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Abstract

In the framework of the nucleated instability model,
the formation time-scale of giant planets is very sen-
sitive to the time it takes to build the solid core. The
accretion of solids can be described by two different,
consecutive regimes: it first proceeds in a very fast
fashion, known as runaway growth, and later on in a
much slower regime, the so-called oligarchic growth.
The transition between the runaway and the oligarchic
growth depends on many parameters (e.g. the isolation
mass and the size of the accreted planetesimals), but as
a general rule we can assume that an embryo of a Lu-
nar mass is already an oligarch. Then, the timescale
to build a 10 Earth masses (M⊕) core is regulated by
the oligarchic regime, as the previous runaway stage
proceeds in a negligible amount of time compared to
the oligarchic timescale.

In this work we show the results of adopting the
oligarchic growth for the core in planetary population
synthesis calculations. In previous works (see [1], [2])
a fast solids accretion rate was prescribed, leading to
a very fast formation of massive solid embryos. Here
we show that when considering the oligarchic growth,
the formation of giant planets is more difficult, espe-
cially in the outer parts of the disk, where the forma-
tion of big planets is almost impossible under these
hypothesis. On the other hand, many Earth to Super-
Earth sized planets are found in the very innermost
parts of the disk. However, if the size of the accreted
planetesimals is reduced, the formation of giant plan-
ets is more likely, preserving also a large amount of
smaller planets. We also consider the formation of
planetary systems, including the N-body interaction
between the forming planets and the collisions that
may occur among them during their migration. In the
case of many planets forming in the same disk, we find
that the final masses of the planets are smaller (but not
too small) than in the case of a single planet per star.

1. The model

The main hypothesis of our model for the population
synthesis calculations can be found in [1], [2]. Here
we summarize the differences in the physical assump-
tions between the two works. The protoplanetary disk
extends from 0.1 AU to 30 AU, considering that at the
inner boundary the surface density satisfies Σ = 0,
and that the initial surface density profile follows a
power law, Σ0 ∝ r−1.5. The disk evolves with time
due to accretion onto the star (taking into account the
out of equilibrium effect), photoevaporation and accre-
tion onto the planets (this means that the gas accreted
by the planets is removed from the disk). The growth
of the planets is calculated self-consistently, coupling
the accretion rate of solids to the accretion rate of gas.
Planet migration is considered: for Type I migration,
the isothermal model is adopted with a reduction fac-
tor in the migration rate of 0.1. The condition for gap
opening takes into account the viscosity of the disk and
the standard criterion of the Hill radius being larger
than the disk height scale (see [3]).

Regarding the accretion rate of solids, in previous
works it was assumed to be very high, close to that
of the runaway regime. For the present paper, the oli-
garchic growth regime for the core is adopted. Follow-
ing [4], and references therein, we calculate the accre-
tion rate of solids in the framework of the particle-in-
a-box approximation of [5], where the accretion rate
of an embryo depends on the collision probability of
planetesimals. This probability depends on the relative
velocity between the embryo and the incoming plan-
etesimals which, in turn, depends on the eccentricities
(e) and inclinations (i) of planetesimals populating the
disk. As in [4], we solve the full differential equa-
tions (out of equilibrium) for e and i all throughout
the protoplanetary disk, considering the stirring due to
the embryos and the damping due to the gas drag of
the nebular gas. In all the cases, the initial values are
e0 = 2i0 = 2× 10−3.

Every population synthesis calculation considers
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the formation of 5000 planets, one planet per disk, ran-
domly distributed in semi-major axis. The seeds for
the planetary embryos are of the Moon mass at the be-
ginning of the simulation (this corresponds to t = 0).
The range for the disk masses is 10−2 to 10−1 solar
masses, and the photoevaporation rate is adjusted to
have disk lifetimes not longer than 6 Myrs.

Figure 1: Top panel (a): in green, results for calculations adopting a fast
growth for the core; in pink, the same simulation parameters but prescribing
the oligarchic growth. All simulations start with the mass of the Moon and the
size of the accreted planetesimals is 100 km. Bottom panel (b): cores growing
oligarchically, but now accreting 100 m planetesimals.

2. Results
The aim of this work is to show the role of the solids
accretion regime in a population synthesis calculation.
For that purpose we calculated a planetary population
synthesis adopting the accretion regime used in pre-
vious works and another one adopting the oligarchic
growth model. Results are shown in Fig.1 (a), with the
location and masses of the planets of the solar system
as a reference. It is evident from the figure that, while
in the case of the fast accretion rate there are plenty of
giant planets, when the oligarchic growth is adopted,
no massive planets are found beyond 1 AU, and there
are only a few close to the star. Most of the planets
have masses below 10 M⊕ in the inner part of the disk
and below 1 M⊕ in the outer part. This is due to the
fact that formation times are longer than the lifetime
of the disk.

It has been shown (e.g. [6]), that if the size of ac-
creted planetesimals is reduced, the formation of plan-
ets is accelerated. Smaller planetesimals are more
strongly affected by the gas drag, both by the gaseous
component of the disk (damping their eccentricities
and inclinations, therefore reducing the relative veloc-
ities) and by the gaseous envelope of the planet (en-
larging the effective capture cross-section). In Fig. 1
(b) we present a simulation considering that the radius
of the accreted planetesimals is 100 m. Results for this
case are clearly different to those where 100 km plan-
etesimals are adopted, as now the formation of giant
planets is much more efficient all throughout the disk.

We have also calculated the formation of planets in
planetary systems considering full N-body interactions
among the protoplanetary embryos. The mass–semi-
major axis distribution for this case is similar to the
one shown in Fig 1 (b), although the mean mass of the
giant planets is lower. Having more planets growing
in a disk means that the same amount of matter has to
be shared by many embryos, then the resulting planets
are smaller.

3. Summary and Conclusions
We studied the formation of planetary systems in the
context of the population synthesis model. The aim of
this work was to study the impact of the solids accre-
tion rate in the distribution of final masses versus loca-
tion in a wide variety of planetary systems. We found
that when a realistic accretion rate (oligarchic regime)
is adopted, the formation of giant planets is almost im-
possible within the lifetime of the protoplanetary disk,
unless small planetesimals, of about 100 m in radius,
are assumed to populate the disk.
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