using a constant particle size, their Stokes numbers vary throughout the integration, with the Stokes
number inversely proportional to the gas density. As a result, particles’ Stokes numbers decrease
in the pressure bump, where gas densities are at a local maximum, and increase in the gap and
away from the midplane, where gas densities are lower. Where Stokes numbers are given here,
it is the Stokes number for solids at the midplane at 100 au as a means to compare between the
3D constant size integration and 1D DustPy simulations, described further below. Particles of
all sizes are integrated forward in time including random diffusion for 1 Myr, with their locations
recorded every 10 years (~ 0.01 orbital period). At each time, the temperature of the particles are
interpolated from the RADMC-3D outputs. While the RADMC-3D simulations only consider the
small, well-coupled dust to determine the dust temperature, we assume that all dust and gas are in
thermal equilibrium; that is, the temperature of all sizes of dust and the gas is the same at a given
location of the disk.

While particles in our simulations remain at fixed sizes, we also use DustPy simulations (S. M.
Stammler & T. Birnstiel, 2022) to model the dust size evolution for the disk. We match the DustPy
surface density to the FARGOS3D simulation including a Jupiter mass planet at 75 au. The disk
is initialized with a MRN-like dust size distribution (J. S. Mathis et al., 1977) in the outer disk
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Figure 4.2: Dust distribution as a function of size and radius from DustPy simulations showing
the initial conditions of the dust size distribution (top row) and after 1 Myr of evolution (center
row) for a disk containing a Jupiter mass planet located at 75 au. We examine disks with particle
fragmentation velocities of 1 m s™! (left column) and 10 m s~! (right column). The grain size
distribution in the pressure bump at 101 au is shown in the bottom row. Regardless of dust
fragmentation velocity, we see an enhancement of small dust less than St = 1073 (dotted line) in
the pressure bump. The total dust-to-gas mass ratio, €, is labeled in each plot, where the initial
dust-to-gas is € = 0.01 in the outer disk. The dust-to-gas mass ratios for grain with St < 1073,
€om, and St > 1073, €lg are also shown. For the case with larger fragmentation velocity, while the
total dust mass is higher and grains reach much larger sizes, the total mass of dust with St < 1073
is about 0.01 in both cases.
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with a dust-to-gas mass ratio of 0.01. As the fragmentation velocity of dust is uncertain, we do
two simulations, one with a fragmentation velocity of 1 m s~! and one with 10 m s~!. Both
simulations assume a constant « viscosity parameter of @ = 1072 as in our FARGO3D runs. The
initial conditions and dust size distribution after 1 Myr of evolution for both simulations are shown
in Figure 4.2. The location of the pressure bump in the DustPy simulations is centered at 101 au,

agreeing with the full 3D hydrodynamic simulations.

4.4 The DRIVE mechanism

Combining these techniques, we examine the stirring of small dust in the pressure bump created by
a giant planet. We find that a natural consequence of dust growth is the concentration of solids in
the dust trap and stirring of small dust to higher and warmer regions of the disk, enriching the gas
accreted onto the planet in volatiles. Figure 4.3 shows a cartoon illustration of this process high-
lighting the essential ingredients: pebble drift, fragmentation, meridional circulation, and volatile
sublimation. We refer to this process as “Dust Recycling and Icy Volatile Enhancement” (DRIVE),
whereby small dust grains undergo a cycle of growth and fragmentation, transporting volatile ices
above the snow surface and sublimating them into the gas phase. The gas, now enriched in volatiles
sublimated from the grains, can then be accreted onto the planet and incorporated into the giant
planet atmosphere. Thus, we do not require giant planets to grow interior of the midplane snowline
to inherit volatile gas into their atmosphere. This provides a novel way to enrich the atmospheres

of cold giant planet after they have reached the pebble isolation mass.

4.4.1 Solid concentration and fragmentation

Once they reach the pebble isolation mass, giant planets create pressure maxima external to their
orbit (R. R. Rafikov, 2002), where radial drift is halted and solids can concentrate (S. J. Weiden-
schilling, 1977; M. Lambrechts et al., 2014; C. P. Dullemond et al., 2018). In these regions, grains
grow to a certain maximum size before relative velocities exceed fragmentation velocities, breaking
apart larger pebbles into small dust grains (T. Birnstiel et al., 2011, 2012). Indeed, numerical sim-
ulations have shown that fragmentation is a common outcome in the pressure bump exterior to a

giant planet (J. Drazkowska et al., 2019; S. M. Stammler et al., 2023; L. E. J. Eriksson et al., 2024).
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Figure 4.3: Cartoon schematic of the DRIVE effect enriching the atmosphere of a giant planet with
volatiles. Larger pebbles trap volatiles from the outer disk and transport them to the pressure
bump created by the giant planet via radial drift. Here, fragmentation creates fine dust, which can
be lofted away from the midplane, leading to sublimation of ice mantles on the dust and enriching
the gas above the snow surface with volatiles. This volatile rich gas can then be accreted onto
the planet, resulting in a volatile enriched atmosphere. The dust, due to the lower gas density
at the surface of the disk, decouples from the gas and can settle back to the midplane as a bare
grain, fractionating the volatile elements from the more refractory solids. Here, the color shows the
azimuthally averaged gas density from our FARGO3D simulations. The solid black contour outlines
the region of the disk where total dust-to-gas mass ratio is equal to 0.01 in our DustPy simulations,
with higher dust-densities below this contour. The transport of icy pebbles is represented by the
black and red solid arrows, while black arrows represent bare grains and red arrows represent CO
gas. Meridional flows onto the planet including entrained CO gas are illustrated by the red and
black dashed arrows. The approximate location of the CO snowline at 30 K is also included.
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Our DustPy simulations show that regardless of fragmentation velocities assumed, the pressure
bump exterior to the planet becomes enriched in both large pebbles and small dust. Because
these dust grains in the bump are supplied by inward drift of ice-rich pebbles, the increase in dust
mass also corresponds with an increase in total CO in the bump. Figure 4.2 shows the grain size
distribution in the pressure bump, where both the dust-to-gas mass ratio, €, and maximum grain
size reach peak values. We also show the dust-to-gas mass ratios for small and large grains, €4,
and gy, respectively, where we define small grains as dust (St< 1073) and large grains as pebbles
(St> 1073). In both the model with low fragmentation velocity and high fragmentation velocity,
the total dust-to-gas mass ratio is increased above the initial value of 1072, with ¢ = 1.59 x 1072
and 1.45 x 107! respectively after 1 Myr. Despite differences in the total dust-to-gas ratios, the
value of e4y, is comparable in both cases, €4y, = 0.915 x 1072 and 1.3 x 1072 for Vfrgg = 1 m g1
and 10 m s~! respectively. Regardless of fragmentation velocity, we see an enhancement not only
in the total dust-to-gas mass ratio, but also an enhancement of the small, well-coupled dust with
St < 1073, approximately equal to the initial value of 0.01 in the pressure bump exterior to the
planet. This enhancement in small dust is key to the delivery of CO ice to the gas, as the small
dust is more mobile in the pressure bump and can be lofted to regions in the disk above the CO

sublimation temperature, sublimating CO from the ice phase into the gas.

4.4.2  Dust recycling and ice sublimation

Next, we examine the thermal histories of solids of different sizes immediately exterior to the planet.
The larger pebbles, here ranging from 100 pm to 1 cm, tend to stay near the cold midplane,
while grains smaller than 10 pm can be lofted to higher elevations and reach higher temperatures.
Figure 4.4 shows the maximum temperature reached by 1000 particles of different sizes over time.
Dust with sizes < 10 pm (St < 1073) experience temperatures much higher than the midplane
temperature of 21 K. After 0.1 Myr, 75% of micron-sized dust has reached temperatures well above
the CO sublimation temperature of 30 K with 100% of the small dust reaching temperatures above
30 K by 1 Myr. This trend is similar for 10 pm, while the larger 100 pm show only about 10%
of grains reaching above 30 K, with no millimeter or larger grains reaching the CO sublimation
temperature. These larger grains tend to experience some heating from the luminous planetary
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Figure 4.4: The maximum temperature reached by particles of different sizes, ranging from 1 mm
to 1 pm (right column) for particles starting at the midplane at 100 au. The colormap shows the
number of particles out of 1000 total that have reached a given temperature as a function of time.
Also indicated in each plot by a solid line is the 50" percentile for maximum temperature reached
as a function of time. The dashed lines show the 25" and 75 percentiles, and dotted line show 10"
and 90 percentiles. While large particles are not heated much above the midplane temperature,
solids below 10 pim in size (St < 1073 at the midplane experience heating. All of these dust particles
experience temperatures above 30 K by 1 Myr.

embryo, but here it is insufficient for CO sublimation, and we focus on the heating of small grains
at the surface of the disk.

The locations and temperatures over time for one hundred 1 pm sized examples particles are
shown in Figure 4.5. Although these small dust grains tend to experience the highest degree of
heating, they spend the majority of the time near the midplane and low temperatures. When these
solids are heated, it is typically during brief excursions to upper layers of the disk, before returning
to the cold midplane, as has been found in studies of disks not containing a planet (e.g. F. J. Ciesla
& S. A. Sandford, 2012; J. B. Bergner & F. Ciesla, 2021; L. Flores-Rivera et al., 2025).

This migration of small grains to the disk surface is enhanced via the meridional flows created
by the planet. 3D hydrodynamic simulations have shown that planet-induced pressure bumps can
significantly increase the scale height of small dust (J. Bi et al., 2021; J. Szulagyi et al., 2022). In
Figure 4.5, we also show the trajectory of the particle that experiences the highest degree of heating
near the time when it reaches this temperature. The planet creates meridional flow patterns that

can entrain small particles, lifting them near the surface of the disk. Here, where the dust grains
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Figure 4.5: (Top) Particle trajectory of the tracer particle reaching the maximum temperature, with
the hottest point labeled with a red dot. The background color and arrows show the azimuthally
averaged gas density and advection. This particle is lofted to high altitude following the meridional
gas circulation in the disk, reaching temperatures up to 55 K. The particle’s temperature along
its trajectory is shown by the color of line. The particle temperature is shown over 20 kyr to
demonstrate the particle’s trajectory before and after reaching the hottest point at 0.3 Myr. This
particle’s height above the midplane (middle) and temperature (bottom) are also shown as a function
of time over the full 1 Myr integrated by the red lines. Examples of other particles are also shown in
black, indicating the highlighted particle’s trajectory and temperature are typical of other similarly
sized particles.
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are heated, they sublimate CO ice to the gas phase, increasing the CO gas abundance above the
snow surface. In Figure 4.5, the highlighted particle’s position and temperature is shown over only
20 kyr, yet the dust particle is transported vertically over 2 gas scale heights. While the timescale
for vertical transport via turbulence in the disk is Trs = (aQ)™! &~ 200 kyr for o = 1073, dust
particles simulated here tend to be transported on much shorter timescales, indicating gas advection
as the dominant transport mechanism.

While these grains initially follow the gas advection away from the midplane, they do not tend to
be accreted by the planet. This is because as the small grains are lofted, the gas density decreases,
resulting in an increase to the particle’s Stokes number. Thus, while experiencing heating at the
surface of the disk, the grains decouple from the gas flow and settle back to the midplane, where —
now depleted in CO ice — they may coagulate into larger pebbles (S. Krijt & F. J. Ciesla, 2016; W.
Misener et al., 2019). Any gas phase CO that is not accreted onto the planet may diffuse back below
the snow surface and freeze out again as ice. Even if some amount of CO vapor returns to the grain,
that grain remains in the pressure bump, where fragmentation will resupply the fine dust, which
can again transport that CO ice back to the disk surface, repeating the cycle of grain lofting and
volatile sublimation. As a result, a single micron sized grain may transport CO ice to the surface

of the disk multiple times over the disk lifetime.

4.4.3  Giant planet atmosphere enrichment

We have shown that embedded giant planets are expected to both create dusty pile-ups exterior
to their orbit and that dust grains in this pile-up should experience heating when they advect to
the upper regions of the disk. These small grains are resupplied via the fragmentation of inward
drifting, volatile-rich pebbles from the outer disk. As a result, volatiles are carried to the surface
regions of the disk, where they can sublimate and be accreted onto the planet, even in the case
where the planet is located outside of the midplane snowline.

To determine the magnitude of enhancement we expect above the snow-surface, we assume a
steady-state dust distribution based on our DustPy simulations. We assume that this disk structure
has evolved from an initially homogeneous disk, with constant dust-to-gas and CO abundance given
by €9 and Xco o respectively, where the dust-to-gas is given by €y = pgust/pgas = 0.01. Outside of
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the CO snowline, CO is entirely frozen onto grain surfaces such that the CO-to-grain mass ratio
remains constant throughout the disk evolution. Additionally, we assume that grains heated above
30 K are able to fully sublimate CO from the ice-phase to the gas phase, such that the CO gas
abundance, Xco, is proportional to the mass of grains heated above 30 K. Finally, we assume
that in this steady-state approximation CO is able to diffuse vertically, such that Xgo is constant
everywhere above the snow surface.

This process is outlined in Figure 4.6, showing a schematic of the dust-to-gas and CO abundance
in a column of the disk over time. Initially, the dust-to-gas mass ratio is constant throughout the
column, and CO is only present as gas above Zg,,, where Zg,p, is the height above the midplane
where ice sublimation occurs. For CO sublimation at 7" = 30 K, this is located at Z/R ~ 0.1 at
100 au, but Zg,;, will depend on the radial location in the disk and sublimation temperature for
the specific volatile species of interest. If the dust in the column is puffed up, as we expect from
giant planet induced stirring, then these grains will carry CO ice above the sublimation surface,
increasing the abundance of CO there.

Under these assumptions, the total abundance of CO gas above the snow surface is given by

Xco = Xco0,0 = fcoXco, (4.1)

5(Zsub)
e

where ((Zsyp) is the integrated dust-to-gas ratio above Zg,,. The enhancement in CO above the

initial abundance is given by fco = B(Zsub)/€0, where B(Zgup) is given by the equation

S Jug ™ @, 2) da dz

/B(Zsub) - f;soub p(z) dz

(4.2)

Here, p(z) is the gas density and 7(a, z) is defined such that f;}"‘“w n(a, z) da = pgust(z) gives the
total volume density of dust at height z, with ag and amax being the smallest and largest grains
present. By definition, 5(0) (where Zg,/R = 0 corresponds to a location interior to the midplane
volatile snowline) is equivalent to the column integrated dust-to-gas mass ratio. This corresponds to
the total € from our DustPy simulations (See Section 4.4.1 and Figure 4.2). Inside of the midplane

snowline, all of the volatile ice is expected to be sublimated. At this location where Zg,/R = 0, fco
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Figure 4.6: (a): Schematic diagram illustrating the vertical stirring of dust and expected CO
enrichment. Initially, the vertical column has a uniform dust-to-gas mass ratio, €, shown in black,
and gas-phase CO abundance Xco = Xco,0, shown in red, above the sublimation height, Zg,,
(top). Typically, dust growth and settling concentrated dust mass near the midplane, with CO gas
depleted as a result of the cold finger effect (middle). In the DRIVE Mechanism, dust is puffed
vertically from planetary stirring carrying CO ice above the sublimation height. CO ice is then
sublimated into the gas phase, with the abundance of CO proportional to the integrated dust-to-
gas mass ratio above Zg,p, indicated by the hatched region. (b): Expected CO abundance relative
to the initial abundance, fco, as a function of Zg,, and f,. fco is calculated from the DustPy
simulation after 1 Myr of evolution in the pressure bump for fragmentation velocities of 1 m s~!
(left) and 10 m s=t (right). The CO sublimation surface where dust temperatures reach 30 K is
shown by the red dashed line, while the gas scale height is shown by the gray dotted line. The
dust scale-height is increased using a diffusivity of f,a, accounting for vertical stirring as a result
of meridional flows. We find that for Zg,,/R < 0.1, dust densities (and thus CO abundances) are
near or above expected solar metallicities in all cases.
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is precisely the enhancement in dust-to-gas relative to the initial ¢y integrated vertically. Exterior
to the midplane snowline (Zgy,/R > 0), some amount of volatiles remain in the ice phase near
the midplane, with the abundance of sublimated volatiles proportional to the dust mass above the
sublimation temperature.

Here, we assume a gas with a typical ISM dust-to-gas mass ratio of ¢y = 0.01 corresponds with
a solar metallicity and that the total metallicity of the gas is proportional to the dust-to-gas mass
ratio above the sublimation temperature, as the majority of molecules other than hydrogen and
helium are frozen as ice onto the grains. As such, 3(Zgy,) > € represent cases in which the gas is
enhanced in CO, corresponding to a super-solar metallicity, and fco > 1.

Because DustPy is a 1D simulation, we assume a vertical distribution of dust and grains from
the surface density and gas scale height. The gas scale height, h = ¢,Q (where Q is the local
Keplerian frequency and cg is the sound speed), is assumed from a E. I. Chiang & P. Goldreich

(1997) like midplane temperature profile. The dust scale height, h,, is written as in A. N. Youdin

1)
p— 4.
ha Vo + Stah’ (43)

where § is the vertical diffusivity of the dust and St, is the Stokes number of a solid of size a. We

& Y. Lithwick (2007):

define § = f,a, where f, is a dimensionless enhancement parameter to the vertical turbulence, to
account for an increase in the vertical scale height of dust as a result of stirring via meridional flows
exterior to the planet (J. Bi et al., 2021; J. Szulagyi et al., 2022). While this value of f, is uncertain,
we test a variety of values ranging from 1 < f, < 10.

The enhancement in CO relative to the initial abundance, fco, is plotted as a function of Zg,,/R
at R = 101 au, the location of the pressure bump and dust trap for our DustPy simulations, in
Figure 4.6. Here, we see that higher fragmentation velocities and stirring both tend to increase the
mass of dust above the sublimation surface, and thus the expected abundance of gaseous CO. For
Zsab/R = 0.1, as is the case for CO at 101 au, CO abundances directly exterior to the planet range
from slightly sub-solar up to a maximum of 3x solar abundance if f, = 10. While disk turbulence
is difficult to constrain, observations of disks containing ring and gap structures have shown that

some rings may be “puffier” than others, with vertical turbulence up to a ~ 10~2 (K. Doi, 2021; M.
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Villenave et al., 2025), corresponding to f, = 10 in our model. We note that 30 K assumed here
is likely an upper limit for the temperature of CO sublimation. If CO begins to sublimate off of
the grain at lower temperatures, this will correspond with lower values of Zg,;, and an increase of
B(Zsup). Thus a lower sublimation temperature — and lower sublimation height in the disk — will
increase the expected volatile enrichment onto the planet. A sublimation temperature of 25 K, for
example, corresponds to Zgp,/R ~ 0.09. For this lower sublimation temperature, and thus lower
sublimation height, CO abundances range from solar up to 4x solar.

While low fragmentation velocities tend to create more small dust, the concentration of total
solids in the pressure bump remains relatively low compared with the higher fragmentation velocity
model (See Section 4.4.1 and Figure 4.2). For the high fragmentation velocity case, pebble growth
and inward drift concentrates solids in the bump, leading to a higher total dust-to-gas mass ratio
at this location. For the case with a fragmentation velocity of 10 m s™', this leads to a total
enhancement of 14.5x the initial €y, shown as fco(Zsup/R = 0) in Figure 4.6. While higher
fragmentation velocities lead to larger pebbles, the greater concentration of solids in the pressure
bump also increases the mass of small dust, with the “tail” of the mass distribution towards smaller
grains resulting in significant dust mass above 30 K even for the case with no additional vertical
stirring (fo, = 1).

The maximum enhancement to dust in the upper disk, and thus enhancement in CO gas, would
occur from efficient inward drift of pebbles from the outer disk followed by fragmentation in the
bump. We note that fragmentation in the pressure bump exterior to a giant planet is expected
to be enhanced, due to increased relative velocities in the spiral arms (J. Drazkowska et al., 2019;
L. E. J. Eriksson et al., 2024). Additional vertical stirring as a result of planetary meridional flows,
as expected from 3D simulations (J. Bi et al., 2021; J. Szulagyi et al., 2022), will act to further
increase the delivery of volatile ice above the CO snow surface.

The ingredients for the DRIVE mechanism are expected to be present regardless of where the
planet forms. The detailed implications for the composition, including the C/O, of the planet will
depend on its formation location relative to the various snow lines that would exist throughout the
disk. For example, CO2 may also sublimate off the lofted grains considered here, but due to its
higher binding energy, will only do so for those grains that reach temperatures in excess of ~50 K.
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This would lead to a lower enhancement in CO2 than CO because of the former’s higher snow
surface. Were the planet forming just outside the midplane CO9 snow line, however, the planet may
receive an enrichment in COs, while the CO would be present at roughly solar abundance as its
snow line is located much further out in the disk and drifting pebbles would be absent of CO ice. If
appreciable CO3 is accreted along with CO, this would push the C/O of the planetary atmosphere
below unity, possibly explaining C/O ratios near solar in wide-separation giant planet atmospheres
(E. A. Bergin et al., 2024; E. Nasedkin et al., 2024).

Here we highlight the importance of the 2D snow surface, rather than focus on the midplane
snowline. Previous studies have highlighted the “cold finger” effect, where dust growth and settling
can deplete volatiles from the surface layer of the disk, enriching the midplane (R. Meijerink et al.,
2009; S. Krijt et al., 2016; E. R. Van Clepper et al., 2022). In the presence of a giant planet,
however, the dust pile-up will lead to frequent collisions and fragmentation, replenishing the supply
of small grains exterior to the planet. These small grains cycle between the midplane and upper
regions of the disk on 10 kyr timescales (less than the diffusive mixing time), carrying their volatile
ice mantle with them. Here, grains sublimate their volatiles into the gas phase, creating a volatile
rich gas environment above the snow surface. Given the giant planet accretes gas from above one

scale height, this volatile rich gas will be readily accreted into the atmosphere of the giant planet.

4.4.4  Caveats to the model

The magnitude of the volatile delivery onto the planet will depend in detail on the production of
fine dust from pebbles and the heating of that dust, which itself depends on the interplay between
grain growth, fragmentation, transport, and heating in 3D. Modeling these processes together,
however, is a computationally expensive task and will depend on many factors, including the disk
mass, viscosity, accretion rate, and pebble flux. Here, we examine some of the assumptions and
limitations of the modeling work presented here.

First, we assume that sublimated volatiles above the snow surface are accreted onto the planet.
Hydrodynamic models of cooling giant planet atmospheres show that meridional flows are primarily
recycling flows, with the majority of gas returning to the disk (H. Kurokawa & T. Tanigawa, 2018,
A. P. Bailey & Z. Zhu, 2024). Nonetheless, any gas that is accreted onto the planet will come
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from the surface regions of the disk, which will be enhanced in volatiles as a result of the DRIVE
mechanism. While only a small fraction of disk gas may ultimately be incorporated into the giant
planet atmosphere, any disk gas that is incorporated will have an enhanced metallicity. Additionally,
we emphasize the recycling nature of the DRIVE effect. In the case where volatile enriched gas is
not accreted onto the planet or adsorbs onto another grain, that grain may be then cycle to the
upper disk, desorbing volatiles into the gas phase again. While the overall metallicity enhancement
onto the planet may require a detailed understanding of the gas accretion onto giant planets, the
DRIVE mechanism presented here predicts that disk gas available for accretion should be enriched
in volatiles above the snow surface by a factor of up to 3x solar.

We also examine our dust population assumptions from the 1D DustPy model presented in
Section 4.4.1. In 2D, for example, when small solids are lofted they will collide with other small
solids, resulting in growth via sweep-up. S. Krijt & F. J. Ciesla (2016) studied dust growth and
settling in a 1D vertical slice of an axisymmetric disk in the absence of a planet. They showed that
even for high dust-to-gas ratios up to 0.1, as would be expected in the pressure bump exterior to the
planet, small dust grains can still reach heights up to the gas scale height before growing and settling
back to the midplane. W. Misener et al. (2019) expanded this to a 2D disk (R—Z) including growth,
fragmentation, settling, and drift, and showed similar results, with small grains typically reaching
1-2 gas scale heights in the disk shortly after a collision before growing and settling again. Here,
though, we again emphasize the role of the meridional flows, which will serve to further increase
the dust scale height, as shown here and in other work (J. Bi et al., 2021; J. Szulagyi et al., 2022).
Thus, we expect even in the case of dust-sweep up at altitude, small grains should be able to deliver
volatiles to the warm atmosphere of the disk.

These 3D models of dust transport around giant planet not only show that dust is puffed up at
the edges, but also that small dust grains can be accreted onto the planet (J. Szulagyi et al., 2022;
E. R. Van Clepper et al., 2025b) and that a dust envelope (or disk) may be expected around the
embedded planet (J. Bi et al., 2021; L. Krapp et al., 2022). However, in the surface regions of the
disk and in the gap near the planet, radiative transfer models predict that both temperatures and
UV irradiation should be higher than elsewhere in the disk. (F. Alarcon et al., 2020; F. Alarcon &
E. A. Bergin, 2024). Thus, except for the in the pressure bump where the grain may be recycled
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back into the DRIVE mechanism, the recondensation of sublimated volatiles onto grains is unlikely.

Next, we consider how this effect might operate at other snowlines throughout the disk. For
grains to be heated as they are lofted in the disk, this requires the gas temperature to be lower at
the midplane and higher at the surface of the disk. While this is true for disks where heating is
primarily a result of irradiation, viscous heating at the midplane can also provide a source of heat.
Viscous heating depends on the mass accretion rate and disk mass (N. Calvet et al., 1994), and as
a result is more dominant in the inner disk where midplane densities are highest. As such, DRIVE
should be most apparent in the outer disk, where the surface of the disk is hotter than the midplane.
“Cold” snow surfaces, such as the CO and CO9 sublimation fronts, are thus most likely to undergo
this process of grain lofting and sublimation, while “hotter” snowlines, like the HoO snowline or “soot
line” (location of refractory carbon sublimation, M. E. Kress et al., 2010; J.-E. Lee et al., 2010; J.
Li et al., 2021), are more likely to have colder disk surfaces, and thus may not be as susceptible to
thermal desorption at the surface of the disk. Enhanced UV radiation at the surface of the disk,
however, may drive grain chemistry including desorption in these regions (N. F. W. Ligterink et al.,
2024). UV-driven photo desorption may lead to sublimation of even water ice, further increasing
the metallicity and decreasing C/O of the disk gas.

Finally, as dust grains are the primary transport mechanism for volatiles in the DRIVE model,
grain surface chemistry will play an important role setting the gas-phase volatile abundances. Ir-
radiation, for example, may dissociate CO into atomic C and O, resulting in the production of
secondary ice species with different binding energies (see, e.g., J. B. Bergner & F. Ciesla, 2021;
N. F. W. Ligterink et al., 2024; A. J. Cridland et al., 2025). If the resulting primary C- and O-
bearing have drastically different binding energies from one another (or from CO) then this may
effect the resulting metallicity and C/O of volatiles sublimated from the grains and ultimately the
planetary atmosphere. This will, however, depend on the relative timescales involved between grain
surface and gas phase chemistry and optical depth of the dust, and should be studied in more detail

using dynamic chemical models.
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4.5 Comparison with other mechanisms

We present the DRIVE mechanism as an additional means by which giant planet atmospheres may
become enriched in volatile species. While the different mechanisms of giant planet atmosphere
enrichment are not mutually exclusive from one another, each may be dominant in different disk
conditions and leave distinct traces of that formation pathway on the formed planet. In this section,

we briefly summarize some such models and differences with our model presented here.

4.5.1 Pebble drift across snowlines

The process here is similar to the enrichment of volatiles at snowlines as a result of pebble drift
(K. I. Oberg & E. A. Bergin, 2016; R. A. Booth et al., 2017; K. Zhang et al., 2020), although
these models require the planet form interior to the snowline, while the DRIVE model presented
here allows for planet to incorporate these volatile even when forming outside of the midplane
snowline. Enrichment via pebble drift across snowlines requires large pebbles to drift past midplane
snowlines, enhancing the abundance of a given volatile species and imprinting an atmospheric C/O
based on the sublimated ices. Here, we enhance the gas-phase with volatile species via the vertical
lofting of small grains above the snow surface. Additionally, the pebble drift model of enhancement
would predict that CO should be enhanced in the inner disk as CO-rich pebbles drift across the
CO snowline. Disk observations, however, have shown that CO is depleted rather than enhanced

interior to the CO snowline (K. Zhang et al., 2019).

4.5.2  Planetesimal Accretion

Another way to enhance the metallicity of the atmosphere of giant planets is via accretion and
ablation of planetesimals. If these planetesimals originate in the outer disk, then they may be
volatile rich (S. Atreya et al., 1999). Jupiter, for example, may have formed in the outer disk,
beyond the No snowline, accreting C, N, and O from icy planetesimals (A. D. Bosman et al., 2019;
K. I. Oberg & R. Wordsworth, 2019), before migrating to its current day location. This inward
migration may further act to shepherd planetesimals onto the planet, enriching the envelope of

closer in exoplanets (S. Shibata et al., 2020, 2022) and Jupiter (S. Shibata & R. Helled, 2022) if it
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migrated in from the outer disk. If these planetesimals retain all volatiles during their accretion,
then this may lead to decreased C/O of the planetary atmosphere closer to solar values. This
assumes there are ample planetesimals in the disk to be accreted, however dynamical models show
scattering, rather than accretion, may dominate interactions between planets and planetesimals
(L. E. J. Eriksson et al., 2022).

An important aspect of the DRIVE model is the separation of volatiles from their refractory
carriers, resulting in preferential accretion of volatiles over solid dust grains. This refractory-to-
volatile ratio in the atmospheres of planets is expected to differ depending on the mechanism of
enrichment (J. D. Lothringer, 2021). Thus this refractory-to-volatile ratio may help to differentiate
between planetesimal accretion, pebble accretion, and the DRIVE mechanism . The DRIVE model
presented here provides a novel way to transport volatile carbon and oxygen from the outer disk
into the atmosphere of an accreting giant planet, providing a new mechanism to set the C/O and

metallicity of giant planet atmospheres separate distinct from planetesimal accretion models.

4.5.8 Heating from the planetary embryo

We emphasize that DRIVE does not require solids to filter through the gap, nor pass within the
envelope of the embedded planet. Previous studies have shown that pressure traps may be “leaky”
and small particles may filter from the outer disk to the inner disk (C. P. Dullemond et al., 2018;
P. Weber et al., 2018; T. Haugbglle et al., 2019; S. M. Stammler et al., 2023; E. M. Price et al.,
2025; E. R. Van Clepper et al., 2025b). In doing so, they may pass by the luminous, embedded
planet (H. J. Petrovic et al., 2024), heating those grains and sublimating ice back to the disk (M. N.
Barnett & F. J. Ciesla, 2022; H. Jiang et al., 2023; Y. Wang et al., 2023; A. J. Cridland et al.,
2025). Additionally, in 3D, accreted grains tend to pass near the planet following the gas accretion
flow, which transports grains near the surface of the disk (J. Szulagyi et al., 2022; H. J. Petrovic
et al., 2024; E. R. Van Clepper et al., 2025b). As a result, even when grains are accreted onto
the planet, some amount of thermal processing, including sublimation of the ice mantle, is likely
to occur during this accretion phase. In the DRIVE mechanism presented here, solids are heated
by irradiation from the host star at the atmosphere of the disk rather than from the planet itself,
and thus is not dependent on the amount of solid mass that may pass the growing the planet. In
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this way, the DRIVE mechanism does not depend on the “leakiness” of the gap, and is expected to

function in either strong or weak pressure bumps.

4.6 Conclusion

In this work, we present a novel method to enrich the atmospheres of cold giant planets with
volatiles, increasing their bulk metallicity. This “Dust Recycling and Icy Volatile Enhancement”

(DRIVE) effect relies on the following disk processes to occur:

1. Dust and pebbles are concentrated at the local pressure maxima exterior to the gap carved

by a giant planet due to inward drift of icy pebbles from the outer disk.

2. Small dust is created via pebble fragmentation, which is transported upwards through dif-
fusion and advection via the meridional flows created by the planet and exposed to higher
temperatures at the surface of the disk, resulting in the sublimation of volatiles into the gas

phase.

3. The giant planet accretes gas from above one scale height in the disk, which has been enriched

in volatiles sublimated from the small dust.

All of these are expected via the current understanding of giant planet formation, and combined
will enrich giant planet atmospheres with volatiles, even after the planet has reached the pebble
isolation mass and outside the midplane snowline. Similar to how radial drift can enrich volatile
abundances interior to midplane snowlines, we expect that this combined fragmentation and lofting
should increase volatile abundances above the snow surface as well. While some of the sublimated
volatiles may diffuse downward and re-freeze onto grain surfaces, these grains will continue to cycle
back to the upper region of the disk, sublimating volatiles again. For the example considered
here, this concentration of dust in the pressure bump may lead to enhancements of up to 3x Solar
abundance of CO above the snow surface. This late stage metallicity enhancement in the accretion of
giant planets may explain the recently shown relationship between mass and metallicity, indicating
a super-solar metallicity in even the most massive giant planets (Y. Chachan et al., 2025).

Under the DRIVE mechanism, we expect wide separation giant planets to become enriched in

volatile C and O, increasing measured metallicity in their atmospheres. This effect may explain the

102



observed mismatch between gas-phase composition of disks and atmospheric composition of cold
giant planets, which are currently difficult to explain using either pebble or planetesimal accretion
models (E. A. Bergin et al., 2024; E. Nasedkin et al., 2024; W. O. Balmer et al., 2025). Additionally,
DRIVE provides a novel way to separate volatile ice from refractory carriers. Thus, bulk metal-
licity measurements of exoplanets inferred from single molecular abundances may not reflect this
partitioning, and refractory-to-volatile ratios may be key in understanding giant planet formation
history (J. D. Lothringer, 2021; J. D. Lothringer et al., 2025). Jupiter’s enhanced metallicity, for
example, is largely based on the enhancement of volatile species, including noble gasses, carbon,
nitrogen, and oxygen (see, S. K. Atreya et al., 2020, and references therein). Understanding the
relative composition of refractory elements will be key to understanding Jupiter’s bulk metallicity
and differentiating possible origin scenarios.

While we have explored the dust growth and fragmentation, disk hydrodynamics, radiative
transfer, and particle dynamics separately here, there are important feedback mechanisms that may
affect the magnitude of the DRIVE effect. The chemistry of the disk is sensitive to the small dust,
which is the primary carrier of volatiles, which may act to further alter the C/O and metallicity
of the gas near the growing planet. This dust, however, is intricately linked to the gas dynamics,
which is in turn driven by interactions with the embedded planet. This small dust also serves as the
primary source of opacity in the disk, feeding back on the thermal structure and UV driven chemistry
in the disk. Better understanding the evolution of dust in a disk containing an embedded planet
will provide many future avenues of research with implications for the chemistry and dynamics of

disks and the planets that form within.
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CHAPTER 5
CONCLUSION AND FUTURE WORK

Throughout this work, it is clear that planet growth feeds back onto the chemistry of the disk in
ways that must be accounted for when modelling PPD evolution and planet formation. In Chapter
2, I showed that dust grain growth can have dramatic effects on the gas phase chemistry of the
disk, both by sequestering oxygen-rich ices and reducing the UV opacity, driving photo-chemistry
closer to the midplane. While this may affect what is observable in the gas phase of disks around
other stars, the pebbles — that is the solid feedstock of planetesimals — incorporate the integrated
composition of solids throughout their lifetimes. In the models presented here, dust growth is
most efficient early when small dust abundance is high. Because of this, pebbles largely inherit
the composition of the early protostellar cloud. This points to a disconnect between the observed
gas phase of the disk and the composition of planetesimals forming within. This important effect
had not previously been appreciated in chemical models, where it is common to simulate static
disks over the lifetime of the disk and assume planetesimals reflect the composition of the solids
after evolution. Rather, the composition of planetesimals, including meteorites in our solar system,
reflect the evolving composition throughout the lifetime of the disk.

From the results of this work, we have argued for an inherited oxygen isotopic composition from
the protosolar cloud, rather than processing in the solar nebula to explain the observed oxygen
isotope composition of meteorites (F. J. Ciesla et al., 2026). This is because dust is the primary
source of opacity for UV radiation, and so an increase in UV-driven chemistry is necessarily tied to
a decrease in the small dust abundance.

However, if dust grains undergo episodes of growth and fragmentation then this may provide
an avenue for photo-processed gas phase molecules to freeze out onto grains. A cycle of grain
growth and fragmentation would replenish small dust grains, providing a grain surface sink for gas
that has been processed after the initial dust settling and growth phase. One possible mechanism
for this fragmentation in disks may be the spiral arms created by embedded giant planets, which
can increase local relative velocities between solids making fragmentation collisions more likely

(e.g. L. E. J. Eriksson et al., 2024). This is an exciting avenue of research and points to the
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importance of modeling dust growth and fragmentation consistently with the gas-phase chemistry
in protoplanetary disks.

In Chapter 3, I presented the results of combined hydrodynamic and Monte Carlo particle
tracking simulations. I showed that the ability of Jupiter to act as a barrier to inward drift is
dependent on the planet mass, disk viscosity, and the size distribution of dust grains. Unlike simple
1D models which predict a complete halt of dust grain drift above the pebble isolation mass of
the planet, I showed that small dust grains are not only able to filter past the planet, but in fact
accretionary meridional flows increase the inward transport of dust grains compared to lower planet
masses. Such filtering may be critical for understanding the selective transport of chondrules and
refractory inclusions between NC and CC reservoirs, which show evidence for both inwards and
outwards transport. The results of this chapter conclusively show not only that an early jovian
embryo can facilitate both inwards and outwards transport across the gap, but also can selectively
filter small CAls from the outer disk to the inner disk, matching observed trends in NC and CC
parent bodies (E. T. Dunham et al., 2023).

Using the mass evolution of Jupiter as a proxy for time in the solar nebula, these results may
be used in future studies to more directly match filtering of specific parent body components with
formation ages of meteorite parent bodies (see, e.g., recent work by N. Gurrutxaga et al., 2026).
While this chapter is primarily focused on the growth and evolution of Jupiter in the solar nebula,
these results can be generalized for giant planet formation in extrasolar disks, and have direct
applications for constraining recent observations of possibly leaky gaps in PPDs (A. Banzatti et al.,
2025; N. T. Kurtovic et al., 2025; A. Sierra et al., 2025).

Following on these results, in Chapter 4 I modeled the transport of small dust grains in a
pressure bump outside of a giant planet near the CO snowline. Here, I showed that dust circulates
between the optically thick midplane and more chemically active surface of the disk. This dust
recycling and icy volatile enhancement (DRIVE) effect enhances volatiles above their snow surfaces
where they may be accreted by the giant planet. Recently, E. A. Bergin et al. (2024) highlighted
the fact that disk observations have shown that the outer disk appears to be highly reducing with
C/O ratios much greater than unity, and depleted in carbon and oxygen, indicating a subsolar
metallicity. Despite these observations, the atmospheres of wide-separation giant planets, which
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presumably formed in the outer disk, have lower C/O ratios and a range of metallicities. In fact, a
recent reanalysis of giant exoplanet atmospheres has shown that even the most massive exoplanets
have metallicities much higher than would be predicted if they were accreting pure nebular gas, as
is expected from the core accretion hypothesis (Y. Chachan et al., 2025; J. W. Xuan et al., 2026).
This newly identified DRIVE effect may explain this observed mismatch between wide-separation
giant planet atmospheres and PPD gas compositions in the outer disk.

It is clear from this collection of work, that growing planets feedback onto the chemistry of
the disk in many ways, from the earliest growth of dust grains into larger pebbles, through the
feedback of giant planets stirring solids and altering their own chemical environment. The holistic
approach to planet formation dynamics and chemistry put forward in this thesis is a necessary step
for better connecting planets to their formation environment. In the following sections, I highlight
two particularly exciting avenues for further research that highlight the interplay between dust

dynamics, growing planets, and chemistry.

5.1 Constraining Leakiness in Planet-Induced Dust Traps

While there has been recent work pointing to the fact that some dust traps are leaky (P. Weber
et al., 2018; T. Haugbglle et al., 2019; S. M. Stammler et al., 2023, and work presented here in
Chapter 3), it is still a major question of which traps might be leaky, and how much material is
expected to filter past a planet. Although the Solar System was separated early into distinct NC
and CC reservoirs, at the same time there is evidence for mixing of CAlIs and chondrules throughout
the solar nebula (as discussed in Chapters 1 and 3). This degree of mixing is inherently tied to the
growth of the giant planets, but connecting meteorite formation to the timing of Jupiter’s formation
depends on understanding the growth, fragmentation, and transport of these meteorite components
and their eventual parent bodies.

As recently showed by A. Houge et al. (2026), the degree of leakiness from planet induced dust
traps depends not only on disk and planet parameters, but also on the growth and fragmentation
of dust in the pressure bump exterior to the planet. While this has been modeled using 1D grain
growth simulations, these fail to account for the 3D structure and flows induced by an embedded

planet. I have shown that understanding this gas advection is necessary for accurate modeling of
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dust transport across gaps and must be accounted for in dust coagulation models.

Understanding this interplay between dust and embedded planets may also provide another
avenue to identify embedded exoplanets in extrasolar disks. The recent AGE-PRO survey, which
examined dust masses for disk populations at various ages, showed that while some pressure bumps
may be effective barriers to dust drift and transport, other are consistent with “weak” trapping,
indicating some degree of leakiness across dust traps (N. T. Kurtovic et al., 2025). If the presence
of a sufficiently massive planet increases the leakiness of traps, as indicated by results in Chapter
3 in this work, then identification of these substructures may hint that they are indeed caused
by giant planets. Otherwise, alternative ring and gap formation mechanisms (e.g. gravitational
instability, (magneto-)hydrodynamic effects, or alternative dust processes; see J. Bae et al., 2023)

may be favored.

5.2 Chemical Processing in Dust Rings and Gaps

Throughout this thesis, I have shown the importance of understanding the interplay between dy-
namics and chemistry as it relates to the process of planet formation. In light of this, it is natural
to ask how these leaky gaps may feed back onto the composition of the disk. This processing may
occur during the transport of dust grains through the gap or via circulation in the pressure bump,
similar to the DRIVE effect discussed in Chapter 4.

Currently, water vapor is used as a proxy for pebble drift across gaps, with water emission
from the inner disk assumed to come from water rich pebbles migrating from the colder outer disk
carrying water-ice to the warm inner disk where sublimation may be observed (A. Banzatti et al.,
2025; S. Krijt et al., 2025). This assumes, however, that water bearing grains remain relatively
unaltered, despite temperatures and irradiation drastically increasing in the gap (F. Alarcon et al.,
2020; F. Alarcon & E. A. Bergin, 2024). While static chemical models predict active chemistry in
these substructures as a result of these different conditions (e.g. F. Alarcon et al., 2020), dust grains
crossing the gap tend to do so quickly (Chapter 3, this thesis) and thus may not be exposed to these
conditions long enough for a chemical imprint to be made. A comprehensive study of the processing
of solids in these gaps is necessary to constrain these models of volatile ice transport throughout

the disk.
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In addition to processing in the gap, dust grain circulation in the pressure bump can also
expose dust grains to the surface of the disk, where temperatures and radiation fields are higher
and chemistry is expected to be more active. In Chapter 4, I discuss how this may lead to ice
sublimation and enrichment of volatiles in the atmosphere of giant planets. However, such process
may have a variety of chemical effects, resulting in the sublimation and processing of various volatiles
in the disk, or the formation of more complex molecules, including organic matter, which have been
observed in meteorite and asteroid samples and may serve as an important source of organic carbon
for the early Earth (J. F. Kerridge, 1993; C. M. O'D. Alexander et al., 2017; H. Naraoka et al.,
2023; D. P. Glavin et al., 2025).

Pressure bumps have been theorized as an ideal location in PPDs for the formation of organic
molecules as small grains circulate between the midplane and disk surface, transporting simple ices to
irradiated zones, resulting in the formation of complex organic molecules (COMs) (N. van der Marel
et al., 2021; N. F. W. Ligterink et al., 2024; N. van der Marel et al., 2026). Laboratory experiments
have shown that under UV irradiation mixtures of simple ISM ices can produce complex molecules,
including amino acids and carbohydrates (e.g. W. Hagen et al., 1979; G. M. Munoz Caro et al., 2002;
L. I. Tenelanda-Osorio et al., 2022; C. C. Sarver et al., 2026). However, modeling efforts to connect
this formation to specific locations in PPDs, such as pressure bumps, have relied on simple 1D
approximations and have not accounted for the additional 3D stirring expected from giant planets.

Previously, F. J. Ciesla & S. A. Sandford (2012) showed that even in a disk not containing a
giant planet, micron-sized dust particles can experience sufficient photon fluxes for macromolecular
formation from interstellar ices. This is due purely to turbulent diffusion driving these small dust
grains near the surface of the disk, where UV photon flux is highest. However, as shown in Chapters
3 and 4 here, planetary flows can puff up dust in pressure traps, further exposing these grains to
additional UV photons, increasing the efficiency of COM formation on dust grain surfaces. This
formation pathway for COMs in pressure bumps relies on temperatures remaining low enough for
volatile ices (e.g. CO, HoO, NHg3) to remain on the grain surfaces. If grains are exposed to increased
temperatures, or sufficiently high UV fluxes to result in photo-desorption, then COM formation may
be inhibited rather than facilitated in these pileups.

Understanding these important effects for the formation and transport of complex molecules
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requires a more detailed understanding of the combined chemistry and dynamics in protoplanetary
disks, and how these processes evolve over the lifetime of the disk. In this thesis I have shown
that the act of planet formation feeds back in non-trivial ways to the global disk structure, both
in the distribution and composition of the solids and gas. Recent results from cosmochemistry,
astrochemistry, and (exo-)planetary science have shown that planet formation is a complex, pro-
longed process. To better connect planets to their formation histories and environments, models

accounting for these feedbacks between planets, chemistry, and dynamics must be considered.
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APPENDIX A
CANDY CHEMICAL MODEL AND MODEL SENSITIVITY

A.1 Description of Chemical Model

Our chemical model is built on top of the astrochem numerical solver, with added gas phase
reactions including self-shielding and excited Hy. Gas-grain reaction rates are calculated following
R. Visser et al. (2009) such that the desorption and hydrogenation rates for each species are limited
by the species abundance in the ice and the number of monolayers allowed to desorb from the grain.
Hydrogenation is limited to the reactions listed in Table A.1 as in R. Visser et al. (2009). These
adjustments make our complete chemical solver more similar to the DALI code S. Bruderer et al.

(2012) while maintaining the ease of use of the astrochem solver.

A.1.1 Gas phase reactions

The majority of gas phase reactions follow directly from the UMIST database (D. McElroy et al.,
2013), from which the «, (3, and 7 coefficients for all reactions are taken. For reactions involving

two gas species, the reaction rate constant, k is given by the formula

T\’ - 3,1
k=« <3OOI<> exp <T> cm-s . (Al)

Reactions involving cosmic rays have a rate coeflicient given by

_ ¢ v T\’ -1

where ¢ is the cosmic ray ionization rate and ¢y = 1.3 x 10717 is taken as the standard ionization

rate. The FUV dust albedo, w is assumed to be equal to 0.5 for all cosmic-ray reactions.

C » CH - CHy —» CH3 — CHy
N —-— NH — NHy; — NHj

O —- OH — H)O

S — HS — HsS

Table A.1: Hydrogenation reactions included in the network

110



Modifications to the UMIST reaction rate library involve self-shielding and excited Hy reactions.

All reactions involving UV photons take the form

k= Oaxexp (—yA,) s} (A.3)

where x is the unattenuated UV intensity and A, = 7y /3.02 is the visual extinction. The shielding
factor, ©, is equal to one for all reactions except for photodissociation of CO and Hs. For these
shielded reactions, the column densities of CO and Hs above the given location is calculated and
the self-shielding factor is determined from R. Visser et al. (2009) for CO dissociation and B. T.
Draine & F. Bertoldi (1996) for Hs.

Excited gas phase hydrogen reactions involve reactions with Hs that has been vibrationally
excited by UV radiation. This vibrational excitation allows the Hy molecules to overcome reaction
barriers of otherwise endothermic reactions. Although Ho can be excited into a number of vibrational
states, we follow R. Visser et al. (2018) and consider a separate species of Ha excited to a weighted
average vibrational pseudo-level of v = 6 or E/k = 30163 K, and spontaneous decay rate of
2x 1077 s71. The rate of Hy excitation is a combination of excitations from UV pumping, collisions
with Hy and H, and temperature. Similarly, the de-excitation rate is a combination of spontaneous

decay, FUV pumping, and collisions. The rate of collisions, ¢, is given by the formula

¢ Y_, . b, ¢
log <cm3s—1) =a-+ " + 2 (A.4)

where t = 1+ T/(1000 K) and the coefficients a, b, and ¢, are fit from J. Le Bourlot et al. (1999)

for both Ho-H and Hs-Hs collisions. The rate of excitation then is given by

—30163 K> 1 (A5)

kex = 10kaiss + (q(t,— )N H + Q(H,— Hy) T H, ) €XD ( T

where kqigs is the rate of UV dissociation of Hs. Similarly the rate of de-excitation is given by

kdex = 10kdiss + (Q(rra— i + Q(ra—p1a)e) +2 % 1077 71 (A.6)

Reactions between excited Ho and other gas phase species follow a modified version of equation
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A.1 to account for the vibrational energy of the excited Hy molecule

T \° —(y — 30163) 5 1
— bt ) A.
k=« (300 K) exp ( T cm’s (A.7)

A.1.2  Gas-grain reactions

Gas-grain reactions for our modified network include freeze-out, thermal desorption, photodesorp-
tion, and hydrogentation. We follow the reaction rates of R. Visser et al. (2011), however we allow
for desorption of two monolayers at a time from the grain surface, doubling the number of binding
sites available for desorption and hydrogenation reactions. Our reaction rates for thermal desorp-
tion, photodesorption, and hydrogentation follow equations (4), (6), and (7) of R. Visser et al.

(2011) respectively. In our model, however, the total number of binding sites per grain is given by

Ny, = 4mag, NosNees (A.8)

where ag, is the grain radius, Ny, = 8 X 10™ e¢m™2 is the number of binding sites per unit grain
surface, and Ng.s = 2 is the number of layers allowed to desorb. Binding energies of ice species are

taken from the UMIST12 database (D. McElroy et al., 2013).

A.2 Sensitivity to physical parameters

A.2.1 CO depletion

While depletion of CO outside of the snowline is a robust outcome of our model, the extent of the
depletion depends on physical parameters of the disk, such as the turbulence, a, pebble growth
rate, a (see Eq. 2.11), and location of pebble formation & foy,. The dependence of CO depletion on
« is discussed in Section 2.5, and we elaborate on the dependence of a and h .y, here. Figure A.1
shows the dependence of CO depletion on a and h oy, for a values of 1073 and 10~%.

The consequences of slower growth are shown by the dark purple dashed line in Figure A.1
as we increase the dust growth timescale, a, by an order of magnitude. As expected, slower dust
growth leads to less loss of CO around the midplane. Further, the slower growth leaves the disk

more optically thick to penetrating radiation, resulting in a diminished level of photoprocessing in
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Figure A.1: Depletion of carbon monoxide in the warm molecular layer (as in Figure 2.8) for various
model values of turbulence («), pebble growth rate (a), and pebble formation region (A form).
Observed depletion factors of 10-100x below ISM values are indicated by the grey region as in
Figure 2.8.

the upper layers of the disk.

To ensure that the details of depletion are not dependent on our choice of where we allowed
pebbles to form, we also carried out a simulation where pebbles formed throughout the entire column
of the disk (hyform=5, Figure A.1, orange line). In the cold outer disk regions CO remains frozen
up to high elevations, so CO depletion is more efficient in this case. By contrast, around the radial
snowline location (40 au) the CO snow surface is closer to the midplane, so forming pebbles at
higher elevations does not enhance CO depletion. In fact, the removal of dust grains bare of CO ice
at the upper layers of the disk decreases the amount of CO that is eventually depleted via pebble

growth.

A.2.2 C/O ratios

Figure A.2 summarizes the column-averaged C/O ratios for different volatile components in the
fiducial model. Given the that the physical conditions in a disk will be critical in setting the
chemical evolution that occurs, we next explore whether changes to disk conditions may allow for

higher C/O ratios to be reached than found here. We focus primarily on the conditions around 30
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Figure A.2: Column averaged C/O ratios at 20, 30, 40, and 50 au. In general, the C/O ratios in
the upper regions of the disk are the same as the bulk “Gas + Ice" ratio, while the gaseous C/O is
dominated by gas phase CO at the midplane.

au as this is where the highest C/O ratios were found in our model, but note most observations at
millimeter wavelengths are not sensitive to regions within the CO snowline. Nonetheless, our goal
is to find what conditions allow high C/O ratios to develop in the most favorable region of the disk.
We present the column averaged gas, ice, and total (gas + ice) C/O ratios and note that in the
upper layers of the disk dust grains are largely devoid of icy mantles, and the conditions there are

set by the gas.

Cosmic-ray ionization

Cosmic rays are important drivers of chemistry in the outer regions of protoplanetary disks. The
effects of different cosmic ray ionization rates on C/O ratios are shown in Figure A.3, which again
plots the column averaged C/O ratios for the gas, ice, total (gas+ice), and pebbles at 30 au,
assuming different cosmic ray ionization rates. As the ionization rate increases, the C/O ratio of
the pebbles increases slightly. This is because the secondary carbon products are available at earlier
times, allowing them to be incorporated into forming pebbles. The lower ionization rates lead to
slower chemistry, and the products of cosmic-ray driven reactions are formed after pebble growth
has peaked.

At higher ionization rates, the removal of secondary carbon products via pebble growth leaves
the remaining total column with a smaller C/O ratio. The total C/O value is very close to the
gas value for the lowest ionization rate, and to the ice value for the highest ionization rate, as
high ionization rates drive reactions that preferentially remove elements from gaseous molecules
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Figure A.3: Column averaged C/O ratios after 1 Myr at 30 au for differing cosmic ray ionization

rates in s~!. Although we achieve C/O> 1 for the lowest ionization rate, the abundance of ice

species is very low, and the combined gas and ice C/O remains below unity.

and incorporating them into less volatile ices. However, the total C/O ratio varies by only ~10%
over a range spanning three orders of magnitude in the ionization rate, suggesting that the resulting

ratio is not highly sensitive to this parameter.

UV radiation

The amount of photoprocessing in the PDL is set, in part, by the intensity of the UV radiation field.
We varied the ambient field from y = 5 and 500 Draine units, representing a factor of 10 decrease
and increase from the fiducial x = 50. The results are shown in Fig A.4, which again shows the
C/O ratio among the different volatile components in the column at the end of the simulations.
The differences are relatively small, particularly for the pebbles and gas. Thus, the incident UV
field does not strongly impact the composition of material incorporated into planetesimals at the
midplane. Indeed, the midplane is largely protected from UV radiation, and most of the pebble

mass forms before photoprocessed material is mixed down to the midplane.

Growth & dynamics

As discussed above, disk chemical evolution is also controlled by the amount of dust present and the
level of mixing, as dust grain abundances set the level to which photons can penetrate inside of the
disk and the available sites for gas-grain chemistry to occur. As such, we altered the dust growth
time scale and level of turbulence to evaluate how they impacted the C/O ratios. Figure A.5 shows

the C/O ratios for o values of 1072 and 1074, and growth timescale parameters of a = 1 (rapid)
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Figure A.4: C/O ratios after 1 Myr evolution with UV fields at 5, 50, and 500 times interstellar
value in Draine units

and a = 10 (slower).

Increasing the growth timescale (a in equation 2.11) slows the removal of small dust from the
column. This has the effect of 1) slowing the removal of oxygen via ice sequestration, and 2) slowing
dust depletion and thus inhibiting photoprocessing in the PDL. These two effects together keep the
gas C/O ratio near unity as CO remains abundant in the column. Meanwhile, the slow removal
of oxygen rich ices means that the C/O ratio in the ice is lower, and that the ice remains a more
significant component of the total volatile budget in the column. This is reflected in the lower total
(gas + ice) C/O ratio of the a=10 case.

Decreasing the the level of turbulence from 1073 to 10~* slows the diffusion of material from the
upper regions of the disk to the pebble forming midplane. Because small grains are less efficiently
mixed downwards, optical depths remain high in upper regions of the disk. Additionally, HoO
on these grains is not carried downward as quickly to the pebble forming region, resulting in less
removal of HoO and, by extension, oxygen. These effects combine to reduce the total C/O ratio in

the disk at 1 Myr compared to the a=10"2 case, with gas, ice, and bulk C/O ratios below unity.
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Figure A.5: C/O values for different alpha and growth timescale parameters of the disk. Decreasing
alpha and increasing the growth timescale both have the net effect of lower the C/O ratio at 1 Myr
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APPENDIX B
FARGO SIMULATIONS

B.1 HD Disk Structure

The modeled disk has the surface density and scale height relation as given in Section 3.3.1, with
surface density power-law slope b = —1, aspect ratio A = H/Ry = 0.05, and flaring index v = 1/4.
Initially, the disk is axisymmetric (and thus independent of azimuthal angle ¢) and in hydrostatic

equilibrium. The density of each cell at radius » and polar angle @ is given by

P r\ ¢
p(r,0) = \/Q‘J?R;A <R0> sin(0) ¢ exp [(1 — sin(0)27) /2vh?] (B.1)
where
E=b+1+7 (B.2)
B=1-2y (B.3)
H r\”
h=—"=A (RO> (B.4)

The FARGO3D setup file can be provided upon request.
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