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ABSTRACT

Understanding the chemical link between protoplanetary disks and planetary atmospheres is complicated by the fact that the popular
targets in the study of disks and planets are widely separated both in space and time. The 5 Myr PDS 70 systems offers a unique
opportunity to directly compare the chemistry of a giant planet’s atmosphere to the chemistry of its natal disk. To that end, we derive
our current best physical and chemical model for the PDS 70 disk through forward modelling of the 12CO, C18O, and C2H emission
radial profiles with the thermochemical code DALI and find a volatile C/O ratio above unity in the outer disk. Using what we know of
the PDS 70 disk today, we analytically estimate the properties of the disk as it was 4 Myr in the past when we assume that the giant
planets started their formation, and compute a chemical model of the disk at that time. We compute the formation of PDS 70b and PDS
70c using the standard core accretion paradigm and account for the accretion of volatile and refractory sources of carbon and oxygen
to estimate the resulting atmospheric carbon-to-oxygen number ratio (C/O) for these planets. Our inferred C/O ratio of the gas in the
PDS 70 disk indicates that it is marginally carbon rich relative to the stellar C/O = 0.44 which we derive from an empirical relation
between stellar metallicity and C/O. Under the assumption that the disk has been carbon rich for most of its lifetime, we find that the
planets acquire a super-stellar C/O in their atmospheres. If the carbon-rich disk is a relatively recent phenomenon (i.e. developed after
the formation of the planets at ∼ 1Myr) then the planets should have close to the stellar C/O in their atmospheres. This work lays the
groundwork to better understand the disk in the PDS 70 system as well as the planet formation scenario that produce its planets.

Key words.

1. Introduction
The link between the gas and ice chemistry in protoplanetary
disks and the resulting chemical structure in the atmospheres of
(giant) exoplanets has become an important tool in probing the
underlying physics of planet formation. The argument follows
that chemical gradients in the disk gas and ice - particularly in
the carbon and oxygen tracers - are ‘encoded’ into the planet’s
atmosphere as it accretes its atmosphere-forming gas. As a re-
sult, if accurate measurements of the atmospheric number ratio
of carbon and oxygen atoms can be made then one can infer from
where in the disk the planet has accreted its material. Restricting
from where known planets form helps to constrain planet forma-
tion models both in terms of their rates - growth vs. migration -
as well as their initial conditions.
Young planets, with ages less than ∼ 10 Myr, offer a unique

view on the connection between planet formation and the chem-
istry of planetary atmospheres. First, they are still self-luminous
because of their latent heat of formation which makes direct
spectroscopy (and imaging) more feasible than Gyr-old planets.
Second, and in particularly for the ideal case of PDS 70, their
natal protoplanetary disk remains sufficiently massive that it can
be detected and chemically characterised. In this way we can
★ alexander.cridland@oca.eu

directly measure chemical properties of the gas that is feeding
the planetary atmospheres and use this knowledge to infer the
chemical properties of the gas that had fed the planet during its
growth phase. Unfortunately, the presence of the disk makes the
first point more complex, since it contaminates attempts at direct
spectroscopy (discussed more below). We focus more on the sec-
ond point in this work. Finally, these young, warm planets have
not had sufficiently long for internal processes like mixing and
sedimentation to drastically alter the observable chemical prop-
erties of its atmospheres. We discuss this point in more detail in
Section 5 below.
The carbon-to-oxygen number ratio or more commonly the

carbon-to-oxygen ratio (C/O), is the total number of carbon atoms
divided by the total number of oxygen atoms in either the refrac-
tory (rock) and/or volatile (gas and ice) components. It has be-
come the most popular elemental ratio for tracing the formation
of planets since its introduction by Öberg et al. (2011). The rea-
sons for its popularity are three-fold: first, carbon and oxygen are
the most abundant elements heavier than hydrogen and helium
in the Universe and thus their molecular forms H2O, CO, CO2
tend to be the most abundant molecules after H2 in astrophysi-
cal settings. Second, these same molecular species have strong
molecular features in the near- and mid-infrared that can be ob-
served in spectroscopic studies through either direct observations
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or during a stellar occultation (transit, see the review by Mad-
husudhan 2019). Finally, due to their differences in condensation
temperature there is the aforementioned C/O ratio gradient as a
function of radius through the protoplanetary disk. And as such,
different formation models, which predict different starting lo-
cations for a giant planet should predict different (observable)
chemical differences in the atmospheres of gas giant planets.
Measuring the planet’s atmospheric C/O ratio offers a link

to the local C/O ratio in the protoplanetary disk where the giant
planet drew down the bulk of its gas. Given that the later stages
of gas accretion are typically very rapid, with timescales that are
much less than the migration timescales (Pollack 1984; Pollack
et al. 1996; Cridland et al. 2016; Emsenhuber et al. 2021) the
atmospheric C/O ratio is determined by a narrow range of radii
in the protoplanetary disk. To zeroth order, the local C/O ratio
in the gas is determined by the freeze-out of the most abundant
volatiles at their ‘ice lines’. The most famous ice lines are the
water ice line near a gas temperature of ∼ 150 K and the CO ice
line near a temperature of∼ 20K.The former for its importance in
setting the water abundance of planetesimals in the Solar system
(Ciesla & Cuzzi 2006, and references therein) while the latter is
relevant due to its in-direct detection in protoplanetary disks (for
ex. in TW Hya, Qi et al. 2013b). However other ice lines, like
the CO2 ice line, will also contribute to the overall evolution of
carbon and oxygen bearing species in planet forming regions (see
for ex. Eistrup et al. 2018).
The localC/O ratio ultimately depends on chemical processes

impacting the arrangement of carbon and oxygen atoms between
the gas and ice phases as well as the total number of carbon and
oxygen atoms in the system. The latter can be represented by a
global C/O ratio and be thought of as the C/O ratio of the gas
and ice of the stellar system’s primordial molecular cloud. Given
that the disk and star accreted from the same molecular cloud
material it is often assumed that the stellar C/O ratio represents
this global C/O ratio. Having a measure of the global C/O ratio
via the carbon and oxygen abundances in the host star is crucial
to understanding a planet’s atmospheric C/O ratio in the context
of its planetary system and formation processes.
The paper is organised as follows: in section 2 we outline

the important features of the PDS 70 system and in section 3
we outline our numerical and analytic methods. The results are
summarised in section 4 and are discussed, along with the model
and assumption caveats, in section 5. We concluded our results
and offer direction for future study in section 6.

2. The PDS 70 system

2.1. The star

PDS 70 was first identified as a T Tauri star in the Pico dos Dias
Survey (PDS) by Gregorio-Hetem et al. (1992). It was included
in the Radial Velocity Experiment (RAVE) fourth (Kordopatis
et al. 2013) and sixth (Steinmetz et al. 2020) date releases where
it wasmeasured at medium resolution (𝑅 ∼ 7500) to spectroscop-
ically derive its stellar atmospheric properties such as effective
temperature, gravitational acceleration and metallicity. It has an
effective temperature of 4237 ± 134 K, a log 𝑔 = 4.82 ± 0.2
and [Fe/H] = −0.11 ± 0.1. It is at a distance of 113 pc (Gaia
Collaboration 2020).
For the purpose of this paper, it would be useful to have an

estimate of the photospheric abundance of carbon and oxygen of
the star. Baring this measurement, we can estimate the stellar C/O
based on its inferred metallicity and the relation between these
values in stars found by Suárez-Andrés et al. (2018). In their

sample, they found a linear relation between the star’s metallicity
and its C/O - particularly between stars that host giant planets
(as PDS 70 does). Using their fitted slope (0.41 ± 0.02) and a
normalisation of C/O = 0.48 ± 0.15 at [Fe/H] = 0 - which is
slightly lower than the commonly accepted solar value of 0.54 -
we find a stellar C/O = 0.44 ± 0.19 for PDS 70.

2.2. The disk

The infrared excess identified in the IRAS catalogue byGregorio-
Hetem et al. (1992) classified PDS 70 as a T Tauri system and
implies, given our current knowledge of T Tauri systems, the
presence of a dusty disk. The excess was confirmed by Metchev
et al. (2004) and the diskwas soon after detected in coronagraphic
images of its scattered light by Riaud et al. (2006). The inner gap
and transition disk-nature of the PDS 70 disk was confirmed
through 𝐻-band polarmetric and 𝐿 ′-band imaging by Hashimoto
et al. (2012), and follow up observations at 1.3 mm with the
Sub-Millimeter Array (SMA) additionally found evidence for a
compact disk inside the dust gap (Hashimoto et al. 2015). The
disk was studied at a higher spatial resolution with the Atacama
Large (sub)Millimetre Array (ALMA) at 0.87 mm continuum
and CO 𝐽 = 3 − 2 and HCO+ 𝐽 = 4 − 3 line emission by Long
et al. (2018). Similar to the dust the gas emission shows a gap
near the location of the two planets (Keppler et al. 2019, and see
below), it also extends much farther (∼ 200 AU) from the host
star than the dust (∼ 80 AU).
High resolution observations of the system with

VLT/SPHERE and VLT/NaCo have mapped the small dust dis-
tribution around the host star in more detail and have confirmed
the presence of the inner dust disk (Keppler et al. 2018). The
size of the dust disk was constrained to less than 17 AU based
on the polarized intensity of the dust emission, but could not be
further constrained because of a degeneracy between the outer
radius and dust depletion factor in their inner disk model. Along
with the more detailed look at the physical properties of the PDS
70 disk, Keppler et al. (2018) also report the first detection of an
embedded planetary companion to the PDS 70 star. Now called
PDS 70b, the direct detection of this embedded planet is a first
of its kind. This detection was later confirmed by Haffert et al.
(2019) who also detect a second embedded planet, PDS 70c,
using H𝛼 emission.

2.3. The planets

The detection of PDS 70b (Keppler et al. 2018) and PDS 70c
(Haffert et al. 2019) represents a unique opportunity in the study
of planet formation. At time of writing, they are the two only con-
firmed embedded planets that have been directly detected1 by the
emission of their young atmospheres (Wang et al. 2021), through
the H𝛼 emission of currently accreting gas (Haffert et al. 2019),
and through continuum emission coming from the circumplane-
tary disk (Isella et al. 2019; Benisty et al. 2021). Because of their
coexistence with their natal protoplanetary disk and the inferred
age of the system (∼ 5Myr) they are likely the youngest exoplan-
ets ever detected, in a stage of evolution consistent with the final
stages of planet formation. At this final state, the planets have
opened a gap in the disk because its gravitational influence has
exceeded the viscous and gas pressure force otherwise governing
hydrodynamics. The planets have thus largely accreted the bulk

1 Some recent observations have suggested the detection of point-like
feature in AB Aur (Currie et al. 2022), however this is debated (Zhou
et al. 2022).
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Table 1: Planetary properties derived by Wang et al. (2021)

PDS 70b PDS 70c
Mass (MJup) 3.2+8.4−2.1 7.5+7.0−6.1

Semi-major axis (AU) 20.8+1.3−1.1 34.3+4.6−3.0

Notes. The values are based on the requirement of a dynamically stable
system over the age of the system. The uncertainties are based on their
95% confidence intervals.

of their gas, with any remaining accretion being fed by gas that
approaches and then surpasses the gap edge through meridional
flows (Morbidelli et al. 2014; Teague et al. 2019). We quote the
planetary properties of the two embedded planets as derived by
Wang et al. (2021) who inferred the orbital parameters based on
the assumption that the system is dynamically stable over the
lifetime of the system (∼ 5Myr).
Both planets were observed in the near infrared at high spa-

tial and spectral resolution using the GRAVITY instrument on
the Very Large Telescope Interferometer (VLTI) by Wang et al.
(2021). Their Spectral EnergyDistribution (SED) fitting included
the Exo-REM models of Charnay et al. (2018) which allows an
inference of the atmospheric C/O of both planets. Unfortunately
their ‘adequate’ models - which have Bayes factors within a factor
of 100 of the best fit - could not provide stringent restrictions on
the atmospheric C/O other than a constraint of C/O> 0.4 in PDS
70b. For PDS 70c, none of the Exo-REMmodels were considered
‘adequate’, however the best fit Exo-REM model - with a Bayes
factor of 114× smaller than the best fit model - constrained the
atmospheric C/O< 0.7. This constraint, however, lies very close
to the upper limit in their model’s C/O prior and thus should be
taken with a grain of salt.
Cugno et al. (2021) similarly struggled to place constraints

on the chemical properties of the planets in the PDS 70 system.
They used medium resolution data from VLT/SINFONI and the
‘molecular mapping’ method (Hoeĳmakers et al. 2018) to try and
find molecular emission from the planets. They predict relatively
high upper limits on the molecular abundances of CO and H2O
(10−4.1 and 10−4.0 relative to hydrogen respectively) which is
in contention with the results of Wang et al. (2021). A possible
reason for deviations between the two observations could be
extinction either by clouds or surrounding dust which impacts
the overall efficiency of the molecular mapping technique.

2.4. Summary

For the sake of chemical characterisation there is sufficient data to
model the global chemical structure in the PDS 70 system. The
stellar C/O = 0.44 and the detection of carbon-rich molecular
species like C2H implies that the disk has likely undergone some
form of chemical evolution to remove gaseous oxygen from the
disk’s emitting layer. This chemical processing of oxygen -mainly
in CO and H2O - out of the gas phase is known to result in
unexpectedly low CO emission in protoplanetary disks (Bruderer
et al. 2012; Favre et al. 2013; Du et al. 2015; Kama et al. 2016;
Ansdell et al. 2016; Bosman et al. 2018b; Schwarz et al. 2018;
Krĳt et al. 2020; Bosman et al. 2021; Miotello et al. 2022). We
thus interpret the chemical difference between the stellar C/O and
the expected high C/O of the disk (as discussed by Facchini et al.
2021) as the chemical processing of gaseous CO in the ice phase
and the locking up of carbon and oxygen rich ices into pebbles
that settle to the disk midplane.

These ices are thus invisible to detection via line emission
observations but could, in principle, be available for the accretion
into the atmosphere of the young planets. Given that CO is also an
abundant carrier of carbon, one would expect a similar depletion
of carbon as oxygen. As a result many works that explore disk
chemistry in situationswhereC/O> 1find that a depletion of both
carbon and oxygen is needed to explain observed fluxes (Bergin
et al. 2016; Miotello et al. 2019; Öberg et al. 2021; Bosman et al.
2021). We find here that such a carbon depletion is not consistent
with the disk line emission observations of Facchini et al. (2021)
and the models presented here, and will discuss below.
In order to constrain the chemical properties of the diskwe use

the line emission survey of the PDS 70 system of Facchini et al.
(2021)which included the threemost abundant CO isotopologues
andmany bright hydrocarbon lines. In fact, the detection of bright
lines from C2H 𝐽 = 7/2−5/2, c-C3H2 𝐽 = 321−212, and H13CN
𝐽 = 3 − 2 is suggestive of high carbon abundance, relative to
oxygen, in the outer disk. In this work, we will model the volatile
chemistry and line emission for a subset of the detected species -
12CO, C18O, and C2H - which broadly constrain the temperature,
density, and chemical properties of the PDS 70 disk respectively.
Our strategy will proceed as follows: we model the line emis-

sion observations of Facchini et al. (2021) to estimate the current
physical and chemical structure of the PDS 70 disk. We will stay
close to the derived physical structure of Keppler et al. (2019)
who studied the dust continuum and CO line emission of the disk.
We will use the derived physical structure to estimate the physi-
cal structure of the disk back when the planets presumably began
forming and compute the chemical structure of this younger disk.
Finally we will compute the formation of the two planets over
the lifetime of the PDS 70 system (∼ 5 Myr) to estimate their
current-day atmospheric C/O. We will expand on the above steps
in more detail below.

3. Methods

This work combines a number of numerical and theoretical work
to understand and model the physical and chemical properties of
the PDS 70 system. The chemical modelling is done using the
Dust And LInes (DALI) code (Bruderer et al. 2012; Bruderer
2013) which computes the chemical and thermal evolution of
the protoplanetary disk gas and ice self-consistently. The DALI
code also contains a radiative transfer module for computing the
radiative heating and cooling (for the thermal evolution), but is
also used to produce synthetic observations of the disk models.

3.1. ‘Current’ disk model

Our first step is to determine the ‘current’ physical and chemical
structure of the PDS 70 disk at its current age of 5 Myr based
on the line observations of Facchini et al. (2021). The gas disk
model is based on a simple parametric description of a transition
disk proposed by Andrews et al. (2011) and is discussed in detail
in Bruderer (2013). The model follows the standard self-similar
solution of a viscously evolving protoplanetary disk assuming
that the gas viscosity is constant with time and radially varies
as a power-law (Lynden-Bell & Pringle 1974). Solutions of this
form follow:

Σgas (𝑅) = Σ𝑐

(
𝑅

𝑅𝑐

)−𝛾
exp

{
−
(
𝑅

𝑅𝑐

)2−𝛾}
, (1)
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where Σ𝑐 is the ‘critical surface density’ at a ‘critical radius’ of
𝑅𝑐 . The capital 𝑅 denotes the midplane radius. We allow the gas
and dust density to extend out to a maximum radius of 𝑅disk.
Transition disks are characterised by the presence of a large

dust gap caused by (at least in the case of PDS 70) the presence
of giant planets. This gap can extend all the way to the host star
(in which case it is colloquially called a cavity) but transition
disks can also contain a smaller inner disk of gas and dust. Thus
rather than a radially constant dust-to-gas ratio Δdtg, the model
proposed byAndrews et al. (2011) and used in DALI reducesΔdtg
to arbitrarily low values between the outer radius of the inner disk
(𝑅gap) and the inner radius of the outer disk disk (𝑅cav).
Inward of 𝑅cav the gas and dust can also be further depleted

relative to their expected density fromEquation 1. For the gas this
is justified by the assumption that gas accretion is slightly less
efficient inside the dust cavity due to the gravitational influence
of the embedded planets, hence Σ′

gas (𝑅 < 𝑅cav) = 𝛿gasΣgas (𝑅).
The dust density has the form:

Σdust =


𝛿dustΔdtgΣgas (𝑅) 𝑅 < 𝑅gap
10−15 𝑅gap < 𝑅 < 𝑅cav
ΔdtgΣgas (𝑅) 𝑅 > 𝑅cav

. (2)

The final two important radii for the model are the sublimation
radius 𝑅subl ∼ 0.07

√︁
𝐿∗/𝐿� AU inward of which the disk is

sufficiently warm for the dust to evaporate (Bruderer 2013) and
the outer radius 𝑅out which describes the largest radius in the
simulation. For the stellar spectrum we use a blackbody with
effective temperature noted above. The star has a bolometric
luminosity of 0.35 L�.
The vertical distribution of the gas follows a Gaussian profile

with a physical scale height following 𝐻 = 𝐻𝑐 (𝑅/𝑅𝑐)𝜙 . The
so-called scale height angle ℎ ≡ 𝐻/𝑅 is thus ℎ = ℎ𝑐 (𝑅/𝑅𝑐)𝜙−1,
where the subscript ‘c’ continues to denote the value of any vari-
able at the critical radius 𝑅𝑐 . The vertical distribution of the dust
is more complex than the gas and is split into two populations.
The ‘small’ population represents grains with sizes ranging be-
tween 0.005 - 1 `mwhile the ‘large’ population represents grains
1 - 1000 `m. While the small grains tend to be well coupled to
the gas and thus follow the vertical distribution more closely,
the larger grains will tend to settle to the midplane. The vertical
volume density of the dust follows, in cylindrical coordinates:

𝜌dust,small =
(1 − 𝑓 )Σdust√
2𝜋𝑅ℎ

exp

[
−1
2

(
0.5𝜋 − \

ℎ

)2]
and

𝜌dust,large =
𝑓Σdust√
2𝜋𝑅𝜒ℎ

exp

[
−1
2

(
0.5𝜋 − \

𝜒ℎ

)2]
, (3)

where \ = arctan (𝑅/𝑧), 𝜒 < 1 parameterises the amount of
settling that occurs for the large dust grains and 𝑓 sets their mass
fraction. DALI will run in two modes, the first takes Equations
1-3 with a list of prescribed parameters to produce the disk gas
and dust distributions while the second allows users to prescribe
their own choice of dust and gas radial and vertical distribution
(discussed more below). We show the adopted values for the
discussed parameters in Table 2. In the second column of the
table, if a single value is shown it coincides with the derived disk
model of Keppler et al. (2018) based on the dust distribution.
The quantity of gas within the orbital range of the planets and

the dust cavity is still an open question. Numerical simulations
(eg. Lubow & D’Angelo 2006) have shown that gas accretion
can occur across the planet-induced gap, but results in a lower

Table 2: Range of disk parameters used to construct current disk
model.

Parameter Range of values
Σ𝑐 2.87 g cm−3

𝑅𝑐 40 AU
𝑓 0.968
𝜒 0.2
𝛾 1
𝜙 0.25

𝑅gap 2.0, 4.0, 6.0, 8.0, 10.0 AU
𝑅cav 45 AU
𝑅disk 120 AU
𝛿gas 0.000001,0.0001,0.01, 1.0
𝛿dust 0.000001,0.0001, 0.01, 1.0
𝛿planet 1.0, 10−2.5, 10−15

Notes. Important parameters for the construction of the transition disk
model of PDS 70, including the range of values used to determine the
current diskmodel. The parameters without ranges in the second column
coincide with the derived properties of the disk by Keppler et al. (2018).
Bolded values show the parameters of our preferred model.

accretion rate onto the host star than the accretion rate outward
of the gap. Theoretical studies have shown (for ex. see Crida
et al. 2006) that a giant planet modifies the local gas density
surrounding it as its gravitational torque competes against the
viscous torques of the surrounding protoplanetary disk. It is thus
expected that the gas surface density should be lower around the
embedded planets of the PDS 70 system.

Keppler et al. (2019) used 12CO 𝐽 = 3 − 2 line emission data
to constrain the gas properties within the dust cavity. They found
evidence of a gas gap around the PDS 70b planet consistent with
a mass of 5 𝑀Jup. No gas gap was inferred for PDS 70c, however
the numerical simulations of Bae et al. (2019) showed that the
two planets would share the gas gap. In this work we can include
the impact on the line emission of CO and C2H from the presence
of a planet-driven gap. In order to add the impact of the gas gap
we further deplete the gas density within the dust cavity by a
factor of 𝛿planet (see Figure 1).

In Figure 1 we show an example of how the different forms
of depletion impact the structure of the midplane volume (num-
ber) densities. While the blue and green solid lines represent the
fiducial distribution of the gas and dust (respectively) in a tran-
sition disk model, their dashed lines show the effect of reducing
the inner disk densities by 𝛿gas = 𝛿dust = 0.01. Meanwhile the
orange line shows the impact of imposing a reduction in the gas
density by a factor of 𝛿planet = 10−2.5 within the dust cavity,
which approximately equates to the 5 MJup model of Keppler
et al. (2019).

In Figure 2 we show an example of the vertical distribution
of the gas and dust in a fiducial model at a radius of ∼ 80 AU,
outward of the cavity outer edge. The gas vertical distribution
(blue curve) is described by a single Gaussian profile while the
dust vertical profile (green line) is described by a pair of Gaussian
profiles (ie. Equation 3). The orange dashed lines show each of the
Gaussian profiles from Equation 3, converted to number density
rather than mass density, to demonstrate the fact that the dust
profile is effectively the sum of the two Gaussian profiles.
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𝛿gas𝑛gas

𝛿dust𝑛dust
𝛿planet𝑛gas

𝑅gap 𝑅cav

Fig. 1: Examples of possible models of the gas and dust distribu-
tions to be fed into DALI. Shown is the number volume density
defined as ngas = Σgas/(

√
2𝜋𝐻`𝑚H) for the gas. For the dust,

𝑛dust is defined to ensure the correct dust-to-gas mass ratio. The
solid and dashed curves show the effect of depleting the inner disk
by constant factors of 𝛿gas and 𝛿dust while the orange curve show
the impact of adding a planet-induced gas gap of a prescribed
depth of 𝛿planet.

𝑛dust,large

𝑛dust,small

Fig. 2: The vertical distribution of the gas and dust at a radius
of ∼ 80 AU - outward of the dust cavity outer edge. The orange
dashed line represent the different distributions of the large and
small dust (eq. 3). The large dust grains are distributed closer
to the midplane because they tend to settle with respect to the
smaller grains. As a result the dust-to-gas ratio is slightly higher
near the midplane when compared to far above the midplane.

3.2. Disk chemistry

Aspreviouslymentioned the chemistry is handled using theDALI
(Bruderer et al. 2012; Bruderer 2013) code. DALI simultane-
ously computes the gas and dust temperature via radiative trans-
fer (both continuum and line) as well as the chemical evolution
of the volatiles molecular species. As a result the code computes
an accurate picture of the temperature structure and molecular
abundance in the upper atmosphere of the disk while simulta-

Fig. 3: The radial profile observed by Facchini et al. (2021) using
ALMA. The grey band shows the approximate location of the
(mm) dust ring according to Keppler et al. (2019). The line fluxes
peak in slightly different positions with the optically thin tracers
peaking near the edge of the dust cavity and the optically thick
tracers peaking inside the cavity.

neously predicting the relative molecular line strengths and line
emission from a large range of species.
In particular we focus on three molecular lines: 12CO 𝐽 =

2 − 1, C18O 𝐽 = 2 − 1, and C2H 𝐽 = 7/2 − 5/2. These molecular
lines are sensitive (mainly) to the temperature, density structure,
and the chemistry of the disk respectively. These lines, among
others, were observed by Facchini et al. (2021) using the Atacama
Large (sub)Millimeter Array (ALMA) at a resolution of ∼ 0.4”,
and are shown in Figure 3. One of the main features found in
this observational work is that at this resolution the integrated
intensity is not centrally peaked, instead peaking within the dust
cavity. In addition the strong C2H emission is indicative of a large
C/O - likely above unity - in order for C2H to have a significant
abundance in the disk.
We focus on constraining the global C/O ratio in the disk as a

first step in understanding the chemical environment in which the
planets formed. Our chemical model, discussed below, is sensi-
tive to chemistry-driven local changes to the volatile (gas/ice) C/O
ratio such as the freeze-out; however we neglect local changes to
theC/O ratio thatmay be driven by the radial transport of volatiles
(as seen in for ex. Booth et al. 2017; Bosman et al. 2018a; Krĳt
et al. 2020). Given the presence of the two planets, the strong
dust trap outside of their orbit, and the evidence of tenuous gas in
the inner disk (Keppler et al. 2019), an exploration of the radial
dependence of C/Owould be an interesting focus for future work.
We employ the chemical network used by Miotello et al.

(2019) to model the global C2H emission from an ALMA survey
of protoplanetary disks. The chemical network is based on the
network originally developed for DALI (Bruderer et al. 2012)
and pulls reactions and rates from the UMIST Database for As-
trochemistry (UDfA, Woodall et al. 2007; McElroy et al. 2013).
It is optimised for the abundances of CO and related species in
the gas phase and includes UV cross-sections and photodisso-
ciation rates of Heays et al. (2017). Visser et al. (2018) added
to the network to include nitrogen chemistry which often acts to
compete with hydrocarbons (like C2H) for available carbon.
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Table 3: Initial abundances (per number of Hydrogen atoms) used
in the fiducial DALI chemical calculation.

Species Abundance Species Abundance
H2 0.5
He 0.14 𝐽NH3 9.90×10−7
C 1.01×10−4 H+

3 1.00×10−8
O 1.00×10−4 HCO+ 9.00×10−9
N 5.10×10−6 C+ 1.00×10−9
Mg 4.17×10−7 Mg+ 1.00×10−11
Si 7.94×10−7 Si+ 1.00×10−11
S 1.91×10−6 S+ 1.00×10−11
Fe 4.27×10−7 Fe+ 1.00×10−11
N2 1.00×10−6 PAH 6.00×10−7

Notes. The ions and PAH initialise the total charge and act as a sink
for free electrons, respectively. A species with a 𝐽 label denotes the ice
phase of the given species.

While chemical networks that include isotope-specific reac-
tions exist (e.g. Miotello et al. 2016), we do not include these
reactions here. Instead we assume that species like C18O scale
with their more abundant isotopologues by the standard isotopic
ratios in the Interstellar medium (ISM). The isotopic ratios of
carbon and oxygen in the ISM that are relevant to our work are
[12C]/[13C] = 77 and [16O]/[18O] = 560 (Wilson & Rood 1994).
By simply scaling the abundance of species like C18O to the
abundance of the standard isotope (12C16O) we ignore possible
chemical effects like isotopic selective photodissociation which
causes the less abundant isotopologues to be further depleted
because of their less efficient self-shielding. As a result the less
abundant isotopologue becomes optically thick lower in the disk
atmosphere than would be assumed from simple scaling models.
Miotello et al. (2016) showed that this will slightly weaken the
line intensity of these less abundant isotopologues because the
emission is coming from deeper in the disk atmosphere, from a
slightly cooler region of the disk. Furthermore the excess pho-
todissociation results in more free atomic oxygen isotopes that
can be incorporated into other species.
We begin the chemical simulationswith themajority of chem-

ical elements in the atomic phase (i.e. the reset scenario of Eistrup
et al. 2016), except for hydrogen which begins in its molecular
form and a fraction of the nitrogen which begins as frozen NH3
and gaseous molecular N2. The initial abundances follow those
selected byMiotello et al. (2019) except in the case of carbon and
oxygen which is varied. The initial abundances are summarised
in Table 3. Our fiducial model uses the carbon and oxygen abun-
dances shown in the table. These values result in a marginally
carbon-rich disk (C/O = 1.01) which is what is expected from the
presence of C2H emission. We will also explore a range of C/H
and O/H (and thus C/O) in order to confirm this expectation.

3.3. Disk model at the time of planet formation

More than likely, the physical properties of the PDS 70 disk were
differentwhen the planets b and c started forming∼ 4−5Myr ago.
The particular ‘starting time’ for planet formation is a remarkably
difficult feature to constrain - particularly for exoplanet systems
where we lack the isotopic data that is used in Solar system
studies on the subject. Here we will assume that the core of both
planets formed within the first 1 Myr of the protoplanetary disk
lifetime, and begin our gas accretion simulation from there.

We use analytic models of protoplanetary disk evolution to
determine the density structure of the gas at a disk age of 1 Myr.
These models, derived by Tabone et al. (2022), assume that the
disk evolves through either viscous evolution or magnetohydro-
dynamic (MHD) disk winds. It is currently unclear which mech-
anism is the main driver of angular momentum transport, and
thus protoplanetary disk evolution, so modelling both separately
accesses the two extremes of disk evolution. The main physical
difference between the two mechanisms is the ‘direction’ of their
angular momentum transport. Viscous evolution transports the
bulk of the angular momentum radially outward along with a
small amount of the disk mass, while the bulk of the disk mass
moves inward. In other words viscous disks evolve by spreading
outward to larger radii with a small fraction of its mass, while the
remainder moves inward toward the host star.
Protoplanetary disks evolving due to MHD disk winds move

the bulk of their angular momentum to larger heights, by launch-
ing gas along the magnetic field lines emerging from the top of
the disk. Unlike in viscously evolving disks, wind-driven disks
do not spread their mass outward and are thus expected to remain
at roughly the same size throughout their evolution (Tabone et al.
2022). For each of the above cases, Tabone et al. (2022) found
that the gas surface density and disk size should evolve as:

Σgas = Σ𝑐 (𝑡)
(

𝑅

𝑅𝑐 (𝑡)

)−1+b
exp

(
− 𝑅

𝑅𝑐 (𝑡)

)
where

𝑅𝑐 (𝑡) = 𝑅𝑐 (𝑡 = 0)
(
1 + 𝑡

(1 + 𝜓)𝑡acc,0

)
and

Σ𝑐 (𝑡) = Σ𝑐 (𝑡 = 0)
(
1 + 𝑡

(1 + 𝜓)𝑡acc,0

)−( 52+b+ 𝜓

2 )
. (4)

The relevant timescale, 𝑡acc,0, in these equations is the initial
accretion timescale and denotes the time that would require a gas
parcel to accrete from an initial position of 𝑅𝑐/2 to the inner
region of the disk. It has the functional form of:

𝑡acc,0 =
𝑅𝑐 (𝑡 = 0)

3ℎ𝑐𝑐𝑠,𝑐�̃�(𝑡 = 0)
, (5)

where 𝑐𝑠,𝑐 is the sound speed at the (initial) critical radius and
�̃� is the effective disk-𝛼 (Shakura & Sunyaev 1973) due to either
viscous or MHD disk winds. The parameter 𝜓 = 𝛼DW/𝛼SS is the
ratio of the effective 𝛼 due to disk winds (DW) and viscosity (SS,
the standard 𝛼 from Shakura & Sunyaev 1973). In the limit of a
purely viscous disk 𝜓 = 0 while in the opposite limit 𝜓 = ∞. In
the limit that 𝜓 → ∞ the time evolution of 𝑅𝑐 and Σ𝑐 in eq. 4
becomes:

𝑅𝑐 (𝑡) = 𝑅𝑐 (𝑡 = 0) and

Σ𝑐 (𝑡) = Σ𝑐 (𝑡 = 0) exp
(
− 𝑡

2𝑡acc,0

)
. (6)

The final parameter, b, denotes the mass ejection index and quan-
tifies the effect on the mass surface density profile from the ejec-
tion of mass through the disk wind. The change in surface density
profile follows from the significant fraction of the gas that can be
lost to the disk wind as it extracts angular momentum. For the
case of a pure wind (𝜓 = ∞) it has the form b = 1/[2(_ − 1)]
where _ is magnetic lever arm parameter and has a typical value
of between 2 − 5.
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Table 4: Parameters used in setting the disk properties at a disk
age of 1 Myr.

Parameter Viscous (𝜓 = 0) Wind (𝜓 = ∞)
Σ𝑐 (𝑡 = 1Myr) 44.7 g cm−2 21.2 g cm−2

𝑅𝑐 (𝑡 = 1Myr) 13.3 AU 40.0 AU
b 0 0.25 (_ = 3)

Mdisk,1Myr (MJ)1 5.8 19.9

Notes. 1Jupiter masses within 120 AU

3.4. Planet formation

We use a standard approach to the growth and migration of our
planetary embryo. In both disk models presented in Section 3.3
we initiate planetary embryos at a range of initial radii between
20-80 AU in steps of 2 AU. For completeness we also compute
the growth and evolution of planets originating from 1-20 AU in
steps of 1 AU. The initial mass of the embryos are set by either
the pebble isolation mass - using the prescription of Bitsch et al.
(2018) - or the total dust mass exterior to the embryos’ initial
orbits, which ever is lower.
The gas accretion and planetarymigration follows thework of

Cridland et al. (2020a), and we summarise the important features
of the model in Appendix A. For the purpose of this work, the
‘chemical accounting’ of the carbon and oxygen-bearing species
is important to determine the atmospheric C/O. We trace the
quantity ofmass flux onto the atmosphere through EquationsA.1,
A.2, and/or A.5, as well as the rate that the growing planets move
through their disk using Equation A.6. We follow the method
of Cridland et al. (2020a) to compute the acquisition of carbon
and oxygen into the atmospheres, we summarise the relevant
information below.

3.5. Chemical acquisition

During the age of planet formation the disk physical and chemi-
cal properties are kept constant to make the problem more easily
tractable. As was done in Cridland et al. (2020a), such simplicity
ignores the impact that an evolving disk can have on the over-
all evolution of the gas chemistry, but allows us to include the
chemical impact of meridional flow on the chemistry of plane-
tary atmospheres. We view this as an appropriate trade-off for
this study since ALMA line emission observations tend to probe
the chemistry of the disk from where meridional flow originates.
Before a gap in the disk is opened by the growing planet we

compute the average carbon and oxygen abundance within the
planet’s feeding zone - which we equate to the proto-planet’s Hill
sphere. Once the the gap is open we assume that the gas flow
towards the planet follows a meridional flow (Mordasini et al.
2014; Teague et al. 2019) and we assume that the planet-feeding
gas comes from between one and three gas scale heights. In this
case we average the carbon and oxygen abundance in the gas and
ice at the edge of the gas gap over one and three gas scale heights.
We assume any ice frozen onto the population of small dust

grains is entrained with the gas and is delivered into the plane-
tary atmospheres. This process occurs both while the planet is
embedded in the disk as well as after the gap is opened. The large
grain population is not as entrained as the small population, but is
nevertheless expected to flow with the gas near the planet. Before
the gas gap is opened we assume that ices frozen on the large
dust grain population can accrete into the planetary atmosphere

at a rate that is reduced relative to the rate of gas accretion by a
factor of 1/(1 + 𝑆𝑡2), where 𝑆𝑡 is the average Stokes number of
the population of large dust grains.
The refractory component of the disk is known to include a

significant fraction of the overall carbon (around 50%, Bergin
et al. 2015). During the growth of the atmosphere, we do not
include any excess carbon from the dust. The small grains domi-
nate the dust mass above the midplane, in a region that is likely
to have been photochemically processed to remove this excess
carbon (Anderson et al. 2017; Klarmann et al. 2018; Binkert &
Birnstiel 2023). This could have contributed to the high C/O that
is observed in the PDS 70 gas disk. The dust near the midplane
is dominated by larger grains which could maintain their car-
bon. While we allow for their accretion, they do not significantly
contribute to the carbon abundance of the planetary atmospheres.

4. Results

4.1. Current disk model

Our first goal is to constrain the chemical and physical properties
within the PDS 70 disk by comparing DALI forward models to
the observed radial profile of the 12CO, C18O, and C2H emission
of Facchini et al. (2021). We begin with our fiducial model using
the parameters derived in Keppler et al. (2019) and neglecting
any deviations from the standard surface density profile due to
depletion in the inner disk or the embedded planets (𝛿gas = 𝛿dust =
𝛿planet = 1.0). In the following we begin by constraining the
density structure using the optically thin C18O line. With the
constrained density structure we then investigate the impact on
the optically thick 12CO line and the chemical dependence of the
optically thin C2H line.
The synthetic images are produced using the radiative transfer

package in DALI using the observational parameters of: inclina-
tion = 52 degrees, distance = 113 pc. The data are then convolved
with the same beam as in Facchini et al. (2021), de-projected,
and averaged over annuli with the same sizes as was done in
Facchini et al. (2021). In addition we use the same channel width
and number of channels as is done in Facchini et al. (2021).

4.1.1. C18O

In Figure 4(a) we show the radial profile of C18O emission in the
case of a disk that is nearly void of material inward of the outer
dust ring edge, while using the remaining fiducial parameters
presented in Table 2. In this case we are exclusively sensitive to
emission from the inner edge of the dust ring, and the outer disk.
With fiducial parameters 𝑅cav = 45 AU and 𝑅disk = 120 AU we
find a good agreement between the peak location of the C18O
emission in the observations (orange line) and our model (blue
line). Meanwhile we overestimate the flux coming from the outer
disk suggesting that the outer disk is too extended or too diffuse.
A smaller 𝑅disk may better replicated the observed flux, how-
ever since we neglect isotopologue-selected photodissociation,
the outer disk could be less abundant in C18O than is represented
in our model (see for ex. Miotello et al. 2014).
In Figure 4(b) we show the C18O radial profile for the pre-

ferred model which includes an inner disk. Adding a small inner
disk into themodel adds a new source of optical depth which both
cool the inner edge of the dust cavity as well as protect molecular
species from photodissociation. Of course the inner disk may
also increases the flux of C18O at small separations which re-
quires that it is fairly tenuous. The presented model involves a
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Fig. 4: Radial profiles of C18O emission for three different disk models compared to the observational data of Facchini et al. (2021).
The grey band shows the width of the major axis of the beam. In each case the relevant parameters are listed in the top right corner
of the figure. From left to right: in model (a) the inner disk is almost completely removed, and there is effectively no gas or dust from
𝑅cav inward. In model (b) the inner disk is replaced, with the noted depletions of gas and dust. Finally in model (c) the same inner
disk parameters are used, however between 𝑅gap and 𝑅cav the gas is depleted by a further factor.

Fig. 5: The radial profile of the 12CO emission due to the model
presented in Figure 4(c)

gas depletion 𝛿gas = 0.01 and dust depletion 𝛿dust = 0.0001. The
inner disk has a radius of 6 AU in this model.
As a final modification we add an additional gas depletion

within the planetary gap caused by the presence of the young pair
of giant planets. In Figure 4(c) we add an additional depletion
𝛿planet = 10−2.5 into the dust cavity (𝑅gap < 𝑅 < 𝑅cav). Reducing
the gas density inside the gap leads to a slightly warmer dust wall
and a slight increase in the peak flux of C18O. In addition the flux
coming from the inner regions is lowered back to a similar level
as in the model shown in Figure 4(a). Because it reproduces the
peak flux as well as its location, the model in Figure 4(c) is our
preferred model.

4.1.2. 12CO

In Figure 5 we show the resulting 12CO emission radial profile
from the disk model presented in Figure 4(c). Surprisingly the
peak emission is somewhat shifted with respect to the observed
radial profile. This may be linked to the exact gas structure near
the inner edge of the outer disk. In our model we assume that
the gas density sharply cuts off at the inner edge of the outer

disk (𝑅cav). However its likely that the disk smoothly transitions
from the density in the outer disk down to the lower density in
the cavity and lower disk (van der Marel et al. 2016; Leemker
et al. 2022). The extra width due to this smooth transition could
easily contribute to the (optically thick) 12CO emission while
only weakly contributing to the optically thin tracers.
The outer disk flux of 12CO also falls off more quickly than

is seen in observations, which could be exaggerated if the outer
disk is truncated as was discussed for C18O. Our model over
estimates the 12CO flux between 𝑅cav and 𝑅disk (= 120 AU or
∼ 1”), before dropping below the observed flux. This suggests
that there is some material in the PDS 70 disk that is outside
𝑅disk but is sufficiently tenuous that it does not contribute to
the C18O flux. In addition, the slope and peak of the 12CO may
suggest that the temperature profile of the emitting layer is not
consistent betweenmodel and observations. This could be caused
by ignoring heating contribution from the embedded planets, or
because our dust distribution is not providing the proper amount
of opacity. The shifted peak suggests that the tenuous gas in
the gap is warmer than we compute in our model. We leave
the modelling of these aspects of the data to future work. For the
purpose of understanding the planet formation within the disk the
tenuous gas in the outer disk likely does not play an important
role.

4.1.3. C2H

In Figure 6(a) we show the resulting C2H flux from the preferred
model presented in Figure 4(c). Our model predicts a similar
peak flux - roughly 30% larger than observed - with a similar
peak location. Our model peak is shifted slightly inward, towards
the inner disk, with respect to the observed peak location. This is
due to bright C2H emission that is found in the warm inner disk.
This inner disk emission contributes to a bright C2H line and
regardless of our choice of disk parameters we find a similarly
C2H-enhanced inner disk.
Our modelling goal was to constrain the global carbon-to-

oxygen in the PDS 70 disk. Our fiducial model was set such
that the carbon abundance is that of the ISM, while the oxygen
abundance is set lower so that C/O = 1.01.We expect amarginally
carbon-rich disk based on the detection of C2H, as well as a few
other carbon-rich molecular species (Facchini et al. 2021). We
test whether this hypothesis is robust by computing the C2H

Article number, page 8 of 18



Cridland et al.: Constraining the atmospheric chemistry of PDS 70b and c

Fig. 6: Radial profiles of C2H emission compared to the work of Facchini et al. (2021). In (a) we show the emission from the
preferred disk model of Figure 4(c), which has C/O = 1.01. The peak flux is slight over estimated, but it best reproduces the peak
location compared to models with lower C/O. In (b) we show the same disk model, but with O/H = 2.525 × 10−4 so that C/O = 0.4.
Here we see that the peak flux is suppressed and the peak moves inward, in this model the inner disk dominates the C2H flux. In (c)
we set C/H = 1.1 × 10−4 and O/H = 1.0 × 10−4 such that C/O = 1.1. Here we find that the predicted flux greatly over estimates the
observed C2H flux.

emission for a disk with an ISM-like abundance of carbon and
oxygen.

In Figure 6(b) we showed the preferred model from Figure
4(c) but with an enhanced oxygen abundance such that the disk
C/O = 0.4. Not surprising, the total C2H flux is suppressed in
this model compared to the the marginally carbon-rich disk. Fur-
thermore the flux peak shifts to smaller radii which suggests that
the flux is being dominated by the inner disk in this model. For
the low C/O model the carbon and oxygen abundances are set to
their standard ISM abundances, while in the higher C/O models
the oxygen abundances is depleted to O/H = 1.0 × 10−4, and the
carbon abundance is adjusted to set the C/O ratios. Depleting
abundances relative to the ISM value is consistent with previous
studies of the emission of C2H in protoplanetary disks (Miotello
et al. 2019; Bosman et al. 2021), however their the abundances
are depleted further than is done here. We further discuss our
choice of carbon and oxygen abundances in the discussion sec-
tion below.

In Figure 6(c) we show the C2H emission for a model with
C/O = 1.1. The peak flux shifts further out and is more consistent
with the location of the observed flux peak. However the model
emission is about 4× brighter than is observed which heavily
disfavours such carbon-rich models.

In all three panels of figure 6 we find that the inner disk is
bright in C2H. In order to assess the impact of inner disk C2Hwe
artificially remove the C2H from the inner 40 AU of each disk
model and recalculate the radiative transfer of the C2H emission,
and shown the results in figure 7. We find that in both of the
carbon-rich models, panel (a) and (c), the removal of the inner
disk C2H emission has suppressed the total C2H flux, while in
the carbon-poor model (panel b) the profile is unaffected.

Our C2H modelling has suggested that the inner disk and
outer disk have different chemical properties. With the former
showing evidence of having a lower elemental abundance than
the outer disk due to its dominant C2H flux in the preferred
model. Future studies of PDS 70 may need to vary the elemental
abundances as a function of radius, and higher spacial resolution
studies of the gas emission will help to constrain this variation.

4.1.4. Summary of chemical modelling

In this section we have tested forward DALI models of disks
using the derived outer disk parameters of Keppler et al. (2018,
2019) with a grid of models that varied the properties of the inner
disk. These models have shown that the outer disk parameters do
an adequate job in reproducing the C18O peak flux and peak
location. In addition the peak 12CO emission is well reproduced,
but is shifted with respect to the observed peak. This shift is
consistent with previous findings of transitions disks (see for ex.
van der Marel et al. 2016) where the gas and dust cavity edges
are shifted with respect to each other (although in our model they
are the same), and could be linked to a more gradual decline in
gas density at 𝑅cav than we model here.
Using C2Hemission as a tracer of chemistry, we find that both

the outer and inner disk contribute to its flux. For marginally
carbon-rich models the flux peak is shifted towards the outer
disk which is more consistent with the observed radial profile.
Furthermore we show that for C/O = 1.1 the C2H flux is far
too strong to be consistent with observed emission, suggesting
that the disk carbon and oxygen abundances are nearly equal, but
slightly favours carbon. In our preferred model, we find that the
inner disk is too bright in C2H which may suggest a difference
in the volatile C/O or C/H between the inner and outer disk.
Such a chemical difference could be linked to the sequestering of
either element into larger, trapped, dust grains as argued in Sturm
et al. (2022). Because of the high temperatures in the inner disk,
the exact composition of the gas there can be directly probed by
James Webb Space Telescope (JWST).
In comparison to other studies of high-carbon protoplane-

tary disk chemistry we compute the integrated flux of C2H and
13CO (whose azimuthially averaged distribution is shown in the
appendix). We find that log10 (𝐿C2H) = 7.63, in units of mJy
km s−1 pc2, and log10 (𝐹13CO/𝐹890`m) = 1.15 which places our
preferred model in a similar range of disks studied by Miotello
et al. (2019). For the total gas mass of the preferred model (at an
age of 5 Myr), 1.5 × 10−3 M�, we find that our predicted C2H
flux is consistent with the C/O models of Miotello et al. (2019)
that are above unity. The column density of C2H are on average
higher than 1014 cm−2 across the whole disk, which are similarly
consistent with the models of Bosman et al. (2021) that have
C/O above unity. Given what we find in comparing the radial
distribution of the line emission and the comparisons to other
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Fig. 7: The same as figure 6 but for the model where C2H is artificially removed in the inner 40 AU. The C/O = 0.4 model (b) does
not show a large change, however in both of the carbon-rich models we find that the inner disk is strongly contributing to the C2H
emission. Both the C/O = 1.01 (a) and C/O = 1.1 (c) models show similar C2H flux profiles.

Fig. 8: The midplane gas density profiles (solid lines) used for
planet formation compared to the ‘current’ (at 5 Myr) density
profile (green). The ‘Wind’ (orange) and ‘Viscous’ (blue) mod-
els are related to the turnback models presented in Table 4 and
Equation 4 at 1 Myr. The dashed lines show the gas temperature
through each of the models. We assume that the disk temperature
is dominated by the direct irradiation of the host star.

works studying the C2H flux in protoplanetary disks, we favour
a marginally carbon-rich model for the current properties of the
PDS 70 disk.

4.2. Planet formation in the PDS 70 disk

4.2.1. Disk model at the time of planet formation

In Figure 8 we show the two gas density profiles (solid lines) de-
termined by computing the evolution of the PDS 70 disk through
viscous (blue) and disk wind (orange) evolution. Viscous disks
must transport material outward to carry angular momentum
away from the host star. As a result there is actually less gas in the
outer region (𝑅 > 45 AU) of the disk at a younger age than there
is now (green). Wind-driven disks, on the other hand, transport
angular momentum vertically and do not spread (Tabone et al.
2022). As a result its outer disk is more massive than both the
outer gas disk today, as well as the viscous model.

The dashed lines in Figure 8 show the midplane gas temper-
ature through each of the models. The temperature profiles are
similar between each of the disk models with the exception of the
model representing the disk ‘now’. While disk models generally
cool as they age, we are neglecting viscous heating in our chem-
ical models, so the disk ‘now’ is slightly warmer because the gas
density has dropped, allowing for stellar irradiation deeper into
the disk. By 1 Myr - our assumed age of the viscous and wind
models - most evolving analytic models find that heating is domi-
nated by direct stellar irradiation outside of a few AU (Chambers
2009).

4.2.2. Growth of the b and c planets

Figures 9(a) and (b) show the results of planet formation in the
wind-driven and viscous-driven diskmodels respectively. In each
figure the faded points denote synthetic planet formation tracks
that fail to generate PDS 70-like planets, while the regular points
are the successful simulations. The general evolution of synthetic
planets is from the bottom and right of the figure towards the top
left (shown with the black arrows - outward migration is not
possible in our model) and thus the PDS70-like planets begin
their evolution farther from PDS 70 than their current orbit.
The PDS 70-like synthetic planets have masses and orbital

radii that are within twice the error of the measured values of
PDS 70 b and c at a simulation age of 4 Myr. This simulation
age corresponds to a system age of 5 Myr because we assume
that planet formation begins at a system age of 1 Myr, and is
consistent with the system properties inferred by Keppler et al.
(2019). Because of our choice of proximity within twice the
uncertainty of the planets’ currently known properties, in the
viscous model (Figure 9(b)) the PDS 70b-like planet actually
starts near PDS 70b’s current orbit and migrates slightly inward.
This synthetic planet, however, is the only planet that has a similar
mass and orbital radius as the PDS 70’s current planets.
The drop in planetmass at all time steps in the outer regions of

the disk are related to our choice of initial mass for the embryos.
As the initial radius of the embryos moves outward there is less
dust mass (because there is less disk exterior to its initial radius)
and thus it starts at a lower mass than embryos beginning closer
to the host star. The most extreme example of this is that planets
forming inward of ∼ 30 AU in the wind model, and ∼ 10 AU
in the viscous model have started sufficiently massive that their
gas accretion already undergone a runaway by the first time step
(60 kyr) shown. Meanwhile in the outer disk the embryos are not
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Fig. 9: Evolution of synthetic planets in the disk model given by disk-wind evolution (a) and viscous evolution (b). The colour of
each point denotes a particular timestep since the begining of the simulation (𝑡0 = 1Myr). The faded circles are synthetic planets that
do not result in PDS 70-like planets at a time of 4 Myr after the beginning of the simulation. The square points show the successful
PDS 70b synthetic planets, while the diamonds show the successful PDS 70c planets. The black circles and error bars are the values
for PDS 70 b and c as shown in Table 1. The grey lines connect the points from individual synthetic planets. The wind model can
reproduce both b and c planets, although it over estimates the mass of planet b. The viscous model can not reproduce the c planet
and underestimates the radial location of the b planet. The inset of panel (b) shows the collection of successful synthetic planets for
both the viscous and wind models. See the text for more details.

sufficiently heavy to undergo runaway gas accretion by 60 kyr,
but do so later in the simulation.
Given the choice of system age we find that the Wind-driven

model can better reproduce the mass and orbital radii of both
planets than the viscous model. This is mainly linked to the fact
that the viscous model requires that the density structure at 1Myr
is more centrally concentrated than the Wind model. As a result
there is lessmaterial (both gas and dust) available in the outer disk
for the construction of both the core and the gas envelope in the
viscous model. Regardless, in both models we can identify a few
of our synthetic planets that contain enough mass and orbits near
to the PDS 70 planets’ current orbit to investigate their resulting
atmospheric chemistry.
In the wind-driven case we overestimate the mass of PDS 70b

by a factor of about 2.We note here that, as in previous works, the
planet formation of each synthetic planet is handled separately
and thus the formation of the c-planet does not have any bearing
on the formation of the b-planet. In reality, the growth of the c-
planet likely impacted the gas flow from the disk to the b-planet,
unless it formed much earlier than the c-planet. Our model has
no sensitivity to differences in the formation start time, however
this hints at other interesting lines of research for future studies
of this system.

4.3. Chemistry in the atmospheres of PDS 70b and c

We compute the number of carbon and oxygen-carrying
molecules that are available to both the b and c planets. We
investigate two possible scenarios which are involved in setting

Table 5: The atmospheric carbon-to-oxygen ratios for the syn-
thetic planets.

Model PDS 70b PDS 70c
C/O = 1.01; Visc 0.84
C/O = 1.01; Wind 0.99 (0.990-0.997) 1.00 (0.999-1.001)
C/O = 0.4; Visc 0.43
C/O = 0.4; Wind 0.40 (0.402-0.403) 0.40 (0.402-0.402)

Notes. Each row denotes a different combination of disk model and
chemical model. As seen in Figure 9 our viscous disk model fails to
produce a satisfactory planet c. Where possible, the range of C/O from
individual synthetic planets are shown to the 3rd decimal place.

the global C/O in the disk. The first is that the processes that
lead to a high C/O (discussed above) happened very early in the
lifetime of the PDS 70 system, and thus the global C/O is the
same during the era of planet formation (∼ 1Myr). On the other
hand the processes that deplete oxygen and some carbon in the
disk could have happened later in the disk lifetime, possibly after
the planets had accreted most of their gas. In this scenario the
global C/O would be the same as the stellar value ∼ 0.4.
In Table 5 we show the average C/O in all synthetic planets

whose mass and orbital radii correspond to that of the PDS 70
pair of planets (within twice the uncertainties). Where multiple
synthetic planets contributed to the average (i.e. in the Wind
model) we show the range of C/O from each individual planet
to an extra decimal place. The spread is small among separate
planets. Not surprising, the planets resulting from the higher C/O
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Fig. 10: The midplane distribution of molecular abundances for
CO and its tracer, N2H+ for both the viscous and wind models at
1 Myr. They each see a dip in CO abundance at the same position
as a steep increase in N2H+, indicative of the CO ice line. The
three grey bands show the range of initial embryo radii that result
in the synthetic b and c planets in both the Viscous and Wind
models.

models have higher C/O in their atmospheres. In the wind-driven
model, where a satisfactory planet c can be found, the PDS 70b
planet has a slightly lower C/O than the c-planet. Meanwhile the
planet b results in a slightly different atmospheric C/O between
the wind and viscous models. In both cases small differences in
the formation history and the underlying chemical model lead to
their varied atmospheric C/O.
In Figure 10 we show a representation of the CO ice line in

our chemical models along the disk midplane. While the two-
dimensional structure of the chemistry is important (see for ex-
ample Cridland et al. 2020a), for the purpose of the following
discussion the midplane abundances can be illustrative.
The traditional definition of an ice line is the point in the disk

where the temperature is such that the gas and ice phases of a
species has equal abundances. Observationally, this is difficult
to constrain and hence molecular tracers are used to infer the
location of ice lines. For CO, N2H+ is a popular molecular tracer
because its main destruction pathway involves reactions with CO
(Qi et al. 2013a; van ’t Hoff et al. 2017). In TW Hya, N2H+ has
been used to infer the location of the CO ice line (Qi et al. 2013b).
The CO ice line is located between 15-30 AU along the

midplane. Additionally on the figure the grey bars show the initial
location of the embryos that led to the best PDS 70-like planets.
They are, from left to right, PDS 70b in the viscous model,
PDS 70b and PDS 70c in the wind model. By coincidence, we
find that the b-planet in the viscous model begins its formation
in the range of radii where the abundance of CO is near its
minimum. Meanwhile the planets forming in the wind model
form in a region where the CO abundances is higher. This higher
abundance follows from higher interstellar radiation in the outer
disk, which results in higher dust temperatures and thus less
efficient freeze-out.
As argued in Cridland et al. (2020b) the gas tends to be

more carbon rich than the ices (also see Öberg et al. 2011) and
thus the relative amount of gas and solid abundance impacts the
atmospheric C/O. In the outer disk, when CO begins to freeze

out either as pure CO ice, or more likely as other oxygen-rich
ice species (see for example Eistrup et al. 2018), the bulk of
the carbon and oxygen can become trapped in the ices. This is
particularly important for the PDS 70b planet forming in the
viscous model and can help explain its lower C/O compared to
the wind model planets.
For the two planets forming inwind-drivenmodel we find that

their final masses are similar, and thus they acquire very similar
atmospheric C/O. The (very) small difference in atmospheric C/O
(at the level of 1%) may be due to the slight difference in their
starting location and the resulting differences in the available CO
in the gas phase. More available gaseous CO will lead to slightly
higher atmospheric C/O.
In the low C/O disk model we find that both PDS 70b and c

show nearly equal atmospheric C/O in both disk models. Unlike
in the high C/O models, planet formation in the outer disk appear
to be less constrained by chemical gradients in the disk as the
planet formation history of the planets.

5. Discussion

5.1. Why study young systems?

There are several billion years between the point that a typical
exoplanet’s protoplanetary disk evaporates and the measurement
of its atmospheric chemistry. Several dynamical processes, such
as gravitational scattering between other planetary bodies (i.e.
the Nice model, Gomes et al. (2005); or for hot Jupiters, Beaugé
& Nesvorný (2012)) and/or scattering by passing stars (Shara
et al. 2016; Hamers & Tremaine 2017; Wang et al. 2020, 2022)
could change the planet’s orbital radius. These processes, how-
ever, should have no impact on the atmospheric chemistry if
the planet has already fully formed and thus the aforementioned
framework can still be used to interpret observations.
Over billion year timescales, the mass-loss driven by pho-

toevaporation can potentially change the chemistry of the upper
atmosphere (Yelle 2004; García Muñoz 2007; Murray-Clay et al.
2009; Owen & Jackson 2012). In the PDS 70 system, however
these processes have limited effect on the chemistry of the two
embedded planets. Firstly they orbit very far from their host stars
compared to planets found in the well known hot Neptune desert
(Owen & Lai 2018), at orbital periods less than a few days, which
are the main focus of photoevaporation studies. Furthermore,
while heavy elements have been observed to be in the evaporat-
ing winds of exoplanets (Fossati et al. 2010; Sing et al. 2019),
they usually remain coupled to the outflow (Koskinen et al. 2013)
which would maintain their relative abundances in the remaining
atmosphere (Hunten et al. 1987). Finally, the effect of photoe-
vaporation on the chemical structure of giant planets likely does
not play an important role on planets more massive than Saturn
(Mordasini et al. 2016; Fossati et al. 2018).
A final source of long timescale evolution that has the poten-

tial to change the observable chemical abundances of the atmo-
spheres away from their primordial values are chemical reactions
between the atmosphere and the planet’s core. One possible di-
rection for chemical evolution is through the envelope-induced
core erosion that could transfer heavy elements from the core
into the atmosphere via convection (Stevenson 1982, 1985; Guil-
lot et al. 2004; Soubiran et al. 2017). The study of this topic
represents a rapidly developing field, however many studies have
argued that the cores of gas giant planets consist of a diffuse
outer and inner core with steep chemical gradients that suppress
adiabatic convection in favour of less efficient heat and com-
positional transport from the core (Stevenson 1985; Chabrier &
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Baraffe 2007; Leconte & Chabrier 2012; Vazan et al. 2015, 2016;
Wahl et al. 2017; Moll et al. 2017; Vazan et al. 2018).
In the other direction, differences in the average condensa-

tion temperatures of refractory (silicon,magnesium) and volatiles
(oxygen, carbon) bearing species causes these species to rain-out
at different altitudes. This can thus cause the chemical gradi-
ents in the planetary atmospheres - and its observable chemical
abundances - to change as the planet loses its accretion energy
(Stevenson et al. 2022). These internal processes can lead to dif-
ficulties in interpreting the chemical structure of old planets in
the context of planet formation - depending on which molecular
tracers are used. Young planets, on the other hand, still have the
majority of their accretion heat and have not had enough time for
many of these mixing processes to proceed. They thus provide
an excellent test bed for studies linking the chemical properties
of exoplanet atmospheres to planet formation physics.

5.2. Overview of the PDS 70 system

The PDS 70 system offers a unique look at the planet formation
process. While the star’s metallicity is similar to that of the Sun,
and so one would expect a stellar C/O that is near solar, the
detection of many carbon-rich molecular features suggest that the
current disk C/O is higher - perhaps above unity. The chemical
modelling presented here seem to support this, however at low
C/O the inner disk contributes strongly to theC2Hflux. This could
be caused by two separate assumption regarding the chemistry in
the disk which we discuss Section 5.3.
Computing the classic core accretion scenario in the younger

version of the PDS 70 disk has shown that super-Jupiter-massed
planets at the orbital radii of the known planets is possible, how-
ever it is very sensitive to the accretion history of the disk. Vis-
cously accreting disks - having had to begun more centrally com-
pact - struggle to accumulate enough material in the outer disk
to build both giant planets. Here we have assumed that the initial
mass of the planetary embryos is the larger of the pebble isola-
tion mass given by Bitsch et al. (2018) and the total quantity of
solid mass exterior to the planet’s starting location - assuming
a gas-to-dust ratio of 100. As a result the initial core mass of
our synthetic planets struggles to be large enough to draw down
significant quantities of gas - particularly in the viscous model.
We have considered two scenarios responsible for driving

the disk’s C/O away from the assumed stellar value. The first
is that the responsible physical/chemical process occurs earlier
in the disk life than the era of planet formation and thus the
planets form in the same chemical environment that we see today
(ie. high C/O). The second scenario imagines that the process
leading to high C/O occurs late in the disk life, at least after the
bulk of planet formation has already occurred and thus the planets
form in a low C/O environment. Not surprisingly the resulting
atmospheric C/O ratios are sensitive to this choice, with synthetic
planets growing in the low C/O environment having themselves
a low atmospheric C/O (effectively stellar) while in the opposite
case the resulting C/O is super-stellar.
Currently the measured C/O of PDS 70b and c are not well

constrained, however the models of Wang et al. (2021) predict
an atmospheric C/O for PDS 70b of between 0.54-0.7 depending
on their choice of model. The sensitivity on the PDS 70c planet
is worse than for PDS 70b, but using the same models Wang
et al. (2021) find a range of C/O = 0.49-0.65. Clearly the current
observations of the PDS 70 planets are not sufficiently sensitive
to confidently differentiate between different models and future,
more sensitive observations are required.

5.3. ISM abundances of carbon

In our chemical model we assume an ISM abundance of carbon,
and modify the abundance of oxygen to set our disk C/O. We
note that in previous work exploring the link between C2H flux
and volatile C/O, particularly Miotello et al. (2019) and Bosman
et al. (2021), have found that they must deplete the carbon and
oxygen abundance by a factor of 100 relative to the ISM in order
to better match observed and modelled column densities/fluxes.
Herewefind that in the case thatwe deplete the carbon and oxygen
abundance we completely lose our C18O flux that is coming from
the inner edge of the outer dust ring (see Appendix B). We can
therefore say that a global depletion of carbon and oxygen is not
consistent with the observations of Facchini et al. (2021).
In figure B.3 we show the most abundant carbon carriers for

the model in figure 4(a) and a model with a similar setup, but
with carbon and oxygen abundances reduced by a factor of 100
(ie. consistent withMiotello et al. 2019) and a gas mass enhanced
by a factor of 100. There we see that when the carbon and oxygen
abundance is reduced the primary carbon carrier becomes CH4
which freezes out onto the dust grains. This can be understood
from a chemical kinetic perspective as follows: the production of
CO scales with the abundance of both carbon and oxygen - and
thus its production scales with nCnO n2X, whereX denotes the gas
‘metallicity’. Thus when the abundance of carbon and oxygen are
reduced each by a factor of 100, the production of CO is slowed
by a factor of 10000. CH4, on the other hand is produced at a rate
that scales with nX - since it contains only one ‘heavy’ element. It
thus can become the dominant carbon carrier along the midplane
of the disk at 5 Myr.
With that said, it is possible that local depletions (or enhance-

ments) of the carbon and oxygen are occurring in the PDS 70 disk.
For example, there is a very obvious dust trap outwards of the
orbital position of PDS 70c which could be locally enhanced in
carbon and oxygen ices because of the ongoing flux of volatile
rich ices there. Meanwhile the rest of the outer disk could be
subsequently depleted in heavy elements. Furthermore the lack
of many optically thin lines in the inner disk could suggest that it
too is depleted in carbon and oxygen - particularly given that our
chemical models consistently predict a high C2H flux there, even
at lower C/O. Further radially-dependent studies of the chemistry
in the PDS 70 disk will be needed, along with upcoming high
resolution ALMAdata (Facchini et al. in prep) and new data from
JWST.

5.4. Choice of chemical network

We followed the work of Miotello et al. (2019), using their chem-
ical network that was first developed by Visser et al. (2018). The
network contains 64 construction and destruction reactions for
C2H with a variety of reaction partners. The carbon chains are
a maximum of two carbon atoms (ie. C2H, C2H2, C2H3) which
can result in erroneously large abundances of these species.
As an illustration, Wei et al. (2019) computed the chemistry

in protoplanetary disk for C/O greater than unity. They generally
found that the carbon that was not incorporated into CO tended
to inhabit long chain hydrocarbons and/or cyanides like HCN in
their inner disk (𝑟 < 5 AU). If these longer chain hydrocarbons
were available in our chemical model it is possible that the inner
disk chemistry may have shifted away from C2H, but would have
largely not affected the emission in the outer disk. We leave this
investigation to future work.
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5.5. Core accretion vs. gravitational instability

In this work we have use the standard picture of core accretion
to build our synthetic planets. As discussed above this planet
formation scheme struggled at times to build planets similar to
PDS 70c - at least in the case of a disk that evolved via viscous
evolution. We have neglected the other popular planet formation
mechanism that often leads to the generation of massive planets
- gravitational instability (GI, ie. Boss 1997).
Very few astrochemical studies of GI currently exist, however

Ilee et al. (2017) explored the chemical evolution of a pair of
gravitationally unstable clumps in hydrodynamic simulations.
They found that the clumps that survived throughout their whole
simulation evolved to have the same atmospheric C/O as was
initialised in their disk model. As such, we might expect that if
PDS 70b and c formed through GI then they would have the same
C/O as the disk.
If this is true then it would be difficult to differentiate between

the different formation models for PDS 70c with C/O alone - be-
cause its C/O seems to replicate the disk C/O here. In which case
we may need to include an additional tracer of planet formation
such as the solid to volatile ratio (Schneider & Bitsch 2021), or
the nitrogen abundance (Bosman et al. 2019; Bitsch et al. 2022).
For PDS 70b there may be enough information encoded in the
atmospheric C/O that can be used to differentiate the two forma-
tion mechanisms - at least if the disk C/O is high at the time of
its formation.
In the future, it would be a useful to compute a similar exper-

iment as was done in Ilee et al. (2017) to reproduce the PDS 70
pair of planets. Such a numerical simulation would also help to
understand how the two planets impact their mutual growth and
chemical evolution. In this work we ignore any mutual interac-
tion between the two planets in their growth which is no doubt
over-simplifying the physical system.

6. Conclusion

We havemodelled the chemical and physical structure of the PDS
70 disk in order to understand the environment in which the PDS
70b and PDS 70c planets formed.We find that the physical model
of Keppler et al. (2018, 2019) does an adequate job reproducing
the C18O and 12CO flux, and evidence of a tenuous inner disk.
The carbon-to-oxygen ratio in the volatiles of the PDS 70 disk is
likely marginally above unity, based on the flux of C2H emission.
The inner disk (𝑟 < 10 AU), however, is too bright in C2H which
may suggest that it is depleted in carbon and oxygen relative
to the ISM-like abundances that we assume in this work. The
current outer disk (at 5 Myr) is consistent with high abundances
of carbon and oxygen, and we showed that if we deplete these
elemental species we can not reproduce the flux of C18O that
comes from the inner edge of the outer dust ring.
To understand how the disk would have looked at the stage

where planet formation began (at 1 Myr), we used analytic pre-
scriptions for the evolution of the surface density and critical
radius under the assumption that the disk evolved through vis-
cous or MHD disk winds. The disk models resulting from the
different driving mechanisms result in slightly different surface
density profiles at an age of 1 Myr. The main difference between
the two disk models is the quantity of material in the outer disk -
which effects the formation of the synthetic planets around where
the PDS 70 planets currently orbit.
We use a simple prescription for the growth of the PDS

70 planets, initialising their mass with the higher of the pebble
isolation mass and the remaining total solid density exterior to

the embryo’s initial orbital radius.We accrete the gas and account
for the collection of carbon and oxygen from both the gas and
the volatile rich ices. Because it is unclear when the chemical
processing of the volatiles occurred during the evolution of the
disk we test two scenarios. In the case that the disk is chemically
similar to it is now during the early era of planet formation the
planets turn out to have a high C/O ratio, while in the opposite
case - when the initial disk composition resembled the host star -
the planets tended to have stellar C/O. The lower C/Omodels may
be a better match to our current understanding of the planetary
C/O, however the planetary C/O is only weakly constrained by
observations which makes comparisons difficult to make.
The PDS 70 system represents a fantastic environment to

study the link between planet formation and the planet’s natal
disk. In particular, understanding the chemical properties of the
disk offer a unique opportunity to understand how giant plan-
ets acquire the higher mass elements like carbon and oxygen.
This study will benefit greatly from both improved observational
programs of the disk both at sub-mm wavelengths with ALMA
as well as infrared with JWST, along with better constraints on
the atmospheric C/O within the planets. Fortunately all of these
studies are well on the way, and so PDS 70 will continue to be an
excellent system to study planet formation for years to come.
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Appendix A: Planet formation details
Appendix A.1: Gas accretion

For this work we focus primarily on the overall chemistry of the
atmospheres of the PDS 70b and c planets. As a result we ignore
the initial build up of the planetary core under the assumption
that the core does not contribute significantly to the bulk chem-
istry in the atmosphere. The gas accretion is limited by a number
of different mechanisms depending on the planet’s current evo-
lutionary stage. While the planet is still embedded within the
protoplanetary disk (ie. has not yet opened a gap) we assume that
the gas accretion rate is limited by either the Kelvin Helmholtz
timescale (KH) or the Bondi timescale - which ever is longer.
The KH timescale is related to the rate that the collapsing

envelope can release its gravitational potential energy as heat. Its
timescale has the functional form of (Alessi & Pudritz 2018):

𝑡KH = 107yr
(Mplnt
M⊕

)−2
, (A.1)

where the exponents are determined by comparing population
synthesis models of planetesimal core formation to populations
of known exoplanets. In principle the KH timescale depends
directly on the opacity of the collapsing envelope, however this
is not well constrained. The best fit exponents of Equation A.1
include variations over envelope opacity when comparing to the
known exoplanet population.
The Bondi radius describes the region of the disk where the

gas is likely to be captured by the planet, the kinetic energy of a
gas parcel is less than its gravitational potential energy relative
to the planet. The planet can thus not accrete more gas than
is available within the Bondi radius, or can be resupplied by
viscous processes in the disk. The accretion timescale associated
with accreting gas through the Bondi radius is (D’Angelo et al.
2010):

𝑡𝐵 = (𝐶𝐵Ω)−1
(
𝑀∗
𝑎2Σ

) ( 𝑎
𝐻

)−7 (𝑀plnt
𝑀∗

)−2
, (A.2)

where 𝑎 is the orbital radius of the planet, Ω is the Kepler or-
bital frequency, and 𝐶𝐵 ' 2.6 is a constant meant to match
this simple prescription to full 3D hydrodynamic simulations.
The growth of the planet during the embedded phase is thus
¤𝑀plnt = 𝑀plnt/max(𝑡𝐾𝐻 , 𝑡𝐵).
When the planet becomes sufficiently massive its gravita-

tional influence begins to dominate the surrounding gas over the
viscous torques and gas pressure forces, at this point it opens a
gap locally in the protoplanetary disk. The criteria for opening a
gap in the disk is a planet of mass Mplnt such that (Crida et al.
2006):

3
4

𝐻

𝑅𝐻
+ 50
𝑞R . 1, (A.3)

where 𝑅𝐻 = 𝑎(𝑀plnt/3𝑀∗)1/3 is the Hill radius of the planet,
𝑞 = 𝑀plnt/𝑀∗ is the planet-to-star mass ratio, R = 𝑎2Ω/a is the
Reynolds number, and a = 𝛼𝑐𝑠𝐻 is the gas viscosity under the
standard 𝛼-prescription of Shakura & Sunyaev (1973).
Once the gap opens the geometry of the accretion flow

changes. This is mainly due to the fact that while the gravita-
tional influence on the gas at the disk midplane is strong, straight
above the midplane the gravitational force is necessarily weaker.
As a result the gas can ‘leak’ across the edge of the gap and lose
its pressure support - effectively free falling towards themidplane

of the disk, and the planet. This gas motion, often called ‘merid-
ional flow’ (for ex. in Morbidelli et al. 2014), have been found
in high resolution studies of CO gas velocities in HD 163296 to
coincide with the expected location of an embedded giant planet
(Teague et al. 2019). Furthermore in numerical studies of disk
gas hydrodynamics around giant planets, meridional flows have
been found to contribute a large fraction (up to ∼ 90%, Szulágyi
et al. 2014) of the gas flux into the planet’s region of gravitational
influence.
Morbidelli et al. (2014) outlined the rate of gas accretion onto

a growing planet that had recently opened a gap.Broadly speaking
it is limited by the delivery of material to the outer edge of the
gap - the disk accretion rate - however they describe a cycling
of material driven by gas falling through a meridional flow into
a decreting circumplanetary disk and back to the outer edge of
the planet-induced gap. This recycled gas returns to hydrostatic
equilibrium with the rest of protoplanetary disk gas and can
return to themeridional flow and the growing planet. This process
evolves on a dynamic timescale rather than the viscous timescale
and thus their mass accretion rate into the gap follows (Morbidelli
et al. 2014):

¤𝑀gap = 8𝜋a (𝑟/𝐻) Σgas. (A.4)

This accretion rate is faster than the disk equilibrium mass accre-
tion by a factor of 8/3(𝑟/𝐻) which, depending on the disk scale
aspect ratio, can be between one and two orders of magnitude
higher.
The efficiency that the rate of mass accretion into the gap is

transferred to an accretion rate onto the planet depends on the
local flow around the planet. Batygin (2018) proposed that the
magnetic field of the young planet acts to deflect incoming gas
into the circumplanetary disk reducing the accretion and growth
efficiency. Cridland (2018) derived the connection between the
magnetic field strength and themass accretion efficiency resulting
in the scaling:

¤𝑀plnt
𝑀⊕/𝑦𝑟

=
4
33/4

(
𝑅0
𝑅𝐻

)2 (𝑀plnt
𝑀⊕

)−2/7 ( ¤𝑀gap
𝑀⊕/𝑦𝑟

)3/7
, (A.5)

where the constant 𝑅0 =
(
𝜋2/2`0 M4/𝐺𝑀2⊕/𝑦𝑟

)1/7 has units
of length and depends on the magnetic moment M = 𝐵𝑅3plnt
of the (assumed) magnetic dipole of the planet. We assume that
the young planet has a (constant) magnetic field strength of 500
Gauss which is two orders of magnitude above that of Jupiter, but
less than the typical magnetic field strength of a ∼1000 K brown
dwarf stars. Interpolating the magnetic field strength in this way
is consistent with our general understanding of the geo-dynamo
and solar-dynamo (Christensen et al. 2009).
We assume a constant planetary radius of 𝑅plnt = 2𝑅Jupiter

during this phase as it is a nominal size of young, self-luminous
planets with masses greater than Saturn as reported byMordasini
et al. (2015). Cridland (2018) explored the impact of the planetary
size on the final planet mass due to gas accretion through the
above mechanism and found that final masses only varied by a
factor of a few depending on the whether the planet was a ‘cold-
start’ - planetary radius equal to Jupiter’s current radius - or a
‘hot-start’ planet with a radius three times larger than Jupiter’s
current radius.
We employ standard planet formation methods in computing

the growth of the synthetic PDS 70 planets. For simplicity, how-
ever we keep the disk physical and chemical properties constant
throughout the planet formation process. This ignores the fact
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that the disk generally cools and becomes less dense as a func-
tion of time. At later times, as the gas is accreted onto the host
star, the surface density of the gas drops and the gas accretion rate
onto the planet can be reduced through equation A.2. The drop
in mass accretion rate will be a particular problem in the viscous
model because it already predicts low mass giant planets. The
wind model, on the other hand may better predict the masses of
the b and c planets if the accretion rate is lower at later times.

Appendix A.2: Planet migration

Our gas accretion simulations begin with a planetary core mass
that is set to the the smaller of the pebble isolation mass (Bitsch
et al. 2018) and the total dust mass exterior to the initial radii.
These masses are a factor of a few lower than the gas gap opening
mass (Crida et al. 2006) and thus Type I migration will not
have a large impact on the overall results of our work. We keep
the initial core stationary until it reaches the gas gap opening
mass at which point we allow it to migrate via Type-II migration
(Lin & Papaloizou 1986). Our choice of ignoring the Type-I
phase (ie. Ward 1991) of planet migration is related to our
ignoring the chemical impact that the planet core might have on
the chemical properties of the atmosphere. As such where the
core is built is less important to the overall chemical properties
of the atmosphere and thus we ignore Type-I migration and the
early build up of the core for simplicity.
Once the young planet has reached a mass that satisfies Equa-

tion A.3 we begin to evolve its orbital radius through standard
Type-II migration. In Type-II migration, the planet has opened a
gap in the gas which effectively changes the way in which the pro-
toplanetary disk can transport its angular momentum. Because
of its connection to the angular momentum transport - typically
assumed to be due to viscous evolution in gas - we typically
assume that Type-II migration evolves on the viscous timescale:

¤𝑟plnt = 𝑟plnt/𝑡a , (A.6)

where the viscous time 𝑡a = 𝑟2plnt/a and a = 𝛼𝑐𝑠𝐻 follows the
standard 𝛼-prescription of Shakura & Sunyaev (1973). The gas
viscosity a depends on the gas scale height 𝐻 and the gas sound
speed 𝑐𝑠 2. At a certain point Type-II migration stalls when the
planet exceeds a critical mass of Mcrit = 𝜋𝑟2Σ - the total mass of
the disk gas inward of the planet’s current orbital radius. After
the planet passes this mass its migration time becomes 𝑡a →
𝑡a (1 + 𝑀plnt/𝑀crit).
Updated hydrodynamic models concerning Type-II migra-

tion have shown that the inner and outer disks are not perfectly
separated by the planet-induced gap and some gas crosses the gap
(Dürmann & Kley 2015). The gas crossing the gap can also be
accreted by the growing planet (Dürmann & Kley 2017) which
reduces the efficiency of the gap crossing. Robert et al. (2018)
showed that even given these complications the rate of Type-II
migration continues to be proportional to the gas viscosity, which
justifies the use of Equation A.6 in the face of more complex hy-
drodynamic processes. The proportionality is related to the fact
that if the planet migrates on a shorter timescale than the vis-
cous timescale, the gas ‘ahead’ of the migrating planet will be
compressed by the planetary torques while the space ‘behind’
the planet becomes evacuated. As a result the inner/outer torque
would be strengthened/weakened, slowing the migration rate.

2 The DALI model outputs the gas sound speed throughout the disk,
for an ideal gas it has the form: 𝑐𝑠 =

√︁
𝛾𝑅𝑇/`m𝐻 , for an adiabatic

constant 𝛾 = 1, gas constant 𝑅, gas temperature 𝑇 , and mean molecular
weight of the gas `𝑚𝐻

Fig. B.1: Test of depleting carbon and oxygen abundances in
the PDS 70 disk, using C18O emission. Each panel represents a
different model and their relevant parameters are noted. Panels
(a) and (c) use the fiducial critical surface density as in the pre-
ferred model in the main text. Panels (b) and (d) have enhanced
critical densities by the same factor as the abundances of carbon
and oxygen have been depleted. Clearly a depleted abundance is
inconsistent with observations.

Appendix B: Depleting carbon and oxygen abundance
As mentioned in the main text a common finding in studies
focused on C2H flux is that the carbon and oxygen abundances
need to be depleted by up to a factor of 100 times the ISM value
in order to match to CO isotopologue and H2O observations. The
depletion is expected to occur because of the freeze out of CO and
H2O onto dust grains that subsequently settle to the midplane -
‘hiding’ the bulk of the volatile abundance of carbon and oxygen.
Additional chemical reactions transform CO into other species
like CO2, CH3OH, and other hydrocarbons (Bosman et al. 2018b;
Krĳt et al. 2020). We have tested how this depletion effects the
flux of both C18O and C2H in order to better understand our
chemical picture.
Figure B.1 shows the C18O flux from a series of models that

are meant to test whether depleting the carbon and oxygen abun-
dances is consistent with observations. In panels (a) and (c) the
abundances are depleted, but the density is kept the same as the
model presented in Figure 4(a). Here we see that we completely
lose the C18Oflux at the edge of the dust ring. In order to possibly
recover the flux, we enhance the gas density in the disk by the
same factor as the carbon and oxygen abundances are depleted.
These tests are shown in panels (b) and (d) and generally show
that gas enhancements can not recover the missing flux caused
by depleting the carbon and oxygen abundances.
In figure B.2 we show the C2H flux for same disk models

presented in figure B.1. Here we see that the C2H flux is not
greatly impacted by a factor of 10 depletion of carbon abundance
compared to the fiducial disk model (panel a), and is even weak-
ened when the gas density is enhanced by a factor of 10 (panel b).
The reduced flux is related to the equal increase in the dust den-
sity in the models where we enhance the critical surface density,
since we keep the dust-to-gas ratio constant when we enhance
the gas density. The extra dust acts as an extra source of opacity,
particularly at the edge of the dust ring, weakening the C2H flux.
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Fig. B.2: Same as Figure B.1 but for C2H emission. Unlike in
the C18O case, the emission of C2H can remain strong even
with depleted abundances. This is consistent with the finding of
Miotello et al. (2019).

The observations are not consistent with a global carbon and
oxygen abundances depletion by a factor of 100, which is the
depletion done by Miotello et al. (2019). Here we find a drop in
C2H flux by nearly an order of magnitude (panel c), and more so
when the gas (and dust) density is enhanced (panel d). Given that
we have focused a model with effectively no inner disk - since we
use the disk model with 𝛿gas = 𝛿dust = 10−15 (Figure B.1(a)) we
can say that the outer disk is inconsistent in general with a global
depletion of carbon and oxygen.
A global depletion of the carbon and oxygen abundance is

not consistent with the observed radial profile of Facchini et al.
(2021), however it could help to explain the unusually high C2H
flux from the inner disk of our model (< 6 AU here). If the inner
disk is locally depleted in carbon and oxygen then it would not
emit in C2H as brightly as we are predicting in this work. This
depletion could be caused by the inefficient transport of material
from the outer disk due to the elements being sequestered in the
dust and trapped - where observations seem to prefer ISM-like
abundances of carbon and oxygen. A future study on the radial
distribution of gas and dust, along with their volatile abundances,
would be a useful way of furthering our understanding of the PDS
70 system.
To understand the sudden drop in C18Ofluxwhen the elemen-

tal abundances of carbon and oxygen are reduced, we show the
primary carbon carriers for a pair of models in figure B.3. The
figure shows the relative number of the most abundant carbon
carrier in the volatile and ice (labelled with a ‘J’) phases in both
models. There we see that when the abundances of carbon and
oxygen are reduced by a factor of 100 compared to ISM (right
panel) the most dominant carbon carrier in the disk near the dust
ring (50-70 AU) is CH4 which remains frozen on the dust grains
near the midplane. We understand this shift in the context of the
rate of formation of CO, which depends on the number density of
both carbon and oxygen. CH4, meanwhile, only depends on the
number density of carbon alone and thus when the abundance of
carbon and oxygen are reduced, the reduction in production rate
that follows is less drastic for CH4 than it is for CO.

Fig. B.3: The most abundant species in the model presented in
figure 4(a) (left panel) and the model presented in figure B.1(d)
(right panel), for a disk age of 5 Myr. Molecules with a ‘J’
denotes species that are frozen onto dust grains. The abundances
are integrated between 50 AU and 70 AU (ie. near the mm dust
ring) and from the midplane to z/r = 0.43. It therefore includes
the main reservoir of CO that contributes to the C18O flux. It is
clear that when the abundances of carbon and oxygen are reduced
the main reservoir of carbon is shifted towards hydrocarbons that
are frozen onto the dust.

Fig. C.1: A comparison between the observed 13CO flux and that
computed by the preferred model. 13CO appears to be partially
optically thick as its peak flux is shifted outward relative to the
observed flux similarly to the 12CO flux shown in figure 5.

Appendix C: Radial profile of 13CO 𝑱 = 2 − 1
In figures C.1 we show the radial profiles of the 13CO emission
generated by the preferredmodel. This line is not used in selecting
the preferredmodel, however we include it here for completeness.
We find the peak flux location is slightly shifted outward similarly
to 12CO, while the peak flux is slightly over estimated. This
suggests that its emission is slightly optically thick, but not to the
same extent as the 12CO flux.
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