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1 Introduction

1.1 Motivation and chapter content

A general theory of planet formation has been a topic of intense study over many years. The interest in such
a theory emerges naturally from asking the question of where our planet came from. However, a general
picture is also required which explains not only the planet Earth but the whole Solar System with its diverse
planets. Moreover, after the first discovery of an exoplanet around a Sun-like star (Mayor &Queloz 1995), the
exoplanet revolution added numerous additional constraints from thousands of systems of planets orbiting
stars different than the Sun.

The goal of planet formation as a field of study is not only to provide the understanding of how planets
come into existence. It is also an interdisciplinary bridge which links astronomy to geology and mineralogy.
Recent observations of young stars accompanied by their protoplanetary disks (Manara et al. 2022) provide
direct insights into the conditions at which planets are forming. These astronomical observations can be
taken as initial conditions for the models of planet formation. In particular, we are currently gaining insights
into the composition of the inner, planet-forming region within the disks thanks to observations from the
James Webb Space Telescope (Grant et al. 2023; Perotti et al. 2023). The task for planet formation modelling
is then to link these observational properties and compositional content to the physical properties, and also
the elementary inventory of meteorites, the Moon, Earth, and the other planets. If successful, this global
approach can provide useful constraints for geological studies.

Here, we will review some of the recent steps that have been undertaken in this task. In particular,
we will provide a short overview of observational constraints from the Solar System and from exoplanets,
discusing also recent shifts of paradigms (Sect. 2). This is followed by a simple, educational review of a
number of relevant physical processes (Sect. 3) before we put the pieces together to show some state-of-the
art model results regarding the physical (Sect. 4) and compositional (Sect. 5) properties of model planetary
systems.

1.2 Challenges in planet formation theory

In the classical planet formation theory based on the Solar System alone, it was expected that there should
be no massive planets inside of about 3 AU for physical reasons that we will discuss below, and that the
overall architecture of the Solar System with lower mass inner rocky and massive outer gaseous and icy
planets should be universal.

However, in the last nearly three decades, a very large population of exoplanets has been found exactly
where the Solar System-based formation theory did not predict them. This pointed towards a serious gap in
the understanding of planet formation derived from our planetary system alone and pointed at the necessity
of developing a general theory that is not only based on a handful, or even a single planetary system, but
can address both the Solar System and the exoplanets in a general way.

While considerable progress has been made including the shift of several paradigms (see Sect. 2.3), it
has proven very challenging to come up with such a general theory based on the first principles of physics
alone (conservation laws of mass, energy, and momentum), and the field is currently still far from a complete



understanding of how planets from and evolve. This implies a current absence of a highly predictive theory
of planet formation - the field is rather driven by observational discoveries, often made possible thanks to
new observational facilities on the ground or in space. Observational facilities that have played a key role
are depicted in Figure 1.

Figure 1: Observational facilities yielding key constraints for planet formation theory. Top left: the HARPS
spectrograph (Mayor et al. 2003) installed at ESO’s 3.6 Meter telescope in Chile. Through its unprecedented
radial velocity precision of 1 m/s, it allowed for the first time the discovery of low-mass extrasolar planets
and the study of exoplanetary system architectures in the mass-distance diagram. Top right: the NASA
Kepler satellite (Borucki et al. 2010). With ultra-precise transit photometry it has unveiled the demographics
of the transiting exoplanet population. Bottom left: The NASA Juno satellite in orbit around Jupiter has
deeply changed our picture of the interior of giant planets. Bottom right: the joint American-European-
Japanese Atacama Large Millimeter/Submillimeter Array (ALMA) has started a new era in the study of
protostellar and protoplanetary disks, the cradles of planets (Image credits: HARPS: ESO; ALMA: CC BY
4.0 ESO/Beletsky; Kepler: NASA; Juno: NASA /JPL-Caltech)

Developing a theory of planet formation is challenging for a number of reasons. First, planet formation
is a process covering a huge range in spatial scales from dust grains with a size on the order of 10™* cm to
giant planets with a radius on the order of 10'° cm. At each size scale, there are different governing physical
processes involving multiple input physics like gravity, hydrodynamics, thermodynamics, relative transport,
magnetic fields, high pressure physics, and so on.

Second, there are many strong nonlinear mechanisms and feedbacks. For example, we now understand
that in the classical picture from the Solar System, where giant planets were predicted to exist only at large
orbital distances, the effect of orbital migration (the radial motion of protoplanets through the natal gas
disk) was missing. Orbital migration is caused by an exchange of angular momentum between the embedded
protoplanet and the disk. This process does, however, not only change the planet’s orbit and thus its angular



momentum, but (because overall, angular moment needs to be conserved) also changes the structure of the
gas disk, leading in particular to the formation of gaps in the disk. This implies that the different processes
acting during planet formation (here the co-evolution of the planets’ orbit and of the disks’ structure) must
be described in a self-consistently coupled way.

Third, in contrast to other fields where laboratory experiments can be used as a source of ground truth,
for planet formation, laboratory experiments are only possible for special regimes, namely for the early
growth regimes from dust to pebbles. But also the approach via numerical simulations has its limits: global
three-dimensional high-resolution radiation-magneto-hydrodynamic simulations covering the entire growth
of a planetary system would be much too computationally expensive. Taken together, these challenges
demonstrate the importance of observational guidance to develop a conclusive theory of planet formation
and the necessity of quantitatively confronting theoretical and observational results, which is by itself not
trivial. It is also important to take into account many different observational constraints as they concern
and constrain different aspects of the theory.

2 Overview of observational constraints

Our current understanding of the origin and evolution of planets is mainly based on three different data
sets: the Solar System, the extrasolar planets, and especially since the advent of ALMA observations, the
protoplanetary disks surrounding young stellar objects. The latter yield crucial observational constraints on
the initial and boundary conditions of planet formation. In a few instances over the past few years, ongoing
planet formation can even be observed directly (see Keppler et al. 2018 for the discovery of the first bona
fide extrasolar gas giant planet undergoing active gas accretion). For an overview of the constraints coming
from disk observations, see Andrews (2020); Miotello et al. (2022); Manara et al. (2022). In the following,
we first discuss selected constraints from the Solar System and then from the extrasolar planet population.

2.1 Selected constraint from the Solar System

Before the detection of the exoplanets and protoplanetary disks, the classical theory of planet formation
(Safronov 1969; Hayashi 1981; Bodenheimer &Pollack 1986; Wetherill &Stewart 1993; Lissauer &Stewart
1993; Ida &Makino 1993; Pollack et al. 1996) was based on centuries of Solar System studies going back to
Kant (1755) who first proposed that planets form in a flattened disk revolving about the Sun. These studies
include remote and in situ observations of major and minor bodies (planets, minor planets, asteroids, comets),
laboratory measurements of meteorites, theoretical studies, as well as sample return missions. Today, the
Solar System remains the benchmark system for planet formation theory, because only here we have access
to a very high number of unique detailed constraints not accessible for exoplanets: the interior structures
of the planets, the properties and dynamics of small bodies not directly observable around other stars, and
cosmochemical constraints obtained from the meteoritic record and the interior and atmospheric composition
and structure of the various bodies. The latter yields the abundances of elements and isotopes providing
information on composition and origin of planetary building blocks, accretion processes, the timing, and
early planetary-wide chemical differentiation.

A non-exhaustive list of central constraints for planet formation theory including in particular some
elements not available for exoplanets (or contrasting them) is given by the following points. There are, of
course, many more constraints, see reviews of, e.g., Cameron 1988; Lissauer 1993; Dunlop et al. 2013; Spohn
2015; Encrenaz &Lequeux 2021):

e The chronology of important events during the formation of the Solar System like the formation of
calcium-aluminium-rich inclusions as first solids in the Solar system representing the temporal zero
point (Anand &Mezger 2023), the formation of chondrites (Kleine et al. 2009), the accretion of the
terrestrial planets (Yin et al. 2002; Onyett et al. 2023), core formation (Kleine et al. 2002), the moon
forming impact (Benz et al. 1989; Canup &Asphaug 2001), the formation timescale of Jupiter (Kruijer
et al. 2017), the lifetime of the Solar gas nebula (Wang et al. 2017) or the timing of a potential late
dynamical instability leading to a re-rise of impacts (the late heavy bombardment, Bottke &Norman
2017).



e The orbits of the terrestrial planets, in particular their small eccentricities (varying over Milankovich
cycles, see Berger &Loutre 1991, with present-day values of 0.017, 0.007, 0.094, and 0.2 for Earth,
Venus, Mars, and Mercury) and the absence of planets inside of 0.39 AU (the orbit of Mercury). The
latter is in stark contrast to very frequent extrasolar systems with close-in (inside of 0.1 AU) compact
systems of multiple super-Earth and sub-Neptune planets (Petigura et al. 2018; Weiss et al. 2022).

e The masses of the terrestrial planets, in particular Mars’ small mass and its short formation times-
cale (Dauphas &Pourmand 2011). Based on classical formation models (Lissauer 1993) adopting a
Minimum-Mass-Solar-Nebula (MMSN)-like distribution of solid building block (definition see below),
one would rather expect that planet mass increases with semimajor distance. Likely, the small mass
is an imprint of the important role of Jupiter in shaping the entire Solar System, as supposed for
example in the “Grand tack model” (Walsh et al. 2011). In this model, it is assumed, based on the
Masset-Snellgrove mechanism of outward migrating pairs of resonant giant planets (Masset 2001), that
Jupiter migrated first to 1.5 AU before tacking to migrate again outwards after Saturn had caught up,
thereby truncating the planetesimal disk and depriving Mars from further building blocks. Mars does
thus probably represent the protoplanet stage rather than a fully grown terrestrial planet emerging
from the final giant impact growth phase.

e The structure of the asteroid belt including the absence of big bodies and the presence of a radial
compositional gradient (DeMeo &Carry 2014) from relatively dry ordinary chondrites (less than 0.1%
water by mass) to carbonaceous chondrites with 5-20% water by mass (Raymond &Izidoro 2017), as
well as the size distribution of the asteroids which gives clues about the likely typical primordial size
of planetesimals (probably ~100 km, Morbidelli et al. 2009).

e Earth’s total water content, usually thought to have been delivered in the form of water-rich primitive
asteroidal material (Morbidelli et al. 2000). Alternatively, it might have formed to some extent intrins-
ically from magma ocean - primordial atmosphere interactions (Young et al. 2023) or was delivered in
parts by Theia, the impactor of the moon forming impact (Budde et al. 2019; Mezger et al. 2021).

e The masses and orbits (semimajor axes, eccentricities, inclinations) of the gas and ice giant planets,
characterised and contrasting the extrasolar planets by the absence of mean motion resonances and
low eccentricities and inclinations. It has been proposed that the orbital distances of Jupiter and
Saturn (5.2 and 9.5 AU) are larger than what is typical for extrasolar giant planet systems (confined
to rather 1-3 AU) which would mean that other systems are typically more compact than the Solar
system (Fernandes et al. 2019; Fulton et al. 2021). However, this question is not yet settled because
of the detection bias against distant exoplanets, and some other studies suggest that current data on
exoplanets does not suggest a decline in frequency outside of 3 to 8 AU (Lagrange et al. 2023).

e The giant planets’ internal structure and their bulk and atmospheric composition as found from meas-
urement of the gravitational moments (in particular by the JUNO spacecraft, Wahl et al. 2017) or
by entry probes and remote observations as well as their intrinsic luminosity (Guillot &Gautier 2015;
Helled et al. 2022). This includes the over-luminosity of Saturn and the under-luminosity of Uranus
relative to predictions of fully-convective interior models (Nettelmann et al. 2013; Linder et al. 2019).
Particularly important is Jupiter’s complex structure as informed by the Juno probe (Wahl et al.
2017) with a diluted core and non-convecting regions with entropy and compositional gradients (Deb-
ras &Chabrier 2019; Miguel et al. 2022; Howard &Guillot 2023). This contrasts the traditional view
of a single fully convective adiabatic interior of giant planets (see Guillot et al. 2023 for a review).

e The structure, dynamics, and evolution of the Kuiper belt which constrains the size of the nascent
planetesimals disk and which might have played a crucial role triggering a dynamical instability among
the giant planets as supposed in the Nice Model for the formation of the Solar System (Levison et al.
2008).

e Further compositional and isotopic constrains (e.g., for deuterium and noble gases) for various bodies
(Earth’s atmosphere, asteroids, comets like 67P), which are of key interest for example for the origin
of Earth’s water and its atmospheres (Altwegg et al. 2015; Bekaert et al. 2020).



2.2 Statistical constraints: the demographics of extrasolar planets

On the other hand, there is the continuously growing population of extrasolar planets. The situation for
exoplanets is quite different from the Solar System. We have typically little knowledge about an individual
exoplanetary system, although there are of course, also notable exceptions. But there is a very large number of
exoplanets known (currently about 5000), meaning that the exoplanet population yields statistical constraints
on, for example, the frequencies of certain planet types, the distributions of fundamental properties, or
on numerous correlations between different planetary properties, between stellar properties, and between
planetary system properties. For quantitative statistical constraints, large surveys play a primary role, as
for them it is possible to account for the observational bias and to correct for it. Important examples are the
HARPS survey (Mayor et al. 2011) and the California Legacy survey (Rosenthal et al. 2021) for the radial
velocity method; the Kepler satellite for photometric transits (Borucki et al. 2010; Petigura et al. 2018); direct
imaging surveys like GEMINT (Nielsen et al. 2019) or SPHERE (Vigan et al. 2021); and finally microlensing
surveys (Suzuki et al. 2016a). These different techniques probe planets with different properties (like close-in
versus distant planets). This is important, as different sub-populations are most important in constraining
different aspects of planet formation theory. This also implies that for a general theory, the constraints of
all different methods should be considered together self-consistently. In the following, we present a selection
of important results obtained from these observations. We start with an overview, and then address the
frequency of different types of exoplanet, followed by the distribution of planetary characteristics, and finally
a number of correlations, for example with the properties of the host star. More detailed and comprehensive
information can be found in the reviews of (Winn &Fabrycky 2015; Zhu &Dong 2021; Weiss et al. 2022;
Lissauer et al. 2023).
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Figure 2: The observed mass-distance diagram of extrasolar planets.

The colors indicate the detection

method. The planets of the Solar System are also included for comparison. While illustrating the diversity
of extrasolar planets and pointing at the existence of some structure (voids, over-densities), the diagram also
gives a highly biased view of the underlying exoplanet population.



2.2.1 The mass-distance diagram

As an overview, Figure 2 shows one of the most important diagrams when it comes to extrasolar planets,
which is the observed mass-distance diagram. It importance is comparable to the Hertzsprung-Russel dia-
gram for stars. The coloured points show the exoplanets discovered by the radial velocity (red), transit
photometry (cyan), direct imaging (magenta), and microlensing (green) techniques.

While giving an impression of the diversity of the outcome of the planet formation process that theoretical
models must reproduce, this observed diagram also gives a highly biased view, making for example Hot
Jupiters appear frequent while when correcting for the detection bias, they are a rare planet type. The
absence of planets in the bottom right of the diagram is also simply caused by the current observational bias,
that is, the current inability to detect distant low-mass planets. Nevertheless, besides the diversity, one can
identify in the diagram some structures in the form of over- and under-densities as well as the aforementioned
complementarity of the different detection methods.

2.2.2 Frequency of different types of planets

Despite their prominence in the observed mass-distance diagram, close-in giant planets (Hot Jupiters, also
known as pegasids after the prototypical first exoplanet 51 Pegasi b Mayor &Queloz 1995 of this kind) have
a bias-corrected frequency of occurrence of only about 0.5-1% for Solar-like stars (Howard et al. 2010; Mayor
et al. 2011; Dawson &Johnson 2018). This is much less than the frequency of giant planets at larger orbital
distances, where an upturn in frequency is seen at about 1 AU (Udry &Santos 2007). Within 5-10 AU, about
10 to 20% of FGK stars have giant planets (Cumming et al. 2008; Mayor et al. 2011; Fulton et al. 2021).
This means that the clear majority of Solar-like stars does not a giant planet companion, which might have
had profound consequences for the Solar System (Morbidelli et al. 2015). For lower stellar masses, there is a
clear trend towards less frequent occurrence of giant planets (e.g. Gaidos et al. 2013, see also Section 2.2.4).

About half of the extrasolar giant planets are members of multi-giant systems (Bryan et al. 2016) like
our Jupiter-Saturn system. As shown initially by high precision radial velocity surveys (Lovis et al. 2006)
and then the Kepler transit survey, low-mass respectively small close-in planets are a very frequent type of
planet. Depending on the exact criteria such super-Earth and sub-Neptunian planets at orbital distances of
fractions of an AU with masses of about 1 to 30 Earth masses, or radii of R < 4Rg have a high frequency
(20-50%) for Solar-like stars (Mayor et al. 2011; Fressin et al. 2013; Petigura et al. 2013; Zhu et al. 2018).
These planets are frequently members of multiple systems with compact architectures (Weiss et al. 2022).
This implies again that many Solar-like stars have a planetary system that differs clearly from the Solar
System. Moving to (very) large orbital distances of tens to hundreds of AU, there is a lower frequency on
a level of about 1-5% of stars with detectable, i.e., sufficiently luminous distant giant planets as probed by
direct imaging surveys Vigan et al. (2021). An implication of this is that the frequency of giant planets must
decrease with distance by a factor of several as we move outwards. This puts constraints on the efficiency of
planet formation by gravitational instability which would be the prime mechanism to populate this region
(Forgan et al. 2018). The occurrence rate of such planets probably scales with the mass of the host star
(Bowler 2016). As visible in Fig. 2, microlensing surveys mainly probe an intermediate orbital distance range
of cold, roughly Neptunian-mass planets around M dwarfs, which are found to be a abundant population
(Cassan et al. 2012; Suzuki et al. 2016b). Finally, if we consider the overall fraction of stars with planets
that can be detected by a high-precision radial velocity survey at about 1 m/s precision, a value of about
75% is found (Mayor et al. 2011). A similarly high number applies to M-dwarfs (Bonfils et al. 2013).

2.2.3 Distributions of important planetary properties

There are several essential distributions like the mass, radius, eccentricity, and orbital distance distributions
that characterise the exoplanet population (Fig. 3). The planetary mass function, or PMF, is known from
radial velocity surveys mainly for Solar-like stars and from microlensing for M dwarfs. It is an important dis-
tribution that has been addressed and predicted by various theoretical works (e.g. Ida &Lin 2005; Mordasini
et al. 2009; Emsenhuber et al. 2021a). Focusing on Solar-like stars, the observed distribution as found by
radial velocity surveys scales with mass M approximately as 1/M (Marcy et al. 2005) in the mass range of
about 30 Mg to roughly 4 M; (with Mj being the mass of Jupiter). The distribution is thus bottom heavy
in the sense that there are more low mass giants than there are high mass giant planets. Above this value,
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Figure 3: Statistical observational constraints from the exoplanet population. Top left (modified from
Mayor et al. 2011): mass distribution. Top right: observed (biased) mass-radius relation. Data from the
NASA exoplanet archive, including planets with relative mean errors of less than 50% in mass and radius
and with known stellar mass and orbital period. Bottom left (modified from Fulton &Petigura 2018):
radius distribution. Some important features are labelled. Bottom right (modified from Fulton et al. 2021):
semimajor axis distribution for planets more massive than 30 Mg. Raw observed and bias-corrected results
are given.

the frequency decreases even stronger (Santos et al. 2017). Whether there is an clear upper end of the PMF
is unknown, but there are only very few brown dwarfs around Solar-like stars inside of about 5 AU (Grether
&Lineweaver 2006). The driest part, and thus a potential upper end of the PMF might be at around 30 M}
(Sahlmann et al. 2011). Moving to small masses, there is a break in the PMF at around 30 Mg below which
the frequency increases strongly (Howard et al. 2010; Mayor et al. 2011) as had been predicted by models
based on the core accretion theory, where at a similar total mass (core + envelope), gas accretion becomes
important (Mordasini et al. 2009). Thus, the break would correspond to the transition from a slope that is
governed by solid accretion to one governed by gas accretion. Microlensing observations, however, challenge
this picture (Suzuki et al. 2018).

Regarding the semimajor axes of giant planets, there is a local maximum at a period of about 3-4 days
that is formed by the Hot Jupiters. It is followed by a less populated region known as the period valley
(Udry et al. 2003). At about 1 AU, the frequency increases by about a factor 4 (Fulton et al. 2021). Already
outside of about 3-10 AU, the frequency could be decreasing (Bryan et al. 2016; Fernandes et al. 2019; Fulton



et al. 2021) but this might be an effect of the observational bias (Lagrange et al. 2023).

While the eccentricities of the Solar System planets is very low, there is a broad distribution of eccent-
ricities for extrasolar giant planets with about half of them having an eccentricity in excess of 0.3 (Ford
&Rasio 2008). Some exoplanets even have eccentricities exceeding 0.9 (Naef et al. 2001). The distribution
resembles for the higher values a Rayleigh distribution which is the distribution expected from planet-planet
scattering (Juri¢ &Tremaine 2008). This is an indication that in some extrasolar systems, strong dynamical
interactions have happened (Winn &Fabrycky 2015), an effect that is also seen in numerical simulations
(Rasio &Ford 1996; Emsenhuber et al. 2023). When taking into account that radial velocity measurements
are biased towards overestimating eccentricities (Lucy &Sweeney 1971; Hara et al. 2019), then a significant
number of orbits are also consistent with being circular. Planets detected via radial velocity with lower
masses (less than about 30 Mg) tend to have lower eccentricities of less than about 0.5 (Mayor et al. 2011).
Transiting planets detected by the Kepler mission in multiple systems planets have orbits that are almost
circular (average of about 0.02-0.05). They also have low mutual inclinations of about 1.4 degrees or less
scaling inversely with the number of planets in the system (Weiss et al. 2022). Eccentricity and inclination
are correlated with each other (Xie et al. 2016).

The distribution of radii of planets detected by the Kepler satellite shows a peak at about the same
size as Jupiter, which is consistent with the theoretical relation between mass and radius (Mordasini et al.
2012b). The radius distribution is roughly constant in log(R) for planets between 4 and 10 Rg. For smaller
planets, the number of planets increases sharply (Fressin et al. 2013) which is sometimes referred to as the
“radius clift” (Kite et al. 2019). There is a local minimum in the distribution at around 1.7 Rg known as
the radius gap or radius valley (Fulton et al. 2017; Van Eylen et al. 2018). It separates smaller super-Earth
planets that are mostly rocky from larger Sub-Neptunes that have thick H/He atmospheres or water layers
(Mousis et al. 2020). This could be because of the loss of the primordial H/He atmospheres due to stellar
radiation (Owen &Wu 2013; Jin &Mordasini 2018) or different formation pathways for these two types of
planets (Venturini et al. 2020; Burn et al. 2024).

2.2.4 Correlations with host star properties, age, and intra-system architecture

The most well-known correlation with stellar properties is the higher frequency of giant planets around stars
with higher metallicity which was noted already early on (Gonzalez 1997; Santos et al. 2004; Fischer & Valenti
2005; Dong et al. 2018). In the domain of metallicities above the Solar value, the frequency of giant planets
increases by about an order of magnitude from [Fe/H]=0 to [Fe/H]=0.5. This is often seen as evidence that
core accretion is the main mode of giant planet formation (Ida &Lin 2004; Mordasini et al. 2012a). For lower
mass or smaller planets, the dependency on metallicity becomes weaker and weaker, and for planets with the
smallest radii currently known (< 1.7Rg), there seems even to be a preference for slightly sub-Solar values
(Mayor et al. 2011; Petigura et al. 2018; Narang et al. 2018).

The occurrence of giant planets around host stars with lower masses (M-dwarfs) is about 2-6% which
is lower than for Solar-like stars (Bonfils et al. 2013; Ghezzi et al. 2018; Sabotta et al. 2021; Ribas et al.
2023). The discovery of giant planets around stars of even very low mass (~ 0.1 Solar masses, M) is seen
as a challenge to both core accretion and gravitational instability models (Morales et al. 2019; Burn et al.
2021; Schlecker et al. 2022), but recent simulations combining growth by pebble accretion and giant impacts
find for special conditions (high disk masses, high turbulence level) giant planet formation also around such
stars (Pan et al. 2023). In contrast to giant planets, low-mass stars have 2-3 times more low-mass planets
(around 10 Earth masses) than G-type stars as found via the transit method using Kepler (Mulders et al.
2015) and later supported using radial velocity (Sabotta et al. 2021). However, a recent re-analysis of the
Kepler data challenges this trend (Bergsten et al. 2023). For stars with masses above 1 M, the occurrence
of giant planets detected by radial velocity first rises to a peak at about 1.7 to 2 Solar masses, and then
declines for even more massive stars (Reffert et al. 2015; Wolthoff et al. 2022).

The relationship between stellar age and planetary properties and their statistics is now being explored
with various surveys (e.g., Mann et al. 2016; Grandjean et al. 2021; Capistrant et al. 2024). For these studies,
it is important that Gaia has allowed to greatly expanded our knowledge of young stellar groups (Bouma
et al. 2022). Several close-in planets have been found around young (T-Tauri, pre-main-sequence and young
main sequence) stars (David et al. 2016; Donati et al. 2016; Plavchan et al. 2020). They reveal that some
planets close to their stars can form within a few million years, probably due to orbital migration caused



by planet-disk interactions but that dynamical effects (high eccentricity migration) also plays a role (Dai
et al. 2023). T-Tauri stars may have more hot Jupiters than main sequence stars (Yu et al. 2017). At larger
separations, direct imaging can also inform about the properties of young planets with ages of a few tens of
million years (Lagrange et al. 2010; Macintosh et al. 2015; Wagner et al. 2019; Vigan et al. 2021). First direct
detections of planets that are still in the formation process have occurred revealing emission not only from
the planets’ photosphere but also from the gas accretion shock and from the surrounding circumplanetary
disk (Keppler et al. 2018; Haffert et al. 2019a; Benisty et al. 2021; Wang et al. 2021). Such observations have
the potential to put much more direct constraints on physical processes like gas accretion (Hashimoto et al.
2020; Marleau et al. 2022). Furthermore, there are indirect indications of the presence of forming planets
via their impact on their parent protoplanetary disk (gaps, kinks in the rotational velocities) (Teague et al.
2018; Huang et al. 2018; Pinte et al. 2020). In the coming years, the PLATO transit survey (Rauer et al.
2014) will provide much more statistical information on how the population of transiting planets changes
over time.

As illustrated by the mass-distance diagram, the exoplanet population shows a lot of variation and
diversity among different systems, but interestingly, there is in contrast intra-system uniformity within
individual systems of small close-in planets, called the peas-in-a-pod pattern (Weiss et al. 2018; Millholland
et al. 2017; Weiss et al. 2022): planets in the same system have comparable sizes, masses, and relative
distances from each other. The study of extrasolar planetary systems and their architectural patterns, as
opposed to individual planets, is currently a field of active research (e.g., Lissauer et al. 2011; Alibert 2019;
Adams et al. 2020; Bashi &Zucker 2021; Mishra et al. 2023a,b; Emsenhuber et al. 2023).

2.3 Predictions from original Solar System theory and the shift of paradigms

The classical theory of planetary formation based on the Solar System alone had predicted that the funda-
mental architecture of the Solar System (refractory low-mass terrestrial planets inside, then (two) massive
gas giant planets outside of the iceline, and finally ice giants of intermediate mass, all on nearly circular
orbits) should be universal (Dole 1970). Assuming that planets form in situ (i.e., grow at the position where
they are found now), it was thought that giant planets are always found outside of the ice line, i.e., the
distance outside of which it is cold enough (~170 K) for water to condense in the protoplanetary nebula
surrounding the young Sun (which is at about 2.7 AU in optically thin irradiated disk models, Ida &Lin
2004). The amount of planetary building blocks (assumed to be only kilometer-sized planetesimals) thus
increases there, providing the material to form massive cores (about 10 Earth masses) necessary to start
efficient gas accretion (Pollack et al. 1996). At even larger distances r, the collisional growth timescale is
long since it is proportional to the local Keplerian frequency

GM,
r3

Qx(r) = (1)
where M, and G are the stellar mass and Newtonian gravitational constant, respectively. Thus, growth is
reduced such that the outwardly decreasing surface density of planetesimals would only allow the formation
of lower-mass core-dominated ice giants during the finite lifetime of the Solar nebula of a few million years
(Pollack et al. 1996). Finally, inside of the water iceline, due to limited availability of building blocks, only
low-mass refractory terrestrial planets should form.

An important concept in this in situ theory is the Minimum Mass Solar Nebula MMSN (Weidenschilling
1977; Hayashi 1981). In this approach, the masses in solids (refractory rocky material and volatile ices)
contained in the Solar System planets (quantities which can only be inferred indirectly for the giant planets)
are radially spread over touching annulli, and the gas is complemented in a Solar-composition ratio. The
result is that this minimum mass Solar nebula should have contained about 80 Mg of solids, and 0.013 M,
of gas, and that the surface density of planetesimals and gas should have decreased with orbital distance as
a smooth power law proportional to distance o< 71 with a jump (increase) by a factor 4.2 at the water
condensation front (ice line) at 2.7 AU for the planetesimals (Hayashi 1981). This indirect inference of the
nebula properties contrasts today’s approach of obtaining the properties of protoplanetary disks from direct
astronomical observations in star forming regions (Andrews et al. 2009; Miotello et al. 2022). While the
MMSN still remains a point of reference for modern models, the importance of structured disk instead of



smooth power-law disks (Andrews 2020), and high diversity in the sense of a large spread in inferred masses
and sizes are stressed today (Manara et al. 2022).
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Figure 4: Left panel: Theoretical surface densities of planetesimals as a function of orbital distance. The
red dashed line is the Minimum Mass Solar Nebula from the classical work of Hayashi (1981). The jump at
2.7 AU represents the condensation front of water (the water iceline), leading to an increase of the surface
density. Apart from the jump, the MMSN follows a smooth unstructured power-law. The gray lines show
surface densities informed by observations of protoplanetary disks (Tychoniec et al. 2018). Jumps correspond
to icelines of different species. While observationally informed by actual disks, these surface density profiles
still assume a unstructured power-law profile (Figure adapted from Emsenhuber et al. 2021b). This contrasts
the observations of numerous disk structures as illustrated in the right panel (figure adapted from van Boekel
et al. 2017). It shows the scattered light image of the TW Hya disk, tracing sub-micron dust grains. The
structures indicate gas surface density variations of 50-80% across the three radial gaps.

However, the discovery of the diversity of extrasolar planets, but also new theoretical studies and disk
observations have shattered the static picture derived from the Solar System, profoundly shifting several
paradigms of planet formation. One can distinguish three, partially interlinked paradigm shifts:

1. Mobility of the building blocks: Already the first extrasolar planet 51 Peg b (Mayor &Queloz 1995)
as a giant planet orbiting at a few days period was diametrically opposed to the predictions of the in situ
theory. The subsequently revealed proprieties of exoplanets has in their sum drawn a much more dynamic
picture of planet formation, i.e., a process where the radial mobility and redistribution, but also trapping,
as well as dynamical interactions of building blocks at different growth scales are key. This paradigm of
mobility and dynamics regards both roughly cm-sized drifting pebbles and large migrating protoplanets.

2. The nature of protoplanetary disks: structures and accretion mechanism: More recently, also the view
of the planet’s formation environment, the protoplanetary disks, has shifted in two ways: first, to a complex
structured picture (Andrews 2020; Bae et al. 2023), away from the smooth power-laws inspired by the Solar
System. The strong impact of disk structures on planet formation (Lau et al. 2022; Jiang &Ormel 2023) had
already been stressed by several early works (Matsumura et al. 2007; Hasegawa &Pudritz 2013; Coleman
&Nelson 2016). Second, the assumed fundamental mechanism driving accretion in protoplanetary disks is
also shifting away from the traditional picture of viscous disks (Liist 1952; Lynden-Bell &Pringle 1974) where
a turbulent viscosity redistributes angular momentum (Shakura &Sunyaev 1973) to MHD-wind driven disk
evolution where magnetic fields extract angular momentum (Lesur et al. 2022; Weder et al. 2023). As disk
structures, this has profound impacts on planet formation (Ogihara et al. 2018; Aoyama &Bai 2023).

8. Solid accretion: Finally, as an additional shift of paradigm related more directly to the planets, it
is now understood that planetesimals are not the only potential agents of planetary solid growth, but also
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smaller pebbles (Ormel &Klahr 2010), in particular for the growth of the cores of (distant) giant planets
(Lambrechts &Johansen 2012).

It should be noted that these paradigm shifts are ongoing processes and no convergence of the relative
importance of the different concepts has been reached at this time. It could well be that eventually, a more
complex picture will arise that synthesises aspects of both the classical and new paradigms (Voelkel et al.
2022).

In the context of the paradigm of mobility of the building blocks and protoplanets, it is interesting to
note that both processes, the early radial drift of pebbles (Weidenschilling 1977) as well as gas-driven orbital
migration of protoplanets (Goldreich &Tremaine 1980; Lin &Papaloizou 1986) were theoretical concepts
derived well before the discovery of 51 Peg b. Orbital migration, because of its seeming absence or inefficiency
as judged from the Solar System alone, was however not seen as of high import or was even dismissed
completely until the exoplanets were discovered.

3 Physical processes governing planet formation

Star formation ,  With protoplanetary gas disk (Class I and II) . Without gas disk (Class III)

Gravitational instability paradigm

Dynamical
- evelution
Dust
Pebbles

Streaming migration

?\Lﬂity . | P \

e 1
Drift

Figure 5: A cartoon view of the different stages of planet formation and evolution and the processes involved.
At the top, the main classes of disk evolution are indicated by black horizontal bars. In the middle, the
panels connected by white arrows show the main growth stages and involved processes of growth in the
core accretion paradigm which is a bottom up process. The gravitational instability paradigm for giant
planet formation, a top-down process, is also shown. The bottom panels show various additional physical
processes governing at the different stages. A number of typical timescales are also given. (Image Credits: W.
Benz/C. Mordasini (composite). Sub-figures from Andrews et al. (2018b); Baruteau et al. (2014); Birnstiel
et al. (2012); NASA; ESA; NASA/JPL; ESA, A. Vidal-Madjar (IAP, CNRS), NASA.)

While the emergence of planets from a protoplanetary disk is undisputed, several competing or comple-
mentary paradigms to form the bodies exist. Similar to stars, giant gaseous planets may form directly in a
top-down fashion from the self-gravitational collapse of a large unstable part of a protoplanetary disk (Boss
1997) - the so-called disk instability or gravitational instability mechanism (Kratter &Lodato 2016). Since
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the most unstable wavelength is relatively large (Toomre 1964), gravitational instability will lead typically
to giant planets at large orbital distances (Schib et al. 2023). The mechanism needs massive gas disks and
likely occurs during or just at the end of the infall phase when the protoplanetary disk is forming (Schib
et al. 2021). Its efficiency is still unknown, but it might be the formation mechanism of some distant massive
planets (Marois et al. 2008, 2010).

On the other hand, the bottom-up formation of planets starting out small and growing over time is seen
as the standard pathway to form planets, both gas giants and small rocky planets. In the following, we will
review some of the key processes of planet formation via this core accretion paradigm which needs to connect
micrometer-sized dust inherited from the interstellar medium to the final planets with sizes of several ten
thousand kilometers.

While doing so, we follow the simplified picture of sequential growth shown in Fig. 5, addressing physical
processes that are relevant along the way. In the figure, the different stages are shown in the upper part,
while in the lower part, physical processes relevant at these sizes are shown. Characteristic timescales are
also given, but it should be noted that they are only very rough indicative values, and depend for example
on the orbital distance that is considered.

We begin on the left of Fig. 5 with the protoplanetary gas disk 3.1 that sets the background structure
in which planets form. The next section discusses the dynamics of the small building blocks, micrometer-
sized dust and roughly cm-sized pebbles, where the latter form rapidly on a timescale of 10* years through
coagulation 3.2. At this stage, the radial drift through the disk is a key process.

The next step, that happens after ~ 10° years, is the growth from pebbles to planetesimals as the first
gravitationally bound objects which is addressed in Sect. 3.3. It likely involves the streaming instability as a
way to concentrate pebbles to a point that a pebble cloud becomes self-gravitating and collapses to directly
form planetesimals.

For the next step, the way in which protoplanets (objects of a size of about 1000 km) grow further
by the accretion of solid building blocks, several possibilities exist (Sect 3.4), namely pebble accretion and
planetesimal accretion. This is a process that occurs on a ~ 10 year timescale. These protoplanets exchange
angular momentum with the gas disk, leading to orbital migration. It is discussed in Sect. 3.6.

Some protoplanets grow massive enough (~ 10 Mg) to be able to accrete nebular gas efficiently, leading
to the formation of gas giants. The process of gas accretion is discussed in Sect. 3.5 on a timescale of < 107
years.

After the dissipation of the gas disk, terrestrial planets form via giant impacts on a timescale of about
100 Myr, although some more recent models propose that substantial growth may already happen earlier
(Ogihara et al. 2018; Broz et al. 2021; Batygin &Morbidelli 2023; Woo et al. 2023).

Finally, in principle during the entire lifetime of a planetary system, the different components interact
gravitationally and settle into a state that is stable over Gyr-timescales. On the individual planets, evol-
utionary processes like cooling and contraction, atmospheric escape, and various mechanisms like interior-
atmosphere interactions (in/outgassing) and geophysical cycles take place.

3.1 Gas disk

On the modelling side, the structure of protoplanetary disks is simulated with 2 and 3D hydrodynamic
numerical simulations that can include the effects of radiative energy transport and magnetic fields, where it
is important for the latter to include non-ideal effects (see Turner et al. 2014; Lesur et al. 2022, and references
therein). While yielding a detailed understanding of the structure of the disks, these simulations can only
simulate short temporal intervals because of their computational costs.

To simulate the full temporal evolution on a million year timescale, one dimensional (radial) axisymmetric
models of gas disk evolution were developed by Lynden-Bell &Pringle (1974); Pringle (1981) and for example
reviewed in Armitage &Kley (2019). For our purposes, it is useful to recall the basic concept which will help
to introduce the used quantities.

Protoplanetary disks are often assumed to rotate at the Keplerian orbital frequency Qx = /GM, /73,
where the stellar mass Mg,,, gravitational constant G, and distance to the star r enter, although the gas is
actually rotating slightly slower because of the radial pressure support as discussed in Sect. 3.2. Furthermore,
if the disk is in vertical direction isothermal and in hydrostatic equilibrium, the vertical profile of the gas
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density is
ps(2) = pgoexp (—2/2H) | (2)

where pg o is the gas density at the midplane,

kpT

Hy, = | 2B
& Q2 ppmy

3)

is called the gas scale height, T" is the temperature, and pmy is the mean molecular weight conventionally
expressed in hydrogen atomic mass units my.

Protoplanetary disks are observed to dissipate in about 1 to 10 Myr (Haisch et al. 2001; Pfalzner et al.
2022) (with a very large spread in lifetimes) and relatively high accretion rates onto the host star ~ 1078
Mg /yr are observed (e.g. Alcala et al. 2017; Manara et al. 2022). The initial mass of the disks is usually
assumed to be a few percents of the stellar mass but could also be an order of magnitude higher, in broad
agreement with dust continuum measurements of young disks (Tobin et al. 2020). Even under this optimistic
assumption, the high accretion rates imply that most of the disk mass needs to be transported toward the
star. Therefore, its angular momentum needs to be removed on the same timescale. The microscopic
viscosity of the disk gas can not account for this, which motivated the introduction of a turbulent « viscosity

v = acsrHg with the Shakura-Sunyaev o parameter (Shakura &Sunyaev 1973). Here, cor = 1//5372 is the

speed of sound in an isothermal medium. The assumption of viscous shear transporting angular momentum
and Keplerian orbital motion allows for deriving a single disk evolution equation which controls the radial
motion of the gas disk and can be easily implemented in one dimensional (rotationally symmetric) models
(List 1952; Lynden-Bell &Pringle 1974)

d% _3d (apd (1)
at  rdr (’" dr (T ”2> ‘ )

This yields the evolution of the gas surface density ¥ as a function of time ¢ and distance from the star .

In addition, a significant effect is expected from energetic radiation heating the molecules in the upper-
or outermost regions of the disk. In addition to heating, this leads to ionization and dissociation of the
molecules. From the absorption of the high-energy radiation the thermal energy of the lighter monoatomic
hydrogen particles or hydrogen ions can exceed the local gravitational potential energy (Hollenbach et al.
1994). Thus, they become unbound and leave the disk as a wind. This photoevaporative process can be
driven by radiation of the host star (Gorti &Hollenbach 2009; Ercolano et al. 2009) or from external stars
(Facchini et al. 2016), typically more massive O or B stars whose spectrum includes orders of magnitudes more
high-energy photons. Depending on the source of the radiation and the wavelength, different prescriptions
(Picogna et al. 2019, 2021; Ercolano et al. 2021; Haworth et al. 2018) for an additional sink term E']g,evap
in Equation 4 can be used. Recently, disk photoevaporation was reviewed in detail by Winter &Haworth
(2022).

Another sink or source term can be added in Equation 4 for those minor constituent gases other than
H/He that can condense, respectively evaporate or sublimate from solid grains under nebular conditions.
This happens in a narrow region at the icelines of the various volatile species, such as HoO, CO, and CO,.
The transport of such gaseous species should be modelled individually using the transport equation for tracer
fluids (e.g. Ciesla 2011). While in terms of mass, these species other than H/He are of negligible importance,
they are of key interest for the resulting chemical composition of planets. More details on chemical modelling
of protoplanetary disks are reviewed in Chapter 2 of this volume (Zhang & Trapman, in press).

More recently, an alternative paradigm to the classic viscous evolution of the disk has become the focus
of the research (see review of Lesur et al. 2022) building upon the results of non-ideal magnetohydrodynamic
simulations (e.g., Bai et al. 2016; Bai 2016). The magnetohydrodynamic instability which can drive significant
turbulent viscosities as assumed in the classic picture is only active in regions where gas is sufficiently ionized
(Gammie 1996). This is the case at large temperatures where thermal ionization can take place, or at low
surface densities where cosmic rays can ionize the full vertical extent of the disk. Between these two regions,
a viscously ’dead’ zone is expected where turbulence levels are low and viscous angular momentum transport
is inhibited. In this region, angular momentum could be primarily removed by magnetically-driven winds
from the surface layer of the disk. In this case, the evolution equation needs to be changed to include an
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advective term (Suzuki et al. 2016b), such as used in recent global disk evolution studies (Tabone et al. 2022;
Weder et al. 2023).
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Figure 6: Evolution of a protoplanetary gas disk as a function of distance from the star and time in the
classical turbulent a-viscosity paradigm. Internal and external photoevaporation is also included. The panels
show the gas surface density (top left), midplane temperature (top right), aspect ratio H/r (bottom left),
and accretion rate (bottom right). In the latter plot, positive values correspond to a gas flow towards the
star (accretion) while negative values are outward spreading parts (decretion).

Despite these developments, it is still helpful to study as a reference model the classical viscous picture
with a constant « value, as shown in Figure 6. The evolution of the overall gas surface density, the disk
temperature and scale height, as well as the radial gas flow is shown. The viscosity is assumed to heat the
disk midplane due to viscous dissipation. This effect can be prominently seen in the temperature distribution
interior of approximately 5au where the disk temperature slope is modified. In the viscously heated part,
the temperature is sensitive to the opacity of the dust grains which in turn depend on the composition,
here modelled following Bell &Lin (1994). In their opacity parameterization, a transition region at the
water iceline is introduced smoothly from 150 to 170 K. It manifests as a region with a shallow temperature
slope which moves inwards as time evolves. Interior to the water opacity transition, the radial temperature
gradient is large up to the silicate evaporation front at 1000 K.

These temperature regimes leave an imprint visible in the bottom left panel on the aspect ratio since
the scale height H depends on temperature. In the same panel, we can see that the disk is flaring, that
is, the aspect ratio increases with distance. In principle, this has an effect on the absorbed radiation via
shadowing. Here, instead of a fully coupled treatment, a constant, but roughly consistent, flaring angle
dn H/dInr = 9/7 (Chiang &Goldreich 1997) is assumed to calculate the absorbed irradiation from the star.
This was used in several works (e.g. Hueso &Guillot 2005; Emsenhuber et al. 2021b) to obtain numerically
stable solutions.
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We note that although the temperatures in the disk can be sufficient to evaporate also refractory species,
the region in which this occurs is limited to an annulus close to the star. Despite the increased surface
density, little mass resides in this ring which is unlikely to leave an imprint in the mass budget of planets
under standard assumptions. Therefore, the composition in refractory elements in planets is generally
expected to be similar to that of the star (Thiabaud et al. 2014).

As the viscosity depends on temperature, the steady-state surface density will also evolve to a profile
which shows corresponding features. Since the viscous timescale is shorter at smaller distances, such a
steady-state accretion is reached over relatively short timescales. Therefore, the gas accretion rate (bottom
right) is radially constant up to the transition at around 20au where the accretion switches to decretion.
This point is known as the radius of maximum viscous couple or of velocity reversal. Such a transition
is fundamental in solutions to any diffusion equation to conserve the total angular momentum (Liist 1952;
Lynden-Bell &Pringle 1974). The transition occurs where most of the mass reservoir is located from which
the rest of the disk can draw.

The outer edge of the protoplanetary disk is given by the equilibrium between viscous spreading against
external photoevaporation (e.g., Coleman et al. 2024). In Figure 6, the initial profile is more extended than
this equilibrium radius, thus the disk is initially shrinking.

The later stages of the disk evolution are dominated by photoevaporation since those sink terms are here
assumed to be constant and independent on the local surface density. In the surface density evolution plot,
it can be seen that an inner hole opens. This is a typical effect of internal photoevaporation, here following
the prescription of Clarke et al. (2001). As the inner disk is cleared, radiation from the star can heat the
disk through the midplane which leads to an increase in temperature to the equilibrium temperature in the
absence of a disk. An increasing temperature front which propagates outwards can be seen in the top right
panel for the latest timesteps (orange to red colors).

3.2 Dynamics of dust and pebbles

Like the interstellar medium, the protoplanetary disks which form together with the stars due to (partial)
angular momentum conservation during infall do not only contain gas but also small particles. From multi-
wavelength spectroscopic observations, we know that they range in size from 0.01 pm to 1 pnm (Mathis et al.
1977). As for the gas, we refer to Chapter two in this issue or the literature (Pollack et al. 1994; Thiabaud
et al. 2014) for a discussion of their composition.

How closely the particle dynamics is linked to the gas dynamics is expressed with the Stokes number St
which corresponds to the dimensionless friction time. It relates the stopping time of a particle due to gas
drag to a typical timescale for the gas motion, that is, in practice the orbital timescale. Thus, St = tsp2k,
where we assume the gas orbits at a Keplerian frequency Qk. For small particles, which are in most of the
disk in the Epstein drag regime (see Weidenschilling 1977, for different drag regimes), the Stokes number at

the midplane is
Taps
St = 5

3

for a given gas surface density > and particle with size a and bulk density ps which is on the order of 1 gcm™
but is expected to be higher if the local temperature led to evaporation of volatile species and lower if grains
are porous or fractal which is currently only weakly constrained.

3.2.1 Growth from Dust to Pebbles

For the initially micrometer-sized particles inherited from the interstellar medium, sometimes referred to as
monomers, to grow, they need to collide with other particles. The collision rate between a spherical particle
of size a; with particles of size a, is given by I' = Avon, where Av is the relative velocity, o = m(a; + a,)?
is the cross sectional area of the two spherical particles, and n is the number density of particles in the gas.

To estimate the local number density it is important to account for particles settling towards the midplane
which locally increases their number. This process is relatively fast and will reach an equilibrium where at
regions close to the midplane, the particles of a given Stokes number can be described with a reduced scale
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height Hg compared to the gas (Youdin &Lithwick 2007)
@
Haw Hy o (6)

At larger elevations (z > H) a simple scale height approach is imprecise as discussed by Fromang &Nelson
(2009). It is further noteworthy that there exists a lower limit to the dust scale height as the shear between
the settled layer of solids and the low-viscosity gas above it will trigger the Kelvin-Helmholtz instability
which stirs-up the solids. Thus, the effect increases the local turbulent « (Youdin &Shu 2002; Johansen
et al. 2006).

While the number density and size of the particles is usually constrained from disk models, the relative
velocity among grains or pebbles depends on which process dominates the particle velocity (see Birnstiel
et al. 2016, for a review). For a large portion of a turbulent disk and for small particles (low St), the velocity
due to turbulence is dominating the approach speed of two particles and is approximately given by (Ormel

&Cuzzi 2007)
3a
Av =y ———c, 7
"V strse e @)

where « is the Shakura &Sunyaev (1973) parameter for turbulent strength. We note that depending on the
nature of the turbulence, the induced relative velocities might be lower because particles move in concert
with each other. This is the case when the turn-over times of the large eddies is longer than the stopping
time of the particles. Such a situation can be expected if turbulence is driven by the vertical shear instability
(Nelson et al. 2013; Lin &Youdin 2015).

The relative velocities are not only used to estimate collision rates but are also key to determine the
outcome of a collisional encounter. When the relative velocities are larger than a threshold velocity verag,
particles can break apart and prevent further growth. Laboratory experiments place vgag in the range from
Ims~! to 10ms™! (Blum &Wurm 2008; Gundlach et al. 2018; Steinpilz et al. 2019) depending on the
composition. However, this is part of ongoing research and numerical simulation of porous grains hint at
larger speeds giving rise to uninhibited growth to meter or kilometer-sized bodies, that is, planetesimals
(Okuzumi et al. 2012; Kobayashi &Tanaka 2021). However, on the way to planetesimals, other potential
barriers need to be overcome. Instead of fragmenting, the collision of two grains could also lead to the
impacting particle bouncing-off the target particle which also prevents sticking and growth (Seizinger &Kley
2013). Recent work indicates that discrepancies (Schrépler et al. 2022) between limits derived from laboratory
and numerical approaches could be resolved by taking into account the size of the particle (Arakawa et al.
2023) which should motivate the adoption of those limits in modern dust evolution models (e.g. Stammler
&Birnstiel 2022).

3.2.2 Radial Drift

A third barrier for growth is not related to collisions between particles but to their aerodynamic interaction
with the gaseous material (Weidenschilling 1977). It is a key element of today’s dynamic picture of planet
formation because of the mobility of building blocks discussed in Sect. 2.3.

Considering a parcel of gas, the pressure support of the gas interior to it reduces the orbital velocity
relative to the Keplerian value to (Adachi et al. 1976)

Ug7¢:UKv1_277a (8)

where P
r

=——a—— 9
K 20%p dr’ )
vk is the Keplerian orbital velocity, and p and P are the density and pressure of the gas. Although 7 is small
for most disk profiles, the reduced gas speed introduces a headwind for dust particles orbiting at vk. At 1
AU, it is on the order of 100 m/s. While this is small relative to k, this is non-negligible in absolute terms.
Therefore, gas drag is acting and breaking the dust particle, removing its angular momentum and leading
to a radial velocity component. Assuming the radial velocity to be in steady-state and small compared to

16



the orbital velocity, a low dust-to-gas ratio, and a small value of 7, it follows (Nakagawa et al. 1986)

_ —2nuk + S‘flV&r

L= 10
vd, St—! + St (10)

We note that 7 is typically negative due to the pressure decreasing with orbital distance, thus the particles
indeed move — or drift —towards the star.
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From Eq. 10, we see that particles with Stokes number close to unity will experience the strongest radial
drift. As can be seen in Figure 3.2.2, this has the consequence that such objects are removed extremely
quickly from the inner parts of the Solar nebula (less than 100 years for roughly meter-sized bodies). For
typical disk profiles, the radial drift timescale becomes shorter than dust growth timescales below a Stokes
number of unity. Therefore, radial drift can act as a barrier which removes particles instead of allowing for
growth. This fact was termed the meter-sized barrier and is a common issue discussed since the early works
of Whipple (1972), Weidenschilling (1977), and Adachi et al. (1976).

However, if a local pressure maximum exists in the radial gas distribution, 77 and the drift velocity can
change sign. Thus, the solids accumulate at the pressure maximum and it will act as a dust trap. In
these locations, the drift limit can be overcome. Symmetric dust features observed with the Atacama Large
Millimeter/submm Array (ALMA) show observational evidence of this scenario (ALMA-Partnership et al.
2015; Andrews et al. 2018a).

However, today radial drift is no longer perceived as a process that is only detrimental to growth, but that
on the contrary can critically help to form planetesimals and grow planets because of two key mechanisms:
first, when considering the collective behaviour of drifting particles (instead of individual ones as in the
previous considerations) and when including their back-reaction onto the gas disk, the following instability
occurs: spontaneously forming over-densities of drifting particles make the surrounding gas orbit a bit faster
because of the back-reaction. This reduces the inward drift of this clump of particles. They are then
catching other individual particles that drift faster, which further amplifies the process, making it run away.
As discussed further in Sect. 3.3, this streaming instability (Youdin &Goodman 2005) probably plays a key
role for the formation of planetesimals.

Second, if the drifting particles can be accreted by planets (Ormel &Klahr 2010), they become a large
reservoir for solid growth. At Stokes number of 0.01 to 0.1, radial drift is efficient and since particles with
these Stokes numbers correspond roughly to a few centimeters in size, the objects were termed pebbles and
the accretion of these particles is known as pebble accretion which will be discussed below in Sect. 3.4.
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3.2.3 Entrainment of Grains in Photoevaporative Winds

In contrast to the nebular gas, high energy radiation will not lead to heating of dust particles to thermal
energies which would allow them to become unbound. However, small dust can be entrained in the gaseous
photoevaporative wind which can affect the mass budget and composition and might provide direct observa-
tional clues (Facchini et al. 2016; Hutchison et al. 2016; Franz et al. 2020; Sellek et al. 2020). For externally
driven winds, it can be assumed that all grains are entrained with a size below a critical size (Sellek et al.
2020)
.2
Qent,ext = p:‘;_-hiéz?ﬁ]%(a (11)

where vy, is the thermal velocity of the heated gas (T' ~ 1000 K), % is the gas surface density change due
to photoevaporation, and F ~ Hg/r is a geometrical factor. Equation 11 is obtained by equating gravity
to the gas drag from the escaping wind. For internally driven winds, the limiting size is most likely given
by the particles which can be swept upwards by a vertical flow in the disk. For this case, Booth &Clarke
(2021) derived another limiting particles size which lies for typical disks close to the monomer size of the
grains on the order of 107° cm implying that the entrainment can be stalled completely for disks with weak
photoevaporative winds. Burn et al. (2022) discuss the effects of entrainment on the solid mass budget for
a range of parameters.

3.3 Pebbles to planetesimals

To proceed on the way of converting the solids in disks from pebble size to eventually planet size, the
bouncing, fragmentation, or drift limits discussed in the last section need to be overcome. This can be the
case if particles spend little time as aggregates where they would drift or fragment and instead a process
exists which directly bridges these critical size regime to at least several kilometer-sized objects.

Direct formation of large planetesimals overcomes several other threats which would affect intermediate-
sized planetesimals. First, at tens of kilometer sizes, they would be sturdy enough to not fragment in mutual
collisions (Benz &Asphaug 1999). Second, erosion of the planetesimal by interaction with the gas becomes
inefficient and limited to a smaller region close to the star for larger planetesimals (Demirci et al. 2020;
Schonau et al. 2023). Similarly, erosion due to collisions with pebbles are negligible at larger sizes (Burn
et al. 2019). Lastly, as visible in Fig. 3.2.2, large planetesimals are not affected by radial drift as their mass
out-scales the surface-dependent drag force in the turbulent drag regime leading to negligible specific drag
(Weidenschilling 1977; Birnstiel et al. 2016; Burn et al. 2019).

For these reasons, a scenario where planetesimals form relatively large is preferred. This can be achieved
if dust is concentrated enough to trigger the gravitational collapse of a dust cloud. Goldreich &Ward (1973)
proposed this mechanism as a pathway for planetesimal formation where the required large dust-to-gas ratio
is achieved by settling of dust to the midplane. However, for global dust-to-gas ratios on the order of a
percent, including the aforementioned (Sect. 3.2.1) lower limit due to self-induced turbulence of the dust
layer, it was shown that this is impossible to realize (Sekiya 1998; Youdin &Shu 2002). Thus, the dust-to-gas
ratio needs to be locally enhanced with a different process. To achieve this, Youdin &Shu (2002) found factor
~10 enhancements from radial drift only in a smooth disk which is a fringe case to trigger the collapse. Later,
it was understood that the collective behavior of radially drifting dust can trigger what is now called the
streaming instability via its back-reaction on the gas (Youdin &Goodman 2005; Squire &Hopkins 2018), as
explained at the end of Sect. 3.2.2. It has an automatic dust-concentration effect (Johansen & Youdin 2007;
Simon et al. 2016) aiding the potential gravitational collapse but it is also a source of turbulence which could
act against the gravitational collapse (Klahr &Schreiber 2020). The growth of the streaming instability is
only efficient at enhanced super-Solar pebble-to-gas ratios and particles with Stokes numbers St > 0.01 (Bai
&Stone 2010; Carrera et al. 2015). Furthermore, if a distribution of particle sizes (Krapp et al. 2019) or
a background turbulence (Umurhan et al. 2020) is present, the range of conditions suitable for streaming
instability shrinks. Thus, it might be a process which does not trigger planetesimal formation on its own.
However, it is of great aid in the final clumping process. These considerations are discussed in the context
of formulating a criterion for the formation of planetesimals as a function of disk conditions (Gerbig et al.
2020).
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Therefore, to trigger planetesimal formation aided by the streaming instability concentrating pebbles
in clouds eventually undergoing gravitational collapse, some other process could be required to reach the
necessary dust concentration. It could be that planetesimals only form at preferential locations in the pro-
toplanetary disk, such as the inner edge of the unionized and thus magnetically dead-zone (Gammie 1996;
Drazkowska et al. 2016) or the iceline where water sublimates (Drazkowska &Alibert 2017; Schoonenberg
&Ormel 2017). Alternatively, local concentrations of pebbles were assumed as put forward by Lenz et al.
(2019) to construct a flux-regulated prescription for planetesimal formation useful for global planet form-
ation models. Such an approach is motivated by a number of theoretically expected processes which can
create zonal flows and therefore local over-densities. The zonal flow can for exampl be caused by magnetic
instabilities (Dittrich et al. 2013; Bai &Stone 2014; Béthune et al. 2016). Particle rings could originate also
from a dust-driven instability in the outer magnetically active regions (Dullemond &Penzlin 2018). Altern-
atively, particles could accumulate in forming vortices (Raettig et al. 2015; Manger &Klahr 2018) caused by
the vertical shear instability (Nelson et al. 2013; Lin &Youdin 2015; Pfeil &Klahr 2019). Most importantly
in an observationally-driven field such as planet formation, such rings are observed with ALMA in many
protoplanetary disks (e.g. ALMA-Partnership et al. 2015; Dullemond et al. 2018).

While there is certainly a need for more research in determining the mechanism(s) of planetesimal form-
ation, another important topic is the resulting size distribution. For the streaming instability, mass distribu-
tions of clumps of dust have been determined (Simon et al. 2016; Simon et al. 2017; Schéfer et al. 2017; Abod
et al. 2019; Li &Youdin 2021). However, these works are often missing the resolution to resolve the latest final
gravitational collapse phase which might reduce the final planetesimal mass further (Nesvorny et al. 2021;
Polak &Klahr 2023). Nevertheless, the order of magnitude in size of these first primordial planetesimals is
likely larger than 100 km. This size regime might be problematic for both pebble and planetesimal accretion
presented below without further fragmenting the primordial bodies or making use of the concentration of
solid (Lorek &Johansen 2022).

3.4 Solid accretion mechanisms

In this section, we discuss how protoplanets grow by accreting solids (as opposed to gas accretion). There
are three different fundamental types, involving increasingly large bodies: pebble accretion, planetesimal
accretion, and giant impacts. We first give an short overview describing how the understanding of solid
growth has changed over time and then address the physics of the mechanism separately.

3.4.1 Development of the concepts of solid accretion

In the past fifty years, the concept of how protoplanets grow by accreting solids has evolved. At the beginning
of modern theories still considered valid in a general sense stands the planetesimal accretion paradigm,
proposed by Viktor Safronov in 1969 (Safronov 1969). According to this concept, protoplanets (also called
planetary embryos) grow through the gradual collisional accretion of small solid bodies, the planetesimals,
which have sizes of about 1 to 100 km. This idea stems from the observation of the ubiquity of such bodies
in the Solar System (asteroid and comets).

Within the planetesimal paradigm, an important process is the one of planetesimal runaway growth
(Wetherill &Stewart 1993). During planetesimal runaway accretion, the more massive bodies have a large
gravitational focusing factor (the Savronov factor, see Eq. 19 below). This means that their effective colli-
sional cross section is much larger than their physical size. In turn, the more massive bodies grow faster than
less massive ones. This represents an unstable (runaway) situation that splits an originally monodispersed
(same sized) planetesimal population into massive rapidly growing runaway bodies (protoplanets) and small
slowly growing background planetesimals, i.e., a bimodal distribution.

However, in 1993, Ida &Makino (1993) showed that the fast runaway growth regime cannot be sustained
ad infinitum. Instead, once the large bodies are massive enough to dynamically heat the surrounding
planetesimals (i.e., increase their eccentricities and inclination), the growth mode changes to the slower
oligarchic mode (Ormel et al. 2010). In this regime, several neighbouring protoplanets (now called oligarchs)
grow in lockstep, mutually separated by about 5 to 10 Hill spheres. The oligarchs still grow faster than the
background planetesimals. In the oligarchic regime, the growth timescale becomes an increasing function of
planet mass, opposite to the runaway regime.
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However, in oligarchic growth there could be a timescale problem when it comes to the formation of giant
planet cores in the outer regions of a planetary system, especially outside of about 10 AU. Given the high
amounts of nebular gas that gas giants contain, the massive cores required to trigger gas runaway accretion
(about 10 Earth masses) obviously need to form before the dissipation of the gas nebula i.e., within 3-10 Myr.
Thommes et al. (2003) highlighted this issue, indicating that the growth of these cores may take too long to
occur within the observed lifetimes of protoplanetary disks. The problem becomes more acute the further
one moves away from the star since the growth timescale scales with the Keplerian frequency. While the in
situ formation of Jupiter from 100 km planetesimals at 5.2 AU is still feasible in a nebula with about 2-4
times the surface density of the MMSN and modern models (Podolak et al. 2020), it becomes very difficult
to form in situ the ice giants or the giant extrasolar planets observed at distances of several tens of AUs.
In this context it should be noted that the ice giants might have formed closer in (in the Nice model, they
rather start forming at 6-8 AU, Walsh et al. 2011), and the gravitational instability mechanism could have
formed at least some of the massive distant extrasolar planets (Boss 2011). An alternative explanation could
be scattering events (Marleau et al. 2019).

To address the timescale problem, Ida &Lin (2004) suggested small planetesimals, around 1 km in size, as
a solution. Planetesimal growth is the faster the smaller the planetesimals are, for two reasons: First, there
is a stronger damping of eccentricities and inclinations by the gas drag of the surrounding protoplanetary
disk, leading to smaller random velocities of the planetesimals and thus a larger gravitational focusing factor.
Second, the enhancement of the capture radius of the protoplanet because of drag in its gaseous envelope of
the protoplanet is also increased for small planetesimals®.

However, observations of the asteroid belt (Morbidelli et al. 2009) and various streaming instability
and planetesimal formation models (e.g., Polak &Klahr 2023) rather indicated that planetesimals are born
relatively large, around 100 km in size. This would pose a challenge to the idea of small planetesimals being
the primary building blocks of planets, but it should be noted that contrasting evidence also exists (see
Emsenhuber et al. 2021a for an extended discussion).

To reconcile these different perspectives, a new paradigm was introduced in a dedicated way by Ormel
et al. (2010) which proposes that bodies much smaller than km-sized planetesimals are actually important
planetary building blocks. This pebble accretion paradigm suggests that small pebbles (usually mm to
dm-sized), can more efficiently accrete onto larger bodies, especially at larger orbital distances (Lambrechts
&Johansen 2012). The fundamental difference to planetesimal accretion lies in the fact that during the
encounter, not only gravity is important but also dissipative drag forces (Ormel 2017). This process is fast
and can occur even in the outer regions of a planetary system, as the capture radius scales with the Hill
sphere which in turn scales with the semi-major axis. The physical size of the core which is more relevant
for planetesimal accretion does in contrast not increase with distance.

However, pebble accretion in the outer system requires a large enough starting seed because pebbles
cannot be accreted by another pebble. This can be problematic if the streaming instability does not lead to
the formation of such bodies (Lorek &Johansen 2022). This would bring us back to the need for planetesimals
during the intermediate growth stage (from the largest mass formed directly out of the planetesimal formation
mechanism to the lowest mass where efficient pebble accretion starts), which would in turn bring back the
aforementioned timescale problem in the outer disk.

One potential solution to this new challenge is the formation of protoplanets in a structured disk that
contains rings (Lau et al. 2022; Jiang &Ormel 2023), or more accurately pressure maxima where drifting
pebbles accumulate. The high concentration of pebbles and the low headwind velocity inside the ring renders
pebble accretion very efficient. These studies suggest that the presence of pressure maxima can facilitate
the formation of massive protoplanets even at large orbital distances (50-100 AU). Disk structures can
furthermore act as traps for the orbital migration of protoplanets, further enhancing the efficiency of planet
formation (e.g., Coleman &Nelson 2016).

In summary, solid accretion involves various paradigms and models, including the planetesimal paradigm
with runaway and oligarchic growth stages, pebble accretion and giant impacts. The latter is thought to be
the final stage in the growth of terrestrial planets. The role of pebbles, planetesimal, and impacts in different
regions and phases of planetary system growth are central subjects of ongoing research and hybrid models
start to be developed (Coleman 2021; Voelkel et al. 2022).

1When the effect of aerodynamic fragmentation of planetesimals in protoplanetary atmosphere is included besides drag, then
the capture radius effect is also efficient for large planetesimals, see Podolak et al. 2020.
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3.4.2 Basic concepts of planetesimal accretion

A key concept in collisional growth via planetesimals is the one of the gravitational focusing. In this
section, we address this effect in a more educative fashion than processes addressed in the other parts.
More realistic state-of-the-art calculations are considerably more complex (Inaba et al. 2001), but the simple
picture presented here illustrates the basic concepts.

Consider two bodies of masses m; and msy with radii 7y and ro approach each other at an initial relative
velocity vo, and with an impact parameter b (Figure 8). The velocity is formally the one at infinity, or in
practice when the planets are still very far from each other.

In a billiard game, the collisional cross sections of two bodies is simply given by the geometrical cross
sections

0 = Ogeo = T(r1 +72)2 (12)

However, the attracting nature of gravity leads for planetary growth to an increase of the collisional cross
section over the geometrical one. This is called gravitational focusing. Energy and angular momentum
conservation allows one to calculate the collisional cross section for two arbitrary sized, gravitating (spherical)
bodies, neglecting the influence of the Sun (two body approximation).

P

m;

m, ° e o

vdt

Figure 8: Illustration of the approach of two gravitating bodies (left) and the cylinder of accreted mass onto
a moving body (right). The cylinder (dotted) is visualized for a particle with mass M moving at velocity v
through a medium with density p for a time dt at a certain interaction cross-section o. In the left schematic,
particle 1 with mass m; and radius r; is drawn at two different times on its path (arrow), once at infinite
separation from particle 2, where it has a velocity v, and at its closest approach to particle 2 where it has
a differing velocity v due to the gravitational attraction.

Energy conservation yields (with values at infinity on the left and values at the closest approach on the
right):

1, 1 5 mimsa
- S — 13
g = vt — G (13)
with p the reduced mass (mimsz)/(my + ms). The conservation of angular momentum yields
1whvse = p(ry +ra)v (14)

which can be solved to yield the velocity at the closest approach, v = bvs,/(r1 + r2). Together with the
definition of the escape velocity

e = | 2SI ) (15)
r1+ 1o
combining gives
b = (ry +19)? (1 + U%C) (16)
This yields N
o =mb* = 7(ry +1y)? (1 + Qf;c) = 0geo(1+ O) (17)
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where we have used the so-called Safronov number © = v /v2 in honour of Viktor Safronov who was the

first to develop this collisional accretion scenario. We thus find that the collisional cross section is increased
over the geometrical cross section by a factor which is proportional to the square of the escape velocity to the
random velocity. Clearly, this ratio can become quite big thus increasing strongly the collision probability.

The accretion of mass per time is now a simple geometrical task. As visualized in the right panel of Fig.
8, a particle with an interaction cross-section of ¢ moving through a medium of density p will accrete over
a time dt the mass in the visualized cylinder

Mdt = opudt, (18)

where we introduced the mass accretion rate M. Thus, for our derived cross-section, we get

2

M = puoom(ry +12)? (1 + 7;‘2“) , (19)
oo

where the velocity with which the particle under consideration (with mass M) can be set to v which should

be interpreted as the average relative velocities between the considered particle and all other particles at

large distance.

For applications, we need to describe the density p used in the above formula. Assuming the medium to
be composed of planetesimals, that is, particles well decoupled from the gas, rho can be estimated using the
eccentricity e and inclination ¢ distribution of the particles. Under these assumptions, the particles move on
Keplerian orbits. Therefore, their velocity is on the order of v & ve? + i?vk (Lissauer &Stewart 1993).

This velocity can also be used to describe the planetesimals as a fluid and derive a planetesimal scale height
Hp, = v/Qx = ave? + 12 with a corresponding approximate planetesimal midplane density of (Safronov
1969)

Epla
S 20
Prl 2m(e? +142) (20)
Combined with Eq. 19, this yields an easy-to-use estimate of the planetesimal accretion rate
: (14 e (21)
M1 =~ Y12k (11 + 72 (]. + e8¢ ) , 21
P P (€2 +i?)vd

where we omitted factors of order unity to not overstate the precision of the approach. We see that the
more massive a growing planet, the larger the escape velocity and the more rapid its growth. Therefore, if
the other factors are kept constant this accretion formula describes relatively well the runaway planetesimal
accretion.

As seen in this derivation, the complexity emerges when trying to estimate the exact approach speed
of two bodies. For non-circular orbits, it depends on the location on the orbit of both the target and the
impactor. The integration then becomes non-trivial and when additionally accounting for approaches which
do not neglect the gravity of the central star, the problem is no longer solvable analytically. Therefore,
numerical studies were conducted (Greenzweig &Lissauer 1990, 1992; Inaba et al. 2001) which obtained
much more precise prescriptions for the accretion rate of planetesimals.

As the aforementioned insights were gained, it also became clear that the eccentricities and inclinations
of the planetesimals are key parameters which are not independent of the planetary mass. In the vicinity of
a relatively massive growing protoplanet, the eccentricities and inclinations of the planetesimals are affected
due to gravitational stirring Ida (1990); Ohtsuki (1999) and thus the velocities and accretion probabilities
are affected. This reduces the fast, runaway accretion via the denominator in Eq 21 and leads to a transition
the slower so-called oligarchic accretion. Prescriptions to model the gravitational stirring were formulated
and applied in a number of works (Ohtsuki 1999; Chambers 2006; Fortier et al. 2013).

The particles in the gas disk are not only subject to gravitational stirring of the planet but also experience
a similar effect from gas turbulence (Ormel &Kobayashi 2012; Kobayashi et al. 2016) and from each other
(Ohtsuki et al. 2002). The stirring effects are compensated by aerodynamic gas drag which slows down the
planetesimals as long as the gaseous disk is present (Adachi et al. 1976). Since the drag force scales with the
surface of the planetesimals while the other processes mainly depend on the mass, gas drag is more efficient
for small planetesimals. Thus, planetesimal accretion becomes more efficient if planetsimals are born small
(of order km in radius) or fragments are produced frequently.
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In addition, another aerodynamic effect emerges from the gaseous envelope of the planet. As the gas
density is increased in the vicinity of the planet over the the density in the disk, the aerodynamic drag
increases as particles get close to the planet. Instead of passing the planet, it can then be accreted (Inaba
&Tkoma 2003; Mordasini et al. 2006).

While one might be tempted to assume that this is an effect which takes only place close to the planet
when the particles are anyways on collision-course, one needs to consider that during the gas disk stage, the
planetary envelope can be very extended and have a size comparable to the Hill sphere (see Sect. 3.5).

3.4.3 Pebble accretion

The pebble accretion process builds on the aforementioned gas-drag enhanced capture radius of the planet.
This effect was studied with focus on larger planetesimals for decades (Podolak et al. 1988; Inaba &Ikoma
2003). For even smaller particles, which are experiencing the strongest drag effects (i.e. Stokes numbers close
to unity), the cross section of the planet is even more significantly increased over the physical cross-section
due to aerodynamic drag.

The idea to accrete the small, millimeter to centimeter sized particles was brought forward by Klahr
&Bodenheimer (2006), although it was applied to giant planets forming in a vortex instead of classical core-
accretion, which was only done in Ormel &Klahr (2010). The advantages over planetesimal accretion are
faster growth and a larger reservoir of solids, in principle all solids exterior to the growing planets location.
This motivated the full development of an alternative paradigm of solid accretion termed pebble accretion
(see Ormel 2017; Johansen &Lambrechts 2017, for in-depth reviews).

Here, we briefly review the fundamentals of the approach. As for planetesimals, an accretion rate of
solids can be expressed as the flux of particles through the cross sectional area of the planet

2
Mpeb = ﬂ—RaCC,peprebvreLpeb . (22)

Since the particles drift through the protoplanetary disk, the relative velocity viel,peb contains a significant
contribution from the radial motion. Approximately, the sum of the difference between Keplerian orbits and
the radial velocity can be used for the relative velocity (Ormel 2017)

3
Urel,peb = Vd,r + §QKRacc,pcb . (23)

This expression neglects flow patterns of the gas due to the planet or turbulence which can become relevant
for low Stokes numbers.

On the other hand, eccentricities and inclinations of pebbles are damped due to efficient gas drag to a
degree where they can be neglected. As for planetesimals, the relevant mass density of pebbles distributed
in space (not to be confused with the bulk density of an individual pebble) is a key quantity to determine.
In steady-state, it can be approximately from the reduced scale height of pebbles or dust (Equation 6) using
the definition of a surface density ppen = pen/ (\/%Hpeb). This expression is accurate if the planet’s radius
of influence Raccpeb (see below), is small with respect to the scale height of the pebbles. However, once
the planet becomes vertically more extended than the scale height, it transitions from this so-called 3D
regime to a 2D case, where the full vertical extent of the pebble distribution can be accreted, resulting in
Mpeb = 2R, cc.pebUrel,peb instead of Equation 22.

The final quantity to be determined is the accretion radius Racc,peb- It can be estimated by comparing
the timescale that particles require to settle toward the planetary core against the timescale they reside
within the planets’ sphere of influence. The latter time is either determined from the pebble radially drifting
toward the star (headwind regime) or passing azimuthally due to the difference in Keplerian orbital velocities
(shear regime). Following Ormel (2017), this leads to an expression for the headwind regime

[2G M St
Racc,peb,hw ~ TK (24)

while in the shear regime it evaluates to Racc peb,hw ~ stl/ 3RH , where the Hill radius

O\ 1/3
= 2
m=(5r) (25)
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is used where a is the semimajor axis of the planet.

This approximate treatment can be used for pebbles with Stokes numbers of order 0.01 to 1. For lower
Stokes number, that is, for dust, particles follow the gas streamlines around the planet without accretion
(Ormel 2017). For larger Stokes number, that is, entering the regime of planetesimals, the assumptions of
the Epstein drag regime and zero inclinations and eccentricities break.

At larger planetary masses, pebble accretion terminates once the planet significantly perturbs the gas
disk (see Section 3.6) to create a local pressure maximum where pebble drift is stopped (Lambrechts et al.
2014; Ataiee et al. 2018). While this effect depends on the gas disk properties, such as viscosity and scale
height, the typical pebble isolation mass is on the order of 10 to 40 Mg.

Recently, hybrid models combining planetesimal and pebble accretion have started to be constructed (e.g.,
Alibert et al. 2018; Voelkel et al. 2022; Kessler &Alibert 2023). They find a highly complex interplay with
phases where one or the other mechanism is dominant resulting in multiple generations of protoplanets, where
the additional planet luminosity resulting from planetesimal accretion can delay gas accretion relative to the
pure pebble case. They also find that giant planet formation alone from 100 km planetesimals is efficient in
forming giant planets with final orbital distances out of about 1 AU, but not further away (Voelkel et al. 2020).
This could indicate a distance dependency of the importance of pebbles (larger distances) and planetesimals
(smaller distances). Together with the effect of planetesimal fragmentation (Kaufmann &Alibert 2023), that
can link the two scenarios, more work is warranted to study the relative roles of planetesimal and pebble
accretion and their interplay.

3.5 Gas accretion

The process of gas accretion can be separated into two stages, an initial cooling-limited stage at early
times and lower planet masses. During this first stage, the planet’s envelope is smoothly attached to the
surrounding protoplanetary disk. This phase can be followed by a later disk-limited stage for sufficiently
high planet masses where the planet’s surface is detached from the disk.

3.5.1 Cooling-limited, attached stage

In the initial stage, as a protoplanet grows by solid accretion, its gravitational pull will increasingly attract
H/He gas from the protoplanetary disk until it is balanced by the pressure support of already attracted gas.
The pressure support is sustained by the luminosity in the planet’s envelope, which is in turn generated by
the envelope gas itself or by the accretion of solids. Before the advent of 3D hydrodynamic simulations, this
situation was treated as a fully static 1D spherically symmetric problem where the cooling and contraction
of the already accreted gas allows new nebular gas to flow into the planet’s sphere of influence, regulating
thereby the gas accretion rate (Bodenheimer &Pollack 1986; Ikoma et al. 2000). Originally, this sphere of
influence was taken to be simply the smaller of the Bondi Rp and the Hill sphere radius Ry (Bodenheimer
&Pollack 1986). However, hydrodynamic simulations show that only about the inner 0.25 Ry are actually
bound to the planet, while the outer layers participate in the disk’s surrounding shear flow (Lissauer et al.
2009).

In this inner part, the relevant equations are similar to the stellar structure equations. Spherical symmetry
is assumed. Then, mass conservation, momentum conservation in the form of hydrostatic equilibrium , energy
conservation, and energy transport can be written using the radius from the planet’s center r as coordinate
(Bodenheimer &Pollack 1986):
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where G is the gravitational constant, m the enclosed mass at radius 7, and P, T, and p are the pressure,
temperature, and density in a layer. The gradient V depends on the process by which the energy is more
efficiently transported (radiation or convection) as judged by the Schwarzschild criterion. In the case of
convection, tabulated adiabatic gradients from specialised non-ideal equations of state are used which also
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yield the density as a function of pressure and temperature. Assuming radiative diffusion, the radiative
gradient is given by

3kl
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where £ is the Rossland mean opacity and o is the Stefan-Boltzmann constant.

We notice that the energy equation is the only equation which explicitly depends on time ¢. This implies
that it drives the temporal evolution. In this equation, [ is the luminosity (energy flux), € an extra energy
source such as impacts or radiogenic heating (for stars it would be nuclear fusion), V' = 1/p is the specific
volume, and u is the specific internal energy. Using the first law of thermodynamics, one can also consider
the temporal change of the gas’ entropy instead of the change of the volume and internal energy separately.
This is particularly useful if (most of) the envelope is adiabatic and thus characterised by one entropy.

These equations can be solved numerically (Bodenheimer &Pollack 1986; Tkoma et al. 2000; Piso & Youdin
2014; Mordasini et al. 2012¢; Kimura &Ikoma 2020; Emsenhuber et al. 2021b) given boundary conditions,
opacities, and an equation of state to close the system of equations. In the initial stage, the outer boundary
conditions are given by the disk background conditions modified by the effects of the circulating flow (Ali-
Dib et al. 2020). Specialised equations of state (EOS) that cover the required regime of pressures and
temperatures in giant planet interiors deviate strongly from the ideal gas case but must include also the
degenerate limit (Saumon et al. 1995; Chabrier &Debras 2021). Such EOS are specially developed for the
interior of planets and brown dwarfs (see Helled et al. 2020, for a review). Modern equations of state can
to some extent account for varying helium fractions and metallicities Z, but many questions still remain
(Howard &Guillot 2023).

For the early stage in which solid accretion is the main source of luminosity for the planet, a useful sim-
plification is to assume a constant luminosity throughout the structure of the planet and that for sufficiently
large impactors (planetesimals), energy is deposited at the envelope to core boundary (Mordasini et al.
2012¢). This is a good approximation when the gaseous envelope is thin enough to allow for planetesimals to
reach the solid core (Podolak et al. 1988; Mordasini et al. 2006). For small initial relative velocities between
the accreted material and the planet, the luminosity of accreted material is given by the released potential
energy in the gravitational field of the planet,

Viad = (28)

Macc,solind
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(29)

where Macc,sohd is the accretion rate of solids, and M. and R. are the core mass and core radius. This
establishes a link between gas and solid accretion (Section 3.4). Once the envelope becomes “opaque” to the
incoming bodies, the liberated energy depends on the radius at which the particles are mainly stopped Rgop
and the corresponding encompassed mass at this radius Mg,ep (Podolak et al. 1988).

In the initial cooling-limited stage, the temporal evolution is controlled by the timescale of the Kelvin-
Helmholtz cooling of the envelope 7ky, therefore the characteristic timescale for the accretion of gas for a

planet of mass M can be estimated as
. M
Myas = —. (30)
TKH
The solution of the structure equations shows that under simplifying assumptions (for example, no solid
accretion) the Kelvin-Helmholtz timescale 7y can be parameterised as (Ikoma et al. 2000; Mordasini et al.

2014) -
M
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In this equation, the parameters pxy and gy are found by fitting the accretion rate found by solving the
internal structure equations (e.g., Ida &Lin 2004; Miguel et al. 2011; Mordasini et al. 2014). Mordasini et al.
(2014) for example derive pxyg = 10.4, gy = —1.5, and K = 3 x 1072 cm?/g. Once can see that the gas
accretion rate is thus a increasing function of planet mass. Once the planet mass is sufficient high (about
5-10 Earth masses), kg becomes comparable to the disk lifetime, implying that gas accretion becomes
important.
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3.5.2 Disk-limited, detached stage

As the planet’s mass increases further (where its envelope mass becomes increasingly important relative to
the core mass), the gas accretion process speeds up further, meaning that runaway gas accretion sets in
(Perri &Cameron 1974; Mizuno 1980; Stevenson 1982). The exact critical mass at which this occurs depends
on several factors including the opacity in the envelope (given mainly by solid grain opacity Mordasini 2014;
Ormel 2014; Kimura &Ikoma 2020) but also the solid accretion rate. At some point, core and envelope mass
become equal, which is known as the crossover mass (Pollack et al. 1996). In addition to the solid accretion
luminosity, contributions from the gas’ cooling and contraction become relevant and eventually dominate.

At some point in the runaway phase, the outer radius of the planet contracts so rapidly (but still quasi-
statically, Bodenheimer &Pollack 1986) that the gas disk can no longer supply nebular gas at a rate sufficient
to fill the rapidly emptying shell — the planet’s surface thus detaches from the protoplanetary disk (Bod-
enheimer et al. 2000; Mordasini et al. 2012¢) and the growth enters the disk-limited accretion stage. The
planet’s radius now shrinks to a value that is much smaller than the Hills sphere of about 1.5 - 5 Jovian radii
depending on the entropy of the gas in the interior (Mordasini et al. 2012b; Marleau et al. 2017). This is
also the moment when the structure changes from an approximately spherically symmetric shape during the
attached stage to a flattened one (Ayliffe &Bate 2012; Szulagyi &Mordasini 2017) with a circumplanetary
disk surrounding the growing gas giant (Adams &Batygin 2022). The outer boundary conditions of the
structure equations are also modified as gas now falls with high velocity on the surface of the planet where
it shocks (Mordasini et al. 2012c; Marleau et al. 2023). The resulting emission in the H-a line has been
observed recently for forming extrasolar gas giants (Haffert et al. 2019b).

In this later stage of massive planets (M 2> 100Mg), the gas accretion rate is no longer limited by
the cooling of the envelope but by the supply rate of gas from the protoplanetary disk. The exact limit
is influenced by the three dimensional structure of the gas around the planet. A first estimate yields the
classical Bondi/Hill accretion rate (D’Angelo &Lubow 2008; Mordasini et al. 2012¢), i.e., the rate at which
the planet sweeps nebular gas given relative velocities caused by the Keplerian shear

. S (Ru\®
Me,Bondi ~ E <3H) Q. (32)

In this equation, ¥, H, Ry, and () are the gas surface density averaged over the planet’s feeding zone, the
vertical scale height of the disk, the Hill sphere radius, and the Keplerian orbital frequency at the planet’s
position. More accurate rates can be derived from 2 and 3D hydrodynamic simulations (e.g., Machida et al.
2010; D’Angelo &Lubow 2008; Bodenheimer et al. 2013; Choksi et al. 2023) that can be used to calibrate
the 1D approaches (Schib et al. 2022).

Three-dimensional hydrodynamic simulations have in recent years also revealed that envelope gas can be
recycled back to the protoplanetary disk with potential influence on the energy budget of the planet (Ormel
et al. 2015; Moldenhauer et al. 2021, 2022). Especially at low planet masses and small orbital distances,
protoplanetary envelopes are not closed hydrostatic 1D systems, but dynamically exchange gas with the
surrounding disk. The resulting advection of high entropy material can delay gas accretion (Cimerman et al.
2017). The basic picture that the KH-contraction of the inner bound region ultimately regulates growth
remains however valid, but the outer layers need to take into account the multi-dimensional hydrodynamical
effects (Bailey &Zhu 2023). Regarding the composition, further high-resolution investigations are required
to assess to what extent this effect could potentially reset the atmospheric composition of a migrated gas-rich
planet to a more local composition.

Figure 9 shows the mass of H/He as a function of the heavy element (core) mass predicted by the
Generation ITI Bern global planet formation model (Emsenhuber et al. 2021b) that is based on the core
accretion paradigm. The initial conditions of the model were varied according to observed properties of
protoplanetary disks (Emsenhuber et al. 2021a) to synthesise a population of model planets. The host star
mass is 1 Mg and the age of the synthetic planets is 5 Gyr.

The envelope masses were derived by solving the internal structure equations in 1D. The opacity caused
by grains in the protoplanetary atmospheres was assumed to be a factor 0.003 reduced (Mordasini et al.
2014) relative to ISM grain opacities (Bell &Lin 1994), meaning that the KH-contraction of the envelopes is
relatively efficient. This has the consequence that even relatively low-mass planets can accrete some H/He
which is then reflected in the planetary mass-radius relation (Mordasini et al. 2012c). The disk-limited gas
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Figure 9: Tllustration of the effect of envelope accretion (and loss). The blue points show the mass of
hydrogen and helium Mxy as a function of the mass of heavy elements My (iron, silicate, potentially water)
of synthetic planets predicted by the global planet formation model of Burn et al. (2024). This model also
includes the processes of envelope loss via impact stripping and hydrodynamic atmospheric escape driven by
high-energy photons. Red points are planets without H/He. The age of the planets is 5 Gyr.

accretion rate was found in a way similar to Eq. 32.

At low masses, the envelope mass increases with increasing heavy element mass. This is expected from
the general scaling of the KH-timescale with mass (Eq. 31). There is, however, a large spread. This is on
one hand caused by different formation pathways which result in different efficiencies of gas accretion during
the nebular phase. This diversity can not be fully captured by simpler semi-analytical expressions for gas
accretion (Alibert &Venturini 2019). On the other hand, additional effects modify (reduce) the envelope
mass post-formation: during the long-term evolutionary phase, i.e., from the end of the lifetime of the disk
to 5 Gyr, the planets can lose their H/He via impact stripping (Denman et al. 2020) or atmospheric escape
(e.g., Jin et al. 2014; Owen 2019; Affolter et al. 2023). Planets without H/He are shown by red points.

Then, at higher heavy element / core masses of about 10-20 Mg, runaway gas accretion sets in. In
the plot, this shifts the planets almost vertically upwards in the figure to high H/He masses, whereby they
become gas giants.

At intermediate masses of about 20-200 Mg, there are fewer planets, known as the “planetary desert”
(Ida &Lin 2004). It is caused by the relatively high gas accretion rates in the runaway and initial disk-limited
phases of about a few 1074 to 1072 Mg /yr (Mordasini et al. 2017). This makes it less likely that the gas
disk dissipates at just the moment of intermediate masses. Whether this “smoking gun” of core accretion is
actually visible in the observed planetary mass function is a subject of debate. While some observational
studies support the existence of the desert (Mayor et al. 2011; Bertaux &Ivanova 2022), others do not (Suzuki
et al. 2018; Bennett et al. 2021).
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3.6 Orbital migration

The mentioned orbital migration of planets within the gaseous disk is likely affecting the overall population
of exoplanets which leave observable imprints on the planetary population level (Burn et al. 2024). Thus,
we briefly review the process. More detailed reviews were published in Baruteau et al. (2016); Paardekooper
et al. (2023).

The physical reason for orbital migration lies in the perturbation of the disk gas in the vicinity of the
planet which in turn exerts a torque on the planet. The leading order contribution is due to the mass
accumulating at the Lindblad resonance, which is both trailing behind the planet exterior to the planetary
orbit as well as leading in front of the planet just interior to the planetary orbit. Due to the geometry of the
problem, the outer over-density typically exerts the larger torque on the planet and therefore decelerates it.
This leads to a radial motion towards the star (Goldreich &Tremaine 1979; Ward 1997; Tanaka et al. 2002).
In detailed studies, the process is usually discussed with reference to a contribution from the Lindblad torque

o = (%)2 Seat0? (33)

where the Keplerian orbital frequency {2k needs to be evaluated at the planet location ap, ¢ is the planet-
to-star mass ratio and h is the local aspect ratio in the disk H/ap. A torque I'yo; exerted on the planet on
a circular orbit will lead to a change in semi-major axis of

@_2& 1_\tot
a v J

(34)

where J = M /GM,a,. In addition to the Lindblad torque, there are several other contributions to I'te,
which can be categorized into four regimes based on planetary mass and disk viscosity.

In the high viscosity, low planetary mass regime, the contributions are well-studied and analytical
expressions are available. This regime is the classical viscous type I regime (Ward 1997; Tanaka et al. 2002).
In addition to the Lindblad torque, the co-rotation torque can contribute significantly and even invert the
typically inwards direction. The co-rotation torque originates from material orbiting the star in close vicinity
to the planet. It is sensitive to the gradient in thermal properties over the region where parcels of gas describe
a U-turn motion in proximity of the planet (Paardekooper et al. 2010, 2011; Kley &Nelson 2012; Jiménez
&Masset 2017), that is, over a region of width

ap May

Tco = m m ) (35)

where 7 is the adiabatic index. For typical disk properties, the co-rotation torque alone would lead to an
outward motion of the planet. However, it can be weaker than the Lindblad torque and it further saturates
at a certain planetary mass. This is the case when gradients in the gas properties are not re-established by
material flowing into the relevant region due to viscous diffusion. The timescale of viscous diffusion over the
corotation region is 7, = r2, /v. By comparing this timescale to the time it takes the gas to complete a full

libration (Hellary &Nelson 2012)
8may,

3QKTCO ’

and with inclusion of more precise factors of order unity, Emsenhuber et al. (2023) derived a useful critical
planetary mass for saturation of the co-rotation torque called the saturation mass for planetesimal accretion

8ma 2/3 ~ H 7/3
Mgy = | — — M, | — ,
= (5) Ve (i) )

tip = (36)

where Cyg ~ 1.1 is based on numerical experiments (Paardekooper et al. 2010). The direct dependence on
« is visible in the middle and top left panels of Figure 10, where saturation is reached at the upper mass
end of the red regions caused by the corotation torque.
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Figure 10: Migration rate of planetary embryos as a function of distance and planetary mass in a proto-
planetary disk with different viscosities after 0.1 Myr of evolution. The rate is normalized by the distance
(thus showing the inverse timescale). Red regions indicate outward migration. « is used here for migration,
disk evolution, and viscous heating. The rates for Model 1 (left column) follow Paardekooper et al. (2011)
for viscous, low-mass planets (type I) and Dittkrist et al. (2014) for larger planets (type II). The transition
between the regimes is marked with a dashed line and corresponds to the gap opening mass following Equa-
tions 38 for Model 1 and the used Equation 39 for Model 2 which further uses Jiménez &Masset (2017) type
I torques. Saturation masses (Equation 37) are marked with a dotted line. They provide a useful estimate
of the upper mass limit of outward migration regions for Model 1.
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In the high viscosity, high planetary mass regime, the torques on the planet decrease because the
region around the planet is emptied and a gap forms. Formulas for gap emergence and width were obtained
by Crida et al. (2006) and Kanagawa et al. (2017). In Figure 10, the transition is smoothed (following
Emsenhuber et al. 2021b) and a gap is assumed to have emerged when (Crida et al. 2006)

3H, 50v M,
4Ry M(J%QK -

(38)

A more simple criterion was found by Kanagawa et al. (2018). In their work, they estimate a critical
gap-opening mass of

Moo —8x 10-50, ] 2 (Ml . 39
gap = © X V103 \ 0.05 ' (39)

In that case, migration is found to be suppressed. Diirmann &Kley (2015) and Kanagawa et al. (2018)
suggest to use the type I torque (including the co-rotation torque) and reduce it linearly with the reduction
of the surface density at the bottom of the gap. Prior works suggested a more pronounced transition of
regimes where the planet migration would be linked to the radial velocity of the gas (Dittkrist et al. 2014)
but with a reduction once the planet mass dominates over the local disk mass (Alexander &Armitage 2009).
This latter approach is used in Figure 10, which causes an outward directed type II migration at the locations
where the gas flow is also directed outwards.

For low viscosity disks (o < 107%), the field is currently determining accurate migration rates (McNally
et al. 2019; Lega et al. 2022). Of large importance could be the dynamical co-rotation torque (Paardekooper
2014; Pierens 2015). It emerges in the same fashion as the co-rotation torque in a viscous disk but for cases
where the viscous co-rotation torque would saturate. When a planet grows to significant mass in such a disk,
due to the lack of viscous diffusion, gas is trapped in the horseshoe region and migrates together with the
planet, effectively slowing down its Lindblad-torque-driven migration. To quantify it, tracking the history
of the planet is required.

At larger planetary mass, there is s till research to be done to find a conclusive migration rate. Vortices
and magnetic field lines penetrating into the planetary gap (Aoyama &Bai 2023; Wafflard-Fernandez &Lesur
2023) make this regime particularly challenging to explore (Paardekooper et al. 2023).

Finally, under certain circumstances and not limited to low-viscosity disks, further processes can exert a
considerable torque, such as the torque from planetesimals (Levison et al. 2010; Ormel et al. 2012) or dust
(Benitez-Llambay &Pessah 2018) in the vicinity of the planet as well as heating effects (Lega et al. 2014;
Benitez-Llambay et al. 2015; Masset 2017).

4 Putting the pieces together: global models and planetary popu-
lation synthesis

In this section, we aim to showcase how global models of planet formation that combine several of the physical
processes discussed in the last section bridge the gap from protoplanetary disks to the final planetary systems.
As an example, we will focus on the results obtained with the Bern model of planet formation (Alibert et al.
2005; Mordasini et al. 2012c; Alibert et al. 2013; Emsenhuber et al. 2021b). Other global models were
developed by several authors (Ida &Lin 2004; Coleman &Nelson 2014; Bitsch et al. 2015; Lambrechts et al.
2019; Chambers 2018; Alessi &Pudritz 2022; Kimura &Ikoma 2022) and are reviewed in detail in Mordasini
(2018); Drazkowska et al. (2022).

4.1 Coupled planet formation models

To highlight the interplay of different processes, we show in Figure 11 the time evolution of a planet modelled
using different assumptions. The protoplanetary disk evolution is calculated and follows a gas disk with
identical parameters but twice the mass of the one shown in Section 3.6 (initial mass of 0.043Mg). The
initial solid to gas mass ratio is 0.05 (715Mg), which is a massive and solid-rich, but not unrealistic case
compared to the population of observed disks (Tobin et al. 2020). The solids are either distributed as pebbles
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or as already formed planetesimals with 100 km diameter. The protoplanet is injected at 5.2 au and grows
by solid accretion of planetesimals in the oligarchic regime (Fortier et al. 2013) or pebbles (Ormel 2017) and
consistent gas accretion given the solid luminosity and later limited by the gas disk supply Bodenheimer
et al. (2013). Its migration follows Jiménez &Masset (2017) and Kanagawa et al. (2018) (Model 2) or
Paardekooper et al. (2011) and Dittkrist et al. (2014) (Model 1).

From the results, we can first see that migration often limits growth to larger masses. To form a giant
planet, the critical timescale to overcome is typically the Type I migration timescale. This is particularly
true if no outward migration region forms. Such an outward-migration zone keeps the planet growing with
planetesimal accretion and Model 1 migration at a larger distance until it reaches several Earth masses after
3.5 Myr. It then proceeds to become a hot Jupiter aided by accretion of planetesimals as the planet migrates,
a scenario which is, however, not likely when multiple embryos would be considered since larger bodies are
expected to emerge on shorter timescales in the inner system (Emsenhuber et al. 2021b).

If migration is turned off, cold giant planets can form under a wide range of parameters. Although this
case is chosen for illustrative purposes here, it might be a realistic scenario if the disk is structured in a
configuration resulting in migration traps even before the first planets emerge (Matsumura et al. 2007; Lyra
et al. 2010; Hasegawa &Pudritz 2013; Coleman &Nelson 2016).

The rest of the model runs with migration produce hot sub-Neptunes which is a typical outcome of
planet formation models and might explain the large number of observed sub-Neptunes and potentially
super Earths.

Solid accretion in the pebble scenario is proceeding faster than planetesimal accretion at the chosen
initial distance of 5.2au. At larger distances, the differences grow even larger with pebble accretion as a
likely scenario for giant planet emergence from regions exterior to 10 au while planetesimal accretion becomes
inefficient at these separations, unless the planetesimal are km-sized. These differences were also highlighted
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by Briigger et al. (2020); Voelkel et al. (2020). Here, we note that the high efficiency of pebble accretion can
also be detrimental to planets growing to become giants because there is a large disk mass at early times
which leads to shorter migration timescales. After pebble accretion terminates at the pebble isolation mass,
gas accretion proceeds at these early stages more slowly than type I migration. However, this depends on
the chosen viscosity (a = 1072 here).

We note that the timing of the emergence of an embryo at the chosen location is in principle not uncon-
strained. Here we chose time zero, but in reality it would take considerable time to assemble an object with
a mass of 0.01 Mg,. Voelkel et al. (2021, 2022) create an analytic model to realistically inject these objects.

4.2 Planetary population synthesis

To gain a more general understanding of planet formation, the example given above is far from sufficient. As
hinted, the chosen disk conditions are tuned towards giant planet formation and the chosen starting location
was further aiding in promoting growth.

To address the influence of these initial conditions, it is required to sample from realistic distributions
and run the global planet formation model many times. This is exactly the idea of planetary population
synthesis. Disk initial conditions are nowadays observed for large statistical samples. This allows for drawing
initial conditions as Monte Carlo variables from the distribution of observed disks. The key distributions
are disk gas mass, disk size, disk solid content, and lifetime (see e.g. Benz et al. 2014; Mordasini 2018;
Emsenhuber et al. 2023, for reviews).

The population synthesis approach was recently used to generate a set of new populations yielding many
quantities that can be directly compared with observations (Emsenhuber et al. 2021a; Schlecker et al. 2021).
The underlying Generation III Bern Model uses the aforementioned Model 1 for migration and planetesimal
accretion as reviewed in Emsenhuber et al. (2021b). An important change was to use the distribution of
younger Class I objects to start the simulations (Tychoniec et al. 2018). The initial conditions were further
tested against observations of more evolved disks (Emsenhuber et al. 2023).

The resulting population of planets shares a number of important features with the observed exoplanetary
population (Emsenhuber et al. 2021a). As an illustration, Figure 12 shows the synthetic mass-distance
diagram and the mass-radius diagram at an age of the population of 5 Gyr (compare with the observed
versions in Figures 2 and Fig. 3). One can identify a number of features that are also seen in the observed
population, like the increase of the frequency of giant planets outside of about 1 AU and the large population
of close-in lower mass planets. Furthermore, thanks to including N-body interactions, the regime of low-
mass planets down to Earth mass can be realistically explored where the radius valley (Burn et al. 2024)
and the peas-in-a pod trend (Weiss et al. 2018) are reproduced (Mishra et al. 2021). In particular, collisions
resulting from N-body interactions erase to a large degree the imprint of the solid accretion timescale and
limits, discussed in Sections 3.4 and 2.3, on the final population as the inner system. They consist early in
the history of system of several low-mass planets that gets dynamically excited and polluted by migrated
planets. An extension toward lower stellar masses (Burn et al. 2021) was also tested against available radial
velocity surveys (Schlecker et al. 2022), where important observed feature can be reproduced.

However, some rare massive planets around low-mass stars (e.g. Morales et al. 2019) are not explained
by this population synthesis model. Furthermore, the observed trend of increasing planet occurrence with
decreasing stellar mass from transit surveys (Mulders et al. 2015) is not reproduced at the same quantitative
level (Burn et al. 2021). Further challenges remain the eccentricity distribution of giant planets (potentially
requiring a revision of the planet-disk interplay, Bitsch et al. 2020) and the production of hot Jupiters with
the same model that can also create cold Jupiters. This is the case because, typically, a change in migration
and maximum gas accretion rate tilts the outcome to favor only one of the two categories. For a more
comprehensive review of recent population synthesis calculations, we refer to Mordasini (2018); Emsenhuber
et al. (2023).
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Figure 12: Mass-distance diagram (left) and mass-radius relation in the nominal planetary population of 1
Mg, stars obtained from planetary population synthesis with the Generation III Bern Model (Emsenhuber
et al. 2021b; Burn et al. 2024). The age is 5 Gyr. The population consists of 1000 planetary system which
each is initially seeded with 100 lunar-mass planetary embryos. On the right, only planets with a < 1 AU
are included as a zero-order representation of the observational bias of the transit method. The color code
gives the envelope metallicity Z, where zero would correspond to a pure H-He envelope.

5 The compositional opportunity

5.1 Chemical and compositional clues to the origin and evolution of planets

As planet formation occurs in a protoplanetary disk, the chemical inventory thereof is inherited as a starting
point for a planet’s composition. When trying to model the process (see Oberg et al. 2023, for a recent
review), the initial conditions are key. However, the initial disk composition is still disputed with cold
and low-density regions not allowing for chemical evolution to reach an equilibrium state. Instead, the
composition in the outer disk is likely inherited from the star-forming region (Eistrup et al. 2016). More
recently, the static picture, which was for simplicity assumed in the seminal work of Oberg et al. (2011),
was substantially revised by works that consider the time evolution of the protoplanetary disk composition
Eistrup et al. (2018); Booth &Ilee (2019); Krijt et al. (2020).

To illustrate this, we present in Fig. 13 the time-evolution of the composition of a protoplanetary
disk using the Bern model of planet formation (Emsenhuber et al. 2021b) extended with solid evolution
and entrainment in photoevaporative winds (Voelkel et al. 2020; Burn et al. 2022) as well as compositional
tracking of the pebbles and gas as discussed in Section 3.1. The evaporation and recondensation of the volatile
species use the saturation pressure curves collected by Fray &Schmitt (2009). For numerical consistency,
a diffusion flux limiter is used and the process of evaporation is slowed down to decrease the abundance
of water by a factor of e over a gas scale height H,. A complete description of this model is currently in
preparation (Burn et al.).

Figure 13 shows the time evolution of a standard disk with initial mass of 0.038 M and an exponential
cut-off radius of 30 au. Several stages of evolution take place, before the composition evolves significantly,
dust grows to pebble mass, then pebbles drift and transport material to the inner system. At the same stage,
the disk cools down and the snowlines move closer to the star. Pebble drift becomes inefficent once all dust
has grown and drifted towards the star. As the supply of fresh material subsides, the inner disk gas becomes
depleted of volatiles except CO, which has a snowline exterior of where the bulk of the disk mass resides.
Finally, internal photoevaporation opens a gap (visible in the CO (g) sector in Figure 13) and an outer ring
gradually disperses.

For CO, we see a ring of solids which is made of condensed CO ice. These rings exist as long as the pebble
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Figure 13: Evolution over 15 Myr of the surface density of solid and gaseous species in a protoplanetary disk
around a Solar-mass star. In each sector, the linear time evolution is shown in clockwise orientation and the
surface density is color-coded. Distance to the star is shown in logarithmic spacing with an inner boundary
at the disk edge at 0.04au. The upper half of the plot shows the volatile species in the solid phase where
an inner boundary corresponds to the species iceline. The lower half shows the same species in the gaseous
phase.

supply is present for all species but are not as prominent in the other cases. The exact feedback and amount
of condensation depends on the viscosity of the gas but also on the numerical smoothing as icelines are in
principle a 2D surface in radial-vertical extent instead of a sharp line. Re-condensation of gas is prominent
for CO where the iceline lies in the outer decreting part of the disk which leads to a persistent condensation
front until the end of the gas disk lifetime. Other species accrete on the star in a timeframe dominated by
pebble drift which is efficient under reasonable assumptions of moderate turbulence (a: 1073) and sturdy
grains (Vpag: 2m/s).

It was shown by Booth &Ilee (2019) that chemical evolution plays a role over Myr timescales in the
inner disk, which was not included in the simulations here. A simple reaction network was used in that
work to keep the computation time short. More extensive chemical modeling is required to resolve the
lower-density regions and for comparison to observations (Woitke et al. 2009; Semenov & Wiebe 2011; Walsh
et al. 2015). On the other hand, by excluding radial transport of ices, Cridland et al. (2016, 2017) could use
a more extended chemical network when modelling planet formation and obtaining planetary compositions.
Another effect which was so far not coupled to other dynamical processes affecting the disk composition is
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that of radioactive heating leading to outgassing of water from 100 km-sized planetesimals (Lichtenberg et al.
2019). These shortcomings show that there is still need of theoretical work to fully do justice to all relevant
effect within one model.

With the advent of the James Webb Space Telescope (JWST), we have the opportunity to test models
of protoplanetary disk composition using infrared spectroscopy. The technique can probe molecular lines in
the warm (7' £ 300K) gas as well as the continuum emission which is typically dominated by the silicate
grain features. First results (see van Dishoeck et al. 2023, for an overview) highlight a surprising diversity
with some water-rich (Banzatti et al. 2023; Perotti et al. 2023), over COs-rich (Grant et al. 2023), as well as
a silicate- and water-poor, carbon-rich (Tabone et al. 2023) inner disks. Several large JWST programs are
being conducted which aim to resolve the compositional variability and potential correlations with stellar
type, large-scale disk structure, or age. In particular, the synergy with constraints from ALMA that can
probe species in the outer disk (Oberg et al. 2021) might be fruitful. The ALMA data on its own are
more challenging to link to planetary compositions as fewer planets form in the outer disk (at least in the
conventional core accretion scenario).

5.2 Disk carbon to oxygen content

Despite the challenging nature of the subject (Molliére et al. 2022), the protoplanetary disk composition has
been linked to the composition of gas giants (e.g., Madhusudhan et al. 2014; Thiabaud et al. 2015; Mordasini
et al. 2016; Schneider &Bitsch 2021; Bitsch et al. 2022). To illustrate the link, it is useful to consider here
the pioneering work of Oberg et al. (2011) who discussed the carbon to oxygen ratio in the protoplanetary
disk gas and solids. The C/O ratio changes with distance to the star at the respective snowlines. This is
shown in Figure 14 for the same disk for which the evolution was discussed above. For example, exterior
to the CO2 snowline, the gas phase contains only CH4 and CO as carbon- or oxygen-bearing species. This
means moving interior to the CO5 snowline, a jump towards a C/O of 0.5 (from CO3) occurs. Even more
oxygen is present interior to the water snowline, further reducing C/O.

The basic idea is that once the C/O in the atmosphere of a giant planet can be measured, its formation
location can be identified. The formation location is a key information for planet formation. Originally, it
was thought that the disk gas phase is the determining factor (solid line in Fig. 14). However, (Mordasini
et al. 2016) showed that for typical enrichment levels of Hot Jupiters, rather the accreted solids (the dashed
line in Fig. 14) determine the atmospheric C/O if atmosphere and interior mix. The reason is that nebular
gas usually contains only few C and O molecules compared to the solids in which these elements are major
components (for example oxygen in silicate rocks or C in carbon-bearing ices). As discussed in this section,
the picture has become even more complex with effects of the disk’s temporal evolution, pebble drift and
evaporation, inhomogeneous planetary interiors and other factors.

Figure 14 also shows the time evolution of the modelled protoplanetary disk. In this case, we see a change
of the inner protoplanetary gas disk C/O to a quasi-static value of approximately 0.3. This value is sensitive
to a number of assumptions on the molecular inventory of the disk, such as the water to CO and CO; ratio
(Marboeuf et al. 2014). More recently, it was also speculated whether hydrocarbons could be present and
evaporate at the soot line which would be located in the hot inner disk (~500K, Li et al. 2021). This is
one of the hypothesis to obtain an observable, carbon-rich composition (Tabone et al. 2023). Alternatively,
Mah et al. (2023) proposed that the carbon-rich disk could be in a later evolutionary stage in the disk. The
process proposed in that work is the same as what develops in Figure 14: At later stages, all the material
with high condensation temperatures, such as water, has accreted onto the star due to, first, radial drift of
solids followed by viscous accretion of gas. Instead, what remains in the inner disk is carbon-rich material
from the outer disk (2 Myr line). It is the species which exist primarily in the gas phase (CO and CH,) which
are not as rapidly depleted as the volatiles in the rapidly drifting solid phase. Qualitatively this scenario is
a common outcome for disks with rapid pebble drift (vegag £ 1m/s, Mah et al. 2023). The prediction of this
hypothesis is that the disk is strongly depleted in overall solids. These novel results motivate more detailed
studies of the microphysics at the snowlines and the their efficiency to trap and cycle volatiles from the gas
phase back to the solid phase.
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Figure 14: Carbon to oxygen number ratio as a function of distance (“Oberg plot”, following the work of
Oberg et al. 2011) in a protoplanetary disk around a Solar mass star. In contrast to Oberg et al. (2011),
we used the initialization of Marboeuf et al. (2014) and did not add refractory carbon to the solids (C/O of
refractories is zero), which is why the solid C/O drops to zero interior to the methanol and water icelines
in the inner disk. The same disk evolution with the species shown in Figure 13 is used to calculate C/O
ratios. The CH,4 and CO snowlines significantly alter the local composition at later times. In the inner disk,
the short viscous timescale (for a = 1073) leads to a quick equilibration instead of a local accumulation of
material. We note that there is a minor impact by the methanol line which is not labelled.

5.3 Bulk and atmospheric composition

While the disk composition is key to determine the bulk composition of planets, the partitioning of elements to
different reservoirs in the planet as well as the chemical form in which they present themselves to observers
is not trivial. Figure 15 shows various potential pathways to different atmospheric compositions for hot
Jupiters in terms of their C/H, O/H, and C/O, which are most easily observed.

The plot is based on Mordasini et al. (2016) but updated to include several new aspects like pebble
evaporation (Booth et al. 2017). In addition to the disk-related aspects (formation location with respect to
icelines), the efficiency of solid accretion and the mixing of species within the atmosphere are key aspects.
In particular, if mixing is not efficient (which seems to be the case at least for our Jupiter, see Sect. 2), the
observable composition is sensitive to the latest formation stage where the planet has already obtained its
bulk mass but might not stop solid accretion completely (Shibata et al. 2023).

Going from left to right and from top to bottom in Fig. 15, we first consider that solid accretion is
efficient. The Hot Jupiter will then have a comparatively high mean density and solids will determine
the bulk enrichment which will be at a superstellar level. If interior and atmosphere are well mixed, the
composition of the accreted solids will also dominate the atmospheric enrichment. Accreted solids will be
the prime source of heavy elements in the planetary envelope and atmosphere, dominating over the heavy
elements accreted together with the H/He gas. If the planet formed outside of the water iceline or the COq
line, the accreted solids will contain oxygen (and carbon), but the composition of icy solids containing water
ice is overall oxygen dominated. This can be seen with the dashed line in Fig. 13 with C/O values of about
0.1 to 0.3. This finally results in an atmosphere with a superstellar O/H, C/H and a low substellar C/O.

Next we consider still the case that the bulk and atmospheric enrichment is dominated by the accreted
solids, but for an accretion of the solids inside of the water iceline. Here it depends on the composition of
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Figure 15: Formation pathways and physical processes leading to different atmospheric composition in
terms of C/H, O/H, and C/O for Hot Jupiters. These can be probed with atmospheric spectroscopy. The
bulk enrichment is also noted as another observational constraint accessible via the planet’s mean density.
Updated with additional physical processes based on Mordasini et al. (2016).

the refractory solids that are accreted. If these solids are carbon depleted relative to the ISM as it is the
case in the inner Solar System (Bergin et al. 2015) and as might be generally the case as suggested by most
polluted white dwarfs (Xu &Bonsor 2021), then again a superstellar C/H, O/H and substellar C/O will
result, because of the oxygen in the accreted silicates, at least if the silicates do not condense out again in
the deeper layers (Kitzmann et al. 2024). On the other hand, if the solids inside of the iceline contain large
quantities of refractory carbon similar to the ISM, a planet with a superstellar C/H, O/H and a stellar or
superstellar C/O will result.

The right part of Figure 15 discusses the outcome if solid accretion was comparatively ineflicient and
thus the atmospheric C and O is dominated by the one of the accreted gas. This applies also to the case
that atmosphere and interior are poorly mixed because of compositional gradients and inefficient semi-
convection (Vazan et al. 2013), even if solid accretion was efficient overall. This case further branches into
sub-scenarios depending on whether the gas has a pristine background composition or whether effects like
disk photoevaporation (Guillot &Hueso 2006) and pebble drift and evaporation (Booth et al. 2017) enrich
the nebular gas at the place of the planet. In the former case, a planetary atmosphere with a (sub)stellar
O/H and C/H and a superstellar C/O would result, while the latter would lead to enrichment levels of O/H,
C/H and a C/O ratio which are (super)stellar. Despite being strongly simplified, these different pathways
already give a hint of the complexity of linking formation and planetary atmospheres. To address this, other
elements like N, S or refractories can be used to add further complementary constraints (Polman et al. 2023;
Crossfield 2023; Ohno &Fortney 2023).
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Additionally, for lower planetary mass, the solid core of a planet can be a substantial reservoir for volatile
elements. The core can then control the atmospheric composition over long timescales. But whenever a prim-
ordial atmosphere of significant mass is present, both reservoirs need to be included and modelled consistently
(Bower et al. 2019, 2022; Lichtenberg et al. 2023). The self-consistent coupling between outer atmosphere
and the deeper envelope (which can, for example, be water-dominated) is also important (Guzmén-Mesa
et al. 2022) and allows to combine spectroscopic constraints on the atmospheric composition with obser-
vational constraints on the planet’s mean density and thus its bulk composition. Sub-Neptunes fall in the
regime where large quantities of volatile elements different from hydrogen and helium might make-up most
of the envelope of the planet (Burn et al. 2024) which could even mix with rocky material for hot planets in
a supercritical phase (Vazan et al. 2022). More interdisciplinary research connecting geophysics with planet
formation and astronomical constraints is required to determine the exact partitioning of elements and the
interior evolution (e.g., Kite et al. 2019).

6 Summary and conclusions

In this chapter, we have reviewed the theory of planet formation. In the first part, key observational con-
straints from the Solar System and from the exoplanet population were discussed. Then, some of the physical
mechanisms governing planetary system formation were introduced. We then addressed how these mechan-
isms can be put together to form global planet formation models that can be used in planetary population
synthesis. Population synthesis makes quantitative statistical comparisons possible between formation the-
ory and exoplanet observations. Finally, we showed how the compositional links from protoplanetary disks
to planetary atmospheres put novel constraints on planet formation theory.

Triggered mainly by observational progress, the understanding how planets form has evolved from a static
picture inspired solely by the Solar System to a highly dynamic one which is reflected in the diversity of the
population of extrasolar planets. This evolution is accompanied by a number of ongoing shifts of paradigms:
first, from in situ formation to mobility of the building blocks both on the dust/pebble scale (drift) and
on the scale of protoplanets (orbital migration). Second, from solid accretion only via planetesimals to a
multifaceted process were pebbles, planetesimals, and giant impacts play a role. Third, from a formation in
smooth viscous disks to structured and potentially MHD wind-driven disks. At the moment, it is not yet
possible to say to what extent these new paradigms will replace the older ones or if in the end a synthesis of
older and newer views will result.

In order to make progress, it will be important to address a number of key questions and frontiers:

1. Are the structures in protoplanetary disks cause or consequence of planet formation? What is the
formation mechanism of the protoplanets that seem to emerge at large orbital distances already at
early times as suggested by observed disk structures?

2. Is the evolution of protoplanetary disks driven by viscous accretion or by MHD-winds and what are
the consequences for planet formation, like potentially reduced orbital migration?

3. What is the importance of pebbles, planetesimals, and giant impacts as mechanisms of solid growth?
Is there a distance dependency? How does this influence the planetary composition and structure?

4. How large are planetary gas accretion rates in the runaway and disk-limited phase and which mechan-
isms control it? Is there a planetary desert in the mass function?

5. How did the Solar System form, capitalizing on the special constraints we only have in our system
like the meteoritic record and the minor bodies? Was there a grand tack? How much material passed
Jupiter? How special is its architecture?

6. How can the complexity of the interiors of the giant planets in our Solar System (especially Jupiter)
be translated to exoplanets for which typically simple fully adiabatic interiors are assumed?

7. What is the origin of the very abundant population of close-in low-mass/small exoplanets? Are some
of these planets ocean worlds that have migrated from beyond the iceline to their current position?
Are there hints from architectural patterns?
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8. What is the role of gravitational instability as a giant planet formation mechanism and/or potentially
as a seed for core accretion?

9. What is the impact of the cluster/stellar environment on planet formation via late infall, external
photoevaporation of disks, and stellar encounters?

10. What can be learned from observations of ongoing planet formation? Is it possible to derive much more
direct constraints on processes like formation timescales, formation location, gas accretion, migration,
and circumplanetary disks? Can we identify an evolutionary sequence like for stars?

11. Do planets keep an atmospheric memory about their origin? Can it be accessed remotely via spectro-
scopic observations? How are bulk and observable atmospheric composition linked?

12. What is the diversity of low-mass planets in the habitable zone in terms of water content, bulk and
atmospheric composition, or remaining primordial H/He envelope? How does this depend on host star
properties like stellar mass and on the architecture of the host planetary system? Which fraction is
really Earth-like and habitable?

Fortunately, chances are high that significant advancements will be possible in the coming years for this
dozen points because the number of observational constraints will continue to grow rapidly.

The JWST is a first already active example. Despite its recent launch, it already leads to important
insights and triggers the development of more precise models for the composition of the inner disk, including
effects like a soot line or late carbon-rich disk gas. This showcases the potential of linking the outer reservoir
of the disk to the inner disk composition and finally the planetary atmospheres, at least if they can be related
to the bulk of the material accreted during formation.

In the Solar System, space missions like JUICE, BepiColombo, or the Uranus mission but also ultra-
precise laboratory measurements will help to better understand our own planetary system, while ALMA,
ANDES, or RISTRETTO will probe the formation environment, the atmospheric composition, and ongoing
planet formation from the ground. In space, GAIA, PLATO, and the Roman Space Telescope will critically
extend the parameter space of the known exoplanet demographics in the high- and low-mass regime to
areas currently unknown. ARIEL will add via atmospheric spectroscopy statistical constraints on planetary
composition for a larger sample of planets which is important given the complexity when linking formation
and atmospheres. Finally, over longer timescales, the LIFE mission and the Habitable Worlds Observatory
should be able to observationally address the last question listed above about the diversity of potentially
habitable planets and maybe even life.

Taken together, these observational efforts will yield very rich data to build a set of many multifaceted
constraints for planetary formation theory. Theoretical results can be confronted to them, improving even-
tually our understanding of the origin of planets.
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