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Abstract The diversity in mass and composition of planetary atmospheres stems from the
different building blocks present in protoplanetary discs and from the different physical and
chemical processes that these experience during the planetary assembly and evolution. This
review aims to summarise, in a nutshell, the key concepts and processes operating during
planet formation, with a focus on the delivery of volatiles to the inner regions of the planetary
system.
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1 Protoplanetary Discs: The Birthplaces of Planets

Planets are formed as a byproduct of star formation. In star forming regions like the Orion
Nebula or the Taurus Molecular Cloud, many discs are observed around young stars (Isella
et al. 2009; Andrews et al. 2010, 2018; Cieza et al. 2019). Discs form around new born
stars as a natural consequence of the collapse of the molecular cloud, to conserve angular
momentum. As in the interstellar medium, it is generally assumed that they contain typically
1% of their mass in the form of rocky or icy grains, known as dust; and 99% in the form
of gas, which is basically H2 and He (see, e.g., Armitage 2010). However, the dust-to-gas
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ratios are usually higher in discs (Ansdell et al. 2016). There is strong observational evidence
supporting the fact that planets form within those discs (Bae et al. 2017; Dong et al. 2018;
Teague et al. 2018; Pérez et al. 2019), which are accordingly called protoplanetary discs.
In particular, two young forming planets have been detected recently around the young star
PDS 70 (Keppler et al. 2018; Müller et al. 2018; Haffert et al. 2019).

Protoplanetary discs present a range of lifetimes. This has been inferred, observationally,
by two means. The oldest is the continuum emission of young stellar objects, whose excess
in the infrared indicates the presence of warm dust (Lada and Wilking 1984). The sharp de-
cay of this infrared emission with stellar age made it possible to estimate that protoplanetary
discs last typically between 1 and 10 Myr (Mamajek 2009; Ribas et al. 2015). The lifetime
distributions follow an exponential decay, with typical e-folding times of ∼3-4 Myr (Ma-
majek 2009; Pfalzner et al. 2014). Since dust is very well coupled to the gas, these infrared
observations pointed, indirectly, to the dispersal of gas in protoplanetary discs. A caveat with
this deduction is that the detectable infrared radiation is emitted by grains of maximum size
of ∼cm (Testi et al. 2003; Rodmann et al. 2006; Ricci et al. 2010; Testi et al. 2014). Conse-
quently, the detected infrared excess could be interpreted, simply, as dust growth up to those
sizes within the observed ages. Here is where the second type of discs’ observations plays
a crucial role: the footprints of the accretion onto the central star. This accretion dissipates
energy in very short wavelengths, which is detected in the star’s UV spectrum (Gullbring
et al. 2000). The accretion onto the central star has typical values of ∼ 10−8 M�/yr. Mean
discs’ masses inferred from observations show values of ∼ 0.01M� (Andrews and Williams
2005; Trapman et al. 2017). This, together with the values of the accretion rate onto the star
give a dispersal timescale of the order of ∼ 106 years, in agreement with the order of mag-
nitude dissipation time inferred from the observations of the warm dust emission. For the
Solar System, thanks to meteoritic records, further constraints can be drawn for the lifetime
of the protosolar disc. Recent measurements of isotopic ages and paleomagnetic analyses of
chondrites suggest that the solar nebula was probably gone after ∼ 3.8-4.5 Myr (Wang et al.
2017; Bollard et al. 2017), in agreement with what is inferred from protoplanetary discs
observations.

Different processes, many of them poorly understood, contribute to the disc’s dispersal,
namely, viscous turbulence (Pringle 1981), disc winds (Suzuki et al. 2016), and photoevap-
oration (Owen et al. 2012). Only since very recently, observations of molecules such as CO,
13CO, CN and CS with ALMA are starting to constrain turbulence on discs (Teague et al.
2016). This will shed light on the physical processes that drive disc dissipation.

2 Planet Formation Theory

Planets that accrete significant amounts of gas, like ice and gas giants, must form before
the protoplanetary disc disappears. As explained above, this is expected to happen in a few
million years, which poses a very strong constraint on planet formation models. There are
two broad models to explain how planets form. One is a top-down model, meaning that the
formation of massive objects occurs first. This model is known as gravitational instability
(Kuiper 1951; Boss 1997), and states that planets form from the collapse of gas into clumps
by self-gravity. For this to occur, the clumps in the disc must cool fast in order for gravity to
overcome gas pressure. This condition can preferentially be fulfilled at large distances from
the star (e.g., Boss 1998; Boss et al. 2002; Rafikov 2005). Simulations show that the objects
formed by this process are typically of several Jupiter masses (e.g., Vorobyov 2013), closer
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to brown-dwarfs or low-mass stellar companions (see Kratter and Lodato 2016, and refer-
ences therein). The formation of smaller objects is more challenging and requires mass-loss
mechanisms, like tidal-downsizing (Nayakshin 2010; Vorobyov and Elbakyan 2018). The
other paradigm to understand planet formation is the core accretion model. Core accretion
has been more extensively implemented than disc instability and it is quite successful to
explain the formation of planets with a broad range of masses, orbital parameters and com-
positions; comparable to what observations show (Ida and Lin 2004; Alibert et al. 2005;
Benz et al. 2014; Ronco et al. 2017; Bitsch and Johansen 2017; Mordasini 2018). In what
follows, we focus only on core accretion.

2.1 The Core Accretion Model

Planets form embedded in protoplanetary discs. The farther from the star, the lower the
temperature. At different temperatures, different materials are able to condense. In core
accretion, these condensates are generically called solids or heavy elements. The central
idea of the core accretion model is that a planet forms first by the accumulation of solids or
heavy elements into a core, followed by the binding of an atmosphere on top (Safronov 1969;
Mizuno et al. 1978; Bodenheimer and Pollack 1986; Pollack et al. 1996). Since the dominant
gas constituent of the disc is H2 and He, this is usually considered the main composition of
primordial atmospheres. The atmosphere or envelope starts to form when the gravity at the
core’s surface overcomes the local gas sound speed, typically at approximately a lunar mass
(but depends on the distance to the star, see Armitage 2010). This means that very early on
during the formation, a protoplanet grows by accreting both solids and gas.

Initially, the solid accretion rate is higher than the gas accretion rate, so the core grows
faster than the gaseous envelope. However, when the mass of the atmosphere or envelope
becomes comparable to the mass of the core, the envelope starts to be compressed efficiently
by its self-gravity. This allows more gas to enter the protoplanet’s gravitational sphere of in-
fluence, which enhances even more the envelope’s self gravity. As a consequence, a runaway
gas accretion process is triggered. When this happens, the core is said to have reached the
critical core mass. In classical models, the critical core mass ranges in value between ∼5
and 15 Earth masses (hereafter M⊕), depending on the envelope’s opacity, solid accretion
rate and planet location (Mizuno 1980; Ikoma et al. 2000).

Despite that core accretion was originally developed to explain the formation of gas gi-
ants like Jupiter (Perri and Cameron 1974; Mizuno et al. 1978; Mizuno 1980; Bodenheimer
and Pollack 1986); this model has become the paradigm of planet formation for its ability to
account for a large diversity of planetary outcomes (see, e.g, Benz et al. 2014). Regarding
the Solar System planets, in the view of core accretion, a gas giant like Jupiter can form
if the core reaches a critical mass when there is still plenty of gas in the disc. In this way,
runaway of gas can occur, allowing for the accretion of hundreds of Earth masses of gas.
Alternatively, if the embryo grows in a region of the disc where solid accretion is slower,
it could happen that by the time of reaching the critical mass, the gas in the disc is scarce.
Hence, even if the core is critical, gas accretion by large amounts will not occur. In this
case we would end up with a core-dominated planet like Uranus and Neptune, which have
a significant H2-He envelope (∼10-25 % of the planetary mass, Helled et al. 2011) but
where the gas is not the dominant constituent. Finally, if the solid accretion timescales are
much larger than the disc dispersal timescales, or if the embryo grows in a region of the
disc where there are not many solids to accrete (e.g., close to the central star), it will remain
basically as an embryo during all the disc’s lifetime (Fortier et al. 2013), binding, in some
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Fig. 1 Possible conditions and outcomes of core accretion to explain Solar System planets. Courtesy of Y.
Alibert (adapted for this review)

cases, a thin primordial hydrogen-dominated atmosphere.1 After the disc dissipates, dynam-
ical instabilities occur, leading to collisions of embryos via giant impacts. This is how Earth
formation is envisioned, since the very early works on the subject (see, e.g, Wetherill 1985,
1990). More recent literature on terrestrial planet formation is summarised in Izidoro and
Raymond (2018) and O’Brien et al. (2018), and explained briefly in Sect. 3.2. The classical
picture of core accretion and its output in terms of Solar System planets is summarised in
Fig. 1.

It is important to mention that the formation of intermediate-mass planets, like our ice
giants, is not completely understood. The problem with the scenario described above is that
it involves fine-tuning: the dispersal of the disc has to occur when the protoplanet is ∼10-
20 M⊕, mass range at which gas accretion is expected to be extremely fast. Thus, stopping
gas accretion at that mass is unlikely (Venturini and Helled 2017), making the formation of
intermediate-mass planets very rare, in contradiction with observations (Batalha et al. 2013;
Suzuki et al. 2018).

Another important caveat is that classical models assume for simplification that the heavy
elements and the gas do not mix: the solids always reach the core while the hydrogen and
helium remain on the outermost layer, constituting the primordial atmosphere (Bodenheimer
and Pollack 1986; Ikoma et al. 2000). This is of course not what is expected to happen.
In reality, the incoming solids get heated by gas drag while crossing the atmosphere. Ice
sublimation is expected, together with mechanical break up (Podolak et al. 1988; Mordasini
et al. 2006; Iaroslavitz and Podolak 2007; Valletta and Helled 2019). As a consequence,
material originally in solid state can mix in vapour form with the preexisting hydrogen and

1If the embryo reaches a mass of � 0.5−0.8 M⊕ while still embedded in the gas disc, it can bind a primordial

atmosphere of ∼ 10−4 −10−2M⊕ (Lee and Chiang 2015). The primordial atmosphere can be lost by boil-off
in the ∼ 105 years following disc’s dispersal, depending on the planet’s mass and proximity to the star (Owen
and Wu 2016).
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helium (Brouwers et al. 2018). When this effect is included in formation models, simulations
show that due to the increase in mean molecular weight (Venturini et al. 2016), and due to the
reduction of the adiabatic gradient by chemical reactions (Hori and Ikoma 2011; Venturini
et al. 2015), the compression of the envelope due to self gravity occurs more effectively, for
smaller cores. Consequently, gas giants can form faster (Venturini et al. 2016), and small-
mass planets with substantial H-He atmospheres (∼ 10-20% of planetary mass, the so-called
mini-Neptunes) can be expected as well (Venturini and Helled 2017).

2.2 Dominants Size of the Accreting Solids: Planetesimals and/or Pebbles?

Core accretion can only take place if a primordial embryo or core acts as a seed for the
growth. How is this seed produced? Dust particles grow and settle to the midplane of discs
in very short timescales (∼ 103 yr), until reaching centimetre-size (Weidenschilling 1977;
Dullemond and Dominik 2005; Brauer et al. 2008). These pebbles are partially coupled to
the gas, meaning that the gas dynamics strongly affects pebbles’ orbits. From the equation
of motion of a gas particle embedded in a protoplanetary disc, one can find that the azimutal
velocity of gas particles satisfies (Weidenschilling 1977):

v2
g,θ = v2

k + r

ρ

∂P

∂r
(1)

where vg,θ is the azimutal gas velocity, vk the keplerian velocity (the azimutal velocity of
the solid particles, which are not pressure-supported), r the radial distance to the star, ρ and
P the local gas density and pressure, respectively. In a standard smooth disc, the pressure
decreases outwards, which makes the second term of Eq. (1) negative. As a consequence,
the gas moves at a slower rate than the pebbles. Hence, from the pebble’s reference frame,
the gas acts like a headwind. This provokes a strong orbital decay towards the central star.
For instance, a 1-meter object at 1 AU would drift towards the central star in only ∼ 100
years (Weidenschilling 1977). Because of this radial drift barrier, the growth of dust aggre-
gates larger than centimetre/meter has been a puzzle for planet formation theory for decades
(see, e.g. Blum 2018, and references therein). At the same time, other growth barriers exist.
Bouncing, fragmentation and erosion of dust aggregates are the general outcome of col-
lisional laboratory experiments when the size of the colliding bodies is similar, and mass
transfer and cratering are the most common ones among different size objects (see, e.g.
Güttler et al. 2010; Birnstiel et al. 2016).

Nowadays, the most successful theory capable of closing the gap between dust growth
and the formation of km-size objects (called planetesimals) is the streaming instability
(Youdin and Goodman 2005; Johansen et al. 2007). This instability comes from a back-
reaction of the dust to the gas: the gas in the vicinity of the dust particles is accelerated,
which decreases locally the gas friction into the dust. Hence, dust particles move slower to-
wards the star, piling up particles coming from farther out. These pile ups or clumps of dust
eventually collapse into planetesimals by self-gravity (Johansen et al. 2014). The direct col-
lapse allows to surpass the aforementioned growth barriers, favouring the formation of big
planetesimals (∼10-100 km). Some caveats with the streaming instability is that it requires
certain fine-tuned conditions to occur, like a high dust-to-gas ratio and low viscosity (Youdin
and Goodman 2005). Moreover, Krapp et al. (2019) showed that if a size distribution of dust
particles is considered, the streaming instability acts on longer time scales than expected if
a single dust size is used. On the other hand, the formation of sub-kilometers planetesimals
by direct sticking cannot be completely discarded (see Blum 2018, and references therein).
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A key unknown when modelling planet formation is the dominant size of the solids at
the time when planets assemble. The first planet formation models assumed the dominant
size to be 100 km planetesimals (Pollack et al. 1996). That assumption originates from the
presence of these objects in the Solar System, thought to be left overs of planet formation
(Safronov 1969; Whipple 1972). Indeed, the largest asteroids in the Solar System are in the
100 km size range, and many smaller bodies are known to have formed via high-velocity
collisions (Bottke et al. 2005). However, the initial dominant size of planetesimals is still
under debate. Morbidelli et al. (2009) showed that the actual size distribution of the asteroid
belt can be reproduced from initially big planetesimals (100-1000 km), but Weidenschilling
(2011) showed that such distribution can also be obtained from initially small planetesimals
(∼100 m). Kenyon and Bromley (2012) found that the actual size distribution of the trans-
Neptunian objects is better reproduced from initially ∼1-10 km planetesimals. Indeed, some
Kuiper Belt Objects like Pluto, Charon and MU69, do not show crater impacts with sizes
below ∼1 km (Stern et al. 2019). Schreiber and Klahr (2018) showed, via streaming insta-
bility, that planetesimals should be of the order of 100 km size in the inner disc but could
present a variety of sizes in the outer one. Thus, planetesimals could in fact present different
dominant sizes at different orbital distances from the star.

A well-known problem of growing planets by the accretion of large planetesimals is that
the timescale to form a gas giant tends to be too long.2 This happens because planetes-
imals get excited by gravitational interactions between embryos and planetesimals, which
increases the relative velocities among them. Planetesimals (especially big ones) are not well
coupled to the gas, so the damping of eccentricity and inclination by gas friction operates
poorly on 100-km size objects (Fortier et al. 2007; Guilera et al. 2010; Fortier et al. 2013).
As a consequence, relative velocities between big planetesimals and embryos are high, mak-
ing big planetesimals hard to accrete. Under these circumstances, planetesimals halt their
growth and embryos are the only bodies that continue growing at a slow pace (although
faster than in orderly growth). This type of solid accretion is known as oligarchic growth
(Ida and Makino 1993; Kokubo and Ida 1998). To match observations, planetesimal-based
models accounting for oligarchic growth require a planetesimal size of 300 m (Fortier et al.
2013; Alibert et al. 2013; Mordasini 2018). This is not the dominant size of planetesimals
predicted by streaming instability. Actually, in situ simulations can lead to the formation of a
gas giant when 10-100 km size planetesimals are considered, as long as disc masses and/or
metallicities are high (Fortier et al. 2009; Guilera et al. 2014). However, when migration
is included, because migration timescales are shorter than the core growth timescales with
large planetesimals, planets are typically lost into the star before reaching critical masses
(Fortier et al. 2013; Ronco et al. 2017). The choice of 300 m size makes the migration and
core growth timescales comparable, and thus the formation of gas giants becomes possible
in metal-rich discs (Fortier et al. 2013). Hence, the problem of planetesimal accretion should
not be viewed apart from the problem of the persistent too fast migration rates.

On the contrary, if one assumes that the dominant solids in the disc at the time of planet
formation are pebbles, because of the strong orbital decay mentioned above, the growing
embryo sees a flux of pebbles passing through its orbit. Since pebbles are effectively slowed
down by gas friction, they fall readily towards the embryo once they enter its gravitational
sphere of influence, making them much easier to accrete than planetesimals (Ormel and

2Nevertheless, Guilera et al. (2010, 2011) showed that the formation timescales are strongly reduced if giant
planets form by the accretion of sub-km planetesimals, and that the simultaneous formation of Solar System
giant planets can occur in only a few Myr (compatible with disc lifetimes). The prevalence of such small
planetesimals at the time of planet formation is however not predicted by streaming instability simulations.
(Schreiber and Klahr 2018)
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Klahr 2010; Johansen and Lacerda 2010; Johansen and Lambrechts 2017). Consequently,
a critical core can be made fast by pebble accretion; for example, in only 1 million years
at a distance of 5 AU from a solar-type star (Lambrechts and Johansen 2014), which made
pebble-based models very attractive. However, gas giants with periods shorter than ten years
are expected to be less than ∼ 15% of the existing exoplanets (Mayor et al. 2011; Howard
et al. 2012; Hsu et al. 2018). Thus, the easiness of pebble accretion to produce gas giants
seems to be in conflict with observations (Ndugu et al. 2018). This can be overcome if a
late formation time for the embryos is assumed (Brügger et al. 2018) or if a high irradiation
environment like a stellar cluster is invoked (Ndugu et al. 2018). We note, nevertheless, that
pebble accretion is still a relatively recent and constantly evolving scenario. In particular,
since the pebble drift and accretion are so closely connected to the disc properties, testing
different and improved disc models is essential to make thoroughly comparisons with obser-
vations. Other physical aspects like envelope enrichment (Venturini and Helled 2017) and
gas recycling (Ormel et al. 2015) might also play an important role on the gas budget of
planets formed by pebbles.

2.2.1 Isolation Mass

An important concept in both pebble and planetesimal accretion is that of the isolation mass,
although it has different meanings in the different contexts. In pebble accretion, there is a
certain time in the planet’s growth when the protoplanet perturbs the disc enough to create a
pressure bump beyond its orbit (Lambrechts et al. 2014). Within a pressure bump, the pres-
sure gradient of the disc (second term of the right hand side of Eq. (1)) becomes positive.
Hence, the pebbles in that location feel a tailwind that makes them spiral outwards until the
pressure maximum. Beyond the maximum, the solid particles tend to move inwards as usual.
Consequently, the pressure bump acts like a particle trap (Haghighipour and Boss 2003), and
the pebbles that fall within it cannot reach the protoplanet. Once this mass is reached, the
protoplanet is said to have reached the pebble isolation mass (Lambrechts et al. 2014; Ataiee
et al. 2018; Bitsch et al. 2018), and pebble accretion stops. On the other hand, planetesimals
are accreted within the protoplanet’s feeding zone. This is the region adjacent to the embryo
where the embryo dominates gravitationally, typically an annulus of ∼10 Hill radius centred
in the protoplanet (Tanaka and Ida 1999). The planetesimal isolation mass is reached when
the embryo’s feeding zone runs out of planetesimals. Despite of this, planetesimal accretion
does not cease completely. Since the tenuous envelope surrounding the core keeps contract-
ing and accreting gas, the gravitational influence of the protoplanet keeps expanding. Hence,
new planetesimals enter slowly in the practically empty feeding zone, making it possible for
planetesimal accretion to continue (the so-called phase 2 of Pollack et al. 1996). Note, how-
ever, that phase 2 does not always take place when a planet grows by planetesimals. When
the gravitational excitation from the embryo into the planetesimals is taken into account,
the initial phase of core growth can be very slow, meaning that the feeding zone never gets
depleted. Indeed, at a distance from the star larger than a few AU, phase 2 is unlikely to exist
(Fortier et al. 2007; Shiraishi and Ida 2008; Guilera et al. 2010; Venturini and Helled 2020).

2.2.2 Open Problems with Planetesimal and Pebble Accretion Rates

Global models based on planetesimal accretion rely on prescriptions for the accretion rates
derived from statistical collisions from N-body simulations and in situ accretion (e.g. Inaba
et al. 2001). These accretion rates can be reduced by the planetesimal trapping mechanism
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(Tanaka and Ida 1997). In this scenario, the planetesimals that are scattered by the pro-
toplanet are then damped by the gas drag and trapped outside the planet’s feeding zone.
However, when several embryos grow in the disc, the scattering of planetesimals from one
planet’s feeding zone can replenish the feeding zone of others (Tanaka and Ida 1997). Fur-
thermore, Tanaka and Ida (1999) showed that a planet migrating through a swarm of plan-
etesimals can acts as a shepherd or as a predator, reducing or increasing, respectively, the
accretion rates. Recently, Shibata et al. (2020) showed that planetesimal accretion can play
an important role in the late enrichment of migrating giant proto-planets due to dynamical
effects that break the planetesimal trapping. In summary, planetesimal accretion is a very
complex process that requires further revision.

Planet formation models based on pebble accretion also suffer from certain simplifi-
cations at the moment of computing accretion rates. For instance, pebble accretion rates
depend directly on the Stokes number and pebble surface density (or pebble flux) at the po-
sition of the planet (Lambrechts et al. 2014), which are often taken as constant or evolving
in time following an exponential decay (Lambrechts et al. 2019; Ogihara and Hori 2020).
However, Drązkowska et al. (2016), Drążkowska and Alibert (2017) have shown via dust
evolution and pebble formation models that the Stokes number and pebble flux change in
time and along the disk in a more complex way. In addition, most of the models assume an
infinite pebble supply (Lambrechts and Johansen 2014; Lambrechts et al. 2014; Bitsch et al.
2019), when in reality pebbles originate from a finite reservoir of dust and are lost towards
the star by drift and diffusion (Birnstiel et al. 2012; Drązkowska et al. 2016). Therefore,
future pebble accretion models should address the fundamental and unavoidable intercon-
nection between disc evolution, and dust growth, drift and fragmentation.

2.3 Planet Migration

As a planetary embryo grows, the gravitational interaction between the planet and the
gaseous disc produces torques that modify the planet’s orbit, making the protoplanet mi-
grate along the disc (Goldreich and Tremaine 1979; Lin and Papaloizou 1986). There are
two main migration regimes. The first one, known as type I migration, involves planets that
are not massive enough to open a gap in the gaseous disc (Ward 1997). In this regime, the
gravitational interactions between the planet and the disc become significant at the Lindblad
resonances and at the corotation region of the planet’s orbit. In addition, when the mass of
the planet is small enough to allow that planet-disk interactions to be treated using linear
approximations, the migration rate is proportional to the planet’s mass and to the gas sur-
face density. The second regime, the type II migration, involves massive planets where the
gravitational interactions are strong enough to open a gap in the gaseous disc around the
planet’s orbit (Lin and Papaloizou 1986). Such planets are typically more massive that Sat-
urn, but the exact transition value between type I and type II migration depends on the disc’s
parameters (Crida et al. 2006). Planet migration is key in the orbital evolution of forming
planets, having a strong impact on their final masses and semi-major axes.

2.3.1 Type I Migration

If � is the total torque over the planet in the type I migration regime, the change of the
semi-major axis of the planet, aP, is given by

daP

dt
= 2aP�

LP
, (2)
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where LP is the angular momentum of the planet. The total torque is given by the sum of the
two main contributions:

� = �Lindblad + �corotation, (3)

the Lindblad torque, �Lindblad, and the cororation torque, �corotation. The first torque arises
from the gravitational interactions between the planet and the disc at the Lindblad reso-
nances. These occur in the locations of the disc where the ratio between the angular velocity
of the gas, �, and that of the planet, �P, are related by �/�P � N/(N ±1), with N an inte-
ger. At the Lindblad resonances, density waves that transport angular momentum away from
the planet are launched. In typical protoplanetary discs, the outer Lindblad resonances lie
closer to the planet than the inner ones. This makes the negative torque exerted to the planet
by the outer Lindblad resonance to be stronger than the positive torques generated by the
inner ones. As a result, a net negative torque from the Lindblad resonances is the rule. On the
other hand, the corotation torque arises from the gravitational interactions in the co-orbital
region of the planet, where � � �P, and the gas presents horseshoe-type orbits. Due to the
imbalance in the torques generated by the gas particles moving in the horseshoe orbits, a net
positive torque is generated. This happens because gas particles beyond the planet’s orbit
with higher angular momentum and with lower temperature switch to an inner orbit, respect
to the planet’s orbit, with less angular momentum and where the gaseous disc is hotter, and
viceversa.

Early hydrodynamical models of type I migration were developed for isothermal discs
(Tanaka et al. 2002). For typical protoplanetary discs in which the gas surface density de-
creases with orbital distance, these models found high inward type I migration rates. Ana-
lytical prescriptions for these migration rates, derived from the hydrodynamical simulations,
were incorporated by many authors to study the role of planet migration in growing planets
(Ida and Lin 2004; Alibert et al. 2005; Mordasini et al. 2009; Miguel et al. 2011; Ronco
et al. 2017; Miguel et al. 2020). Since isothermal migration rates are so high, all these pre-
vious authors had to reduce ad-hoc such rates by a factor of up to 100–1000 to reproduce
observations (especially the mass versus semi-major axis diagram of the exoplanets). This
result made it clear that a deeper understanding of migration was needed. A first step to-
wards this direction was to study corotation torques more in depth. Masset et al. (2006)
found that corotation torques can abate migration significantly, and even reverse it. This can
happen in discs with shallow surface density profiles or in regions where the local radial
gradient of the gas surface density becomes positive, like in a disc cavity or in a pressure
maximum. Because of this diversity of disc structures, zero torque locations can appear in
the discs (Masset et al. 2006; Romanova et al. 2019). Another effect that causes positive
radial gradients in the gas disc is the presence of a gap produced by photoevaporation due
to the central star. This phenomenon, synchronized with type I migration, can also produce
outward migration traps (Guilera et al. 2017). Guilera and Sándor (2017) also showed that
pressure maxima generated at the edges of a dead zone can act as planet migration traps.
These planet traps can be preferential locations for the formation of massive cores not only
because planet migration is halted, but also because pressure maxima stop the radial drift of
the pebbles and planetesimals, allowing for the accumulation of solid material.

A second important improvement in modelling planetary migration was to account for
radiative transfer in hydrodynamical simulations (Paardekooper and Mellema 2006). This
also showed that type I migration can be slowed down, and even reversed in typical proto-
planetary discs. These simulations found that the outward type I migration strongly depends
on the planetary mass, semi-major axis and disc thermodynamic (Kley et al. 2009; Bitsch
and Kley 2011; Paardekooper et al. 2011; Jiménez and Masset 2017). For non-isothermal
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discs, Paardekooper et al. (2011) and Jiménez and Masset (2017) derived analytical recipes
for type I migration rates based on the results of the hydrodynamical simulations.3 One
important result found in planet formation models when considering the evolution of non-
isothermal discs and the corresponding type I migration rates is the presence of convergent
zones in protoplanetary discs wherein planet migration is halted (Lyra et al. 2010; Cossou
et al. 2013; Bitsch et al. 2013; Dittkrist et al. 2014; Bitsch et al. 2015; Baillié et al. 2016).
Due to the dependence of type I migration with the disc thermodynamics and with the planet
mass, the convergent zones change in time as the disc evolves.

Additionally, Benítez-Llambay et al. (2015) showed that if the heat due to solid accretion
is included in the thermal budget of the nearby disc, two asymmetric hot- and low-density
lobes appear, producing a new positive component in the total torque over the planet, known
as heating torque. On the other hand, Lega et al. (2014) found from radiative hydrody-
namical simulations that around a low-mass planet the gas is cooler and denser than in the
adiabatic case. This effect is also asymmetric and generates a negative torque, called cold
torque. Based on these results, Masset (2017) developed analytical prescriptions to estimate
the total torque that arises from combining the two effects, referred as thermal torque. These
analytical prescriptions can be incorporated in planet formation models. Recently, Guilera
et al. (2019) showed that the inclusion of the thermal torque can generate a significant out-
ward migration on low-mass growing planets if solid accretion rates are high enough. We
note, however, that Chrenko and Lambrechts (2019) showed through 3D radiative hydro-
dynamic simulations that the linear perturbation theory developed by Masset (2017) cannot
provide a full description of the heating torque when non-uniform opacities in the disc are
considered.

The effect of including the different type I migration prescriptions in planetary growth
simulations is illustrated in Fig. 2, where we show growth tracks in mass and semi-major axis
of a planet starting with the same conditions under the different prescriptions. In general, the
appearance of outwards migration gives the protoplanet more time to grow before reaching
the inner regions of the disc. For these test cases, the inclusion of the heating torque allows
the planet to grow large enough to open a gap and transition to type II migration.

2.3.2 Type II Migration

When a planet becomes massive enough to open a gap in the disc, the planet-disc interaction
changes significantly. In the idealised case, the planet is locked inside the gap (it does not
interact with the gap nor does it move with respect to it) and the planet migrates together
with the gap as the disc evolves (Lin and Papaloizou 1986). However, when the planet mass
becomes comparable to the local disc mass, the interaction between the planet and the gap
edges cannot be neglected and the migration rate slows down (Armitage 2007). Moreover,
if accretion onto the planet through the gap is considered, type II migration can deviate
significantly from the idealised case (Dürmann and Kley 2015). More recently, Hallam and
Paardekooper (2018) showed that the irradiation from the central star onto the outer gap
edge can decrease –and even reverse in extreme cases– the type II migration of giant planets,
allowing the survival of giant planets at moderate distance from the central star. On the other
hand, if two planets are massive enough and relatively close to each other to open a common
gap, the type II migration of the system can be very different with respect to the idealised

3While Paardekooper et al. (2011) performed 2D hydrodynamical simulations, the simulations by Jiménez
and Masset (2017) were performed in 3D. The main difference between the derived recipes from both authors
relies in the horseshoe drag component of the corotation torque (Guilera et al. 2019).
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Fig. 2 Planet formation tracks for an initial Mars-mass embryo, initially located at 5 au, that grows by the
concurrent accretion of gas and of 300 m-planetesimals (typical size adopted in planetesimal-based simula-
tions, see Sect. 2.2). The embryo is immersed in a disc five times more massive than the Minimum Mass
Solar Nebula (Hayashi 1981). This corresponds to an initial planetesimal surface density of ∼ 13 g cm−2 at 5
au. The red (blue) colour represents the type I (type II) migration regime. For the dotted line, type I migration
prescriptions from Paardekooper et al. (2011) are used, while for the dashed curve the recipes adopted are
those of Jiménez and Masset (2017). In the first case, the planet reaches an outward migration region with
a mass of ∼ 2.5 M⊕. The outward migration is reversed when the planet reaches a mass of ∼ 6 M⊕. For
the solid line, type I migration recipes from Jiménez and Masset (2017) and the thermal torque from Masset
(2017) are considered. In this case, the heating torque produces a significant outward migration. This situation
allows the planet to have more time to grow, to open a gap and to switch to type II migration. All the forma-
tion tracks were calculated using the planet formation code PLANETALP (Guilera et al. 2019). Simulations
end when the planets reach 0.2 au (at ∼ 1 Myr when the type I migration recipes from Paardekooper et al.
(2011) and Jiménez and Masset (2017) are used, and at ∼ 2 Myr when the thermal torque is also considered)

case mentioned above. For example, Masset and Snellgrove (2001) showed that if the outer
planet is less massive, the migration of both planets can be outwards. This is because the
more massive inner planet suffers a greater positive torque from the inner disc than the
negative torque that suffers the outer planet from the outer disc. Therefore, the total torque
over the system of planets can become positive.

3 Volatile Enrichment in the Inner Regions of Planetary Systems

In planet formation, volatiles denote all compounds with a condensation temperature less
than that of water. Together with this concept, another important one is that of ice-lines:
locations in the protoplanetary disc where the temperature is low enough for a certain com-
pound to condense. There are several ice-lines in protoplanetary discs, the water ice-line
being the most famous, and occurring at T∼ 170 K. Very often the water ice-line is sim-
ple referred as the ice-line. Since discs cool down with time, the ice-lines move inwards.
Nevertheless, this does not necessarily mean that the place where we can find ice moves
inwards, this depends on the dominant size of the solids. If the dominant solids are ∼10-
100 km-size planetesimals, these will practically not drift along the disc. Hence, the place
where ice condenses initially is the place where ice will remain; the location of T∼ 170 K
will move inwards, but it will be dry. If the dominant solids are cm-size pebbles, the picture
is more complex, the location of the ices will depend on the relative velocity between the
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pebble drift and the movement of the ice-line (Morbidelli et al. 2016). As the disc cools,
icy pebbles can reach the inner regions of the system, polluting the planets that are growing
there with water (Sato et al. 2016). In principle, this poses a problem for the Solar System,
where the inner planets are basically dry. Morbidelli et al. (2015) proposed that the growth
of Jupiter can solve this issue. We explain this in Sect. 3.3.

Volatiles can be present in planets from the early stages of planet formation, when there
is still gas in the disc; or reach the protoplanets after the gas is gone. In the former case, in
principle only planets located beyond the ice-line can have volatiles, although water could
also be produced within a dry protoplanet from a reaction between H2 and FeO (Ikoma and
Genda 2006), or retained in olivine grains via adsorption (Drake 2005).

The case where volatiles arrive late, after or during the disc’s dispersal, is the one broadly
accepted for the origin of volatiles in the inner Solar System (Morbidelli et al. 2000; Ray-
mond et al. 2004; O’Brien et al. 2006; Raymond et al. 2009; Walsh et al. 2011; Raymond
and Izidoro 2017a; Ronco and de Elía 2018). This late delivery might also play a role on
the volatile distribution within exo-planetary systems, even in those presenting a different
architecture compared to the Solar System (Ronco and de Elía 2014; Ronco et al. 2015; Zain
et al. 2018; Sánchez et al. 2018).

3.1 Water on Earth

The water on the Earth crust, usually referred to as an Earth Ocean (EO), was estimated
by Lécuyer and Pand Robert (1998) to be ∼ 2.4 × 10−4 M⊕. However, the water content
of the mantle and core remain uncertain. Estimations suggest that water on the mantle can
vary from ∼0.3-3 EO (Lécuyer and Pand Robert 1998) to ∼ 8 EO (Marty 2012), but the
primitive mantle could contain even higher amounts, between ∼10 and ∼50 EO (Dreibus
and Waenke 1989; Abe et al. 2000). The core’s water is also poorly constrained. It could
vary between less than ∼0.1 EO (Badro et al. 2014) and ∼80 EO (Nomura et al. 2014).
Hence, a maximum amount of water on Earth would be ∼ 0.1% - 0.2% M⊕.

Could water on Earth have been produced in situ? As we mentioned above briefly, water
could had been adsorpted in situ, from the primordial nebula, by olivine grains (Stimpfl
et al. 2004; Drake 2005; Muralidharan et al. 2008). By this mechanism the Earth could
have acquired several EO of water. This is in contradiction with studies claiming that the
first ∼60-70% of the Earth’s mass was assembled by oxygen-poor building blocks (Rubie
et al. 2011). Alternatively, water could have been produced in situ by a reaction between the
H2 of a primitive atmosphere with the iron-oxides of the magma ocean (Ikoma and Genda
2006). The authors show that for that reaction to occur, the planet’s mass at the time of disc
dispersal has to be above ∼0.3 M⊕. For a less massive embryo, the temperature at the bottom
of the atmosphere is below 1500 K, the melting temperature of silicate. Recent studies show
that the Earth had a mass of ≈ 0.5-0.75 M⊕ at the time of disc dissipation (see Lammer
et al. 2018, and references therein),4 meaning that the Ikoma-Genda mechanism could have
operated on Earth. In their scenario, once the protosolar disc is gone, the planet cools and
the ocean forms by condensation of the steam atmosphere in about a thousand years.

A major argument typically used to discard an in-situ origin for Earth’s water is that the
D/H value of the Earth’s ocean is roughly ∼7 times the proto-solar value (Drake and Righter
2002). There are however two caveats with this. First, the D/H of the oceans has probably

4Indeed, proto-Earth must have grown large enough during the disc phase to bind a solar-composition atmo-
sphere able to account for the present-day noble gases (Marty 2012), but small enough to be able to lose such
primordial atmosphere in the course of giga-years of thermal evolution (Lammer et al. 2018).
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evolved with time, increasing by a factor of ∼ 1.5 − 2 (Pahlevan et al. 2019), or ∼ 2 − 9
(Genda and Ikoma 2008) due to equilibrium partitioning that results from atmospheric es-
cape. Second, the D/H of the oceans might not be representative of the Earth’s bulk D/H.
Indeed, measurements from lavas (representative of the Earth’s mantle, where water could
have been kept pristine), point towards a lower D/H ratio, closer to the protosolar value (Hal-
lis et al. 2015). This suggests that the hypothesis of nebular water acquisition might account
for some part of the Earth’s water content. Indeed, calculations based on the abundance of
terrestrial Ne isotopes suggest that about 10% of the Earth’s water could have originated
from a primordial H2-atmosphere (Marty 2012).

From where could the other ∼90 % of the Earth’s water come from? If the bulk of water
was delivered to the Earth, which kind of primitive objects of the Solar System were the
main responsible? Comets were the first considered due to their high ice content (Chyba
1987; Delsemme 1998). However, they are generally discarded for two main reasons. First,
the comets with measured D/H ratio present values that are higher than that of the Earth by
a factor of ∼2-4 (Altwegg et al. 2015). Second, it is difficult to explain, from a dynamical
point of view, the delivery of the amount of water on Earth only through cometary impacts.
The most optimistic scenario points to a maximum of ∼10% of the Earth’s water originating
from this population (Morbidelli et al. 2000). Additional evidence from noble gases shows
that the cometary contribution should be less than ∼1% (Marty 2012). Moreover, Marty
(2012) shows that the isotopic composition of hydrogen and nitrogen of Earth’s surface
corresponds to the one of carbonaceous chondrites, suggesting that planetesimals and/or
embryos from the outer asteroid belt were the main source of Earth’s volatiles. Although
new models including results from the Rosetta mission still support that the cometary con-
tribution to the Earth’s water inventory was little (≤ 1%), they suggest it may have been
significant for the supply of noble gases (Marty et al. 2016).

In the following section, we explain how numerical studies give support to the hypothesis
of water being delivered to Earth mainly by C-type asteroids (the parent bodies of carbona-
ceous chondrites). We summarise the main hypothesis of Earth’s water origin with a sketch
in Fig. 3.

3.2 Volatile Delivery to the Terrestrial Planets

Several studies involving numerical simulations show that when the gas disc dissipates,
the terrestrial planets form on a timescale ranging from ∼30 to 100 Myrs,5 mainly due to
giant impacts between embryos and planetesimals distributed along the inner regions of the
disc (Wetherill 1991; Levison and Agnor 2003; Raymond et al. 2004; O’Brien et al. 2006;
Kokubo et al. 2006; Raymond et al. 2006; Morishima et al. 2008; Haghighipour and Winter
2016; Ronco and de Elía 2018). The gas giants, located farther out and already formed,
act as dynamical perturbers that excite the bodies of the main belt, dispersing/scattering
water-rich bodies of the outer belt towards the inner regions of the disc where terrestrial
planet formation takes place. Morbidelli et al. (2000) showed that the fraction of water on
Earth could be justified by this mechanism, and other works on the evolution of the Solar
System support this idea (O’Brien et al. 2006; Raymond et al. 2006, 2009; O’Brien et al.
2014; Raymond and Izidoro 2017a). Additionally, Izidoro et al. (2013) accounts for Earth’s
water by a combination of embryo/planetesimal accretion and in-situ water production via
adsorption of olivine grains. We note, however, that the mentioned works are based on the

5This is slightly in tension with Hf-W dating, which shows that the core formation of terrestrial planets
occurred at times �30 Myr from the beginning of the Solar System (Kleine et al. 2002)
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Fig. 3 Scheme of the main
processes that could contribute to
the origin of water on Earth.
Central dry Earth illustration by
Jack Cook (Woods Hole
Oceanographic Institution)

assumption of perfect merging that sets an upper limit for the water content of rocky planets.
When a more realistic collision treatment is considered (Chambers 2013; Quintana et al.
2016), the terrestrial planets take longer to form (∼ 100 − 200 Myr) and their water content
can be reduced at least by a factor of two (Burger et al. 2019).

The classical simulations of terrestrial planet formation and volatile delivery mentioned
above, suffered from the inconvenience of not being able to reproduce the low mass of
Mars (Wetherill 1991; Raymond et al. 2009). It is worth mentioning that Mars is probably a
true embryo from the gas-disc phase, as suggested by radiometric dating with Hf-W isotopes
(Dauphas and Pourmand 2011). In this regard, the problem of forming a small Mars reduces,
simply, to halt its accretion once the disc dissipates. The first idea to solve the small-Mars
problem is indeed linked to a starving Mars scenario: Hansen (2009) proposed that if the
solids in the inner Solar System were concentrated in a ring between 0.7 and 1 AU after the
disc’s dispersal, Mars could be scattered outwards to a region depleted of material and pre-
serve, in this way, its original mass. However, he provided no justification for the existence
of that particular ring of solids. Later works showed that such a ring can be an output of
planetesimal formation (Drązkowska et al. 2016), or the sculpting through migration by gas
giants. This latter option is the one adopted by the Grand Tack scenario (Walsh et al. 2011).

The general idea of the Grand Tack is the following. Jupiter, which is already formed, and
Saturn, which is still growing, are yet immersed in the protosolar nebula. A dry planetesimal
population representing the S-type asteroids remains in the inner regions of the disc, and a
water-rich planetesimal population representing the C-type asteroids remains beyond Saturn.
Due to its mass, Jupiter is able to open a gap in the gaseous disc and migrate inwards through
type II migration. Then, once Saturn approximately reaches its current mass, it migrates
inwards faster than Jupiter and gets trapped with it in the 3:2 resonance. While this happens,
S-type asteroids are scattered to the outer regions of the disc. If the resonance capture occurs
when Jupiter reaches ∼ 1.5 au (Walsh et al. 2011; Brasser et al. 2016, 2017), the inner disc of
solids is truncated at ∼ 1 au. This scenario reproduces the depleted-disc proposed by Hansen
(2009), necessary for an already formed embryo scattered from the inner region to the orbit
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of Mars to remain small. Masset and Snellgrove (2001) showed that in this configuration
of Jupiter and Saturn sharing a common gap, the inward migration can be reversed, making
both giants to migrate outwards (see Sect. 2.3). While this happens, both planets scatter
S-type and C-type asteroids inwards, repopulating the asteroid belt with original S-type
asteroids from this region and also with C-type asteroids coming from outer zones. The
water-rich planetesimals scattered to the terrestrial planet region due to the inwards- then
outwards- migration of the giant planets is enough to pollute the Earth. O’Brien et al. (2014)
analyzed the water delivery to Earth in the Grand Tack context and showed that after the
disc dispersal, a fraction of the scattered C-type asteroids could reach the Earth and could
explain its current water content.

The Grand Tack is therefore successful in explaining the volatile content of Earth, the
low mass of Mars, and the low-density and composition dichotomy of the current asteroid
belt (inner S-type and outer C-type asteroids). It also provides the initial conditions for the
latest version of the Nice Model (Morbidelli et al. 2007). The Nice Model (Tsiganis et al.
2005; Gomes et al. 2005; Morbidelli et al. 2005) proposes that the Solar System underwent
a dynamical instability phase after the disc’s dispersal, able to explain the current orbits
of Jupiter and Saturn, the orbital structure of the Kuiper belt, the orbital distribution of
Jupiter’s trojan asteroids, and the capture of the irregular satellites of the giant planets (see
Nesvorný 2018, and references therein). In the original version, the gas giants lie initially
on a compact, circular and coplanar configuration, while in posterior versions they start on
resonant orbits that emerged during the gas phase (Morbidelli et al. 2007), as the Grand
Tack model provides. The Grand Tack can be criticised, among other things, for its certainly
fine-tuned initial conditions and for neglecting the gas accretion of the gas giants, which can
also affect their migration. Some studies have pointed out the low probability of the Grand
Tack to occur (D’Angelo and Marzari 2012; Chametla et al. 2020). For instance, Chametla
et al. (2020) find that the capture of Saturn and Jupiter into the 3:2 resonance, and their
consequent outwards migration, strongly depends on the initial separation between Jupiter
and Saturn. We note, however, that since the Solar System is at the moment unique, low
probability scenarios are not a strong argument to discard its plausibility.

Nevertheless, some alternatives to the Grand Tack exists. Raymond and Izidoro (2017a)
propose a different mechanism to pollute the inner regions of the disc with water-rich bodies
before terrestrial planets’ main growth. The authors show that the growth of the gas giants
(with or without migration) naturally excites the eccentricities of water-rich planetesimals
of external regions, scattering them in all directions, particularly towards the outer asteroid
main belt. The gas, which is still present, damps the eccentricities, allowing them to reach
stable orbits in this region. Once the gas dissipates, the planetesimals are no longer damped
and some of them reach eccentricities high enough to cross the terrestrial planet forma-
tion zone, where they can be accreted by the growing planets. In addition, Raymond and
Izidoro (2017b) show that even if the asteroid belt was empty from the beginning, as some
planetesimal formation models proposed (e.g. Drązkowska et al. 2016), this model can still
reproduce the current mass and dichotomy of the asteroid belt. This is a natural byproduct
of, on one hand, the S- and C-type planetesimal implantation in the asteroid belt region due
to the growing gas giants, and on the other, the planetesimal scattering from the terrestrial
planet formation zone. It is important to remark that, within this new scenario, the formation
of a small Mars can also be achieved.

3.3 Why Is the Earth so Dry?: The Role of Jupiter

Despite that it is widely accepted that embryos and planetesimals remained in the disc after
its dispersal, the dominant size of the planetary building blocks during the gas phase has
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been recently re-addressed, as we explained in Sect. 2.2. Certainly, pebble-based formation
models have gained popularity, mainly due to its ability to explain a fast planet formation
(Johansen and Lambrechts 2017), which could account for some of the ring-structures ob-
served with ALMA in young discs (Lodato et al. 2019; Ndugu et al. 2019). However, if
pebbles are the main responsible of building embryos and planets within the disc, this poses
a very different picture for the origin of volatiles compared to the classical scenario de-
scribed above. A major problem that arises, as we mentioned in Sect. 3, is how to leave
the inner regions of a planetary system dry, since icy pebbles drift and very likely reach
the inner regions as the discs cools, polluting it with volatiles (Bitsch et al. 2019; Ida et al.
2019). Avoiding such a problem in the Solar System is probably related to the early growth
of Jupiter (Morbidelli et al. 2015).

Meteoritic record gives support to this idea. Recent re-analysis of meteoritic data shows
that carbonaceous and non-carbonaceous chondrites (hereafter CC and NC, respectively)
have very distinct Tungsten isotopic anomalies within iron meteorites (Kruijer et al. 2017).
These differences imply a different accretion time for the two types of reservoirs. In particu-
lar, it implies that after time ∼1 Myr from the formation of CAIs (Calcium-Aluminium-rich
Inclusions), the two groups were spatially separated. From the dating it is also inferred
that CC finished their accretion at times ∼3-4 Myr after CAI (Kruijer et al. 2017). Con-
sequently, Kruijer et al. (2017) conclude that the two reservoirs were separated from each
other between times ∼1 and ∼3-4 Myr after CAI, and reconnected afterwards. The authors
claim that the best explanation for this is the formation of Jupiter: the core of the giant planet
formed early, and the growing planet acted as a barrier that prevented material from mixing
during ∼2-3 Myr. More specifically, Jupiter acquired its pebble isolation mass (see Sect. 2.2)
at time ∼1 Myr after CAI, preventing icy pebbles from beyond Jupiter’s orbit to reach the
region within it after this time. Then, in the next ∼2 Myr, NC and CC accreted separated
from each other at both sides of the planet, and finally, when the planet reached approxi-
mately 50 M⊕, it was massive enough to scatter these solids, reconnecting the reservoirs
and probably scattering water-rich planetesimals to the forming rocky planets (Raymond
and Izidoro 2017a).

Alibert et al. (2018) built upon the Kruijer et al. (2017) scenario and showed that for it to
occur, Jupiter had to grow by an initial phase of pebble accretion, followed by planetesimal
accretion. The idea is the following. After Jupiter reaches the pebble isolation mass (which
provokes the separation of the NC and CC reservoirs), pebble accretion stops by definition
(see Sect. 2.2.1). During the growth of a gas giant, if solid accretion is halted when the pro-
toplanet is close or beyond critical mass,6 then runaway gas accretion proceeds extremely
fast (Ikoma et al. 2000). The reason for this is that the loss of heating from solid accretion
decreases drastically the envelope’s pressure support, making the envelope more prone to
contract due to self-gravity. As a consequence, once the pebble isolation mass is reached,
and without any additional source of heating, the formation of Jupiter after reaching pebble
isolation mass would last only ∼ 0.1 Myr (Ikoma et al. 2000; Alibert et al. 2018). This is in
clear contradiction with the timescale inferred by Kruijer et al. (2017) from the cosmochem-
ical data. Alibert et al. (2018) found that in order to fulfil the meteoritic constraints, an extra
source of solid accretion is necessary to make Jupiter grow from pebble isolation mass until
∼50 M⊕ in a time lapse of ∼2-3 Myr. Since this extra source of solids cannot be pebbles,
it must necessarily be planetesimals. Furthermore, Venturini and Helled (2020) showed that
under this hybrid pebble-planetesimal accretion scenario, the metallicity of Jupiter (Wahl
et al. 2017) is naturally explained.

6A typical value of the pebble isolation mass at a= 5 au is ∼20 M⊕ (Lambrechts et al. 2014), which is
slightly larger than typical values of the critical core mass (Ikoma et al. 2000).
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The scenario proposed by Alibert et al. (2018) might also shed light into the problem
of the dominant size of solids in planet formation models. Perhaps it is not pebbles versus
planetesimals, but a dominance of pebble accretion at the earliest stages to make the core
grow fast, followed by a later accretion of planetesimals to delay gas accretion for a few
million years. Hence, this hybrid model might also help to understand the abundance of
intermediate-mass exoplanets.

4 Exoplanets and Volatile Content

From exoplanets we have much less data than for Solar System objects. For approximately
∼4000 exoplanets the radius is known, from which only ∼100 have determined masses be-
low 25 M⊕ (Lozovsky et al. 2018). Only for few exoplanets we have some hint of the atmo-
spheric composition from transmission spectroscopy (Kreidberg 2017). The Kepler mission
revealed that one of the most common type of exoplanets are those with a radius between
that of Earth and Neptune (Batalha et al. 2013). These planets do not exist in our Solar Sys-
tem, and could in principle be larger versions of our rocky Earth (super-Earths) or smaller
versions of the ice-giants (mini-Neptunes). A second important surprise revealed by Kepler
was the finding of a bi-modal distribution in planet sizes for exoplanets with orbital period
of less than 100 days, with a peak at 1.3 and 2.4 Earth radius (Fulton et al. 2017). While
the gap between the two peaks (at about 1.8 Earth radius) could be partially filled by unseen
close stellar companions (Teske et al. 2018), this effect cannot account for the persistent
bi-modality.

Theoretical models that include photoevaporation due to the central star can match this
bi-modal behaviour (Lopez et al. 2012; Owen and Wu 2013, 2017; Jin and Mordasini 2018),
which made the dearth of the radii distribution to be known as the photoevaporation valley.
Note, however, that an alternative explanation for the bi-modality in planetary radii exists,
known as core-powered mass-loss (Ginzburg et al. 2018; Gupta and Schlichting 2019). In
this scenario, the heat remaining from formation strips off tenuous atmospheres once the disc
dissipates. In addition, the Parker wind mechanism could also account for the mass-loss of
planetary envelopes at the time of disc dissipation (Owen and Wu 2016). This mechanism
requires the radius of the planet to be approximately the Bondi radius when the disc disap-
pears. However, Bodenheimer et al. (2018) show, in recent planet formation simulations of
close-in super Earths that account for the thermal structure of a silicon-rich envelope, that
the planet radius at such time should be only ∼10% of the Bondi radius.

Why do photoevaporation and core-powered mass-loss produce two peaks in the radii
distribution? In the case of photoevaporation, if a planet made by a rocky core and sur-
rounded by a very thin H-He atmosphere (less than 1% of the planet’s mass) is exposed to
X-ray and EUV irradiation, the hydrogen and helium acquire a thermal speed larger than the
escape speed of the planet. This triggers hydrodynamical escape, and after some giga-years
of irradiation exposure, the planet is left solely as a naked rocky core (Lopez et al. 2012;
Johnstone et al. 2015). Pure rocky planets cannot have radius larger than 1.6 (Rogers 2015).
Thus, in the view of photoevaporation models, the first peak of the radii distribution corre-
sponds to naked rocky cores, while the planets from the second peak should posses some
gaseous envelope. Indeed, the work of Owen and Wu (2017) shows that the timescale to lose
the envelope by photoevaporation is the longest if the envelope represents ∼1-10% of the
planet’s mass. Hence, planets with such atmospheres are more stable against photoevapora-
tion and would constitute the second peak of the distribution found by Fulton et al. (2017).
Similarly, in the case of core-powered mass-loss, the heat of the core strips atmospheres
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if they are less massive than Matm/Mcore ∼ 5% (Ginzburg et al. 2018). Atmospheres with
masses above this threshold will compactify, increasing their binding energy and making
mass-loss more difficult, while atmospheres with initial mass below the threshold will ex-
pand, and once the process is triggered, the smaller is the binding energy, and the easier it is
for the remaining atmosphere to be removed.

An important aspect of both scenarios is that the position of the valley is extremely
sensitive to the composition of the core. The models only match the observations if the
cores are assumed to be rocky (with a maximum ice mass fraction of ∼ 20% in the case of
core-powered mass-loss, Gupta and Schlichting 2019). This has lead to the conclusion that
the bulk of these exoplanets are dry, and therefore, formed inside the water ice-line. It is
worth mentioning that these models assume always an envelope made purely by hydrogen
and helium. A work by Kurosaki et al. (2014) shows that planets with pure water envelopes
with radii less than ∼2-3 Earth radius and larger than that of a pure rocky composition,
would survive photoevaporation. Hence, small mass planets (M�10 M⊕) with rocky cores
and water envelopes could contribute to populate the non-empty valley and the second peak
of the distribution. In the same line of thought, based on mass-radius relations, Zeng et al.
(2019) argue that planets composed of 50% rock and 50% water by mass could populate the
second peak of the distribution.

If most short period exoplanets are indeed depleted of water as photoevaporation and
core-powered mass-loss models suggest, this poses a problem for formation models, which
tend to show that planets with non-negligible H-He atmospheres contain large portions of
water (Alibert et al. 2013; Venturini and Helled 2017). More precisely, the problem is two-
fold: first, to have enough rocky material at short orbital distances to form planets larger
than Earth able to bind some significant H-He envelope; second, to avoid that such planets
enter in the runaway gas phase and become gas giants.

In the case of pebble accretion the problem is that, without the presence of a giant planet
in an outer orbit, icy pebbles can reach the inner parts of the disc, polluting formed planets
with water, as mentioned in Sect. 3.2. Even if the iceline does not reach the regions of or-
bital period shorter than 100 days (Bitsch et al. 2019), planets in the mass range of ∼ 5-15
Earth masses (the ones that would populate the second peak of the Kepler radii distribu-
tion, Zeng et al. 2019) tend to migrate efficiently. Thus, they could form beyond the iceline,
accrete considerable amounts of ice, and then migrate and park at orbits within a 100-day
period (Izidoro et al. 2019; Bitsch et al. 2019). Still, rocky super-Earths could be produced
by silicate pebble accretion inside the iceline if the pebble flux exceeds certain threshold
(Lambrechts et al. 2019). Alternatively, N-body simulations have shown that super-Earths
can form as a result of collisions of rocky embryos (Ogihara et al. 2018; Raymond et al.
2018), and that runaway of gas could be halted due to the limited gas supply from a vis-
cous disc (Ogihara and Hori 2018). Even if these two last mechanisms could produce rocky
super-Earths efficiently, it is not totally clear how icy migrating planets can be prevented
from finishing at the same location, which would smear out the valley of the distribution
(Van Eylen et al. 2018). Ogihara et al. (2018) propose that disc winds flatten the gas disc’s
profile, abating type I migration and hence the presence of icy planets in the inner disc. This
interesting scenario deserves further development, in particular because the predominance
of disc winds is needed to halt type-I migration (Ogihara et al. 2018), but it is not enough to
prevent runaway of gas onto the formed super-Earths (Ogihara and Hori 2018, 2020).

In the case of pure planetesimal accretion, studies that attempted to form super-Earths in-
side the ice-line show that this is difficult (Ikoma and Hori 2012; Bodenheimer and Lissauer
2014). The main reason for this is that there is typically not enough solid material inside
the ice-line to form planets able to bind a substantial H-He envelope, and also, gas accretion
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in hot regions of the disc is less effective. Recent population synthesis with planetesimal
accretion show that dry super-Earths can form inside the water ice-line, but water-rich mi-
grating planets also arrive at short orbital distances at the time of disc dispersal (Fig. 8 of
Mordasini 2018). Indeed, there is a trade-off between the disc mass and the water content of
short-period exoplanets: more massive discs are able to form larger dry super-Earths, but, at
the same time, form larger icy objects which migrate to the inner regions more efficiently7

(Mordasini 2018).
Regarding the problem of avoiding the runaway of gas onto the super-Earths, in principle

envelope enrichment (Sect. 2) complicates the matter even more. Especially when the size of
the accreting solids is small (i.e., pebbles and small planetesimals, which would not create
strong compositional gradients), pollution by the sublimated incoming solids into the H-
He atmospheres of growing planets must certainly happen (Brouwers et al. 2018). This
enhances gas accretion, making the runaway of gas more likely to happen during the disc’s
lifetime (Venturini et al. 2016). A mechanism proposed to halt gas accretion is the recycling
of atmospheric gas into the disc (Ormel et al. 2015; Lambrechts and Lega 2017; Cimerman
et al. 2017). However, this phenomenon has been recently challenged by hydrodynamical
simulations that account for radiative transfer via a beta-cooling approximation (Kurokawa
and Tanigawa 2018). Further theoretical work that includes different physical aspects into a
common framework; together with a broader determination of planetary masses, will help
to elucidate the composition and formation paths of exoplanets.

5 Summary and Conclusions

This review aimed at summarising, in a nutshell, key concepts of planet formation such as
critical core mass, pebble isolation mass, migration types, icelines and volatile delivery; as
well as providing an overview of the main processes and open questions in the field.

Regarding planet formation theory, it is becoming widely accepted the major role of
streaming instability on forming the planetesimals that serve as seeds for core accretion
(Youdin and Goodman 2005; Johansen et al. 2007; Drązkowska et al. 2016). Also increas-
ingly accepted is the fact that particle traps like pressure maxima, and migration convergent
zones, are preferential locations for planet formation and survival (Dittkrist et al. 2014; Bail-
lié et al. 2016; Coleman and Nelson 2016; Guilera and Sándor 2017; Cridland et al. 2017;
Ndugu et al. 2018; Pudritz et al. 2018). Although still numerically challenging, solid and
gas accretion onto protoplanets has to be computed together with planet migration, because
the timescales of these processes are comparable.

Numerous important processes in planet formation have emerged in the last years, like
pebble accretion (Ormel and Klahr 2010; Lambrechts and Johansen 2012), gas recycling
(Ormel et al. 2015), envelope enrichment (Hori and Ikoma 2011; Venturini et al. 2015, 2016;
Brouwers et al. 2018), corotation and thermal torques (Paardekooper et al. 2011; Lega et al.
2014; Benítez-Llambay et al. 2015; Jiménez and Masset 2017; Masset 2017). Each of them
has to be included in global simulations to asses the effect on the final output of formation.
In parallel, new constraints for planet formation are rising from ALMA observations of disc
structure and composition (Andrews et al. 2018). In particular, the presence of rings in discs
observed by ALMA is highlighting the importance that these features might have on the
outcome of planet formation (Morbidelli 2020).

Regarding the volatile content of the Solar System (and Earth in particular), we can
summarise the state-of-the-art knowledge as follows:

7Type-I migration is faster for more massive planets, see Sect. 2.3.
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• Earth and Venus were very likely able to bind some primordial H2 atmosphere by the
time of disc dispersal. Geochemical evidence for this stands from the isotopic records of
noble gases (Marty 2012) and from the low D/H values found in terrestrial lavas (Hallis
et al. 2015). For that primordial H2 atmosphere to exist and later dissipate, formation and
atmospheric escape models constrain the mass of Venus and Earth at the time of disc
dispersal to be in the range of ∼0.5-0.75 M⊕ (Lammer et al. 2018).

• Mars was probably fully formed by the time of disc dissipation (Dauphas and Pourmand
2011), which might have happened at time ∼4 Myr after CAIs formation (Wang et al.
2017).

• D/H and 15N/14N ratios on Earth’s crust match those of carbonaceous chondrites (Marty
2012).

• Water delivery to Earth by comets can account for very little (�1%) of its water, but
comets might have contributed greatly to the budget of Earth’s noble gases (Marty et al.
2016).

• Overall, Earth formation took ∼30-100 Myr (e.g, Izidoro and Raymond 2018), and water
delivery during the disc phase would have produced a too high oxidation state (Rubie
et al. 2011).

The last three points strengthen the view that volatiles (and particularly water) on Earth were
delivered mainly from chondritic material (asteroids and not comets) during and/or after the
disc dispersal (Marty 2012; O’Brien et al. 2018). Still, the exact contribution of water from
nebular origin is hard to determine, given the poor knowledge on the exact amount and
isotopic composition of water in the terrestrial mantle and core.

Also linked to the volatile content of terrestrial planets, it is widely accepted that Jupiter
acted as a barrier that prevented carbonaceous chondritic and water-rich material from reach-
ing a ∼ 1 au during the gas disc phase (Morbidelli et al. 2015; Kruijer et al. 2017). The
timing of this event gives support to Jupiter being formed in a hybrid pebble-planetesimal
fashion (Alibert et al. 2018; Venturini and Helled 2020). Both cosmochemical data and for-
mation theory point towards the major role of Jupiter in keeping the inner Solar System
dry.

Regarding exoplanets, despite of possessing much less information than with Solar Sys-
tem objects, a combination of radii determination and thermal evolution models suggests
that exoplanets with periods less than ∼100 days and radius smaller than that of Neptune
are water poor. This poses a problem for planet formation models, which tend to predict
too much water within super-Earths/mini-Neptunes. Possible answers to this problem might
come from missing physical processes in the models. For instance, Lichtenberg et al. (2019)
recently showed that when the heating from radioactive decay is included in planet forma-
tion with planetesimal accretion, the final outcome is much drier planets. Water might also
be lost during planet evolution, for example due to the remanent heat from the core (Vazan
et al. 2018).

Better radii determination will come with the ongoing missions of TESS and CHEOPS
and with near-future missions like PLATO. Furthermore, a wealth of exoplanet atmospheric
spectra will be acquired by JWST and ARIEL. More data coupled with more physically
motivated models will be crucial to unveil the composition of exoplanets.
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