A&A, 700, A132 (2025)
https://doi.org/10.1051/0004-6361/202555095
© The Authors 2025

tronomy
Astrophysics

Super-Earth formation in systems with cold giants

Claudia Danti*®, Michiel Lambrechts®, and Sebastian Lorek

Center for Star and Planet Formation, Globe Insitute, @ster Voldgade 5, 1350 Copenhagen, Denmark

Received 9 April 2025 / Accepted 18 June 2025

ABSTRACT

Around our Sun, terrestrial planets did not reach masses higher than that of Earth, while super-Earths are found to orbit approximately
every other solar-like star. It remains unclear what divides these super-Earth systems from those that form terrestrial planets, and what
role wide-orbit gas giants play in this process. Here, we show that the key uncertainty is the degree of viscous heating in the inner
disc, which regulates the pebble accretion efficiency. In this parameter study, we assume pebble sizes limited by fragmentation and
radial drift. The initial seed planetesimals for embryo growth are taken from the top of the streaming instability mass distribution. We
then evaluate the important role of the pebble scale height and the assumed pebble fragmentation velocity. In systems with maximally
efficient viscous heating, in which all the accretion heating is deposited in the disc midplane, pebble accretion in the terrestrial region is
suppressed. More realistic levels of viscous heating, at higher elevations, allow for terrestrial embryo formation at Earth-like orbits. We
also find that the role of the water iceline is minor, unless it is paired with extreme volatile loss and a change in the pebble fragmentation
velocity. Furthermore, we show that in systems with gas-giant formation, the role of mutual pebble filtering by outer pebble-accreting
embryos is limited, unless some mechanism of delaying inner disc growth, such as viscous heating or the presence of an iceline, is
simultaneously employed. This latter point appears to be consistent with the fact that no strong suppression is seen in the occurrence
rate of super-Earths in systems with known gas giants in wider orbits. We conclude that the diversity in inner-disc systems may largely

be driven by complex, and as of yet poorly understood, disc accretion physics inside the water iceline.
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1. Introduction

Protoplanetary discs are the birth environments of planets.
During their evolution, dust grains collide and grow from well-
coupled micrometre-sized particles to pebbles in the millimetre
to centimetre size range (Brauer et al. 2008; Giittler et al. 2010;
Zsom et al. 2010), which then start drifting inwards towards the
star (Adachi et al. 1976; Weidenschilling 1977; Brauer et al.
2008). As pebbles grow in size, they settle down towards the
disc midplane, increasing the local dust-to-gas ratio, where the
streaming instability can trigger the formation of dense swarms
of pebbles that undergo gravitational collapse, building planetes-
imals (Youdin & Lithwick 2007; Johansen et al. 2007; Bai &
Stone 2010). Through this mechanism, it is possible to bypass the
so-called metre-size barrier, the size barrier above which colli-
sions among pebbles are entirely disruptive, and directly form
kilometre-size (and larger) planetesimals (Schifer et al. 2017,
Johansen 2015). The largest planetesimals can then act as plan-
etary embryos and start the planetary growth process, through
collisions with other kilometre-size planetesimals (‘planetesi-
mal accretion’) and/or by sweeping up inward-drifting pebbles
(‘pebble accretion’).

In the outer disc, core growth by accretion of planetesimals
only can be slow, especially outside Jupiter-like orbital distances
(Pollack et al. 1996; Rafikov 2004; Levison et al. 2010), making
it incompatible with the rapid core formation timescales needed
to form cold giants within a disc lifetime of a few million years.
The pebble accretion scenario (Ormel & Klahr 2010; Lambrechts
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& Johansen 2012) provides a faster growth timescale, since the
millimetre- to centimetre-size pebbles are efficiently captured
by the planetary embryo, due to the dissipation of their kinetic
energy by gas drag. Planetary embryos accrete pebbles until they
reach the so-called pebble isolation mass, a mass sufficiently
high to open a shallow gap in the disc, locally inverting the
pressure gradient, and halting the drift of pebbles (Lambrechts
et al. 2014; Bitsch et al. 2018). After reaching the pebble isola-
tion mass, the planet undergoes an envelope contraction phase,
possibly followed by runaway gas accretion. In our Solar Sys-
tem this mechanism is a potential explanation for the dichotomy
between gas and ice giants, with the latter not reaching isolation
mass within the disc lifetime, and thus never undergoing run-
away gas accretion (Pollack et al. 1996; Lambrechts et al. 2014;
Venturini & Helled 2017; Frelikh & Murray-Clay 2017).

In the inner disc, approximately within the water iceline, the
role of pebble accretion is less clear. Closer to the star, embryo
growth may be driven through planetesimal and embryo-embryo
collisions if these are present with a high surface density, in
a scenario reminiscent of classic gas-free terrestrial planet for-
mation (Chambers & Wetherill 1998; Mordasini et al. 2012;
Emsenhuber et al. 2021). The ubiquitous presence of super-
Earths and sub-Neptunes around nearly half Sun-like starts (He
et al. 2021), some with H/He envelopes (Fulton et al. 2017,
Misener & Schlichting 2021), suggests that, at least in some sys-
tems, growth of inner disc embryos is completed before gas disc
dissipation. This implies that these cores can accrete through
pebble accretion and, when crossing Mars in mass, also type-I
migrate through the disc (Tanaka et al. 2002).

Early N-body work, focused on planetsimal accretion only,
showed that the high planetesimal surface densities required for
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super-Earth formation in a nominal gas disc lead to systems of
planets migrating to the disc edge, with generally a poor match to
the exoplanet population in mass and orbital parameters (Ogihara
et al. 2015a). Many works have explored this question further
by addressing these shortcomings with discrete high-surface-
density planetesimal rings (Morbidelli et al. 2022; Batygin &
Morbidelli 2023) and reduced migration in disc-wind sculpted
discs (Ogihara et al. 2015b, 2018, 2024), or by including heating
torques (Broz et al. 2021). Pebble accretion can further aid the
growth of inner-disc bodies, either by completing the growth of
super-Earths and/or sub-Neptunes during the gas disc phase, or,
in the case of lower pebble surface densities, stalling the embryos
at the mass of Mars, which can subsequently form terrestrial
planet-like systems through a giant impact phase (Lambrechts
et al. 2019). Recent studies have started to employ hybrid mod-
els of pebble and planetesimal accretion, in the context of the
formation of both the Solar System (Levison et al. 2015a,b;
Lichtenberg et al. 2021) and exoplanetary systems (Bitsch et al.
2019; Izidoro et al. 2021; Bitsch & Izidoro 2023), studying the
efficiency of pebble and planetesimal accretion as concurrent
processes. Levison et al. (2015b) invoked viscously stirred peb-
ble accretion to circumvent the problem of forming too many
super-Earths when the pebble flux is high enough to create gas
giants, proposing that the hybrid model is able to reproduce
both gas giants and suppress super-Earth formation. Bitsch &
Izidoro (2023) were able to reproduce the conditional occurrence
rates of cold Jupiters and inner sub-Neptunes, also matching the
eccentricity distribution of giant exoplanets. In summary, the
magnitude of the pebble accretion contribution in the inner disc
is uncertain, but if pebbles are invoked in the formation of plan-
etesimals, it is difficult to imagine that they do not also play a
role in embryo growth.

Observationally, it is found that cold giants do not sup-
press the growth of super-Earths, but rather either enhance it
or do not affect it substantially. Rosenthal et al. (2022) infer a
conditional probability of the occurrence rate of close-in small
planets when a Jupiter-like planet is present, of P(IIJ) = 32*10%
around FGKM stars, which does not differ significantly from
the field occurrence of super-Earths of P(I) ~ 30% (Zhu et al.
2018). More recent studies agree on either the absence of cor-
relation in the joint occurrence rate (Bonomo et al. 2023) or a
slight increase of it (Van Zandt et al. 2025). Further studies also
analysed the metallicity of the host star, showing how the cor-
relation might be positive for metal-rich stars and disappear for
metal-poor stars (Bryan & Lee 2024).

In this work, we focus on systems that formed cold giants in
wide orbits. This will allow us to explore, in general, the occur-
rence rate of super-Earths and/or sub-Neptunes in systems with
cold giants, which has become an area of considerable interest
in exoplanet occurrence studies. We define as a super-Earth any
planet that exceeds Earth in mass (1 Mg < M < 20 Mg) and
orbits in a closer orbit (a, < 1 AU). We also do not distinguish
between super-Earths and sub-Neptunes as the final composition
of the planet is not the object of this study.

Previous theoretical works have investigated the correlation
between super-Earths and cold giants in different ways. Chachan
& Lee (2023) found that discs that are massive enough to nucle-
ate heavy cores around 5 AU possess more than enough material
able to drift inwards and build up inner planets, giving rise
to the positive correlation observed between inner planets and
outer giants. Bitsch & Izidoro (2023) performed N-body studies
and identified the importance of gas accretion rates in the for-
mation of systems of inner sub-Neptunes and outer gas giants,
showing that less efficient envelope contraction rates allow for

A132, page 2 of 22

a more efficient formation of systems with inner sub-Neptunes
and outer gas giants. Also classical planetsimal accretion mod-
els can reproduce a positive correlation between super-Earths
and cold Jupiters, even if in a weaker fashion than suggested by
observations (Schlecker et al. 2021).

Our paper is structured as follows. Section 2 is devoted
to construct the theoretical basis of our model. Section 2.1
describes how we derive the disc aspect ratio (and gas surface
density) of the disc, which critically depends on the height at
which viscous heat dissipation takes place. Section 2.2 describes
the radial pebble flux, with a particular focus on the role of
fragmentation- and drift-limited pebbles. We present the results
of our analysis in Section 3, which is organised into four differ-
ent subsections aimed at exploring the key uncertainties that this
study focuses on. In Section 3.1, we investigate the role of the
uncertain pebbles sizes due to poorly understood fragmentation
velocities that depend on material and monomer size assump-
tions. Section 3.2 discusses the effects of accretion heating in
the inner disc on inner-planet formation efficiency. The effects
of pebble filtering due to outer giant planets up to isolation mass
are presented in Section 3.3, while Section 3.6 analyses how peb-
bles leaking through the planet’s gap impact the inner embryo’s
growth. Section 3.5 focuses on studying the effects of the iceline
on inner-planet formation. Finally, Section 4 is devoted to dis-
cussion, model assumptions, and avenues for further work. Our
conclusions are summarised in Section 5.

2. Model

We conduct our study using a 1D model to describe the proto-
planetary disc and planetary growth. In the following sections,
we describe the analytical expressions used for the gas and peb-
ble disc (Sections 2.1, 2.2), as well as the pebble accretion
equations (Section 2.3).

2.1. Gas disc model

The disc structure is a fundamental choice in our model, as it
regulates processes such as dust growth, radial drift, planetesi-
mal formation, growth rates, and planetary migration. Simplified
disc models typically feature a simple power-law description of
the gas surface density and disc temperature, based on stellar
irradiation only (Weidenschilling 1977; Hayashi 1981; Chiang
& Youdin 2010). However, gas accretion onto the central star
gives rise to a second source of heating in the disc, accretion
heating (referred in this work also as viscous heating). This
type of heating is mediated by turbulence dissipation associ-
ated with momentum transport, which also drives the accretion
onto the star and is typically parametrised through the parame-
ter a,, (Shakura & Sunyaev 1973). Simulations have shown that
the temperature profile in the inner disc can be significantly ele-
vated when stellar accretion rates are high (Garaud & Lin 2007;
Davis 2005; Bitsch et al. 2013), even up to a few tens of AU
during accretion outbursts (Cieza et al. 2016), potentially lead-
ing to significant temperature changes in planet-forming regions.
Therefore, it is important to include accretion heating in the
disc model. The main uncertainties when modelling the tem-
perature profile due to accretion heating lie in the position of
the heating layer and the dust opacity. Recent studies involving
non-ideal magnetohydrodynamics (MHD) show that accretion
heating could take place several scale heights above the mid-
plane (Mori et al. 2019; Béthune & Latter 2020), contrary to
the standard model of midplane accretion heating (Hubeny 1990;
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Menou & Goodman 2004). The effective dust opacity is funda-
mental to determine the disc temperature profile, as the midplane
temperature can change by up to a factor of 2 when considering
the opacity dependency on frequency and the scattering pro-
cess of dust particles (Dullemond 2002; Inoue et al. 2009). Here
we made use of a simplified grain opacity model that considers
small dust grains as the dominant source of opacity, as explained
in Appendix A; however, we note that the presence of these par-
ticles could be reduced by settling and growth processes (e.g.
Kondo et al. 2023).

Given the relevance of the disc structure for planet for-
mation, in this work we considered two different models to
describe the disc temperature profile that encompass the afore-
mentioned processes. One end-member model only considers
heating through stellar irradiation (model mod:irrad). The
other alternative model includes a certain degree of viscous
heating in the inner part of the protoplanetary disc (model
mod: surfheat describes a moderate degree of viscous heating
and mod:midheat describes strong viscous heating).

For the irradiated disc, the aspect ratio is given by

—47 1/7
H M L 27

(—) —0.024(2x) (= (L) , 1)
r M, \i,) \au

following Garaud & Lin (2007), Ida et al. (2016), and Liu et al.
(2019).

To model the effect of the deposition of accretion heat in the
inner disc, we explored the heating efficiency as a function of
the height of the heating layer above the midplane. The result-
ing prescription for the disc aspect ratio due to accretion heating
takes the form

H € \/10 €neat 110 1 g, \~1/10

Phem00olin) (65) (5%0)

( r )Visc 102 0.5 102
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Here, «, is the viscous parameter that models the viscosity of
the disc, which we nominally assumed a, = 1072, consistent
with the observed M, and inferred Yoy (Hartmann et al. 1998;
Andrews et al. 2009). This value is also compatible with tur-
bulence driven by magnetorotational instability (MRI) in ideal
MHD simulations (Balbus & Hawley 1998). The parameter
€heat €Xpresses the conversion efficiency of accretion stress into
accretion heating at a given elevation above the disc midplane,
expressed through €., which decreases at higher altitudes. Stan-
dard midplane heating corresponds to €; = 1 (Oka et al. 2011;
Ida et al. 2016), while non-ideal MHD simulations crudely sup-
port € = 1072 or lower (Mori et al. 2019, 2021). A complete
derivation and an expanded discussion can be found in the
Appendix A. The parameters Z, ay, and pg express, respec-
tively, the dust-to-gas ratio, radius, and density of the grains
that provide the opacity in the disc, and are set to their nomi-
nal values. Table 1 summarises the standard parameters used in
the simulations.

For the mod:midheat and mod:surfheat discs, the disc
aspect ratio at any time step is described both by viscous heat-
ing and irradiation, depending on which process dominates at
a given location. At each position and for each time step, the
disc aspect ratio is computed as the maximum between the

Table 1. Nominal values for simulation parameters. In parentheses are
other tested values of the given parameter during the study.

Quantity Value Meaning Disc model
V4 0.01 Nominal dust-to-gas ratio All models
Sficeline 1, (0.5) Pebble flux reduction at the iceline All models
Kenv 0.005 m?/kg Planet’s envelope opacity All models
a, 1072 Viscous parameter All models
a, 1074, (1073) Vertical stirring All models
Qfiag 1074,(107%) Fragmentation alpha All models
Uftag 1 m/s, (10 m/s) Fragmentation velocity All models
g 0.1 mm Dust grain size Viscous models
Par 1 g/cm? Dust grain density Viscous models
€l 1072 Heating elevation parameter mod: surfheat
€l 1 mod:midheat
€heat 0.5 Heating dissipation efficiency mod: surfheat
€heat 1 mod:midheat
two values:
H H H
(), (4.
r ¥ Jvisc v Jirr

To model the gas component of the protoplanetary disc,
we used a simple a-viscosity prescription (Shakura & Sunyaev
1973), in which the viscosity is given by v = a,c,H. Here, H is
the gas scale height and ¢, = HQx the sound speed. In a steady-
state disc (Pringle 1981), the viscosity (v), gas accretion rate onto
the star (M,), and gas surface density () are related through

Toas = M,
87 300, H2Qk

“

allowing us to derive the gas surface density at each time step
by combining Eq. (4) with Eq. (1) for the irradiated disc model
and Eq. (3) for the viscous disc models, as shown in Fig. 1. We
modelled the gas accretion onto the central star as a function of
time using the upper limit fit in Hartmann et al. (2016):

M, t
1 — | =-132-1.071 —1.
0g1o (Mg/yr) 3 07log,, (yr) (®)]

This was a pragmatic choice, in order to have a decrease in
the stellar accretion rate roughly consistent with observations
(Bitsch et al. 2015; Liu et al. 2019).

Finally, the inner edge of the disc was set at the magneto-
spheric cavity radius as in Frank et al. (2002), Armitage (2010),
and Liu et al. (2017):

B4R12 /7
* Tk
r vl
s (4GM*M§)
=00167( % )4/7 L3 U U AU
' 1kG) \Ro Mo 108Mo/yr ’

(6)

where B, is the stellar magnetic field, R, the stellar radius, M,
the stellar mass, and M, the accretion rate on the central star
(Eq. (4)). We set our nominal values to B, = 1 kG, representative
of a typical solar mass T Tauri star (e.g. Johns-Krull 2007), R, =
1Ry, and M, =1 M.

2.2. Pebble disc model

The following section is devoted to the description of pebbles
in the disc, namely how we determine pebbles sizes, their drift
velocity, the resulting pebble flux that is available for the planet
to accrete and how we treat the presence of the water iceline.
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Fig. 1. Disc gas scale height aspect ratio (upper panel) and sur-
face density of gas and dust (lower panel, solid and dash-dotted lines,
respectively) for different disc models, at initial time 7y = 0.1 Myr (Sec-
tion2.1). The green line shows a purely irradiated disc. Purple and
blue curves show discs, respectively, with midplane or surface accre-
tion heating. We plot, for comparison, in yellow and orange the viscous
disc models in Ida et al. (2016) and Liu et al. (2019). We mark with a
vertical dash-dotted grey line the position of the magnetospheric cav-
ity at the initial time (Eq. (6)). In the lower panel, the dotted grey line
shows the gas surface density of the minimum mass solar nebula for
reference (Hayashi 1981), while red dots mark the silicate sublimation
line (Eq. (20)).

2.2.1. Pebble size

In our work, we used a single population of pebbles whose size
is either drift or fragmentation limited. The drift-limited size is
the maximum dimension that the dust can grow to before starting
to significantly drift inwards, while the fragmentation limit is the
maximum size that can be reached before the collisions between
dust grains become disruptive. Typically, the fragmentation bar-
rier is lower than the drift barrier, although this could no longer
be true in the outer disc and for sufficiently high fragmentation
velocities.

The fragmentation limited Stokes number is given by (Ormel
& Cuzzi 2007):

2 -2 -1
(frag -1 Ufrag Hlr r M,

= 0.015 (%) oos] Goae) - @

103 (10 m/s) (0.05 AU/\ Mg )

with vg,e the dust fragmentation velocity, g the dust tur-

bulence velocity coefficient, and c¢s the isothermal speed of
sound. In what follows, we set @frg = @, = 1074 representing a
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low-turbulence midplane, as is suggested in Jiang et al. (2024)
based on protoplanetary disc observations assuming a 1 m/s
fragmentation velocity.

The drift-limited Stokes number was derived by equating
the drift timescale (Eq. (8)) with the growth timescale (Eq. (10)).
The former one is simply given by

,
larife = —, (®
v

with v, pebble drift velocity (e.g. Nakagawa et al. 1986; Guillot
et al. 2014; Ida et al. 2016)

2 St +
U
T+se KT Tise

Uy = — NUK Uy, (€))

where u, ~ —v/r ~ —a,(H/r)?vg is the radial viscous diffusion
velocity. The first term in Eq. (9) is typically the dominant one,
although, in the inner disc, the diffusion velocity can become
relevant. For simplicity, in the calculation of the drift-limited
Stokes numbers, we neglected the second term in Eq.(9) and
approximate St> + 1 ~ 1, giving as radial drift velocity v, ~
—2Stnuk.

The growth timescale is defined as the ratio between the
grain dimension and the grain growth rate

p Qgr 4 4 pg 1
h= T = = s
growt Agr . \/gpgas Steg Z

(10)

where p,, is the grain density and p,, the gas volume density. We
used here the prescription of Birnstiel et al. (2012) to determine
the grain growth rate (see Appendix B for a more detailed cal-
culation). To express the dimension of the grain ay, in terms of
Stokes number, we need to know the drag regime that the grains
are subjected to: Epstein drag (if ag; < 9/4 Angp) or Stokes drag
(if agr > 9/4 Angp). In the first case the Stokes number depends
linearly on the grain dimension, in the latter the dependence is
quadratic. The grain dimension, ag, can be related to the Stokes
number in each drag regime as (Ida et al. 2016)

_ Par QK
{StEp T PaasCs e

9
Qgr < Z/lmfp >

)

— 4P Ok 2
StSt -9 Pgas Cs/lmfp gr

9
Agr > Z/lmfp >

where Amg, = (ump)/(0HPgas) 1s the gas mean free path. By
equating the growth and the drift timescales in the two respec-
tive drag regimes, we obtained an explicit expression for the
Stokes number of the particle (see Appendix B for the detailed
calculation)

St _ \/gpr peb
drift Ep — 3 27T2gas 772 - P

12)
20\
481 zgas pgr/lmfp nm g
Starifist = | —F= — , (13)
\/§ Fpeb pgasH EpQK

where g, = 0.5 is a parameter that we introduced to account for
the coagulation efficiency between grains and Fpy is the pebble
flux.

To determine the final size of the pebble at each time step
and position in the disc, we first determined if a pebble was in the
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Fig. 2. Stokes number of pebbles as a function of position, for different gas accretion rates in the different panels, corresponding to ¢ ~ 0.1 Myr
(left), t ~ 1.0 Myr (central), and ¢ =~ 5.0 Myr (right). The blue branch shows the Stokes number for vy, = 1 m/s, while the orange branch for
Utrag = 10 m/s. The black line marks where the Stokes number is limited by drift rather than fragmentation. The different line styles represent the
three different disc models that we used: purely irradiated disc (mod:irrad, solid line), moderately viscously heated inner disc (mod: surfheat,
dashed line) and efficiently viscously heated inner disc (mod:midheat, dotted line). In each panel, the light blue dots mark the water evaporation
front, while the red dots, with corresponding connecting lines, mark the location of the Si evaporation front. The black dots represent the location
at which particles enter the Stokes drag regime. Finally, the dash-dotted grey line represents the location of the inner magnetospheric cavity given
by Eq. (6), which we consider to be the inner disc edge. Low fragmentation velocities near 1 m/s, and increased levels of viscous heating in young

discs, reduce Stokes numbers in the inner disc.

Stokes or Epstein drag regime. We then picked the minimum size
between the drift-limited and the fragmentation-limited sizes:

St = min[Styys, Stfrag]. (14)
The Stokes numbers of the pebbles in our disc models as a
function of positions are shown in Fig. 2, where the three pan-
els represent three different gas accretion rates corresponding to
t =~ 0.1,1,5 Myr respectively. The two different colours iden-
tify the fragmentation limited sizes for vg,g = 1 m/s (blue) and
Ufrae = 10 m/s (orange), while the black lines identify drift-
limited sizes. Starting in the outer disc, pebble sizes are initially
drift-limited, but as dust particles drift inwards their size gets set
by the fragmentation limit. This transition occurs at wider orbital
radii in the case of low 1 m/s fragmentation velocities (blue
branch) compared to higher fragmentation velocities (orange
branch), leading to smaller maximal pebbles Stokes numbers for
smaller vg,e. Fig. B.1 in Appendix B shows the corresponding
pebble size in centimetres, derived through Eq. (B.8) assuming
compact spheres. In this work we do not take dust porosity into
account.

Focusing on the 1 m/s fragmentation branch, the solid,
dashed, and dotted lines represent, respectively, a purely irra-
diated disc model (mod:irrad), a disc dominated by surface
heating (mod:surfheat), and a disc dominated by midplane
heating (mod:midheat). Strong viscous heating (dotted lines)
leads to an increased midplane temperature that heavily lim-
its the size of fragmentation-limited pebbles (cfr. Eq. (7)). This
effect decreases as the disc evolves with time (left to right panel).
Below accretion rates of approximately M, =~ 5 - 107° My/yr,
the region outside 1 AU is firmly dominated by irradiation (solid
line). In the high fragmentation velocities case (10 m/s, orange
branch), particles are larger and drift-limited even up to 1 AU
and can enter the Stokes drag regime (black dots) in the terres-
trial planet formation region. In this regime, the Stokes number
remains below unity, but, as seen in Fig. B.1, the sizes increase
up to small planetesimals (Okuzumi et al. 2012).

The red dots and lines mark the Si sublimation front for each
disc model, where we expect most rock-forming material to sub-
limate. In the cold irradiated disc, the Si sublimation front can
be close to, or even within, the magnetospheric cavity radius
(dashed grey region, Eq.(6)). Modelling the very inner disc
regions (T > 1000 K), where thermal ionisation by alkali ele-
ments may be sufficient to drive MRI-turbulence in the very
inner disc (Desch & Turner 2015), is outside the scope of this
study.

To summarise, within approximately the water sublimation
line (blue dots in Fig. 2), pebble sizes become strongly dependent
on the assumed fragmentation velocity and the disc midplane
temperature, potentially leading to orders of magnitude differ-
ence in the Stokes number of particles in the inner disc. Going
forward, we will assume a nominal fragmentation velocity of
1 m/s (cfr. Table 1 for nominal simulation parameters), which is
the conventional fragmentation velocity assumed for rocky par-
ticles (Giittler et al. 2010). Nevertheless, since this is a critical
model parameter, we will also investigate higher fragmentation
velocities as advocated by some groups (Yamamoto et al. 2014;
Kimura et al. 2015).

2.2.2. Pebble scale height

To model the pebble reservoir in the disc, we considered the peb-
bles to be distributed in a disc with scale height given by (Youdin
& Lithwick 2007)

@,
a, + St

Hpeb = (15)

where a, is the turbulent stirring that lifts the particle up from the
midplane, St is the particle Stokes number (see Section 2.2.1),
and H is the gas scale height. We set as our nominal value «,
107, representing a low-turbulence midplane, as is supported
by recent observations of dust scale heights (Pinte et al. 2016),
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estimates of turbulent line broadening (Flaherty et al. 2020), and
fragmentation-limited particle sizes (Jiang et al. 2023).

2.2.3. Pebble flux

The pebble mass reservoir in the disc strongly regulates the out-
come of planet formation. Discs with a larger dust-to-gas ratio
(metallicity), or radial extent, harbour a larger or more sustained
flux of radially inward-drifting pebbles (Lambrechts & Johansen
2014). Even small differences within a factor of two in the pebble
flux can result in inner systems composed of terrestrial plan-
ets or super-Earths (Lambrechts et al. 2019). In this work we
aim to focus on the subset of discs that effectively generate a
substantial pebble flux capable of forming gas giant planets in
Jupiter-like orbits. Such discs may be relatively rare (van der
Marel & Mulders 2021), but are of prime interest in understand-
ing our Solar System architecture and the origin of cold giant
systems with super-Earths. To do so, we have chosen a sim-
plified model in which the pebble flux is set in the outer disc,
where we assume a stream of small dust grains carried along
with the gas flow, with a solar dust-to-gas ratio (Z = 0.01). As
these particles drift inwards, they then undergo coagulation and
fragmentation up to the limit sizes discussed in Section 2.2.1.
Alternative approaches can be found in the literature that are
analytical (Lambrechts & Johansen 2014; Johansen et al. 2019;
Gurrutxaga et al. 2024), simplified numerical (e.g. Appelgren
et al. 2023), or full hybrid/full coagulation simulations (Birnstiel
et al. 2010).

To account for the total mass reservoir that our planetary
embryos can accrete, we defined a nominal flux, F, which is
constant in space and decreases with time as a fraction of the gas
accretion rate onto the central star,
Fo=2 M*ficeline, (16)
with Z = 0.01 initial dust-to-gas ratio. We also included the pos-
sibility of a flux reduction when crossing the iceline expressed by
a multiplicative factor ficeline, Which was set to 1 (no reduction)
for our nominal simulations. The nominal flux, F(, was calcu-
lated at each time step by getting the corresponding gas accretion
rate, M., through Eq. (5) assuming a constant dust-to-gas ratio Z
of small grains in the outer disc.

Since we want to investigate what the role is of the simul-
taneous growth of outer giants and inner planets, we simulated
systems consisting of n planets, where the i-th planet in the
system accretes pebbles from a reduced flux,
Fpeni = o Fo(1 = fo), amn
where f; is the fraction of pebbles accreted by each of the planets
outside the i-th planet’s orbit, and is given by

My
Ji = ;

F peb,k

(18)

with M\ mass accretion rate on the k-th planet, as expressed by
the pebble accretion prescriptions in Section 2.3.2 and Fep k the
flux on the k-th planet. The idea is that the pebble reservoir com-
ing from the outer disc and drifting inwards gets reduced by the
chain of accreting outer embryos before reaching the innermost
embryos.
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2.2.4. Sublimation fronts

We determined the location of the sublimation fronts in the disc
midplane by calculating the position at which the midplane tem-
perature of the disc is equal to the corresponding sublimation
temperature of a given molecule. For the purpose of our study,
the relevant sublimation fronts to be considered are the water and
silicates sublimation fronts, respectively found at Ty,o = 170 K
and Ts; = 1200 K (Hayashi 1981). Using the relation

A_a (19)

9
r UK

we can explicitly derive the positions of the water and Si subli-
mation fronts (cfr. Section 3.5), which for the irradiated model
are time-independent, and thus situated at a fixed location, while
for the viscously heated models are moving inwards with time as
the inner disc cools down.

Similarly to what happened for the disc aspect ratio, the posi-
tion of the iceline in the irradiated case is exclusively given by
Eq. (41), while in the viscous cases is set by
rH,0/si = Max[7H,0/siviscs TH,0/Siirr]- (20)
To model the volatile mass loss of the inwards drifting pebbles,
we included the option of reducing the pebble flux by a factor of
two when crossing the water sublimation front, based on a solar
ice-to-dust mixture (Lodders 2003). We also included the pos-
sibility of an increase in vertical turbulence when crossing the
iceline (Jiang et al. 2024), as well as a reduction in the pebble
size. In Section 3.5 we analyse the impact of the possible reduc-
tion in flux and particle size and increase in vertical stirring on
the outcome of the simulations.

2.3. Planetary growth
2.3.1. Planetary embryos

The starting planetary embryos that will accrete pebbles are
assumed to have been formed in the early stages (first 10° yrs) of
the disc through streaming instability. We thus modelled our ini-
tial mass function for planetary embryos as in Liu et al. (2020),

Mo =2 107 (HIr) " (_Zem_ 3/2(_)3 M
Oole 4000.04) \1700g/cm?) \au/ ™

2D

where f is a multiplicative factor that expresses how much
the most massive planetesimals exceed the characteristic plan-
etesimal mass of the measured size distribution. Here we used
f =400 as in Liu et al. (2020).

2.3.2. Pebble accretion

Pebble accretion can occur in different regimes, namely 3D or
2D and Bondi or Hill. Whether an embryo accretes in the 3D
or the 2D pebble accretion regime depends on how the pebble
accretion radius compares to the pebble scale height in the disc.
If the accretion radius is smaller than the pebble scale height, the
planetary embryo accretes spherically from a sphere of radius
Ricc of density ppep: this is the case for the 3D accretion. If the
accretion radius is larger than the pebble scale height, the embryo
accretes from a circular section of radius R,.. and surface density
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2pep: this is the case for the 2D accretion. The Bondi/Hill regime
transition, instead, is marked by the dominant term in the pebble
approach velocity to the embryo. If the pebble velocity is mainly
set by the ‘shear’ term due to the star’s gravity, the accretion
happens in the Hill regime, if the velocity is dominated by the
‘headwind’ term due to the gas drag, the accretion happens in
the Bondi regime.

The 3D and 2D regime accretion equations, regardless of
whether they are in the Bondi or Hill regime, are given by

. z eb
Msp = R Ppeblacc = R Lvacm (22)
acc acc meeb
MZD = 2Racczpebvacc’ (23)

where R, is the pebble accretion radius and v,.. denotes the
velocity with which the pebble approaches the embryo (Ormel
& Klahr 2010; Lambrechts & Johansen 2012). Here, we made
use of the midplane approximation to convert the pebble volume
density into a pebble surface density. The product between accre-
tion radius and velocity (Rﬁccvacc) can be retrieved by equating
the settling timescale with the encounter timescale (Lambrechts
et al. 2019). Since in the 3D regime the dependency of the accre-
tion rate is directly set by the product R2,.v,cc, the final accretion
prescription takes the same form both in the Bondi and the Hill
regime. In contrast, in the 2D case, the accretion rate depends
on the product R, v,cc; therefore, an explicit expression for both
the accretion radius and the velocity is needed, leading to two
different equations for the Bondi and Hill regimes (see Ormel
2017). Substituting the values of accretion radius and velocity
into Egs. (22) and (23)), we find the following expression for
accretion in the 3D and 2D Bondi and Hill regimes

Msp = 67R;StQk Ppeb» (24)

Map pondi = 2 [2GMStN 5 (25)
Qg

Mop gin = 3(4St)*PREQkZ pens (26)

1/3
with Ry = (%) P Hill radius, Qg Keplerian frequency, and
vagw = nug headwind velocity. The transition between the 3D and
2D Bondi or Hill regimes happens when the accretion radius is

larger than the pebble scale height

2V2rn
e

Racc Z

Hpep. (27)

This can be translated in an embryo mass criterion, which yields

3
V2rY (H\?
[y A— =6[—”] (—) M,a?St, 28)
T r ’

2 (dinP\ H\ _
M3p—2D, Bondi = —( )(—) M, St (29)

a\dlnr/\r

We notice that the vertical stirring of the pebbles in the disc (a;)
is a fundamental parameter for the accretion efficiency because it
is encoded in the transition condition between 3D and 2D accre-
tion regimes, and thus determines whether the embryos accrete
in the (generally) more efficient 2D regime or in the (generally)
less efficient 3D regime.

2.3.3. Pebble isolation mass

Planetary embryos grow through pebble accretion until they are
massive enough to gravitationally perturb the gas in the disc,
creating a pressure bump that halts the inwards drift and accre-
tion of pebbles. This limit mass is the so-called pebble isolation
mass, which also marks the beginning of the planet’s gas accre-
tion phase. We used the prescription in Johansen & Lambrechts
(2017) to model the pebble isolation mass:

3 3
M, ~ (5) ALLS VI zo(H—/’) (%)M@. (30)

r) dInR 0.05) \ My

In this model the pebble isolation mass is entirely determined
by the aspect ratio and the pressure profile of the disc; however,
some studies report that the pebble isolation mass could increase
in turbulent discs (Bitsch et al. 2018; Ataiee et al. 2018).

In our nominal model, once the planet has reached isolation
mass, we assume that the pressure bump blocks all the mate-
rial outside the planet’s orbit, preventing any other solid from
drifting past it and accreting on the innermost planets. How-
ever, some studies (e.g. Weber et al. 2018; Haugbglle et al. 2019;
Stammler et al. 2023) have shown that some dust could leak
through the planetary gap, possibly accreting onto the inner plan-
ets. We take this possibility into account in Section 3.6, where we
show how different degrees of dust leaking affect the results of
our simulation.

2.4. Type | migration

The interaction between a forming planet and the protoplanetary
disc leads to a change in the orbital elements of the planet as it
grows (see Kley & Nelson (2012) and Baruteau et al. (2014) for
reviews and Kretke & Lin (2012) for an overview on migration
rates in power-law discs). Typically, as the planet is still small
and embedded in the disc, it feels an asymmetric torque due to
Lindblad resonances and co-rotation that leads to inward migra-
tion (Goldreich & Tremaine 1980; Ward 1997). We modelled this
type I migration as

dr M zgasr2 (FI)_2
— | = —C—— — UK,
i), M, M, \r) K

where c is a parameter that depends on the radial pressure and
temperature profile of the disc. Following Paardekooper et al.
(2010) we adopted ¢ = 2.8 for the isothermal regime, but other
prescriptions would have a weak impact on the migration rates.
Once the planet grows large enough not to be embedded in the
disc anymore, type II migration takes over (Ward 1997). This
happens approximately at the range of masses in which the planet
switches to gas accretion, as we describe in Section 2.5. For the
purposes of this study, we stopped the inward migration of the
planet (regardless of it being type I or II) at the magnetospheric
cavity radius, independently of the planetary mass (Tanaka et al.
2002; Masset et al. 20006).

(3D

2.5. Type Il migration

As the planet grows more and more massive, it perturbs the gas
in the disc creating a gap and reducing its migration rate, lead-
ing it to migrate at the same speed of the viscous accretion (Lin
& Papaloizou 1986). This is commonly known as type II migra-
tion. Here we chose to adopt the physical model proposed by
Kanagawa et al. (2018) which shows that the torque exerted on
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the protoplanet is well described by the classical type I torque
(that gives rise to Eq. (31)) multiplied by the relative gap height
Zoap/Lgas carved by the planet in the disc, which can be expressed
as

. (32)

with X4, gas surface density in the gap, Zg,, unperturbed gas sur-
face density, and M,,, gap transition mass, i.e. the mass required
to produce a relative gap height of 0.5. Since a relative gap
height of 0.85 is already sufficient to reach pebble isolation mass
(Johansen et al. 2019), the gap transition mass can be expressed
in terms of the pebble isolation mass as Mgy, = 2.3 My, leading
to the following migration prescription:

(dr) ~ (dr) Zgp (dr) (1 LM )“
de) \dr)p Zge \dt)j\ (23 Mio)*)
where M, is the pebble isolation mass (Eq.(30)) and ((‘%)1

the classical type I migration given by Eq.(31). Notice how
this expression gives a general migration prescription smoothly
connecting the type I and II migration regimes.

(33)

2.6. Gas accretion

After the planet has reached pebble isolation mass, it starts
accreting gas. The first phase is characterised by a slow Kelvin-
Helmholtz envelope contraction, which we modelled as in Ikoma
et al. (2000),

KCTIV

M 4
10 Mg ) \0.1 m2/kg

-1
) Mg /yr, (34)

Mgy = 105(
where ke, is the envelope opacity, whose nominal value we
set at Keyy = 0.005 m? /kg. As the mass of the planet increases,
the accretion rate in Eq.(34) becomes higher than what the
protoplanetary disc can supply in terms of gas mass. At this
evolutionary stage, Tanigawa & Tanaka (2016) showed that the
accretion rate of the gas onto the planet can be expressed as

. H\2( M\*? Lo
My =0.29(—) (—) o
isc , M gas zgas

(35)

*

where Xg,,/2q, is the relative gap height given by Eq.(32).
Finally, since the gas accretion rate onto the planet cannot be
larger than the gas accretion rate onto the central star (Lubow &
D’Angelo 2006), the actual gas accretion rate at each time step is
given by

Mgas = min[MKHs Mdisc, M*] (36)
In our model, we pragmatically cut the gas accretion of our
planets once they reach Jupiter mass.

3. Results

The following sections are devoted to discuss the impact of a sin-
gle parameter in our model. First, we explore the role played by
fragmentation velocity, which sets the dimension of the accreted
pebbles (Section 3.1). Then, we investigate the role of accre-
tion heating, which modifies the disc aspect ratio and thus
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influences the pebble accretion rates (Section 3.2). We focus on
the role of pebble filtering due to multiple outer giant planets in
Section 3.3. We consider the possible role of the sublimation
of water ice across the iceline (Section 3.5). Finally, we explore
the consequences of dust leaking through the planetary gap in
Section 3.6.

3.1. The role of fragmentation velocity

The size of the pebbles is an important parameter for planet for-
mation, because it regulates the degree to which pebbles settle
onto the disc midplane (Youdin & Lithwick 2007) and the peb-
ble accretion cross section (Ormel & Klahr 2010; Lambrechts
& Johansen 2012). Pebble sizes are limited either by drift or by
fragmentation (cfr. Section 2.2.1), with a critical fragmentation
velocity that depends on their composition. Rocky silicate parti-
cles have a well-defined fragmentation velocity of approximately
1 m/s (Giittler et al. 2010), assuming standard monomers in the
1 um range (Blum & Wurm 2008). If the aggregates grow larger,
the fragmentation velocities decrease (Bukhari Syed et al. 2017),
with particles of decimetre size having fragmentation velocities
towards 0.1 m/s. (Deckers & Teiser 2013). Some authors have
argued for potentially higher fragmentation velocities beyond
10 m/s, based on the assumption of smaller monomers with
0.1 um sizes (Kimura et al. 2015) and larger surface energies of
silicates (Yamamoto et al. 2014).

In contrast, icy particles have long been considered to have
significantly higher fragmentation velocities, due to their ten
times higher surface energies (Wada et al. 2008; Gundlach et al.
2011). However, recent laboratory experiments have shown that
water ice and silicate particles have comparable surface energies
(Musiolik & Wurm 2019; Schriépler et al. 2022), leading to frag-
mentation velocities of around 1 m/s, possibly increasing closer
to the water iceline (Musiolik & Wurm 2019).

To understand the impact of vg,e on the efficiency of planet
formation, we plot in Fig. 3 the accretion time of growing planets
in an irradiated disc (mod:irrad), where we ignore plane-
tary migration for clarity. The accretion time is defined as the
amount of time that it takes to an embryo of mass M, (given
by Eq.(21)) to reach a certain mass, M, while accreting from
a pebble flux given by Eq.(21), with an accretion efficiency
given by Eq. (18). We use the nominal model parameters listed in
Table 1. The left panel shows the accretion time for a fragmen-
tation velocity of 1 m/s, while the right panel refers t0 vgae =
10 m/s. The dotted black line marks the transition between 3D
and 2D Hill accretion regime at the final time (¢ = 5 Myr).
In the high fragmentation velocity case (right panel of Fig.3)
the line appears to be segmented because of the pebble size
transition from being drift-limited in the Epstein regime to drift-
limited in the Stokes regime, and finally fragmentation-limited
(cfr. orange branch, right panel Fig.2). In the low fragmenta-
tion velocity case (left panel of Fig.3), the transition line is
smooth because, within the considered radial extent, the pebbles
are always fragmentation-limited (cfr. blue branch, right panel of
Fig.2).

A higher fragmentation velocity leads to an earlier transi-
tion between the 3D and the more efficient 2D Hill accretion
regimes (dotted black line in Fig. 3) and therefore a faster growth.
This is due to the pebbles growing larger for higher v, (cfr.
Fig.2), and thus being more settled towards the disc midplane
(cfr. Eq.(15)). By using fragmentation-limited Stokes number
(Eq. (7)) into Eq.(28), we recover, indeed, that the transition
mass scales as M3p_,op Hill vf’rgg.



Danti, C., et al.: A&A, 700, A132 (2025)

irradiated disc, Vfrag =10 m/s

irradiated disc, Vfrag =1 m/s

aon mas 5.0
10t 100 ole 122
10° 10° s
o =
10 —
— 107! 10~ (]
® A0 10 ¢
= 10 1072 =
= c
= 05 o
103 1073 *q-‘_)
—_
10~ 10~ 8
............. s
10> 10>
0.1
L 1 B e e ey s s 1 s B Y
10t 10° 10! 107! 10° 10t
r [AU] r [AU]

Fig. 3. Planetary growth timescales in an irradiated disc, for different fragmentation velocities (vf,g = 1 m/s in the left panel, vy, = 10 m/s in
the right panel). The dotted black line represents the transition mass between the 3D and 2D Hill accretion regimes given by Eq. (28). In the
high fragmentation velocity case, the transition line is segmented because of the pebble size transition from being drift-limited in the Epstein
regime to drift-limited in the Stokes regime to fragmentation limited (see orange branch, right panel of Fig.2), while in the case of a lower
fragmentation velocity the pebbles are always fragmentation limited (blue branch, Fig. 2). The dotted light blue line and the dotted violet line mark
the initial embryo masses and the pebble isolation masses, respectively. Higher fragmentation velocities lead to faster growth rates, owed to an
earlier transition between the 3D and the more efficient 2D Hill accretion regimes. Indeed, the larger pebbles (cfr. Fig. 2) are more settled towards
the disc midplane (cfr. Eq. (15)), which implies that the criterion in Eq. (27) is fulfilled earlier on than in the lower fragmentation velocity case.

Although increasing fragmentation velocity enhances accre-
tion efficiency in the 3D regime and reduces it in the 2D regime
(D ¢ Ugag@Z "', foppin Uf:ié %), the 2D accretion efficiency
remains higher than the 3D efficiency for both values of vfy,.
This is because in the 2D regime, the pebbles are accreted from
the entire pebble scale height, as opposed to only from a frac-
tion of it in the 3D regime (see the o, term in the 3D accretion
efficiency Eq. (38), which stems from the pebble scale height,
Eq. (15)), which results in significantly faster embryo growth at
higher fragmentation velocities.

For outer planets (*5 AU) with masses above approximately
1 Mg (top right corner of Fig. 3), there is little difference in the
growth timescales between the 1 m/s and 10 m/s fragmentation
velocity cases, because at those distances pebbles are drift-
limited rather than fragmentation-limited (cfr. Fig. 2), rendering
the accretion efficiency vg,e independent.

We conclude that in the outer irradiated disc, core growth
is only weakly dependent on the chosen fragmentation velocity.
In the inner disc, the choice of pebble fragmentation veloc-
ity is more relevant, with a higher v, leading to a faster
growth. According to literature, the fragmentation velocities for
silicate-dominated pebbles within the iceline are likely around
1 m/s. Therefore, in our simulations, we proceed with a nominal
fragmentation velocity of v, = 1 m/s.

3.2. The role of accretion heating

Accretion heating in the inner disc is a fundamental mecha-
nism that sets the temperature profile of the disc. This, in turn,
affects the pebble accretion efficiency (cfr. Egs. (37) and (39))
through the Stokes number of the pebbles. To investigate the
effect of viscous heating on the accretion efficiency of planets,
we plot in Fig. 4 the accretion time for in-situ growing planets,
for three disc models, keeping the nominal vg,e = 1 m/s. For
comparison, we plot in the left panel the results for the irradiated

disc (mod:irrad) which correspond to the left panel of Fig. 3.
The central and right panel represent two discs with moder-
ate (mod: surfheat) and strong (mod :midheat) viscous heating
respectively. The difference between the latter two discs lies in
the degree of viscous heating expressed through the parameters
€. and éheqr. These are set to their nominal values €, = 1072 and
€neat = 0.5 for the surface-heated disc, where the accretion heat-
ing layer is on the disc surface. For a standard midplane-heated
viscous disc, where the accretion heating layer is in the midplane,
they are set to unity € = 1, ey = 1 (see Table 1 for nominal
parameters). The light grey and black arrows on the x axes of
Fig. 4 mark the position of the transition between irradiation and
viscous heating domain in the disc at the initial and final time of
the simulation, respectively.

The more the viscous heating becomes dominant (centre to
right panel), the more the growth in the inner disc gets delayed,
up to the point of getting suppressed inside approximately 3 AU
in the case of strong midplane heating. Therefore, in viscously
heated discs (mod:surfheat, mod:midheat, centre and right
panel of Fig. 4), core growth tends to be favoured between 1 and
10 AU in the former case and between 10 and 20 AU in the lat-
ter, in contrast to the typical inside-out growth of an irradiated
disc (mod:irrad, left panel). This can be understood by look-
ing at the radial dependence of the pebble accretion efficiency
(Eq. (18)), which is the ratio between the amount of material
accreted by the planet and the available material set by the peb-
ble flux. In the 3D accretion regime, the accretion efficiency can
be written as

-1 -
1 dln P o _1/2St]/2 (E) 3 ﬂ .
2z \dInr ¢ r M,
Using fragmentation-limited pebbles, which is an approximation
that holds in the inner disc, we can rewrite

M\ (H\™*
o M\ (H 172
f3D,frag < U’fraga’frag a; ( M, )( r ) T

fip = (37)

(38)
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Fig. 4. Planetary growth timescales of in-situ growing planets for three different disc models: an irradiated disc (left), a surface-heated disc
(centre), and a midplane-heated disc (right). The light blue line represents the starting planetesimal mass, while the violet line marks the pebble
isolation mass. The small arrows near the x-axis in the central and right panel show the transition radii between the viscous heated inner disc and
the irradiated outer disc, respectively at initial time (grey) and at final time (black). Moderate surface heating delays the embryo growth in the inner
disc, changing the inside-out growth of a typical irradiated disc into a growth mode that favours the region between 1 and 10 AU. Strong midplane
heating significantly delays inner growth, suppressing it inside approximately 2 AU.

This expression allows us to understand how the pebble accretion
efficiency behaves as a function of radius. In a viscous disc, the
aspect ratio given by Eq. (2), increases positively with radius as
H/r o r'/?0_ This means that the accretion efficiency increases
at wider orbits, as fip frag & r/'%, suppressing growth close to
the host star. In contrast, in an irradiated disc, the disc aspect
ratio increases with radius as H/r o« r*/7 (Eq. (1)). Therefore, the
accretion efficiency decreases at wider orbits, as f3p frag o 7~%/14,
quenching planet formation outside of 50 AU.

We can do the same analysis for the 2D Hill accretion regime:

6\ (dinp\" M\ H\?
a=(2 L] g (—) .
P (Jr3) (dlnr) M, r

The accretion efficiency for fragmentation-limited pebbles then
scales as

(39)

JaD Hillfrag © Qg Ui M. p (40)

13 -2/3 (ﬂ)z/3 (E)_M3 13
In this case, the viscous disc will lead to an accretion effi-
ciency of fphilfrag & #~*/15, while the irradiated disc gives
SoD Hillfrag r~3/7_ Thus, in the case of 2D Hill accretion, the
radial dependence is negative in both cases, but scales almost
three times as steep for the irradiated disc. This leads again to
a more efficient accretion rate in the inner disc in the irradiated
case, compared to the viscously heated case.

The above discussion assumes that pebble accretion occurs
in the so-called slow encounter regime (see Ormel 2017, for
a review), where the encounter timescale is sufficiently long
for the pebble to efficiently settle onto the planetary embryo.
However, this condition is not necessarily satisfied around small
planetesimals in the inner disc, where the pebble approach veloc-
ity (Av) could exceed a critical velocity v causing inefficient
settling and reducing the pebble accretion efficiency (Liu &
Ormel 2018; Ormel & Liu 2018). We verified that this condi-
tion is not met in our disc models and for the initial planetesimal
masses considered here. Poor pebble settling and reduced pebble
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accretion efficiency would become important only in the strongly
viscous case (mod:midheat) for small planetsimals (s107°My)
inside 0.1 AU, a region not considered here.

In summary, for fragmentation-limited pebbles, with frag-
mentation velocities around 1 m/s, the degree of accretion
heating in the inner disc is important. Efficient heat deposition
near the disc midplane raises the gas scale height and reduces the
degree of disc flaring. This breaks the strong inside-out growth
trend present in purely irradiated discs (Fig. 4), proving that the
choice of disc model is key in determining the growth of plan-
etary embryos. Since the degree of accretion heating is poorly
constrained, this model uncertainty has to be kept in mind going
forwards.

3.3. The role of outer giant planets

We now simulate systems with multiple embryos growing simul-
taneously to study how the growth of inner embryos is affected
by outer embryos accreting a fraction of the available pebble
flux. The planetary embryos are distributed with a uniform log-
arithmic spacing and have an initial mass given by Eq.(21).
They accrete in the different pebble accretion regimes (3D/2D,
Bondi/Hill) according to their growing mass, as explained in
Section 2.3.2. Each embryo filters a fraction of the pebble flux
as in Eq. (18), so that the embryos inside its orbit accrete from
a reduced flux (as in Eq. (17)). All embryos also undergo type
I migration (Eq.(31)) as they grow, until they reach pebble
isolation mass, after which they switch to gas accretion (see
Section 2.6) and type Il migration (Eq. (33)). Table 1 summarises
the nominal values of our simulations.

We compare the growth tracks of a system of five planets
distributed logarithmically between 0.1 and 60 AU for an irra-
diated disc (left panel), a surface-heated disc (central panel),
and a midplane-heated disc (right panel) in Fig.5. We used a
fixed fragmentation velocity of 1 m/s. The colour-coding of the
growth track shows the accretion time. The dotted light blue and
violet lines mark the initial masses and pebble isolation mass
respectively. In the viscously heated scenarios (central and left
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Fig. 5. Growth tracks of a system of five planets for an irradiated (left panel), surface-heated (central panel), and midplane-heated (right panel)
disc. The solid lines represent a system with mutual filtering, while the dashed lines in the right panel show the same system but without mutual
filtering. Colour-coded is the accretion timescale. The dotted light blue line is the initial mass of the embryo distribution. The dotted violet line
represents the pebble isolation mass, which is time-dependent for the viscously heated discs; therefore, the shaded violet region shows the changing
location of the isolation mass between the initial and final time of the simulation. The shaded grey area marks the magnetospheric cavity radius,
which shifts outwards with time. The black dots identify where the planet crosses the pebble isolation mass, while the grey crosses represent the
final mass and position of the planets. The grey lines mark the gas accretion phase. For reference, the green and black crosses represent the Solar
System and the HD 219134 planets (Vogt et al. 2015) respectively. Mutual filtering is irrelevant in irradiated discs because of the fast inside-out
growth mode, while it can become relevant for strong midplane heating, aided by the growth delay in the inner disc due to viscous heating.

panel of Fig. 5), the pebble isolation mass changes with time due
to the time dependency in the disc aspect ratio. The shaded violet
area marks the time evolution of the pebble isolation mass from
tin = 0.2 Myr to 5, = 5 Myr. The black dots mark the planets’
isolation mass, while the grey crosses mark the final mass and
position of the planets. If the final masses are below the isolation
mass, it means that either the planets did not manage to grow to
isolation mass within the disc lifetime, or that they stopped grow-
ing due to complete pebble filtering from outer planets. Numbers
identifying each planet are placed to aid the description of the
figure.

In the background for reference we also show with blue
crosses the Solar System and with green crosses a representative
exoplanet system with inner super-Earths and outer cold giants
(See also Section 4.1). We selected the HD 219134 exoplanet sys-
tem from the catalogue of known super-Earth systems with outer
giant companions presented in Van Zandt et al. (2025), where
they follow up TESS detections of super-Earths with a Keck
RV survey. HD 219134 stands out as a well-characterised sys-
tem (Vogt et al. 2015) with five detected super-Earths and one
giant planet outside of ~2.5 AU.

In the irradiated disc (left panel of Fig.5), the filtering of
the outer planets on the inner embryos is irrelevant. Inside-
out growth allows the inner embryos to grow to isolation mass
before the outer embryos manage to filter a significant fraction
of pebbles. This leads to a final system where the four inner-
most planets all reach isolation mass and switch to gas accretion,
giving rise to super-Earths and gas giants, while the outermost
embryo stalls at the ice giant stage due to the much longer accre-
tion time required in the outer disc (cfr. Fig. 3 top right corner).
We halt the migration of the inner planets when they reach the
magnetospheric cavity radius (Section 2.4). Here, we ignore the
possibility that planets may be pushed outwards as the cavity
expands with time (Liu et al. 2017). To avoid all planets to pile
up at exactly the inner edge location, we pragmatically prevent
planets with a mass higher than the pebble isolation mass from

coming within a 2:1 period ratio of each other. This mimics the
common process of convergent migration in the type-I migra-
tion regime, where planets get trapped in resonant chains with
2:1 or 3:2 period ratios (Terquem & Papaloizou 2007; Kajtazi
et al. 2023).

In the surface-heated disc (central panel, Fig. 5), the delayed
growth in the inner disc allows the third planet to reach
isolation mass before the inner embryos, halting the pebble
flux and migrating all the way to the edge, preventing their
growth. In this case, indeed, we see convergent migration, with
a more massive outer embryos migrating towards lower-mass
inner planets. As we do not model planet-planet gravitational
interactions, we pragmatically choose to halt the growth of a
small protoplanet when crossed by an outer planet migrating
inwards.

In the case of strong midplane-heating (right panel, Fig. 5),
the growth of the three innermost embryos is completely sup-
pressed. In this panel we also show the growth tracks of the
system when mutual pebble filtering is not considered, by over-
plotting a dashed line. The growth of the two innermost embryos
is suppressed both in the mutual filtering and in the no filter-
ing case (solid and dashed line, respectively), implying that it
is owed almost entirely to the effect of viscous heating. Mutual
filtering plays the biggest difference for the third planet, which
in the no filtering case reaches pebble isolation mass and grows
into a gas giant (dashed line), while in the mutual filtering case
stalls at Mars-mass (solid line). The delay in the inner growth
timescale of a midplane heated disc, indeed, allows the fourth
embryo to reach isolation mass faster than the inner embryos (1—
3), cutting the entire pebble flux and preventing accretion (we
relax this assumption in Section 3.6).

We conclude that mutual pebble filtering between outer
giants and inner embryos could play a relevant role in sup-
pressing super-Earth formation, only if it is accompanied by a
mechanism that delays growth in the inner disc, such as strong
midplane viscous heating. Without such a mechanism, pebble
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Fig. 6. Population synthesis of pairs of planets (Jupiter-like planet + one inner embryo) for the three different disc models considered in this study.
The empty dots represent the random initial positions and masses of the inner embryos, the triangles mark the position at which the embryos cross
isolation mass and the full dots represent the final position and masses of the planets. All markers are colour-coded by accretion time. The position
and start time of the Jupiter-like planet is fixed for each simulation at @,y = 30 AU and 7y = 2.5 - 10° yr. The filtering due to the Jupiter-like planet
is basically irrelevant in the irradiated disc as almost all embryos reach isolation mass leading to a population of super-Earths and some gas giants.
In a moderately viscous disc (central panel) growth is partially hindered by the combined effect of delayed growth of inner embryos and pebble
filtering, while a strongly viscous heated disc (right panel) results in completely hindered growth in the inner disc and Mars-mass embryos in the
outer disc. For reference, the green and black crosses represent the Solar System and the HD 219134 planets respectively.

Table 2. Planet type definitions.

Planet type Mass Orbital distance
Hot Jupiters 100 < M, < 6000 Mg a, < 0.1 AU
Warm Jupiters 100 < M, < 6000 Mg 0.1 <a, <2 AU
Super-Earths 1 <M, <20 Mg a, <1 AU

Sub-Earths 0.01 <M, <1 Mg 0.1 <a, <10AU

filtering alone is not effective enough to prevent super-Earth
formation.

3.4. Conditional occurrence of super-Earths and cold giants

To explore the dependency on the time and location where the
inner embryos emerge, we performed a set of 200 simulations
drawing an initial embryo distribution in a population synthesis-
like fashion. Each simulation features the same Jupiter-like
planet with initial position aqyo = 30 AU and initial mass
M0 = 0.088 Mg and one inner embryo, whose initial time and
position were randomly drawn from a linear uniform distribu-
tion in time, 0.1 < ¢ < 1 Myr, and a log-uniform distribution
in space, 0.1 < aipp < 10 AU. The results are shown in Fig. 6,
where the empty dots mark the initial position and mass of the
inner embryo and are colour coded by time of insertion of the
embryo in the disc. The triangles mark the position at which the
embryos reach pebble isolation mass, while the full dots show
the final positions and masses of the embryos, both also colour-
coded by accretion time. For clarity, the full growth track is only
shown for the outer Jupiter-like planet. The different panels in
Fig. 6 show the same set of simulations but for the three different
disc models. Table 2 summarises our planetary types definitions.

In the irradiated disc (left panel of Fig. 6), the final outcome
of the ‘population synthesis’ is a small occurrence of hot (<2%)
and warm gas giants (=5%), a set of super-Earths in the inner
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disc (=#20%), and a similar fraction of planets (#25%) smaller
than Earth (0.01 < M < 1 Mg) that orbit farer out (0.1 < g, <
10 AU), which we will refer to from now on as sub-Earths. These
were the outermost embryos with growth timescales comparable
to the Jupiter-like planet, whose growth has been hindered by
mutual filtering.

The surface-heated disc model (central panel of Fig. 6) con-
firms the trend already seen in Fig. 5. The innermost embryo’s
growth is halted by the effect of pebble filtering aided by the
inner growth’s delay (cfr. central panel of Fig. 4). The number of
formed super-Earths in this case is #25% but some are slightly
less massive. The amount of sub-Earths is consistent with the
irradiated disc (=27%), as most form in the outer part of the disc
which is always irradiation dominated and subsequently migrate
inwards.

As was already hinted at in Fig. 5, the midplane-heated disc
(right panel of Fig. 6) features very few planets that reach isola-
tion mass. Super-Earth formation is almost entirely suppressed
(<2%), while the fraction of sub-Earths is slightly reduced but
still comparable to the other disc models (x22%), with the
difference that in this case the sub-Earths are predominantly
distributed outside 1 AU orbits. This is consistent with the accre-
tion timescale in Fig.4, showing that growth is more efficient
in a preferred region outside 5 AU and completely hindered
inside 2 AU.

Summarising, we find that, in general, the pebble flux needed
to form the cores of cold giants is enough to form systems of
super-Earths in closer orbits. Only when the inner disc is suffi-
ciently accretion heated (&g > 1072), the inner embryo growth
is delayed to such a degree that pebble filtering by outer cores
outside the iceline becomes an important additional factor in
suppressing inner-disc core growth.

3.5. The role of the iceline

We define the radial position of the iceline as the location in the
disc where the temperature reaches Ty,o = 170 K. In the case of
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Fig. 7. Possible role of the iceline in suppressing embryo growth in the inner disc. Growth tracks of a system of five planets logarithmically spaced
between 0.1 and 60 AU in an irradiated disc, with colour-coded growth timescale. The left panel shows the effects of a 50% flux reduction across
the iceline, the central panel shows the cumulative effect of flux reduction and increase in the vertical stirring of pebbles and finally the right panel
shows the cumulative effect of flux reduction and increase in both vertical stirring and a,,. The vertical light-blue line marks the position of the
iceline, the dashed grey area the expanding inner magnetospheric cavity radius. The pebble isolation mass is indicated with a dotted purple line.
The black dots mark the position at which the planets reach isolation mass, while the grey lines and crosses show the planet’s gas accretion and
final mass and position respectively. The pebble flux reduction alone is not sufficient to prevent the inner embryo’s growth. Only by combining the

effect with an increased vertical stirring and/or fragmentation turbulence the inner growth gets completely suppressed.
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going from =1.9 AU to =0.3 AU in the surface-heated disc and
moving between 6.3 AU to =0.9 AU in the midplane-heated
case. Here we investigate the role of the iceline considering
three possible effects. We first explore a reduction in pebble
flux by a factor of two across it, by setting ficeline = 0.5 in
Equation (16) inside the iceline. This is to mimic volatile loss
through water sublimation as pebbles cross the iceline. A reduc-
tion by a factor of two is based on a solar mixture (Lodders
2003), but may be too large given that the refractory-to-ice mass
ratios in comets is estimated to be above 3 (see Choukroun et al.
2020, review on comet 67P/Churyumov-Gerasimenko). How-
ever, a new approach by Marschall et al. (2025) estimated the
refractory-to-ice ratio in 67P to be in between 0.5 and 1.7, show-
ing that the estimate is still under debate; thus, we proceed with
a factor of two in our analysis.

We also explore the possibility of an increase in turbulent
stirring (a) inside the water iceline. This is mainly to explore the
effect of this parameter, but recent observations do, tentatively,
indicate that the inner disc might be more turbulent compared to
the outer disc (Jiang et al. 2024).

(42)

In the last step, we also include the option of increasing the
fragmentation alpha (af,,) to be aligned with the level of turbu-
lent stirring. In this case, the pebble size decreases when crossing
the water iceline (cfr. Eq. (7)), which is believed to occur if the
fragmentation velocity of icy pebbles differs from that of bare
silicates (see Section 3.1), or if pebbles fall apart upon water ice
sublimation (many-seeds model, see Aumatell & Wurm 2011;
Schoonenberg et al. 2017; Houge & Krijt 2023). Note that the lat-
ter scenario seems unlikely, as pebbles have been found to resist
complete destruction even upon intense heating events (Houge
et al. 2024).

We show the cumulative effects of these processes in Fig. 7,
using the same system of five planets as in Fig.5 and an irra-
diated disc to have maximal inner growth efficiency. The left
panel shows a 50% flux reduction across the iceline, the cen-
tral panel shows the cumulative effect of the flux reduction and
the increase in vertical turbulence, and finally the right panel
shows the cumulative effect of flux reduction and both «, and
Qfrag INCrEase.

Comparing the left panel of Fig.7 with the left panel of
Fig.5, we see that a 50% flux reduction only affects the second
innermost planet, preventing it from reaching pebble isolation
mass. This is due to the fact that the flux reduction slows down
the inner embryos’ growth enough that the third innermost planet
reaches pebble isolation mass and switches to gas accretion
before the second innermost planet, halting its growth. The inner-
most planet grows still fast enough to reach isolation mass and
undergoes gas accretion before complete pebble filtering, due to
the inside-out growth mode. Thus, merely reducing the pebble
flux across the iceline is not enough to prevent a super-Earth
from forming in the inner disc.

The central panel of Fig.7 shows the combined effect of
reducing the flux and increasing the vertical turbulence of the
inner disc. This results in a suppression of the growth of the
inner embryos. Increasing @, means increasing the pebble scale
height, and thus decreasing the accretion rate in the 3D regime,
effectively slowing down accretion. This, in turn, implies that
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the outer planets (3, 4, 5) reach isolation mass first, completely
halting the pebble flux and damping inner disc growth.

The right panel, finally, shows the cumulative contribution
of the pebble flux reduction and the increase in both the vertical
turbulence and ajrag. The inner embryos (1, 2) in this case barely
manage to grow. Increasing @y, results in smaller pebble sizes,
and thus less efficient 3D accretion (cfr. Eq. (37)), adding another
obstacle to the already hindered inner disc planet formation. This
allows the third planet to reach isolation mass and completely
prevent any type of inner growth. This is consistent with what
is shown in Fig. 2 of Mulders et al. (2021), where they show
that the filtering due to a Jupiter-like planet is able to prevent
super-Earth formation if the iceline features a 50% reduction of
the pebble flux and a factor 10 reduction of the fragmentation
velocity. Although we increase @i, and do not change vy, the
final effect is always a reduction in the Stokes number of the
pebble (see Eq. (7)).

In summary, even if pebbles would loose half of their mass
through water sublimation, embryos still grow efficiently in the
inner disc. If, for some reason, turbulent stirring rates are also
increased or the particle sizes are reduced when crossing the
iceline, the delay in the inner embryos’ growth becomes sub-
stantial enough to allow pebble filtering to completely prevent
super-Earth formation. It is unclear why this would be the case
in some discs and not others.

3.6. Efficiency of dust leaking through the planetary gap

Several studies have proven that gaps opened by massive planets
do not completely block dust outside their orbit, but are rather
permeable, allowing some fraction of particles to leak through.
Small dust particles, which are well coupled with the gas, fol-
low the viscous accretion and pass through the gap. The critical
size of the dust that gets trapped outside of the gap depends on
the disc viscosity, the planet mass, and the stellar accretion rate
(Weber et al. 2018; Haugbglle et al. 2019; Van Clepper et al.
2025). For a disc with @, = 1073 and a Jupiter-like core, only
micrometre size dust is able to leak; however, for smaller plane-
tary cores (50 Mg) the critical size can be around ag ~ 1mm,
increasing for higher disc viscosities. Not only can the dust
leak through the gap opened by the planet, but Stammler et al.
(2023) has recently shown that particles trapped in the outer edge
of the gap rapidly fragment and are then transported through
the gap.

Based on these recent studies, we investigated the outcome
of our simulations in case the planets would not entirely block
out the pebble flux once they reach pebble isolation mass. Fig. 8
shows the same set of simulations as Fig. 6, but considering a
50% leaking efficiency of the pebble flux through the gap (cen-
tral column) and a full 100% leaking efficiency (right column).
The two different rows show the surface-heated (top) and the
midplane-heated (bottom) disc, while the left panels showcase
the case of no leaking (same as Fig. 6) for comparison. Allow-
ing 50% of the pebble flux to leak through the gap promotes
more growth throughout the disc for both models; however, the
effects in the inner disc are negligible in the strong midplane
heating case. This is because the growth suppression inside 1
AU for the midplane heating model is primarily attributed to
viscous heating rather than mutual filtering (cfr. Figs. 4 and 5).
Allowing the entire pebble flux to leak through the gap leads
to complete growth for nearly all planets in the surface-heated
scenario. In contrast, in the strongly midplane-heated disc, this
results in more outer embryos reaching pebble isolation mass and
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more growth in the inner disc. However, the growth of embryos
within 1 AU remains significantly suppressed.

In summary, dust leaking through the gaps of outer giant
planets could influence the formation of inner planets. If the leak-
ing efficiency exceeds 50 %, it becomes difficult to imagine how
the presence of outer giants could prevent the formation of super-
Earths on closer orbits, even in discs with moderate accretion
heating.

4. Discussion
4.1. Conditional occurrence of super-Earths and cold giants

Our work argues that it is difficult to prevent the formation
of super-Earths through pebble accretion in systems with cold
giants if the protoplanetary disc is dominated by irradiation
or is only weakly accretion-heated. This finding seems in line
with occurrence rate studies, although it remains somewhat
unclear to what degree the presence of cold giants influences
the occurrence of smaller planets in closer orbits. In this sec-
tion we briefly review the different constraints reported in the
literature.

Observational constraints show that the presence of a gas
giant (i) does not significantly affect the occurrence of super-
Earths (Rosenthal et al. 2022; Bonomo et al. 2023, 2025), or
that (ii) it moderately enhances super-Earth presence (Van Zandt
et al. 2025), or that (iii) almost certainly implies the presence of
at least one super-Earth (Zhu & Wu 2018; Bryan et al. 2019).

Our conditional occurrence rate for irradiated and surface
heated disc models averages at P(SE|CJ) = 22.5%, but decreases
to P(SE|CJ)~15% if we include the midplane heated disc case.
Comparing it to the observed field occurrence of super-Earths
P(SE) = 30 £ 3% (Zhu et al. 2018), we see a slight decrease
in the occurrence rate. Our result is still approximately con-
sistent with the conditional occurrence rate between a Jupiter
analogue' and close-in small planet P(I]J) = 3232% given by
Rosenthal et al. (2022), as well as the occurrence rate? pro-
vided by Bryan & Lee (2024) for solar and sub-solar metallicities
P(SE|GG, [Fe/H] < 0) = 13.071%°%.

A complication when interpreting the observed conditional
occurrence rates is that they appear to be metallicity dependent.
Bryan & Lee (2024) found a positive correlation for metal-rich
stars which disappears for metal-poor stars. Furthermore, Zhu
(2024) showed that, using only the super-solar metallicity stars
in the Bonomo et al. (2023) catalogue, the conditional occur-
rence rate of cold Jupiters and super-Earths would be consistent
with the excess observed by Bryan et al. (2019). However, Van
Zandt et al. (2025), in contrast to previous studies, found no
evidence that stellar metallicity enhances the conditional occur-
rence between cold giants and super-Earths. Based on the models
presented here, a stellar metallicity dependency on the condi-
tional occurrence of super-Earths given the presence of cold
giants would be weak, because selecting systems with cold giants
already fixes a pebble flux sufficient for super-Earth formation,
regardless of stellar metallicity (Chachan & Lee 2023).

' Rosenthal et al. (2022) define as a Jupiter analogue a planet that orbits
3 AU < a, < 7 AU, with mass in the range 95 Mgy < M, < 4130 M,
and a close-in small planet as a planet orbiting at 0.023 AU < q, <
1 AU, with mass in range 2 Mg < M, < 30 M,

2 Bryan & Lee (2024) define as a gas giant a planet with mass in the
range 0.5 M; < M < 20 M;, while a super-Earth as a planet with mass in
the range 1 Mg < M < 20 Mg, and radius in the range | Ry < R < 4 R,
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Fig. 8. Possible effect of leaking pebbles through the giant planet’s gap. Same set of simulations as in Fig. 6 for surface-heated (top row) and
midplane-heated (bottom row) discs but with leaking efficiency through the giant planet’s gap after isolation mass. The first row shows surface-
heated discs, respectively without, with 50% and with 100% of pebbles leaking through the gap carved by the Jupiter-like planet after reaching
pebble isolation mass. The second row shows the same, but for a midplane-heated disc. A planetary gap that allows for half of the pebble flux to
leak through promotes the growth of the outermost embryos in the population in both models. The difference lies in the fact that, in the weaker
surface-heating case, nearly all the inner embryos grow into super-Earths, while in the midplane-heating case, the embryos grow bigger in mass but
still remain firmly below isolation mass. A complete permeability of the gap leads to systems of only super-Earths and gas giants in surface-heated
discs, while in the miplane-heating case, despite being promoted, the embryo growth is still suppressed inside 1 AU.

4.2. Disc models

So far, our study underlines that only a strong midplane accretion
heating paired with pebble filtering due to the simultaneous for-
mation of an outer giant planets is able to suppress super-Earth
formation, showing that the disc model choice has a big impact
on the outcome of the simulations. To explore the uncertainty
in our understanding of the inner accretion disc around young
stars, we explored different disc heating models. Nevertheless,
several aspects could be explored in more depth. For example,
the very inner disc, with temperatures above 800 K, is likely suf-
ficiently thermally ionised to drive MRI turbulence (Desch &
Turner 2015). At wider orbital locations, the weak level of ioni-
sation damps the MRI in most regions of the disc (Perez-Becker
& Chiang 2011), which runs counter to there being strong levels
of midplane heating. Instead, discs evolving through disc winds,
with accretion heating in the upper disc surface layers, may be
more favoured (Mori et al. 2019). Although we approximate this
process here, we do not explicitly evolve the disc gas surface
density through a disc wind torque (Suzuki et al. 2016; Bai et al.
2016), which is challenging without resorting to non-ideal MHD

simulations (Martel & Lesur 2022; Rea et al. 2024). Recently,
Yap & Batygin (2024) included a MHD wind disc model in
their simulation for planet formation. They argue that pebble
accretion in the context of terrestrial planet formation is a dom-
inant process only in discs which are MHD-wind driven with
low viscosity. Their findings are consistent with our parameter
exploration: low midplane turbulence (e, = 107*) is a require-
ment for efficient pebble accretion. If MRI turbulence penetrates
to the disc midplane, such high midplane turbulence values
(a; > 1073) suppress inner disc pebble accretion (cfr. Fig. 7). A
similar conclusion was drawn by Chachan & Lee (2023).

Finally, in order to determine midplane temperatures, we
used a simplified constant dust opacity (cfr. Appendix A.3). The
inner disc opacity, likely provided by fragmentation-generated
dust, is highly uncertain, but key in deriving accurate tempera-
tures (Savvidou et al. 2020).

4.3. Stellar mass dependency

In this paper we have not explored possible stellar-mass depen-
dencies, leaving it to further studies to expand our model and
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take into account different host star masses to be compared with
observations. Nevertheless, observations show the occurrence
rate of gas giants around M-dwarfs is smaller than around FGK
stars (e.g. Clanton & Gaudi 2014; Fulton et al. 2021). How-
ever, the occurrence of super-Earths peaks around early M-darfs
(Mulders et al. 2015; Hsu et al. 2020; Sabotta et al. 2021; Ment
& Charbonneau 2023; Pan et al. 2025). This is surprising, if
the conditional occurrence rate between super-Earths and cold
giants seems to point towards a slightly positive correlation (e.g.
Zhu et al. 2018; Van Zandt et al. 2025).

To reconcile these seemingly contrasting observational
results, several theoretical studies have been conducted. Mulders
et al. (2021) argue that, around FGK stars, giant planets cores
that reach pebble isolation mass trigger runaway gas accretion
and cut the pebble flux, thereby preventing inner super-Earth for-
mation. In contrast, around M-dwarfs only planet cores in the
most massive discs reach isolation mass and can become gas
giants. For most of the discs, however, conditions for gas giant
planet formation are not met; therefore, without this potential
reduction in the pebble flux, super-Earths can form more effi-
ciently. In the model of Mulders et al. (2021), the presence of
an iceline, which both cuts the pebble flux by half and reduces
the pebble sizes, is crucial in delaying the inner disc growth
and allowing pebble filtering to be efficient around FGK stars.
This is in general agreement with our results that show that
some additional mechanism of inner growth delay needs to be
employed in order to have efficient pebble filtering from outer
giants. Such a mechanism could take the form of an iceline
(cfr. Fig.7) or efficient viscous heating (cfr. Fig.5). Alterna-
tively, Chachan & Lee (2023) argue that M stars are simply
more efficient at converting pebbles into planetary cores at short
orbital periods, leading to the observed ‘excess’ of super-Earths
around M stars. The accretion efficiency around low-mass stars
is higher due to their lower disc aspect ratio and slower pebble
drift rate. A positive conditional occurrence rate is then the result
of more massive stars being born with with more massive discs,
which can nucleate both outer giants and super-Earths, leading
to a higher conditional occurrence rate of super-Earths and cold
giants.

4.4. Terrestrial planet formation around the Sun

In this study we do not aim to directly investigate terrestrial
planet formation around our Sun. However, given the presence
of Jupiter in the Solar System, and the lack of super-Earths, our
model argues that the solar protoplanetary disc experienced a
certain degree of viscous heating (cfr. Fig. 6).

The precise disc conditions, setting the pebble accretion
efficiency, may thus regulate how rocky planet formation pro-
ceeds. Planetary growth may be completed within the disc
phase through predominantly pebble accretion (Levison et al.
2015b; Johansen et al. 2021). However, it could also be less effi-
cient and therefore stall at Mars-mass embryos, similar to the
outcomes shown in Fig. 6, which then later undergo mutual col-
lisions post disc dissipation (Lambrechts et al. 2019). Or, when
pebble accretion is suppressed, it could be driven dominantly
through planetesimal accretion (Morbidelli et al. 2022; Batygin
& Morbidelli 2023).

It is clear that the mechanism underlying the formation of
terrestrial planets in our Solar System remains elusive, with
numerous models only partially capable of reproducing this pro-
cess to varying degrees. Given the promising results from both
pebble and planetesimal accretion models, a combined approach
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appears to be a reasonable direction for future studies to capture
the complexities of planet formation in the Solar System.

5. Summary and conclusions

In this work, we constructed a 1D semi-analytical model of
a pebble-driven planet formation scenario. The initial plane-
tary embryos’ masses were taken from the top of the streaming
instability mass distribution. We then performed simulations
of systems of multiple planets in order to investigate the role
of mutual pebble filtering among planets in preventing super-
Earth formation in the inner disc. For this reason, we considered
a nominal pebble flux, Fy, large enough to create a Jupiter-
like planet within the disc lifetime. Our simulations explored
three possible disc models: one purely dominated by stellar
irradiation (mod:irrad), and two accretion-heated discs, one
moderately accretion-heated (mod: surfheat) and one strongly
accretion-heated (mod:midheat).

We started by investigating the role of the fragmentation
velocity in determining the dominant pebble size, which also
sets the pebble accretion efficiency, and thus the timescale
of accretion of each planet. Pebble sizes are generally drift-
limited in the outer disc, but become fragmentation limited as
they drift inwards. This transition occurs at wider radii in the
case of low fragmentation velocities: around 50 AU for 1 m/s,
while it is located inside 1 AU for higher vg,, near 10 m/s
(see Fig.2). Therefore, inside the water iceline, pebble sizes
become strongly dependent on the assumed fragmentation veloc-
ity. The disc model choice also affects the dominant pebble
size, with strong viscous heating leading to increased midplane
temperatures that significantly limit the size of fragmentation-
limited pebbles, potentially leading to order-of-magnitude size
differences. Higher fragmentation velocities also lead to a faster
transition between the 3D and 2D Hill accretion regimes, short-
ening the planet formation timescale, especially in the inner disc,
regardless of the disc model (see Fig. 3).

We find that accretion heating (i.e. mod:surfheat and
mod:midheat) significantly slows down the pebble accre-
tion timescale in the inner disc, especially in the case of
low fragmentation velocities (1 m/s). For moderate heating
(mod:surfheat), the delay in the growth timescale mainly
affects planets within 1 AU, promoting growth at orbital radii
between 1 and 15 AU. This breaks the typical inside-out growth
seen in a purely irradiated disc (cfr. Fig.4). The growth delay
in moderately accretion-heated discs (mod:surfheat) does not
prevent the formation of super-Earths in the inner disc by itself
(middle panel of Fig. 6). However, it can succeed in delaying and
possibly halting the growth of the innermost embryo population,
if combined with mutual pebble filtering due to the simultaneous
formation of outer giants (middle panel of Fig. 6). In the strong
midplane heating case (mod:midheat), we observed that planet
formation in the inner disc is largely suppressed, with growth
timescales to the pebble isolation mass surpassing typical disc
lifetimes (right panel, Fig. 4). This, combined with mutual filter-
ing, is enough to suppress super-Earth formation in most cases
(right panel of Figs. 5 and 6), even if dust leaking through the
planetary gap is allowed (bottom row, Fig. 8).

The effect of mutual filtering due to the growth of an outer
giant planet varies drastically based on the disc model. In the
irradiated case it is basically irrelevant because of the inside-
out growth mode: inner embryos grow to isolation mass faster
than outer ones, which only filter a negligible amount of mate-
rial before the inner embryos reach isolation mass (left panel of
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Fig.5). By using a viscously heated disc, the delay in the inner
embryo’s growth helps the effect of mutual filtering. In a moder-
ately heated disc, the effect is still small enough to prevent only
the growth of the innermost embryos (around 0.1 AU, cfr. central
panel of Fig. 6). In the case of a strongly heated disc, the inner
embryos growth is efficiently suppressed, out to the position of
a Jupiter-like planet (see Fig. 5 and Fig. 6).

The role of the iceline is less clear and model-choice depen-
dent. In an irradiated disc, cutting the pebble flux by 50% at the
iceline and considering mutual filtering among planets is still
not enough to prevent inner embryos from reaching isolation
mass (left panel, Fig. 7). By combining the flux reduction with an
increase in either the vertical turbulence or fragmentation alpha
inside the iceline, the growth in the inner disc is hindered even
in the irradiated case. However, precisely why such conditions
capable of preventing super-Earth formation would be present in
some discs and not others is unclear.

We also explored the possibility of pebbles leaking through
the outer giant planet’s gap once it reaches isolation mass. In a
surface-heated disc, a 50% pebble leaking efficiency is sufficient
to promote super-Earth formation in the inner disc (central top
panel of Fig. 8). However, in the midplane-heated disc model,
while the leaking slightly enhances planetary growth outside
1 AU, it still fails to promote super-Earth formation (bottom
central panel of Fig. §8).

To summarise, we show that pebble filtering due to outer
giants is generally not efficient enough to prevent super-Earth
formation, unless some mechanism of delaying inner disc growth
is also simultaneously employed. These could be, for example,
efficient viscous heating of the inner disc or the presence of
an iceline that significantly reduces the pebble flux and particle
size. However, if super-Earths dominantly form through pebble
accretion, such conditions must be rare, given that observational
trends support there being only a mild suppression, if any, of
super-Earth occurrence in systems with cold giants.

Acknowledgements. C.D. thanks Lizxandra Flores-Rivera and Adrien Houge
for helpful discussions. M.L. acknowledges the ERC starting grant 101041466-
EXODOSS. The authors thank the anonymous referee for the report that helped
to improve the quality of this manuscript.

References

Adachi, I., Hayashi, C., & Nakazawa, K. 1976, Progr. Theor. Phys., 56, 1756

Andrews, S. M., Wilner, D. J., Hughes, A. M., Qi, C., & Dullemond, C. P. 2009,
ApJ, 700, 1502

Appelgren, J., Lambrechts, M., & van der Marel, N. 2023, A&A, 673, A139

Armitage, P. J. 2010, Astrophysics of Planet Formation (Cambridge, UK:
Cambridge University Press)

Ataiee, S., Baruteau, C., Alibert, Y., & Benz, W. 2018, A&A, 615, A110

Aumatell, G., & Wurm, G. 2011, MNRAS, 418, L1

Bai, X.-N., & Stone, J. M. 2010, ApJ, 722, 1437

Bai, X.-N,, Ye, J., Goodman, J., & Yuan, F. 2016, ApJ, 818, 152

Balbus, S. A., & Hawley, J. F. 1998, Rev. Mod. Phys., 70, 1

Baruteau, C., Crida, A., Paardekooper, S. J., et al. 2014, in Protostars and Planets
VI, eds. H. Beuther, R. S. Klessen, C. P. Dullemond, & T. Henning, 667

Batygin, K., & Morbidelli, A. 2023, Nat. Astron., 7, 330

Béthune, W., & Latter, H. 2020, MNRAS, 494, 6103

Birnstiel, T., Ricci, L., Trotta, F., et al. 2010, A&A, 516, L14

Birnstiel, T., Klahr, H., & Ercolano, B. 2012, A&A, 539, A148

Birnstiel, T., Dullemond, C. P., Zhu, Z., et al. 2018, ApJ, 869, L45

Bitsch, B., & Izidoro, A. 2023, A&A, 674, A178

Bitsch, B., Crida, A., Morbidelli, A., Kley, W., & Dobbs-Dixon, 1. 2013, A&A,
549, A124

Bitsch, B., Johansen, A., Lambrechts, M., & Morbidelli, A. 2015, A&A, 575,
A28

Bitsch, B., Morbidelli, A., Johansen, A., et al. 2018, A&A, 612, A30

Bitsch, B., Raymond, S. N., & Izidoro, A. 2019, A&A, 624, A109

Blum, J., & Wurm, G. 2008, Annu. Rev. A&A, 46, 21

Bonomo, A. S., Dumusque, X., Massa, A., et al. 2023, A&A, 677, A33

Bonomo, A. S., Naponiello, L., Pezzetta, E., et al. 2025, arXiv e-prints
[arXiv:2505.20035]

Brauer, F., Dullemond, C. P., & Henning, T. 2008, A&A, 480, 859

Broz, M., Chrenko, O., Nesvorny, D., & Dauphas, N. 2021, Nat. Astron., 5,
898

Bryan, M. L., & Lee, E. J. 2024, ApJ, 968, L25

Bryan, M. L., Knutson, H. A., Lee, E. J, et al. 2019, AJ, 157, 52

Bukhari Syed, M., Blum, J., Wahlberg Jansson, K., & Johansen, A. 2017, ApJ,
834, 145

Chachan, Y., & Lee, E. J. 2023, ApJ, 952, L20

Chambers, J. E., & Wetherill, G. W. 1998, Icarus, 136, 304

Chiang, E., & Youdin, A. N. 2010, Annu. Rev. Earth Planet. Sci., 38, 493

Choukroun, M., Altwegg, K., Kiihrt, E., et al. 2020, Space Sci. Rev., 216, 44

Cieza, L. A., Casassus, S., Tobin, J., et al. 2016, Nature, 535, 258

Clanton, C., & Gaudi, S. B. 2014, ApJ, 791, 91

Davis, S. S. 2005, ApJ, 620, 994

Deckers, J., & Teiser, J. 2013, ApJ, 769, 151

Desch, S.J., & Turner, N. J. 2015, ApJ, 811, 156

Dullemond, C. P. 2002, A&A, 395, 853

Emsenhuber, A., Mordasini, C., Burn, R., et al. 2021, A&A, 656, A69

Flaherty, K., Hughes, A. M., Simon, J. B., et al. 2020, ApJ, 895, 109

Frank, J., King, A., & Raine, D. J. 2002, Accretion Power in Astrophysics, 3rd
edn. (Cambridge, UK: Cambridge University Press)

Frelikh, R., & Murray-Clay, R. A. 2017, AJ, 154, 98

Fulton, B. J., Petigura, E. A., Howard, A. W., et al. 2017, AJ, 154, 109

Fulton, B. J., Rosenthal, L. J., Hirsch, L. A., et al. 2021, ApJS, 255, 14

Garaud, P., & Lin, D. N. C. 2007, ApJ, 654, 606

Goldreich, P., & Tremaine, S. 1980, ApJ, 241, 425

Guillot, T., Ida, S., & Ormel, C. W. 2014, A&A, 572, A72

Gundlach, B., Kilias, S., Beitz, E., & Blum, J. 2011, Icarus, 214, 717

Gurrutxaga, N., Johansen, A., Lambrechts, M., & Appelgren, J. 2024, A&A, 682,
A43

Giittler, C., Blum, J., Zsom, A., Ormel, C. W., & Dullemond, C. P. 2010, A&A,
513, A56

Haisch, Jr., K. E., Lada, E. A., & Lada, C. J. 2001, ApJ, 553, L153

Hartmann, L., Calvet, N., Gullbring, E., & D’Alessio, P. 1998, ApJ, 495, 385

Hartmann, L., Herczeg, G., & Calvet, N. 2016, Ann. Rev. A&A, 54, 135

Haugbglle, T., Weber, P., Wielandt, D. P, et al. 2019, AJ, 158, 55

Hayashi, C. 1981, Progr. Theor. Phys. Suppl., 70, 35

He, M. Y., Ford, E. B., & Ragozzine, D. 2021, AJ, 161, 16

Houge, A., & Krijt, S. 2023, MNRAS, 521, 5826

Houge, A., Macias, E., & Krijt, S. 2024, MNRAS, 527, 9668

Hsu, D. C., Ford, E. B., & Terrien, R. 2020, MNRAS, 498, 2249

Hubeny, 1. 1990, ApJ, 351, 632

Ida, S., Guillot, T., & Morbidelli, A. 2016, A&A, 591, A72

Tkoma, M., Nakazawa, K., & Emori, H. 2000, ApJ, 537, 1013

Inoue, A. K., Oka, A., & Nakamoto, T. 2009, MNRAS, 393, 1377

Izidoro, A., Bitsch, B., Raymond, S. N, et al. 2021, A&A, 650, A152

Jiang, H., Wang, Y., Ormel, C. W., Krijt, S., & Dong, R. 2023, A&A, 678,
A33

Jiang, H., Macias, E., Guerra-Alvarado, O. M., & Carrasco-Gonzélez, C. 2024,
A&A, 682, A32

Johansen, A. 2015, in Encyclopedia of Astrobiology, eds. M. Gargaud, W. M.
Irvine, R. Amils, et al., 1035

Johansen, A., & Lambrechts, M. 2017, Annu. Rev. Earth Planet. Sci., 45, 359

Johansen, A., Oishi, J. S., Mac Low, M.-M., et al. 2007, Nature, 448, 1022

Johansen, A., Ida, S., & Brasser, R. 2019, A&A, 622, A202

Johansen, A., Ronnet, T., Bizzarro, M., et al. 2021, Sci. Adv., 7, eabc0444

Johns-Krull, C. M. 2007, ApJ, 664, 975

Kajtazi, K., Petit, A. C., & Johansen, A. 2023, A&A, 669, A44

Kanagawa, K. D., Tanaka, H., & Szuszkiewicz, E. 2018, ApJ, 861, 140

Kataoka, A., Okuzumi, S., Tanaka, H., & Nomura, H. 2014, A&A, 568, A42

Kimura, H., Wada, K., Senshu, H., & Kobayashi, H. 2015, ApJ, 812, 67

Kley, W., & Nelson, R. P. 2012, Annu. Rev. A&A, 50, 211

Kondo, K., Okuzumi, S., & Mori, S. 2023, ApJ, 949, 119

Kretke, K. A., & Lin, D. N. C. 2012, AplJ, 755, 74

Lambrechts, M., & Johansen, A. 2012, A&A, 544, A32

Lambrechts, M., & Johansen, A. 2014, A&A, 572, A107

Lambrechts, M., Johansen, A., & Morbidelli, A. 2014, A&A, 572, A35

Lambrechts, M., Morbidelli, A., Jacobson, S. A, et al. 2019, A&A, 627, A83

Levison, H. F., Thommes, E., & Duncan, M. J. 2010, AJ, 139, 1297

Levison, H. F., Kretke, K. A., & Duncan, M. J. 2015a, Nature, 524, 322

Levison, H. F., Kretke, K. A., Walsh, K. J., & Bottke, W. F. 2015b, PNAS, 112,
14180

Lichtenberg, T., Drazkowska, J., Schonbichler, M., Golabek, G. J., & Hands,
T. O. 2021, Science, 371, 365

A132, page 17 of 22


http://linker.aanda.org/10.1051/0004-6361/202555095/1
http://linker.aanda.org/10.1051/0004-6361/202555095/2
http://linker.aanda.org/10.1051/0004-6361/202555095/3
http://linker.aanda.org/10.1051/0004-6361/202555095/4
http://linker.aanda.org/10.1051/0004-6361/202555095/5
http://linker.aanda.org/10.1051/0004-6361/202555095/6
http://linker.aanda.org/10.1051/0004-6361/202555095/7
http://linker.aanda.org/10.1051/0004-6361/202555095/8
http://linker.aanda.org/10.1051/0004-6361/202555095/9
http://linker.aanda.org/10.1051/0004-6361/202555095/10
http://linker.aanda.org/10.1051/0004-6361/202555095/10
http://linker.aanda.org/10.1051/0004-6361/202555095/11
http://linker.aanda.org/10.1051/0004-6361/202555095/12
http://linker.aanda.org/10.1051/0004-6361/202555095/13
http://linker.aanda.org/10.1051/0004-6361/202555095/14
http://linker.aanda.org/10.1051/0004-6361/202555095/15
http://linker.aanda.org/10.1051/0004-6361/202555095/16
http://linker.aanda.org/10.1051/0004-6361/202555095/17
http://linker.aanda.org/10.1051/0004-6361/202555095/17
http://linker.aanda.org/10.1051/0004-6361/202555095/18
http://linker.aanda.org/10.1051/0004-6361/202555095/18
http://linker.aanda.org/10.1051/0004-6361/202555095/19
http://linker.aanda.org/10.1051/0004-6361/202555095/20
http://linker.aanda.org/10.1051/0004-6361/202555095/21
http://linker.aanda.org/10.1051/0004-6361/202555095/22
https://arxiv.org/abs/2505.20035
http://linker.aanda.org/10.1051/0004-6361/202555095/24
http://linker.aanda.org/10.1051/0004-6361/202555095/25
http://linker.aanda.org/10.1051/0004-6361/202555095/25
http://linker.aanda.org/10.1051/0004-6361/202555095/26
http://linker.aanda.org/10.1051/0004-6361/202555095/27
http://linker.aanda.org/10.1051/0004-6361/202555095/28
http://linker.aanda.org/10.1051/0004-6361/202555095/28
http://linker.aanda.org/10.1051/0004-6361/202555095/29
http://linker.aanda.org/10.1051/0004-6361/202555095/30
http://linker.aanda.org/10.1051/0004-6361/202555095/31
http://linker.aanda.org/10.1051/0004-6361/202555095/32
http://linker.aanda.org/10.1051/0004-6361/202555095/33
http://linker.aanda.org/10.1051/0004-6361/202555095/34
http://linker.aanda.org/10.1051/0004-6361/202555095/35
http://linker.aanda.org/10.1051/0004-6361/202555095/36
http://linker.aanda.org/10.1051/0004-6361/202555095/37
http://linker.aanda.org/10.1051/0004-6361/202555095/38
http://linker.aanda.org/10.1051/0004-6361/202555095/39
http://linker.aanda.org/10.1051/0004-6361/202555095/40
http://linker.aanda.org/10.1051/0004-6361/202555095/41
http://linker.aanda.org/10.1051/0004-6361/202555095/42
http://linker.aanda.org/10.1051/0004-6361/202555095/43
http://linker.aanda.org/10.1051/0004-6361/202555095/44
http://linker.aanda.org/10.1051/0004-6361/202555095/45
http://linker.aanda.org/10.1051/0004-6361/202555095/46
http://linker.aanda.org/10.1051/0004-6361/202555095/47
http://linker.aanda.org/10.1051/0004-6361/202555095/48
http://linker.aanda.org/10.1051/0004-6361/202555095/49
http://linker.aanda.org/10.1051/0004-6361/202555095/49
http://linker.aanda.org/10.1051/0004-6361/202555095/50
http://linker.aanda.org/10.1051/0004-6361/202555095/50
http://linker.aanda.org/10.1051/0004-6361/202555095/51
http://linker.aanda.org/10.1051/0004-6361/202555095/52
http://linker.aanda.org/10.1051/0004-6361/202555095/53
http://linker.aanda.org/10.1051/0004-6361/202555095/54
http://linker.aanda.org/10.1051/0004-6361/202555095/55
http://linker.aanda.org/10.1051/0004-6361/202555095/56
http://linker.aanda.org/10.1051/0004-6361/202555095/57
http://linker.aanda.org/10.1051/0004-6361/202555095/58
http://linker.aanda.org/10.1051/0004-6361/202555095/59
http://linker.aanda.org/10.1051/0004-6361/202555095/60
http://linker.aanda.org/10.1051/0004-6361/202555095/61
http://linker.aanda.org/10.1051/0004-6361/202555095/62
http://linker.aanda.org/10.1051/0004-6361/202555095/63
http://linker.aanda.org/10.1051/0004-6361/202555095/64
http://linker.aanda.org/10.1051/0004-6361/202555095/65
http://linker.aanda.org/10.1051/0004-6361/202555095/65
http://linker.aanda.org/10.1051/0004-6361/202555095/66
http://linker.aanda.org/10.1051/0004-6361/202555095/67
http://linker.aanda.org/10.1051/0004-6361/202555095/68
http://linker.aanda.org/10.1051/0004-6361/202555095/69
http://linker.aanda.org/10.1051/0004-6361/202555095/70
http://linker.aanda.org/10.1051/0004-6361/202555095/71
http://linker.aanda.org/10.1051/0004-6361/202555095/72
http://linker.aanda.org/10.1051/0004-6361/202555095/73
http://linker.aanda.org/10.1051/0004-6361/202555095/74
http://linker.aanda.org/10.1051/0004-6361/202555095/75
http://linker.aanda.org/10.1051/0004-6361/202555095/76
http://linker.aanda.org/10.1051/0004-6361/202555095/77
http://linker.aanda.org/10.1051/0004-6361/202555095/78
http://linker.aanda.org/10.1051/0004-6361/202555095/79
http://linker.aanda.org/10.1051/0004-6361/202555095/80
http://linker.aanda.org/10.1051/0004-6361/202555095/81
http://linker.aanda.org/10.1051/0004-6361/202555095/82
http://linker.aanda.org/10.1051/0004-6361/202555095/83
http://linker.aanda.org/10.1051/0004-6361/202555095/84
http://linker.aanda.org/10.1051/0004-6361/202555095/85
http://linker.aanda.org/10.1051/0004-6361/202555095/86
http://linker.aanda.org/10.1051/0004-6361/202555095/86
http://linker.aanda.org/10.1051/0004-6361/202555095/87

Danti, C., et al.: A&A, 700, A132 (2025)

Lin, D. N. C., & Papaloizou, J. 1986, ApJ, 309, 846

Liu, B., & Ormel, C. W. 2018, A&A, 615, A138

Liu, B., Ormel, C. W., & Lin, D. N. C. 2017, A&A, 601, A15

Liu, B., Lambrechts, M., Johansen, A., & Liu, F. 2019, A&A, 632, A7

Liu, B., Lambrechts, M., Johansen, A., Pascucci, 1., & Henning, T. 2020, A&A,
638, A88

Lodders, K. 2003, ApJ, 591, 1220

Lubow, S. H., & D’Angelo, G. 2006, ApJ, 641, 526

Marschall, R., Morbidelli, A., & Marrocchi, Y. 2025, Planet. Space Sci., 259,
106061

Martel, E., & Lesur, G. 2022, A&A, 667, Al7

Masset, F. S., Morbidelli, A., Crida, A., & Ferreira, J. 2006, ApJ, 642, 478

Menou, K., & Goodman, J. 2004, ApJ, 606, 520

Ment, K., & Charbonneau, D. 2023, AJ, 165, 265

Misener, W., & Schlichting, H. E. 2021, MNRAS, 503, 5658

Morbidelli, A., Baillié, K., Batygin, K., et al. 2022, Nat. Astron., 6, 72

Mordasini, C., Alibert, Y., Klahr, H., & Henning, T. 2012, A&A, 547, A111

Mori, S., Bai, X.-N., & Okuzumi, S. 2019, ApJ, 872, 98

Mori, S., Okuzumi, S., Kunitomo, M., & Bai, X.-N. 2021, AplJ, 916, 72

Mulders, G. D., Pascucci, 1., & Apai, D. 2015, ApJ, 798, 112

Mulders, G. D., Drazkowska, J., Marel, N. v. d., Ciesla, F. J., & Pascucci, I. 2021,
ApJ, 920, L1

Musiolik, G., & Wurm, G. 2019, ApJ, 873, 58

Nakagawa, Y., Sekiya, M., & Hayashi, C. 1986, Icarus, 67, 375

Ogihara, M., Morbidelli, A., & Guillot, T. 2015a, A&A, 578, A36

Ogihara, M., Morbidelli, A., & Guillot, T. 2015b, A&A, 584, L1

Ogihara, M., Kokubo, E., Suzuki, T. K., & Morbidelli, A. 2018, A&A, 612, L5

Ogihara, M., Morbidelli, A., & Kunitomo, M. 2024, ApJ, 972, 181

Oka, A., Nakamoto, T., & Ida, S. 2011, ApJ, 738, 141

Okuzumi, S., Tanaka, H., Kobayashi, H., & Wada, K. 2012, ApJ, 752, 106

Ormel, C. 2017, The Emerging Paradigm of Pebble Accretion, 197

Ormel, C. W. 2017, in Astrophysics and Space Science Library, 445, Forma-
tion, Evolution, and Dynamics of Young Solar Systems, eds. M. Pessah, &
0. Gressel, 197

Ormel, C. W., & Cuzzi, J. N. 2007, A&A, 466, 413

Ormel, C. W,, & Klahr, H. H. 2010, A&A, 520, A43

Ormel, C. W., & Liu, B. 2018, A&A, 615, A178

Paardekooper, S. J., Baruteau, C., Crida, A., & Kley, W. 2010, MNRAS, 401,
1950

Pan, M., Liu, B., Jiang, L., et al. 2025, ApJ, 985, 7

A132, page 18 of 22

Perez-Becker, D., & Chiang, E. 2011, ApJ, 735, 8

Pinte, C., Dent, W. R. F., Ménard, F., et al. 2016, ApJ, 816, 25

Pollack, J. B., Hubickyj, O., Bodenheimer, P., et al. 1996, Icarus, 124, 62

Pringle, J. E. 1981, ARA&A, 19, 137

Rafikov, R. R. 2004, AJ, 128, 1348

Rea, D. G., Simon, J. B., Carrera, D, et al. 2024, ApJ, 972, 128

Rosenthal, L. J., Knutson, H. A., Chachan, Y., et al. 2022, ApJS, 262, 1

Sabotta, S., Schlecker, M., Chaturvedi, P., et al. 2021, A&A, 653, Al114

Savvidou, S., Bitsch, B., & Lambrechts, M. 2020, A&A, 640, A63

Schifer, U., Yang, C.-C., & Johansen, A. 2017, A&A, 597, A69

Schlecker, M., Mordasini, C., Emsenhuber, A., et al. 2021, A&A, 656, A71

Schoonenberg, D., Okuzumi, S., & Ormel, C. W. 2017, A&A, 605, L2

Schripler, R. R., Landeck, W. A., & Blum, J. 2022, MNRAS, 509, 5641

Shakura, N. I., & Sunyaev, R. A. 1973, A&A, 24, 337

Stammler, S. M., Lichtenberg, T., Drazkowska, J., & Birnstiel, T. 2023, A&A,
670, L5

Suzuki, T. K., Ogihara, M., Morbidelli, A., Crida, A., & Guillot, T. 2016, A&A,
596, A74

Tanaka, H., Takeuchi, T., & Ward, W. R. 2002, ApJ, 565, 1257

Tanigawa, T., & Tanaka, H. 2016, ApJ, 823, 48

Terquem, C., & Papaloizou, J. C. B. 2007, ApJ, 654, 1110

Van Clepper, E., Price, E. M., & Ciesla, F. J. 2025, ApJ, 980, 201

van der Marel, N., & Mulders, G. D. 2021, AJ, 162, 28

Van Zandt, J., Petigura, E. A., Lubin, J., et al. 2025, AJ, 169, 235

Venturini, J., & Helled, R. 2017, ApJ, 848, 95

Vogt, S. S., Burt, J., Meschiari, S., et al. 2015, ApJ, 814, 12

Wada, K., Tanaka, H., Suyama, T., Kimura, H., & Yamamoto, T. 2008, ApJ, 677,
1296

Ward, W. R. 1997, Icarus, 126, 261

Weber, P., Benitez-Llambay, P., Gressel, O., Krapp, L., & Pessah, M. E. 2018,
AplJ, 854, 153

Weidenschilling, S. J. 1977, MNRAS, 180, 57

Yamamoto, T., Kadono, T., & Wada, K. 2014, ApJ, 783, L36

Yap, T. E., & Batygin, K. 2024, Icarus, 417, 116085

Youdin, A. N., & Lithwick, Y. 2007, Icarus, 192, 588

Zhu, W. 2024, Res. A&A, 24, 045013

Zhu, W., & Wu, Y. 2018, AJ, 156, 92

Zhu, W., Petrovich, C., Wu, Y., Dong, S., & Xie, J. 2018, ApJ, 860, 101

Zsom, A., Ormel, C. W., Giittler, C., Blum, J., & Dullemond, C. P. 2010, A&A,
513, A57


http://linker.aanda.org/10.1051/0004-6361/202555095/88
http://linker.aanda.org/10.1051/0004-6361/202555095/89
http://linker.aanda.org/10.1051/0004-6361/202555095/90
http://linker.aanda.org/10.1051/0004-6361/202555095/91
http://linker.aanda.org/10.1051/0004-6361/202555095/92
http://linker.aanda.org/10.1051/0004-6361/202555095/92
http://linker.aanda.org/10.1051/0004-6361/202555095/93
http://linker.aanda.org/10.1051/0004-6361/202555095/94
http://linker.aanda.org/10.1051/0004-6361/202555095/95
http://linker.aanda.org/10.1051/0004-6361/202555095/95
http://linker.aanda.org/10.1051/0004-6361/202555095/96
http://linker.aanda.org/10.1051/0004-6361/202555095/97
http://linker.aanda.org/10.1051/0004-6361/202555095/98
http://linker.aanda.org/10.1051/0004-6361/202555095/99
http://linker.aanda.org/10.1051/0004-6361/202555095/100
http://linker.aanda.org/10.1051/0004-6361/202555095/101
http://linker.aanda.org/10.1051/0004-6361/202555095/102
http://linker.aanda.org/10.1051/0004-6361/202555095/103
http://linker.aanda.org/10.1051/0004-6361/202555095/104
http://linker.aanda.org/10.1051/0004-6361/202555095/105
http://linker.aanda.org/10.1051/0004-6361/202555095/106
http://linker.aanda.org/10.1051/0004-6361/202555095/107
http://linker.aanda.org/10.1051/0004-6361/202555095/108
http://linker.aanda.org/10.1051/0004-6361/202555095/109
http://linker.aanda.org/10.1051/0004-6361/202555095/110
http://linker.aanda.org/10.1051/0004-6361/202555095/111
http://linker.aanda.org/10.1051/0004-6361/202555095/112
http://linker.aanda.org/10.1051/0004-6361/202555095/113
http://linker.aanda.org/10.1051/0004-6361/202555095/114
http://linker.aanda.org/10.1051/0004-6361/202555095/115
http://linker.aanda.org/10.1051/0004-6361/202555095/116
http://linker.aanda.org/10.1051/0004-6361/202555095/117
http://linker.aanda.org/10.1051/0004-6361/202555095/118
http://linker.aanda.org/10.1051/0004-6361/202555095/119
http://linker.aanda.org/10.1051/0004-6361/202555095/120
http://linker.aanda.org/10.1051/0004-6361/202555095/120
http://linker.aanda.org/10.1051/0004-6361/202555095/121
http://linker.aanda.org/10.1051/0004-6361/202555095/122
http://linker.aanda.org/10.1051/0004-6361/202555095/123
http://linker.aanda.org/10.1051/0004-6361/202555095/124
http://linker.aanda.org/10.1051/0004-6361/202555095/125
http://linker.aanda.org/10.1051/0004-6361/202555095/126
http://linker.aanda.org/10.1051/0004-6361/202555095/127
http://linker.aanda.org/10.1051/0004-6361/202555095/128
http://linker.aanda.org/10.1051/0004-6361/202555095/129
http://linker.aanda.org/10.1051/0004-6361/202555095/130
http://linker.aanda.org/10.1051/0004-6361/202555095/131
http://linker.aanda.org/10.1051/0004-6361/202555095/132
http://linker.aanda.org/10.1051/0004-6361/202555095/133
http://linker.aanda.org/10.1051/0004-6361/202555095/134
http://linker.aanda.org/10.1051/0004-6361/202555095/135
http://linker.aanda.org/10.1051/0004-6361/202555095/136
http://linker.aanda.org/10.1051/0004-6361/202555095/136
http://linker.aanda.org/10.1051/0004-6361/202555095/137
http://linker.aanda.org/10.1051/0004-6361/202555095/137
http://linker.aanda.org/10.1051/0004-6361/202555095/138
http://linker.aanda.org/10.1051/0004-6361/202555095/139
http://linker.aanda.org/10.1051/0004-6361/202555095/140
http://linker.aanda.org/10.1051/0004-6361/202555095/141
http://linker.aanda.org/10.1051/0004-6361/202555095/142
http://linker.aanda.org/10.1051/0004-6361/202555095/143
http://linker.aanda.org/10.1051/0004-6361/202555095/144
http://linker.aanda.org/10.1051/0004-6361/202555095/145
http://linker.aanda.org/10.1051/0004-6361/202555095/146
http://linker.aanda.org/10.1051/0004-6361/202555095/146
http://linker.aanda.org/10.1051/0004-6361/202555095/147
http://linker.aanda.org/10.1051/0004-6361/202555095/148
http://linker.aanda.org/10.1051/0004-6361/202555095/149
http://linker.aanda.org/10.1051/0004-6361/202555095/150
http://linker.aanda.org/10.1051/0004-6361/202555095/151
http://linker.aanda.org/10.1051/0004-6361/202555095/152
http://linker.aanda.org/10.1051/0004-6361/202555095/153
http://linker.aanda.org/10.1051/0004-6361/202555095/154
http://linker.aanda.org/10.1051/0004-6361/202555095/155
http://linker.aanda.org/10.1051/0004-6361/202555095/156
http://linker.aanda.org/10.1051/0004-6361/202555095/156

Danti, C., et al.: A&A, 700, A132 (2025)

Appendix A: Accretion heating
A.1. Vertical temperature profile

In the viscously heated inner part of the disc, the midplane tem-
perature can be expressed as a function of the deposited accretion
heat. Below the photosphere of the disc (zph), the radiative flux
F takes the form

4 ogp dT*(2)
F(7) = —— =22
@= 3 ko dz

(A1)

assuming an optically thick region in radiative equilibrium
(Hubeny 1990). Here, osp is the Stefan-Boltzmann constant and
k is the Rosseland mean opacity. Assuming a z-independent
effective dust opacity (keg), we can simplify the integral

T4 - T4 = §(’;Sf; f " QF )z (A2)

4

We consider accretion heating to take place dominantly in an
arbitrarily thin layer located at a height zp < zp;. A stan-
dard assumption is midplane viscous heating, zp = 0 (Hubeny
1990; Menou & Goodman 2004), while non-ideal magneto-
hydrodynamic simulations have shown that accretion heating
takes place several gas scale heights above the disc (Mori et al.
2019; Béthune & Latter 2020). In this latter case, the radiative
flux cancels out in the midplane layer between the symmetric
upper and lower heating layers, leading to a constant midplane
temperature Tig = T(z < z4), given by

4 _ é Keff
mid 4 0SB

f " pQF @z + T, (A3)

)

We can further simplify the calculation by considering a z-
independent deposition of the full accretion heating in the
considered heating layer, obtaining

1 1 [+
F@)=50. =3 f 4()dz. (A4)
This allows us to express the midplane temperature as
3 Q Zph
4 + 4
Thia = 55 oot f p(2)dz+T, (A5)

Y

Finally, we introduce an efficiency parameter €, expressing the
degree by which the heating layer is elevated above the midplane

prh p(Z)dZ _ zgas L oo exp (_lx2) dx (A 6)
20 2 \2x 20/H 2 ’
z
= €1 — (A7)

2

This last integral is the complementary error function. We get
€1 = 1 for zp = 0, and numerically &; = 4.6 - 1072 for 29 = 2H,
and €; = 6.3 - 1072 for zp = 4H.

Inside the terrestrial planet-forming region, the heating layer
is approximately located between 2 to 4 scale heights above the
midplane (Mori et al. 2021; Kondo et al. 2023). Therefore, we
will conservatively assume €, = 1072 as our nominal value.

Inserting the efficiency parameter e, in Eq. A.5 the midplane
temperature becomes

T;lnd 24 Keﬁzgas + T (A.8)

In the limit where all the accretion heating is deposited in the
midplane (& ~ 1), we obtain the standard expression for viscous
heating (Hubeny 1990; Menou & Goodman 2004, ignoring the
Planck mean absorption term). In contrast, when midplane heat-
ing is inefficient (&) < 1) , it is possible to approach the lower
midplane temperature limit where Tnig = Tph.

A.2. Midplane temperature as function of accretion rate
A.2.1. Standard steady-state accretion disc

In a standard steady-state accretion disc (Pringle 1981), the
accretion rate onto the host star (M, ) can be linked to the disc
viscosity v as

M, = 3nZgaV . (A.9)

When expressing this term with an alpha prescription, v =
avcﬁﬁkl (Shakura & Sunyaev 1973), with ¢, the midplane sound
velocity, we obtain the following standard expression for the gas
surface density

M,

Yoas = —— A.10

g 3nv ( )
1 l Qg

= =M, Al

T 3ra, 2 ( )

Here, we consider «, to be an effective alpha that drives accre-
tion, which in reality may be driven in a complex way through
active layers above the midplane and disc wind torques. There-
fore, it expresses the link between the effective gas surface
density and accretion rate onto the host star, rather than being
a measure of midplane turbulence. We take as a nominal value

= 1072 in agreement with disc lifetimes of several Myr
(Haisch et al. 2001).

A.2.2. Effective temperature as function of accretion rate

The heating rate per unit surface, as function of the gas acccre-
tion rate, can be expressed as

9 2 fheatM *
1%
following Pringle (1981). This expression is chosen so it reduces

to the classical prescription for maximally efficient shear mid-
plane heating when €,¢, is set to 1

dQK
dr |’

0, = (A12)

9
0, =

7 (A.13)

Qﬁehedtzgdsv = ngsv (}"
while also allowing for a lower fraction epe,¢ Of the total accretion
stress to be deposited as a heating source for the disc.

Using the balance between the heating rate and the cooling
rate of the two disc faces

0, =0-=20sTk, (A.14)
we can express the effective temperature as
4 o
= A5
eff 2 OSB ( )
3 QM
= S e (A.16)
T OsB

In what follows, we will assume for simplicity that ey = 0.5,
which appears to be an appropriate upper bound (Mori et al.
2019, 2021, Appendix B).
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A.2.3. Midplane temperature as function of acccretion rate

We can insert Eq. A.12 and Eq. A.11 into Eq. A.8, obtaining an
expression for the midplane temperature as a function of the gas
accretion rate

3 Kﬂ 9 M 1 1 Qg
Triid 24 — (4921( €heat 5 3n )(371_“ o2 M*) (A.17)
v &s
3
= 260 zfelfheala‘lﬁ M (A.18)
0SB

Here we have assumed in the fist step that Trig > Tpn = Tefr-
As expected, the midplane temperature increases with opacity
and accretion rate, but decreases moderately with increased a,, as
this effectively lowers the local gas surface density. Finally, note
that ¢ and, potentially, . are temperature dependent quantities.
Therefore, further progress requires specifying a (temperature-
dependent) dust opacity.

A.3. Dust opacity

Determining the effective opacity is challenging. We assume the
dominant opacity source to be small dust grains, as commonly
done in the literature (e.g. Birnstiel et al. 2018). However, the
presence of these particles may be reduced due to dust growth
and settling in evolved discs (Kondo et al. 2023). Here, we
mainly aim to make a minimal physical model, leaving a more
in-depth exploration to future studies.

The wavelength-dependent dust opacity, with an effective
Cross section oy, is given by

k1 = Qe (A.19)
pgas

= Qe(x) (A.20)
agrpgr

with ag, and pg, the dust grain size and density, respectively. The

factor Z is the dust-to-gas ratio of the grains that are the domi-

nant opacity carrier. The parameter Q.(x) gives the extinction in

terms of a size parameter of
agr

X =2r—.

- (A.21)

This size parameter can be related to the disc temperature via
Wien’s displacement law,

ki

v~ ZWBT, (A.22)
which gives
Aoy T
~1 e )(—) . A2
x 6(0.1mm 200K (A-23)

We can then explore the limits of the extinction coefficient
that can be summarised as

ifx<l1

. A.24
ifx>1 ( )

&ng

A more in-depth description, including grain porosity, can be
found in Kataoka et al. (2014). The analysis by Savvidou et al.
(2020) shows that the x > 1 regime broadly holds within the
water iceline for generic size distributions with a maximum size
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up to ~0.1 mm. We therefore only consider the limit x > 1, which
removes the wavelength dependency of the opacity. In this way,
Planck opacities (kp) and Rosseland opacities (kg) are equal and
we get

3

2agrpgr

(A.25)

Keff = KPx>1 = KRx>1 =

which is independent of the temperature and inversely propor-
tional to the grain size. For nominal grain values, we find

agr  \7! Per oz
sl (] (s
fef 01mm) \Tgem) \o01/o™78

A.4. Inner disc midplane temperature (for x > 1)

(A.26)

We can now compute, through Eq. A.18, the midplane tempera-
ture in the x > 1 case

5 3? -1 _MMH

3 2
. = €l €heat @y, —Qp M
mld € cal

27n? ospkp AgrPgr

(A.27)

where we made use of cf = (kg /(ukp))T, with u = 2.34. A com-
mon derived quantity from the midplane temperature is the gas
disc aspect ratio

H c

g (A.28)

r UK

Making use of Eq. A.27, the gas disc aspect ratio takes the form
H 10
-

Normalising the expression to our nominal values we can write

H € V10 (e \V/10 [ @, \"1/10
he~000(55) (55) (=)
( r )visc 102 0.5 102
( 7 )1/10( gy )_]/10 Par -1/10
0.01 0.1 mm 1gcm3

~\1/20 M, 1/5 M\
&) (o) ()

This expression illustrates that the viscously heated inner-disc
scale height is only weakly dependent on orbital radius (e 7/20).
However, it strongly depends on the gas accretion rate onto the
central star, which evolves by orders of magnitude: from young
discs accreting at rates above M, = 107" Mgyr~!, to less than
10~ Mgyr~! closer to disc dissipation (see Eq.5). The gas scale
height depends weakly on the choice of @y, €jcqr, and €. How-
ever, g differs by orders of magnitude depending on the height
of heating layer (Section A.1), therefore acting as a key variable
in setting the gas scale height. The properties of the opacity-
carrying grains Z, dg, and pg only weakly influence the inner
disc aspect ratio, but the opacity contribution is certainly model
dependent (Section A.3).

This result can be compared with other expressions for mid-
plane viscously heated gas scale heights. When setting €pe, = 1
and € = 1, Eq. A.30 reduces to

(GM)T2P 202
(A.29)

3? GelfhealL(/JmH)“ Z

2772 @, osp\ ks AgrPgr

(A.30)

H @, \-1/10/ p \1/20 M, 1/5
2 0041 ( ) (—) L S BN
r 1073 AU 108 Mgyr! (A3
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which is here normalised to @, = 1073 to facilitate the compar-
ison to the frequently used fitting formula by Ida et al. (2016),
based on the work by Oka et al. (2011). Conveniently, we recover
the same power law scalings on orbital radius r, accretion rate
M, and a,. However, at 1 AU, Ida et al. (2016) reports a scale
height of H/r = 0.027 for M, = 10°8Myyr™! and a, = 1073,
which is below what we find here (see Fig. 1). In contrast, the
expression in Liu et al. (2019, his Appendix B) is compara-
ble, finding a scale height of H/r = 0.045 at 1 AU for M, =
1078 Moyr~" and @, = 1073. Their aspect ratio weakly decreases
with increasing orbital radius. This is due to their choice of a
dust opacity that is linearly dependent on temperature.

Appendix B: Drift-limited Stokes number

In the protoplanetary disc, as dust coagulates and grows bigger,
it decouples from the gas and feels a headwind that causes it
to inward-drift. This happens when the growth timescale of the
dust gets comparable to the drift timescale, leading to a limit
dimension that a certain dust grain can reach at a given position
in the disc before inevitably drifting inwards: the drift limit. The
drift-limited Stokes number can be computed by equating the
drift timescale (B.1) with the growth timescale (B.3). The drift
timescale is the ratio between the position in the disc and the
radial velocity of the dust grain:
r

Tarift = —»
Ur

B.1)

where v, is the pebble drift velocity given by (Nakagawa et al.
1986; Guillot et al. 2014; Ida et al. 2016):

U = -2 tz nog iy, (BZ)

T+se ™ 15s
where u, ~ —v/r ~ —a(H/r)*vk is the radial viscous diffusion
velocity. Here we approximate v, ~ —2Stnuk, considering that
typically St < 1; thus, St> + 1 ~ 1 and the second term in
equation (B.2) is mostly negligible. The growth timescale is
expressed as the ratio between the dimension of the grain and
its growth rate

a
tyrowth = > (B.3)
Qg
The grain growth rate follows (Birnstiel et al. 2012):
us| A
g = M, (B.4)
Per

where pqus 1s the dust volume density, o, is the grain density
and Av expresses the relative velocity between the grains, which
in the case of turbulent motion and similar-sized dust grains is
given by (Ormel & Cuzzi 2007)

1
Av = I v3a;Stcg,

where ¢, is the vertical stirring of the grains. Using the definition
of midplane density both for the dust and the gas p = 2/( V27H)

and approximating Haus ® +/@;/StH,s we can rewrite the grain
growth rate as

V3 Paas
4 pg

(B.5)

Z:clust
N
2"gas

Qgr = Stc.

(B.6)

Using Eqgs. (B.3) and (B.6), the growth timescale can be written
as

g 1 T
\/gpgas St ¢g Zqust

where the only assumption made so far is that the relative veloc-
ity between grains is due to turbulent motion (see Eq. B.5). The
expression that relates the dimension of the grain ag with its
Stokes number depends on the drag regime that the grains are
subjected to: Epstein drag (if agr < 9/4 Anfp) or Stokes drag (if
agr > 9/4 Anfp). In the first case the Stokes number is linear in
the grain dimension, in the latter it depends quadratically on the
grain dimension (Ida et al. 2016)

_ pufXx
{StEp - PgasCs agr

_ 4Pz Qg 2
StSt - 9pgus Csdmp  8F

Igrowth = dgr B.7)

9
Aor < = Amfps
gr ™ 37 mfp (B.8)

9
Agr > Z/lmfp s

where Ay, the gas molecule mean free path. At this point we
can equate the growth and the drift timescales in the two respec-
tive drag regimes to obtain an explicit expression for the Stokes
number of the particle.

Epstein regime We can compute the growth timescale in
Epstein regime by using the particle size in Eq. (11),

: 4 zgas
growth Ep = — = P
\/§QK Ep z:dust

where we introduced the parameter €, = 0.5 that represents the
coagulation efficiency between grains. We notice that the growth
timescale is independent on the density of the grain. Using the
continuity equation, Fpep = 27170, Zqust, We can express the peb-
ble surface density through the flux and then equate the growth
timescale (B.9) with the drift timescale (B.1) to get the pebble
Stokes number in the Epstein drag regime,

\/§€p F peb
Starift,Epstein = m,

where we assumed St?> + 1 ~ 1 and the pebble flux Fpep to be
Stokes-independent.

(B.9)

(B.10)

Stokes regime When the dimension of the pebbles becomes
comparable to the gas mean free path, they enter the Stokes drag
regime. In this case, the growth timescale will be given by

: 3 z:gas 6_1 /lmfp Pgr
th,St = — = >
g \/§ Zaust © Qg St Pgas

where we also added the coagulation efficiency coefficient ¢,.
Again, making use of the continuity equation and equating
growth and drift timescale we can calculate the explicit form of
the Stokes number in Stokes drag regime

O ey
drift,Stokes = \/g Fpeb pgasH GPQK

where Ang = (wmp)/(0HPgs) 1s the gas mean free path. Sum-
marising, the drift-limited Stokes number is given by equation
(B.10) if the pebble is drifting in Epstein regime and by equation
(B.12) if it is subjected to a Stokes regime.

By means of Egs. (B.8), one can derive the pebble dimension
(in cm) given its Stokes number. This is shown in Fig. B.1, which
represents the same pebbles as Fig.2 but translated into their
actual grain sizes rather than Stokes numbers.

(B.11)

-2/3
, (B.12)
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Fig. B.1: Pebble dimension as a function of their position for three different gas accretion rates (corresponding to ¢ =~ 0.1 Myr (left), r ~ 1.0 Myr
(central), and ¢t ~ 5.0 Myr (right) ), different fragmentation velocities (blue and orange branches) and different disc models (solid, dashed, and
dotted lines). This plot is complementary to Fig. 2 but shows dimensions in cm instead of Stokes numbers.
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