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ABSTRACT

Context. In the core accretion scenario of planet formation, rocky cores grow by first accreting solids until they are massive enough
to accrete gas. For giant planet formation, this means that a massive core must form within the lifetime of the gas disk. Inspired by
observations of Solar System features such as the asteroid and Kuiper belts, the accretion of roughly kilometre-sized planetesimals is
traditionally considered as the main accretion mechanism of solids but such models often result in longer planet formation timescales.
The accretion of millimetre- to centimetre-sized pebbles, on the other hand, allows for rapid core growth within the disk lifetime. The
two accretion mechanisms are typically discussed separately.

Aims. We investigate the interplay between the two accretion processes in a disk containing both pebbles and planetesimals for planet
formation in general and in the context of giant planet formation specifically. The goal is to disentangle and understand the fundamental
interactions that arise in such hybrid pebble-planetesimal models laying the groundwork for informed analysis of future, more complex,
simulations.

Methods. We combined a simple model of pebble formation and accretion with a global model of planet formation which considers
the accretion of planetesimals. We compared synthetic populations of planets formed in disks composed of different amounts of
pebbles and 600 metre-sized planetesimals to identify the impact of the combined accretion scenario. On a system level, we studied
the formation pathway of giant planets in these disks.

Results. We find that, in hybrid disks containing both pebbles and planetesimals, the formation of giant planets is strongly suppressed,
whereas, in a pebbles-only or planetesimals-only scenario, giant planets can form. We identify the heating associated with the accretion
of up to 100 kilometre-sized planetesimals after the pebble accretion period to delay the runaway gas accretion of massive cores.
Coupled with strong inward type-I migration acting on these planets, this results in close-in icy sub-Neptunes originating from the
outer disk.

Conclusions. We conclude that, in hybrid pebble-planetesimal scenarios, the late accretion of planetesimals is a critical factor in the
giant planet formation process and that inward migration is more efficient for planets in increasingly pebble-dominated disks. We
expect a reduced occurrence rate of giant planets in planet formation models that take the accretion of pebbles and planetesimals into
account.
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1. Introduction

In the core accretion paradigm, the formation of giant plan-
ets is inherently constrained by the lifetime of the circumstellar
gas disk. A protoplanet core must grow massive enough on the
time scale of a few million years in order to accrete significant
amounts of gas before the dispersal of the disk (Haisch et al.
2001). Classical planet formation models consider the accretion
of planetesimals (e.g. Pollack et al. 1996; Alibert et al. 2005).
From the size frequency distribution of Solar System aster-
oids, the diameter of primordial planetesimals is estimated to be
around 100 km (Bottke et al. 2005; Morbidelli et al. 2009). This
is supported by simulations of planetesimal formation through
the streaming instability (Schéfer et al. 2017). On the other hand,
observations of small Kuiper belt objects suggest a larger number
of kilometre-sized planetesimals (Arimatsu et al. 2019), which is
consistent with small primordial planetesimals (Schlichting et al.
2013). The exact size distribution of primordial planetesimals
remains uncertain. Core growth time scales using large planetesi-
mals are long, typically exceeding the disk lifetime (Pollack et al.
1996). However, giant planet formation is shown to be successful

in a planetesimals-only setting when sub-kilometre-sized plan-
etesimals are considered (Emsenhuber et al. 2021a, hereafter
NGPPS I). Even smaller, roughly millimetre- to centimetre-sized
objects called pebbles are more strongly affected by gas drag
and can be captured efficiently, forming cores quickly (Ormel
& Klahr 2010; Lambrechts & Johansen 2012). Planet forma-
tion models considering the accretion of such pebbles typically
produce giant planets comparatively easily while disregarding
planetesimal-like objects entirely (Lambrechts & Johansen 2014;
Bitsch et al. 2015; Briigger et al. 2018).

High-precision measurements of isotopes in meteorites sug-
gest that the early population of small bodies in the Solar System
has been separated into two reservoirs for ~2-3 Myr. The origin
of this dichotomy is unknown. The forming Jupiter is theorised
to have acted as a radial barrier for planetesimals (Kruijer et al.
2017; Brasser & Mojzsis 2020), whereas, other proposed expla-
nations link the dichotomy to protoplanetary disk effects such
as pressure bumps related to silicate and volatile evaporation
fronts (Lichtenberg et al. 2021; Izidoro et al. 2021; Morbidelli
et al. 2021). In order for proto-Jupiter to separate the drifting
pebbles for several millions of years, the core mass must remain
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at least around 20 Earth masses. In any standard planet forma-
tion model, this is very unlikely to happen. In this mass range,
the gravitational pull of the planet triggers rapid gas accretion,
quickly forming a Jupiter-like planet. In Alibert et al. (2018), a
Jupiter formation scenario using a combination of pebble and
planetesimal accretion is suggested to connect the Jovian for-
mation history to the observational constraints. They consider
the in situ formation of Jupiter in their proof of concept study.
Fast core growth to ~10-20 Earth masses within ~1 Myr is facil-
itated by the accretion of pebbles. At this mass, the further
accretion of pebbles is prevented by a pressure bump outside
the planetary orbit (Paardekooper & Mellema 2006; Lambrechts
& Johansen 2014). Slow planetesimal accretion can sufficiently
heat the envelope for the pressure to balance the gravitational
pull on the surrounding gas, delaying runaway gas accretion.
At some point, Jupiter grows massive enough to quickly accrete
large amounts of gas, reaching its present-day mass.

Motivated by this proposed formation scenario of Jupiter, we
investigate the consequences of a combined pebble and plan-
etesimal accretion model for the formation of giant planets and
planet formation in general. We modify the Bern model of planet
formation and evolution (NGPPS I) with a simple model of peb-
ble formation and accretion (Bitsch et al. 2015; Briigger et al.
2018). The Bern model of planet formation and evolution is a
global model that self-consistently computes the evolution of the
gas disk, the dynamics of the planetesimal disk, the accretion of
gas and planetesimals by planetary embryos, the planet-planet
N-body interactions, as well as planet-gas interactions such as
gas-driven migration.

Population synthesis allows one to probe a large part of the
parameter space of planet formation. For this reason, we inves-
tigate the effects of the two solid accretion mechanisms on a
population level. The primary goal here is to understand the
interplay of classical planetesimal accretion and pebble accretion
models, not to predict the characteristics of a physical population
of planets formed from a disk consisting of pebbles and plan-
etesimals. To remove the chaotic component of multi-planetary
systems, we investigate the formation of a single planet per
disk. This allows us to isolate the key differences in the forma-
tion pathway of planets forming in disks composed of pebbles
and planetesimals. A comparison to the observed population of
planetary systems would necessarily require the simultaneous
modelling of multiple planets per disk. To uncover the interplay
of the two accretion mechanisms, we vary the amount of peb-
bles with respect to planetesimals. We especially focus on giant
planet formation as a key topic of interest in the scientific debate
about the size of the accreted solids.

In Sect. 2, we give a brief overview of our planet formation
and evolution model. The pebble formation and accretion model
is described in more detail. In Sect. 3, we present the populations
emerging from different solid disk compositions. We compare
populations from a pure planetesimal disk, a pebble-poor (30%),
a pebble-rich (70%), and a pure pebble disk. We focus on the
formation of giant planets in Sect. 4. Particularly, we investi-
gate the onset of rapid gas accretion as well as the impact of
orbital migration and the pebble isolation mass. Finally, Sect. 5
is dedicated to a brief summary of the results and conclusions.

2. Theoretical models

We first give a short overview of the model components outlined
in Briigger et al. (2020) and described in great detail in NGPPS 1.
In particular, we detail the gas disk model, the treatment of
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planetesimals, the gas accretion model, and the planetary migra-
tion prescriptions. We then present the pebble formation model,
and finally, the pebble accretion model in more detail.

2.1. Gas disk model

The time evolution of the protoplanetary gas disk surface density

Ygas 1s governed by the 1D radially symmetric viscous diffusion

equation (Lust 1952; Lynden-Bell & Pringle 1974)
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where r is the orbital distance, Zgas,ph is the sink term related
to internal and external photo-evaporation following Mordasini
et al. (2012a), and Egas,pl is the sink term due to the accretion of
gas by planets. We use the v = acgy viscosity parametrisation

of Shakura & Sunyaev (1973), where ¢; is the isothermal sound
speed and H = ¢,/Qx is the vertical scale height at Kepler fre-

quency Qg = yGM,/r3, G being the gravitational constant and
M, the stellar mass. In this work we set @ = 0.002 (Emsenhuber
et al. 2021b, hereafter NGPPS II). The initial conditions of the
simulations are further described in Sect. 3.

The initial radial surface density profile is given by (Andrews

et al. 2010)
(2-p)
r Rin
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Here, % is the initial gas surface density at 5.2 AU, S is fixed to
0.9, Renar is the characteristic radius, and R;, is the inner radius
where the disk is truncated by the stellar magnetic field (see
NGPPS II). Typical values of these parameters are R;, = 0.05 AU
and Rgpar = 70 AU.

The midplane temperature Tpiq is calculated in a semi-
analytical approach considering viscous heat dissipation and
direct stellar irradiation (Nakamoto & Nakagawa 1994; Hueso
& Guillot 2005)

exp

r
Zeas(r) = X0 (5.2 AU)
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where osp is the Stefan-Boltzmann constant and E, = %EgastZK
is the viscous energy dissipation rate. The Rosseland mean opac-
ity «g is obtained from the minimum of the grain-free gas
opacities of Freedman et al. (2014) and the full interstellar opac-
ities of Bell & Lin (1994) obtained for a micrometre dust-to-gas
ratio of 1%. For the Planck opacity «p, we follow Nakamoto &
Nakagawa (1994). In reality, the disk opacities are coupled to the
evolution of dust which then influences the disk temperature and
density evolution. We refer to NGPPS I for a more detailed dis-
cussion of disk opacity. The temperature due to stellar irradiation
Ty depends on the stellar temperature 7', radius R,, and lumi-
nosity L, via (Adams et al. 1988; Ruden & Pollack 1991; Chiang
& Goldreich 1997; Hueso & Guillot 2005)

2 (Ry\' 1 (R\\*H L
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The stellar parameters are obtained from the stellar evolution
tracks of Baraffe et al. (2015). In this way, the temporal evolution
of the star affects the evolution of the disk temperature profile.
The stellar luminosity term accounts for the direct irradiation
contribution through the midplane, considering the optical depth
Tmid through the midplane (NGPPS I). The term with 7, = 10K
adds the heating due to the surrounding molecular cloud.
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2.2. Planetesimals

We divide the solids in the disk, given by the initial total solids-
to-gas ratio Zy, into planetesimals and dust such that Z =
Zplan + Zaust, as well as a 0.01 Mg embryo. The planetesimals are
described by a surface density with a dynamical state given by
their root mean square eccentricity and inclination (Fortier et al.
2013). The planetesimal disk evolves considering the effects of
aerodynamic drag (Adachi et al. 1976; Inaba et al. 2001; Rafikov
2004), dynamical stirring by protoplanets (Guilera et al. 2010)
and by other planetesimals (Ohtsuki et al. 2002). Initially, the
planetesimal surface density profile is steeper than the gas disk
profile (Drazkowska & Alibert 2017; Lenz et al. 2019) and the
planetesimals are in dynamical equilibrium with respect to their
self-stirring. We consider rocky and icy planetesimals inside and
outside the water ice line respectively. Due to sublimation in the
inner parts of the disk, there is a significant decrease in the plan-
etesimal surface density just inside the ice line. Hence the growth
via the accretion of planetesimals is most efficient just outside
the ice line. The planetesimal disk is initialised such that Zpj,,
is the total planetesimals-to-gas ratio. In Fig. A.1, we show the
initial radial gas and planetesimal surface density profiles of the
most and least massive planetesimal disks.

The planetesimal accretion rate Mplan of a planetary embryo
depends on the Kepler frequency Qg, the embryo mass over
stellar mass ration M/M,., the surface density of planetesimals
Zplan, as well as the collision probability of planetesimals peon
(Chambers 2006). It is given by

Mplan = QKiplanR%[pcolls &)
IPRVIEE . . - .
where Ry = r(m) is the Hill radius and X4, is the mean

planetesimal surface density in the planet’s feeding zone. The
feeding zone is centred around the planet with a radius Rgeq =
5Ry (Fortier et al. 2013) for circular orbits. This is always the
case in a single planet system.

The collision probability is a function of the planetesimal
dynamical state (Inaba et al. 2001; Chambers 2006) and the cap-
ture radius of the protoplanet, which is enhanced by the presence
of an envelope (Inaba & Ikoma 2003). The increased capture
radius over the physical radius is crucial for the overall plan-
etesimal accretion rate (Podolak et al. 1988; Venturini & Helled
2020). Especially for smaller planetesimals, this means the cal-
culation of gas accretion cannot be omitted at any stage of the
simulation.

2.3. Gas accretion model

The gas accretion is calculated by solving the 1D radially sym-
metric internal structure equations (Bodenheimer & Pollack
1986) which describe mass conservation, hydrostatic equilib-
rium, and energy transport respectively

oM
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where M is the mass enclosed in a sphere of radius r, P is
the pressure, and T is the temperature. The density p(P,T) is
obtained from the equations of state of Saumon et al. (1995). In

convective zones, the temperature gradient is given by the adia-
batic gradient V,4 from the equations of state. Otherwise we use
the radiative gradient (Kippenhahn & Weigert 1990)

3kLP

Vra = i
d 64nosgGMT4
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depending on the luminosity L of the planet and the envelope
opacity k. Following Mordasini et al. (2014), we reduce the
full interstellar opacity (Bell & Lin 1994) by a factor of 0.003.
This value is a fit to detailed simulations of the grain dynam-
ics in protoplanetary atmospheres (Movshovitz & Podolak 2008;
Movshovitz et al. 2010). The total luminosity includes the energy
contribution due to the accretion of solids and gas, as well as the
contraction of the envelope (Mordasini et al. 2012a,b; Alibert
et al. 2013). Solving the structure equations is crucially impor-
tant to self-consistently account for the feedback of planetary
luminosity and gas accretion.

The accreted gas mass is determined iteratively by compar-
ing the envelope masses between two iterations (Alibert et al.
2005). In the beginning, the gas accretion is limited by the capac-
ity of the planet to cool given its luminosity. As the core mass of
the planet increases, the cooling can be so efficient that the gas
accretion is limited by the supply of gas from the disk. Once
the planet reaches this threshold, the planet is considered to be
detached from the surrounding gas disk, accreting gas at the disk-
limited gas accretion rate following Bodenheimer et al. (2013).
In past iterations of this and similar models, the disk limited gas
accretion rate was either constrained by the radial flow of the gas
or used a Bondi- or Hill-like accretion scheme (NGPPS I). Both
are inconsistent with the expected reduction of gas accretion due
to the formation of a gap. This effect could only be ignored
assuming eccentric orbits where the planet can efficiently access
disk material despite the gap which is not applicable to the cir-
cular case of a single forming planet (Lubow et al. 1999; Bryden
et al. 1999). In Bodenheimer et al. (2013), this reduction to the
gas accretion rate is taken into account.

2.4. Orbital migration

A growing planet excites density waves in the gas disk through
the inner- and outer Lindblad resonances as well as the corotation
resonances (Goldreich & Tremaine 1979; Korycansky & Pollack
1993). A net torque is exerted on the planet resulting in orbital
migration, so-called type-I migration (Ward 1997; Tanaka et al.
2002). The positive torque of the Lindblad resonances inside the
planetary orbit and the negative torque of the outer resonances
usually result in migration towards the star. The corotation torque
can be positive or negative, allowing outward migration for lower
mass planets (Dittkrist et al. 2014). The net torque depends on
the local gas surface density gradient, the temperature profile,
and the entropy. We follow the approach of Coleman & Nelson
(2014) based on the torques of Paardekooper et al. (2011) includ-
ing the attenuation of the corotation torque due to eccentricity
and inclination (Bitsch & Kley 2010; Fendyke & Nelson 2014;
Coleman & Nelson 2014).

As the planet grows more massive, it tidally interacts with
the gas disk, locally decreasing the gas surface density until a
gap forms (Lin & Papaloizou 1986). In this so-called type-II
migration regime, the orbital migration rate can be significantly
lower than in the type-I regime. We use the gap opening cri-
terion of Crida et al. (2006) as the transition threshold from
type-I to type-II migration for a planet of mass M orbiting with
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We adopt the smooth transition from the type-I to the type-II
regime of Dittkrist et al. (2014) and for the type-II migration
direction and rate, we follow their approach where the planet
moves along with the radial velocity of the gas (Pringle 1981).
For even higher mass planets, the migration rate is limited by the
disk-to-planet mass ratio corresponding to the fully suppressed
case in Alexander & Armitage (2009).

2.5. Pebble formation model

The dust surface density Zgus = Zgust Zgas follows the evolu-
tion of the gas disk surface density. The dust disk provides the
mass reservoir for pebble formation and we identify the fraction
fpeb = Zaust/Zior as the initial dust fraction. Since it is the param-
eter that is varied to change the amount of pebbles in the disk,
we call it the pebble fraction. It marks the theoretical maximum
fraction of solids that can be converted into pebbles. Because the
dust surface density decreases with time following the gas sur-
face density evolution, not all of the initial dust is converted into
pebbles. Given the total solids-to-gas ratio Z, and a fixed value
0 < foep < 1, which are both initial conditions of the model, the
planetesimals-to-gas fraction is simply Zyjan = Ziot(1 = fpen). We
note that in this way, the total initial solid mass in the system
is independent of the value of fp.,. However, since the different
species of solids do not evolve in the same way, the available
solid mass at a later time is strongly impacted by the choice of
fpeb- Most notably, pebbles neither form nor drift in the absence
of the gas disk, whereas planetesimal accretion is not directly
tied to the lifetime of the disk.

The location of pebble formation r, called growth radius, is
defined by equating the pebble formation and drift time scales.
Assuming Epstein drag, Lambrechts & Johansen (2014) find

16 (1D

1/3
re(f) = (—GM*) (€Zaust 0.
Here, ¢4 = 0.5 is a free dust to pebble growth parameter. We
use this prescription to determine the location of pebble forma-
tion given the initial dust-to-gas ratio Zq,y. The outward moving
growth radius leaves behind inward drifting pebbles, inducing a
mass flux

. dry
Mpeb(r) = 27TVg Ezdust(rg) (12)

for r < ry. Equation (12) assumes that the pebble flux instanta-
neously adapts to the conditions at r,. The pebble surface density
inside the growth radius is then given by

M, peb

2nro,

z:peb = (13)

assuming all of the dust converts to pebbles. This means that
Zqust vanishes and is replaced by X, inside of r,. Pebbles drift
radially with the velocity v;, depending on the Stokes number St
(Weidenschilling 1977)

St
St + 1
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o= =2 Av, (14)

where Av = nuk is the sub-Keplerian headwind velocity given

2
by the Kepler velocity vk = rQx and p = —% (ﬂ) dnP for a disk

r dlnr
scale height H and a pressure P at a radius r. Lambrechts &

Johansen (2014) find a typical pebble Stokes number of

\/gepzdust
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with a pebble growth efficiency ¢, = 0.5. We adopt this prescrip-
tion outside the ice line. We ignore erosive collisions of pebbles
for both the pebble formation timescale as well as the resulting
pebble size. By assuming pebble growth is only limited by radial
drift, the pebble sizes are slightly overestimated in the inner parts
of the disk at early times. In more turbulent disks, depending
on the fragmentation velocity, the fragmentation of pebbles can
be non-negligible resulting in different pebble sizes (Birnstiel
et al. 2010). The pebble size and size distributions affect the
disk opacity and in turn the disk structure (Savvidou et al. 2020).
Smaller pebbles drift more slowly resulting in higher pebble sur-
face densities. The pebble flux, however, does not change in this
model as it is directly given by the radial velocity of the growth
radius.

The abundance of the dominant volatile species in icy peb-
bles (only water in this model) is assumed constant over the
course of their inward drift up to the ice line in accordance
with Eistrup & Henning (2022). After the sublimation of ice at
the ice line crossing (Ida & Guillot 2016), the growth and drift
timescales do not balance anymore and Eq. (15) does not hold
in the rocky pebble region. For the approximately chondrule-
sized (Morbidelli et al. 2015; Shibaike et al. 2019) rocky pebbles
inside the ice line we use the definition of the Stokes number
(Weidenschilling 1977)

Tst0p UK

St = (16)

r

where £, is the stopping time due to the gas drag, depending on
the particle size and the local gas properties. The Stokes num-
ber is calculated in the appropriate drag regime (Rafikov 2004)
assuming a particle radius of 1 mm (Friedrich et al. 2015). We
model the consequential pebble mass loss with a reduction of the
pebble mass flux by a factor of 0.5 inside the ice line.

At t = 0, the solids in the disk consist of a planetary embryo,
planetesimals, and dust which is forming pebbles. If planetes-
imals and embryos form from pebble-like objects themselves,
we slightly overestimate planetary growth in the first ~10° yr by
using this approach. There are models that connect the forma-
tion of planetesimals to the pebble disk, for instance by using
a pebble flux-regulated approach and invoking the streaming
instability in local pebble traps (Lenz et al. 2019; Voelkel et al.
2020). In Voelkel et al. (2021), this approach is extended to
the dynamic formation of embryos from the formed planetesi-
mals. However, since the dust is quickly converted into pebbles
in anywhere between 10° and 10° yr depending on the disk and
since planetesimal accretion onto 1072 Mg objects is inefficient,
the planetary embryo cannot grow significantly by planetesimal
accretion in the time needed until the dust is converted into peb-
bles. This means that the disk quickly consists of planetesimals
and a planetary embryo that is mainly accreting pebbles. Hence,
the overestimation stemming from using this simplified approach
is small and does not impede the main goal of understanding the
interplay of the two accretion mechanisms.



Kessler, A. and Alibert, Y.: A&A proofs, manuscript no. aa45641-22

2.6. Pebble accretion model

We consider the accretion of pebbles onto planets following
Johansen & Lambrechts (2017). The relative velocity év of a
pebble approaching a protoplanet is given by
ov = Av + QgRyce, a7
where R, is the accretion radius of a planet as defined below.
For lower mass planets, the pebble approach velocity is domi-
nated by the headwind Av compared to the Keplerian motion of
the planet. This is referred to as the headwind or Bondi regime.
For more massive planets, 6v is dominated by the shear velocity.
We consider this to be the case when the Hill speed vy = QgRy
exceeds the headwind velocity Awv, entering the shear or Hill
regime. This represents a transition as the planet reaches the
mass M = 3p°M,. In the strong pebble—protoplanet coupling
limit, where friction timescales are short compared to encounter
timescales, the accretion radii in the headwind regime (top) and
the shear regime (bottom) are given by (Johansen & Lambrechts
2017)

R.. =

acc

(18)

(%) Ry,

with 77 = St/Qg, the Bondi radius Rg = %, and the Hill
radius Ry. To account for weaker interactions when the friction
timescale is longer than the encounter timescale t. = GM/(Av +
QgRy)?, the accretion radii are modified by (Ormel & Klahr
2010)

Race = R; 6_0'4(Tr/t°)0.65.

acc

(19)

We further distinguish between 3D accretion, where the
accretion region is fully embedded in the pebble disk, and
the more efficient 2D accretion, which occurs when the accre-
tion radius R, reaches beyond the pebble scale height Hpe, =

H(1+ 212897 (youdin & Lithwick 2007). Here @ = 0.002

@ T+St
is the @-viscosity parameter. The 2D and 3D pebble accretion

rates are

MZD = 2Racczpeb6Us

y 2
Msp = nRaccpPebdv’

(20)
2D

where ppeb = Zpen/( \/ﬂHpeb) is the midplane pebble density.
Inserting the appropriate expression for R, into Egs. (20) and
(21) respectively, yields four possible pebble accretion rates.

Pebble accretion stops when the pebble flux vanishes. This
can be due to the exhaustion of the outside solid mass reser-
voir. In this model, this corresponds to the growth radius r,
reaching the outer edge of the gas disk. Another mechanism for
stopping the pebble flux is the so-called pebble isolation mass
(Lambrechts & Johansen 2014; see also Ataiee et al. 2018; Bitsch
et al. 2018; Shibaike & Alibert 2020)

H/r 3
Mg ~ 20| —— | Mg.
‘ (0.05) k

(22)
At this mass, the planet perturbs the gas disk outside the planet
sufficiently in order to create a region of super-Keplerian gas
flow. In this zone, the drifting pebbles from further outside

encounter a tailwind instead of a headwind. Thus, pebbles
stop drifting and pile up outside the planet. This stops the
pebble accretion onto the planet responsible for this pressure
bump, as well as starving all potential inside planets of pebbles
(Paardekooper & Mellema 2006). The value of the pebble isola-
tion mass depends on the particular disk via the scale height H
in this prescription but, typically, it is equal to roughly one Earth
mass at 0.1 AU and increases to 20-30 Mg at 1 AU due to the
flared disk structure. Beyond that distance, planet cores almost
never reach the even larger pebble isolation mass because the
growth radius reaches the outer disk edge before. This does not
imply that core masses do not easily exceed tens of Earth masses
outside of 1 AU when pebble accretion stops. Even though plan-
ets are exposed to the flux of pebbles for a shorter amount of
time, depending on the disk, core growth can be significant up to
the maximum of 40 AU considered here.

3. Population synthesis outcomes

We simulate the formation and evolution of 1000 single-planet
systems around solar mass stars for different fixed values of fpcp.
Since we focus on the formation stage rather than the long term
evolution of planets, we present populations after 2 Gyr of time
evolution which is well beyond the longest gas disk lifetimes of
up to 107 yr considered here. We compare the planetesimals-
only case, where fpep, = 0, to the pebble-poor (fpep = 0.3), the
pebble-rich (fpep = 0.7), and the pebbles-only (fpep = 1) cases.
Following NGPPS I, we use planetesimals with a diameter of
600 m, a fixed viscosity @ = 0.002, and an initial gas disk slope
parameter of 8 = 0.9 for all populations. For each of the 10
systems within a population, the initial gas disk mass, the inner
radius Rj,, and the total solids-to-gas ratio Z, are varied. In
order to compare the populations using different pebble frac-
tions, we choose the same initial conditions for all four sets of
simulations.

The solids-to-gas ratio Z is given by normally distributed
stellar metallicities of Santos et al. (2005) under the assump-
tion of an equal disk and stellar dust-to-gas ratio. We use the
gas disk masses of Tychoniec et al. (2018) which are obtained
from continuum dust emission spectra assuming a dust-to-gas
ratio of 0.01. We assume a log-normal distribution and correct
for the actual, not necessarily equal to 0.01, solids-to-gas ratio
in our setup. The inner radius Rj, is given by the corotation
radius with respect to the stellar rotation which is obtained from
a log-normal distribution of stellar rotation periods of T-Tauri
stars (Venuti et al. 2017). Given these parameters, the charac-
teristic radius Rep,r and the initial surface density at 5.2 AU X
are determined. The external photo-evaporation rate parameter
M ying (see NGPPS 1) is also varied for each system following a
log-normal distribution. Note that since the initial stellar mass
is fixed to one solar mass, the initial internal photo-evaporation
rate is not varied. In Table 1, we list the distribution parameters
of the varied quantities. The distributions of the initial gas disk
masses and the characteristic disk sizes are shown in Figs. A.2
and A.3. Note that, compared to NGPPS II, the protoplanetary
disks are slightly less massive since we now correct the assumed
dust-to-gas ratio of 0.01 in Tychoniec et al. (2018) to the actual
one in the calculation of the initial gas disk mass. In every disk,
a 0.01 Mg embryo is randomly placed at up to 40 AU following
a log-uniform distribution at the beginning of the simulation.

The planet masses are displayed in Fig. 1 as a function of
semi-major axis for the different populations. The colour shows
the constitution of the accreted solid material: the darkest dots
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Fig. 1. Planet mass over semi-major axis of one thousand single-planet simulations after 2 Gyr for pebble fractions fp,., = O (planetesimals-only),
Jpeb = 0.3 (pebble-poor), fper = 0.7 (pebble-rich), and fpe, = 1 (pebbles-only). The solid-line boxes highlight planet masses of 0.5-6 Mg in the
inner disk region up to 0.2 AU. The dashed-line boxes highlight planet masses above 0.1 Mg outside of 10 AU. The boxes are labelled with the
percentage of planets in these regions. The colour of the points indicates the fraction of accreted pebbles compared to the total mass of accreted
solids. The darkest points are fully planetesimal-formed planets and the brightest points are planets formed only by pebbles. The encircled points
are planets that formed from the same disk with different pebble fractions. Their formation paths are further examined in Sect. 4.

Table 1. Distributions of varied initial parameters of the population
synthesis.

Parameters Mean Deviation
Z u=-0.02 o=0.22
Mg, logg(u/Mgo) = —1.49 o = 0.35 dex
P, log,o(u/d) = 0.676 o = 0.306 dex

M yina logIOQJ/(Msolyr‘l)) =-47 o =1dex

have accreted planetesimals only, whereas the lightest dots are
dominated by pebble accretion.

The top-left panel shows the synthesis outcome using only
planetesimals without any pebbles present. It features a few giant
planets above 100 Mg around 0.3 AU. The fact that only a few
giants form is due to the rather low-mass disks generated here
as well as the absence of other planetary embryos (NGPPS I).
Nevertheless, this confirms once more that in disks that are
massive enough and contain enough small planetesimals, it is
possible to form giant planets. Around 0.1 AU, there is a lower
number density of roughly Earth mass planets compared to the
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simulations containing increasing amounts of pebbles, shown
in the top-right, bottom-left, and bottom-right panel (see solid-
line boxes). This is explained by the fact that inner planets have
access to much more mass in the form of drifting pebbles from
the whole disk rather than locally available planetesimals. The
more massive planets found in the same region are formed fur-
ther outside, around a few AU, where growth via planetesimal
accretion is efficient. These planets start to migrate inwards more
quickly once they reach a few Earth masses (see Sect. 2.4) popu-
lating the higher-mass demographic of the inner disk. Outside of
10 AU, there are few planets above 0.1 Mg as shown by dashed-
line box in the top-left panel. Low planetesimal accretion rates
of low-mass planets in the outer regions of the disk, even with
small 600 metre planetesimals, are expected (NGPPS I). This is
due to the low collision probability, large orbital period, and low
planetesimal surface density in the outer disk.

In the pebble-poor and pebble-rich populations shown in
the top-right and bottom-left panel of Fig. 1, no giant plan-
ets are formed. More precisely, there are no planets where the
envelope mass exceeds the core mass and the maximal planet
mass decreases to about 74 Mg (fper = 0.3) and 34 Mg (fpeb
= 0.7) as the pebble fraction increases. More planets above
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a few Earth masses end up on close orbits compared to the
planetesimals-only simulation. While roughly 24% of planets
grow more massive than one Earth mass in the planetesimals-
only case, this percentage increases up to about 34% with
increasing pebble fraction. We find that, as a consequence, in
the planetesimals-only case 15% of all planets migrate to closer
than half their initial distance, whereas almost 23% of all plan-
ets do so in the pebble-rich simulation. The increased number
of strongly migrating planets is, however, not only due to the
larger number of planets above one Earth mass. Due to the early
growth by pebbles, planets are more massive while still inside
a more dense gas disk which enhances migration rates. We find
that among the planets that grow beyond one Earth mass, 59%
migrate significantly (decay more than half their initial separa-
tion) in the planetesimals-only case, whereas 70% do so in the
pebbles-only case. Such increased migration rates for pebble-
formed planets have been reported before (e.g. Briigger et al.
2020). Planets in this mass range normally enter the type-II
migration regime due to runaway gas accretion, once pebble
accretion stops. But since these planets do not end up rapidly
accreting gas due to the continuously heated envelope by plan-
etesimal accretion in our simulations, slower type-II migration
is never reached. We investigate the (non-)formation of giant
planets more closely in Sect. 4. Compared to the planetesimals-
only population, we observe more planets approaching 1 Mg
outside of 10 AU (dahsed-line boxes) as well as more planets
around a few Earth masses in the inner disk regions (solid-line
boxes). These planets are increasingly pebble-dominated with
larger pebble fractions, as can be seen from the colour mapping
in Fig. 1. In the regions where growth via planetesimal accre-
tion is efficient, many planets still end up accreting more of their
mass in the form of planetesimals. This is possible since after
pebble accretion stops, by reaching the pebble isolation mass,
depletion of pebbles, or due to the dispersal of the gas disk, the
planets continue to accrete planetesimals.

In the pebbles-only simulations shown in the bottom-right
panel, the before mentioned increased inward migration trend
persists. Planets that do not accrete a large envelope never grow
more massive than about 10 Mg. However, some of the most
massive planets can accumulate a large envelope and slow their
migration significantly. Several giant planets of roughly one
Jupiter mass and more are formed around and inside of 1 AU.
This agrees with the previous findings of more frequent giant
formation in pebble accretion models (Lambrechts & Johansen
2012; Bitsch et al. 2015). In the outer disk, planets grow more
massive with increasing pebble fractions (see dashed-line box)
since planetesimal accretion rates are low in this region. Pebbles
on the other hand, can also be accreted at large distances once
the growth radius moves past the planet. For f ey, = 1, the number
density of planets above 0.1 Mg in the outer region (dashed-line
box) is again lower compared to the pebble-rich case because
planets tend to migrate inside of 10 AU. The pebble accretion
period ends when all the dust is converted to pebbles, ultimately
limiting the core masses that can be reached in the pebbles-only
scenario.

4. Giant planet formation

It is not surprising that giants can form from pebbles alone
(Lambrechts & Johansen 2012) or from small planetesimals
alone (NGPPS I). We do not aim to discuss giant formation path-
ways in those cases in detail again but use them as a reference for
the hybrid setups. We focus on the mechanisms preventing giant
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Fig. 2. Formation tracks of a planet during 2 Gyr with pebble fractions
Speb from O to 1 in increments of 0.1 (colours) using the same disk that
gives rise to the encircled planets in Fig. 1. The tracks of the four cases
(fpeb =0,0.3,0.7, 1) shown in Fig. 1 are again marked by a red circle.

formation that arise from the interplay of planetesimal and peb-
ble accretion which can be best understood from the formation
history on a system level.

The formation of an envelope due to the accretion of gas is
strongly coupled to the accretion of solids. On one hand, the
increase of the core mass of a planet positively affects the onset
of gas accretion. On the other hand, the liberated gravitational
energy of the impacting solids heats the envelope, increasing the
pressure, which is counteracting the pull of the planet on the
surrounding gas. In addition, the different solid accretion rates
due to pebbles or planetesimals strongly impact the migration
behaviour of the planet.

Figure 2 shows an example where a giant planet is formed in
the strongly planetesimal-dominated cases with fpep, =0, 0.1, and
0.2. As seen before, a giant planet can also form in the pebbles-
only simulation (f,ep = 1). In all other cases shown in pebble
fraction increments of 0.1, no giant planet is formed. The for-
mation paths of the encircled planets in Fig. 1, corresponding
0 fpeb = 0, 0.3, 0.7, 1, are again highlighted with a red circle
at the planet mass and location at 2 Gyr. This disk is ideal in
order to dissect the differences causing the strongly contrasting
formation outcomes for different values of fpp. We note, how-
ever, that the effects observed here are general since a similar
pattern is observed in other systems that form giant planets in
the pebbles-only case but fail to produce giants when a fraction
of the solids is in the planetesimals. We hence consider it a rep-
resentative example when it comes to giant (non-)formation in
our simulations. The initial conditions of this particularly giant
planet favouring disk are shown in Table 2. Listed are the total
solid-to-gas ratio Z,, the gas surface density at 5.2 AU X, the
inner and characteristic disk radii R;, and Ry, the external
photo-evaporation parameter My;inq, and the initial position of
the embryo ajy;.

After an initial phase of inward migration from its starting
location at almost 8 AU, the planet can migrate outwards slightly
before significantly migrating inwards in all simulations. The
planetesimals-only planet (darkest line) grows massive enough to
trigger runaway gas accretion, carving a gap in the gas disk and
subsequently migrating slower in the type-II migration regime.
The same happens in the 10% and 20% pebble fraction cases
but the inward migration is stronger, causing the runaway gas
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Table 2. Specific initial parameters of the system of interest in Sect. 4.

System specific parameters Values

Z 0.012

) 237 gem™?

Rin 0.049 AU

Rchar 120.8 AU

Mwind 9.1921 x 107° Mo yl'i1
Uinit 7.97 AU

accretion to happen when the planet is already closer in. This
is explained by the increased early core growth rate due to the
accretion of pebbles. The outcome is a planet that ends up on a
closer in orbit the higher the pebble fraction is. The pebbles-
only planet (brightest line), on the other hand, grows so fast
that it reaches a higher core mass more quickly, entering type-
II migration earlier and on a wider orbit. At 2 Gyr, the mass of
the formed giant lies between 3 and 4.9 M; and orbits between
0.15 and 0.9 AU. In all the other simulations with pebbles and
planetesimals in the disk, the planet migrates all the way to the
inner disk edge at about 0.05 AU and has a mass between 23 and
70 Mg. Note that they lose a small amount of envelope mass over
time due to photo-evaporation close to the star.

It is apparent from the tracks shown in Fig. 2 that even when
only a small fraction of the mass is in the planetesimals, the
formation of giant planets is suppressed. We find that, in this
particular disk, a pebble-dominated giant planet can only form
when the fraction of planetesimals is below 2%, that is for fpep
> 0.98. We further note that, as mentioned already in Sect. 3,
the increase of the amount of pebbles with respect to planetesi-
mals does not lead to a higher final mass of the planet. Rather, it
leads to smaller final planetary masses in the case of these large
planets that almost grow to giant planets.

The formation pathway of the same system is again presented
in Fig. 3 in terms of core and envelope mass, core accretion
rate, and semi-major axis as a function of time. For the sake of
clarity, we only show the simulations using the pebble fraction
values fpep =0, 0.3,0.7, and 1. In all cases, the growth radius 7,
has not yet reached the embryo’s location before 10* yr. In this
early phase, only planetesimal accretion is possible and the total
core accretion rate is equal to the planetesimal accretion rate (the
dashed and solid lines in the middle panel overlap). Since the
planetesimals are in an equilibrium state with respect to self-
stirring at the initialisation of the simulation, the accretion rates
can be moderate. Within a few 10* yr, the embryo starts exciting
the planetesimal dynamical state and the planetesimal accretion
rate drops as a result. Unsurprisingly, the rates are lower when
less planetesimals are present in the disk.

When r, moves outside of the planet orbit, there is an imme-
diate increase in the total core accretion rate due to the onset
of pebble accretion. This happens earlier for higher pebble frac-

tions due to the Zﬁl/] :t dependence of the growth radius. As a
result, planet cores are formed earlier the larger the pebble frac-
tion is. The pebble accretion rate is higher for larger values of
Jpev- In disks containing more than 70% pebbles, pebble accre-
tion is always more dominant than planetesimal accretion for
planets below the pebble isolation mass. In the pebble-poor case
(fpeb =0.3), the large amount of planetesimals allows for plan-
etesimal accretion rates to become comparable to the accretion

rate of pebbles once the core grows more massive. Note that the
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Fig. 3. Time evolution of a planet forming in disks of varying pebble
fraction fe (the four encircled cases in Fig. 2). The top panel shows the
core mass (solid lines) and the envelope mass (dashed lines), the middle
panel shows the total solid accretion rate (solid lines) and the planetesi-
mal accretion rate for the f(., = 0.3 and ., = 0.7 cases (dashed lines).
In the bottom panel, the semi-major axis over time is displayed.

initial spike in the total solid accretion rate at the start of peb-
ble accretion is a numerical effect due to the crossing of the
growth radius and the planet location, which has an insignificant
effect on the planet formation pathway and final outcome. The
additional step-like features in the pebble-rich (fpep =0.7) and
pebbles-only (fpep =1) cases are due to changes of the pebble
accretion regime according to Sect. 2.6.
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The planet stops accreting pebbles between 0.1 and 0.3 Myr
depending on the pebble fraction, causing the visible drop in
accretion rate (see all lines except the darkest). The value of the
pebble isolation mass increases towards greater separations from
the star given by Eq. (22). At this point in time, the planet orbits
at 7AU in all simulations that contain pebbles. In this region,
M, is above the 13 M, of the planet in all cases. Hence, the peb-
ble accretion stops because all the dust is converted into pebbles
all the way to the outer disk edge. As noted before, the growth
radius moves through the disk more rapidly the larger the dust
fraction is which results in the pebble accretion phase ending
earlier for higher pebble fractions.

After pebble accretion stops, the core can only grow further
through planetesimals for the rest of the formation process so the
total core accretion rate is again equal to the planetesimal accre-
tion rate. The availability of planetesimals, meaning the value
of fpev, dictates the core accretion rate. In the fpe,=1 case,
this means the final core mass is directly limited to the peb-
ble isolation mass or by the mass reached when the pebble flux
ceases.

As shown in the top panel of Fig. 3, the planet can already
accumulate a small envelope during the pebble accretion phase.
When the core accretion rate suddenly drops, the gas accretion
rate increases immediately due to the lowered luminosity asso-
ciated with solid accretion, resulting in a steep increase of the
envelope mass. In the fpe, =1 case, the planet undergoes run-
away accretion of gas as already seen in Fig. 2. In both the hybrid
cases, however, the envelope mass never exceeds the core mass
and the gas accretion is not sufficient to form a gap which would
slow down the inward migration. As a consequence, the planet
moves to the inner disk edge in just about 0.2 Myr.

4.1. Delay of runaway gas accretion

The onset of rapid gas accretion is prevented when the planet
keeps accreting planetesimals after pebble accretion stops. This
suggests that the remaining accretion heating due to planetes-
imals is responsible for the delay of runaway gas accretion. It
begs the question, however, whether this finding is just a result of
the small size of the planetesimals chosen. By using large 100 km
diameter planetesimals, we test the fp,ep = 0.7 case for lower plan-
etesimal accretion rates and subsequently less envelope heating.
The blue lines in Fig. 4 show the equivalent formation pathway
in the large planetesimal case as the red lines representing the
600 m simulation. The red lines, shown as a comparison, are
identical to the ones in Fig. 3. The general outcome remains the
same but the planetesimal accretion rate is reduced by about an
order of magnitude. Albeit lower, the heating is still sufficient
to prevent runaway gas accretion as the envelope mass does not
exceed the core mass and the planet still migrates inwards all
the way through the disk. This is compatible with the minimum
core accretion rate to prevent runaway gas accretion of roughly
107°-107% Mgyr~! predicted in Alibert et al. (2018).

The green line in Fig. 4 shows the exact same setup but
the accretion of planetesimals is disabled. Disregarding the low
planetesimal accretion rates early on, these planets follow the
same formation path up to the end of pebble accretion as in the
blue case, even though there are less available solids in the disk.
After pebble accretion stops, the core mass is fixed and no further
heating due to the accretion of solids can occur. The planet enters
the runaway gas accretion regime shortly after since the envelope
cools rapidly in the absence of solid accretion. As before in the
planetesimals-only and pebbles-only cases, the planet migrates
more slowly in the type-II regime allowing them to halt outside
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Fig. 4. Time evolution of a planet forming in a fp, = 0.7 disk
with 100 km planetesimals (blue) and disabled planetesimal accretion
(green). The nominal fe, = 0.7 case using 600 m planetesimals (red) is
again shown for comparison. The top panel shows the core mass (solid
lines) and the envelope mass (dashed lines), the middle panel shows the
total core accretion rate (solid lines) and the planetesimal accretion rate
(dashed line). In the bottom panel, the semi-major axis over time is dis-
played.

the inner disk edge. Instead of moving all the way inside, as
with ongoing planetesimal accretion, a 4.5 M planet is formed
at 0.75 AU.

Since the remaining accretion of planetesimals after peb-
ble accretion stops is the only difference between the green
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Fig. 5. Planet mass over semi-major axis diagram of the in situ popula-
tion for f{,., =0.7. The opaque black lines are the radial pebble isolation
mass profiles of all disks at 107 yr.

and blue curves, we identify the associated heating as a cru-
cial mechanism that is preventing giant formation in hybrid
pebble-planetesimal disks in our model. This has, however, also
consequences on the migration of planets. We study the role of
migration on giant formation in the following section.

4.2. Inward migration

Since, after pebble accretion stops, the core keeps growing
through planetesimal accretion and gas accretion is slowed but
not halted entirely, the onset of runaway gas accretion is delayed
and not necessarily impossible. The reason why giant formation
is prevented altogether in our simulations, is because massive
planets that are just about to cross the gas runaway threshold
migrate to the inner disk edge within a few 10° yr (see bot-
tom panels in Figs. 3 and 4) before they can accrete gas rapidly
and carve a gap. We contrast the nominal fpe, = 0.7 population
shown in Fig. 1 with the same population without migration to
underline this. While the in situ formation of planets is unlikely,
it can give a good impression of the impact migration has. As
shown in Fig. 5, there is an abundance of giant planets formed
from 1 AU all the way to 40 AU in the fpe, = 0.7 case without
migration. Note that in the inner disk, the pebble isolation mass
is too low to allow runaway gas accretion. As a consequence,
there is an over-density of planets following the (H/r)? slope of
the isolation mass prescription. These planets correspond to the
pebble-dominated planets in the inner disk which exist in every
simulation with pebbles shown in Fig. 1 but when also consid-
ering migration, the pebble isolation mass slope is washed out
in the mass over semi-axis diagram. Since the disk aspect ratios
vary and evolve over time, the pebble isolation mass is different
for all disks. The opaque black lines in Fig. 5 are the pebble isola-
tion masses as a function of distance for all disks at 10> yr. They
give an intuition for the value of the pebble isolation mass in the
different disk regions at the time when inner planets typically
approach this mass range.

In Fig. 6, the frequency of giants forming in situ in increas-
ingly pebble-dominated disks is shown in pebble fraction incre-
ments of 0.1 assuming Poisson distributed values for the uncer-
tainty band (blue lines). The giant planet occurrence rate is
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Fig. 6. Frequency of giants formed in the single-planet in situ sim-
ulations depending on the fraction of pebbles are shown in blue. For

comparison, the giant planet frequencies obtained from the nominal
populations in Fig. 1 are shown in orange.

obtained from in situ populations of 103 systems per value of
fpev after 2Gyr. We consider planets to be giants here if the
envelope mass exceeds the core mass. There is a general trend
of increasing number of giants formed with larger pebble frac-
tions. The frequency increases from 2% to 3% up to about 11%
as the disks become more pebble-dominated. This is in clear con-
trast to the results obtained with migration enabled shown before
where, even in the pebbles-only case, the giant planet frequency
is below 4% (orange points). The envelope heating effect due to
the accretion of planetesimals is easily overpowered when plan-
ets, unrealistically, form in situ. We thus identify the delay of
runaway gas accretion combined with strong inward migration to
be responsible for the observed phenomenon of no giants form-
ing in our nominal simulations of hybrid pebble—planetesimal
disks.

4.3. Pebble isolation mass

Another possible influence to giant planet formation comes from
the value of the pebble isolation mass. Since this mass sets an
upper limit to pebble accretion, it could be too low for signif-
icant gas accretion to happen, especially in the inner regions
of the disk. As already shown in Fig. 1, giants can form in a
pebbles-only setting in the outer disk, where Mj, is large, and
subsequently migrate closer in. Also in the in situ fpe, = 0.7 case
in Fig. 5, the pebble isolation mass is only reached by plan-
ets inside of roughly 0.7 AU. Outside of that, pebble accretion
is rather limited by the depletion of pebbles or the disk life-
time. In Fig. 7, the population for fpe, = 0.7 is shown with a
doubled value of the pebble isolation mass. It is qualitatively
indistinguishable from the nominal pebble-rich case in the inner
disk and identical in the outer disk where planets do not reach
pebble isolation anyway. Even an overestimated value of Mjg,
does not assist the formation of giants anywhere in a hybrid
pebble—planetesimal disk. Close to the inner edge, where the
pebble isolation mass is lowest and a change of Mi,, shifts plan-
etary masses accordingly (see solid-line box), giant formation is
unlikely due to inward migration. For this reason, giant forma-
tion models normally focus on initial orbital distances of several
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Fig. 7. Planet mass over semi-major axis diagram of the population for
Jpeb = 0.7 with a pebble isolation mass that is double the value given in
Eq. (22). The solid-line box highlights planet masses of 0.5-6 Mg in the
inner disk region up to 0.2 AU. The dashed-line box highlights planet
masses above 0.1 Mg outside of 10 AU. The boxes are labelled with the
percentage of planets in these regions.
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Fig. 8. Planet mass over semi-major axis diagram of the population for
frevb = 0.7 with a lowered pebble formation efficiency (&4 = €, = 0.05
instead of 0.5). The solid-line box highlights planet masses of 0.5-6 Mg
in the inner disk region up to 0.2 AU. The dashed-line box highlights
planet masses above 0.1 Mg outside of 10 AU. The boxes are labelled
with the percentage of planets in these regions.

AU where we find the accretion heating of the envelope and
inward migration to be the dominant mechanisms at play.

4.4. Pebble flux timing

As mentioned in Sect. 2.5, the pebble growth radius sweeps
through the disk within about 1 Myr in this model. There is,
however, observational evidence of pebbles in disks that are
much older than that which suggests that a flux of pebbles
could be present at later times. In Levison et al. (2015), it was
shown that a lower pebble flux that is maintained for longer
allows for the formation of giant planets. However, these findings

were obtained from multi-planet simulations where dynamical
interactions remove the smaller embryos, resolving the issue of
forming many earth-sized planets and no giants which was found
in Kretke & Levison (2014). In our single-planet simulations, this
exact interaction cannot be replicated but the pebble flux timing
is nevertheless relevant.

We attempt to address the observation of pebbles at later
times by arbitrarily reducing the pebble formation efficiency
(ea = & = 0.05 instead of 0.5, see Sect. 2.5). This results in lower
and later pebble fluxes because the pebble growth line moves
slower due to the longer pebble growth timescales. The pebble
growth radius now reaches the outer disk edge about a factor of
10 times later, extending the presence of pebbles to the order of
the gas disk lifetime. In Fig. 8, the f,p = 0.7 simulation using
the lower pebble formation efficiency is shown. Overall, we find
a similar picture to the nominal simulation but with notably less
planets that migrate to the inner disk regions (see solid-line box).
This is explained by the later onset of pebble accretion and the
lower magnitude of the pebble flux due to the lower gas sur-
face densities towards the end of the disk lifetime. This leads to
later and slower planet formation. As a consequence, the planet
masses are now starting to be limited by the gas disk lifetime in
the outer disk (see dashed-line box).

Notably, the late pebble flux in this low efficiency sce-
nario does not resolve the non-formation of giants in the hybrid
simulations, even though migration is reduced.

In this model, the lifetime of the pebble flux does not only
depend on the pebble formation efficiency but also on the
location of the outer disk edge. This is an intrinsic feature of
pebble-based planet formation. Since the disk size is a varied
quantity in all the presented populations, the pebble flux life-
time is also varied. Within the probed parameter range, even the
longest lived pebble fluxes evidently do not result in giant plan-
ets in the hybrid scenarios. Nevertheless, disk size is relevant for
the formation of giant planets in the pebbles-only case as giant
planets only form in disks of sufficient size corresponding to a
characteristic radius of at least about 60 AU (see Fig. A.3). This
is consistent with the lack of giants formed by pebbles in small
disks in Briigger et al. (2020). Unsurprisingly, we also find a pos-
itive correlation of higher initial disk masses and the formation
of giants (see Fig. A.2).

5. Summary and conclusions

We combine a simple model of pebble formation and accretion
with a global model of planet formation considering the accre-
tion of planetesimals. Using a population synthesis approach
for single planets, we investigate the effect of hybrid pebble—
planetesimal disks on planet formation.

The main results obtained from populations of disks with
different pebble fractions can be summarised as follows:

— No giant planets are able to form in hybrid pebble-
planetesimal disks, whereas planetesimals alone or pebbles
alone form giants;

— Inward migration is more prevalent when more pebbles are
available because more planets grow to the point where they
are subject to significant type-I migration.

From the closer investigation of giant formation pathways we
report the following findings:

— Remaining planetesimal accretion after the pebble accre-
tion phase adds sufficient energy to delay the onset of
runaway gas accretion of massive cores in hybrid pebble—
planetesimal environments;
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— Type-I migration acts strongly on giant planet candidates that
do not immediately open a gap in the gas disk;

— The combination of delayed runaway gas accretion and
strong inward migration prevents the formation of giant
planets in our simulations of hybrid pebble-planetesimal
disks.

The simplicity of the pebble model and the use of single-
embryo simulations allow us to disentangle the multitude of
interdependent mechanisms acting in planet formation at the
same time. On the other hand, this also prevents us from mak-
ing final statements about the outcome of a more true-to-nature
description of planet formation from dust all the way to multi-
ple planets. Therefore, the above mentioned results do not imply
that giant formation is generally impossible in this setting but
they demonstrate the effects arising from the simultaneous accre-
tion of pebbles and planetesimals and how they influence the
formation pathway of planets fundamentally. The main con-
clusion we draw is that, in a combined pebble—planetesimal
accretion scenario, planet formation is not necessarily boosted
by the avenue of pebble accretion. Specifically for the forma-
tion of giant planets, we show that the accretion of pebbles as
well as planetesimals can have a hindering effect and that the
gap opening and the subsequent shift to the type-II migration
regime is necessary for the survival of giant planets. This further
underlines the importance of accretion heating for the correct
calculation of gas accretion rates and the fact that orbital migra-
tion in general is a non-negligible process in planet formation.
Note that this is also a consequence of the turbulent viscosity
parameter @ = 0.002 chosen in this work. In disks of lower vis-
cosity, the transport of angular momentum in the disk is less
efficient which leads to lower gas driven migration rates and
lower gap opening masses. This means that the formation of
giant planets might be suppressed less if « is low. Additionally,
the prescriptions for orbital migration described in Sect. 2.4 do
not include the thermal torque which could allow a higher frac-
tion of planets to stay in the outer disk due to outward migration
(Baumann & Bitsch 2020; Guilera et al. 2021).

In their study of the formation of a planetary system consid-
ering pebble and planetesimal accretion, apart from not forming
any giant planets, Voelkel et al. (2022) find a first generation of
pebble-formed terrestrial planets which are accreted by the star
due to efficient type-I migration. These hints at a possible detri-
mental effect of efficient pebble accretion on planet formation
are complemented by our results.

Regarding the proposed Jupiter formation scenario in
Alibert et al. (2018), our results confirm the plausibility of
delayed runaway gas accretion in hybrid disks. However, the
notion of a massive planetary core staying at the initial position
for multiple millions of years is clearly challenged by this work.

In a more complete model, a number of additional effects
are expected to influence the results found in this study. Since
pebbles are relatively well coupled to the gas, the structure of
the gas disk changes the pebble dynamics strongly. This is espe-
cially relevant when progressing from a single-planet scenario
to the formation of multi-planetary systems. Planet-gas inter-
actions are important here because massive planets can trap
pebbles and effectively shield other growing planets from the
pebble flux, leaving them in an accretion environment more akin
to the planetesimals-only picture. In Stammler et al. (2023),
however, it was recently found that gaps in the disk might not
be efficient traps for smaller pebbles and dust. This could still
allow pebble accretion inside of massive outer planets. The
accumulation of pebbles is also relevant in the context of the
N-body interactions between the planets. For example, if a planet
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moves through a pile-up of pebbles caused by another planet,
it can accrete a large amount of pebbles in a short time. The
assumption of drift limited pebble formation and evolution is
clearly no longer viable under these circumstances. Addition-
ally, the gravitational interactions among multiple planets change
the migration behaviour, for instance due to mean motion reso-
nances. As shown in Sect. 4.2, preventing the inward migration
of the planet all the way to the inner disk edge can allow massive
cores to form giants.

For these reasons, it is impossible to predict the outcome
of (giant) planet formation in hybrid pebble—planetesimal disks
in multi-planet population syntheses. However, we expect the
underlying mechanisms of delayed runaway gas accretion and
increased orbital migration to persist.
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Appendix A: Initial disk properties
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Fig. A.1. Initial radial gas (dashed) and planetesimal (solid) surface
density profiles. The blue (orange) lines correspond to the system with
the most (least) massive planetesimal disk.
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Fig. A.2. Fraction of disks of a given initial gas disk mass. The full set
of 1000 disks is shown in blue and the orange line shows the disks that
form a giant planet in the f,, = 1 simulations.

The initial radial gas and planetesimal surface density profiles
are shown in Fig. A.l. We show the most (blue) and least
(orange) massive planetesimal disks. The planetesimal disk mass
is a function of the gas disk mass, the size of the gas disk,
and the solids-to-gas ratio. Hence, the disks shown here are not
necessarily also the most or least massive gas disks.

The distribution of initial gas disk masses is shown in Fig. A.2
(blue). Note that the total number of disks considered in this
work is 1000 and that the stellar mass is fixed to one solar mass.
We find a positive correlation of high initial disk masses and the
formation of giants in the pebbles-only scenario (orange).

As described in Sect. 3, the characteristic gas disk radius is a
derived quantity. The resulting distribution of characteristic gas
disk sizes is shown in Fig. A.3 (blue). We find no clear corre-
lation of initial disk sizes, and the associated longer pebble flux
lifetimes, with the formation of giant planets in the fpe, = 1 sim-
ulations (orange). However, giant planets only form in disks of
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Fig. A.3. Fraction of disks of a given initial characteristic radius.The

full set of 1000 disks is shown in blue and the orange line shows the
disks that form a giant planet in the f,, = 1 simulations.

sufficient size corresponding to a characteristic radius of at least
about 60 AU.
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